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  Pref ace           

 Lithium-ion (Li-ion) batteries were fi rst introduced into the marketplace by Sony in 
1991 to power a video camera. Since then, Li-ion batteries have become part of our 
daily lives—powering a wide range of mobile electronic devices and power tools. 
The electrolyte is a key component of a Li-ion battery. Current electrolytes are the 
result of many years of research and development and play a key role in providing 
good performance for applications. New and more challenging battery requirements 
for power tools, hybrid electric vehicles, plug-in electric vehicles, and stand-by 
power sources for communications and modern airplanes require a signifi cant 
advance in battery chemistry. The batteries needed are often of higher voltages and 
higher energy content. Furthermore, they will be exposed to extremes of tempera-
ture with the necessity of still providing long cycle and storage life and assured user 
safety. A new class of electrolytes is needed to meet these demands. The new elec-
trolytes must not only provide good ionic conduction over a wide range of ambient 
temperatures but also provide good chemical stability and compatibility with the 
more reactive electrode materials that are required to achieve higher battery-specifi c 
energy and power. With the demand for higher energy density Li-ion batteries, 
recent development trends favor the use of higher voltage cathodes such as 4.7 V for 
LiNi 0.5 Mn 1.5 O 4  and 4.8 V LiCoPO 4 , higher capacity cathodes such as layer–layer 
composite and layer–spinel composite made of Li[Ni,Mn,Co]O 2  with a capacity in 
the range of 250–300 mA h/g versus 140 mA h/g for LiCoO 2  cathodes used today 
in commercial cells, and higher capacity Li alloy-based anodes such as Li–Sn and 
Li–Si alloys. Today’s state-of-the-art electrolytes made of lithium hexafl uorophos-
phate (LiPF 6 ) dissolved in cyclic carbonate and linear carbonate solvent mixtures 
with functional additives are not adequate in these new higher energy density elec-
trochemical pairs without losing capacity or power. Looking beyond the horizon, 
many researchers and institutions intend to utilize sulfur or air as an even higher 
theoretical capacity cathode and pair with pure Li as an anode pursuing even higher 
energy density. The need of compatible electrolytes is also imperative for develop-
ing such systems. 
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 What we need are better electrolyte materials that are compatible with the chosen 
electrode materials. The development of better electrolyte materials will require a 
much better understanding of electrolytes and how they interact with electrode 
materials. This book provides an overview of electrolyte research and development 
in the past 10 years as a foundation for thinking about future directions. 

 A number of books have been devoted to the science and technology of Li-ion 
batteries in recent years. However, there is no single book giving a comprehensive 
overview of electrolytes for Li-ion batteries. With the high demand for more robust 
electrolytes for the improvement of performance and energy density of Li and 
Li-ion batteries, it is time for a book that covers the electrolyte materials and the 
understanding of electrolyte and electrode interactions that have been developed in 
the past 10 years. This book covers the materials’ aspects of the electrolytes, the 
state of the understanding of the electrolyte and electrode interactions, and basic 
understandings of the electrolytes and electrode/electrolyte interaction through 
computation. We are pleased to provide a ten-chapter book divided in three parts to 
cover subjects that we believed would make a good reference for researchers and 
technologists in the fi eld and also for those who are not working in the fi eld but are 
interested in understanding the basics, challenges, and progress that have been made 
in the fi eld. 

 The fi rst part of the book comprises four chapters focusing on electrolyte materials. 
In Chap.   1    , Professor Wesley A. Pacifi c Northwest National Laboratory focuses on the 
various lithium salts that have been developed and compares these salts with LiPF 6 , 
which is the salt used in today’s Li-ion batteries. A comprehensive review of the physi-
cochemical properties of these salts in nonaqueous solvents is also provided. The 
developed alternative salts have potential to be useful as additives or substitute for 
LiPF 6  in new Li battery chemistry. Dr. Makoto Ue of Mitsubishi Chemicals together 
with Emeritus Professor Yukio Sasaki of Tokyo Polytechnic University, Professor 
Yasutaka Tanaka of Shizuoka University, and Professor Masayuki Morita of Yamaguchi 
University contribute Chap.   2    , which provides a solid review of heteroatom-containing 
organic solvents—including sulfur, fl uorine, boron, and phosphorous—applied to lith-
ium cells in recent years. Dr. Koji Abe of Ube Industries reviews work on additives for 
Li-ion electrolytes since 1990. Given that the properties of additives vary widely with 
battery test conditions, Dr. Abe selected additives that were utilized in practical appli-
cations and tried to replace those that were less successful; he then organized the addi-
tives chronologically. As a result, the cited references are mostly patents. He left the 
concepts, chemistry, and mechanism for each additive to the cited references as he 
explained in the Background of his chapter. In Chap.   4    , Dr. Hajime Matsumoto of 
National Institute of Advanced Industrial Science and Technology, Japan, reviews the 
recent progress on ionic liquids for rechargeable lithium batteries. 

 The second part of the book focuses on interfacial chemistry at the electrodes 
and the methods of characterizing the interphases. Dr. Mengqing Xu, Dr. Lidan 
Xing, and Professor Weishan Li of South China Normal University, China, contrib-
ute Chap.   5    , a review of the understanding of the interphases between the electro-
lyte and the anodes including graphite anode and Li–Sn and Li–Si alloy anodes in 
Li-ion batteries. Dr. Francis Amalraj Susai, Dr. Ronit Sharabi, Dr. Hadar Sclar, and 
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Professor Doron Aurbach of Bar-Ilan University, Israel, contribute Chap.   6    , which 
provides a review of the surface chemistry of cathode materials including transi-
tion metal spinel, transition metal layer, transition metal phosphate, and oxygen 
cathode materials in nonaqueous electrolytes. Dr. Jordi Cabana of Lawrence 
Berkeley National Laboratory wrote Chap.   7    , which provides an overview of the 
experimental tools and the kind of information they can offer with representative 
examples in the literature. It is important to recognize that no single technique can 
currently provide the answers to these complex interfacial phenomena in Li and 
Li-ion batteries. 

 Recent advances in molecular modeling using molecular simulations—and espe-
cially density functional theory—show promise of accurate prediction of the elec-
trolyte’s electrochemical, structural, and transport properties. The third part of this 
book is devoted to the understanding of electrolytes and electrolyte/electrode inter-
actions through computational and molecular modeling. In Chap.   8    , Dr. Oleg 
Borodin of the U.S. Army Research Laboratory discusses the applications of quan-
tum chemistry to determine electrolyte oxidative stability and oxidation-induced 
decomposition reactions. He uses molecular dynamics simulations and density 
functional theory to predict the structural and transport properties of liquid electro-
lytes and solid electrolyte interphase (SEI) model compounds; free energy profi les 
for lithium desolvation from electrolytes; and the behavior of electrolytes at charged 
electrodes and the electrolyte–SEI interface. 

 In Chap.   9    , Dr. Johan Scheers and Prof. Patrik Johansson of Chalmers University 
of Technology, Sweden, provide a thorough, historical perspective on the prediction 
of electrolyte and additive electrochemical stabilities from DFT calculations, a 
description of the simultaneous computational modeling methods, and materials 
evolutions. The materials put into reduction and oxidation stability prediction inves-
tigation include carbonate solvents, salts with different anions, and additives. In 
Chap.   10    , the fi nal chapter, Dr. Kah Chun Lau, Dr. Rajeev Assary, and Dr. Larry 
Curtiss of Argonne National Laboratory review the recent progress towards under-
standing of aprotic electrolytes stability and decomposition mechanisms in Li-Air 
battery obtained from quantum chemistry calculations that were corroborated with 
experimental data. They also review the research that has been done on the develop-
ment of stable aprotic liquid electrolytes for Li-air batteries. One of the key prob-
lems is the electrochemical stability of the presently known carbonate- and 
ether-based nonaqueous electrolyte systems. The Li-air battery is a relatively new 
system and thus there are great challenges in developing stable electrolytes that are 
resistant to attack by reduced O 2  species. 

 The development of higher energy density Li-based batteries, whether they are 
made of higher voltage cathodes, high capacity cathodes, carbonaceous anodes, 
higher capacity Li alloy anodes, pure Li anode, or air cathode, all require stable and 
compatible electrolytes. We need better electrolytes to match the new electrochemi-
cal pairs. This cannot be achieved without a good understanding of the electrolyte 
and electrode interactions in relation to the electrolyte itself. In addition to electro-
chemical methods, many in situ and ex situ analytical tools need to be applied to the 
systems. Basic understanding of the stability of the electrolytes—including 
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electrochemical and chemical interactions with the electrodes through molecular 
modeling—is much needed. Experimental techniques for the validation of the mod-
eling are also very much in need for advancing the modeling. Research and devel-
opment of Li and Li-ion batteries are on the rise. New knowledge and new 
understanding are increasing daily. To advance effectively, synthetic scientists, ana-
lytical scientists, and computational scientists need to work together to develop 
higher energy density electrochemical energy storage systems.  

    Adelphi, MD, USA T.     Richard     Jow   
   Adelphi, MD, USA Kang     Xu   
   Adelphi, MD, USA Oleg     Borodin   
   Yokohama, Japan Makoto     Ue    
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Abstract The synthesis and characterization of new lithium salts has been a 
core component of electrolyte research for the past three decades. Upon the 
commercia lization of Li-ion batteries with a graphite anode, LiPF6 became the 
dominant salt for lithium battery electrolytes. But the advent of new electrodes/
cell chemistries (e.g., Si alloy anodes, high-voltage cathodes, Li-air, Li-S), as well 
as the need for exceptional battery safety, higher/lower temperature operation, 
improved durability/longer lifetimes, etc., has resulted in the pressing need for new 
electrolyte formulations. Lithium salts, either as a substitute for LiPF6 or as an addi-
tive, are one central focus for this electrolyte transformation.

Keywords Li-ion batteries • Electrolyte • Salts • Solvation • Ionic association

1.1  Introduction

Early lithium battery electrolyte research in the 1970s used available lithium salts—
i.e., principally LiClO4, LiAlCl4, LiBF4, LiPF6, and LiAsF6. Efforts at the time were 
devoted to stabilizing the stripping/plating of Li metal [1–3], as well as the use of inter-
calation electrodes [4]. LiPF6 was reported to not provide the best Li metal stripping/
plating efficiency amongst the salts studied [5, 6] and LiPF6 was also found initially to 
be problematic for the cycling of carbon electrodes [7, 8]. LiPF6 did not become the 
paramount salt for lithium battery electrolytes until carbon coke replaced Li metal 
(later to be replaced by graphite) and the solvents were optimized for the electrolyte 
utilized in the Li-ion batteries initially commercialized by Sony in 1991 [9–19].
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Many/most of the anions used for electrolyte lithium salts were initially  
developed in efforts to generate stronger superacids. The term superacid generally 
refers to acids which are more acidic than mineral Brønsted acids [20–27]. In par-
ticular, a widely used definition for superacids was given by Gillespie who defined 
this term to be applicable to acids which are more acidic than sulfuric acid [28–30]. 
The stronger the acidity, the weaker the coordination of the anions is with the asso-
ciated protons (H+ cations). The gas-phase acidity is given by:

 HA 
Ka

 A H− + +

 

and

 ∆ −G RTacid = lnKa  

In practice, however, the determination of the acidity of superacid anions in solu-
tion is not a trivial matter as the acidity of a given acid (HA) is a function of the 
solvent (S) used:

 HA SH+ +− +S A 
a



K

 

which is influenced by factors such as the steric bulk of the anions and solvent, ion 
pairing, etc. Three major substitution effects contribute to increasing the acidity of 
a neutral acid functional group (C–H, O–H, N–H, S–H, B–H, etc.) [20, 26]:

 1. field/inductive effects
 2. π-electron acceptor (resonance) and negative hyperconjugation effects
 3. substituent polarization effects

The influence of these factors is evident from the acidity variations noted for 
different substituents (Figs. 1.1 and 1.2) [20, 26]. No simple patterns in acidity behav-
ior are found for these effects, however, due to the interplay between them (i.e., these 
effects do not operate independently of one another) [20, 26]. For =Z(X)n substituents 
(replacing an =O: M=O → M=Z(X)n, where M=O might be CH3C(=O)H, HC(=O)NH2, 
HC(=O)OH, etc.), the acidification for the same X increases with increasing n [22]:

= <= <= <=

= <= <=

N(CN) C(CN) P(CN) S(CN)

NSO F C(SO F) P(SO F)

2 3 4

2 2 2 2 3

In addition, the acidifying effect of fluorosulfonyl groups is greater than that of the 
corresponding cyano groups (Fig. 1.2) [22].

Classical strong mineral acids include:

 

HF 365.7 HNO 330.5 HCl 328.0 HBr 318.2 HNO 317.8

HI
2 3( ) < ( ) < ( ) < ( ) < ( )

< 3309.3 H SO 302.2 HSO F 299.8 HClO 285 82 4 3 4( ) < ( ) < ( ) < ±( )
 

(experimental gas-phase acidity (ΔGacid) values in kcal mol−1) [31]. Interestingly, 
the gas-phase acidity may be increased somewhat by the replacement of fluorine 
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atoms with chlorine [32, 33]. The values noted above for HF and HCl are one 
example. The corresponding values for HCO2CH2F, HCO2CH2Cl, HCO2CHF2, 
and HCO2CHCl2 are 337.6, 335.4, 330.0, and 328.4 kcal mol−1, respectively [32]. 
This effect, which is opposite to that expected from electronegativity alone, is attributed 
to the greater delocalization of the charge on the chlorine atom relative to fluorine. 
Thus, HSO3Cl is expected to be a stronger acid than HSO3F [26, 32, 33].

Replacement of the acid protons with Li+ cations results in the corresponding 
lithium salts. Due to differences between the gas and condensed liquid-phase inter-
actions, as well as the varying factors which determine proton (H+) and Li+ cation 
coordination/solvation, the exact trends noted for anion acidity do not always hold 
for the relative strength of lithium salt interactions. But, overall, the ionic association 
tendency of anions to coordinate Li+ cations is governed by the same effects noted 
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Fig. 1.1 Experimental gas-phase acidity values (kcal mol−1) for various monosubstituents [20]
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above for acidity, as exemplified by DMSO electrolytes with lithium acetate 
salts with increasing anion fluorination which have the following increasing ionic 
association trend [34]:

 CO CH CO CH F CO CHF CO CF2 3 2 2 2 2 2
− − −

3
−> > >  

Efforts to develop new lithium salts began in the late 1970s and 1980s with the 
use of perfluoroalkylsulfate (e.g., SO3CF3

−) and bis(perfluoroalkanesulfonyl)imide 
(e.g., N(SO2CF3)2

−) anions. New salt development efforts gained momentum 
throughout the next three decades, but none of the developed salts have offered 
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Fig. 1.2 Experimental gas-phase acidity values (kcal mol−1) for various mono-, di-, and trisub-
stituents [20, 26]
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significant advantages over—while retaining the benefits of—the LiPF6 salt, which 
serves as the standard for industry. Thus, LiPF6 continues to be the predominant salt 
used for most commercial Li-ion batteries.

Some of the new lithium salts, however, have been found to be very effective 
as electrolyte additives for the modification of electrolyte–electrode interfaces. 
Other lithium salts hold promise as future primary salts for lithium batteries 
(i.e., replacements for some or all of the LiPF6), especially for demanding battery 
electrolyte requirements such as low/high-temperature operation and superb safety 
characteristics, which cannot be met by the sole use of LiPF6 [35–38]. Thus, there 
is a continued need for rapid advances in lithium salts for the diverse range of lith-
ium battery chemistries which are now the focus of worldwide efforts to greatly 
improve vehicular and stationary energy storage technologies.

1.2  Electrolyte Salt Properties

Electrolyte salts must meet a broad and demanding range of properties—some of 
these include [12, 37, 39, 40] the following:

 1. Ionic Conductivity: A high Li+ cation transport rate is necessary to achieve high 
power (i.e., a high rate for the overall battery reaction) as the Li+ cation mobility 
within the bulk electrolyte is often one of the main sources of impedance for the 
battery [41]. The choice of a lithium salt’s anion dramatically influences the 
electrolyte’s conductivity due to the variations in the Li+ cation solvation and 
ionic association interactions resulting from the differences in anion structure 
and coordination strength. Although electrolyte conductivity is the parameter 
most frequently considered, the Li+ cation mobility is actually obtained from the 
product of the conductivity and Li+ cation transference (or transport) number 
(i.e., tLi+) (fraction of the current carried by the Li+ cations). This latter parameter 
is frequently not reported in the literature for a given electrolyte composition. 
The most common tLi+ measurement method is that reported by Bruce and 
Vincent [42–44]. Caution should be exercised in interpreting results from such 
measurements, however, as the data can be skewed by the reaction of the electro-
lyte with Li metal (active electrodes) resulting in erroneous tLi+ values, especially 
for liquid electrolytes.

 2. Salt Solubility/Crystalline Solvates: Achieving a reasonably high lithium salt 
solubility in the electrolyte solvent(s) is necessary to provide sufficient charge 
carriers for rapid ionic conduction, as well as to prevent salting out of the salt 
(i.e., precipitation). It is important to distinguish between salt solubility and 
crystalline solvates. A salt may be highly soluble, but also may readily form a 
crystalline solvate phase with a high melting point (Tm) resulting in the formation 
of solids in the electrolyte which effectively extracts the salt from the electrolyte 
solution (causing the conductivity to plummet). This is a particular concern for 
low-temperature cell operation.

1 Nonaqueous Electrolytes: Advances in Lithium Salts
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 3. Stability: Electrolytes must, in general, be robust (nonreactive with other cell 
components) within the electrochemical potential window utilized for the bat-
tery charge/discharge reactions [45], as well as at elevated temperature, to 
achieve thousands of charge/discharge cycles with low capacity loss (fade). 
The temperature and voltage(s) at which oxidation and/or reduction of the elec-
trolyte components occur are not independent of one another. As for chemical 
stability, the electrochemical stability of electrolytes (i.e., potential stability win-
dow) is strongly temperature dependent with a modest increase in temperature, 
in some cases, resulting in a substantial decrease in stability [46]. The potential 
window is also a strong function of the materials in contact with the electrolyte 
[46], as well as the presence of impurities. Thus, the potential window, as mea-
sured on an inert glassy carbon electrode, is not a clear indicator of the stability 
of an electrolyte in contact with active electrode materials (although a poor sta-
bility on this electrode likely also indicates a poor stability with more active 
electrodes). Stability is a complicated factor, however, as it may also be neces-
sary for the salt’s anions to selectively degrade—e.g., to form a solid-electro-
lyte interface (SEI) layer on the anode and/or cathode [12] and to stabilize the 
Al current collector [47].

 4. SEI Formation: The SEI is a layer formed between the electrode surface and the 
electrolyte through the degradation/reaction of both electrolyte components and 
electrode material(s) [12]. Ideally, only a limited amount of materials react, with 
the resulting SEI layer preventing further electrode–electrolyte reactions and 
enabling the facile transport of only Li+ cations between the electrode and elec-
trolyte (resulting in a low impedance). The lithium salt(s) present in the electro-
lyte, whether as a bulk salt or an additive, can dramatically influence the SEI’s 
composition, properties, and stability [48].

 5. Al Corrosion: The use of Al as a cathode current collector in commercial Li-ion 
batteries is nearly ubiquitous [47]. A given electrolyte must passivate the electro-
lyte–Al interface to prevent corrosive pitting of the current collector during cell 
cycling to high potential (>3.6 V vs. Li/Li+).

 6. Hydrolysis Stability: Many anions hydrolyze when exposed to water, especially 
at elevated temperature—often resulting in the formation of HF. This results in 
additional costs associated with the salt’s preparation, storage, and handling. 
This also strongly influences the cycling behavior and lifetime of batteries, espe-
cially when cycled to high temperature and/or high potential (>4.8 V vs. Li/Li+) 
[49–54]. HF formation may also result from the reaction of the anions with sol-
vent molecules (abstraction of a hydrogen) [55].

Other desirable features include low cost and low toxicity. Failure to meet one or 
more of these criterions prevents the practical use of a salt in lithium and Li-ion bat-
teries. It is important to note, however, that many of these properties are strongly 
dependent upon the electrolyte formulation (e.g., solvents used, salt concentration, 
additives). Thus, electrolyte compositions need to be tailored to specific battery 
applications/demands.

W.A. Henderson
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1.3  Established Salts

A number of lithium salts are well established as salts which are used or have been 
previously used for lithium battery electrolytes, although many of these do not meet 
the necessary criterion for commercial battery electrolytes. Frequently studied 
lithium salts include (Fig. 1.3) [12, 40] the following:

 1. LiClO4: Lithium perchlorate was widely used for battery electrolyte research in 
the 1970s and 1980s due to its high ionic conductivity, high solubility in aprotic 
solvents, high thermal/electrochemical stability, and favorable SEI-forming prop-
erties [12, 56]. Electrolytes with the LiClO4 salt, however, typically do not passiv-
ate the Al current collector as well as those with LiPF6 [38, 57–60]. The high 
oxidation state of the ClVII atom also makes the anion a strong oxidant and thus the 
salt a potential explosive [61–63]. This has largely precluded the use of LiClO4 for 
commercial batteries.

 2. LiAsF6: Like LiClO4, lithium hexafluoroarsenate was widely used for electrolyte 
research in the 1970s and 1980s. In particular, it was found to improve the effi-
ciency of Li metal plating/stripping relative to electrolytes with LiClO4 [12]. 
LiAsF6 has many properties in common with LiPF6 [12, 40, 64], but the potential 
hazards associated with the salt have largely prevented its commercial usage. 
Although the AsV oxidation state is not toxic, the AsIII and As0 states, which 
might be formed from electrochemical reduction, are highly toxic.

 3. LiPF6: Lithium hexafluorophosphate is used almost exclusively in commercial 
Li-ion batteries. This salt has thus far demonstrated the best balance of essential 
properties necessary for a primary Li-ion electrolyte salt [12, 40]. In aprotic 
solvents, the resulting electrolytes have some of the highest conductivity values 
measured. LiPF6-based electrolytes react to form a stable interface with the Al 

Fig. 1.3 Widely used lithium salt anions: (a) AsF6
−, (b) PF6

−, (c) ClO4
−, (d) BF4

−, (e) SO3CF3
−, and 

(f) N(SO2CF3)2
− (TFSI−) (C1 (cis) and C2 (trans) conformations) (B—tan, C—gray, N—blue, 

O—red, F—light green, P—orange, S—yellow, Cl—dark green, As—purple)

1 Nonaqueous Electrolytes: Advances in Lithium Salts
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current collector at high potential [58–60, 65–68] and a stable SEI with graphite 
electrodes when used with carbonate solvents [12, 40]. The P–F bond is labile, 
however, and the salt thus readily undergoes hydrolysis [69–73] and has a rela-
tively low thermal stability [56, 71, 74–78]. The presence of HF in LiPF6-based 
electrolytes, and its impact on cell performance, is one of the principal concerns 
associated with this salt’s usage [49–54].

 4. LiBF4: Electrolytes with lithium tetrafluoroborate tend to have a significantly lower 
conductivity, relative to those with LiPF6 [79–81], which has been a major impedi-
ment to its use in commercial Li-ion cells. The B–F bond is less labile than the P–F 
bond. Thus, the LiBF4 salt is less susceptible to hydrolysis and more thermally stable 
than LiPF6 [56, 82–85], but electrolytes with this salt do passivate Al well at high 
potential [59, 67]. Despite the lower conductivity, electrolytes with LiBF4 have been 
shown to have improved cell cycling performance at low/high temperature, relative 
to cells with LiPF6-based electrolytes, due to the formation of a less resistive SEI 
layer and improved thermal stability [81, 82, 86–89]. LiBF4 may also serve as a use-
ful additive to electrolytes with LiPF6 [90] and it enables the use of γ-butyrolactone 
(GBL) as an electrolyte solvent (which is unstable with LiPF6) [91–96].

 5. LiSO3CF3: Lithium trifluoromethanesulfonate (triflate—most commonly abbre-
viated as “CF3SO3

−” in the scientific literature) was at one time widely used for 
electrolytes, especially for polymer electrolytes [97–107]. This salt has a high 
thermal stability [56] and is not susceptible to hydrolysis due to the stability of 
the C–F bond. Electrolytes with this salt, however, are found to be notably less 
conductive than those with LiPF6 [5, 108–110], and LiSO3CF3-based electrolytes 
corrode the Al current collector at high potential [59, 65–67]. Thus, while this 
salt has been extensively used for research purposes, it is not used in commercial 
Li-ion batteries.

 6. LiTFSI (i.e., LiN(SO2CF3)2): Many acronyms are used for the lithium 
bis(trifluoromethanesulfonyl)imide salt: LiTFSI, LiTFSA, LiNTf2, LiTf2N, etc. 
The terms “imide” and “amide” are frequently interchanged. Much of the initial 
interest in the LiTFSI salt was due to its tendency to form amorphous mixtures 
with poly(ethylene oxide), rather than crystalline phases, when mixed to form 
polymer electrolytes [97, 111–113]. The bis(perfluoroalkanesulfonyl)imide 
anions, such as TFSI−, are highly flexible with two low-energy conformations in 
which the –CF3 groups are either cis (C1) or trans (C2) to one another (Fig. 1.3f) 
[114–117]. The combination of the strongly electron-withdrawing fluorine atoms 
and resonance structures due to the sulfonyl groups results in extensive negative- 
charge delocalization across the –SO2–N–SO2– backbone of the anion [108, 
118]. Thus, TFSI−…Li+ cation coordination occurs predominantly through oxy-
gen atom coordination to the Li+ cations (rather than N…Li+ or F…Li+ cation 
coordination) [119–124]. Electrolytes with this salt generally are somewhat less 
conductive than the corresponding LiPF6 electrolytes [5, 11, 125]. The TFSI− 
anion has a high thermal stability and is not susceptible to hydrolysis due to the 
very stable C–F bonds [56, 126], but dilute aprotic solvent-base electrolytes with 
LiTFSI are known to strongly corrode the Al current collector at high potential 
[59, 60, 65–68]. This observation should be qualified with the fact that electrolytes 
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with ionic liquids with the TFSI− anion (with or without LiTFSI) do not corrode 
the Al current collector [127–132], nor do electrolytes with very high concentrations 
of LiTFSI [133]. Thus, simple generalizations about electrolyte salt properties 
(e.g., “the LiTFSI salt corrodes Al”) may be flawed.

1.4  Electrolyte Characterization Tools

Rigorous electrolyte characterization requires a thorough understanding of not only 
the properties of the electrolyte, but also the solution structure. Anion solvation in 
protic solvents (e.g., water, methanol, ammonia) occurs through hydrogen-bonding 
interactions. Protic solvents, however, have poor electrochemical stability due to the 
acidic protons (i.e., O–H, N–H, S–H). The aprotic solvents useful for electrolyte 
applications do not have acidic protons. Thus, in general, the anions remain unsol-
vated (naked) in electrolytes with such solvents. Dissolution of a lithium salt there-
fore occurs through the solvation of the Li+ cations by the formation of coordination 
bonds between the Li+ cations and electron lone-pairs of the solvent donor atoms. 
Anions also form coordination bonds to the Li+ cations using the electron lone-pairs 
on donor atoms (F, O, N, etc.). The competition between the solvent and anions for 
Li+ cation coordination—the occupancy of the Li+ cation’s coordination shell—
determines the solvate species which are present in the electrolyte. Thus, the ion 
solvation (solvent–Li+ cation interactions) and ionic association tendency of the 
anions (anion–Li+ cation interactions) are important features of electrolytes which are 
governed by the solvent/anion structure: steric factors which influence the coordina-
tion bond formation and packing around the cation, polarizability, charge delocaliza-
tion, etc. The following discussion provides a short overview of a methodology which 
may be used to identify the electrolyte interactions and how these are determinants for 
electrolyte properties [134–136]:

 1. Phase Diagrams and Solvate Crystal Structures: Solvent-lithium salt phase dia-
grams are an underutilized, but highly informative tool for examining electrolyte 
interactions. Acetonitrile (AN) is a particularly useful model solvent for compar-
ing a salt’s phase behavior as this solvent has only a single electron lone-pair and 
thus is either uncoordinated or coordinated to a single Li+ cation. Figure 1.4 
compares the phase diagrams of (AN)n–LiX mixtures with LiPF6, LiTFSI, 
LiClO4, LiBF4, and LiCO2CF3 [134, 135]. Figure 1.4 also shows the solvent/ion 
coordination in the solvate crystal structures determined for some of the indi-
cated phases in the phase diagrams: (AN)6:LiPF6 [137], (AN)5:LiPF6 [138], 
(AN)1:LiTFSI [139], (AN)4:LiClO4 [140], (AN)2:LiBF4 [141], and (AN)1:LiBF4 
[142]. Notable features include the tendency of the (AN)n–LiPF6 and (AN)n–
LiClO4 mixtures to form crystalline solvates with a high Tm. This is attributed to 
the small, symmetric, and relatively weakly coordinating anions which readily 
pack well within the solvate crystalline lattices. In contrast, dilute (AN)n–
LiTFSI mixtures form low Tm solvates and a crystallinity gap exists for more 
concentrated mixtures for which it is difficult or impossible to crystallize the 
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electrolytes—these features may be attributable to the bulky anion with lower 
symmetry and its influence on solvate formation. The ClO4

− and BF4
− anions are 

both tetrahedral and nearly of the same size (Fig. 1.3c, d). Interestingly, although 
the (AN)n–LiClO4 and (AN)n–LiBF4 mixtures form the same solvate crystalline 

Fig. 1.4 Phase diagrams of (AN)n–LiX mixtures with LiPF6, LiTFSI, LiClO4, LiBF4, and 
LiCO2CF3 [134, 135] and ion/solvent coordination within the solvate crystal structures: (a) 
(AN)6:LiPF6 [137], (b) (AN)5:LiPF6 [138], (c) (AN)1:LiTFSI [139], (d) (AN)4:LiClO4 [140], (e) 
(AN)2:LiBF4 [141], and (f) (AN)1:LiBF4 [142] (the sample Tg values are indicated by an “x” for 
fully amorphous samples and by a triangle for partially crystalline samples)
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phases (i.e., 4/1, 2/1, and 1/1 AN/LiX compositions), significant differences 
exist in the Tm of the 4/1 phases in which the Li+ cations are fully solvated by four 
AN molecules and the anions are uncoordinated (Fig. 1.4d). This can be 
explained by the difference in the solvation/ionic association tendency of the 
two salts, as the BF4

− anions have a greater tendency to displace the solvent 
molecules in the Li+ cation coordination shells (and thus a greater tendency to 
disrupt the solvate structure). The 6/1 and 5/1 solvates with LiPF6 also form 
solvates with four-fold Li+ cation coordination (Fig. 1.4a, b), but also include 
uncoordinated solvent molecules to facilitate the packing of the solvated Li+ 
cations and PF6

− anions together. Finally, the (AN)n–LiCO2CF3 mixtures do not 
form crystalline solvates. Only some of the excess AN is able to crystallize as a 
pure solvent phase.

 2. Li+ Cation Solvation: Electrolyte (average) solvation numbers are most com-
monly determined using vibrational spectroscopy by examining the solvent’s 
vibrational band(s). Upon coordination to a Li+ cation through an electron lone- 
pair, the electron density of the solvent molecule (and thus bond lengths/angles) 
changes resulting in variations in the solvent band positions [134, 135]. 
Integration of the peak area of the bands associated with the uncoordinated and 
coordinated solvent enables the calculation of the fraction of coordination solvent 
molecules—this number multiplied times the total number of solvent molecules 
in the electrolytes gives the average solvation number (Fig. 1.5). This analysis 
can be confounded, however, by overlapping vibrational bands, as well as varia-
tions in the relative intensity (scaling) of the peaks. Failure to account for these 
factors can result in a highly misleading interpretation of the experimental data. 
The scientific literature related to the determination of solvation numbers is rife 
with these problems. From an analysis of the AN Raman C–C and C≡N stretching 

Fig. 1.5 Calculated Li+ cation average solvation numbers (AN/Li) for (AN)n–LiX electrolytes. 
The dark solid line corresponds to the average of the data obtained from the analysis of the C–C 
and C≡N Raman vibrational stretching bands (note that values for approximately n > 9 are unreli-
able due to a compilation of experimental errors associated with the Raman solvent band deconvo-
lution) [134, 135]
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vibrations [134, 135], ion solvation for (AN)n–LiX mixtures increases in the 
order:

 LiPF LiTFSI LiClO LiBF LiCO CF26 4 4 3> ≥ > >>  

The maximum ion solvation number (average number of solvent molecules 
coordinated to the Li+ cations) for the AN mixtures is found to be about 4 [134, 
135]. Wide differences are noted for the solvation numbers for the varying 
anions. For example, for highly concentrated (>3 M) (AN)n–LiX (n = 4) liquid 
mixtures (i.e., four AN molecules present per Li+ cation) at 60 °C, the solvation 
numbers are approximately 3.2 for LiPF6, 2.8 for LiTFSI, 2.7 for LiClO4, 2.1 for 
LiBF4, and 1.0 for LiCO2CF3 [134, 135]. Note that these numbers are not the 
coordination numbers for the Li+ cations. Rather, they represent the average 
number of coordinated solvent molecules with the anions making up the differ-
ence in the Li+ cation coordination shells. Thus, the Li+ cations in the LiPF6 
electrolytes are expected to be well solvated, whereas those for the LiCO2CF3 
electrolytes are instead expected to be highly associated to the anions over the 
entire concentration range. Despite this, the solubility of LiCO2CF3 in AN is 
exceptionally high (>5 M). Thus, salt solubility and ionic association are not 
necessarily directly correlated with one another.

 3. Ionic Association: The ionic association present in electrolytes is most com-
monly also determined using vibrational spectroscopy by examining one or more 
anion vibrational bands which shift upon coordination to the Li+ cations [103–105, 
121, 134, 135, 143, 144]. Often, the assignment of the bands to specific modes 
of coordination is somewhat ambiguous and the analysis of the data is simply 
based upon guesswork. This can be very misleading. To resolve this problem, the 
study of the vibrational bands for model crystalline (solid) solvates with known 
structure is particularly useful for assigning the vibrational band positions to 
particular anion…Li+ cation coordination modes. This evaluation has been done 
for the salts LiClO4 [145, 146], LiBF4 [141], and LiDFOB [147]. Work is cur-
rently in progress to provide similar analyses for LiPF6, LiTFSI, and LiSO3CF3. 
An example of the modes of coordination for the BF4

− anion and the corre-
sponding anion band positions obtained from crystalline solvates (such as AGG-I 
(AN)2:LiBF4 and AGG-II (AN)1:LiBF4—Fig. 1.4e, f) is shown in Fig. 1.6 [141]. 
This characterization “tool” is quite useful for the evaluation (deconvolution) of 
the Raman band data for the liquid electrolytes shown in Fig. 1.7b. This form 
of analysis is greatly complemented by molecular dynamics (MD) simulations 
(validated by the experimental data) which provide a visual representation of the 
solvates present in solution (Fig. 1.8) [134–136]. As an example of the utility of 
this marriage of methods, the solvates shown in Fig. 1.8c, d represent contact ion 
pairs (CIP-I and CIP-II, respectively). But the solvates in Fig. 1.8b, e, g–j also 
contain BF4

− anions coordinated to a single-Li+ cation. Thus the spectral signa-
ture of these anions would be that of CIP-I anion coordination (Fig. 1.6b). The 
experimental spectroscopic data, therefore, does not provide direct information 
about the solvates present. Instead, it indicates the fraction of the anions present 
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with different modes of anion…Li+ cation coordination. This is an important 
distinction which is generally not made throughout the published scientific lit-
erature on electrolyte characterization. The ionic association tendency of lithium 
salts is found to increase in the order [134–136, 148]:

 LiAsF ,LiPF LiTFSI LiClO LiBF LiSO CF LiCO CF3 2 36 6 4 4 3< ≤ < < <  
A comparison of this with the Li+ cation solvation data (Fig. 1.5) indicates 

that this increasing ionic association tendency is opposite to that noted for the Li+ 
cation solvation. This is due to the competitive coordination of the solvent mol-
ecules and anions to the Li+ cations. Quantum chemical (QC) calculations and 
MD simulations find that (AN)n–LiX mixtures consist predominantly of Li+ cat-
ions with four-fold coordination to anions and/or AN solvent molecules (very 
little five-fold Li+ cation coordination is found for AN-based electrolytes) [134–136]. 
As noted above, aprotic solvent molecules, such as AN, have only weak interactions 
with anions. Thus, the Li+ cation coordination shell in solution consists of anions 
and/or solvent molecules. The competitive coordination between these determines 
the solvate distribution present in solution (Fig. 1.8) [134–136, 141].

 4. Transport Properties: The transport properties (e.g., viscosity and ionic conduc-
tivity) of electrolytes are one of the key metrics used to gauge electrolytes. The 
viscosity may be correlated with the wettability of an electrolyte with the porous 
separator and electrodes. Figure 1.9 shows the variation in the viscosity of 
(AN)n–LiX mixtures at 60 °C with different lithium salts [136]. Perhaps contrary 
to expectations, the most dissociated salts result in the highest viscosity for the 
more dilute mixtures. The differences in the viscosity for the different salts and 

Fig. 1.6 Varying modes of BF4
−…Li+ cation coordination: (a) SSIP, (b) CIP-I, (c) CIP-II, (d) 

AGG-I, (e) AGG-II, and (f) AGG-III and Raman band peak positions for the BF4
− anion v1 vibra-

tional band for different crystalline solvates (each line corresponds to a different crystalline sol-
vate) (no crystalline solvates with CIP-II coordination were available for analysis) [141]
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concentrations can be explained by the differences in solution structure (amount 
of uncoordinated solvent and number/distribution of solvates) (Figs. 1.8 and 1.10) 
[136]. Figure 1.11 shows the variation in the conductivity of the (AN)n–LiX 
mixtures at 60 °C with the different lithium salts [136]. The differences noted in 
terms of both salt concentration and anion structure can once again be explained 
by the differences in electrolyte solution structure (types and distribution of sol-
vates and uncoordinated anions, as well as the solvate formation/evolution 
dynamics) [136]. It is important to note that the AN electrolytes with LiPF6 have 
the highest conductivity, but also the highest viscosity (Fig. 1.9). Similarly, the AN 
electrolytes with LiCO2CF3 have the lowest conductivity and the lowest viscosity. 

Fig. 1.7 BF4
− anion band variation with concentration for the (AN)n–LiBF4 mixtures at (a) −80 °C 

and (b) 60 °C [134]
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This clearly shows that the conventional wisdom that conductivity is directly 
linked with viscosity—“a high conductivity is achieved for electrolytes with 
a low viscosity”—is inaccurate. Instead, both properties originate from the 
molecular-level interactions between the ions and solvent (i.e., solution struc-
ture). These properties are thus only indirectly correlated with one another. 
Frequently, it is found that a maximum in electrolyte conductivity is obtained 
near a 1 M salt concentration (Fig. 1.12) (for the AN electrolytes shown in 
Fig. 1.11, this corresponds to an AN/Li ratio of about 14 to 17—depending upon 
the salt’s formula weight [136]). In addition, the choice of aprotic solvent or 
solvent mixtures used greatly impacts the conductivity of an electrolyte 
(Figs. 1.12 and 1.13) [5, 149–153], but importantly the trend in the conductivity 
for different salts remains largely the same irrespective of the solvent(s) used. For 
example, the conductivity with different lithium salts in an EC:DMC  equimolar 
binary mixture with the solvents 3-methylsydnone (3-MSD) or 3- ethylsydnone 
(3-ESD) added is found to increase in the order [154]:

LiPF LiClO LiN SO CF LiTFSI LiN SO C F LiBF LiSO2 3 2 2 2 56 4 2 4> > ( ) ( ) > ( ) > > 33CF3

Fig. 1.8 Representative Li+ cation solvate species (i.e., coordination shells) extracted from the 
MD simulations for the (AN)n–LiBF4 mixtures (n = 30, 20, and 10) at 60 °C with BF4

− coordina-
tion: (a) SSIP; (b) CIP-I, CIP-II; (c) CIP-I; (d) CIP-II; (e) CIP-I, AGG-I; (f) AGG-I; (g) CIP-I, 
AGG-I (×3); (h) CIP-I, AGG-I (×3), AGG-III; (i) CIP-I, AGG-I (×2); (j) CIP-I (×2), AGG-I; and 
(k) AGG-I (×3). Only solvent and BF4

− anions within 3.33 Å of a Li+ cation are shown (Li—purple, 
B—tan, C—gray, N—blue, F—light green) [134]
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which is similar to the trend in Fig. 1.11 (if LiClO4 and LiTFSI are interchanged). 
A similar order is also noted for the electrolytes in Table 1.1 and Fig. 1.14 [5, 
108–110, 125, 150–153, 155, 156]. This latter figure indicates that the EC:PC 
electrolyte with LiPF6 is slightly more conductive than the corresponding elec-
trolyte with LiAsF6, whereas the opposite is true for the 2-MeTHF:EC:PC 
 electrolytes. Also, there is a crossover in the conductivity for the 2-MeTHF:EC:PC 

Fig. 1.9 (a) Viscosity of (AN)n–LiX mixtures at 60 °C (AN/LiX (n) noted in plots) and (b) the 
same data for the dilute mixtures alone. Data for concentrated mixtures with LiPF6 and LiClO4 
were not gathered as these samples crystallize during the measurements [136]
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electrolytes with LiBF4 or LiSO3CF3 with varying temperature. These points 
demonstrate that the ion solvation and ionic association interactions within the 
electrolytes are a function of numerous factors and generalizations about salt 
properties/behavior should be used with caution, as noted above.

Fig. 1.10 Snapshot of the molecular simulations of (AN)n–LiX mixtures (n = 20) with (a) LiPF6 
and (b) LiBF4 (Li—purple, B—tan, C—gray, N—blue, F—light green, P—orange). Uncoordinated 
AN solvent molecules have been removed to aid in discerning the solvates present [136]
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Fig. 1.11 Ionic conductivity of (AN)n–LiX mixtures at 60 °C (solvent/LiX ratio (n) noted at the 
top of the plot) (LiSO3CF3 data not shown due to crystalline solvate formation) [136]

Fig. 1.12 Ionic conductivity of EC:PC (50:50 v:v) and 2-MeTHF:EC:PC (75:12.5:12.5 v:v:v) 
mixtures with LiAsF6 for different temperatures and salt concentrations [5]
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1.5  Advanced Salts—Fluoroborates and -Phosphates

Lithium salts with tetraalkylborate anions are highly soluble in dioxolane (up to 
3 M) [157]. This is due to the poorly coordinating tetraalkylborate anions which 
lack donor atoms with electron lone-pairs for Li+ cation coordination [158]. Thus, 
solvent molecules readily displace the anions in the Li+ cation coordination shells. 
This also accounts for the poor chemical stability of the salts [159]: lithium 

Fig. 1.13 Ionic conductivity of 1 M LiAsF6 electrolytes with the indicated solvents (either a single 
solvent or a 50:50 v:v binary mixture) [5]

Table 1.1 Conductivity (mS cm−1) of electrolytes with various lithium salts (1 M) at 25 °C (av:v; 
bw:w) [108–110, 125, 155, 156]

Lithium  
salt (anion)

PC:DME 
(50:50)a

PC:DMC 
(50:50)a

PC:DEC 
(50:50)b

PC:EMC 
(50:50)a

EC:DMC 
(50:50)a

EC:THF 
(50:50)a GBL

AsF6
− 14.8 – 7.6 – – 13.7 10.48

PF6
− 15.3 10.0 7.1 9.33 11.2 – 11.63

ClO4
− 13.5  6.8 4.5 6.26 10.1 13.5 –

N(SO2CF3)2
− 12.6 – – 7.57 – –  9.21

BF4
− 9.5 – 2.5 3.72 –  9.5  7.33

SO3CF3
− 6.1  2.1 – –  3.1  5.4 –

PC propylene carbonate, EC ethylene carbonate, DME 1,2-dimethoxyethane (or monoglyme), 
DMC dimethyl carbonate, DEC diethyl carbonate, THF tetrahydrofuran, GBL γ-butyrolactone

1 Nonaqueous Electrolytes: Advances in Lithium Salts



20

tetramethylborate (i.e., LiB(CH3)4) (Figs. 1.15a and 1.16a) [158, 160–162] is stable 
in air [157], but lithium tetrabutylborate (i.e., LiB(C4H9)4) (Fig. 1.15c) is pyrophoric 
[157]. In the former salt, the Li+ cations are coordinated by the methyl hydrogens 
[158], but less favorable coordination may occur for anions with longer alkyl chains 
making the anions more reactive. Lithium tetraphenylborate (LiBPh4) (i.e., LiB(C6H5)4) 
(Figs. 1.15h and 1.16c) is stable only when the Li+ cations are fully solvated—this 

Fig. 1.14 Ionic conductivity of EC:PC (50:50 v:v) and 2-MeTHF:EC:PC (75:12.5:12.5 v:v:v) 
mixtures with the indicated lithium salts (1 M) [5]

d

e

b c

h

f

g

a
- -

-

- -

-

- -

Fig. 1.15 Examples of organoborate anions: (a) B(CH3)4
− [158, 160, 161], (b) B(C2H5)3(C4H9)− 

[160, 161], (c) B(C4H9)4
− [160, 161], (d) B(CH3)3(C6H5)− [160, 162], (e) B(CH3)2(C6H5)2

− [160], (f) 
B(CH3)(C6H5)3

− [160], (g) B(CH3)(C6H4(CH3))3
− [160], and (h) B(C6H5)4

− [160, 161]
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salt is typically sold commercially as the (DME)3:LiBPh4 solvate, while crystal 
structures have been reported for the (H2O)4:LiBPh4 [163], (H2O)2(DME)1:LiBPh4 
[164], (H2O)2(THF)2:LiBPh4 [165], (THF)1(12C4)1:LiBPh4 [166], (triglyme)1:LiBPh4 
[167], and P(EO)5:LiBPh4 [168] solvates—all with fully solvated Li+ cations and 
uncoordinated BPh4

− anions. The unsolvated LiBPh4 salt slowly reacts with dry air. 
PC-based electrolytes with LiBPh4 (and some DME) have a conductivity which is 
similar (slightly lower) to that of electrolytes with LiBF4, but the conductivity of 
THF- and DME-based electrolytes with LiBPh4 is higher than for those with LiBF4 
[169]. This may be attributable to variations in the ionic association interactions 
for the LiBF4 salt with the different solvents, whereas the LiBPh4 salt remains fully 
dissociated for all of the electrolyte formulations.

The anions from conjugate Brønsted–Lewis superacids represent the core lithium 
salts used for commercial lithium batteries (i.e., LiPF6 and LiBF4). The acidity 
order determined from QC calculations is as follows: HBF4 (287.7) < HPF6 
(276.6) < HTaF6 (268.3) < HAlCl4 (257.4) < HSbF6 (255.5) (DFT-calculated ΔGacid 

Fig. 1.16 Anion structures: (a) B(CH3)4
−, (b) B(C2H5)4

−, (c) B(C6H5)4
− (BPh4

−), (d) BF3(CF3)− 
(e) BF3(C2F5)− (FAB−), (f) BF2(CF3)2

−, (g) BF(CF3)3
−, (h) B(CF3)4

−, (i) BF3Cl−, (j) BF3(C6H5)−, (k) 
BF2(C6F5)2

−, (l) B(C6F5)4
− (BArF−), and (m) PF3(C2F5)3

− (FAP−) (B—tan, C—gray, F—light green, 
P—orange)
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values in kcal mol−1) [21]. LiBF4 and LiPF6 have both been extensively used for 
lithium battery research, and the latter is used in commercial Li-ion cells. The synthesis 
of LiTaF6 and LiNbF6 has been reported [170–175]. Although LiTaF6 is highly soluble 
in THF, after the salt dissolution the electrolyte subsequently polymerized [175]. 
The conductivity of a 0.33 M LiTaF6 electrolyte with sulfolane is 3.8 × 10−3 S cm−1 
at 75 °C [175] (which is somewhat lower than a 0.33 M LiPF6 electrolyte with sulfo-
lane at this temperature [5]). The conductivity of PC-based electrolytes with either 
LiTaF6 or LiNbF6 was also found to be lower than the corresponding electrolytes 
with LiPF6 [174]. Electrolytes with LiTaF6 result in very poor Li metal cycling effi-
ciency suggesting that the TaF6

− anions may also have poor reductive stability [6]. 
The reductive stability of the MF6

− anions is reported to follow the order 
SbF6

− < AsF6
− < PF6

− [176]. Electrolytes with LiSbF6 have a similar conductivity to 
those with LiPF6, but the LiSbF6 salt may be corrosive to metals [6]. The Li2SiF6 and 
Li3AlF6 salts tend to be poorly soluble in aprotic solvents, and the resulting electrolytes 
have a low conductivity [6]. In contrast to these salts, LiAsF6 is highly soluble and its 
use results in electrolytes with comparable and, in some cases, superior conductivity 
and properties to those with LiPF6 (Table 1.1 and Fig. 1.14) [5]. But the potential to 
reduce the anion AsV oxidation state to the highly toxic AsIII or As0 oxidation states, 
as noted above, has largely limited the commercial use of LiAsF6 [177].

LiAlCl4 has been widely used for Li/SO2Cl2 batteries [178] (as has LiGaCl4 
[179–186]), but LiAlCl4 has also been studied for use with intercalation cathodes. 
For example, an electrolyte composed of LiAlCl4⋅3SO2 was used for a Li/LiCoO2 
cell [187, 188]. This electrolyte has a very high conductivity (70–80 mS cm−1 at 
0–20 °C), but the salt undergoes a degradation side reaction to produce Cl2 which 
then reacts with Li metal to form LiCl [187, 188]:

 
LiAlCl AlCl / Cl Lidissolved4 3 21 2→ + + +( )

+ −e
 

 
1 2 2/ Cl Li LiCldissolved( ) ( ) ( )+ →s s  

A diverse range of analogues of BF4
− anions (Fig. 1.17) has been reported with 

the replacement of fluorine atoms with perfluoroalkyl chains. The conductivity of 
1 M salt in EC:EMC electrolytes with lithium salts with these anions is given in 
Table 1.2. Perhaps contrary to expectations, it is interesting to note that the electro-
lyte conductivity increases with increasing size/mass of the anions. One might 
instead expect that bulkier anions would be less mobile, thus decreasing the conduc-
tivity. This increase in the conductivity may be due to decreased ionic association 
interactions with increasing perfluoroalkyl chain lengths and numbers (Figs. 1.1 and 
1.2). A separate publication, however, indicated that an electrolyte with LiBF3C2F5 
(LiFAB) (Figs. 1.16e and 1.17a) has a lower conductivity than the corresponding 
LiBF4 electrolyte (1 M salt in EC:EMC 30:70 v:v) above 0 °C, but a higher conduc-
tivity at < −20 °C [190]. Yet another publication indicates that LiFAB electrolytes 
(EC:EMC 30:70 v:v) are more conductive than LiBF4 electrolytes (but less conduc-
tive than LiPF6-based electrolytes) from −10 to 25 °C [192]. The LiFAB salt has 
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Fig. 1.17 Examples of analogues of BF4
− and PF6

− anions: (a) BF3(CnF2n+1)− [189–193], (b) 
BF2(CnF2n+1)2

− [189, 191], (c) BF(CnF2n+1)3
− [189, 191], (d) B(CnF2n+1)4

− [189, 194, 195], (e) BF3Cl− 
[196], (f) BF3(C6HnF5−n)− [160, 197, 198], (g) BF2(C6HnF5−n)2

− [160, 197, 198], (h) BF(C6HnF5−n)3
− 

[160, 197, 198], (i) B(C6HnF5−n)4
− [160, 198–201], (j) BF3O(C2H4O)nCH3

− [202], (k) PF5(CnF2n+1)− [203, 
204], (l) PF4(CnF2n+1)2

− [203, 204], (m) PF3(CnF2n+1)3
− [70, 203–206], (n) PF2(CnF2n+1)4

− [63, 70, 203–
209], and (o) PF(CnF2n+1)5

− [204]

Table 1.2 Conductivity of electrolytes with various lithium salts at 20 °C and 1 M salt in EC:EMC 
(25:75 v:v) [189]

Lithium salt (anion) Conductivity (mS cm−1) Lithium salt (anion) Conductivity (mS cm−1)

PF6
− 8.52

BF4
− 2.91

BF3(CF3)− 3.21 BF3(C2F5)− 3.31
BF2(CF3)2

− 4.02 BF2(C2F5)2
− 4.62

BF(CF3)3
− 5.11 BF(C2F5)3

− 6.89
B(CF3)4

− 7.52 B(C2F5)4
− 8.55

BF3(SO2CF3)− 4.47 BF3(SO2C2F5)− 3.98
BF2(SO2CF3)2

− 5.83 BF2(SO2C2F5)2
− 5.23

BF(SO2CF3)3
− 7.62 BF(SO2C2F5)3

− 7.18
B(SO2CF3)4

− 8.55 B(SO2C2F5)4
− 8.21
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good compatibility with Al at high potential, as well as a high stability with a graph-
ite anode and nickel oxide-based cathode. The cell cycling behavior is compa-
rable to an electrolyte with LiPF6 and far better than one with LiBF4. Cells with 
LiFAB also had improved capacity retention relative to cells with LiPF6 after stor-
age at 60 °C [190]. For cells with graphite anodes and LiCoO2 cathodes, however, 
comparable performance to LiPF6 electrolytes was found at room temperature, but 
inferior performance was found at elevated temperature reportedly due to a degra-
dation reaction of the LiFAB electrolyte with the cathode [192]. Electrolytes with 
variants of BF4

− anions with perfluoroalkylsulfonyl groups (–SO2CnF2n+1) 
(Fig. 1.18a–d) have conductivity values somewhat higher than those with anions 
with the corresponding perfluoroalkyl groups (Table 1.2) [189]. Analogous 
anions with the fluorine atoms of BF4

− replaced with –PO2F2 groups have also 
been reported (Fig. 1.18e–g) [210].
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Fig. 1.18 Examples of BF4
− and PF6

− analogue anions with perfluoroalkylsulfonyl and phosphoro-
difluoridato groups: (a) BF3(SO2CnF2n+1)− [189], (b) BF2(SO2CnF2n+1)2

− [189], (c) BF(SO2CnF2n+1)3
− 

[189], (d) B(SO2CnF2n+1)4
− [189], (e) BF3(PO2F2)− [210], (f) BF2(PO2F2)2

− [210], (g) BF(PO2F2)3
− [210], 

(h) PF5(SO2CnF2n+1)− [204], (i) PF4(SO2CnF2n+1)2
− [204], (j) PF3(SO2CnF2n+1)3

− [204], (k) PF2(SO2Cn

F2n+1)4
− [204], (l) PF(SO2CnF2n+1)5

− [204], (m) PF5(PO2F2)− [210], (n) PF4(PO2F2)2
− [210], and (o) 

PF3(PO2F2)3
− [210]
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The LiBF3Cl salt (Figs. 1.16i and 1.17e) has a higher solubility than LiBF4 in 
aprotic solvents and hinders crystallization of electrolytes to a greater extent at low 
temperature [196]. In common with LiBF4, the LiBF3Cl salt passivates Al well at 
high potential. The salt also makes a more favorable SEI with graphite than compa-
rable electrolytes with LiBF4 [196].

Lithium salts with fluorinated phenylfluoroborate anions have been reported 
(Fig. 1.17f–i) [198]. The conductivity values for 0.5 M salt in PC:DMC (v:v) electro-
lytes at 30 °C are reported to be LiBF4 (3.7 mS cm−1), LiBF3(C6F5) (Fig. 1.17f) 
(4.0 mS cm−1), and LiBF3C3F7 (Fig. 1.17a) (6.1 mS cm−1), but the tLi+ values are 0.31, 
0.71, and 0.43, respectively [198]. The lithium tetrakis(pentafluorophenyl)borate salt 
(LiBArF) (i.e., LiB(C6F5)4) (Figs. 1.16l and 1.17i) [199, 200] has a very weakly coor-
dinating anion with 20 fluorine atoms per Li+ cation. Although this salt does form 
crystalline solvates with fully solvated Li+ cations (i.e., (AN)4:LiB(C6F5)4 [211] and 
(Et2O)4:LiB(C6F5)4 [212]), it also crystallizes as solvates in which the Li+ cations are 
partially coordinated by the anion fluorine atoms (i.e., (Et2O)1:LiB(C6F5)4⋅CH2Cl2 
[212], (toluene)1:LiB(C6F5)4⋅toluene [212], and (benzene)1:LiB(C6F5)4 [213]). Thus, 
the extensive fluorination of the anion actually facilitates the coordination of the 
anion to the Li+ cations (relative to LiBPh4). The properties of a wide variety of 
different LiBR4 salts with varying alkyl and/or aryl groups and substituents (–CH3, 
–OCH3, –F, –CF3) have been extensively explored as electrolytes by researchers at 
Exxon Research and Engineering Company in the early 1980s [161, 214]. The anodic 
oxidative stability of the salts varies by more than 1.6 V depending upon the R 
group, with aryl groups resulting in higher stability than alkyl groups and the 
addition of electron-withdrawing substituents further increasing the stability 
[157, 160]. Related salts have been reported, such as LiB(OC6F5)4 [215] and 
LiB(SC6F5)4 [215, 216], but these salts tend to result in PEO- based electrolytes with 
a very low conductivity.

Lithium trifluoroalkoxyborate salts (Fig. 1.17j) are liquid at room temperature 
with a neat salt conductivity on the order of 10−4 S cm−1 [202]. Carbonate-based 
electrolytes (EC:PC:DMC 1:1:3 v:v:v) with these salts have a conductivity 
>3 mS cm−1 at 20 °C (higher than comparable electrolytes with LiBF4) [202].

Analogues of PF6
− anions (Fig. 1.17k–o) have also been reported [63, 70, 203–

209]. Electrolytes (1 M salt in EC:DMC 50:50 w:w) with the LiPF3(C2F5)3 (LiFAP) 
salt (Figs. 1.16m and 1.17m) have a conductivity which is only slightly lower than 
those with LiPF6 [70]. Half cells with Li metal and LiMn2O4 cycled better with the 
electrolyte with LiFAP (relative to those with LiPF6) [70, 208]. LiFAP was found to 
not undergo hydrolysis (in sharp contrast to LiPF6) and to have improved thermal 
stability relative to LiPF6 [63, 70, 207, 209]. In addition, carbonate solvent-based 
electrolytes with a mixture of LiFAP and LiPF6 were reported to have superior 
cycling performance (relative to comparable electrolytes with the individual LiFAP 
and LiPF6 salts), especially at 80 °C [206]. Anions in which the PF6

− fluorine atoms 
have been replaced with –SO2CnF2n+1 or –PO2F2 groups have also been reported 
(Fig. 1.18h–o) [204, 210].
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1.6  Advanced Salts—Perfluoroalkylacetates,  
-Sulfonates, and -Phosphates

The experimental gas-phase acidity values (ΔGacid in kcal mol−1) for alkyl- and per-
fluoroalkylacetates and sulfonates follow the order HCO2CH3 (341.1) < HCO2CF3 
(316.3) ≤ HSO3CH3 (315.0) < HSO3F (299.8) < HSO3CF3 (299.5) (Fig. 1.1) [21, 26]. 
The fluorocarbonate anion (i.e., CO2F−) is highly reactive and may be considered to 
be a fluorine anion, F−, solvated by CO2 [217]. Other perfluoroalkylacetate anions 
(i.e., CO2CnF2n+1

−) (Figs. 1.19a and 1.20a) have not been used to any significant 
extent for lithium battery electrolytes. The lithium salts with these anions tend to be 
highly aggregated (extensive anion…Li+ cation coordination interactions) in PC 
electrolytes [218]. This is in agreement with the results noted above for the 
(AN)n–LiCO2CF3 mixtures which have a very low solvation number over the 
entire concentration range (Fig. 1.5) and very low conductivity relative to other 
(AN)n–LiX mixtures (Fig. 1.11).

Fluorosulfonic acid (i.e., HSO3F) (Fig. 1.19b) was first reported in 1918 [236]. 
LiSO3F-based electrolytes with several aprotic solvents were found to have a similar 
oxidative stability to electrolytes with other lithium salts such as LiSO3CF3 [237]. 
The conductivity of 1 M LiSO3F electrolytes with PC and GBL is 1.4 and 
3.6 mS cm−1, respectively [237]. For a mixed-solvent electrolyte, 1 M LiSO3F in 
GBL:DME (1:1 mol:mol), however, the conductivity is 7.4 mS cm−1 at 25 °C [237] 
(to be compared with 1 M GBL:DME (1:1 mol:mol) electrolytes with LiBF4, LiPF6, 
and LiAsF6 which have conductivity values of 7.7, 11.2, and 11.8 mS cm−1 [238]). 
The crystal structure for LiSO3F has been reported [239].

Trifluoromethanesulfonic acid (i.e., HSO3CF3) (Fig. 1.19b) and the corre-
sponding sodium salt were first reported in 1954 [240, 241]. A 3M patent in 1956 
then reported the preparation of a variety of perfluoroalkylsulfonic acids and the 
corresponding sodium and potassium salts [242]. The use of LiSO3CF3 in battery 
electrolytes began in the 1970s and early 1980s [243, 244]. Lithium salts with per-
fluoroalkylsulfonate anions (Figs. 1.19b and 1.20b, c) tend to be more dissociated 
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Fig. 1.19 Examples of fluoroalkylacetate, -sulfonate, and -phosphate anions: (a) CO2CnF2n+1
− 

[218], (b) SO3CnF2n+1
− [219–222], (c) SO4(C2H4O)nCH3

− [223, 224], (d) SO3(C6F5)− [175, 221], (e) 
SO3(CF2)nSO3

2− [175, 222, 225], (f) SO3(C6F4)SO3
2− [226], (g) PO3(CnF2n+1)2− [72, 227–232], and 

(h) PO2(CnF2n+1)2
− [72, 227, 230, 233–235]
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than those with perfluoroalkylacetate anions due to the larger size of the sulfur 
atoms relative to carbon (making the anion “softer”) and more extensive resonance 
(and thus charge delocalization) due to the additional oxygen atom. This results in 
the sulfonate salts having a higher conductivity than the corresponding acetate salts 
(Table 1.3) [219, 221]. The conductivity of electrolytes with the perfluoroalkylsul-
fonate anions is not correlated with the mass of the anions (Table 1.3). All of the 
electrolytes with these salts, however, have a conductivity which is significantly 
lower than for the comparable electrolyte with LiPF6 (Tables 1.1 and 1.3, Fig. 1.14). 
The crystal structure for LiSO3CF3 is known for both low- and high-temperature 
phases [245–247]. The conductivity of amorphous PEO-based polymer electrolytes 
with the perfluoroalkylsulfonate salts follows the order [220]:

 LiSO C F LiSO CF LiSO C F LiSO C F3 10 3 8 3 421 3 3 17 9< < < < LiTFSI  

This ordering is likely due to a reduction in the partial negative charge on the 
anion oxygen atoms upon increasing chain length from –CF3 to –C4F9 (which 
reduces the ionic association tendency of the anions). An additional increase in the 
chain length (i.e., –C8F17 and –C10F21), however, does not then significantly decrease 
the ionic association interactions further and the more bulky anions decrease the 
anion mobility (and perhaps the Li+ cation mobility due to the correlated interac-
tions of the cations with the anions), thus lowering the conductivity (relative to 
LiSO3C4F9).

Note that lithium salts with nonfluorinated alkylsulfonate (e.g., LiSO3CH3) or 
benzenesulfonate (e.g., LiSO3(C6H5)) anions have a very low solubility in aprotic 
solvents and a correspondingly low conductivity (Table 1.3) [219]. Lithium salts with 
oligoethersulfate anions (Fig. 1.19c) are soluble in EC:DMC mixtures, but these 

Fig. 1.20 Anion structures: (a) CO2CF3
−, (b) SO3C4F9

−, (c) SO3C8F17
−, (d) SO3(C6F5)−, (e) 

SO3C3F6SO3
2−, (f) PO3C2F5

2−, (g) PO3F2−, and (h) PO2F2
− (C—gray, O—red, F—light green, 

P—orange, S—yellow)
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have a much lower conductivity (<10−3 S cm−1 at 30 °C) than comparable electrolytes 
with LiPF6 [223, 224]. The lithium salt with fluorinated benzenesulfonate anions 
(i.e., LiSO3(C6F5)) (Figs. 1.19d and 1.20d) is somewhat more soluble in aprotic 
solvents, but the conductivity of such electrolytes is relatively low (lower than for 
electrolytes with LiSO3CF3) (Table 1.3) [219, 248].

Monofluorophosphoric acid (i.e., H2PO3F) (Figs. 1.19g and 1.20g) and difluoro-
phosphoric acid (i.e., HPO2F2) (Figs. 1.19h and 1.20h) were first reported in 1929 and 
1927, respectively [227–229, 235]. Lithium salts with these anions have been prepared 
[230, 231, 233, 234]. The related HPHO2F acid and corresponding LiPHO2F salt, 
however, were much more challenging to prepare [249]. Trifluoromethanephosphonic 
acid (i.e., H2PO3CF3) (Fig. 1.19g) and bis(trifluoromethane)phosphonic acid 
(i.e., HPO2(CF3)2) (Fig. 1.19h) were synthesized in 1954–1955 [250, 251]. The 
relative acidity of these anions was reported to follow the order [251]:

 
HNO ,HCO CF ,HCO C F H AsO CF HAsO CF2 2 3 2 33 3 7 3 2 3 2

< < ( )  

 
H H2 3 2 4 2 2

PO CF ,HCl SO HBr HPO CF HClO3 3 4< < < ( ) <
 

Table 1.3 Conductivity of electrolytes with various lithium salts at 25 °C and 0.1 M 
salt in PC:DME (1:2 v:v) [219, 221]

Lithium salt (anion) Conductivity (mS cm−1) Molecular weight

PF6
− 4.4 152

CO2CF3
− 0.4 120

SO3CH3
− a 102

SO3CF3
− 2.3 156

SO3C4F9
− 2.3 306

SO3(C6H5)− 0.1–0.2b 164
SO3(C6F5)− 1.1 254
SO3C8F17

− 1.9 506
N(COCF3)2

− 0.8 215
N(SO2CF3)2

− 4.0 287
N(SO2C2F5)2

− 3.8 387
N(SO2C4F9)(SO2CF3)− 3.5 437
N(SO2CF3)(C6F4SO2F)− 3.0 347
N(SO2CF3)(SO2C8F17)− 3.2 637
N(SO2OCH2CF3)2

− 3.0 347
N(SO2OCH2CF2CF3)2

− 3.0 447
N(SO2OCH2CF2CF2H)2

− 2.9 411
N(SO2OCH(CF3)2)2

− 3.1 483
C(SO2CF3)3

− 3.6 418
C(SO2OCH2CF3)3

− 2.9 508
B(C6H3-3,5-(CF3)2)4

− 2.7 870
PO2(C2F5)2

− 0.6 308
aPractically insoluble
bca. 0.02 M
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The lithium trifluoromethanephosphate salt (i.e., Li2PO3CF3) (Fig. 1.19g) has 
also been synthesized [252]. This salt was reportedly soluble, forming a 1 M elec-
trolyte with a PC:DME mixture which was utilized for battery cycling [252]. 
Perfluorodiphenylphosphinic acid (i.e., HPO2(C6F5)2) and the crystal structure of 
the corresponding potassium salt have also been reported [253].

1.7  Advanced Salts—Imides, Methides, and Phosphorylimides

The bis(fluorocarbonyl)imide acid (i.e., H[N(COF)2]) (Fig. 1.21a) was first reported 
in 1973 [291], but anions with the X–CO–N–CO–X (X = C or F) backbone have not 
received much attention for battery electrolytes. In contrast, a diverse range of lith-
ium salts with imide (sometimes called amide) anions with the X–SO2–N–SO2–X 
(X = C or F) backbone have been prepared. This difference in focus is due to the 
difference, for example, in the acidifying capability of the –COCF3 and –SO2CF3 
groups (Fig. 1.2)—experimental gas-phase acidity values (ΔGacid in kcal mol−1) are 
HN(COCF3)2 (307.5) and HN(SO2CF3)2 (291.8) (ref: H2SO4 (302.2)) (Fig. 1.2) 
[20, 26]. The X–SO2–N–SO2–X backbone is able to adopt two low-energy confor-
mations (Fig. 1.3f) [114–117]. This flexibility, combined with the extensive charge 
delocalization due to resonance and the electron-withdrawing fluorine atoms [20, 26], 
tends to make these lithium salts highly soluble. In addition, solvent–salt mixtures 
with such salts often form crystalline solvates with a low Tm (in contrast with LiPF6) 
or crystallinity gaps (concentration ranges in which it is difficult or impossible to 
crystallize some or all of the electrolyte) (Fig. 1.4).

Lithium bis(methanesulfonyl)imide (or dimesylamide) (i.e., LiN(SO2CH3)2) 
(Figs. 1.21b and 1.22a) [258, 292–295] and lithium bis(butanesulfonyl)imide 
(i.e., LiN(SO2C4H9)2) [258] have been reported. In sharp contrast to the lithium salts 
with tetraalkylborate anions which are highly soluble in aprotic solvents, lithium 
salts with nonfluorinated bis(alkanesulfonyl)imide anions have poor solubility in 
 cyclic/acyclic carbonate and ether solvents [258]. This is likely due to the poor Li+ 
cation-coordinating ability of the tetraalkylborate anions—thus favoring solvent 
coordination to the Li+ cations, whereas the nonfluorinated bis(alkanesulfonyl)imide 
anions instead readily coordinate the Li+ cations with the anion oxygen atoms and 
the lack of electron-withdrawing fluorine atoms results in high electron density on 
the oxygen atoms (i.e., strong ionic association tendency)—thus restricting the sol-
vent coordination to the Li+ cations. LiN(SO2CH3)2 is insoluble in an EC:DMC 
mixture and has poor solubility in DMSO (<0.1 M), while LiN(SO2C4H9)2 has 
low solubility in EC:DMC (<0.1 M) and fair solubility in DMSO (~0.3 M) [258]. 
The conductivity at 25 °C of DMSO electrolytes with these salts (3.2 mS cm−1) was 
considerably lower than for a 0.5 M LiPF6 electrolyte with DMSO (9.8 mS cm−1). 
In addition, ionic liquid salts with the N(SO2CH3)2

− anion have a higher viscosity, 
lower conductivity, lower thermal stability, and lower electrochemical stability than 
the corresponding salts with the TFSI− anion [296].

1 Nonaqueous Electrolytes: Advances in Lithium Salts



30

g

n n

i

m

-

v

j

n

h

f

e

k

a

l

p

q

o

t

u

r

s

n

d

n

-

-

-

-

b

c

-

-

-

-

-

-

-

-

-

-

- -

-

-

--

n

--

-

n

-
n

--

nn

-

-

-

-

nn

-

--

Fig. 1.21 Examples of imide anions: (a) N(COCnF2n+1)2
− [254–257], (b) N(SO2CnH2n+1)2

− [258], 
(c) N(SO2CnF2n+1)2

− [259–270], (d) N(COCnF2n+1)(SO2CnF2n+1)− [256, 257, 271–273], (e) 
N(SO2(C6H5))(SO2CF3)− [274–276], (f) N(SO2(C6F5))2

− [277], (g) N(SO2C2F4SO2)− [278, 279], (h) 
N(SO2C3F6SO2)− [269, 278, 279], (i) N(SO2C4F8SO2)− [278, 279], (j) CO(NSO2F)2

2− [280], (k) SO2 
(NSO2CnF2n+1)2

2− [281–283], (l) (CF2)n(SO2NSO2CF3)2
2− [284, 285], (m) N(SO2C2F4O(C2H4O)

CH3)2
− [277], (n) N(SO2C4H8SO3)2

3− [286], (o) N(SO2CH2CO2)2
3− [286], (p) N(SO2CH2CO(C6H4)

SO3)2
3− [286], (q) (C6H4)(SO2NSO2CF3)2

2− [287], (r) O((C6H5)SO2NSO2CF3)2
2− [287], (s) (C6H2)

(OC2H2O)(SO2NSO2CF3)2
2− [287], (t) N(SO2NSOF2)2

− [288], (u) N(CONSNSO2)− [289], and (v) 
N(SO2NSNSO2)− [290]
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The =NSO2CF3 group has a very strong acidifying effect when replacing an =O 
[26]. The (trifluorosulfonyl)(sulfonate)imide anion [297] can be viewed as the SO4

2− 
anion with a =NSO2CF3 group replacing an =O:

 

Fig. 1.22 Anion structures: (a) N(SO2CH3)2
− (trans conformation), (b) N(SO2(C6H5))2

− (trans 
conformation), (c) N(SO2(C6H5))2

− (cis conformation), (d) N(SO2F)2
− (FSI−), (e) N(SO2C2F5)2

− 
(BETI−) (trans conformation), (f) N(SO2C4F9)2

− (cis conformation), (g) N(SO2C4F9)2
− (trans con-

formation), (h) N(SO2C2F4SO2)−, (i) SO2(NSO2CF3)2
2−, ( j) C(SO2CF3)3

− (TriTFSM−), (k) 
C(SO2CF3)2(C6F5)−, (l) CH(SO2CF3)2

− (TFSM−) (trans conformation), and (m) CH(SO2CF3)2
− 

(TFSM−) (cis conformation) (C—gray, N—blue, O—red, F—light green, S—yellow)
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Similarly, the TFSI− anion can be viewed as the SO3CF3
− anion with a =NSO2CF3 

group replacing an =O:

 

Additional =NSO2CF3 groups give [298, 299]

 

Fluorination of the imide anions results in lithium salts with exceptionally high 
solubility in common aprotic solvents. Bis(trifluoromethanesulfonyl)imide acid or 
HTFSI (i.e., HN(SO2CF3)2) (Figs. 1.3f and 1.21c) was first reported in 1982 by 
Foropoulos and DesMarteau [300, 301], while the longer chain anions—
N(SO2RF)2

−—were reported a decade earlier by Meussdorffer and Niederprum [302]. 
In 1990, Armand patented the synthesis of LiTFSI and related fluorinated sulfonyl 
imide salts [303]. LiTFSI is now the most widely studied salt for this class of anions, 
but lithium bis(perfluoroethanesulfonyl)imide (LiBETI) (i.e., LiN(SO2C2F5)2) 
(Figs. 1.21c and 1.22e) has also been widely examined [49, 69, 207, 262, 304–310] 
with more than 200 publications reported for this latter salt. Electrolytes with LiBETI 
have a lower conductivity than those with LiPF6 or LiTFSI (Table 1.4), but this salt, 
like LiTFSI, has an exceptionally high thermal stability and does not undergo hydro-
lysis due to the high stability of the C–F bonds. In addition, unlike LiTFSI, electro-
lytes with aprotic solvents and LiBETI are reported to not strongly corrode Al at high 
potential [66, 68, 311–313]. Numerous other perfluoroalkanesulfonyl imide anions 
have also been prepared [259, 314], including cyclic anions such as lithium cyclic-
1,3-perfluoroethanedisulfonylimide (i.e., LiN(SO2C2F4SO2)) (Figs. 1.21g and 1.22h) 
and lithium cyclic-1,3- perfluoropropanedisulfonylimide (i.e., LiN(SO2C3F6SO2)) 
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(Fig. 1.21h)—PC:DME electrolytes with the latter have the highest conductivity of 
the imide salts noted in Table 1.4 [314]. The properties of most of these salts have not 
been extensively explored by the battery research community.

Anions with fluorosulfonyl groups (–SO2F) have garnered tremendous interest 
in recent years. Chief among these is lithium bis(fluorosulfonyl)imide (LiFSI) (i.e., 
LiN(SO2F)2) (Figs. 1.21c and 1.22d) [156, 260, 263, 315–333]. Bis(fluorosulfonyl)-
imide acid or HFSI (i.e., HN(SO2F)2) was first reported in 1962 [334], and, even 
though the synthesis of LiFSI was reported in 1995 [335], the limited availability 
and high cost of this salt have restricted its use in research studies until quite 
recently. Electrolytes with LiFSI typically have a conductivity equivalent to compa-
rable electrolytes with LiPF6 (making this one of the most conductive salts known) 
[156]. The thermal and hydrolytic stability of the FSI− anion is lower than for the 
TFSI− anion due to the lower stability of the S–F bond (relative to a C–F bond), but 
the LiFSI salt has improved thermal/hydrolysis stability relative to LiPF6 [156]. 
It was reported that use of the LiFSI salt in electrolytes results in severe Al corrosion 
at high potential [320], but it has recently been shown that this is likely due to chlo-
ride impurities in the salt rather than the LiFSI salt itself [156]. An additional favor-
able property (relative to LiPF6) is the wide liquidus range of electrolytes with 
LiFSI. As for LiTFSI-based electrolytes, LiFSI-based electrolytes tend to form sol-
vates with a low Tm or crystallinity gaps for specific electrolyte compositions.

Lithium salts with asymmetric anions may also be of interest as these tend to be 
more soluble and form solvates with a lower Tm than for salts with symmetric 
anions. Examples include lithium (fluorosulfonyl)(trifluoromethanesulfonyl)imide 
(LiFTI or LiFTA) (i.e., LiN(SO2F)(SO2CF3)) (Fig. 1.21c) [263–265, 336] and 
lithium (fluorosulfonyl)(nonafluorobutanesulfonyl)imide (LiFNFSI) (i.e., LiN(SO2F)

Table 1.4 Conductivity of 
electrolytes with various 
lithium salts at 20 °C and 
1 M salt in EC:DMC and 
EC:DEC (1:1 w:w) [259]

Lithium salt (anion) Conductivity (mS cm−1)

In EC:DMC
PF6

− 9.41
SO3CF3

− 2.51
N(SO2CF3)2

− 6.18
N(SO2C2F5)2

− 5.45
N(SO2C4F9)2

− 3.63
N(SO2CF3)(SO2C4F9)− 1.55
N(SO2C2F5)(SO2C4F9)− 3.11
N(SO2C3F6SO2)− 6.86

In EC:DEC
PF6

− 6.09
SO3CF3

− 1.63
N(SO2CF3)2

− 4.24
N(SO2C2F5)2

− 3.95
N(SO2C4F9)2

− 2.34
N(SO2CF3)(SO2C4F9)− 1.10
N(SO2C2F5)(SO2C4F9)− 2.28
N(SO2C3F6SO2)− 4.95
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(SO2C4F9)) (Fig. 1.21c) [264, 265, 337]. The LiFNFSI salt has a high thermal stability 
(>200 °C), forms electrolytes with a high conductivity (comparable to those with 
LiClO4), and does not significantly corrode the Al current collector at high poten-
tial. For battery testing, graphite/LiCoO2 cells with LiFNFSI had a much improved 
cycling performance over cells with LiPF6 when cycled at elevated temperature 
(60 °C). Asymmetric imide anions with carbonyl groups such as TSAC− (i.e., 
N(COCF3)(SO2CF3)−) (Fig. 1.21d) have also been reported [256, 266]. The experi-
mental gas-phase acidity value (ΔGacid in kcal mol−1) for HTSAC (298.2) is some-
what higher than for HTFSI (291.8), but lower than that for HFSI (301.2) [26]. The 
TSAC− anion, however, has been found to have a poor electrochemical stability rela-
tive to other imide anions. The anodic oxidative stability was slightly lower relative 
to anions such as FTI− and TFSI−, but the cathodic reductive stability of the TSAC− 
anion was notably poorer (almost 1 V less stable) [273, 338].

Many other variants of imide anions have been reported (Fig. 1.21). In general, 
these do not have improved properties or other advantages over more widely used 
anions (i.e., TFSI− and BETI−). One possible exception to this may be the bis(trifluoro-
methanesulfonamido) sulfone anion (i.e., LiSO2(NSO2CF3)2) (Figs. 1.21k and 1.22i) 
[281]. If this dilithium salt has a high solubility in aprotic solvents, then it may offer an 
advantage in terms of having a greater Li+/anion mass ratio with less fluorine atoms per 
Li+ cation than for LiPF6 and LiTFSI. The properties of the dilithium salt with this 
anion, however, are not yet available. The related acid H2[CO(NSO2F)2] (Fig. 1.21j) 
and the corresponding alkali metal salts (with Na+ or K+) have been reported [280].

Nonfluorinated lithium tris(alkanesulfonyl)methide salts have been examined for 
their suitability for battery electrolytes (Fig. 1.23a) [258]. The LiC(SO2CH3)3 salt 
has poor solubility in EC:DMC (<0.1 M), but good solubility in DMSO (~0.5 M). 
Increasing the alkyl chain length from methyl to ethyl (i.e., LiC(SO2C2H5)3) 
increases the solubility, EC:DMC (~0.3 M) and DMSO (>4 M), while using asym-
metric alkyl chain lengths (i.e., LiC(SO2CH3)(SO2C2H5)2) further increases the salt 
solubility, EC:DMC (~0.5 M) and DMSO (>4 M). These salts have a considerably 
lower conductivity (4.3 mS cm−1), however, in 0.5 M DMSO electrolytes at 25 °C 
than that for the corresponding LiPF6 electrolyte (9.8 mS cm−1) [258].

Lithium tris(perfluoroalkanesulfonyl)methide salts have also received some 
attention for battery electrolytes, especially the salt with the C(SO2CF3)3

− anion 
(TriTFSM−) (Figs. 1.22j and 1.23b). The experimental gas-phase acidity values 
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Fig. 1.23 Examples of methide anions: (a) C(SO2CnH2n+1)3
− [258, 339], (b) C(SO2CnF2n+1)3

− 
(TriTFSM−) [111, 340–353], and (c) CH(SO2CnF2n+1)2

− (TFSM−) [118, 341, 342, 354–360]
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(ΔGacid in kcal mol−1) are HC(COCF3)3 (300.6) and HC(SO2CF3)3 (289.0) 
(ref: HN(SO2CF3)2 (291.8)) (Fig. 1.2) [20, 26]. Despite the higher acidity of the 
TriTFSM− anion relative to TFSI− and calculations which indicate that the former 
anion will have a weaker Li+ cation affinity (i.e., lower ionic association tendency), 
the conductivity of polyether-based electrolytes with LiTriTFSM is lower than for 
similar electrolytes with LiTFSI [111, 341]. This may perhaps be related to the 
greater size/mass of the TriTFSM− anion. For liquid 1 M electrolytes with EC:DMC 
(50:50 v:v), the conductivity (mS cm−1) at 25 °C is LiAsF6 (11.0), LiTFSI (9.0), 
and LiTriTFSM (7.1) [343]. Despite the recent attention devoted to LiFSI (i.e., 
LiN(SO2F)2), no published work is yet available regarding the properties of electro-
lytes with lithium tris(fluorosulfonyl)methide salt, LiC(SO2F)3 [340, 350], and the 
bis(fluoromethanesulfonyl)methane (i.e., CH(SO2F)2

−) anion has not yet been 
reported. Some limited studies have, however, been reported for the related 
bis(trifluoromethanesulfonyl)methide anion (TFSM−) (i.e., CH(SO2CF3)2

−) 
(Figs. 1.22l, m and 1.23c). The acid, bis(trifluoromethanesulfonyl)methane (i.e., 
HCH(SO2CF3)2), was first prepared by Gramstad and Haszeldine in 1956 [355]. 
Poly(ethylene oxide) (PEO) electrolytes with the lithium salt (LiTFSM) (i.e., 
LiCH(SO2CF3)2) were found in one report to have a lower oxidative and reductive 
electrochemical stability than for similar electrolytes with LiTFSI [341], whereas 
another study indicated that such electrolytes with LiTFSM were stable with a volt-
age stability window of approximately 4.5 V [359]. As for LiTFSI and LiTriTFSM, 
the LiTFSM salt tends to plasticize poly(ethylene oxide) resulting in amorphous 
electrolytes with a relatively high conductivity, although somewhat lower than for 
comparable LiTFSI electrolytes [341, 359].

Lithium perfluoroalkanephosphorylimide salts (Fig. 1.24a) have not yet been 
reported, but such anions have been explored using QC calculations [361] and the 
sodium and potassium salts with the N(PO(C2F5)2)2

− anion (Fig. 1.25) have been 
prepared [365]. The lithium bis(difluorophosphoryl)imide salt (i.e., LiN(POF2)2) 
(Fig. 1.24a), however, has been synthesized [362, 363], as has the acid HN(PSF2)2 
(Fig. 1.24b) [367]. Nonfluorinated alkyl or phenylphosphorylimide salts are also 
known, such as LiN(PS(C6H5)2)2 (Fig. 1.24c) [368–370] and LiN(PO(C6H5)2)
(PS(CH3)2) [371]. No data is yet available, however, regarding the electrolyte char-
acteristics of lithium salts with such anions.

n

n

n n

cb

nn n

-
a

n

--

Fig. 1.24 Examples of phosphorylimide anions: (a) N(PO(CnF2n+1)2)2
− [361–366], (b) 

N(PS(CnF2n+1)2)2
− [367], and (c) N(PS(C6H5)2)2

− [368–370]
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1.8  Advanced Salts—Organoborates, -Phosphates,  
and -Aluminates

In 1995, Barthel and Gores reported a new class of inexpensive and chemically, elec-
trochemically, and thermally stable salts based upon boron chelate complex anions 
with aromatic or aliphatic diols or carboxylic acids. The first such salt reported was 
lithium bis(1,2-benzenediolato(2-)-O,O′)borate (LiBBB) (Fig. 1.26a) [372]. The acid 
with this anion was originally reported in 1949 by Schafer [388]. The LiBBB salt has 
a high solubility in aprotic solvents (>1 M), but the oxidative stability is relatively 
low. A number of other nonfluorinated lithium salts with benzenediol nonfluorinated 

Fig. 1.25 Anion structure: 
N(PO(C2F5)2)2

− (C—gray, 
N—blue, O—red, F—light 
green, P—orange)

c

d

a b

e

h
g

f
-

-

-

-

- -

-
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Fig. 1.26 Examples of chelated organoborate anions: (a) B(O(C6H4)O)2
− (BBB−) [169, 372–378], 

(b) B(O(C6H3F)O)2
− (FLBBB−) [373, 379, 380], (c) B(O(C6F4)O)2

− (4FLBBB−) [373, 381], (d) 
B(O(C10H6)O)2

− (BNB−) [56, 169, 373–375, 378], (e) B(O(C6H4)CO2)2
− (BSB−) [56, 373, 375, 

382–385], (f) B(O(C6H4)(C6H4)O)2
− (BBPB−) [56, 169, 373, 375], (g) B(O(C6H3F)SO2)2

− (FSB−) 
[386], and (h) B(O(C5NH3)O)2

− (BPB−) [387]
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chelates were subsequently prepared: bis(2,3- naphthalenediolato(2-)-O,O′)borate 
(LiBNB) (Figs. 1.26d and 1.27e), bis(salicylato(2-))borate (LiBSB) (Fig. 1.26e and 
1.27g), and bis(2,2′-biphenyldiolato(2-)-O,O′)borate (LiBBPB) (Figs. 1.26f and 
1.27h) [373]. The conductivity of electrolytes with these salts was found to increase 
in the order LiBBPB < LiBSB < LiBNB ~ LiBBB (Table 1.5) [169, 374, 375]. All of 
these electrolytes have a significantly lower conductivity than comparable electro-
lytes with LiPF6, LiTFSI, and LiBETI (Table 1.5) [375]. The LiBSB-based elec-
trolyte was found to have a relatively high Li cycling efficiency, however, in contrast 
to the other salts [375]. A number of crystalline solvates have been reported for the 

Fig. 1.27 Anion structures: (a) B(CO2CO2)2
− (BOB−), (b) BF2(CO2CO2)2

− (DFOB−), (c) 
B(OCH3)4

−, (d) B(CO2CH(CH3)O)2
−, (e) B(O(C10H6)O)2

− (BNB−), (f) B(OC(CH3)2C(CH3)2O)2
−, 

(g) B(O(C6H4)CO2)2
− (BSB−), (h) B(O(C6H4)(C6H4)O)2

− (BBPB−), (i) B(O(C6H2F2)(C6H2F2)O)2
−, 

(j) B(CO2CH2CO2)2
−(BMB−), and (k) B(CO2CH3)4

− (B—tan, C—gray, O—red, F—light green)
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LiBBB and LiBSB salts: (H2O)2(THF)1:LiBBB, (H2O)1(AN)1:LiBBB, (AN)2:LiBSB, 
and (THF)2:LiBSB [389]. For the former solvate, the Li+ cations are coordinated to 
the diol oxygen atoms, but for the latter solvate these oxygens do not participate in 
the cation coordination. Instead, the carbonyl oxygens are coordinated to the Li+ 
cations.

The preparation of fluorinated chelated organoborate salts (i.e., LiB(C6H4−xFxO2) 
demonstrated that with increasing fluorination (x = 0, 1, or 4) (Fig. 1.26a, b, c) both 
the conductivity and oxidative stability increased [379, 381]. The oxidative stability 
limit (vs. Li/Li+) was found to vary considerably for these salts: 3.6 V for BBB−, 
3.8 V for FLBBB−/BNB−, 4.1 V for 4FLBBB−/BBPB−, and 4.5 V for BSB− [373]. 
It was suggested that these anions anodically degrade on the cathode surface to form 
thin, electrically insulated, but Li+ cation-conducting polymeric films which passify the 
electrode surface from further degradation of the salts or the solvents. A similar high 
salt solubility and oxidative stability limit was noted for the lithium bis(5-fluoro- 2-
olato-benzenesulfonato(2-)-O,O′)borate salt (LiFSB) (Fig. 1.26g) which has a sta-
bility limit of 4.6 V vs. Li/Li+ [386]. The current density decreased upon repeated 
cycling on a Pt electrode due to electrode passivation. The salt also passivated an 
Al electrode at high potential. The introduction of a nitrogen to the benzenediol 
chelate—lithium bis(2,3-pyridinediolato(2-)-O,O′)borate (LiBPB) (Fig. 1.26h), 
however, resulted in a salt with low solubility in DMC and DEC (in contrast to the 
other salts prepared), but the solubility was higher in EC or PC [387]. The conduc-
tivity of electrolytes with LiBPB was lower than for the other borate salts, but the 
salt did passivate Pt and Al electrodes, as for the other salts studied [387].

The first organoborate salt to attract significant interest from the broader battery 
research community was lithium bis(oxalato)borate (LiBOB) (i.e., LiB(CO2CO2)2) 
(Figs. 1.27a and 1.28a) [48, 79, 376, 380, 385, 390–484]. The first publication with 

Table 1.5 Conductivity of 
electrolytes with various 
lithium salts at 25 °C and 
0.3 M salt in PC:DME and 
PC:2-MeTHF (1:1 
equimolar) [375]

Lithium salt (anion) Conductivity (mS cm−1)

In PC:DME
PF6

− 9.23
N(SO2CF3)2

− 8.05
N(SO2C2F5)2

− 7.55
BBB− 4.21
BNB− 4.25
BSB− 2.45
BBPB− 1.09

in PC:2-MeTHF
PF6

− 6.57
N(SO2CF3)2

− 5.97
N(SO2C2F5)2

− 5.48
BBB− 3.07
BNB− 2.97
BSB− 1.28
BBPB− 0.92
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LiBOB was from Xu and Angell in 2001 [393], but a German patent application was 
filed for this salt by Metallgesellschaft AG in 1999 [548]. The acid and tetraalkyl-
ammonium salts with BOB− (called borodicatecholate) and related anions had been 
reported in 1994 by Ue [549], as well as earlier by others [550]. LiBOB electrolytes 
have a conductivity which is comparable to or lower than that for electrolytes with 
LiBF4 [79, 414], moderate stability to hydrolysis, high electrochemical stability 
(>4.5 V vs. Li/Li+), and high thermal stability [393, 394, 414, 448]. The salt has a 
relatively low solubility in acyclic carbonate solvents (i.e., the solubility limit is 0.8 M 
in EC:DMC 3:7) but is more soluble (>1 M) in nitrile, ester, and cyclic carbonate 
solvents [447]. The salt has been used as both a primary salt (replacement for LiPF6) 
and an additive (addition of small amounts to LiPF6 electrolytes). Notably, the 
electrode surface layers formed by this salt on both the anode and cathode enable 
cells with LiBOB to have excellent capacity retention when cycled at elevated 
temperature (≥60 °C) and when cycling cathodes up to 5 V (vs. Li+/Li).

Lithium difluoro(oxalato)borate (LiDFOB) (also called lithium oxalyldifluorob-
orate (LiODFB)) (i.e., LiBF2(CO2CO2)) (Figs. 1.27b and 1.28g), like LiBOB, has 
also received a great deal of attention from the lithium battery research community. 
This salt was first reported in Central Glass Company patents filed in 2000 [390–392] 
and then later in a US Army Research Laboratory (ARL) publication in 2006 [491]. 
Many studies have now demonstrated that LiDFOB is quite useful both as a primary 
salt (replacement for LiPF6) and as an additive to LiPF6 electrolytes [491–535]. 
LiDFOB has a higher solubility than LiBOB in linear carbonate solvents, but it is 
still lower than for other salts such as LiBF4, LiTFSI, and LiPF6. Electrolytes with 
the LiDFOB salt are better than those with LiBOB at passivating the Al current col-
lector and also tend to have a higher conductivity (i.e., the conductivity of a 1 M 
LiDFOB electrolyte in EC:DMC (1:1 v:v) at 25 °C is 8.6 mS cm−1 [506], which is 
somewhat lower than the conductivity of comparable electrolytes with LiPF6 or 
LiClO4 (Table 1.1)). As for LiBOB, enhanced battery performance is noted upon 
addition of LiDFOB to electrolytes including the cyclability/stabilization of 
electrode materials (such as LiFePO4 and Li4Ti5O12) at elevated temperature (60 °C) 
and of high-voltage cathode materials when cycled to 5 V due to favorable surface 
layers formed on the anode and cathode [40].

In addition to LiBOB and LiDFOB, a wide variety of additional organoborate 
anions have been synthesized (Figs. 1.28 and 1.29). Only limited information is 
available about the properties of the corresponding lithium salts. The 
LiB(CO2C(CF3)2O)2 salt (Fig. 1.29a), however, reportedly does not undergo hydro-
lysis and is thermally stable at 100 °C for 1 month, and electrolytes with this salt do 
not corrode Al at high potential [545]. The conductivity of electrolytes with 1 M salt 
in EC:DMC 1:1 at 25 °C is 7.0, 8.3, 6.3, and 1.9 mS cm−1, respectively, for the 
LiB(CO2C(CF3)2O)2, LiBF2(CO2C(CF3)2O), LiB(CO2CH(CF3)O)2, and LiB 
(CO2CH2C(CF3)2O)2 salts (Fig. 1.29a–d) [545]. Note that the concentration for the 
latter salt is only 0.8 M (instead of 1 M) due to its limited solubility in EC:DMC. For 
the fluorinated salts in Fig. 1.29h–p, the maximum conductivity (mS cm−1) (differ-
ing concentrations) for DME-based electrolytes at 25 °C is 5.88 (Fig. 1.29h), 5.39 
(Fig. 1.29i), 6.57 (Fig. 1.29j), 6.89 (Fig. 1.29k), 6.39 (Fig. 1.29l), 7.89 (Fig. 1.29m), 
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Fig. 1.28 Examples of chelated organoborate anions: (a) B(CO2CO2)2
− (BOB−) [48, 79, 376, 380, 

385, 390–484], (b) B(O(C6H4)O)(CO2CO2)− (BDOB−) [376, 377, 485, 486], (c) B(CO2CH2O)2
− 

[384, 487], (d) B(CO2CH(CH3)O)2
− [384, 487, 488], (e) B(CO2C(CH3)2O)2

− (BMLB−) [385], 
(f) B(OC(CH3)2C(CH3)2O)2

− [489, 490], (g) BF2(CO2CO2)− (DFOB−) [390–392, 491–535], 
(h) BF2(O(C6H4)O)− (DFBDB−) [485, 536, 537], (i) BF2(O(C6H3F)O)− (FLDFBDB−) [485, 537], 
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Fig. 1.28 (continued) (j) B(O(C6H3F)O)(CO2CO2)− (FLBDOB−) [377, 380, 485, 486, 536], (k) 
BF2(O(C6F4)O)− (4FLDFBDB−) [486, 537], (l) B(O(C6H4)O)(C5O5)− (BDCB−) [538], (m) 
B(CO2CO2)(C5O5)− (OCB−) [538], (n) B(C5O5)2

− (BCB−) [382, 383, 538], (o) B(O(C6H4)CO2)
(C5O5)− (CSB−) [382, 383], (p) BF2(CO2CH2CO2)− [539], (q) BF2(CO2C(CH3)2CO2)− [539], (r) 
B(CO2CO2)(CO2CH2CO2)− (MOB−) [540], (s) B(CO2CH2CO2)2

− (BMB−) [385, 484, 540, 541], (t) 
B(CO2C(CH3)2CO2)2

− [539], (u) B(CO2CHFCO2)2
− [540, 542], (v) B(CO2CF2CO2)2

− [392, 543], 
(w) BF2(CO2CH2CO2)− [392, 543], (x) BF2(CO2CF2CO2)− [392, 543], (y) BF2(CO2C2F4CO2)− [392, 
543], (z) B(CO2CO2)(CO2CF3)2

− [544], (aa) B(CO2C(CF3)2O)(CO2CF3)2
− [392], (bb) B(CO2CO2)

(OCH(CF3)2)2
− [392], (cc) B(CO2C(CF3)2O)(OCH(CF3)2)2

− [392, 543, 545, 546], and (dd) B(OC(
CF3)2C(CF3)2O)2

− (BPFPB−) [484, 541, 547]

7.55 (Fig. 1.29n), 7.79 (Fig. 1.29o), and 8.39 (Fig. 1.29p) [551, 552]. The conductivity 
of the electrolytes thus increases with increasing fluorination of the anions and is 
dependent upon the positioning of the fluorine atoms (with the para position less 
favorable for increasing the conductivity). Increased fluorination of the anions also 
increased the oxidative stability of DME- or EC:DMC-based electrolytes with  
the salts [551, 552]. With regard to Al passivation at high potential for these electro-
lytes (as well as those with EC:DMC), only the electrolytes with Fig. 1.29h, j, and 
n anions passivated the Al electrode—the electrolytes with the other six anions did 
not [551, 552]. Seemingly, the anions with fluorine atoms in the ortho or the para 
position on the benzene ring do not decompose to leave a passivating film on the  
Al surface.

The lithium bis(perfluoropinacolato)borate (LiBPFPB) salt (Fig. 1.28dd) is also 
reported to have a high oxidative stability [547]. No information is available about 
the Al corrosion behavior of electrolytes with this salt, but a 0.6 M LiBPFPB elec-
trolyte with DME at 25 °C has a conductivity of 11.1 mS cm−1 [547]. The conductiv-
ity of a 1 M electrolyte with the salt in PC at 25 °C, however, is 2.1 mS cm−1 
[547]—for comparison, the conductivity for a 1 M LiAsF6 electrolyte with PC at 
20 °C is 5.28 mS cm−1 [5].

A number of lithium salts with tetrakis(haloacyloxy)borate anions (i.e., 
LiB(CO2R)4) have also been synthesized (Fig. 1.30a–d) [553, 554]. These are 
 fluorinated and/or chlorinated versions of the tetra(acetato)borate anion (i.e., 
B(CO2CH3)4

−) (Figs. 1.27k and 1.30e). The acid and cesium salt with the 
B(CO2CF3)4

− anion were first reported in 1971 [561]. The lithium salt (i.e., 
LiB(CO2CF3)4) was subsequently reported in 1972 [562]. Electrolytes with these 
non-chelate salts have a relatively high conductivity (although lower than for LiPF6), 
high oxidative stability, and high cycle efficiency with a graphite electrode. The 
most conductive salt is LiB(CO2CF3)4 (comparable to the conductivity of electro-
lytes with LiTFSI). Lengthening the perfluoralkyl chains from –CF3 to –C2F5 
decreases the conductivity, as does replacing the fluorine atoms with chlorine atoms 
[553]. A lithium salt with the tetrakis(chlorosulfato)borate anion (i.e., B(SO3Cl)4

−) 
has been reported (Fig. 1.30f) [556], as has the acid with the tetrakis-
(trifluoromethanesulfonato)borate anion (i.e., B(SO3CF3)4

−) (Fig. 1.30g) [557]. 
Note that this anion differs from the B(SO2CF3)4

− anion noted in Fig. 1.18d.
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Fig. 1.29 Additional examples of chelated organoborate anions: (a) B(CO2C(CF3)2O)2
− [392, 

545, 546], (b) BF2(CO2C(CF3)2O)− [392, 545, 546], (c) B(CO2CH(CF3)O)2
− [392, 545, 546], (d) 

B(CO2CH2C(CF3)2O)2
− [392, 545, 546], (e) B(CO2(C6H3(CH3))O)2

− (3-MLBSB−) [56], (f) 
B(CO2(C6H2Cl2)O)2

− (DCLBSB−) [56], (g) B(CO2(C6HCl3)O)2
− (TCLBSB−) [56], (h) B(O(C6H4)

C(CF3)2O)2
− [551, 552], (i) B(O(C6H3F)C(CF3)2O)2

− [551, 552], (j) B(O(C6H3F)C(CF3)2O)2
− [551, 

552], (k) B(O(C6H3F)C(CF3)2O)2
− [551, 552], (l) B(O(C6H2F2)C(CF3)2O)2

− [551, 552], (m) 
B(O(C6H2F2)C(CF3)2O)2

− [551, 552], (n) B(O(C6H2F2)C(CF3)2O)2
− [551, 552], (o) B(O(C6HF3)

C(CF3)2O)2
− [551, 552], and (p) B(O(C6HF3)C(CF3)2O)2

− [551, 552]

The reaction of trialkoxyborates with butyllithium produces salts which are 
 liquid (for n ≥ 2) at ambient temperature without solvents (i.e., ionic liquids) 
(Fig. 1.30h) [558]. The ambient temperature conductivity for the n = 3 salt is 
2 × 10−5 S cm−1, while 1 M electrolytes of the salt in EC:PC have a conductivity 
<10−3 S cm−1.
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The nonfluorinated lithium tris(1,2-benzenediolato(2)-O,O′)phosphate (LiTBP) 
salt (Figs. 1.31a and 1.32a), reported by Sasaki and co-workers, has a relatively low 
thermal (<200 °C) and electrochemical (about 3.7 V (vs. Li/Li+)) stability [378, 564, 
565]. Adding a methyl group—lithium tris(4-methyl-1,2-benzenediolato(2)-O,O′)
phosphate (Li4-MLTBP) (Fig. 1.31b)—improves the thermal stability somewhat, 
but decreases the electrolyte conductivity (relative to LiTBP) [566]. Adding a 
fluorine atom—lithium tris(3-fluoro-1,2-benzenediolato(2)-O,O′)phosphate (Li3- 
FLTBP) (Fig. 1.31c)—improves the electrolyte conductivity and thermal/electro-
chemical stability (relative to LiTBP and Li4-MLTBP) [564, 565]. The conductivity 
of 0.5 M electrolytes with EC:DMC at 25 °C is about 2.62, 2.25, and 3.16 mS cm−1, 
respectively, for LiTBP, Li4-MLTBP, and Li3-FLTBP (as compared to 9.66 mS cm−1 
for LiPF6) [378, 564, 566]. Fully fluorinating the anion—lithium tris(3,4,5,6-
tetrafluoro-1,2-benzenediolato(2)-O,O′)phosphate (Fig. 1.31d)—further increases 
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Fig. 1.30 Examples of nonchelated organoborate anions: (a) B(CO2CF3)4
− [553, 554], (b) 

B(CO2C2F5)4
− [553, 554], (c) B(CO2CF2Cl)4

− [553, 554], (d) B(CO2CCl3)4
− [553, 554], (e) B(CO2CH3)4

− 
[554], (f) B(SO3Cl)4

− [555, 556], (g) B(SO3CF3)4
− [557], (h) B(O(CH2CH2O)nCH3)3(C4H9)− [558], 

(i) B(C6F5)2(O(CH2CH2O)nCH3)2
− [559], (j) B(CO2CF3)2(O(CH2CH2O)nCH3)2

− [559], and (k) B(C6F5)
(OCH3)3

− [560]
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the electrochemical stability, but the conductivity of a 0.6 mol kg−1 EC:DEC (2:1) 
electrolyte at 25 °C is relatively low (2.1 mS cm−1) [567]. The high mass, high fluo-
rination (12 F/Li+), and lack of improved properties (relative to LiPF6) have limited 
interest in this salt.

The nonfluorinated lithium tri(oxalato)phosphate (LiTOP) (i.e., LiP(CO2CO2)3) 
salt (Figs. 1.31h and 1.32b) has a high solubility and high (oxidative) electrochemi-
cal stability [569]. The related lithium tetrafluoro(oxalato)phosphate salt (LiFOP) 
(i.e., LiPF4(CO2CO2)) (Fig. 1.31j) was first formed in electrolytes with mixtures 
of LiPF6 and LiBOB [576]. The properties of this salt have been extensively char-
acterized in battery electrolytes [570–576]. In many respects, LiFOP has similar 
properties to LiPF6. Both salts have a similar thermal stability and result in electro-
lytes with a high conductivity [574, 575], but a carbonate solvent-based electrolyte 
(i.e., 1 M in EC:DEC:DMC 1:1:1) with LiFOP may be stored at 85 °C for weeks 
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Fig. 1.31 Examples of chelated organophosphate anions: (a) P(O(C6H4)O)3
− (TBP−) [378, 563–

567], (b) P(O(C6H3(CH3))O)3
− (4-MLTBP−) [564, 566], (c) P(O(C6H3F)O)3

− (3-FLTBP−) [564, 567], 
(d) P(O(C6F4)O)3

− [567], (e) P(CO2CH2O)3
− [568], (f) PF2(CO2CH2O)2

− [568], (g) PF4(CO2CH2O)− 
[568], (h) P(CO2CO2)3

− (TOP−) [568, 569], (i) PF2(CO2CO2)2
− [568], (j) PF4(CO2CO2)− (FOP−) 

[392, 543, 568, 570–576], (k) PF2(OC(CF3)2C(CF3)2O)2
− [577], (l) PF4(OC(CF3)2C(CF3)2O)− [577], 

(m) PF4(CO2C(CF3)2O)2
− [545, 546], (n) P(O(C6H4)(C6H4)O)3

− (TBPP−) [578], and (o) P(CO2(C6H4)
O)3

− (TSP−) [579]
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with no evident degradation, whereas extensive salt degradation occurs for a similar 
electrolyte with LiPF6 [574]. As for the LiBOB and LiDFOB salts, the addition of 
small amounts of LiFOP is found to improve the capacity retention of MCMB/
NMC cells, as well as the stability of the lithiated negative electrode [573]. This is 
attributed to the oxalate group reacting to form surface layers on both the cathode 
and carbon anode [574]. The first cycle irreversible capacity losses due to SEI for-
mation on the anode, however, are strongly dependent upon the type of carbon used 
for the anode [571, 572].

Other organophosphate anions have also been reported, such as those with 
perfluoropinacol (Fig. 1.31k, l), biphenylene (i.e., tris(2,2′-biphenylylene)phos-
phate (TBPP−)) (Fig. 1.31n), and salicylate (i.e., tris(salicylato(2-))phosphate 
(TSP−)) (Fig. 1.31o). No information is available about the use of these anions as 
lithium salts for battery electrolytes.

Fluorinated organoaluminate anions have also been examined for battery electro-
lytes (Figs. 1.33 and 1.34) [552, 580]. For smaller bidentate ligands (e.g., oxalate), 
the AlIII is typically coordinated by three ligands in solid-state salts, instead of two, due 
to its larger size relative to boron (Fig. 1.34a) [581]. This results in a six- coordinate 
Al(CO2CO2)3

3− trianion instead of a four-coordinate Al(CO2CO2)2
− anion, although 

there is spectroscopic evidence for the latter in aqueous solutions as the additional 

Fig. 1.32 Anion structures: (a) P(O(C6H4)O)3
−, (b) P(CO2CO2)3

− (TOP−), (c) P(CO2(C6H4))3
− 

(not TSP−), and (d) P((C6H4)(C6H4))3
− (not TBPP−) (C—gray, O—red, P—orange)
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Fig. 1.33 Examples of organoaluminate anions: (a) Al(OC(CF3)3)4
− (Al(PFTB)4

−) [552, 580], (b) 
Al(OCH(CF3)2)4

− (Al(HFIP)4
−) [552, 580], (c) Al(OCH2(CF3))4

− (Al(TFE)4
−) [552, 580], (d) 

Al(OC(CH3)(CF3)2)4
− (Al(HFTB)4

−) [552, 580], (e) Al(OC(C6H5)(CF3)2)4
− (Al(HFPP)4

−) [552, 
580], and (f) AlF(OC(C6H5)(CF3)2)3

− (AlF(HFPP)3
−) [552, 580]

Fig. 1.34 Anion structures: (a) Al(CO2CO2)3
3−, (b) Al(OC(CF3)3)4

− (Al(PFTB)4
−), (c) Al(OCH(CF3)2)4

− 
(Al(HFIP)4

−), (d) Al(OC(CH3)(CF3)2)4
− (Al(HFTB)4

−), and (e) Al(OC(C6H5)(CF3)2)4
− (Al(HFPP)4

−) 
(C—gray, O—red, F—light green, Al—tan)
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coordination sites are occupied by water molecules (i.e., Al(CO2CO2)2
−⋅2H2O) 

[582–584]. For more bulky ligands, however, four-coordinate anions are formed. 
The conductivity values (mS cm−1) (0.2 M salt in DME at 25 °C) for the lithium 
salts with the anions shown in Fig. 1.33a–f are reported to be 6.4 (Fig. 1.33a), 6.2 
(Fig. 1.33b), 1.6 (Fig. 1.33c), 6.2 (Fig. 1.33d), 3.5 (Fig. 1.33e), and 1.3 (Fig. 1.33f) 
[552, 580]. PC-based electrolytes with the LiAl(HFIP)4 (Figs. 1.33b and 1.34c) and 
LiAl(HFPP)4 (Figs. 1.33e and 1.34e) salts (0.3 M in PC) both passivated an Al elec-
trode at high potential in a similar manner to a LiPF6 electrolyte [552, 580].

1.9  Advanced Salts—Other Anions

HNF2 (Fig. 1.35a) is a gas with a Tb of −24 °C [590, 591]. This gas loses hydrogen 
when contacted with various materials to form tetrafluorohydrazine (N2F4). At low 
temperature (crystalline solid), this acid tends to detonate spontaneously [591]. 
The LiNF2 salt has not been reported, but it is predicted to be a dimeric complex 
[592, 593]. HN(CF3)2 (Fig. 1.35a) is a gas with a Tb of −6 °C [586–588]. The experi-
mental gas-phase acidity value for HN(CF3)2 is 324.3 kcal mol−1, which is signifi-
cantly higher (less acidic) than the corresponding values for HN(COCF3)2 (307.5) 
and HN(SO2CF3)2 (291.8) (Fig. 1.2) [26]. A German patent for Merck has been 
issued for the preparation of N(CF3)2

− salts (Fig. 1.35a), but this does not include the 
lithium salt [589]. Another report indicates that the alkali metal bis(trifluoromethyl)
amides, -phosphides, and -arsenides (i.e., MN(CF3)2, MP(CF3)2, and MAs(CF3)2) all 
have a high nucleophilic reactivity [594]. For the related methides, the experimental 
gas-phase acidity values for HCH(CF3)2 and HC(CF3)3 (Fig. 1.35b) are 343.9 and 
326.6 kcal mol−1, respectively (Fig. 1.2) [26]. The value for the latter is comparable 
to the gas-phase acidity of HCl (328.1 kcal mol−1) [595, 596].
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Fig. 1.35 Examples of fluorinated amide, methide, imine, alkoxide, and sulfur oxyimine anions: 
(a) N(CnF2n+1)2

− [585–594], (b) C(CnF2n+1)3
− [595, 596], (c) OC(CnF2n+1)3

− [597–601], (d) 
OCH(CnF2n+1)2

− [601–603], (e) N=C(CnF2n+1)2
− [604–611], and (f) N=S(O)(CnF2n+1)2

− [612–617]
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Trifluoromethanol (i.e., HOCF3) (Fig. 1.35c) is unstable at room temperature due 
to the elimination of HF [618, 619]:

 HOCF CF HF3 2→ = +O  

MOCF3 salts (M = K, Rb, and Cs) (Fig. 1.35c) have been prepared, however, by 
passing O=CF2 through an acetonitrile solution of the fluoride MF [620, 621]:

 O= +CF MF MOCF2 3  

and the crystal structures determined [597]. No reaction occurred when LiF or NaF 
was used [597], and some decomposition occurred for KF, suggesting that the lith-
ium trifluoromethoxide (or trifluoroorthocarbonate) salt is unstable (i.e., harder cat-
ions are more reactive). Additional salts with perfluoralkyl groups have also been 
prepared [598–600]:

 O= +CFR MF MOCF RF 2 F  

 
O= ( ) + ( )C CF MF MOCF CF3 2 3 2



 

with M = Rb or Cs and RF = –CF3, –C2F5, or –C3F7. It was found that the cesium salts 
were more thermally stable than the corresponding rubidium salts. The LiOCH(CF3)2 
(Figs. 1.35d and 1.36a) and LiOC(CF3)3 (Figs. 1.35d and 1.36b) salts are both 
volatile with the former subliming at 50 °C under vacuum (0.05 mmHg) and the 
latter having a Tb of 218 °C [601].

The difluoromethanimine acid (i.e., HN=CF2) (Fig. 1.35e) has been reported 
[604, 605]. This is a colorless gas which is stable at ambient temperature for hours 
in the gas phase at pressures lower than 5 mm Hg, but which disproportionates at 
higher pressure:

 2 2 2HN CF NCF FCN3= → +H  

The lithium hexafluoroisopropylidenimine salt (i.e., LiN=C(CF3)2) (Figs. 1.35e 
and 1.36c) has been reported [606–611]. The strong electron-withdrawing –CF3 

Fig. 1.36 Anion structures: (a) OCH(CF3)2
−, (b) OC(CF3)3

−, and (c) N=C(CF3)2
− (C—gray, 

N—blue, O—red, F—light green)
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groups make the double bond susceptible to nucleophilic attack. The difluorosulfur 
oxyimine (i.e., HN=S(O)F2) and bis(trifluoromethyl)sulfur oxyimine (i.e., HN=S(O)
(CF3)2) acids (Fig. 1.32f) are also known [612–617], and the lithium 
bis(trifluoromethyl)sulfur oxyimine salt (i.e., LiN=S(O)F2) (Fig. 1.32f) has been 
prepared [615]. No information is available, however, about the properties of this 
latter salt. Note that none of the anions shown in Fig. 1.35 have resonance to stabi-
lize the negative charge, except for the N=S(O)(CnF2n+1)2

− anions.
A family of lithium salts based upon monoanionic species with one or more 

Lewis acid groups (i.e., BF3) complexed to a Lewis base have also been reported 
(Fig. 1.37) [622–626]. The most promising of these for electrolyte applications is 
lithium bis(trifluoroborane)imidazolide (i.e., LiC3N2H3(BF3)2) (Fig. 1.37a). This 
salt has a high solubility—up to 2 M solutions in EC:EMC (1:3 v:v)—and a conduc-
tivity of 5.1 mS cm−1 at 20 °C for a 1 M electrolyte (as compared to equivalent 
LiBF4 and LiPF6 electrolytes with conductivity values of 1.78 and 7.71 mS cm−1, 
respectively) [622]. The salt also has a reasonably high (>4.5 V vs. Li/Li+) oxidative 
stability in DMC. Li/LiNi0.2Co0.8O2 cells with this electrolyte have a comparable 
performance to cells with LiPF6-based electrolytes [622].

The addition of Lewis acids such as B(OCH(CF3)2)3 and B(OC6F5)3—the so- called 
anion receptors—to electrolyte solutions containing highly associated salts, such as 
LiF and LiCO2CF3, has been demonstrated to result in much more conductive 
electrolytes (than the same electrolytes without the anion receptors) [627–636]. 
An earlier series of publications by Brownstein explored in detail the formation, or 
lack of formation, in solution of complex fluoroanions when Lewis acids were 
added to solutions with a wide variety of fluoroanion Lewis bases [637–642]. Two 
of the strongest superacids known—HSO3F-SbF5 (“magic acid”) and HF-SbF5 
(fluoroantimonic acid) [21, 557]—are also examples of complex formation between 
a Lewis base and Lewis acid.
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Fig. 1.37 Examples of Lewis acid–Lewis base complex anions: (a) N2C3H3(BF3)2
− [622–625], (b) 

N2C3H2(CH3)(BF3)2
− [622–625], (c) N2C3H2(CH3)(BF3)2

− [622–625], (d) N2C3H2(CH(CH3)2)
(BF3)2

− [622–625], (e) N2C7H5(BF3)2
− [622–625], (f) N(CH3)2(BF3)2

− [622–625], and (g) 
N2C4H4O2(BF3)− [626]
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The calculated (rather than experimental) gas-phase acidity values for methanides 
with –NO, –NO2, and –CN substituents are as follows (QC-calculated ΔGacid values 
in kcal mol−1) relative to CH4 (407.1): HCH2NO (353.5), HCH(NO)2 (318.5) 
(Fig. 1.38b), HC(NO)3 (303.9) (Fig. 1.38c), HCH2NO2 (348.5), HCH(NO2)2 (311.5) 
(Fig. 1.38e), HC(NO2)3 (298.0) (Fig. 1.38f), HCH2CN (363.9), HCH(CN)2 (322.9), 
and HC(CN)3 (288.8) (Fig. 1.38k) [693]. The addition of a single –NO2 group is 
therefore expected to be more effective at increasing the acidity than a single –CN 
group. But, while double and triple substitution significantly increases the acid 
strength further, the gains are much smaller than for the initial substituent and vary 
for the different functional groups. Thus, trisubstitution with the –CN groups is 
more effective (as determined from the calculations) at increasing the acidity than 
for the –NO and –NO2 groups [693]. Therefore, while resonance effects strongly 
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Fig. 1.38 Examples of nitroso-, nitro-, and cyano-substituted anions: (a) N(NO)2
− [643], (b) 

CH(NO)2
− [644], (c) C(NO)3

−, (d) N(NO2)2
− [645], (e) CH(NO2)2

− [646], (f) C(NO2)3
− [646], (g) 

CH(NO2)(CN)− [646], (h) C(NO)(NO2)(CN)− [646], (i) C(NO2)(CN)2
− [646], (j) N(CN)2

− (DCA−) 
[647, 648], (k) C(CN)3

− (TCM−) [648, 649], (l) B(CN)4
− (TCB−) [648, 650–654], (m) 

C(CN)2=C(CN)C(CN)2
− [655–659], (n) C5(CN)5

− [660–662], (o) C5B(CN)6
− [663], (p) C2N3(CN)2

− 
(DCTA−) [661, 664–668], (q) C3N2(CN)3

− [661, 669–671], (r) C4N(CN)4
− [661, 672–674], (s) C3N

2(CN)2(CnF2n+1)− (TDI−) (n = 1), (PDI−) (n = 2) and HDI− (n = 3) [675–686], (t) C7N2(CN)4(CnF2n+1)− 
[680], (u) C3N2(C2H5)(CF3)2

− [687], (v) C4N(CF3)4
− [688, 689], (w) C5(CF3)5

− [688, 690–692], and 
(x) C5B(CF3)6

− [663]
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influence the acidity of these methanides, the magnitude of the effect differs 
markedly depending upon both the degree of substitution and the identity of the 
functional groups.

Lithium salts with anions having nitroso or nitro functional groups have not been 
used for lithium battery electrolytes, despite the strong electron-withdrawing prop-
erties of these groups. This is due to the energetic characteristics of such anions 
[694–697]. For example, lithium dinitrosomethanide (i.e., LiCH(NO)2) (Fig. 1.38b), 
while stable at room temperature, is reported to be heat/shock sensitive and highly 
explosive, as well as highly toxic [644]. Anions with mixtures of the –NO, –NO2, and 
–CN substituents have also been prepared (Fig. 1.38g–i) [646], but salts with the 
nitrosodicyanomethanide (i.e., C(NO)(CN)2

−), nitrodicyanomethanide (i.e., C(NO2)
(CN)2

−) (Fig. 1.38i), and other related anions are also predicted to be highly ener-
getic and thus favorable for propellant applications [646]. Further, the trinitrogen 
dioxide or dinitrosamide anion (i.e., N(NO)2

−) is unstable [643]. This may also be 
the case for the C(NO)3

− anion as there are no reports for salts with this anion in the 
scientific literature, although salts with the CH(NO)2

− anion are known [447]. 
Lithium salts with the dicyanamide anion (LiDCA) (i.e., LiN(CN)2) (Fig. 1.38j), 
tricyanomethanide (LiTCM) (i.e., LiC(CN)3) (Fig. 1.38k), and tetracyanoborate 
(LiTCB) (i.e., LiB(CN)4) (Fig. 1.38l) have been little utilized for lithium battery 
applications [647–653]. The most likely explanation for this is the limited electro-
chemical stability of these anions to oxidation, relative to other lithium salt anions.

Other cyanocarbon acids are thought to be some of the strongest acids known. 
For example, the QC-calculated gas-phase acidity (ΔGacid in kcal mol−1) of 
1,1,2,3,3-pentacyanopropene (i.e., C(CN)2=C(CN)CH(CN)2) (267.2) (Fig. 1.38m) 
and pentacyano-cyclo-pentadienide (i.e., HC5(CN)5) (250.1) (Figs. 1.38n and 1.39j) 
(as compared to a similarly calculated value for HC(CN)3 (287.6)) are some of the 
lowest values known [21]. Sodium salts with the C(CN)2=C(CN)C(CN)2

− and 
C5(CN)5

− anions have been prepared [655, 656, 698–700].
The lithium salt with the 4,5-dicyano-1,2,3-triazolate anion (DCTA−) (also 

known as 1,2,3-triazole-4,5-dicarbonitrile (TADC−)) (Fig. 1.38p) was first studied 
by Michot in 1995 [701] and reported in two publications in 2003 [664, 665]. Little 
has been reported regarding the properties of the lithium salt. Alkali and alkali earth 
salts with the DCTA− anion have also been prepared [666, 667]. The thermal stabil-
ity of these salts was found to be excellent (>350 °C) [668]. In general, triazole salts 
are known to be energetic. The alkali metal salts, however, were found to have low 
sensitivity towards impact, friction, electrostatic discharge, and fast heating [668]. 
The acid with the related pyrazole-3,4,5-tricarbonitrile anion (PATC−) (Fig. 1.38q) 
was first reported in 1962 [669], but the lithium salt has not been investigated exten-
sively as an electrolyte salt [661, 670, 671]. Similarly, the acid with the tetracyano-
pyrrolide anion (TCP−) (Fig. 1.38r) was also reported in 1962 [672] and the sodium 
salt with this anion has been prepared [674]. Trifluoromethane-substituted versions 
of the C5(CN)5

− and TCP− anions have also been reported (Fig. 1.38v, w) [688–692], 
but the lithium salt has only been reported for LiC5(CF3)5 (Fig. 1.39k) [692].

Lithium salts with the 4,5-dicyano-2-(trifluoromethyl)imidazole (TDI−) 
(Fig. 1.39h) and 4,5-dicyano-2-(pentafluoroethyl)imidazole (PDI−) (Fig. 1.39i) 
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anions (Fig. 1.38s) were reported by Niedzicki in 2009 [677]. The acid with TDI− 
(i.e., HTDI) was first reported by Begland in 1974 [675]. A number of publications 
related to the use of these lithium salts for battery applications have been published 
[675–686], including a salt with the 4,5-dicyano-2-(n-heptafluoropropyl)imidaz-
olide (HDI−) anion (Fig. 1.38s). The LiTDI, LiPDI, and LiHDI salts have been 
found to have a high thermal stability (>250 °C), negligible hydrolysis, high oxida-
tive stability on Pt electrodes (4.8 V vs. Li/Li+), and passivate Al at high potential 
[679, 681]. Half cells with LiMn2O4 electrodes cycled (to 4.3 V vs. Li/Li+) with 
electrolytes (1 M in EC:DMC 50:50 w:w) containing LiTDI or LiPDI have a similar 
capacity and capacity retention to the same electrode cycled with an electrolyte with 
LiPF6 [681]. The rate performance of such cells is only slightly diminished relative 
to the cell with the LiPF6 electrolyte due to the somewhat lower conductivity of the 
LiTDI and LiPDI electrolytes (Table 1.6) [681]. Although PC-based electrolytes 
with these salts have been tested to determine the change in impedance with time 

Table 1.6 Conductivity of 
electrolytes with various 
lithium salts at 20 °C and 
1 M salt in EC:DMC (50:50 
w:w) [681]

Lithium salt (anion) Conductivity (mS cm−1)

PF6
− 10.8

N(SO2CF3)2
− 9.0

PDI− 6.3
TDI− 6.7
DCTA− 2.7

Fig. 1.39 Anion structures: (a) N(NO2)2
−, (b) C(NO2)3

−, (c) N(CN)2
−, (d) C(CN)3

−, (e) B(CN)4
−, 

(f) C(NO2)(CN)2
−, (g) C2N3(CN)2

− (DCTA−), (h) C3N2(CN)2(CF3)− (TDI−), (i) C3N2(CN)2(C2F5)− 
(PDI−), (j) C5(CN)5

−, and (k) C5(CF3)5
− (B—tan, C—gray, N—blue, O—red, F—light green)
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upon storage in contact with Li metal electrodes [682], it is not yet clear if these 
anions are stable when charged to low potential [679] as nitriles are known to have 
poor reductively stability [702]. A computational study has suggested that the 
related 4,5,6,7-tetracyano-2-fluoroalkyl benzimidazole anions (Fig. 1.38t) may also 
have favorable electrolyte properties [680].

A number of other anions have also been reported which do not fit readily into 
the classifications noted above (Figs. 1.40 and 1.41). Little information is available 
about the properties of these anions (Table 1.7). The relative ionic association ten-
dency (which influences electrolyte conductivity) for some of these may be esti-
mated by considering the impact of different substituents on an anion’s acidity 
(Figs. 1.1 and 1.2) and the additional information reported above. For example, the 
experimental gas- phase acidity values (ΔGacid in kcal mol−1) for HC(C6F5)(SO2CF3)2 
(301.3) (Fig. 1.22k) and HC(C6F5)(CN)2 (303.6) are higher than those for 
HN(SO2CF3)2 (291.8), HC(SO2CF3)3 (289.0), and HC(CN)3 (~294) due to the weaker 
electron- withdrawing effect of the –C6F5 group relative to –SO2CF3 and –CN for tri-
substitution (in contrast to monosubstitution) (Figs. 1.1 and 1.2) [26].

Finally, a relatively unique but diverse class of anions for battery electrolytes are 
the carboranes and boranes [711–727]. These anions are often chemically inert and 
superweakly coordinating [728]. Carboranes are composed of clusters of carbon 
and boron atoms, whereas boranes only have boron. These carbon and boron atoms 
are typically bonded to H, F, Cl, Br, and/or I atoms or other groups [718]. A variety of 
classifications are used for carboranes and boranes including closo- for a complete 
polyhedron (e.g., BnXn

2− with X = H, F, Br, Cl, I, and 6 ≤ n ≤ 12) and for polyhedron 
missing one, two, or more vertices: nido- (e.g., B5X9, B6X10), arachno-, etc. The 
basicity of the dodecaborate [B12X12]2− anions increases in the order X = F < Cl < Br < I 
[721]. It is noteworthy that carborane synthesis is time consuming and costly, 
whereas closo-dodecaborates have similar stability, but are easier and cheaper to 
prepare [713]. Lithium closo-borane salts (i.e., Li2B10Cl10 and Li2B12Cl12) dissolved 
in SOCl2 were used in electrolytes for Li/SOCl2 liquid cathode cells in 1979 [729]. 
Johnson and Whittingham then used these salts for electrolytes for the early Exxon 
work with Li/TiS2 cells in 1980 [712–714]. These salts were found to be poorly 
soluble in individual ether solvents, but did have a higher solubility in dioxolane: 
DME mixtures [712]. More recently, Li2B12FnH12−n (n = 9 and 12) salts have been 

Table 1.7 Conductivities and Al repassivation potential of electrolytes with various 
lithium salts at 25 °C and 1 M salt in PC:DME (1:1 v:v) [704]

Lithium salt (anion) Conductivity (mS cm−1) Al potential (V vs. Li/Li+)

PF6
− 15 >5

N(SO2CF3)2
− 12 3.7

N(SO2C2F5)2
−  9.5 4.4

N(SO2CF3)(CN)−  7.2 <4.2
N(SO2C4F9)(CN)−  5.6 >4.2
C(SO2CF3)(CN)2

− 12.5 4.7
C(SO2C4F9)(CN)2

−  8.3 >5
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developed by Air Products (as the Stabilife fluorinated electrolyte salts) with a number 
of intriguing electrolyte properties. A TGA analysis of the Li2B12F12 salt (Li2DFB) 
(Figs. 1.42 and 1.43) indicates that no mass loss occurs up to 450 °C. The salt is also 
inert in 98 % sulfuric and 70 % nitric acid, as well as 3 M KOH (in contrast with the 
B12H12

2− anion which reacts with sulfuric acid) [718]. The conductivity of Li2DFB 
electrolytes is lower than for comparable electrolytes with LiPF6 [717, 718], but the 
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Fig. 1.40 Examples of additional anions: (a) SO2(NCN)2
− [703], (b) N(SO2CnF2n+1)(CN)− [704], 

(c) C(SO2CnF2n+1)(CN)2
− [704–706], (d) C(SO2CnF2n+1)2(CN)− [705, 706], (e) SO2(C(CN)2)2

− [706], 
(f) N(COCnF2n+1)(CnF2n+1)− [254], (g) N(SO2CnF2n+1)(CnF2n+1)− [707], (h) N(SO2CnF2n+1)(C6F5)− 
[708], (i) N(SO2(CN))2

− [361, 709], (j) N(PO(CN)2)2
− [361], (k) C(SO2C2N2S(CF3))(CN)2

− [706], 
(l) N(SO2CnF2n+1)(SO2CN)− [361], (m) N(PO(CnF2n+1)2)(PO(CN)2)− [361], (n) S(OC2H5)
(NSO2CF3)2

− [289], (o) N(C(CF3)NSO2NC(CF3))− [255], (p) Al(N(SO2CF3)2)2(O(CH2CH2O)n 
CH3)2

− [559], and (q) PO(NSO2CF3)3
3− [710]
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electrolyte solvent/salt formulation can be tuned to obtain promising cell cycling 
performance, especially at elevated temperature (60 °C) [718]. In addition, the 
B12F12

2− anion is not reduced at 0 V (vs. Li/Li+) and undergoes a quasi-reversible 
oxidation reaction at 4.7 V (vs. Li/Li+) to form the stable radical cation B12F12

− 
[717]. The potential at which this oxidation reaction occurs can be tuned by chang-
ing the anion structure. The Li2B12H3F9 salt, for example, has a reversible oxidation 
reaction at 4.5 V (vs. Li/Li+) [716, 717]. These anions are thus able to provide 
overcharge protection for 4+ V Li-ion batteries, as has been demonstrated for 
MCMB/spinel cells [716, 724]. Note that many organic molecules designed for 
overcharge protection have poor solubility in carbonate solvents [724]. This is not 
the case for the Li2B12F9H3 salt which has a reasonably high solubility (≥0.5 M) 
while also serving as a divalent Li+ cation salt [717, 723].

1.10 Adoption Criterion for New Salts

Lithium salts have not been prepared for many of the anions noted above. For other 
anions, the corresponding lithium salts have been reported, but only in a single 
report with or without some limited electrolyte data provided. Such salts are often 

Fig. 1.41 Anion structure: 
C(SO2CF3)2(CN)− (C—gray, 
N—blue, O—red, F—light 
green, S—yellow)

2-
Fig. 1.42 Example  
of a fluorinated closo- 
dodecaborate 
anion: B12F12

2− [715–726]

Fig. 1.43 Anion structure: 
B12F12

2− (B—tan, F—light 
green)
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not widely available to the greater battery research community…and many of the 
practitioners in this community do not have the time, resources, or expertise neces-
sary to prepare and purify such salts. Thus, the useful properties and/or limitations 
of the salts often remain unknown and unutilized.

Ultimately, when developing new lithium salts, it is important to ask what advan-
tages are sought over the widely utilized salt LiPF6. This salt has been a cornerstone 
of Li-ion battery R&D for well over two decades. But it is clear that LiPF6 has limi-
tations. Properties or features of salts which would make them attractive candidates 
for commercial battery electrolytes include the following:

 (a) Simplified synthesis—If low-cost and/or nontoxic reagents which are easily 
handled are available for salt synthesis, this may reduce the overall expense of 
the salt production. Waste from the synthesis/purification methods is another 
consideration, as is the ease of salt purification to an electrochemical-grade 
material. The ownership of the intellectual property (IP) rights may be another 
important factor.

 (b) Reduced hazards—In some cases, the reagents, reaction intermediates, and/or 
final salts are highly toxic or have other undesirable properties (e.g., energetic 
materials, corrosive) which requires specialized handling of the materials and 
makes them undesirable for commercial batteries. The degradation products (if 
battery failure occurs) may also be highly toxic, as has been noted for the 
fluoro- organic products obtained from the reaction of LiPF6 and carbonate sol-
vents at high temperature when in contact with cathode materials [730]. Thus, 
the elimination of fluorine from the anions is a worthy goal, but one which is 
difficult to achieve based upon the information noted in this review.

 (c) Hydrolysis—LiPF6 readily hydrolyzes when contacted with water, especially at 
elevated temperature. This makes the synthesis, storage, and handling of this 
salt more onerous, thus adding cost to its use. A salt which is not susceptible to 
hydrolysis would greatly simplify the handing/transportation of the salt for 
large-scale battery production.

 (d) Divalent anions—Divalent anions may offer a means of increasing the Li+ cat-
ion content (for a fixed number of anions) or decreasing the amount of salt 
needed to retain the same number of Li+ cations in the electrolyte. This is 
dependent upon both of the Li+ cations having weak interactions with the 
anions, which is difficult to achieve, and the salt having a moderate–high solu-
bility in aprotic solvents, which is also difficult to achieve.

 (e) Redox shuttle mechanism—The use of a salt which has other functionality, 
such as a redox shuttle mechanism (e.g., B12F12

2−) (Figs. 1.42 and 1.43) which 
protects the cell against overcharging, would be desirable.

 (f) Thermal stability—The use of salts, either as primary salts or as additives, 
which result in electrolytes with high thermal stability (alone and in contact 
with electrodes)—enabling cell cycling at >60 °C—is a long sought after trait.

 (g) New solvents—LiPF6 was optimized for use with the cyclic/acyclic carbonate 
solvents used for Li-ion batteries. Often the use of LiPF6 for electrolytes with 
other solvents does result in the most conductive electrolytes (relative to other 
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salts), but there are exceptions. For example, LiPF6 reacts with GBL (forming 
brown or black solutions), but this solvent has many promising features for 
electrolytes [91–96]. Thus, LiPF6 has generally been replaced with LiBF4, 
LiTFSI, LiBOB, LiDFOB, etc. when GBL is used as an electrolyte solvent.

 (h) Low-temperature operation—The state-of-the-art carbonate-based electrolytes 
with LiPF6 do not perform well at low temperature. Typically, approaches to 
optimize electrolytes for low temperature involve the addition of other solvents 
(e.g., methyl butyrate) to the carbonate solvents [478]. The difference in con-
ductivity for electrolytes with different salts, however, becomes less significant 
at low temperature (Fig. 1.14). LiPF6 tends to make high-melting crystalline 
solvates (Fig. 1.4) with a wide variety of solvents. This may be a factor for 
long running-time operation of batteries at low temperature. Thus, other salts 
which form solvates with a low Tm or do not crystallize (for specific composi-
tions) (Fig. 1.4)—such as LiFSI, LiTFSI, or LiBETI—may be useful for such 
applications.

 (i) SEI formation—Salts which preferentially decompose to form protective layers 
on the anode, cathode, Al current collector, etc. (i.e., LiBOB, LiDFOB) are likely 
to be required for electrodes such as Si alloys, sulfur, and high-voltage cathodes 
[54, 731, 732]. In particular, the formation of HF in electrolytes with LiPF6 
(perhaps due to the reaction of the anions with solvent molecules, instead of 
water), especially at high potentials and high temperature, is deemed to be par-
ticularly problematic [49–54]. Replacing the LiPF6, the use of HF scavengers 
and the formation of protective layers are all ways to mitigate this problem.

Ultimately, the electrolyte formulations must meet the demanding criterion nec-
essary for long-term battery operation (high stability with selective reactions, high 
safety, etc.). Conductivity remains an important consideration for high-power appli-
cations. Increasingly, salt mixtures (rather than just solvent mixtures) are being used 
to tailor electrolyte formulations. This trend is likely to increase in the future due to 
the necessity of simultaneously optimizing so many electrolyte properties which 
influence the battery’s usable energy and power, lifetime, safety, cost, etc. New salts 
therefore remain one of the key variables available for the development of advanced 
electrolyte formulations.

1.11 Summary

A diverse range of anions have been prepared over the past three decades for lithium 
salts intended for lithium battery electrolyte applications. Many of these anions 
were originally prepared in efforts to generate stronger superacids. In general, it is 
found that selectively fluorinating the anions decreases the anion… Li+ cation (ionic 
association) interactions, thereby increasing the conductivity of electrolyte solu-
tions with the corresponding lithium salts. Anion fluorination also tends to increase 
the anodic stability of the anions to oxidation at high potential—an important 
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consideration for electrolyte formulations intended for use with high-voltage cath-
odes. In recent years, nitrile groups have also been used in lieu of fluorination. In 
some cases, however, salt stability is undesireable. For example, a common approach 
to improving electrolytes is the use of salt additives—sacrificial anions which 
degrade to produce interfacial layers with the anode, cathode and/or Al current 
collector—which stablize the interfaces with the electrolyte resulting in dramatic 
improvements in battery performance. New salts therefore remain one of the key 
variables available for the development of advanced electrolyte formulations with 
tailored properties for demanding energy storage applications.
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    Abstract     Most of the liquid electrolytes used in commercial lithium-ion (Li-ion) 
cells are nonaqueous solutions, in which roughly 1 mol dm −3  of lithium hexafl uoro-
phosphate (LiPF 6 ) salt is dissolved in a mixture of carbonate solvents selected from 
cyclic carbonates—ethylene carbonate and propylene carbonate—and linear carbon-
ates—dimethyl carbonate, ethyl methyl carbonate, and diethyl carbonate. In Sect. 2.1, 
the physicochemical properties of these carbonate solvents are listed and the phase 
diagrams and electrolytic conductivity data of mixed carbonate solvent systems are 
given. However, recent market demands for Li-ion cells with higher energy, higher 
power, and higher safety requires new solvents to improve the performance of cells in 
electrolytes based on carbonate solvents only. New heteroatom- containing organic 
solvents including fl uorine, boron, phosphorous, and sulfur, which have been applied 
to lithium cells in recent years, are reviewed from the viewpoints of synthesis, physi-
cochemical properties, and cell performance by four authors. 
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 Section 2.2 mainly reviews the papers on novel fl uorinated organic solvents, 
which include fl uorinated lactones, fl uorinated linear carboxylates, fl uorinated 
cyclic carbonates, fl uorinated linear carbonates, fl uorinated monoethers, fl uorinated 
diethers, and others. The physicochemical properties of typical fl uorinated com-
pounds are summarized in comparison with nonfl uorinated counterparts. 

 Section 2.3 summarizes the recent promising progress of electrolyte solvents that 
contain boron atoms, particularly borate esters and cyclic borate esters. The authors 
also introduce some boron compounds acting as additives and supporting salts in 
electrolytes. 

 Section 2.4 reviews organophosphorous compounds as nonfl ammable or fl ame- 
retardant electrolytes for lithium-ion batteries. These include organic phosphates, 
phosphites, phosphonates, or phosphazenes, and a phosphonamidate as co-solvents 
or additives. The author introduces polymeric gel electrolytes containing these 
fl ame-retardant components. 

 Section 2.5 reviews papers on lithium and lithium-ion cells using sulfur- 
containing organic solvents, including sulfi de, sulfoxide, sulfone, sulfi te, sulfonate, 
and sulfate. Particularly, the performance of sulfones such as ethyl methyl sulfone 
and sulfolane as electrolyte solvents for high-voltage cells is introduced.  

2.1            General Remarks 

 Most lithium cells available in the market utilize nonaqueous electrolyte solutions, 
where lithium salts are dissolved in organic solvents. The gelled electrolytes used in 
lithium-ion polymer batteries are also regarded as an organic electrolyte immobi-
lized with a high molecular weight polymer. 

 There are numerous organic solvents and lithium salts; however, a very limited 
number of materials fulfi ll the following physicochemical requirements for practi-
cal use.

    1.    High electrolytic conductivity   
   2.    High chemical and electrochemical stability   
   3.    Wide operational temperature range   
   4.    High safety     

 The selection of the electrolyte materials is also dependent on the kind of nega-
tive and positive electrodes. 

 Most liquid electrolytes used in commercial lithium-ion cells are nonaqueous 
solutions, in which roughly 1 mol dm −3  of lithium hexafl uorophosphate (LiPF 6 ) salt 
is dissolved in a mixture of carbonate solvents selected from cyclic carbonates, e.g., 
ethylene carbonate (EC) and propylene carbonate (PC), and linear carbonates, e.g., 
dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), and diethyl carbonate 
(DEC), as listed in Table  2.1  [ 1 ].

   Regarding the practical carbonate solvents, the phase diagrams of mixed-
carbonate solvent systems were investigated by Ding [ 2 ]. Since these data are 
very important, a brief explanation is given here. Figure  2.1  shows phase 
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diagrams of binary solvent systems selected from fi ve carbonate solvents, where 
 χ  and  θ  are mole fraction and temperature, respectively. All systems exhibit a 
eutectic point and a typical phase diagram of binary systems, where both com-
ponents mutually dissolve in the liquid state and do not dissolve in the solid 
state. Compositions near the eutectic point are preferred to expand the lower 
limit of the operation temperature. The eutectic point falls remarkably when 
both components have similar freezing points and molecular structures (chain or 
cyclic). Figure  2.2  shows the phase diagram of an EC-DMC-EMC ternary sys-
tem as (a) a liquidus surface plot and (b) a contour plot of temperature over the 
composition triangle of the mole fraction. In the surface plot, the binary eutectic 
temperatures are indicated with the numbers near the respective solidus lines, 
and the ternary eutectic temperature is also indicated in the fi gure. In the  contour 
plot, the temperature values of selected contours are indicated by the numbers 
near them. As shown in the surface plot, the melting point of EC falls progres-
sively with the addition of DMC until it reaches the eutectic point (−8.6 °C) of 
the EC-DMC binary, thus tracing the solubility curve of EC in DMC on the 
EC-DMC binary phase diagram as an end-member to the ternary. It does the 
same with the addition of EMC, forming the solubility curve of EC in EMC with 
the eutectic point (−55.1 °C) on the EC-EMC binary. With the addition of DMC 
and EMC together, the melting point of EC expands into a falling solubility 
surface of EC in DMC-EMC, bounded on the two binary end-members by the 
solubility curves of EC in DMC and in EMC. It is further bounded within the 
composition triangle by two more space curves formed when the solubility sur-
face of EC intersects those of DMC and EMC. Further, the three solubility sur-
faces meet at the eutectic point (−64.7 °C) of the ternary system EC-DMC-EMC, 
thus forming a complete liquidus surface above which any composition of the 
ternary is a thermodynamically stable liquid. Below the eutectic temperature of 
the ternary, which is lower than any of the three binary eutectic temperatures, 
any composition will be composed of nothing but solid phases. The most strik-
ing and important feature in the topography of the liquidus surface of the 
EC-DMC-EMC ternary is the slow descent of the melting point of EC with the 
addition of, or the fl at solubility surface of EC in, DMC and EMC.

    The electrolytic conductivity of LiPF 6  in the EC-EMC binary solvent system is 
given in Table  2.2  over a range of salt concentrations and temperatures [ 1 ,  3 ]. The 
content of EC is usually less than 50 vol.%, preferably 30 vol.%, because higher EC 
content causes its precipitation at low temperatures. For high-rate (high-power) 
applications, further high electrolytic conductivity is required. The addition of 
DMC is an effective solution to increase the electrolytic conductivity as shown in 
Fig.  2.3 .

    In addition to carbonate solvents, much effort has been made to introduce new 
solvents in order to improve cell performance. In the following section, 
heteroatom- containing organic solvents applied to lithium cells in recent years are 
reviewed by each author. The heteroatom includes fl uorine, phosphorous, boron, 
and sulfur.  
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   Table 2.2    Electrolytic conductivity of LiPF 6  in an EC-EMC binary solvent system   

 LiPF 6 , 
 C  (M) 

 EC, χ 
(vol.%) 

 EMC, χ 
(vol.%)   t  (°C) 

 −40  −30  −20  −10  0  10  20  25  30  40  50  60 

 0.50  10  90  0.9  1.4  1.9  2.4  3.0  3.6  4.2  4.4  4.7  5.3  5.8  6.3 
 0.75  10  90  1.2  1.8  2.6  3.3  4.1  5.0  5.9  6.3  6.7  7.5  8.3  9.1 
 1.00  10  90  1.0  1.7  2.6  3.5  4.4  5.4  6.5  6.9  7.4  8.4  9.4  10.4 
 1.25  10  90  1.0  1.7  2.6  3.7  4.8  5.9  7.2  7.6  8.3  9.5  10.7  11.8 
 1.50  10  90  0.7  1.3  2.1  3.1  4.1  5.4  6.7  7.3  8.0  9.3  10.7  12.0 
 0.50  30  70   p   3.0  4.0  5.1  6.3  7.5  8.0  8.6  9.8  11.1  12.3 
 0.75  30  70   p   2.1  3.1  4.3  5.6  7.0  8.6  9.3  10.0  11.5  13.1  14.6 
 1.00  30  70  1.1  1.8  2.9  4.1  5.6  7.2  8.8  9.6  10.5  12.2  14.0  15.8 
 1.25  30  70  0.7  1.3  2.3  3.4  4.8  6.5  8.2  9.0  9.9  11.8  13.7  15.6 
 1.50  30  70  0.4  1.0  1.8  3.0  4.4  6.0  7.7  8.5  9.4  11.3  13.3  15.5 
 0.50  50  50   p   3.8  4.9  6.3  7.6  8.3  9.0  10.4  11.9  13.4 
 0.75  50  50   p   2.9  4.2  5.6  7.2  8.9  9.8  10.7  12.5  14.5  16.4 
 1.00  50  50   p   2.7  4.0  5.4  7.0  8.8  9.7  10.6  12.6  14.8  16.9 
 1.25  50  50   p   1.9  3.1  4.7  6.4  8.4  9.3  10.4  12.6  14.9  17.3 
 1.50  50  50  Insoluble 
 0.50  60  40   p   7.4  8.1  8.8  10.3  11.8  13.3 
 0.75  60  40   p   5.4  7.0  8.8  9.7  10.6  12.5  14.5  16.5 
 1.00  60  40   p   3.5  5.1  6.8  8.6  9.5  10.5  12.6  14.8  17.0 
 1.25  60  40   p   2.9  4.3  6.2  8.2  9.2  10.2  12.5  15.0  17.5 

 1.50  60  40  Insoluble 

  in mS cm −1 ,  p : EC precipitation  

  Fig. 2.3    Conductivity increases by the addition of DMC       
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2.2     Fluorine-Containing Organic Solvents 

2.2.1     Introduction 

 One of the recent methodologies for fi nding a new appropriate solvent for advanced 
lithium batteries is the introduction of fl uorine atoms into the solvent molecules, 
because it will improve the various electrochemical properties such as solvent polar-
ity, oxidation durability, liquidus temperature range, and nonfl ammability, which 
would result in better cell performances [ 4 ,  5 ]. In general, fl uorinated organic sol-
vents show very different physical properties compared to the common organic sol-
vents because of very high electronegativity and low polarizability of the fl uorine 
atom. In addition, partially fl uorinated organic solvents show fairly high polarity in 
comparison with that of fully fl uorinated (perfl uoro-) organic solvents. 

 There are three methods for the introduction of fl uorine atoms into the solvent 
molecules, which are common organic chemical synthesis, electrolytic fl uorination, 
and direct fl uorination using elemental fl uorine (F 2  gas), respectively. The direct 
fl uorination is the simplest method to prepare partially fl uorinated organic solvents. 
It makes possible to obtain many interesting fl uorinated organic solvents. Among 
the important solvents for practical lithium batteries, the direct fl uorination has 
already been applied to propylene carbonate (PC) [ 6 ] and 1,2-dimethoxyethane 
(DME) [ 7 ] in the late 1960s. 

 This section mainly reviews the papers on the novel fl uorinated organic solvents, 
which were investigated for lithium batteries in the past decade. Although their 
chemical structures were drawn in Schemes, it was diffi cult to include all detailed 
data on physical and electrochemical properties of fl uorinated solvents. The physi-
cal properties of typical fl uorinated compounds and non-fl uorinated counterparts 
were summarized in Tables  2.3  and  2.4 , respectively [ 4 ,  5 ], where FW,  d ,  ε  r ,  η ,  E  homo , 
and  E  lumo  are formula weight, density, relative permittivity, viscosity, and frontier 
orbital energies, respectively. The frontier orbital energies were recalculated by 
RHF/6-311 + G(2d,p) with structure optimization.

2.2.2         Fluorinated Lactones 

 γ-Butyrolactone (γ-BL) is one of the good solvents for lithium batteries because of 
its well-balanced relative permittivity and viscosity, and wide liquidus temperature 
range. Therefore, it is interesting to modify γ-BL by fl uorination. Three kinds of 
mono-fl uorinated γ-butyrolactones, α-fl uoro-γ-BL (α-F-γ-BL), β-fl uoro-γ-BL (β-F- 
γ-BL), and γ-fl uoro-γ-BL (γ-F-γ-BL) were prepared by direct fl uorination as shown 
in Scheme  2.1  [ 8 ]. A mixture of α-F-γ-BL and β-F-γ-BL was obtained by fractional 
distillation (3:7 in molar ratio, F-γ-BL mix ). γ-F-γ-BL was easily decomposed by HF 
produced during the reaction. It was possible to obtain α-F-γ-BL by direct fl uorina-
tion using α-acetyl-γ-BL as a starting material [ 5 ]. In addition, γ-F-γ-BL was selec-
tively produced by electrolytic fl uorination [ 9 ].

M. Ue et al.



   Table 2.3    Physical properties of fl uorinated solvents   

 Name  FW 
  d , 
g cm −3    ε  r  

  η , 
mPa s 

  E  homo , 
eV 

  E  lumo , 
eV 

 α-Fluoro-γ-butyrolactone (α-F-γ-BL)  104  1.30  73  3.4  −12.16  1.55 
 β-Fluoro-γ-butyrolactone (β-F-γ-BL)  104  −12.19  1.52 
 γ-Fluoro-γ-butyrolactone (γ-F-γ-BL)  104  −12.31  1.61 
 3:7 mixture of α-and β-Fluoro-γ- butyrolactone 

(F-γ-BLmix) 
 104  1.30  80  3.9  –  – 

 Methyl fl uoroacetate (MFA)  92  1.17  18  1.2  −12.58  1.71 
 Methyl difl uoroacetate (MDFA)  110  1.26  −12.90  1.67 
 Ethyl fl uoroacetate (EFA)  106  1.09  15  0.89  −12.47  1.75 
 Ethyl difl uoroacetate (EDFA)  124  1.24  −12.78  1.73 
 2-Fluoroethyl acetate (2FEA)  106  1.09  7.8  0.97  −12.46  1.75 
 2,2-Difl uoroethyl acetate (DFEA)  124  1.20  9.4  1.0  −12.64  1.74 
 2,2,2-Trifl uoroethyl acetate (TFEA)  142  1.24  6.7  0.70  −12.80  1.76 
 4-Fluoro-1,3-dioxolan-2-one (FEC)  106  1.50  107  4.1  −13.30  1.45 
  cis -4,5-Difl uoro-1,3-dioxolan-2-one ( cis -DFEC) a   124  1.59  2.3 

(60 °C) 
 −13.91  1.34 

  trans -4,5-Difl uoro-1,3-dioxolan-2-one ( trans -DFEC) a   124  1.51  37  2.5  −13.91  1.63 
 4,4-Difl uoro-1,3-dioxolan-2-one ( gem -DFEC) a   124  1.57  34  2.1  −13.70  1.56 
 4-Fluoromethyl-1,3-dioxolan-2-one (FPC)  120  1.41  190  7.6  −13.00  1.39 
 4-Trifl uoromethyl-1,3-dioxolan-2-one (TFPC)  156  1.58  67  5.0  −13.39  1.31 
  trans -4-Fluoromethyl-5-methyl-1,3-dioxolan- 2-one 

(F- t -BC) 
 134  1.33  150  13  −12.86  1.44 

 Fluoromethyl methyl carbonate (FDMC)  108  1.24  9.0  0.92  −13.25  1.79 
 Bis(fl uoromethyl) carboante (DFDMC)  126  1.40  14  1.4  −13.68  1.80 
 Difl uoromethyl fl uoromethyl carboante (TFDMC)  144  1.47  11  0.99  −13.75  1.76 
 2-Fluoroethyl methyl carbonate (FEMC)  122  1.19  7.3  1.4  −12.98  1.84 
 2,2-Difl uoroethyl methyl carbonate (DFEMC)  140  1.29  9.3  2.7  −13.21  1.78 
 Methyl 2,2,2-trifl uoroethyl carbonate (TFEMC)  158  1.33  7.1  0.82  −13.33  1.75 
 Ethyl 2-fl uoroethyl carbonate (FDEC)  136  1.12  6.5  1.3  −12.80  1.86 
 2,2-Difl uoroethyl ethyl carbonate (DFDEC)  154  1.29  6.6  1.3  −13.01  1.82 
 Ethyl 2,2,2-trifl uoroethyl carbonate (TFDEC)  172  1.33  7.1  0.93  −13.11  1.80 
 3-Fluoropropyl methyl carbonate (FPMC)  136  1.14  7.1  1.7  −12.98  1.83 
 Methyl 3,3,3-trifl uoropropyl carbonate (TrFPMC)  172  1.30  7.5  1.7  −13.13  1.77 
 Methyl 2,2,3,3-tetrafl uoropropyl carbonate (TeFPMC)  190  1.40  8.8  2.6  −13.28  1.73 
 Methyl 2,2,3,3,3-pentafl uoropropyl carbonate 

(PeFPMC) 
 208  1.41  6.2  1.3  −13.06  1.75 

 Methyl nanofl uorobutyl ether (MFE)  250  1.52  0.38  −14.03  1.70 
 Ethyl nanofl uorobutyl ether (EFE)  264  1.43  0.38  −13.26  1.77 
 2-Trifl uoromethyl-3- methoxyperfl uoropentane 

(TMMP) b  
 350  1.66  6.1  1.2  −13.08  1.68 

 2-(Trifl uoro-2-fl uoro-3-difl uoropropxy)-3-
difl uoro- 4-fl uoro-5-trifl uoropentane (TPTP) b  

 346  1.54  6.3  1.7  −13.81  1.47 

 2-Fluoroethoxymethoxyethane (FEME)  122  1.01  17  1.0  −11.68  1.95 
 2,2-Difl uoroethoxymethoxyethane (DFEME)  140  1.10  17  1.1  −11.88  1.87 
 Methoxy-2,2,2-trifl uoroethoxyethane (TFEME)  158  1.15  17  0.79  −11.98  1.84 
 Ethoxy-2-fl uoroethoxyethane (EFEE)  136  0.97  14  1.1  −11.58  1.97 
 2,2-Difl uoroethoxyethoxyethane (EDFEE)  154  1.05  14  1.1  −11.77  1.91 
 Ethoxy-2,2,2-trifl uoroethoxyethane (ETFEE)  172  1.10  14  0.85  −11.87  1.89 

   a Reference [ 20 ] 
  b Reference [ 50 ]  
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   Table 2.4    Physical properties of typical organic solvents   

 Name  FW   d , g cm −3    ε  r    η , mPa s   E  homo , eV   E  lumo , eV 

 γ-Butyrolactone (γ-BL)  86  1.13  39  1.7  −11.86  1.67 
 Methyl acetate (MA)  74  0.93  6.7  0.36  −12.21  1.85 
 Ethyl acetate (EA)  88  0.89  6.0  0.43  −12.09  1.87 
 Ethylene carbonate (EC)  88  1.32 (40 °C)  90 (40 °C)  1.9 (40 °C)  −12.86  1.51 
 Propylene carbonate (PC)  102  1.20  65  2.5  −12.72  1.52 
  trans -Butylene carbonate 

( t -BC) 
 116  1.14  64  3.2  −12.60  1.55 

 Dimethyl carbonate (DMC)  90  1.06  3.1  0.59  −12.85  1.88 
 Ethyl methyl carbonate (EMC)  104  1.01  3.0  0.65  −12.71  1.91 
 Diethyl carbonate (DEC)  118  0.97  2.8  0.75  −12.59  1.93 
 Propyl methyl carbonate 

(PMC) 
 118  0.98  3.0  1.1  −12.67  1.91 

 Dimethoxyethane (DME)  90  0.86  5.5  0.46  −11.49  2.02 
 Ethoxymethoxyethane (EME)  104  0.85  5.7  0.52  −11.40  2.03 
 Diethoxyethane (DEE)  118  0.84  5.0  0.60  −11.36  2.05 

  Scheme 2.1    Preparation methods of fl uorinated γ-butyrolactones       

   The melting point of α-F-γ-BL is 26.5 °C, which is very different from that of 
γ-BL (−43.4 °C) [ 5 ]. The relative permittivities of α-F-γ-BL and F-γ-BL mix  at 25 °C 
were 72.6 and 80.3, respectively, and about twice of that of γ-BL in a temperature 
range from 10 to 80 °C [ 5 ,  10 ]. At the same time, the viscosities of α-F-γ-BL and 
F-γ-BL mix  became much higher than that of γ-BL. The electrolytic conductivities of 
lithium salts in α-F-γ-BL and F-γ-BL mix  in a temperature range from 10 to 80 °C 
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were in the order; LiPF 6  > LiClO 4  > LiBF 4  and F-γ-BL mix  > α-F-γ-BL, and always 
lower than those in γ-BL due to their high viscosities. α-F-γ-BL and F-γ-BL mix  
showed higher oxidation potentials than γ-BL on Pt electrode. In general, the intro-
duction of fl uorine atoms to organic solvents tends to increase their oxidation poten-
tials and decrease their reduction potentials as expected from HOMO and LUMO 
energies. The lithium cycling effi ciency (charge–discharge coulombic effi ciency for 
a lithium electrode) on a Ni electrode was examined as the fi rst step to know the 
possibility of applying F-γ-BL mix  to rechargeable lithium cells. The cycling effi -
ciency is highly dependent on the morphology of the fi lm on the lithium electrode. 
Among three kinds of solvents tested, F-γ-BL mix , γ-BL, and PC, the lithium cycling 
effi ciency became in the order; F-γ-BL mix  > PC > γ-BL and LiPF 6  > LiBF 4  > LiClO 4 . 
Furthermore, 1 moldm −3  LiPF 6 /F-γ-BL mix -EC equimolar binary solution showed 
higher effi ciency more than 75 % during 100 cycles, and better than α-F-γ-BL-EC 
equimolar binary solution. 1 moldm −3  LiPF 6 /F-γ-BL mix  electrolyte showed much 
higher capacity retention in a Li/LiCoO 2  cell than γ-BL counterpart, but not as good 
as PC counterpart [ 10 ].  

2.2.3     Fluorinated Linear Carboxylates 

 Fluorinated compounds of linear carboxylates were examined for low temperature 
application. The electrochemical behavior of a graphite electrode at low temperatures 
was investigated in 1 moldm −3  LiClO 4 /EC-DEC-X (10:10:1 in volume) solution con-
taining a fl uorinated carboxylate (X) selected form CHF 2 COOCH 3  (methyl difl uoroac-
etate, MDFA), CF 3 CF 2 COOCH 2 CH 3 , CF 3 CF 2 CF 2 COOCH 3 , (CF 3 ) 2 CHCOOCH 3 , 
CF 3 CF 2 CF 2 CF 2 COOCH 2 CH 3 , CF 3 CF 2 CF 2 CF 2 CF 2 CF 2 CF 2 COOCH 3 , CF 3 CF 2 CF 2 CF 2 
CF 2 CF 2 CF 2 COOCH 2 CH 3  [ 11 ], and 1 moldm −3  LiClO 4 /EC-DEC-PC-X (4:4:2:1 in vol-
ume) selected from CHF 2 COOCH 3 , CF 3 CF 2 COOCH 2 CH 3 , CF 3 CF 2 CF 2 COOCH 3 , 
(CF 3 ) 2 CHCOOCH 3 , CF 3 CF 2 CF 2 CF 2 COOCH 2 CH 3 , CF 3 CF 2 CF 2 CF 2 COOCH(CH 3 ) 2 , 
CF 3 CF 2 CF 2 CF 2 COOC(CH 3 ) 3  [ 12 ] in Scheme  2.2 .

   The electrolytic conductivities of 1 moldm -3  LiClO 4 /EC-DEC-MDFA (10:10:1 
in volume) and EC-DEC-PC-MDFA (4:4:2:1 in volume) solutions were a little bit 
higher than those of EC-DEC and EC-DEC-PC baseline solutions, respectively, and 
other fl uorinated carboxylates gave inferior conductivities in a temperature range 
from 0 to 50 °C [ 12 ]. The reduction potentials of these fl uorinated carboxylates 
(0.87–1.41 vs. Li/Li + ) were more positive than that of EC (0.60 V). With decreasing 
reduction potential of the fl uorinated carboxylates, the reversibility of the graphite 
electrode increased, resulting in higher charge capacity. The lowest reduction poten-
tial was observed for a low molecular weight MDFA. 1 moldm −3  LiClO 4 /EC-DEC- 
MDFA (10:10:1 in volume) solution provided larger charge capacities than EC-DEC 
baseline solution at 0 and −4 °C. The study was extended to fl uorinated graphite 
electrodes using 1 moldm −3  LiClO 4 /EC-DEC-PC (1:1:1 in volume) solution with 
0.15 vol.% MDFA at −10 °C [ 13 ]. 
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 Thermal stability and electrochemical properties of fl uorinated carboxylates 
selected from CHF 2 COOCH 3  (MDFA), CHF 2 COOCH 2 CH 3  (ethyl difl uoroacetate, 
EDFA), CF 3 CF 2 COOCH 3,  CF 3 CF 2 COOCH 2 CH 3 , CF 3 CF 2 CF 2 COOCH 3 , CF 3 CF 2 CF 2 
COOCH 2 CH 3 , (CF 3 ) 2 CFCOOCH 3 , (CF 3 ) 2 CFCOOCH 2 CH 3 , HCF 2 CF 2 CF 2 CF 2 
COOCH 2 CH 3 , and CF 3 CF 2 CF 2 CF 2 CF 2 CF 2 CF 2 COOCH 2 CH 3  in Scheme  2.2  were 
investigated [ 14 – 17 ]. Most fl uorinated carboxylates including 0.2 moldm −3  or satu-
rated LiPF 6  showed an exothermic reaction peak at higher temperatures in differen-
tial scanning calorimetry (DSC) than the corresponding non- fl uorinated solvent 
counterparts even at the coexistence of Li or Li 0.5 CoO 2  [ 14 ]. Among these fl uori-
nated carboxylates, 1 moldm −3  LiPF 6 /EC-DMC-MDFA (1:1:2 in volume) solution 
showed the highest onset temperature and smallest amount of exothermic heat at the 
coexistence of lithium [ 15 ]. However, the volume ratio of MDFA in 1 moldm −3  
LiPF 6 /EC-DMC-MDFA, PC-MDFA solutions should be more than 50 % to show 
the remarkable improvement of the thermal stability. This kind of good behavior 
was observed only in MDFA and not in EDFA, because the main component of SEI 
in the MDFA solution was CHF 2 COOLi, which dissolved in EC, PC, DMC, DEC, 
and EDFA solution [ 16 ]. The main exothermic peak of 1 moldm −3  LiPF 6 /MDFA 
solution at the coexistence of a lithiated graphite is around 400 °C and about 100 °C 
higher than that of EC-DMC (1:1 in volume) solution [ 17 ]. 

  Scheme 2.2    Fluorinated linear carboxylates       
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 The relative permittivities and viscosities of methyl acetate (MA) and ethyl ace-
tate (EA) increased by the introduction of one or two fl uorine atoms, which resulted 
in the decrease of electrolytic conductivity of 1 moldm −3  LiPF 6  solutions as usual 
[ 16 ,  18 ]. The oxidation potentials on Pt were also increased by the introduction of 
fl uorine atoms. Depending on the position of fl uorine atom, the properties of 2-fl uo-
roethyl acetate (2FEA) and ethyl fl uoroacetate (EFA) varied. The electrolytic con-
ductivities of 1 moldm −3  LiPF 6  solutions at 25 °C were in the order; 
MA > EA > MDFA > EFA > EC-DMC (1:1 in volume) >2FEA > EDFA >> EMC. 
However, the electrolytic conductivities of 1 moldm −3  LiPF 6 /EFA and 2FEA solu-
tions became higher than that of EA counterpart at high temperatures [ 18 ]. The 
lithium cycling effi ciency of 1 moldm −3  LiPF 6 /MDFA solution was more than 80 % 
and higher than those of EDFA, MA, or EA solutions [ 14 ]. The lithium cycling 
effi ciency of 1 moldm −3  LiPF 6 /EC-2FEA equimolar binary solution was higher than 
those of EC-EFA, EC-EA, or EC-EMC solutions [ 18 ]. The discharge capacity of 
carbons was smaller in 1 moldm −3  LiPF 6 /MDFA solution than EC-DMC (1:1 in 
volume) counterpart due to the large resistance of SEI, while the cycling perfor-
mance was similar to EC-DMC counterpart. A graphite/LiCoO 2  cells containing 
1 moldm −3  LiPF 6 /MDFA electrolyte exhibited a good cycling performance without 
any oxidation of the electrolyte on the LiCoO 2  cathode [ 17 ]. Furthermore, by add-
ing 3 vol.% of vinylene carbonate (VC) in 1 moldm −3  LiPF 6 /MDFA electrolyte 
resulted in satisfactory reversible capacity and cycling performance in a graphite/
LiCoO 2  cell [ 19 ].  

2.2.4     Fluorinated Cyclic Carbonates 

 Ethylene carbonate (EC) and propylene carbonate (PC) have favorable physical and 
electrochemical properties such as high relative permittivity, high donicity, and rela-
tively wide potential window. The direct fl uorination of EC was successfully carried 
out to provide 4-fl uoro-1,3-dioxolan-2-one (fl uoroethylene carbonate, FEC) as 
shown in Scheme  2.3  [ 20 ]. The fl uorination of EC was strongly dependent on a 
choice of a reaction medium and no solvent was preferred from the viewpoint of 
conversion. FEC was further fl uorinated to give three di-fl uorinated derivatives. On 
the other hand, FEC was also prepared from 4-chloroethylene carbonate by exchange 
with KF [ 21 ]. FEC was tested as an electrolyte additive for rechargeable lithium 
cells [ 21 ,  22 ] and is now practically used [ 23 ,  24 ].

   The melting point of FEC was 17 °C and lower than that of EC (37 °C). The rela-
tive permittivity and viscosity of FEC were higher than those of EC (Fig.  2.4a ,  b ) [ 25 ]. 
The electrolytic conductivity of LiPF 6  in FEC was always lower than that in EC due 
to its high viscosities (Fig.  2.4c ) [ 4 ]. FEC showed a higher oxidation potential on Pt 
than EC (Fig.  2.4d ). The lithium cycling effi ciency of 1 moldm −3  LiPF 6 /FEC was as 
high as 90 % (Fig.  2.4e ). The cycling effi ciency of a graphite/LiCoO 2  cell containing 
1 moldm −3  LiPF 6 /FEC-PC-EC (1:3.5:3.5 in volume) electrolyte was higher than 
99.5 % and the discharge capacity retention of the cell was 63 % at the 200th cycle [ 5 ].
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   The direct fl uorination of PC and  trans -butylene carbonate ( t -BC) gave four and 
two mono-fl uorinated derivatives, respectively as shown in Scheme  2.4  [ 5 ,  26 ]. 
4-Fluoromethyl-1,3-dioxolan-2-one (fl uoromethylethylene carbonate, FMEC; here-
after renamed as FPC for easy understanding), 4-fl uoromethyl-5-methyl-1,3-dioxo-
lan-2-one (fl uormethylmethylethylene carbonate, FMMEC; hereafter renamed as 
F- t -BC for easy understanding) were obtained by fractional distillation of the fl uo-
rinated samples.

  Scheme 2.3    Preparation methods of fl uorinated ethylene carbonates       

  Scheme 2.4    Preparation of fl uorinated propylene carbonates and  trans -butylene carbonates       
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  Fig. 2.4    Properties of cyclic carbonates and its mono-fl uorinated derivatives. ( a ) relative  permittivity 
( b ) viscosity ( c ) electrolytic conductivity ( d ) oxidation potential ( e ) lithium cycling effi ciency       
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   The relative permittivities and viscosities of FPC and F- t -BC were higher than 
those of PC and  t -BC, respectively (Fig.  2.4a ,  b ) [ 27 ,  28 ]. The electrolytic conductivi-
ties of lithium salts in FPC and F- t -BC were always lower than those in PC and  t -BC, 
respectively, due to their high viscosities (Fig.  2.4c ) [ 4 ]. FPC and F- t -BC showed 
higher oxidation potentials on Pt than PC and  t -BC, respectively (Fig.  2.4d ). The lith-
ium cycling effi ciency in 1 moldm −3  LiPF 6 /FPC and F- t -BC solutions was higher than 
those in PC and  t -BC counterparts, respectively, but lower than FEC counterpart 
(Fig.  2.4e ). The cycling effi ciencies of Li/LiCoO 2  and graphite/LiCoO 2  cells contain-
ing 1 moldm −3  LiPF 6 /FPC electrolyte were more than 95 % at a large cycle number. 
The cycling effi ciency and discharge capacity of a graphite/LiCoO 2  cell containing 
1 moldm −3  LiPF 6 /FPC-EMC (1:3 in molar ratio) electrolyte was lower than those of 
EC-EMC counterpart at 25 °C; however, they were reversed at 60 °C [ 28 ]. 

 As the novel fl uorinated cyclic carbonates, the Li +  intercalation of a graphite 
and SEI formation in 4-trifl uoromethyl-1,3-dioxolan-2-one (trifl uoromethylpro-
pylene carbonate, TFPC) in Scheme  2.5  was investigated [ 29 ] and its 1 moldm −3  
LiPF 6  binary mixed electrolytes with EC, PC, and ClEC were examined in graph-
ite/Li and LiMn 2 O 4 /Li half cells [ 30 ]. The electrochemical behavior of 
4-(2,2,3,3-tetrafl uoropropoxymethyl)-1,3-dioxolan-2-one, 4-(2,3,3,3-tetrafl uoro- 
2-trifl uoromethylpropyl)-1,3-dioxolan-2-one, and 4,5-difl uoro-4,5-dimethyl-
1,3-dioxolan- 2-one in Scheme  2.5  has been studied in EC-DEC and EC-DEC-PC 
mixtures [ 31 ,  32 ]. Electrochemical oxidation using a Pt microelectrode was 
largely suppressed by mixing these fl uorinated derivatives with 0.67 moldm −3  
LiClO 4 /EC-DEC (1:1 in volume) or EC-DEC-PC (1:1:1 in volume). The oxida-
tion current on a natural graphite was much smaller in 0.67 moldm −3  LiClO 4 /
EC-DEC-X (1:1:1 in volume) than in EC-DEC (1:1 in volume) or EC-DEC-PC 
(1:1:1 in volume) baseline solutions, and the reduction potentials of these fl uori-
nated derivatives on the natural graphite were about 2 V vs. Li/Li + , which were 
higher than those of EC, DEC, and PC. These fl uorinated carbonates increased 
the fi rst coulombic effi ciencies on natural graphites due to the quick SEI forma-
tion in PC-containing solutions. Thermal stability was also increased by the use 
of these fl uorinated derivatives. In addition, these fl uorinated derivatives gave 
antioxidation ability to electrolyte solutions.

2.2.5        Fluorinated Linear Carbonates 

 Among the carbonate solvents used in practical lithium batteries, linear carbonates 
such as dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), and diethyl car-
bonate (DEC) are well-known good co-solvents (thinner) for EC and PC. The direct 
fl uorination of DMC gave fl uorinated derivatives such as mono-fl uorinated one, fl uo-
romethyl methyl carbonate (FDMC), two di-fl uorinated ones (bis(fl uoromethyl) 
 carbonate, DFDMC, and difl uormethyl methyl carbonate,  gem  -DFDMC), and tri-
fl uorinated ones (difl uoromethyl fl uoromethyl carbonate, TFDMC) as shown in 
Scheme  2.6  [ 33 ]. Three kinds of partially fl uorinated DMCs except  gem -DFDMC 
were obtained by fractional distillation of the fl uorinated sample.
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  Scheme 2.5    Other fl uorinated cyclic carbonates       

  Scheme 2.6    Preparation of fl uorinated dimethyl carbonates       

   The relative permittivity and viscosity of FDMC were higher than those of DMC 
(Fig.  2.5a , b) [ 34 – 36 ]. The electrolytic conductivities of 1 moldm −3  lithium salts 
(LiClO 4 , LiBF 4 , LiPF 6 ) in FDMC or EC-FDMC at 25 °C were always lower than 
those in DMC or EC-DMC counterparts due to their high viscosities (Fig.  2.5c ). 
FDMC showed a higher oxidation potential on Pt than DMC (Fig.  2.5d ). The lith-
ium cycling effi ciency in 1 moldm −3  LiPF 6 /FDMC and EC-FDMC equimolar solu-
tion was higher than that in EC-DMC counterpart (Fig.  2.5e ). The cycling effi ciency 
of a Li/LiCoO 2  cell containing 1 moldm −3  LiPF 6 /EC-FDMC equimolar electrolyte 
was higher than 95 % and the discharge capacity retentions of the cells were also 
higher than those of EC-DMC counterpart [ 36 ].

   The relative permittivity and viscosity increased in the order; 
DMC < FDMC < TFDMC < DFDMC (Fig.  2.5a , b) [ 37 ,  38 ]. The electrolytic con-
ductivities of 1 moldm −3  LiPF 6  solutions were in the order; DFDMC < FDMC < DMC 
over the concentration range from 0.5 to 2.0 moldm −3  (Fig.  2.5c ). The electrolytic 
conductivities of 1 moldm −3  LiPF 6  in EC equimolar solutions were in the order; 
DFDMC < FDMC < DMC infl uenced by their viscosities. The oxidation potentials 
of these fl uorinated DMC on Pt was in the order; DMC < FDMC < DFDMC as 
expected from HOMO energies (Fig.  2.5d ). In general, the oxidation potential of the 
fl uorinated organic solvents tends to increase with the increase in the number of 
fl uorine atoms introduced to the solvent molecule; however, TFDMC with very 
poor solubility of LiPF 6  was excluded from the experiments. DFDMC and 
EC-DFDMC equimolar binary solutions containing 1 moldm −3  LiPF 6  showed higher 
lithium cycling effi ciencies; especially, EC-DFDMC solution exhibited more than 
80 % at the 100th cycle (Fig.  2.5e ). 
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  Fig 2.5    Properties of dimethyl carbonates and its fl uorinated derivatives. ( a ) relative permittivity 
( b ) viscosity ( c ) electrolytic conductivity ( d ) oxidation potential ( e ) lithium cycling effi ciency       
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 As partially fl uorinated EMC and DEC derivatives, 2-fl uoroethyl methyl carbon-
ate (FEMC), 2,2-difl uoroethyl methyl carbonate (DFEMC), methyl 2,2,2- trifl uoroethyl 
carbonate (TFEMC), ethyl 2-fl uoroethyl carbonate (FDEC), ethyl 2,2-difl uoroethyl 
carbonate (DFDEC), and ethyl 2,2,2-trifl uoroethyl carbonate (TFDEC) in Scheme  2.7  
were examined [ 4 ,  5 ,  39 ,  40 ]. These fl uorinated EMC and DEC derivatives were 
synthesized by use of the corresponding three kinds of fl uoroethanols and methyl 
chlorocarbonate or ethyl chlorocarbonate in the presence of pyridine.

   The relative permittivities and viscosities of these fl uorinated linear carbonates 
were higher than those of EMC and DEC, respectively. The relative permittivity and 
viscosity were in the order; DEC < EMC << FDEC, DFDEC < TFEMC, TFDEC, 
FEMC << DFEMC and EMC < DEC < TFEMC < TFDEC << FEMC, FDEC, 
DFDEC << DFEMC, respectively, over the temperature range from 10 to 70 °C 
(Figs.  2.6a ,  b  and  2.7a ,  b ) [ 4 ]. The electrolytic conductivities of 1 moldm −3  LiPF 6  
solutions at 25 °C were in the order; TFDEC < TFEMC, DFDEC < FDEC, DFEMC, 
DEC < FEMC < EMC (Figs.  2.6c  and  2.7c ) [ 4 ]. The electrolytic conductivities of 
lithium salts (LiClO 4 , LiBF 4 , LiPF 6 ) in FEMC or FDEC were not always lower than 
those of EMC or DEC counterparts, respectively, depending on the kind of lithium 
salts, its concentration, and temperature. For example, LiPF 6 /FEMC or FDEC solu-
tions showed higher conductivities than EMC or DEC counterparts at 25 °C and 
0.5 moldm −3 , and 1 moldm −3  LiPF 6 /FDEC showed higher conductivity than DEC 
counterpart above 40 °C [ 40 ,  41 ], which indicates the high degree of dissociation of 
LiPF 6  due to the increase of relative permittivity in spite of the increase of viscosity. 

  Scheme 2.7    Preparation of fl uorinated ethyl methyl carbonates and diethyl carbonates       
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  Fig. 2.6    Properties of ethyl methyl carbonates and its fl uorinated derivatives. ( a ) relative permittiv-
ity ( b ) viscosity ( c ) electrolytic conductivity ( d ) oxidation potential ( e ) lithium cycling effi ciency       
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The electrolytic conductivities of 1 moldm −3  LiPF 6 /EC-FEMC or EC-FDEC equi-
molar solutions at 25 °C were always lower than those in EC-EMC or EC-DEC 
counterparts due to their high viscosities. The oxidation potentials on Pt were in the 
order; EMC, DEC < FEMC, FDEC < DFEMC, DFDEC < TFEMC, TFDEC with 
increasing the number of fl uorine atom (Figs.  2.6d  and  2.7d ) [ 4 ,  5 ]. The lithium 
cycling effi ciencies in 1 moldm −3  LiPF 6 /EC-FEMC and EC-FDEC equimolar solu-
tions were higher than those in EC-EMC and EC-DEC counterparts, whereas those 
in EC-DFEMC and EC-TFEMC equimolar electrolytes were lower (Fig.  2.6e ). The 
cycling effi ciencies and discharge capacity retentions of a Li/LiCoO 2  cell contain-
ing 1 moldm −3  LiPF 6 /EC-FEMC and EC-FDEC equimolar electrolytes were higher 
than those of EC-EMC and EC-DEC counterparts. On the other hand, the cycling 

η
ε
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  Fig. 2.7    Properties of diethyl carbonates and its fl uorinated derivatives. ( a ) relative permittivity 
( b ) viscosity ( c ) electrolytic conductivity ( d ) oxidation potential       
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effi ciency and discharge capacity retention of a graphite/LiCoO 2  cell containing 
1 moldm −3  LiPF 6 /EC-FEMC equimolar electrolyte was lower than those of EC-EMC 
counterpart [ 4 ].

    Methyl propyl carbonate (MPC) is a structural isomer of DEC. Physical and elec-
trochemical properties of four kinds of partially fl uorinated MPC derivatives, 3-fl uoro-
propyl methyl carbonate (FPMC), methyl 3,3,3-trifl uoropropyl carbonate (TrFPMC), 
methyl 2,2,3,3-tetrafl uoropropyl carbonate (TeFPMC), and methyl 2,2,3,3,3-pentafl u-
oropropyl carbonate (PeFPMC) in Scheme  2.8  were examined [ 42 ].

   The relative permittivities and viscosities of these fl uorinated MPC derivatives 
except PeFPMC with fi ve fl uorine atoms increased with increasing the number of 
fl uorine atom. The relative permittivity and viscosity of FPMC were higher than 
those of MPC and lower than those of other fl uorinated MPC derivatives. Donor 
numbers (DN) of these fl uorinated solvents, which were estimated by  29 Si NMR 
chemical shifts of triphenylsilanol [ 42 ], decreased with increasing the number of 
fl uorine atom except PeFPMC. The electrolytic conductivities of 1 moldm −3  LiPF 6  
in the fl uorinated MPC derivatives at 25 °C were in the order; MPC = FPMC > TrP
MC > TePMC = MPC. However, the electrolytic conductivity of 1 moldm −3  LiPF 6 /
FPMC became higher than that of MPC counterpart above 25 °C. The oxidation 
potentials of the fl uorinated MPC derivatives on Pt increased with increasing the 
number of fl uorine atom. The lithium cycling effi ciency in 1 moldm −3  LiPF 6 / 
PC-FPMC equimolar solution was higher than those in PC and PC-MPC counter-
parts. In addition, the discharge capacity retention of a Li/LiCoO 2  cell containing 
1 moldm −3  LiPF 6 /PC-FPMC equimolar electrolyte was higher than those of PC and 
PC-MPC counterparts. 

 Electrochemical properties of many ternary and quaternary electrolyte formula-
tions based upon a partially fl uorinated carbonate solvent selected from methyl 
2,2,2-trifl uoroethyl carbonate (TFEMC), ethyl 2,2,2-trifl uoroethyl carbonate 
(TFDEC), propyl 2,2,2-trifl uoroethyl carbonate (TFEPC), 2,2,2,2′,2′,2′-hexafl uoro-
i   - propyl methyl carbonate, ethyl 2,2,2,2′,2′,2′-hexafl uoro- i -propyl carbonate, and 
bis(2,2,2-trifl uoroethyl) carbonate in Scheme  2.9  were examined in detail [ 43 ]. A 
number of electrolyte formulations containing a partially fl uorinated aliphatic car-
bonate showed excellent reversibility, with most of the formulations resulting in 
higher reversible capacity after the formation cycles compared to the baseline elec-
trolyte formulations in experimental Li/MCMB carbon half cells. Good low tem-
perature performance was observed in many cases, with TFDEC- and 
TFEPC-containing cells performing the best. The electrodes in contact with the 
novel electrolytes generally displayed low fi lm resistance and low charge transfer 
resistance, especially at low temperature. In addition, when Tafel polarization mea-
surements were performed, the novel electrolytes resulted in the least amount of 
electrode polarization and the highest limiting current densities implying facile 
lithium intercalation/de-intercalation kinetics. Similar results were reported on 
bis(2,2,3,3-tetrafl uoropropyl) carbonate and bis(2,2,3,3,3-pentafl uoropropyl) car-
bonate in Scheme  2.9  [ 31 ].
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  Scheme 2.9    Other fl uorinated linear carbonates       

  Scheme 2.8    Preparation of fl uorinated methyl propyl carbonates       
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2.2.6        Fluorinated Monoethers 

 The addition effect of the hydrofl uoroethers such as CF 3 CF 2 CH 2 OCH 3 , 
(CF 3 ) 2 CHCF 2 OCH 3 , HCF 2 CF 2 CH 2 OCHF 2 , CF 3 CHFCF 2 OCH 2 CH 3 , and 
CHClFCF 2 OCH 2 CF 3  in Scheme  2.10  to EC-DEC or EC-DEC-PC was investigated 
using graphite electrodes [ 12 ,  32 ]. The charge capacities higher than in EC/DEC 
were observed in these electrolytes when the reduction potentials of the fl uoroethers 
are slightly higher than that of EC. The reduction potentials and irreversible capaci-
ties decreased with increasing LUMO energies of the fl uoroethers. 1,1,2,2-Tetrafl uoro- 
3-(1,1,2,2-tetrafl uoroethoxy)-propane (TFTFEP) mixed with FEC was used for 
high voltage application. A Li/LiCoO 2  cell containing 1 moldm −3  LiPF 6 /FEC- 
TFTFEP (1:1 in volume) exhibited high and stable discharge capacity in 30 cycles 
even with a high upper cutoff voltage of 4.5 V when compared with a cell contain-
ing 1 moldm −3  LiPF 6 /EC-DMC (1:1 in volume). This electrolyte provided lower 
resistant SEI at the cathode before and after cycles [ 44 ].

   Use of nonfl ammable hydrofl uoroethers such as methyl nanofl uorobutyl ether 
(MFE) and ethyl nanofl uorobutyl ether (EFE) in Scheme  2.10  was studied in terms 
of the fl ammability, electrolytic conductivity, and charge–discharge cell perfor-
mances of a graphite/LiCoO 2  and an amorphous carbon/LiMn 2 O 4  cylindrical cells 
[ 45 – 47 ]. These fl uorinated ethers have no fl ash point and are nonviscous; however, 
their low polarity and permittivity make diffi cult to dissolve lithium salts. By mix-
ing appropriate amounts of MFE with linear carbonate co-solvents, the mixed solu-
tion showed no fl ash point. MFE-EMC (8:2 in volume) solution containing 
0.94 moldm −3  LiN(SO 2 CF 3 ) 2  (LiTFSA) showed a maximum conductivity of 
0.97 mScm −1 . However, less than 0.2 moldm −3  LiBF 4  and LiPF 6  were dissolved in 
this mixed solvent. A graphite/LiCoO 2  cylindrical cell assembled with 1 moldm −3  
LiN(SO 2 C 2 F 5 ) 2  (LiBETI)/MFE-EMC (8:2 in volume) discharged the designed 
capacity (1400 mAh) at a 0.1 C rate and sustained 80 % of their initial capacity up 
to 50 cycles. No thermal runaway was detected and cell surface temperature 
increased very slowly in the nailing test. 

 EFE was also tested as a co-solvent of nonfl ammable electrolyte for lithium ion 
batteries [ 48 ]. A typical composition satisfying both nonfl ammability and the 
rechargeability of a graphite electrode was 1 moldm −3  LiPF 6 /EFE-DEC-EC (50:48:2 
in volume), whose electrolytic conductivity is 1.7 mScm −1  at 25 °C. High reversible 
capacity was obtained for the graphite negative electrode but less rechargeability of 
the metal oxide positive electrode (LiCr 0.1 Mn 1.9 O 4 ) was observed in this EFE-based 
electrolyte, which was improved by the SEI modifi cation by the addition of a small 
amount of biphenyl. 

 Another nonfl ammable hydrofl uoroethers such as 2-trifl uoromethyl-3- 
methoxyperfl uoropentane (TMMP) and 2-(trifl uoro-2-fl uoro-3-difl uoropropxy)-
3-difl uoro-4-fl uoro-5-trifl uoropentane (TPTP) in Scheme  2.10  were studied in 
terms of the fl ammability, electrolytic conductivity, and charge–discharge cell per-
formances of a MCMB/LiCoO 2  cells [ 49 ,  50 ]. Effective nonfl ammability was 
achieved with adding 50 vol.% of TMMP or TPTP for the co-solvent of EC-DEC. 
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The cell containing 1 moldm −3  LiBETI/TMMP-EC-DEC (50:5:45 in volume) 
showed better discharge capacities than EC-DEC counterparts (5:95 and 50:50 in 
volume) as the discharge rate was increased from 0.2 to 12 C and the operation 
temperature was decreased from 25 to −20 °C, even though the electrolytic conduc-
tivity of 1 moldm −3  LiBETI/TMMP-EC-DEC is much lower than those of EC-DEC 
counterparts. TPTP showed better miscibility with 1 moldm −3  LiPF 6  in EC-DEC 
than that of TMMP, because TPTP was expected to show a higher intermolecular 
force due to lower F/H ratio (EFE = 1.8, TPTP = 2.0, MFE = 3.0, TMMP = 4.3). 
Similarly, 1 moldm −3  LiPF 6 /TPTP-EC-DEC (50:5:45 in volume) showed better dis-
charge capacities than EC-DEC counterparts (5:95 and 50:50 in volume) as the 
discharge rate was increased from 0.2 to 12 C and the operation temperature was 
decreased from 25 to −20 °C. This behavior was attributed to the decrement in the 
activation energy for the Li +  desolvation process due to the decrease of solvation 
number of Li +  by the addition of the hydrofl uoroethers. Thus, the rate capability 
improvements by adding TMMP or TPTP are exerted by both enhancements of the 
intercalation kinetics and Li +  diffusion at the LiCoO 2  interface, where the hydro-
fl uoroethers preferentially exist by their affi nity with the hydrophilic LiCoO 2  sur-
face [ 50 ,  51 ].  

2.2.7     Fluorinated Diethers 

 In addition to fl uorinated linear diethers of 1,2-dimethoxyethane (DME) [ 6 ], fl uori-
nated cyclic diethers such as 2,2-bis(trifl uoromethyl)-1,3-dioxolane, 2,2-dimethyl- 
4,5-difl uoro-1,3-dioxolane, and 2,2-dimethyl-4,4,5,5-tetrafl uoro-1,3-dioxolane 
having low melting points were disclosed in a patent [ 52 ]. 

  Scheme 2.10    Fluorinated monoethers       
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 Physical and electrochemical properties of partially fl uorinated 1-ethoxy-2- 
methoxyethane (EME) and 1,2-diethoxyethane (DEE) derivatives such as 
2- fl uoroethoxymethoxyethane (FEME), 2,2-difl uoroethoxymethoxyethane 
(DFEME), methoxy-2,2,2-trifl uoroethoxyethane (TFEME), ethoxy-2- 
fl uoroethoxyethane (EFEE), 2,2-difl uoroethoxyethoxyethane (EDFEE), and 
ethoxy-2,2,2- trifl uoroethoxyethane (ETFEE) in Scheme  2.11  were examined [ 53 ]. 
EME and DEE have higher relative permittivities and lower viscosities compared 
with those of EMC and DEC with similar molecular weights and boiling points. 
These fl uorinated EME and DEE derivatives were obtained by reacting methoxy-
ethanol or ethoxyethanol and each fl uorinated ethyl p-toluenesulfonate synthesized 
with p-toluenesulfonyl chloride and each fl uoroethanol. The relative permittivities 
and viscosities of these fl uorinated EME and DEE derivatives were higher than 
those of EME and DEE (Figs.  2.8a ,  b  and  2.9a ,  b ). In addition, the relative permit-
tivities of these fl uorinated derivatives are almost independent on the number of 
fl uorine atoms. The viscosities of TFEME and ETFEE with three fl uorine atoms 
become smaller than those of mono- and di-fl uorinated EME and DEE derivatives. 
The donar numbers (DNs) of the fl uorinated EME and DEE derivatives decreased 
with increasing the number of fl uorine atoms. The electrolytic conductivities of 
1 moldm −3  LiPF 6  solutions decreased with increasing the number of fl uorine atoms 
(Figs.  2.8c  and  2.9c ). The electrolytic conductivities of 1 moldm −3  LiPF 6 /
EC-equimolar binary solutions are always lower than those of EME and DEE coun-
terparts (Figs.  2.8d  and  2.9d ). The oxidation potentials of the fl uorinated derivatives 
on Pt increased with increasing the number of fl uorine atoms (Figs.  2.8e  and  2.9e ). 
However, variation of the oxidative potentials among the fl uorinated DEE deriva-
tives is very small. The lithium cycling effi ciencies in 1 moldm −3  LiPF 6 /EC-TFEME 
and ETFEE solutions were higher than those in EC-EMC and EC-DEC counter-
parts, respectively (Figs.  2.8f  and  2.9f ). In general, the cycling effi ciencies and dis-
charge capacity retentions of a Li/LiCoO 2  cell containing 1 moldm −3  LiPF 6 /
EC-fl uorinated EME and DEE derivative equimolar electrolytes were equivalent to 
those of EC-EME and EC-DEE counterparts.

  Scheme 2.11    Fluorinated dialkoxyethanes       
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2.2.8          Other Fluorinated Solvents 

 3-Methyl-2-oxazolidinone (NMO) is isostructural with EC with an N-CH 3  group 
substituted for one of the EC ring oxygen atoms. It is a highly polar solvent ( ε  r  = 78 
at 25 °C) and was once used in primary lithium cells [ 54 ]. However, its oxidation 
potential on a glassy carbon is much lower than that of PC [ 55 ]. To increase its 
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oxidation potential, the direct fl uorination of NMO was carried out, and an 3:7 
 isomeric mixture (DFNMO mix ) of 4,4-difl uoro-3-methyl-2-oxazolidinone (4,4-
DFNMO) and 4,5-difl uoro-3-methyl-2-oxazolidinone (4,5-DFNMO) in 
Scheme  2.12  was obtained [ 56 ]. The relative permittivity of DFNMO mix  was lower 
than that of NMO, although the viscosity of DFNMO mix  was higher than that of 
NMO. This kind of opposite behavior was observed for fl uoroacetonitrile [ 57 ]. 
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The electrolytic conductivity of 1 moldm −3  LiPF 6 /DFNMO mix  was much lower than 
that of NMO due to the high viscosity and low permittivity. The oxidation potential 
of DFNMO mix  on Pt was increased but still lower than that of PC. The addition of 
DFNMO mix  to 1 moldm −3  LiPF 6 /EC-DEC equimolar binary solution suppressed dis-
charge capacity fading in a Li/LiCoO 2  cell.

   Partially fl uorinated carbamates such as 2,2,2-trifl uoroethyl  N , N -dimethyl carbamate 
(TFECm) and hexafl uoro-i-propyl  N , N -dimethyl carbamate (HFPCm) in Scheme  2.12  
were also applied to lithium cells, but no marked results were obtained [ 43 ]. 

 The direct fl uorination of  N -methylpyrrolidinone (NMP) was also carried out to 
afford α-fl uoro- N -methylpyrrolidinone (α-F-NMP). Its relative permittivity (70) 
and viscosity (3.6) were almost doubled those of NMP (32, 1.7), respectively. The 
electrolytic conductivity of 1 moldm −3  LiPF 6 /α-F-NMP solution at 25 °C was 
2.5 mScm −1 , less than half of that of NMP (6.1) [ 58 ].  

2.2.9     Summary 

 Fluorinated organic solvents show very different physical and electrochemical 
properties. In particular, mono- or di-fl uorinated organic solvents show very fairly 
high polarity, which generally results in the increases of relative permittivity, vis-
cosity, and oxidation potential. Although the electrolytic conductivity of lithium 
salts decreases due to the increase of viscosity, the lithium cycling effi ciency is 
always enhanced by the good SEI formation, and usually results in low capacity 
fading in a Li/LiCoO 2  cell. In addition, the nonfl ammability of solvents increases 
with increasing of the number of fl uorine atoms; however, the solubility of lithium 
salts decreases. 

 The enhancement of both energy density and cell safety of rechargeable lith-
ium(−ion) batteries is important for electric vehicle and power grid applications. 
Therefore, partially fl uorinated organic compounds are expected as a good solvent 

  Scheme 2.12    Fluorinated 
carbamates       
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for rechargeable lithium(−ion) batteries. It is still necessary to study harder fi nding 
the novel fl uorinated solvents giving not only high electrolytic conductivity, high 
oxidation potential, and nonfl ammability, but also good cell performances.   

2.3     Boron-Containing Organic Solvents  

2.3.1     Introduction 

 The urgent requirement for secondary batteries such as lithium-ion batteries for 
vehicle installation is that they be small and light. The indexes of the smallness and 
lightness are energy densities of per-unit volume (=V A h/dm 3 ) and mass (=V A h/
kg). Thus, these numbers are expressed as a product of the capacity of electrodes 
and the operating voltage of the cell. Recently, cathodes possessing high capacity as 
well as high redox-potential have been developed to increase these numbers [ 59 ]. In 
contrast, the development of liquid electrolytes with a high oxidation potential falls 
far behind since organic compounds consisting of liquid electrolytes such as car-
bonate esters are generally being oxidized with facility (∼4.3 V (Li/Li + ), Fig.  2.10a ). 
Attention has thus been paid to seek or design an organic compound with a high 
oxidation potential as the electrolyte solvent. The organic compounds also come 
equipped with the following physical and electrochemical properties: high dielec-
tric constant to dissociate the supporting electrolyte salt; high fl uidity to acquire the 
enough ionic conductivity; low fl ammability to be absolutely secure; and low toxic-
ity. During the last decade, some novel organic compounds have been proposed.

   Organic sulfones exhibited high oxidation potential but low fl uidity, eventually 
decreasing ionic conductivity (Fig.  2.10b ) [ 60 ]. The sulfones also caused the abrup-
tion of carbon anodes. Nitriles such as adiponitrile also showed a high oxidation 
potential because the nitrile substituents in the strong electron withdrawing group 
resulted in high oxidation resistance (Fig.  2.10c ) [ 61 ]. However the nitriles also lack 
enough fl uidity. Fluorinated carbonate esters in which some hydrogen atoms in car-
bonate esters were substituted with fl uorine atoms indicated a high oxidation poten-
tial due to the fl uorine nature of electron withdrawing (Fig.  2.10d ) [ 62 ]. The fl uorine 
atoms substituted also created low fl ammability for the carbonate ester. Moreover, 
they maintained their intrinsic high fl uidity, but were not a good solvent for support-
ing electrolyte salts. Synthetic complexity also remained. 

 When designing the electrolyte solvent and salt compounds one can consult the 
molecular orbital methods with some programs such as the Gaussian [ 63 ]. The 
molecular orbital method calculates the most stable conformation as well as the 
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 
orbital (LUMO) levels of the compound concerned. Figure  2.11  indicates the rela-
tionship between molecular orbitals and their energy levels in a molecule. When the 
oxidation takes place an electron is removed from the HOMO. When the reduction 
occurs an electron is inserted into the LUMO. Therefore, the lower HOMO level 
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indicates the higher oxidation potential and the higher LUMO level does the lower 
reduction potential. Therefore the wider differential of HOMO-LUMO levels, i.e., 
the wider potential window, is preferable to the electrolyte. One can seek a com-
pound with the molecular orbital methods in such a way before synthesizing. 
However, an organic compound generally has a quite narrow potential window.

2.3.2        Nature of Boron Compounds 

 According to some statistics, boron is an element with an abundance in the earth’s 
crust of about 10–1,000 ppm and is thus a reasonably rich resource [ 64 ]. The output 
of boron compounds such as borax (Na 2 B 4 O 5 (OH) 4  · 8H 2 O) is about one million tons 
a year. Therefore, it is easily supplied. Boric acid (B(OH) 3 , Fig.  2.12 ,  1 ) is prepared 

HOMO

LUMO
Potential window

Energy level 
of molecular orbitals

Oxidation

Reduction

  Fig. 2.11    The relationship 
between molecular orbitals 
and their energy levels. The 
 arrow  refers to an electron 
and its direction does the 
direction of electron spin       
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from a reaction of Na 2 B 4 O 7  · 10H 2 O with H 2 SO 4 . One use of boric acid is as an 
absorbent of neutrons at a nuclear power plant. Natural boron consists of 19.9 %  10 B 
and 80.1 %  11 B, where only  10 B absorbs neutrons. Boric acid is also used in mouse 
poison pellets and as an eyedrop ingredient. This means that boric acid has toxicity. 
However, the LD 50  for mammals of boric acid is 5.14 g/kg while that of NaCl is 
3.75 g/kg [ 65 ]. Thus, the toxicity is quite moderate. A further advantage of boron- 
containing compounds is their ability to reduce weight because the atomic weight 
of boron is only 10.8.

   Both  10 B and  11 B nuclei are NMR (nuclear magnetic resonance) active. Because 
of the high content, high resonant frequency, and lower nuclear quadrupole moment, 
the NMR spectroscopy of the  11 B nucleus is generally observed [ 66 ]. Trivalent or 
quadrivalent boron can be comfortably differentiated by means of a chemical shift 
of  11 B: trivalent > 0 ppm > quadrivalent ( d  value). Thus, the electron density on the 
boron atom can also estimated with the chemical shift. In this way,  11 B NMR spec-
troscopy is a potent tool for structural analyses of boron-containing materials.  

2.3.3     Boric Esters 

 Boric esters (B(OR) 3 , Fig.  2.12 ,  2 ) are esters prepared from a condensation of boric 
acid ( 1 ) and corresponding alcohols as in the case of carbonate esters that form 
carbonic acid (H 2 CO 3 ) and alcohols (Fig.  2.13a ,  b ). Physical and electrochemical 
properties of boric esters are tunable due to substituents R in  2 . Methyl, ethyl,  iso  - 
propyl, and trifl uoroethylborates ( 2a ,  2b ,  2c , and  2d ) are transparent liquids, 
whereas a boric ester possessing nitrile substituent (R = –CH 2 CH 2 CN,  2e ) is solid at 
room temperature. Thus,  2a ,  2b ,  2c , and  2d  are highly fl uid;  2d  has nonfl ammability 
as well. Any lithium salts poorly dissolve in these boric esters. In contrast,  2e  is a 
good solvent of lithium salts. Once the salt dissolves, the solution in  2e  becomes a 
liquid. The electrolytes of lithium salts in  2e  exhibit the oxidation potential of over 
6.0 V [Pt/(Li/Li + )] [ 67 ]. When a boric ester was blended with the other boric ester, 
the substituent exchange reaction (ester exchange reaction) spontaneously took 
place to give mixed boric esters (Fig.  2.14 ). The reaction was in an equilibrium that 
largely shifted to right. The mixed boric esters obtained acquired all the preferable 
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properties that parent boric esters intrinsically bear. In particular, the mixed boric 
esters showed ionic conductivity of over 10 −3  S cm −1  at room temperature and an 
oxidation potential of 5.5 V [Pt/(Li/Li + )] [ 67 ]. A coin cell consisting of the 
LiNi 0.5 Mn 1.5 O 4  cathode, Li metal anode, and electrolyte of 0.7 mol/kg LiBF 4  in  2c  
and  2e  (1/2 mol) exhibited stable charge–discharge cycles.

    The trivalent boron compounds, including boric esters, are Lewis acids because 
of the vacant  p -orbital on the boron atom capable of accepting an electron pair 
(Fig.  2.15 ). When the substituents bear electron-withdrawing groups such as nitrile, 
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the acidity of the Lewis acid increases and then accelerates the dissociation of salts 
(Fig.  2.15a ). In particular, lithium salts are soluble in  2e  but not in  2a – 2d . The inter-
action of boric ester with an anion also causes the lithium transference number to 
rise ( t  Li+  = Li +  conductivity/ionic conductivity). In fact, the  t  Li+  is about 0.6 for the 
boric ester electrolyte, while that for the carbonate ester is about 0.3 [ 67 ]. This indi-
cates that the boric esters are acting as an anion receptor. Moreover, a boric ester can 
bind another Lewis base such as carbonyl compound to decrease the electron den-
sity in the carbonyl compound to give it a high oxidation potential (Fig.  2.15b ). For 
example, a blended electrolyte of 1.0 mol/kg LiBF 4  in  2e  and carbonate esters 
(1/1 mol) exhibited the oxidation potential of over 5.2 V [Pt/(Li/Li + )] while the 
decomposition of absolute carbonate ester electrolyte commenced at 4.3 V.

2.3.4         Cyclic Boric Esters 

 Boric anhydride (boric oxide, B 2 O 3 ) reacts with boric ester to give a cyclic boric 
ester of trialkoxyboroxine ( 3 , Fig.  2.16a ). The six-membered ring of the trialkoxy-
boroxine takes a planar benzenelike structure rather than the cyclohexanelike form 
where π-electrons of oxygen atoms are delocalized on the six-membered ring 
including vacant  p -orbitals of three boron atoms to give a planar structure 
(Fig.  2.16b ). When a small amount of  3  (0.2 wt%) is added to the carbonate ester 
electrolyte, the anodic reaction is stabilized [ 68 ]. The electric current at 5.0 V (vs. 
Li/Li + ) derived from decomposition of the carbonate ester largely decreased in the 
presence of  3d  when LiMn 2 O 4 , as a high-potential cathode, was utilized. A unique 
substituent effect was also observed: the trialkoxyboroxine ( 3d ) possessing  iso - 
propyl  moieties was most effective among the trialkokyboroxines ( 3a – 3d ). 
Presumably only  3d  has the preferable oxidation potential and thus is decomposed 
at around 4.0 V, resulting in formation of a solid electrolyte interface (SEI) contain-
ing boron atoms at the surface of the cathode to prevent further decomposition of 
the electrolyte. 
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 Another cyclic boric ester of triol borate ( 4 , Fig.  2.17 ) has a highly strained struc-
ture owing to the tricyclic skeleton which causes a strong Lewis acid nature [ 69 ].  4     
binds counter anions of LiF, Li 2 O, and Li 2 O 2  to dissociate them and to dissolve them 
into organic solvents. In addition to  3  and  4,  anion receptor molecules in battery 
electrolytes have recently received attention. As described above the required func-
tions for an anion receptor are (a) to dissociate an insoluble salt into the cation and 
anion, (b) to dissolve the salt into a solvent, (c) to increase the lithium transference 
number ( t  Li+ ) as the result of immobilizing anions, and (d) to interact with the sol-
vent molecule to withdraw the electrons on the molecule to prevent the facile oxida-
tion of it. Tris-(pentafl uorophenyl)borane (TPFPB,  5 , Fig.  2.17 ) also functions as an 
anion receptor and combines the required functions above [ 70 ].  5     also stabilizes the 
charge–discharge behavior when the electrolyte containing  5  constitutes a battery. 
2   -(2,3,4,5,6-pentafluorophenyl)-4,5,6,7-tetrafluoro-1,3,2-benzodioxaborole 
(PFPBDB,  6 , Fig.  2.17 ) also acts as an anion receptor [ 71 ].  6     exhibits the reversible 
redox-potential at 4.43 V and is expected to behave as a redox shuttle molecule in 
the electrolyte. The redox shuttle molecule protects the electrodes from their over-
charge with own redox-reaction.

2.3.5        Other Boron Compounds 

 Lithium tetrafl uoroborate (LiBF 4 ) is thermally stable and is not extremely moisture sen-
sitive when compared with lithium hexafl uorophosphate (LiPF 6 ). LiPF 6  easily reacts 
with H 2 O to exhaust HF and decomposes at 80 °C. However, the ionic conductivity of 
the LiPF 6  electrolyte is superior to that of the LiBF 4  electrolyte due to the difference in 
the degree of dissociation. Novel supporting salt molecules therefore are designed to be 
thermally stable, moisture insensitive, and have a high dissociation. Orthoborates in 
which the central boron atom has four B–O bonds are thermostable compounds and thus 
are suitable for anions of lithium salts. Although lithium bis(oxalate)borate (LiBOB,  7 , 
Fig.  2.18 ) initially commanded attention as a lithium salt and was well described in the 
literature [ 72 ], recently it has been viewed less as a support salt and more as an additive 
because of its low solubility in organic solvents, low fl uidity in solution, and diffi culty in 
purifying [ 73 ].  7     stabilizes the cathodic reaction at the surface of the carbon anodes. 
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Lithium difl uoro(oxalato)borate (LiDFOB,  8 , Fig.  2.18 ) also shows the same effect as 
the additive for an electrolyte [ 74 ]. Lithium bis[salicylato(2-)]-borate (LiBSB,  9 ) [ 75 ], 
lithium bis[croconate]-borate (LiBCB,  10 ) [ 76 ], and lithium bis[1,2- 
tetrafl uorobenzenediolato(2-)-O,O′] borate (LiBPFCB,  11 ) [ 77 ] have also been pro-
posed as novel orthoborate lithium salts (Fig.  2.18 ).

2.3.6        Summary 

 Boron is a fascinating atom when designing the novel functional solvent, additive, or 
supporting salt molecules because of its intrinsic electronic structure, giving rise to 
unique physical and electrochemical properties for boron-containing molecules. The 
properties differ quite a lot from those of molecules involving carbon, nitrogen, and 
oxygen atoms even if B, C, N, and O share similar atomic weights. Therefore, the boron-
containing molecules may give an initial clue to novel functions for battery materials.   

2.4     Phosphorous-Containing Organic Solvents 

2.4.1     Introduction 

 Lithium-ion batteries (LIBs) have been developed as advanced electric power 
sources for wide variety of portable electronics such as cellular phones, laptop com-
ports, and camcorders. Larger-size LIBs are now considered fi t to power systems 
such as electric vehicles (EV) and energy storage systems (ESS) due to their merits 
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  Fig. 2.18    Orthoborate lithium salt molecules       
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of high-energy density, high power, and long cycle life. Much attention has been 
focused on the safety issue of LIBs as battery sizes have increased and they have 
been more widely used [ 78 ]. The organic solvent-based electrolytes presently used 
in LIBs are highly fl ammable and can cause safety problems. Different approaches 
have so far been adopted to establish a safer electrolyte [ 79 ]. Some of these are: a 
polymeric solid electrolyte generally composed of lithium salt with a polyether- 
based polymer [ 80 – 82 ], room-temperature ionic liquids (RTIL) as nonfl ammable 
solvents [ 83 – 86 ], fl ame-retardant co-solvents or additives including phosphorous- 
containing organic esters or fl uorinated esters/ethers [ 87 – 91 ]. Use of inorganic solid 
electrolytes that conduct lithium-ion (Li + ) at an ambient temperature is another 
option to construct nonfl ammable LIBs [ 92 ,  93 ]. Table  2.5  shows the classifi cation 
and fundamental properties of nonfl ammable electrolyte systems so far proposed to 
build safer LIBs. Unfortunately, these approaches generally meet diffi culties in 
compatibility when assessing the basic battery performance, and reliabilty of the 
system. That is, the use of a safer electrolyte system tends to decrease the charge–
discharge performance including the rate capability of the cell and/or the reliability 
of the system. Thus, composite electrolyte systems consisting of several compo-
nents have so far been proposed as the practical electrolytes of LIBs: e.g.,, poly-
meric gels composed of nonfl ammable organic solvents [ 94 ], inorganic 
glass--ceramic electrolytes dispersed in polymeric matrices [ 95 ], ionic liquids 
mixed with nonfl ammable, and low-viscosity organic solvents [ 96 – 99 ].

   In the present chapter, the use of a phosphorous-containing organic compound, 
typically alkylphosphates and related compounds, has been reviewed as a 

   Table 2.5    Classifi cation of nonfl ammable electrolytes for lithium-ion batteries   

 Category  Composition  Example  Characteristics 

 Organic 
electrolyte 
solutions (with 
nonfl ammable 
components) 

 Nonfl ammable 
components as 
co-solvents or 
additives 

 Fluorinated esters  High ionic conductivity; 
trade-off between 
nonfl ammability and 
electrode performances 

 Organic phosphorous 
compounds 

 Polymeric solid 
electrolytes 

 Polymer complexes 
with lithium 
salts (LiX) 

 LiX/Poly(ethylene oxide) 
(PEO) 

 Low ionic conductivity at 
lower temperature; low 
Li +  transport number  LiX/PEO-grafted polymer 

 Polymeric gel 
electrolytes 

 Polymer complexes 
swollen with 
organic 
solutions 

 LiX/alkylcarbonate/PEO 
with nonfl ammable 
component 

 High ionic conductivity; 
trade-off between 
nonfl ammability and 
electrode performances 

 Ionic liquids  Ionic liquids (IL) 
dissolving 
lithium salt 
(LiX) 

 LiX/IL, IL: 1-ethyl- 
3methylimidazolium 
fl uorosulfonylamide 
(EMIFSA) 

 High ionic conductivity; 
low rate capability of 
electrode performances 

 Inorganic solid 
electrolytes 

 Li + -containing 
oxides, sulfi des, 
glass, ceramics 

 Li 2 S-P 2 S 5  glass, 
Li 10 GeP 2 S 12  crystal 

 High ionic conductivity; 
high Li +  transport 
number; low interfacial 
properties 
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nonfl ammable component in LIB electrolytes. Generally, phosphorous-containing 
organic compounds are well known and practically used as fi re-retardant materials 
that suppress the fl ammability of organic polymers [ 100 ,  101 ]. In the following sec-
tions, research papers on organic electrolyte solutions containing alkylphosphates 
and related compounds for LIBs are reviewed fi rst, and then successful results on 
the development of polymeric gel electrolytes containing alkyl phosphates are 
described next.  

2.4.2     Alkylphosphates and Related Compounds as Flame- 
Retardant Additives/Co-solvents 

2.4.2.1     Alkylphosphates 

 The use of alkylphosphates as a nonfl ammable component in LIB electrolytes was 
fi rst proposed by Wang and colleagues [ 87 ]. They reported that trimethylphosphate 
(TMP) works as a fl ame-retardant additive or co-solvent in a mixed alkylcarbonate- 
based electrolyte solution. The most alkylcarbonate solvents used in conventional 
LIB shows good compatibility with TMP. That is, the solubility of TMP is generally 
high in alkylcarbonates. Figure  2.19  shows the results of qualitative evaluation for 
nonfl ammability and a self-extinguishing property of TMP- containing mixed alkyl 
carbonate, ethylene carbonate (EC) and diethyl carbonate (DEC) [ 94 ]. In a binary 
system of EC + TMP, the amount of 20 vol.% of TMP is enough to suppress the 
fl ammability. However, more than 50 vol.% of TMP is needed to keep nonfl amma-
bility in the DEC + TMP binary system. These results are consistent with those 
reported by other research groups [ 87 ,  102 – 104 ]. As clearly shown in Fig.  2.19 , the 
fl ame-retardant ability of TMP depends on the composition of the base solution. In 
EC + DEC (2:1 by vol), addition of TMP with 20 vol.% or higher suppresses the 
fl ammability of the electrolyte solution. In a mixed system of EC with ethyl methyl 
carbonate in 1:1 mass (weight) ratio (EC + EMC, 1:1), however, greater amounts of 
TMP are needed to suppress the fl ammability of the solution. The nonfl ammability 
of the electrolyte solution was more quantitatively evaluated by a self-extinguish 
time (SET) [ 103 ,  105 ]. According to the SET examination, the minimum amount of 
TMP suppressing the combustion was 30 % (in mass) in a mixed EC + EMC (1:1 by 
mass) solvent system [ 103 ].

   Changes in physicochemical properties of the electrolyte solution when adding 
TMP have also been reported by Morimoto et al. [ 106 ]. Because the viscosity of 
TMP is lower than ethylene carbonate (EC) but higher than linear alkylcarbonates 
such as dimethyl carbonate (DMC) and DEC, the viscosity of the solution slightly 
increases with the addition of TMP. In Fig.  2.20 , ionic conductivity of 1.0 mol dm −3  
(M) LiPF 6  and LiBF 4  in the mixed alkyl carbonates is shown as a function of the 
solvent composition [ 106 ]. The conductivity of LiPF 6  decreases with the TMP con-
tent. This is because the viscosity of the solution increases with the TMP content. 
However, in the LiBF 4  solution, the conductivity increases with the TMP blending, 
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  Fig. 2.19    Nonfl ammable and self-extinguishable compositions in LiPF 6 /EC + DEC + TMP 
system       
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  Fig. 2.20    Ionic conductivity 
of 1 mol dm −3  LiPF 6  and 
LiBF 4  solutions as a function 
of TMP content in EC + DMC 
(1:1 by vol.) at 25 °C       

and then decreases in the solution containing higher TMP content than 80 %. 
Because the LiBF 4  salt has rather strong interaction between the cation (Li + ) and 
anion (BF 4  − ), the degree of ionic association is rather high in the system containing 
a high concentration of LiBF 4 . Thus, the increase in the conductivity with the addi-
tion of TMP up to 50 vol.% is attributable to the decrease in the ionic association 
caused by the introduction of the higher permittivity component TMP.
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   Besides nonfl ammability, the contribution of TMP to the thermal stability of the 
LiPF 6  solution with EC-based mixed solvents is signifi cant [ 94 ]. It is well known 
that LiPF 6  is thermally decomposed at around 60 °C or higher. The addition of TMP 
with 20 vol.% or higher suppresses the decomposition of the PF 6  salt dissolved in 
the EC-based solvent. Possible reaction schemes have been proposed, in which radi-
cal propagation in the oxidation process of alkyl esters will be terminated by TMP 
[ 94 ]. The thermal decomposition of PF 6  −  anion evolves an acid HF, which would 
assist the oxidative decomposition of alkyl esters. The component TMP would act 
as a scavenger of organic radicals in such oxidation processes. With respect to the 
fi re-retardant ability of TMP, some reaction mechanisms have been proposed. One 
of the proposed schemes is shown in Fig.  2.21  [ 87 ], in which a phosphorous- 
containing radical, [P]•, evolved by partial decomposition of TMP traps the hydro-
gen radical, H•, being a main carrier in the oxidative chain reaction (i.e., combustion) 
of alkyl esters. This radical trapping by the phosphorous-containing radical can be 
effective for suppressing the thermal decomposition of mixed alkyl ester solutions 
containing the PF 6  −  anion. The effects of TMP addition on the thermal stability of 
an LIB system are also examined in alkylcarbonate-based electrolytes in contact 
with fully charged graphite negative and LiCoO 2  positive electrodes [ 107 ]. 
The addition of TMP improves the thermal stability of the positive electrode side, 
while it does not suppress the highly exothermic reaction at the fully charged nega-
tive electrode. Thus, only a limited contribution of the fl ame-retardant component 
to the thermal stability of the LIB system is generally recognized.

   The basic properties of the LIB electrode in the electrolyte solutions containing 
TMP have also been presented by Wang et al. [ 87 ,  103 ]. For the graphite negative 
electrode, the addition of considerable amounts of TMP causes the irreversibility of 
the charge--discharge process. This is because the surface process at the graphite in 
the electrolyte-containing TMP is different from the EC-based electrolyte [ 87 ]. As 
already discussed, the electrochemical Li-intercalation into graphite structure 
occurs through a thin layer, the so-called SEI (solid electrolyte interphase) formed 
at the graphite electrode [ 108 – 110 ]. In the EC-based electrolyte, the decomposition 
product of the EC component produces good SEI structure, while the electrochemi-
cal process in the solution containing TMP does not form compact SEI. The addi-
tion of an SEI-forming component, such as vinylene carbonate (VC), improves the 
rechargeability of the graphite electrode, as shown in Fig.  2.22  [ 111 ]. A small 
amount of the additive is effective in forming a fi lm on the graphite surface. On the 
other hand, nongraphitizable carbon (hard carbon) shows rather good rechargeabil-
ity as the negative electrode even in the solution containing TMP, because it does 
not need the formation of compact SEI that is required for the graphite electrode 
[ 103 ]. Also, common lithiated transition-metal oxides, such as LiCoO 2  and 
LiMn 2 O 4 , work well as positive electrodes in TMP-containing electrolytes [ 87 , 
 106 ]. As shown in Fig.  2.23  [ 87 ], suffi ciently high rechargeable capacity was 
reported for the LiCoO 2  positive electrode in a LiPF 6  solution dissolved in 
EC + DEC + TMP (35:35:30). Almost the same discharge capacity and cycle perfor-
mance are reported for LiMn 2 O 4  in LiBF 4 /EC + DMC + TMP as those in the conven-
tional electrolyte solutions without TMP [ 106 ].
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  Fig. 2.22    First-cycle charge–discharge curves of Li/graphite (STG) half-cell using 1 mol dm −3  
LiBETI/TMP electrolyte with and without additives       

[ P ] ·  + H · → [ P ]H 

2. Evolution of P-containing radical from TMP

TMPgas→ [ P ] · 

3. Trapping H ·  by radical [ P ] ·, suppressing
    the reaction of step (2)   

H · + O2 → HO · + O ·  (2)

O · + H2 → HO · + H ·

HO · + H2 → H · + H2O  (3)

RH → R · + H ·  (1)

1. Thermal decomposition of 
       organic compounds

→Terminating the chain-reaction

  Fig. 2.21    A proposed mechanism for suppressing the decomposition reaction by addition of a 
phosphorous-containing compound       

    Other alkylphosphates have also been examined as fi re-retardant additives or co- 
solvents in LIB electrolytes [ 112 ]. With respect to fi re-retardant ability, the length 
of the alkyl chain in the phosphates is critical. The SET values of the solutions 
containing different alkylphosphates tend to be longer as the length of the alkyl 
chain when the systems contain the same mole fraction for different phosphates. 
That is, the P/C atomic ratio in the system determines SET. On the other hand, the 
reduction potential of alkylphosphate, which is strongly related to the SEI formation 
process at the graphite negative electrode, tends to shift to negative one when 
increasing the carbon in the alkyl group. Viscosity and dielectric properties are also 
infl uenced by the length of the alkyl chain in the phosphates. 

 Feng et al. [ 112 ] reported the use of dimethyl methyl phosphate (DMMP) as a 
nonfl ammable solvent. The basic properties of DMMP are between those of TMP 
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and triethylphosphate (TEP). With respect to rechargeability of the graphite nega-
tive electrode, highly irreversible behavior was observed in the electrolyte (LiClO 4 ) 
solution using a DMMP solvent. However, reasonable cycling capacity was given 
by adding 10 vol.% of chloroethylene carbonate (Cl-EC) to the DMMP-based solu-
tion. Charge–discharge performances of a graphite/LiCoO 2  cell were also reported 
for the case using LiClO 4 /DMMP + Cl-EC. Consequently, possible alkylphosphates 
as the co-solvents giving both suffi cient nonfl ammability and electrochemical per-
formances of the LIB electrolyte would be limited to such lower molecular weight 
compounds as TMP, TEP, and related compounds.  

2.4.2.2     Fluoroalkylphosphates 

 Organic compounds that contain C–F bonds generally show nonfl ammability or fi re-
retardant property. Thus, fl uoroalkyl-ethers and -esters have been attempted as non-
fl ammable or fl ame-retardant solvents for LIB electrolytes [ 88 ,  89 ,  113 ]. Fluorinated 
alkylphosphates, or fl uoroalkylphosphates, have higher fl ame-retardant properties 
than the corresponding alkylphosphates. Jow and co-workers [ 104 ,  114 – 116 ] 
reported a series of fl uoroalkylphosphate, i.e., tris(2,2,2-trifl uoroethyl) phosphate 
(TFP), bis(2,2,2-trifl uoroethyl)-methyl phosphate (BMP) and (2,2,2-trifl uoroethyl)-
diethyl phosphate (TDP) (Fig.  2.24 ), as nonfl ammable additives or co-solvents of 

  Fig. 2.23    First-cycle charge–discharge curves of Li/LiCoO 2  half-cell with1 mol dm −3  LiPF 6 /
EC + DEC + TMP (35:35:30)       
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LIBs. Among them, TFP shows high nonfl ammability of the electrolyte and good 
compatibility with the graphite-based negative electrode. Introduction of fl uorine 
atoms to ethyl groups of TEP decreases its boiling point (bp) and viscosity. In 
Fig.  2.25  [ 115 ], SET values of the electrolytes containing fl uoroalkylphosphates are 
compared with those of the solutions containing alkylphosphates. The results clearly 
imply that fl uorinated alkylphosphates have higher nonfl ammability than that of 
TEP-containing solutions, with respect to the same amount (in mass%) of the fl ame-
retardant components.

    Because the dielectric constant (relative permittivity) of TFP is lower than that of 
EC ( ε  r : 11 for TFP, 90 for EC), the ionic conductivity of LiPF 6  solution decreases 
when adding TFP to mixed EC + EMC solvent in the wide temperature range [ 115 ]. 
Also the higher concentration of TFP tends to decrease the rechargeability of the 
graphite-based negative electrode. Thus, about 40 % of the TFP component in the 
electrolyte satisfi es both the nonfl ammability and the reversibility of the electrode 
in the LIB system.  

TFP BMP TDP

  Fig. 2.24    Chemical structures of typical fl uorinated alkylphosphates       

  Fig. 2.25    Comparison in fl ammability of the electrolyte solutions with different fi re-retardant 
additives. The base electrolyte: 1.0 mol dm −3  LiPF 6 /EC + EMC (1:1)       
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2.4.2.3     Alkyl Phosphonates and Phosphites 

 The use of alkyl phosphonates as the co-solvent of EC-based electrolytes has been 
proposed by Xiang and co-workers [ 91 ,  117 ,  118 ]. Dimethyl methylphosphonate 
(DMMPp), a typical alkyl phosphonate, has low viscosity ( η : 1.75 mPa s) and mod-
erate permittivity ( ε  r : 22.3) with a low melting point (−50 °C) and a high boiling 
point (180 °C). Nonfl ammability of DMMPp seems to be superior to or comparable 
with that of a corresponding alkyl phosphate [ 91 ]. That is, the addition of 10 mass% 
DMMPp to LiPF 6 /EC + DEC showed a self-extinguishing property. However, suf-
fi cient nonfl ammability was observed for the system containing about 50 vol.% of 
DMMPp [ 117 ]. In those systems, a huge irreversible capacity was also observed for 
graphitic carbon, MCMB (mesocarbon microbead), as the negative electrode. 
Addition of such SEI-forming reagents as vinyl ethylene carbonate (VEC) improved 
the reversibility of the MCMB negative electrode (Fig.  2.26 ). Xiang et al. also 
reported that the DMMPp-based nonfl ammable electrolyte works for a cell consist-
ing of Li 4 Ti 5 O 12  negative and LiNi 0.5 Mn 1.5 O 4  positive electrodes, in which about 3 V 
of the operation voltage is available [ 118 ]. The effects of DMMPp addition in the 
electrolyte consisting of lithium bis(oxalatoborate) (LiBOB) salt have been more 
recently reported [ 119 ]. Better compatibility between nonfl ammability and the elec-
trode performances was obtained. Further, Wu et al. [ 120 ] reported dimethyl(2- 
methoxyethoxy)methylphosphonate (DMMEMPp) as a new fl ame-retardant solvent 
in a Li/LiFePO 4  system. They confi rmed the nonfl ammability of the  LiTFSA/
DMMEMPp electrolyte system (TFSA: trifl uoromethylsulfonyl amide) and good 
cycling performance of the LiFePO 4  positive electrode.

   Alkylphosphites are another family of phosphorous-containing organic esters, in 
which the oxidation state of phosphorous is III. Chen et al. [ 121 ,  122 ] fi rst reported 
the use of trimethylphosphite (TMPi) as a fl ame-retardant additive in LiPF 6 /
EC + DEC. The effect of TMPi on the nonfl ammability of the electrolyte is unclear, 
but some positive effects on the thermal stability of LiCoO 2  and LiNiO 2  electrodes 
have been demonstrated. The experimental results on thermal and FT-IR analyses 
gave a possible mechanism for improving the thermal stability and electrode perfor-
mance in the electrolyte containing TMPi. 

 Jow and co-workers have reported fl uorinated alkyl phosphites as the additive 
components in EC-based electrolytes. Among them, tris(2,2,2-trifl uoroethyl) phos-
phite (TTFP) was fi rst reported as a thermal stabilizer for LiPF 6 -based electrolytes 
[ 90 ,  123 ].  

2.4.2.4     Other Phosphorous-Containing Compounds 

 Arylphosphates are also possible candidates of fl ame-retardant additives. Wang 
et al. [ 124 ,  125 ] reported the effects of 4-isopropyl phenyl diphenyl phosphate 
(IPPP) addition on the thermal stability of LiPF 6 /EC + DEC electrolyte. Addition of 
5 mass% of IPPP showed positive effects on the decrease in the onset temperature 
and exothermic behavior of the electrolyte solution [ 125 ]. A fl ame-propagation test 
was also examined for the electrolyte containing IPPP. Addition of 15 wt% (% in 
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  Fig. 2.26    First-cycle charge–discharge curves of Li/graphite (MCMB) half-cells with different 
electrolytes. (a): 1 M LiPF 6 /EC + DEC(1:1), (b) 1 M LiPF 6 /EC + DEC + DMMPp (1:1:2), (c) 1 M 
LiPF 6 /EC + DEC + DMMPp (1:1:2) + 5 wt% VEC       

mass) or more gave a good result for the nonfl ammability of the electrolyte, but 
decreased the discharge capacity and the cycleability of the LiCoO 2  positive elec-
trode [ 124 ]. 

 As another phosphate-based fl ame-retardant additive, cresyldiphenyl phosphate 
(CDP) has been examined in LiPF 6 /EC + DEC (1:1) [ 126 ] and LiPF 6 /
EC + DMC + EMC (1:1:1) [ 127 ]. The addition of 5 % (in mass) CDP decreased 
SET, but its ability for nonfl ammability was not so high. The effect of CDP on the 
battery performance of the graphite/LiCoO 2  system was small when the addition to 
the electrolyte solution was limited to a lower level (~5 %). The effect of tris-(4- 
methoxyphenyl)phosphate (TMMP) on the overcharge protection is also reported in 
a graphite/LiFePO 4  system using [ 128 ]. The addition of TMMP in LiClO 4 /
EC + DMC electrolyte shows a decrease in the SET and shifts the oxidation poten-
tial of the electrolyte to a less positive one. 

 Phosphazenes have also been known as effective fl ame retardants for plastics 
[ 129 ]. Several research groups reported the utility of this family as the fl ame- 
retardant component in the LIB electrolytes. Lee et al. [ 130 ] examined hexame-
thoxycyclotriphosphazene [NP(OCH 3 ) 2 ] 3 : HMPN, in LiPF 6 /EC + DMC (1:1). 
The addition of HMPN delays the exothermal reaction of lithiated graphite with 
the electrolyte in a DSC measurement and decreased the self-heating rate in an 
ARC (accelerating rate calorimater) test [ 130 ]. A relatively small amount 
(1.5 wt%) of HMPN does not show a signifi cant infl uence on the cycling perfor-
mance of the LiNi 0.8 Co 0.2 O 2  positive electrode [ 130 ]. Xu et al. [ 103 ] reported 
that, in SET experiments, a considerable amount of HMPN (>40 wt%) is needed 
to establish suffi cient nonfl ammability for the LiPF 6 /EC + EMC electrolyte. In 
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Fig.  2.27  [ 103 ], the SET value of the electrolyte solution and the discharge 
capacity of the graphite/LiNiO  x   cell using the additive-containing electrolytes 
are shown as a function of the fl ame- retardant content. We can see trade-off 
behavior between low fl ammability and the electrode performance for the 
HMPN-added electrolyte, which is commonly observed in the electrolyte sys-
tems containing organophosphorous compounds as the fl ame-retardant compo-
nents. Sazhin et al. [ 131 ] synthesized two kinds of phosphazene compounds and 
evaluated the nonfl ammability in EC + EMC-based electrolyte. They observed a 
signifi cant increase in the fl ash point of the electrolyte with the content of the 
additives.

   Hu et al. reported a phosphonamidate, bis( N , N -diethyl) (2-methoxyethoxy)
methylphosphonamidate (DEMEMPA), as a new P-N-containing organic fl ame- 
retardant additive [ 132 ]. Addition of 10 wt% of DEMEMPA to LiPF 6 /EC + DMC 
decreases the SET value. The effects of DEMEMPA addition on the cycling 
performances are rather small for MCMB negative and LiFePO 4  positive 
electrodes.   

  Fig. 2.27    Trade-off between low fl ammability and electrolyte performance. Capacity utilization 
of fi rst cycle and retention at hundredth (for TMP, TEP) or fi ftieth cycle (HMPN)       
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2.4.3     Polymeric Gel Electrolytes Containing Alkylphosphates 

 Polymeric gel electrolytes that consist of polymer matrices swollen with organic 
electrolyte solutions are promising quasi-solid electrolytes that contribute to estab-
lishing safer and more reliable LIB systems for stationary and vehicle uses [ 94 , 
 133 ]. The author’s research group has proposed polymeric gel electrolytes contain-
ing nonfl ammable organic components [ 133 ,  134 ]. The key technology of such gel 
electrolytes is ensuring compatibility of the nonfl ammability with the cell perfor-
mance. In this section, basic properties and LIB electrode characteristics of poly-
meric gel systems containing alkylphosphates are reviewed. 

2.4.3.1     Gel Electrolytes Containing Trimethylphosphate 

 Nonfl ammable polymeric gel fi lms can be obtained by swelling a polymer matrix 
with a lithium salt solution containing suffi cient amount of nonfl ammable compo-
nent. Typically, a polar polymer matrix such as poly(vinylidenefl uoride-co- 
hexafl uoropropylene) (PVdF-HFP) is chosen as the host polymer and mixed 
EC + DMC solution dissolving lithium salt (LiPF 6  or LiBF 4 ) is utilized as the liq-
uid component. It is confi rmed that nonfl ammability is established for the gel 
consisting of 20 vol.% or more of TMP in the liquid phase. Gelation of the fl ame-
retardant EC + DMC + TMP solution decreases the ionic conductivity, but still 
maintains high values of over 10 −3  S cm −1  at room temperature, as shown in 
Fig.  2.28  [ 135 ]. Similar to the case in liquid electrolyte solutions, addition of VC 
as an SEI modifi er in the liquid phase of the gel is also effective for rechargeabil-
ity of graphite-based negative electrode in TMP-containing gel electrolyte sys-
tems. Figure  2.29  shows the changes in the discharge capacity of the graphite 
(KS6, TIMICAL) electrode in the gels consisting of LiPF 6 /EC + DEC + TMP 
(55:25:20) with and without VC (2 wt%), compared with that observed in conven-
tional liquid electrolyte, LiPF 6 /EC + DEC (2:1) [ 134 ]. For both gel electrolytes, 
several cycles were initially required to obtain stable capacity. During the initial 
cycles, the liquid component will be introduced into the pore structure of the elec-
trode to form a good electrode/electrolyte interface. The addition of VC leads to 
high rechargeability of graphite in the gel containing the nonfl ammable compo-
nent TMP.

    On the rechargeability of the oxide-based positive electrode, the TMP-containing 
nonfl ammable gel electrolyte shows good compatibility with positive electrode 
materials. With respect to the electrolytic salt, however, LiBF 4  is better than LiPF 6  
for the rechargeability of the LiMn 2 O 4  positive electrode [ 135 ]. In the gel electrolyte 
dissolving LiPF 6 , trace amounts of water in the system assist thermal decomposition 
of PF 6  −  anion during the gelation with heat treatment. The resulting gel contains a 
small amount of HF that promotes the dissolution of Mn species in LiMn 2 O 4 , lead-
ing to the degradation of the cycleability of the positive electrode.  
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  Fig. 2.29    Discharge capacity of a graphite (KS6) electrode in (a) 1 M LiPF 6 /EC + DEC (2:1) 
solution, (b) 0.8 M LiPF 6 /EC + DEC + TMP (55:25:20) gel, and (c) 0.8 M LiPF 6 /EC + DEC + TMP 
(55:25:20) + VC (2 wt%) gel       

  Fig. 2.28    Temperature dependence of ionic conductivity for (a) 0.8 M LiPF 6 /EC + DEC + TMP 
(55:25:20) solution, (b) 0.8 M LiPF 6 /EC + DEC + TMP (55:25:20) gel, and (c) 0.8 M LiBF 4 /
EC + DEC + TMP (55:25:20) gel       

2.4.3.2     Gel Electrolytes Containing Triethylphosphate 

 The fi re-retardant ability of TEP itself is somewhat lower than that of TMP because 
of the lower P/C ratio in its chemical structure. However, the former would be supe-
rior to the latter with respect to compatibility with the graphite-based negative 
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  Fig. 2.30    Temperature dependence of ionic conductivity for (a) 1 M LiBF 4 /EC + DEC + TEP 
(55:25:20) solution and (b) 1 M LiBF 4 /EC + DEC + TEP (55:25:20) gel       

electrode. Similar to the system containing TMP, an electrolyte solution of 1.0 M 
LiBF 4  in mixed EC + DEC + TEP (55:25:20 in volume) is easily solidifi ed by PVdF-
HFP to form transparent self-standing fi lm with suffi cient mechanical strength. 
From the experimental results of thermal analyses, the addition of TEP also shows 
higher on- set temperature for exothermic decomposition than that of the gel without 
TEP. Thus, a gel system containing TEP would be promising for practical LIB as 
nonfl ammable polymeric gel electrolyte (NPGE). In Fig.  2.30 , ionic conductivity of 
NPGE is compared with that of the base solution electrolyte, LiBF 4  (1.0 M)/
EC + DEC + TEP [ 136 ]. The gel system containing TEP shows a high ionic conduc-
tivity of ca. 2 mS cm −1  at room temperature, which is a value comparable to that of 
the gel consisting of TMP [ 94 ,  134 ].

   The compatibility of NPGE containing TEP with LIB electrodes is examined for 
graphite (KS6) negative and LiMn 2 O 4  positive electrodes by cyclic voltammetry 
and constant-current charge/discharge cycling. In Fig.  2.31  [ 136 ], a typical cyclic 
voltammetric response of the graphite electrode in the NPGE containing TEP is 
compared with that in the gel containing TMP. The voltammogram in the gel con-
taining TEP shows reversible current response corresponding to Li-insertion/deser-
tion, which is similar to that in the gel without TEP and completely different from 
the behavior in the gel containing TMP. This difference in the current responses 
among the gel composition would be caused by the difference in the interfacial 
properties between the graphite electrode and the gel electrolyte. That is, the chem-
istry and electrochemical properties of SEI formed at the graphite surface would 
depend much on the fl ame-retardant additives, TEP and TMP, as already discussed 
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above. Figure  2.32  shows an example of the rate-capability of the LiMn 2 O 4  positive 
electrode in NPGE containing TEP [ 136 ]. More than 90 % of the utility is obtained 
at a 2C-rate discharge under room temperature conditions.

    In order to examine the general features of NPGE, alkylcarbonate-based electro-
lyte solutions containing different phosphorous-containing additives have been pre-
pared. Free-standing polymeric gel fi lms are easily obtained by a thermal casting 
method using a PVdF-HFP host polymer. In most cases, the gel fi lms containing a 
suffi cient amount of the fi re-retardant additives show excellent nonfl ammability and 
ionic conductivity. However, the compatibility of NPGE with the electrode materi-
als is strongly dependent on the sort of the additive component. For example, NPGE 
containing diphenylphosphite (DPP) as the fi re-retardant additive shows excellent 
nonfl ammability but poor cycleability of the LiMn 2 O 4  positive electrode. Anodic 
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oxidation of DPP inhibits the rechargeability of the positive electrode. If one uses 
electrode material having a lower redox potential, such as LiFePO 4 , NPGE contain-
ing DPP shows a reversible electrode reaction with high coulombic effi ciency [ 137 ].  

2.4.3.3     Effects of Lewis-Acid Polymer in Gels Containing 
Triethylphosphate 

 In order to improve the mass-transport properties, especially at the interface of the 
solid electrode and the gel electrolyte, different attempts have been reported. The 
introduction of Lewis-acid polymers (LAPs) into gel electrolyte systems is effective 
to enhance the Li +  ion mobility and compatibility of quasi-solid (gel) electrolytes 
with solid electrode materials [ 138 – 140 ]. With respect to the gel containing the 
fl ame-retardant additive, the authors’ group reported the utility of LAP in a poly-
meric gel containing TEP [ 141 ]. Typical LAP is synthesized by dehydrated conden-
sation of boron oxide (B 2 O 3 ) with tri(ethylene glycol) monomethylether (TEGMME) 
and poly(ethylene glycol) (PEG) with a molecular weight of 300. The resulting 
polymer is blended in a PVdF-HFP-based polymeric gel electrolyte containing TEP 
(NPGE: PVdF-HFP/LiBF 4 /EC + DEC + TEP). The effects of the addition of LAP on 
the ionic conductivity of NPGE are shown in Fig.  2.33  [ 141 ]. The addition of a 
small amount of LAP, with a molar ratio of [Li + ]/B = 10/1, improved the ionic con-
ductivity across the whole temperature range examined (−20 to +60 °C). The excess 
amount of LAP added to NPGE is practically avoided because the higher content of 
LAP tends to deteriorate the mechanical strength of NPGE.
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  Fig. 2.33    Temperature dependence of ionic conductivity for 1 M LiBF 4 /EC + DEC + TEP 
(55:25:20) solution ( open triangle ), 1 M LiBF 4 /EC + DEC + TEP (55:25:20) gel (NPGE,  open 
circle ), and 1 M LiBF 4 /EC + DEC + TEP (55:25:20) + LAP gel (NPGE-LAP,  fi lled circle )       
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  Fig. 2.34    AC impedance responses of Li/gel electrolyte/Li cells: (a) Nyquist plot ( a : NPGE,  b : 
NPGE-LAP), (b) time dependence of bulk resistance    ( R  bulk :  a  and  b ) and interfacial resistance ( R  int : 
 c  and  d ), ( a  and  c : for NPGE,  b  and  d : for NPGE-LAP)       

   The improvement of the conductivity by adding LAP is considered to be mainly due 
to a decrease in the association between the Li +  cation and the BF 4  −  anion. The spec-
troscopic data of NPGEs with and without LAP prove that the Lewis-acid boron center 
interacts with the Lewis-base BF 4  − , and there is no ion-pair formation in the LAP-
containing NPGE [ 141 ]. With respect to the ionic mobility itself, a high value of Li +  
with a transport number (~0.6) is demonstrated as the result of direct- current polariza-
tion measurements combined with an ac impedance technique. As smaller values than 
0.5 have been usually obtained for conventional organic electrolyte solutions and 
poly(ethlene oxide)–based solid electrolytes, the above value for NPGE-LAP is 
regarded to be quite high for Li +  ion conduction in this kind of gel electrolyte system. 

 In Fig.  2.34  [ 141 ], ac impedance responses of Li metal/NPGE (with and without 
LAP)/Li metal symmetric cells are shown as an example of the examination of 
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infl uences of LAP on the interface behavior of NPGE. The interfacial resistance, 
 R  int , between Li/NPGE (without LAP) increases with the time, while its bulk resis-
tance,  R  bulk , remains almost constant during the storage. The addition of LAP 
decreases  R  int  itself by one- to twofold, and reduces the increment during the stor-
age. A model for the additional effects of LAP on the interfacial behavior is pre-
sented as shown in Fig.  2.35  [ 141 ]. Because Li metal is highly reactive toward 
organic compounds, it reacts with alkyl carbonate molecules that form Li +  solvation 
at the vicinity of the interface between the Li electrode and the gel electrolyte. The 
decomposition of the organic solvent molecules produces a surface thin layer (SEI). 
The resistance of the resulting thin layer infl uences the Li +  mobility at the interface. 
A thicker layer with high resistivity hinders the fast movement of Li +  at the inter-
face. The introduction of LAP in the NPGE leads to the anion trapping by the 
Lewis-acid interaction, providing free Li +  at the interface. Thus, the number of Li +  
solvation decreases at the interface, and a thinner layer will be formed as compared 
to NPGE without LAP.

    The results of thermal analyses demonstrated that the introduction of LAP into 
NPGE also reduces the exothermic heat for thermal decomposition of the liquid 
component dissolving the Li salt. The charge/discharge characteristics of LiMn 2 O 4  
positive electrode have also been reported. The addition of LAP to NPGE does not 
have a negative infl uence on the electrode behavior of LiMn 2 O 4 . There is a high rate 
capability of the oxide electrode in the present NPGE-LAP system: ca. 80 % or 
higher of utilization is achieved for the cycling under a 2C-rate at ambient 

  Fig. 2.35    A schematic model for an Li/gel electrolyte interface having interactions between ions 
and LAP in NPGE. (a) NPGE, (b) NPGE-LAP       
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temperature [ 141 ]. We conclude that NPGE-LAP can be used for an LIB system for 
high-power- density applications with suffi cient safety and reliability.   

2.4.4     Summary 

 A variety of organophosphorous compounds, especially in the alkylphosphates fam-
ily, have been examined as fl ame-retardant co-solvents or additives in LIB electro-
lyte systems. Polymeric gel electrolytes containing fl ame-retardant components 
would be another choice to produce a battery with a safer and more reliable cell 
performance. In both cases, nonfl ammability or the self-extinguishing property of 
the electrolyte system depends very much on the P/C atomic ratio in the resulting 
electrolyte. Thus, the higher P/C ratio tends to be effective in establishing nonfl am-
mability. However, battery performances, especially for graphite-based negative 
electrodes, have a tendency to decrease with an increasing P/C ratio. No clear solu-
tion has been found for this trade-off behavior. Utilization of an effi cient SEI- 
forming reagent would be a condition to deliver suffi cient cell performance for the 
system using completely nonfl ammable electrolyte systems.   

2.5     Sulfur-Containing Organic Solvents 

2.5.1     Introduction 

 Sulfur has been an important element used for the electrolyte solvents for lithium 
and lithium-ion batteries. Sulfur-containing organic solvents such as dimethyl sulf-
oxide and sulfolane are popular solvents for nonaqueous electrolytes [ 142 ]. Sulfur- 
containing inorganic solvents such as SO 2  and SOCl 2  have been used as catholytes 
for lithium cells as listed in Tables  2.6  and  2.7 , where typical chemistries for pri-
mary and secondary cells are given, respectively [ 143 ,  144 ]. Although no sulfur- 
containing organic solvent is commercially used in lithium-ion cells, nonaqueous 
electrolytes containing sulfolane have already been commercially produced for alu-
minum electrolytic capacitors and double-layer capacitors [ 145 ,  146 ], and have 
been examined for lithium cells for high-temperature applications. The authors 
review the papers on lithium and lithium-ion cells using sulfur-containing organic 
solvents that were published after 1990.

2.5.2         Properties of Organo-Sulfur Compounds 

 Organo-sulfur compounds are classifi ed into sulfi de, sulfoxide, sulfone, sulfi te, sul-
fonate, and sulfate depending on the number and kind of oxygen atoms. The physical 
properties of acyclic (dimethyl derivatives) and cyclic (fi ve-membered derivatives) 
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compounds are listed in Table  2.8 , where FW,  d , mp, bp, fp,  ε  r ,  η ,  E  IP , and  E  EA  are 
formula weight, density, melting point, boiling point, fl ash point, relative permittiv-
ity, viscosity, ionization potential, and electron affi nity, respectively. The ionization 
potential (IP) and electron affi nity (EA) in one-electron oxidation and reduction of a 
single molecule was calculated by B3LYP/6 − 311 +  G (2d,p) without changing the 
atomic coordinates during the electron transition [ 147 ]. The values for DMC and EC 
are also given for reference. Generally, the ionization potential increases and the 
electron affi nity decreases as the number of oxygen atoms increases.

     (a)    Sulfi des 
 Sulfi des contain a bivalent sulfur atom. Their strong, unpleasant odor is a prob-
lem for use. Since lone-pair electrons on the sulfur atoms are easy to oxidize 
(low IP), there are no recent uses for use in batteries.   

   Table 2.6    Primary lithium cells commercialized in the 1970s   

 Code 
 Positive 
electrode  Electrolyte  Voltage  Manufacturer  Year 

 B  (CF)  n    LiBF 4 /GBL  2.6  Panasonic  1971 
 –  l 2 -PVP  Lil  2.7  Wilson Greatbatch  1972 
 –  Ag 2 CrO 4   LiClO 4 /PC  3.0  SAFT  1973 
 –  SO 2   LiBr/AN-SO 2   2.6  (American Cyanamid)  1974 
 E  SOCl 2   LiAICl 4 /SOCl 2   3.5  GTE  1974 
 –  V 2 O 5   LiAsF 6 -LiBF 4 /MF  2.8  Honeywell  1975 
 –  CuS  LiClO 4 /DOL-DME  1.8  DuPont  1975 
 G  CuO  LiClO 4 /DOL  1.5  SAFT  1975 
 F  FeS 2   LiCF 3 SO 3 /MOX-DOL-DME  1.6  Union Carbide  1976 
 C  MnO 2   LiClO 4 /PC-DME  2.8  Sanyo Electric  1976 

   Table 2.7    Secondary lithium cells developed in the 1980s   

 Type 
 Negative 
electrode 

 Positive 
electrode  Electrolyte  Manufacturer  Year 

 Coin  Li-Al  TiS 2   LiClO 4 /DOL  Exxon  1978 
 Li-BiPbSnCd  C  LiClO 4 /PC-DME  Panasonic  1985 
 Li-Al  PAn  LiBF 4 /PC-DME  Bridestone  1987 
 Li-Al  TiS 2   LiPF 6 /4MeDOL- HMPA   Hitachi Maxwell  1988 
 Li-LGH  V 2 O 5   LiClO 4 /PC  Toshiba  1988 
 Li-PAS  PAS  LiBF 4 /PC  Kanebo  1989 
 Li-AlMn  Li  x  MnO 2   LiCF 3 SO 3 /EC-BC-DME  Sanyo Electric  1989 

 Cylidrical  Li  TiS 2   LiAsF 6 /2MeTHF  EIC Lab.  1979 
 Li  SO 2   Li 2 B 10 Cl 10 /SO 2   Duracell  1981 
 Li  MoS 2   LiAsF 6 /EC-PC  Moli Energy  1987 
 Li  TiS 2   LiAsF 6 /2MeTHF  W. R. Grace  1987 
 Li  NbSe 3   LiAsF 6 /PC-2MeTHF  AT&T Bell Laboratories.  1988 
 Li  CuCl 2 , SO 2   LiAICl 4 /SO 2   Altus  1989 
 Li  LiMn 3 O 6   LiAsF 6 /DOL-TBA  Tadiran  1989 

2 Nonaqueous Electrolytes with Advances in Solvents
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   (b)    Sulfoxides 
 Dimethyl sulfoxide (DMSO) is a very popular solvent, because it has strong 
solvating power with a high relative permittivity and an optimum liquid tem-
perature range. Tetramethylene sulfoxide (TMSO) seems to have similar prop-
erties with a wider liquid temperature range. Since sulfoxides contain a 
tetra-valent sulfur atom, they are not as stable toward oxidation as carbonates 
are due to the existence of lone-pair electrons on the sulfur atoms (low IP). 
Conductivity and viscosity of LiClO 4  in DMSO-ether (THF, DME, DOL) mix-
tures were extensively studied [ 148 ]. Both LiCF 3 SO 3  and LiPhSO 3 -DMSO 
electrolytes were tested for Li/LiMn 2 O 4  and Li/V 2 O 5  cells [ 149 ].   

   (c)    Sulfones 
 Sulfolane (TMS) is the most studied sulfur-containing organic solvent for lith-
ium [ 150 ] and lithium-ion [ 151 ] cells. Since sulfolane is a solid at room tem-
perature, like EC, it is often mixed with low-viscosity solvents to make 
electrolyte solutions. Dimethyl sulfone has a high melting point of 108 °C, and 
it is not easy to handle as a solvent, although it was used for lithium cells in 
high-temperature operation above 150 °C [ 152 ,  153 ]. Unsymmetrical ethyl 
methyl sulfone has a relatively low melting point of 37 °C, and it was studied 
extensively as an electrolyte solvent [ 154 ].   

   (d)    Sulfi tes 
 Because of the similarity in the structures of sulfi tes with those of carbonates, 
the properties of cyclic and acyclic sulfi tes such as ethylene sulfi te [ 155 ], pro-
pylene sulfi te [ 156 ], dimethyl sulfi te [ 157 ], and diethyl sulfi te [ 157 ] were stud-
ied in comparison with EC, PC, DMC, and DEC as an electrolyte additive or 
co-solvent. Among these, ethylene sulfi te (ES) is one of the practical anode 
SEI-forming additives [ 158 ], and dimethyl sulfi te is a promising candidate as a 
co-solvent that improves low-temperature performance of graphite/LiCoO 2  
cells [ 159 ].   

   (e)    Sulfonates 
 Due to the high chemical reactivity of sulfonates, they are not easy to use as 
electrolyte solvents. Among sulfonates, 1,3-propane sultone (PS) is one of the 
practical additives that work as both an anode SEI-forming agent [ 160 – 162 ] 
and as a cathode protection agent [ 158 ,  161 ].   

   (f)    Sulfates 
 Due to the high chemical reactivity and toxicity of sulfates, they cannot be used 
as electrolyte solvents and have been tested only as additives. Among these, 
ethylene sulfate was tested as an anode SEI-forming agent [ 163 – 165 ].    

2.5.3       Electrolyte Formulation and Cell Performance 

 The oxidation process of electrolyte solutions is complicated. Although electrolyte 
solutes (lithium salts) are involved, solvents are believed to be the major component 
responsible for the catalytic decomposition on the cathodes [ 147 ,  166 ]. Angell’s 

2 Nonaqueous Electrolytes with Advances in Solvents



150

group in Arizona State University has conducted systematic studies on sulfone sol-
vents in order to increase the anodic stability of the electrolyte solution, which is a 
recent R&D trend to obtain high-voltage cells. As described in the previous section, 
sulfones are promising electrolyte solvents for lithium and lithium-ion batteries 
among sulfur-containing organic solvents. Angell’s group introduced an unsym-
metrical sulfone, ethyl methyl sulfone (EMSO 2 ), which lowers the melting point 
(108 °C) of dimethyl sulfone (DMSO 2 ) down to 37 °C by breaking the molecular 
symmetry [ 154 ]. 

 EMSO 2  liquefi es spontaneously in the presence of lithium salts and the resultant 
solutions are stable over wide ranges of temperatures from ca.10 °C (when salts or 
solvate precipitate or EMSO 2  crystallizes, depending on lithium salt and concentra-
tion) to ca. 220 °C (when EMSO 2  begins to evaporate). EMSO 2  dissolves various 
lithium salts readily and it seems to have a special affi nity for LiN(CF 3 SO 2 ) 2 . The 
electrolytic conductivity of 1 mol dm −3  solutions of various lithium salts are given 
in Table  2.9 . A 3:1 mixture of EMSO 2  and DMSO 2  has an eutectic temperature of 
23 °C, and its solution containing LiN(CF 3 SO 2 ) 2  is stable to below 0 °C. The anodic 
stability of EMSO 2 -based electrolytes was announced to be higher than EC-based 
electrolytes. It has been confi rmed by the successful intercalation of PF 6  −  into 
graphite in EMSO 2  up to 5.5 V vs. Li/Li + , whereas EC-based electrolytes are 
strongly oxidized above 5.2 V, preventing complete loading of graphite with PF 6  −  
[ 167 ], and by the attempt to completely remove lithium ion from Li 2/3 Ni 1/3 Mn 2/3 O 2  
around 5.4 V [ 168 ]. However, its relatively high melting point essentially eliminates 
the possibility of EMSO 2  as a single solvent. Therefore, it must be mixed with a co- 
solvent to lower the melting point and viscosity for practical use [ 151 ].

   The studies of Angell’s group were extended to other sulfone derivatives as listed 
in Table  2.10  [ 151 ]. The high boiling points of the sulfones correlate reliably with 
their viscosities at room temperature, and these are high enough to seriously limit the 
ionic mobilities. The concentration and temperature dependence of electrolytic con-
ductivity of LiN(CF 3 SO 2 ) 2  in EMSO 2 , TMS, and ethyl sec-butyl sulfone (E s BSO 2 ) 
are given in Figs.  2.36  and  2.37 , respectively. All sulfones demonstrated a rather 
uniform high anodic stability toward a LiMn 2 O 4  cathode despite their different 
chemical structures. In contrast with the stability on the cathode surface, which is 
invariant for all sulfones, the ability to form an effective SEI fi lm on the graphite 
anode is found to be critically sensitive to the sulfone structure. The reductive decom-
position of EMSO 2  occurred at ca. 0.7 V vs. Li/Li +  without forming an effective SEI 
on the graphite. Similarly, the coulombic effi ciencies for the oxidation- reduction of 

  Table 2.9    Electrolytic 
conductivity of lithium salts 
in EMSO 2   

 Salt   κ  (mS cm −1 ) 

 LiN(CF 3 SO 2 ) 2   5.3 
 LiPF 6   3.2 
 LiClO 4   1.2 
 LiCF 3 SO 3   1.0 

  1 mol dm −3 , 25 °C  
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  Fig. 2.36    Concentration 
dependence of electrolytic 
conductivity of LiN(CF 3 SO 2 ) 2  
in sulfone solvents       

   Table 2.10    Physical properties of sulfones and their electrolytes   

 Name 
 mp 
(°C) 

 bp 
(°C)   ε  r    η  (mPa s) 

 Solubility,  m  
(LiN(CF 3 SO 2 ) 2 /
LiPF 6 ) 

  κ  b  
(mS cm −1 ) 

  Acyclic  
 Dimethyl sulfone  108  238 
 Ethyl methyl sulfone  37  239  95 (20˚C)  3.8/2.7  5.3 
 Diethyl sulfone  74  246 
 Ethyl iso-propyl sulfone  <−20  265 a   2.3/1.0  2.3 
 Ethyl iso-butyl sulfone  <−20  280 a   2.5 
 Ethyl sec-butyl sulfone  −60  290 a   48 (20˚C)  1.5/0.8  1.5 
 Dipropyl sulfone  31  266  33 (30˚C)  5.4 (30˚C) 
 Dibutyl sulfone  45  295  26 (50˚C)  4.7 (50˚C) 
  Cyclic  
 Trimethylene sulfone  75  290 a  
 2-Methyltrimethylene 

sulfone 
 <−20  270 a   3.3/–  2.3 

 Tetramethylene sulfone  28  287  43.3 (30˚C)  10.3 (30˚C)  3.5/2.0  3.1 
 3-Methyltetramethylene 

sulfone 
 6  276  29.4 (25˚C)  11.8 (25˚C) 

 2,4-Dimethyltetramethylene 
sulfone 

 −3  281  29.7 (25˚C)  9.1 (25˚C) 

   a Value extrapolated by nomograph  
 b 1 mol dm −3  LiN(CF 3 SO 2 ) 2 , 25 °C  

 

2 Nonaqueous Electrolytes with Advances in Solvents



152

lithium on Pt and Al were low in EMSO 2  solvent [ 169 ]. Therefore, 1 mol dm −3  
LiN(CF 3 SO 2 ) 2  in EMSO 2  or TMS were tested using a Li 4 Ti 5 O 12  anode, which does 
not need a SEI layer to operate [ 170 ]. 2.5 V Li 4 Ti 5 O 12 /LiMn 2 O 4  cells containing 
1 mol dm −3  LiN(CF 3 SO 2 ) 2  in EMSO 2  or TMS were operated at C/3 rate for 100 
cycles with 99 % capacity retention and 100 % coulombic effi ciency. Furthermore, a 
3 V Li 4 Ti 5 O 12 /LiNi 1/2 Mn 3/2 O 4  cell containing 1 mol dm −3  LiPF 6  in TMS cycled fairly 
well at C/12 rate, although a separator wettability problem occurred at the initial 
cycles.

     To lower the melting points of EMSO 2 , oligoether-containing sulfones [ 171 ] and 
cycloalkyl group-containing sulfones [ 172 ] were synthesized and characterized as 
in Table  2.11 . Although these new sulfones showed lower melting points, the elec-
trolytic conductivity of lithium salts in these solvents were always lower than in 
EMSO 2 , due to the increased viscosity. The anodic stability decreased by the incor-
poration of oligoether segments, which was proved by quantum-mechanical calcu-
lations [ 173 ].

   1    mol dm −3  LiPF 6  in EMES was tested in graphite (MCMB25-28)/Li and 
LiCr 0.015 Mn 1.985 O 4 /Li half-cells, respectively [ 171 ]. The capacity of the fi rst half-cell 
decreased rapidly with cycling at 0.013 mA cm −2  (C/78), presumably due to the 
ineffective SEI formation, whereas that of the second half-cell decreased gradually 
with cycling at 0.092 mA cm −2  (C/11). A discharge capacity of more than 50 mA h g −1  
was maintained after 200 cycles with a stable coulombic effi ciency around 0.86. 
Similarly, 1 mol dm −3  LiN(CF 3 SO 2 ) 2  in ESCP was also tested in graphite 
(MCMB25- 28)/Li and LiCr 0.015 Mn 1.985 O 4 /Li half-cells, respectively [ 172 ]. The 
capacity of the fi rst half-cell decreased rapidly with cycling at 0.068 mA cm −2  

  Fig. 2.37    Temperature 
dependence of electrolytic 
conductivity of LiN(CF 3 SO 2 ) 2  
in sulfone solvents       
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(C/4.4) due to the incompatibility of the conductivity with the charge/discharge rate, 
whereas that of the second half-cell decreased gradually with cycling at 0.15 mA cm −2  
(C/2). A discharged capacity of more than 60 mA h g −1  was maintained after 120 
cycles with a stable coulombic effi ciency around 0.86. 

 Because these sulfone derivatives have no ability to form an effective SEI, 2 wt% 
of vinylene carbonate (VC) was added in 1 mol dm −3  LiPF 6  in EMES or MEMS for 
graphite/LiCoO 2  full cells [ 174 ]. 1    mol dm −3  LiPF 6  in EMES + 2 wt% VC showed a 
capacity drop, when the rate was raised to 0.50 mA cm −2  (C/4.6), whereas 1 mol dm −3  
LiPF 6  in MEMS + 2 wt% VC exhibited almost the same performance as the refer-
ence electrolyte, 1 mol dm −3  LiPF 6  in EC-DMC (50–50 vol.%), at 0.46 mA cm −2  
(C/5). These results indicated that more fl uid versions of the sulfone-based electro-
lytes are necessary. 

 To circumvent the low separator wettability and low electrolytic conductivity of 
single-solvent systems based on sulfone solvents as mentioned before, blending 
with a low-viscosity solvent such as EMC is a practical approach [ 170 ]. Based on 
this guideline, 1 mol dm −3  LiBF 4  in TMS-ethyl acetate (50–50 vol.%) + 2 vol.% VC 
was tested for Li/LiNi 1/2 Mn 3/2 O 4  cells. 

 Although sulfone solvents such as EMSO 2  and TMS give better performance 
than EC for high-voltage cells using LiNi 0.5 Mn 1.5 O 4  cathodes, there is a controversy 
about the electrochemical stability of sulfone solvents. Xu pointed out that open- 
chain alkyl sulfones such as EMSO 2  are more stable against chemical oxidation and 
reduction than cyclic sulfones such as TMS [ 154 ]. However, their difference seems 
to be small according to experimental results [ 170 ] and IP calculated by density 
functional theory (cf. Table  2.8 ). There exists ambiguity in determining the limiting 
redox potentials because there is always a possibility to include the effect of pas-
sivation on the electrode surface by reacted products. 

   Table 2.11    Physical properties of sulfone derivatives and their electrolytes   

 Name  mp (°C)  bp a  (°C)   T  g  (°C)   T  g  b  (°C)   κ  b (mS cm −1 ) 

 CH 3 SO 2 C 2 H 5  (EMSO 2 )  37  240  –  −96  5.3 
 CH 3 OCH 2 CH 2 SO 2 CH 3  (MEMS)  15  275  −90  −81  1.5 
 CH 3 OCH 2 CH 2 SO 2 C 2 H 5  (EMES)  2  286  −91  −83  1.4 
 CH 3 (OCH 2 CH 2 ) 2 SO 2 C 2 H 5  (EMEES)  <0  >290  −88  −73  0.8 
 CH 3 (OCH 2 CH 2 ) 3 SO 2 C 2 H 5  (EMEEES)  <0  >290  −83  −72  0.6 
 (CH 3 OCH 2 CH 2 ) 2 SO 2  (DMES)  47  >290  −91  −84  1.0 
 CH 3 SO 2 C 5 H 9  (MSCP)  −20  320  −92  −86  0.6 
 C 2 H 5 SO 2 C 5 H 9  (ESCP)  38  328  −93  −85  0.6 
 CH 3 SO 2 CH 2 C 5 H 9  (MSMCP)  19  325  −87  −80  0.5 
 C 2 H 5 SO 2 C 6 H 11  (ESCH)  21  337  −76  −72  0.1 
 C 2 H 5 SO 2 CH 2 C 6 H 11  (ESMCH)  9  345  −89  −65  0.1 

   a Value extrapolated by nomograph 
  b 1 mol dm −3  LiN(CF 3 SO 2 ) 2 , 25 °C  
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 The research on high-voltage cells is going on over the world to meet the require-
ments for automotive applications, because the utilization of high-voltage cathodes 
enables is to increase the energy density by enhancing operational voltage such as 
LiNi 0.5 Mn 1.5 O 4  and LiCoPO 4 , or increasing capacity such as LiNi  x  Mn  y  Co  z  O 2  and 
Li 2 MnO 3 -LiNi  x  Mn  y  Co  z  O 2  ( x  +  y  +  z  = 1). However, lithium-ion cells intrinsically 
have serious safety problems, and the cell safety becomes still more severe for the 
high-voltage cells. Ue’s group at Mitsubishi Chemical Corporation have developed 
high safety electrolytes including a TMS solvent for hybrid electric vehicle applica-
tions. One of the ways to avoid the thermal runaway is to apply materials that gener-
ate less heat even at elevated temperatures. They have found that the major source 
of heat generation in conventional electrolytes was EC, and a partial replacement of 
EC with TMS decreased the heat generation, when graphite/LiNi 1/3 Mn 1/3 Co 1/3 O 2  
pouch cells (4.1 V, 20 mA h) and 18,650 cylindrical cells (4.1 V, 1.2 A h) were 
heated up [ 175 ]. Encouraged by this result, the charging voltage was raised from 4.1 
to 4.4 V and the thermal behavior and cell performance of these cells were exam-
ined [ 176 ,  177 ]. A TMS-based electrolyte [1 mol dm −3  LiPF 6 /EC–FEC–SLF–DMC–
EMC (5–5–20–40–30 vol.%)] showed lower heat generation rate than the 
conventional EC-based counterpart [1 mol dm −3  LiPF 6 /EC–EMC (30–70 vol.%)] as 
shown in Fig.  2.38 . A nail penetration test (   0.0025 m φ , 0.35 ms −1 ) of the 18,650 
cylindrical cells at room temperature proved that the TMS-based electrolyte is safer 
than the conventional EC-based counterpart, because the former showed no event, 
whereas the latter exploded. Although cycle performances of the cells using TMS- 
based electrolytes are almost equivalent to that of the conventional EC-based coun-
terparts, their output performances were inferior, as shown in Fig.  2.39 .

    Ue’s group have also found that TMS-based electrolytes suppress the crystal 
change of LiNi 1/3 Mn 1/3 Co 1/3 O 2  (layered) to spinel M 3 O 4  at elevated temperatures 
over 280 °C due to passivation on the cathode by sulfur compounds such as Li 2 SO 4 . 
Contrary to experimental observations, TMS has lower IP and EA than EC. If it is 

  Fig. 2.38    Thermal behavior 
of 4.4 V graphite/
LiNi 1/3 Mn 1/3 Co 1/3 O 2  pouch 
cells       
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true, the observed higher anodic and cathodic stability of sulfones can be explained 
by the formation of SEI on the electrodes, which must be examined in detail.  

2.5.4     Summary 

 Sulfur-containing organic solvents, particularly sulfones such as EMSO 2  and TMS, 
were examined as electrolyte solvents for high-voltage cells. As single solvents, 
they have a few disadvantages such as low-anode SEI fi lm–forming ability, and low 

a

b

  Fig. 2.39    Cell performances of graphite/LiNi 1/3 Mn 1/3 Co 1/3 O 2  pouch cells. ( a ) Cycle test and ( b ) 
output test       
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electrolytic conductivity, particularly at low temperatures. However, these disad-
vantages are mitigated by the aids of SEI-forming additives and low-viscosity car-
bonate co-solvents. Further progress is expected by introducing new sulfone 
derivatives. For example, a computational study to examine the effect of multiple 
functionalization with fl uorine, cyano, ester, and carbonate groups has recently been 
reported as a key to achieving high oxidation potentials [ 178 ].         
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3.1            General Theory 

3.1.1     Background of This Chapter 

 In retrospect, development of additives for Li-ion battery electrolyte has made 
signifi cant progress in recent 15 years. Therefore, it is getting diffi cult to learn 
rapidly and systematically about this subject from past to present. Today, it is totally 
impossible to satisfy all the required battery properties by single additive in the 
electrolyte, and the mainstream of electrolyte development is equal to “quest for 
multiple combinations of additives.” Under current situation, the author’s top priority 
for this chapter is to select additives that are practically utilized as “long seller 
items” or try to replace those (so far not successful) and organize them chronologi-
cally. So references for those additives are mainly patents, but the author picked up so 
many interesting (including not well known but important) additives not previously 
reported anywhere. 

 As the author selected additives based on the policy above, about 50 % of the 
additives are developed by Ube Industries, Ltd. (UBE), so, if the author reveals 
concepts or evaluation data for these UBE additives, the author feels that it is not 
fair and it might be deemed as selfi sh advertisement. In addition, it is commonly 
accepted in Li-ion battery that the performance data varies according to testing 
conditions and materials utilized in the battery, so the author regards that it is not 
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fair to pick up, compare, and evaluate performance data based on particular elec-
trode materials and conditions, so the author intentionally did not include perfor-
mance data. 

 Concerning concepts, chemistry, and mechanism for each additive, the author 
kept his comments at minimum, as they are shown in the references, so the author 
strongly recommends readers to look up the reference patent, and just for introduction, 
the author would like to suggest the following journal articles, for anode additives 
by Winter [ 1 ], for cathode additives by himself [ 2 ], and for safety additives by Ue 
[ 3 ]. The author intends this chapter to be utilized as a library for readers who develop 
electrolyte additives or evaluate batteries containing them and not familiar with 
organic chemistry. So, from enormous number of patents, the author basically tried 
his best to pick up important patents starting from the 1990s (especially US patents 
after the year of 2000) and organized additives chronologically, separated para-
graphs according to chemical structures and functional groups, and clearly showed 
molecular structures. 

 It is his great pleasure that this chapter with fulfi lling and unprecedented volume 
of references contributes to the “quest for multiple combination of additives” by 
readers in their own battery systems.  

3.1.2     Introduction 

 The basic concept of the currently popular lithium-ion batteries (LIBs) was developed 
in 1985 by Yoshino et al. from Asahi Kasei Corporation [ 4 – 6 ]. LIBs were fi rst 
marketed by Sony Corporation in 1991, after which Sanyo Electric Company’s 
batteries with graphite anodes were marketed in 1994 [ 7 ]. The capacity of LIBs 
around 1997 was more than 1.5-fold that when they were launched, and from the point 
of view of battery design, increasing the capacity further was considered diffi cult.  

3.1.3     Functional Electrolytes 

 Although reports following the initial marketing of Sony Corporation’s batteries 
focused not only on metallic lithium anodes and graphite anodes but also on the 
solid electrolyte interphase (SEI), which forms on the anode as a result of electro-
lyte decomposition, intentional control of SEI was not considered in suffi cient 
depth. The concept of SEI was advocated by Peled from Tel-Aviv University and 
Aurbach from Bar-Ilan University [ 8 – 10 ]. Nevertheless, upon entering the industry 
in 1997, Ube Industries, Ltd. started adding small amounts of additives to the elec-
trolyte, which allowed for the undesirable thick SEI to be controlled by deliberately 
causing additive decomposition in order to form a controlled thin layer (CTL). 

 In 1999, the concept of “functional electrolytes” was coined and developed 
[ 11 ,  12 ] on the basis of the idea of intentionally controlling thick SEI and improving 
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battery performance by adding miniscule amounts of various additives, such as 
anode additives, cathode additives, and overcharge prevention additives, to high- 
purity electrolytes. This suddenly inspired considerable interest in research on addi-
tives, leading to the coining of the term “role-assigned electrolytes” by Ue from 
Mitsubishi Chemical Corporation 4 years later in 2003 [ 13 – 15 ]. Such electrolytes 
are now commonly considered to be a core technology in the development of bat-
teries, and it would not be an exaggeration to say that research on additives is a key 
to research on electrolytes.  

3.1.4     Highly Purifi ed Electrolytes 

 The standard composition of an electrolyte in LIBs is a mixture of cyclic carbonates 
(such as ethylene carbonate (EC) and propylene carbonate (PC)) and chain carbonates 
(such as dimethyl carbonate (DMC), ethyl methyl carbonate (EMC; abbreviated as 
MEC below), and diethyl carbonate (DEC)), to which about 1 mol/L of a lithium salt 
(such as lithium hexafl uorophosphate (LiPF 6 )) is added. Ube Industries, Ltd. discov-
ered that if small amounts of impurities exist in the electrolyte, decomposition current 
generated from the impurities begins to fl ow, which leads to the formation of undesir-
able thick SEI. This spurred the development of a pioneering high-grade purifi cation 
process for the base electrolyte in 1997 [ 16 ]. High purity is a key feature of functional 
electrolytes developed by Ube Industries, Ltd. and enables production of transparent 
and chemically stable electrolytes, in contrast to the conventional electrolytes which 
were less stable and brown owing to its low purity (Fig.  3.1 ).

   One year later, researchers from Merck KGaA also discovered the same technique 
for high-grade purifi cation as the one used by Ube Industries, Ltd. [ 17 ] and pub-
lished a paper entitled “Challenge in manufacturing electrolyte solutions for lithium 
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and lithium ion batteries quality control and minimizing contamination level” [ 18 ], 
which is indicative of the strong impetus for developing highly pure electrolytes 
[ 19 ,  20 ] since the quality of electrolytes in those days was not satisfactory.  

3.1.5     Classifi cation of Additives 

3.1.5.1     Function-Improving Additives 

 In LIBs, part of the impurities in the electrolyte decomposes naturally during charging, 
and the phenomenon of thick SEI formation at the surface of graphite anodes was 
reported in numerous studies, starting with a report by Aurbach. One disadvantage 
of conventional electrolytes was that small quantities of impurities originating from 
carbonate and LiPF 6  solvents gradually decomposed and accumulated as a coating 
on the graphite anode as the number of recharges increased, which introduced 
resistance and lowered the battery performance. It was common knowledge that 
electrolytes using conventional PC as a solvent could not be used with graphite 
electrodes; however, in 1995 Ube Industries, Ltd. found phenylene carbonates, which 
allow for PC-based electrolytes to be used even with graphite electrodes [ 21 ]. 

 This was followed by the discovery of a number of unique additives which 
suppress the decomposition of PC through the formation of CTL (Fig.  3.2 ) [ 12 ] by 
causing the additive to undergo reductive decomposition before the main carbonate 
solvent decomposes. In particular, this encompasses not only compounds with 
unsaturated carbon–carbon bond structures, such as alkenes and alkynes [ 22 – 28 ], 
but also a large number of sulfur-containing compounds, halogen-containing com-
pounds, phosphorus-containing compounds, and nitrogen-containing compounds, 
which are reported later in Sect.  3.2 .

   Following the recent improvements in capacity and advances toward higher 
voltage, electrolyte decomposition on the surface of cathodes has become evident 
(Fig.  3.3 ). Reports concerning the cathode/electrolyte interface were fi rst published 
in 1985 by Goodenough from the University of Texas at Austin [ 29 ], and an analysis 
of coatings on cathodes was reported in 2001 by Wang from the City University of 
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New York and by Amine from Argonne National Laboratory [ 30 ]. Consequently, 
the concept of controlling the cathode surface with additives for cathodes which 
further improve the life-span and increase the voltage of the battery [ 1 ,  31 – 33 ] is 
presented later in Sect.  3.3 .

3.1.5.2        Additives for Safety Improvement 

 With the intensifi cation of competition for increasing battery capacity, the require-
ments for ensuring that batteries are safe are becoming proportionally stricter. 
In particular, when a battery is overcharged, both the cathode and the anode become 
thermally unstable, which results in a sudden exothermic reaction accompanied by 
internal shorting and the release of gas, and there is a possibility of thermal runaway 
occurring in the battery. Although devices such as protective elements and circuits 
are used as a measure for ensuring the stability of the battery, following the increase 
in battery capacity, there has been a wide-spreading move toward choosing appro-
priate materials for the electrodes and applying coating procedures to ensure that 
battery materials themselves are inherently safe. 

 In this context, regarding the approach to electrolytes, Sect.  3.4  presents an 
examination of anisole compounds, biphenyl compounds, halogenobenzene com-
pounds, and alkylbenzene compounds as additives for overcharge prevention as 
well as phosphate compounds [ 34 ] and phosphazene compounds [ 35 ] as additives 
for non-fl ammability.  

3.1.5.3     Miscellaneous Additives 

 Research on additives involves numerous other additives separate from those men-
tioned above, for example, additives for wettability improvement [ 36 ] and corrosion 
inhibition [ 37 ] as well as new lithium salts which can be used as substitutes for 
LiPF 6  and LiBF 4  [ 38 ]. Relevant case studies are also reported.    
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3.2      Additives for Anodes 

 Additives for anodes reported in this section are categorized into (1) compounds 
containing unsaturated carbon–carbon bond, (2) carboxylic acid anhydrides, 
(3) oxalates, (4) sulfur-containing compounds, (5) halogen-containing compounds, 
(6) phosphorus-containing compounds, and (7) nitrogen-containing compounds. 

3.2.1     Compounds Containing Unsaturated 
Carbon–Carbon Bond 

 In 1992, Sanyo Electric Company found that vinylene carbonate (VC) ( 1 ), the 
most well-known additive at present, can be used as a solvent in lithium secondary 
batteries [ 39 ]. 

 Subsequently, in 1994, Saft discovered that small quantities of VC, which is 
reducible at the graphite anode at a potential higher than 1 V with respect to lithium, 
can be added to solvents characterized by high dielectric constant and low viscosity. 
As described in the relevant report, “a rechargeable lithium electrochemical cell 
comprising: a cathode, an anode containing a carbon-containing material with a 
degree of crystallinity which is greater than 0.8, and an electrolyte comprising a 
lithium salt and a mixture of at least two aprotic saturated organic solvents wherein 
at least one of the two solvents contains a carbonate, of which the fi rst solvent has a 
high dielectric constant and the second solvent has low viscosity and is selected 
from the group consisting of ether, DEC, DMC, dioxolane, dioxolane derivatives, 
tetrahydrofuran, tetrahydrofuran derivatives, and propylene oxide, characterized in 
that the electrolyte further contains a soluble compound which is a carbonate con-
taining at least one unsaturated carbon–carbon bond, and which can be reduced at 
the anode at a potential of more than 1 V with respect to lithium to form a passiv-
ation layer” [ 40 ]. In addition, a paper on this topic was presented by Mitsubishi 
Chemical Corporation in 2004 [ 41 ]   .

   1   

    In 1997, Ube Industries, Ltd. discovered that small quantities of VC can be 
added for the purpose of suppressing PC decomposition at the graphite anode 
[ 42 ], and in 1998 the same company fi rst became aware of the yellow to brown 
color of conventional VC and recognized that such colored VC contained consid-
erable amounts of chlorine-based impurities. As a consequence, the same com-
pany developed electrolytes containing colorless and highly pure VC with chlorine 

K. Abe



173

content of 100 ppm or less as well as methods for manufacturing such highly pure 
VC [ 43 ]. As a result, research activities on additives suddenly intensifi ed in the 
fi eld of electrolyte development. 

 With regard to research on suppression of PC decomposition, in 1993, Shu 
et al. from the National Research Council of Canada reported that by adding 
large quantities (0.5 M) of 12-crown-4 ether ( 2 ), the formation of complexes of 
12-crown-4 ether with Li occurs preferentially to the solvation of Li in PC, 
which allows for intercalation by suppressing co-intercalation into the graphite 
layer [ 44 ].

   2          3   

    As described in the report on this work, “crown ethers are good chelating reagents 
for lithium ions. They will compete with electrolyte solvents for lithium ion coor-
dination sites. Furthermore, because of the size of crown ethers, they are too big to 
be co-intercalated into the graphite layers thus preventing excessive amounts of 
electrolyte decomposition” [ 44 ]. However, this concerned complex formation did 
not necessarily control the SEI. 

 Although Ube Industries, Ltd. discovered in 1995 that phenylene carbonate ( 3 ) 
can be used as an additive in small quantities, which allowed for PC-based elec-
trolytes to be used even with graphite anodes [ 20 ,  45 ], at that time the general 
consensus was that graphite anodes could not be used due to PC decomposition. 
Around 1997, when Ube Industries, Ltd. began the addition of highly pure VC 
[ 42 ] and largely expanded toward the use of various compounds with unsaturated 
carbon–carbon bond for the purpose of suppressing PC decomposition, the 
 concept of “suppressing PC decomposition by controlling the anode/electrolyte 
interface with additives” was fi rmly established and became standard in the LIB 
industry. 

 Furthermore, with regard to graphite anodes, in 1998 Mitsubishi Chemical 
Corporation discovered PC-based electrolytes with chloroethylene carbonate ( 4 ) 
and VC [ 46 ], and in 1999 the same company discovered that VC containing 33 wt% 
chloroethylene carbonate can be used as an additive to achieve a the VC/PC weight 
ratio of 1:9 in the PC-based electrolyte [ 47 ]. According to the description, ordinary 
VC contains chloroethylene carbonate as a residual starting material. The percent-
age content of such organic halogenides in VC is typically between 1 ppm and 
50 wt%. As noted above, around 1999, researchers clearly had to utilize VC with 
rather high chlorine content for this reason.
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   4   

    In 1998, Mitsui Chemicals discovered that PC can be used even with graphite 
anodes in the presence of 4,4-dimethyl-5-methylene-1,3-dioxolan-2-one ( 5 ) [ 48 ], 
and in 1998 the same company discovered that vinylethylene carbonate ( 6 ) [ 49 ] can 
also be used for the same purpose.

   5          6   
    Moreover, in 1998 Ube Industries, Ltd. discovered that PC decomposition is 

 suppressed by small quantities of additives (carboxylic acid vinyl esters, such as 
vinyl acetate ( 7 ) and divinyl adipate ( 8 ); vinyl carbonates, such as methyl vinyl 
carbonate ( 9 ) [ 50 ]; carboxylic acid allyl esters, such as allyl acetate ( 10 ); allyl car-
bonates, such as allyl methyl carbonate ( 11 ) [ 51 ]; and cyclic vinyl esters, such as 
α-angelica lactone ( 12 ) [ 52 ]).

   

7 8 9

10 11 12   

    Furthermore, in 1998 Ube Industries, Ltd. expanded their research from double- 
bond compounds to triple-bond compounds and discovered that alkyne compounds 
such as methyl propargyl carbonate ( 13 ), propargyl acetate ( 14 ), and 2-butyne-1,4- 
diol dimethyl dicarbonate ( 15 ) suppress the decomposition of PC [ 53 ]. In 1999, the 
same company discovered that a mixture of methyl propargyl carbonate ( 13 ) and 
VC is capable of improving battery performance even further [ 27 ,  54 ].

   13 14 15   
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3.2.2         Carboxylic Acid Anhydrides 

 In 1991, Panasonic found that small quantities of additives such as acetic anhydride 
( 16 ) and benzoic anhydride ( 17 ) can suppress the temperature-dependent increase 
in resistance, which is considered to be caused by water inside the battery or resid-
ual alkali mixed into the active material of the cathode [ 55 ]. 

 As described in the relevant report, “Consequently, by having acid anhydride 
included in positive electrodes, reduction of the water content or the residual alkali 
within batteries is made possible with a resultant prevention of the battery perfor-
mance deterioration occurring at high temperature storage and assumedly caused by 
the existence of water or residual alkali” [ 55 ]. 

 Also, in 1999, Mitsubishi Chemical Corporation discovered that the addition of 
cyclic carboxylic acid anhydrides, such as succinic anhydride ( 18 ) and maleic 
anhydride ( 19 ), suppresses the decomposition of PC even when graphite anodes 
are used [ 56 ].

   16 17          18 19   

3.2.3         Oxalates 

 In 2000, Ube Industries, Ltd. discovered that oxalates such as dipropargyl oxa-
late ( 20 ) and methyl propargyl oxalate ( 21 ) can be used as additives in small 
quantities [ 57 ]. Furthermore, in 2001, Mitsubishi Chemical Corporation discov-
ered that oxalates such as diethyl oxalate ( 22 ) can be used as additives in 
small quantities for LIBs [ 58 ]. In 2003, Ube Industries, Ltd. discovered that 
 asymmetrical oxalates, such as ethyl methyl oxalate ( 23 ), can be combined with 
VC ( 1 ) [ 59 ].

   20 21   

     22 23   

3 Nonaqueous Electrolytes and Advances in Additives



176

3.2.4         Sulfur-Containing Compounds 

3.2.4.1     Cyclic Sulfonates (Sultones) 

 In 1996, Sony Corporation found that 1,4-butane sultone ( 24 ) (5–50 wt%) can be 
substituted for EC as a solvent [ 60 ]; in 1997, Ube Industries, Ltd. discovered that 
the addition of small quantities of cyclic monosulfonic acid esters (sultones), such 
as 1,3-propane sultone (PS) ( 25 ), suppresses PC decomposition [ 61 ]. Furthermore, 
in 1999, researchers at Ube Industries, Ltd. found that 3-hydroxypropanesulfonic 
acid ( 26 ), which is present as an impurity in PS, decomposes at the electrode before 
PS decomposition and thus adversely affects battery performance by inhibiting the 
formation of SEI of PS [ 62 ] and consequently developed highly pure PS containing 
little 3-hydroxypropanesulfonic acid ( 26 ) [ 62 ]. In the same year, Ube Industries 
found that the combination of small amount of PS ( 25 ) and VC ( 1 ) can be used as 
additives [ 54 ]. 

 Since then, there has been intensive research on combinations of VC ( 1 ) and 
PS ( 25 ).

   24 25 26   

    Concerning properties of PS ( 25 ), it is registered as CMR (carcinogenic, muta-
genic, or toxic for reproduction) substance in REACH regulation and attracts atten-
tion for its mutagenicity, but  N -methylpyrrolidone (NMP) is also registered 
substance. Risk of vapor inhalation of PS is lower than NMP since PS is solid at 
room temperature. In addition, PS is quickly transformed to AMES-negative com-
pound ( 26 ) by atmospheric moisture. Furthermore, amount of PS utilized in 18,650 
cells is very small compared with NMP for cell fabrication process and there is no 
exposure during this process. Therefore the handling risk of PS is equivalent to 
normal electrolytes. 

 In 2001, Mitsui Chemicals discovered that cyclic monosulfonic acid esters con-
taining unsaturated bonds, such as 1,3-propene sultone (PRS) ( 27 ) [ 63 ], can be used 
as additives in small quantities; however, in 2010, the same company mentioned, 
“PRS which is a comparative unsaturated sultone compound was added, an increase 
in the initial resistance was confi rmed” [ 64 ].

   27   

    In 2002, NEC Corporation discovered that cyclic alkylenedisulfonic acid esters, 
such as methylene methanedisulfonate ( 28 ), ethylene methanedisulfonate ( 29 ), and 
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1,5-dioxa-2,4-dithian-6-one-2,2,4,4-tetraoxide ( 30 ), can be used as additives in 
small quantities [ 65 ].

   28 29 30   

3.2.4.2         Chain Sulfonates 

 In 1996, Mitsubishi Chemical Corporation discovered that chain sulfonates, such as 
ethyl methanesulfonate ( 31 ), can be used as additives in small quantities [ 66 ]. 
Furthermore, Ube Industries, Ltd. discovered the applicability of chain diol disulfo-
nates, such as 1,4-butanediol dimethanesulfonate ( 32 ) [ 67 ], in 1998, as well as chain 
diol sulfonates with a branched structure, such as 1,3-butanediol dimethanesulfo-
nate ( 33 ) in 2000 [ 68 ].

   31 32          33   

    In addition, in 1998, the same company discovered chain monosulfonates 
containing triple bonds, such as propargyl methanesulfonate ( 34 ), as well as mono-
sulfonates containing triple bonds in the main chain, such as 2-butyne-1,4-diol 
dimethanesulfonate ( 35 ) [ 53 ].

   34 35   

    Subsequently, research on disulfonates intensifi ed considerably. For example, in 
2002 Mitsubishi Chemical Corporation discovered fl uorine-substituted chain disul-
fonates, such as 1,4-butanediol bis(trifl uoromethanesulfonate) ( 36 ) [ 69 ], as well as 
chain triol trisulfonates, such as 1,2,4-butanetriol trimethanesulfonate ( 37 ) [ 70 ].

   36 37   
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    In 2003, NEC Corporation found that chain alkyne disulfonates, such as dimethyl 
methanedisulfonate ( 38 ), diethyl methanedisulfonate ( 39 ), and diphenyl methanedi-
sulfonate ( 40 ) [ 71 ], can be used as additives in small quantities.

   38 39 40   

3.2.4.3         Sulfi tes 

 In 1993, Panasonic found that the cyclic sulfi tes such as ethylene sulfi te ( 41 ) can be 
used as a solvent (with a volume ratio of 1/3–5/7) [ 72 ], and in 1995, Sony Corporation 
found that ethylene sulfi te ( 41 ) can be used as an additive in small quantities [ 73 ]. 
Subsequently, Winter et al. from the University of Münster reported these fi ndings 
in a paper in 1999 [ 1 ].

   41   

    In 2000 Ube Industries, Ltd. found that sulfi tes with triple bond, such as dipropargyl 
sulfi te ( 42 ), can also be used as additives in small quantities [ 57 ].

   42   

3.2.4.4         Sulfates 

 In 1996, Mitsubishi Chemical Corporation found that cyclic sulfates, such as ethyl-
ene sulfate ( 43 ), can be used as additives in small quantities [ 74 ], and in 1998 Ube 
Industries, Ltd. discovered that cyclic sulfates with unsaturated bonds, such as 
 vinylene sulfate ( 44 ), can be used as additives in small quantities [ 75 ].

   43          44   
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    In 1998, Wilson Greatbatch Technologies found that chain sulfates, such as dial-
lyl sulfate ( 45 ) and benzyl methyl sulfate ( 46 ), as well as chain sulfates including 
silyl groups, such as bis(trimethylsilyl) sulfate ( 47 ), can be used as additives in 
small quantities [ 76 ].

   45 46 47   

    In 2000 Ube Industries, Ltd. found that sulfates with triple bonds, such as 
dipropargyl sulfate ( 48 ), can also be used as additives in small quantities [ 57 ].

   48   

3.2.4.5         Acid Anhydrides 

 In 1996, Mitsubishi Chemical Corporation discovered that chain sulfonic acid anhy-
drides, such as methanesulfonic anhydride ( 49 ), can be used as additives in small 
quantities [ 77 ]. Furthermore, in 2002, NEC Corporation found that the cyclic sul-
fonic anhydride 1,2-ethanedisulfonic anhydride ( 50 ) can be used as an additive in 
small quantities [ 78 ].

   49          50   

    In 2000, Mitsui Chemicals found that anhydrides of the sulfonic and carboxylic 
acids, such as 3-sulfopropionic anhydride ( 51 ) and 2-sulfobenzoic anhydride ( 52 ), 
can be used as additives in small quantities [ 79 ].

   51 52   
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3.2.4.6         Sulfones 

 In 1994, Japan Storage Battery Company found that chain sulfones, such as dimeth-
ylsulfone ( 53 ) (50 vol.%), can be used as solvents [ 80 ].

   53   

    In 1998, Ube Industries, Ltd. discovered that divinyl sulfone ( 54 ) can be used as 
an additive in small quantities [ 81 ]. In 2005, Yuasa Corporation found 
1,2-bis(vinylsulfonyl)methane ( 55 ) [ 82 ], and in 2007, Ube Industries, Ltd. found 
bis(2-vinylsulfonylethyl) ether ( 56 ), dipropargyl sulfone ( 57 ), and 
1,2-bis(propargylsulfonyl)ethane ( 58 ) [ 83 ].

   54          55   

     56 57 58   

    In 2010, Mitsui Chemical discovered 1,3-dithietane-1,1,3,3-tetraoxide ( 59 ) [ 64 ].

   59   

3.2.5          Halogen-Containing Compounds 

 In 1986, Sanyo Electric Company found that cyclic carbonates obtained by intro-
ducing halogens into EC can be used as solvents [ 84 ], which was followed by 
numerous reports on this topic [ 85 – 91 ]. In 1996, McMillan et al. from the 
National Research Council of Canada found an electrolyte that was compatible 
with graphite anode by utilizing fl uoroethylene carbonate ( 60 ) [ 87 ] and propyl-
ene carbonate. The number of patent application for electrolytes consisting of 
fl uoroethylene carbonate in combination with dinitrile compounds increased 
drastically around 2004. Details are described in Sect.  3.5.2  in the discussion of 
dinitriles.
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   60          61   

    In 1999 Winter et al. from the University of Münster reported the results of 
analyzing SEI formed by chloroethylene carbonate ( 4 ) [ 89 ]. In addition, in 1999, 
Inaba et al. from Kyoto University and in 2002 Arai et al. from Hitachi Limited 
reported that trifl uoromethyl ethylene carbonate ( 61 ) forms SEI [ 90 ,  91 ]. 

 In 1998, Ube Industries, Ltd. discovered that pentafl uorobenzoates, such as 
methyl pentafl uorobenzoate ( 62 ), can be used as additives in small quantities [ 92 ]. 
Also, in 1999, Toyota Central R&D Labs found that fl uorinated benzoates, such as 
methyl 2,6-difl uorobenzoate ( 63 ), can be used as additives in small quantities [ 93 ], 
and in 2002, Ube Industries, Ltd. found that pentafl uorophenol compounds, such as 
pentafl uorophenyl methanesulfonate ( 64 ) and methyl pentafl uorophenyl carbonate 
( 65 ), can be used as additives in small quantities [ 94 ].

   62          63          64 65   

3.2.6         Phosphorus-Containing Compounds 

 The feasibility of using triethyl phosphate ( 66 ), whose fl ash point is extremely high, 
as a nonfl ammable solvent was discovered by Mitsui Chemicals and Sony Corporation 
in 1994 [ 95 ]. Details are presented later in the section concerning safety.

   66   

    In 1998, Wilson Greatbatch Technologies discovered that phosphates with unsat-
urated bonds, such as triallyl phosphate ( 67 ) and tripropargyl phosphate ( 68 )   ,
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   67 68   

  can be used as additives in small quantities [ 96 ]. Furthermore, in 2002, Mitsubishi 
Chemical Corporation found that phosphinates, such as ethyl diethylphosphinate 
( 69 ), and diphosphinates, such as 1,4-butanediol bis(diethylphosphinate) ( 70 ), can 
be used as additives in small quantities [ 97 ].

   69 70   

    In 2003, Mitsubishi Chemical Corporation found that the cyclic phosphate 
2- ethoxy-1,2-oxaphospholane 2-oxide ( 71 ) can be used as an additive in small 
quantities [ 98 ].

   71

O
P

O
O

  

3.2.7         Nitrogen-Containing Compounds 

 In 1990, Sony Corporation found that the amides  N -methylpyrrolidone ( 72 ) and 
 N , N -dimethylacetamide ( 73 ) can be used as additives in small quantities [ 99 ], and 
in 1995, Wilson Greatbatch Technologies found that the imides bis( N -succinimidyl) 
carbonate ( 74 ) and benzyl  N -succinimidyl carbonate ( 75 ) can be used as additives 
in small quantities [ 100 ]. In 1997, Fujitsu and Ube Industries, Ltd. found that 
 N -hydroxysuccinimide ( 76 ) can be used as an additive in small quantities [ 101 ], and 
Sanyo Electric Company discovered that cyclic imides such as succinimide ( 77 ) and 
maleimide ( 78 ) can also be used as additives in small quantities in 1997 and 1998, 
respectively [ 102 ,  103 ].
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   72 73   

     74 75   

     76          77 78   

    In 2003 Samsung SDI discovered that  N -vinyl-ε-caprolactam ( 79 ) can be used as 
an additive in small quantities [ 104 ].

   79   

3.3           Additives for Cathodes 

 In this section, additives for cathodes are reported by categorizing them into (1) sulfur-
containing compounds with active site poisoning function [ 105 – 107 ] and (2) aromatic 
compounds forming an electro-conducting membrane (ECM) [ 2 ,  109 ,  110 ]. 

3.3.1     Sulfur-Containing Compounds with Active Site 
Poisoning Function 

 In 1996, Fujifi lm Corporation discovered that sulfi des containing phenyl groups, 
such as diphenyl sulfi de ( 80 ), 4,4′-dimethoxydiphenyl sulfi de ( 81 ), and 1,2-bis 
( p - methoxyphenylthio )ethane ( 82 ), can be used as additives in small quantities 
[ 105 ]. In this regard, the fi rst report on sulfur-containing additives for cathodes con-
tains the following three descriptions. (1) Although the potential of the cathode 
increases gradually during charging, the potential at the surface of the cathode is not 
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necessarily uniform, and there are microscopic regions where the potential is exces-
sively high (overvoltage regions), where strong oxidizing chemical species such as 
oxygen radicals are generated. For this reason, oxidative decomposition of organic 
solvents in the electrolyte can be expected to occur at such overvoltage regions. In 
such cases, if an additive with the desirable potential (appropriate reducing proper-
ties) is present, it is oxidized preferentially, and thus the decomposition of the 
organic solvent can be avoided. (2) The appropriate range for the oxidation potential 
was between +3.8 and +4.3 V when metallic lithium was taken as a reference elec-
trode, with a more preferable range being between +3.9 and +4.2 V. (3) Some of the 
 products of oxidation of these additives adhered to the cathode.

   

80

81 82   

    In 1998, Ube Industries, Ltd. discovered that compounds such as methyl 
oxo(phenylthio)acetate ( 83 ),  S , S ′-diphenyl dithiooxalate ( 84 ),  S -phenyl  O -methyl 
thiocarbonate ( 85 ), and  S , S ′-diphenyl dithiocarbonate ( 86 ) can be used as additives 
in small quantities [ 106 ].

   

83 84

8685   

    In 1998, that company found that disulfi des such as diphenyl disulfi de ( 87 ) and 
di- p -tolyl disulfi de ( 88 ) can be used as additives in small quantities [ 107 ].

   87 88   
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    Moreover, in 1999, the same company found that bis(4-methoxyphenyl) disul-
fi de ( 89 ) can be used as an additive in small quantities [ 108 ].

   89   

3.3.2         Aromatic Compounds Forming an Electro-Conducting 
Membrane 

 Around the same time in 2000, Ube Industries, Ltd. discovered that compounds 
such as biphenyl ( 90 ) can be used as additives in extremely small quantities of 
0.03–0.5 wt% [ 109 ].

   90   

    Later, in paper published in 2004 and 2006, a concept of ECM was proposed for 
the cathode and was distinguished from SEI, which was generally used in reference 
to anodes. Examples of additives that form an ECM are monomers of conducting 
polymers such as biphenyl ( 90 ) and compounds ( 91 ) through ( 97 ) [ 2 ,  110 ].

   

91 92 93 94

95 96 97   
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3.4           Additives for Safety Improvement 

 Following the increase in battery capacity, the safety of LIBs is becoming an 
increasingly important topic. Compounds for safety improvement presented in this 
section are grouped into (1) additives for overcharge prevention [ 3 ,  111 – 138 ], (2) 
nonfl ammable solvents and additives [ 139 – 141 ], and (3) others [ 142 – 146 ]. 

3.4.1     Additives for Overcharge Prevention 

 When LIBs are overcharged, excess lithium is extracted from the cathode, after which 
oxygen release from inside the crystal begins and the crystal structure becomes unsta-
ble. Moreover, excessive intercalation of lithium occurs at the anode, which results in 
the deposition of lithium metal. When the anode and the cathode become thermally 
unstable, they start to decompose organic solvents in the electrolyte. This results in a 
sudden exothermic reaction, and the battery begins to produce unusual amounts of 
heat, which compromises the safety of the battery (Figs.  3.4  and  3.5 ).
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  Fig. 3.4    Charging profi les of overcharged cell [ 111 ]       

  Fig 3.5    Overcharge test of 
the cell containing electrolyte 
without additives       
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    Although there are safety measures such as shutdown methods based on the 
fusion of a separator and prevention methods using electronic circuits, various 
methods using additives for overcharge prevention mixed into the electrolyte have 
been reported since they are particularly effective. 

3.4.1.1     Anisole Compounds 

 In 1994, Sony Corporation discovered that alkoxybenzenes, such as 1,3,5- trime-
thoxybenzene ( 98 ), 2,6-dimethoxytoluene ( 99 ), and 3,4,5- trimethoxytoluene ( 100 ), 
can be used as additives in small quantities [ 112 ]. These compounds are called 
“redox shuttle additives” as they suppress the increase in battery voltage by con-
suming electric current through a redox process.

   98 99 100   

    Furthermore, in 1995, Sony Corporation found that halogen-containing alkoxy-
benzenes, such as 2-chloro- p -xylene ( 101 ), 4-chloroanisole ( 102 ), 2,4- difl uoroanisole 
( 103 ), 3,5-difl uoroanisole ( 104 ), and 2,6-difl uoroanisole ( 105 ) can be used as addi-
tives in small quantities [ 113 ].

   101 102 103 104 105   

3.4.1.2         Alkylbenzenes and Halogen-Containing Benzene Compounds 

 In 1995, NEC Moli Energy found that aromatic compounds such as biphenyl ( 90 ), 
3-chlorothiophene ( 106 ), and furan ( 107 ) can be used as additives in small quantities 
[ 114 ]. According to the description in the relevant reference, the polymerization of 
the additive at the cathode produces an insulating layer of polymer: “polymerization 
of the additive is believed to occur at the cathode resulting in the formation of insu-
lating polymer on the cathode surfaces” and “the aromatic additive polymerizes at 
voltages greater than the maximum operating voltage thereby increasing the inter-
nal resistance of the battery suffi ciently for protection” [ 114 ].
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   90 106 107  

    In 1996, Fujifi lm Corporation discovered that cumene ( 108 ) and cyclohexylbenzene 
( 109 ) can be used as additives in small quantities [ 115 ].

   108 109   

    Furthermore, in 1996 Hitachi Maxell discovered that fl uorobenzene compounds, 
such as fl uorobenzene ( 110 ), 1,2-difl uorobenzene ( 111 ), and 1,3,5-trifl uorobenzene 
( 112 ), can be used as additives in small quantities [ 116 ]. In 1997, the same company 
discovered that trimellitates, such as tris(2-ethylhexyl) trimellitate ( 113 ), can also 
be used as additives in small quantities [ 117 ].

   110 111 112   

     113   

    In 1997, NEC Moli Energy discovered that pyrrole ( 114 ) and  N -methylpyrrole 
( 95 ) can be used as additives in small quantities [ 118 ]. According to the description, 
“When the battery is overcharged, monomer additives begin to polymerize once the 
polymerization voltage is reached. Eventually, a suffi cient amount of conductive 
polymer is created and a conductive frame is formed between the electrodes, thus 
shortening the battery internally and discharging it” [ 118 ].
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   114 95   

    In the same year, the same company reported an electrolyte with biphenyl that 
“when cycle tested at 40 °C to an upper voltage limit of 4.3 V, the cycle life character-
istics are progressively worse with increasing amounts of biphenyl additive present” 
[ 119 ]. The same report suggests that 2,2-diphenylpropane ( 115 ) and 2-fl uorobiphenyl 
( 116 ) can be used alternatively as additives in small quantities [ 119 ].

   115 116   

    In 1999, Sanyo Electric Company and Ube Industries, Ltd. discovered that esters 
containing biphenyl groups, such as 4-acetoxybiphenyl ( 117 ) [ 120 ]; ethers contain-
ing aryl groups, such as diphenyl ether ( 97 ) [ 121 ]; ethylene glycol compounds con-
taining phenyl groups, such as 1,2-diphenoxyethane ( 118 ) [ 122 ]; diphenoxybenzenes, 
such as 1,4-diphenoxybenzene ( 119 ) [ 123 ]; and terphenyl compounds, such as 
 o -terphenyl ( 91 ),  m -terphenyl ( 120 ), and  p -terphenyl ( 121 ), can be used as additives 
in small quantities [ 124 ].

   

117 97 118

119 91 120 121   

    In 1998, Sanyo Electric Company and Ube Industries, Ltd. reported electrolytes 
containing aklylbenzene compounds having a tertiary carbon adjacent to the phenyl 
group, represented by compounds such as cumene ( 108 ) and cyclohexylbenzene 
( 109 ). In combination with a battery cell casing equipped with a current interrupt 
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device, they effectively cut off the charge current of the battery when its internal gas 
pressure rises excessively [ 125 ]. As the hydrogen-tertiary carbon bond adjacent to 
the phenyl group is highly reactive, the hydrogen atom is easily extracted from the 
tertiary carbon in an overcharged battery condition. This causes rapid decomposi-
tion of the additive when the battery is overcharged. As a result, hydrogen gas is 
generated and the additive is polymerized [ 125 ]. 

 On the same day, Panasonic discovered compounds such as hexaphenylbenzene 
( 122 ),  p -terphenyl ( 121 ), 1-phenylpiperazine ( 123 ), 1,2,3,4-tetrahydroisoquinoline 
( 124 ), cyclohexylbenzene ( 109 ), 1,3,5-triphenylbenzene ( 125 ), dodecahydrotriphe-
nylene ( 126 ), divinyl benzenze ( 127 ), and 1,4-dicyclohexylbenzene ( 128 ), for 
which the energy level of the highest occupied molecular orbital is between −8.5 
and −11 eV and that of the lowest unoccupied molecular orbital is between −0.135 
and 3.5 eV as calculated by using a semiempirical method for computation of 
molecular orbitals with the PM3 Hamiltonian [ 126 ].

   121 122 123 124   

     125 126 127 128   

    In 1999, Ube Industries, Ltd. discovered that  tert -butylbenzene compounds, such 
as  tert -butylbenzene ( 129 ), 4- tert -butyltoluene ( 130 ), and 1,3-di- tert -butylbenzene 
( 131 ), can be used as additives in small quantities [ 127 ]. In 2000, the same company 
discovered that halogen-containing  tert -butylbenzene compounds [ 128 ], such as 
1-bromo-4- tert -butylbenzene ( 132 ), can be used as additives in small quantities, and 
in 2001 the same company discovered that  tert -amylbenzene ( 133 ) as well can be 
used as an additive in small quantities [ 129 ].
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   129 130 131   

     132          133   

    In 2003, Shima and Ue from Mitsubishi Chemical Corporation and Yamaki from 
Kyushu University presented the mechanism behind the overcharge prevention. 
According to the description in the relevant reference, “the aromatic compounds 
without hydrogen at the benzylic position (e.g.,  tert -butylbenzene) evolve mainly 
carbon dioxide (CO 2 ) gas, which is generated by the indirect decomposition 
of carbonate solvents. The CO 2  gas evolution reaction using a redox mediator is 
expected as a new overcharge protection method” [ 3 ].  

3.4.1.3     Gear Change Concept 

 In 2000, Ube Industries, Ltd. reported that cyclohexylbenzene ( 109 ) and  tert - 
alkylbenzene  compounds, whose oxidation potentials are different, can be used as 
additives in small quantities and noted that “ tert -butylbenzene is replaced with 
cyclohexylbenzene having a low oxidation potential, the prevention of overcharging 
is enhanced” [ 130 ]. 

 In the same year, Panasonic and Ube Industries, Ltd. discovered that com-
pounds such as  o -terphenyl ( 91 ), triphenylene ( 134 ), cyclohexylbenzene ( 109 ), 
and biphenyl ( 90 ), whose oxidation potentials are different, can be used as 
mixed additives by combining small quantities of two or more such compounds 
[ 131 ,  132 ].

   91 134 109 90   
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    In 2001, Ube Industries, Ltd. discovered that mixtures of small quantities of 
  tert - alkylbenzenes  (such as  tert -butylbenzene ( 129 )) and biphenyl compounds 
(such as biphenyl ( 90 )), whose oxidation potentials are different, can be used as 
additives [ 133 ]. 

 As described in the relevant report, “the  tert -alkylbenzene compound decom-
poses by oxidation at a potential of +4.6 to +5.0 V (relative value to that of lithium), 
and cobalt or nickel in the positive electrode rapidly dissolves and deposits on the 
negative electrode to inhibit a reaction of a carbonate in the non-aqueous electro-
lytic solution with a lithium metal deposited on the negative electrode. Further, in 
the invention, the internal short circuit may be formed in the battery by the deposi-
tion of cobalt and nickel, whereby the overcharge inhibitive effect can be attained 
and the safety of battery can be assured” [ 133 ]. 

 In the same year, the same company discovered mixed additives of alkylbiphenyl 
compounds (e.g., 4-methylbiphenyl ( 135 )) and cyclohexylbenzene ( 109 ), whose 
oxidative potentials are different and also found that such mixed additives can be 
combined with at least one species chosen from among biphenyl ( 90 ),  o -terphenyl 
( 91 ), and  tert -butylbenzene ( 129 ). According to the description, additives whose 
oxidation polymerization potential is higher than that of alkylbiphenyl species con-
tinuously undergo oxidative polymerization, forming a thick polymer membrane at 
the cathode [ 3 ]. This is similar to the concept of engine braking in cars, where gears 
are shifted down in a stepwise manner, and the “gear change concept,” which uses 
multiple overcharge prevention additives with different oxidation potentials, has 
recently become mainstream [ 134 ].

   135 90 91 129109   

    In 2001, Mitsubishi Chemical Corporation discovered that “a mixture of two 
or more compounds of which one is diphenylcyclohexane that is present in an 
amount ranging from 10 to 65 wt% of the partially hydrogenated terphenyl” can be 
used as additives [ 144 ]. Partially hydrogenated  m -terphenyl is used as a mixture 
of compounds such as hydrogenated  m -terphenyl ( 136 ), 1,3-dicyclohexyl benzene 
( 137 ), 3-phenyl-1,1′-bi(cyclohexane) ( 138 ), 1,3-diphenylcyclohexane ( 139 ), 
  m - cyclohexybiphenyl  ( 140 ), and  m -terphenyl ( 120 ) [ 135 ].
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136 137 138

139 140 120   

    In 2002, Mitsubishi Chemical Corporation and Ube Industries, Ltd. found that 
fl uorinated cyclohexylbenzens, such as 1-fl uoro-2-cyclohexylbenzene ( 141 ), 
1- fl uoro-3-cyclohexylbenzene ( 142 ), and 1-fl uoro-4-cyclohexylbenzene ( 143 ), can be 
used as additives in small quantities [ 136 ,  137 ].

   141 142 143   

3.4.1.4         Miscellaneous Compounds 

 In 2005, Dahn et al. from Dalhousie University discovered that 2,5-di- tert -butyl-
1,4-dimethoxybenzene ( 144 ) can be used as an additive in small quantities in batter-
ies with LiFePO 4  cathodes [ 138 ]. Furthermore, in 2006, the same researchers 
discovered that phenothiazine compounds, such as 10-methylphenothiazine ( 145 ), 
can be used as additives in small quantities [ 139 ].

   144          145   
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3.4.2          Nonfl ammable Solvents and Additives 

 With regard to nonfl ammable solvents, we focus on organic phosphates, phospha-
zenes, and other additives for safety improvement. 

 In 1990, Mitsubishi Chemical Corporation discovered solvents with unusually 
high fl ash point, such as triesters of phosphoric acid (triethyl phosphate ( 66 ) and 
others) as well as other esters of phosphoric acid (15 vol.% and above) [ 140 ]. This 
triggered prolifi c research on phosphate solvents.

     

    According to a paper by Wang et al. from the Japan Aerospace Exploration 
Agency (JAXA) published in 2006, “TMP exhibits excellent anode stability but 
poor cathode stability against a graphite anode” [ 141 ]. For this reason, they note the 
following: “The poor cathodic stability of the TMP solvent has led some authors to 
conclude that the goal of a TMP-based nonfl ammable electrolyte is impractical for 
lithium-ion cells” [ 141 ]. 

 In 1992, Bridgestone discovered that cyclic phosphazenes, such as hexapropi-
oxycyclotriphosphazene ( 146 ) and hexafuluoroethoxycyclotriphosphazene ( 147 ), 
can be used as additives [ 142 ].

   146 147   

3.4.3         Others 

 In 1994, Tadiran, an Israeli company, made the discovery described as follows: 
“This cell comprises as main components a negative electrode which is Lithium or 
Lithium alloy, a positive cathode which includes MnO 2  and an electrolyte which is 
1,3-Dioxolane ( 148 ) with Lithium hexafl uoroarsenate (LiAsF 6 ) and a polymeriza-
tion inhibitor” [ 143 ].

   148   
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    According to the report, in such batteries, “the solvents should be such that it 
polymerizes in the cell above 100 °C and at high voltages of above about 4 V” 
and “this polymerization is very effective in that it substantially increases the 
resistivity of the cell and thereby terminates its operation and precludes the pos-
sibility of  further hazardous reactions between the lithium and the electrolyte 
itself” [ 143 ]. 

 In 1999, Ube Industries Ltd. discovered that oxetane compounds, such as 
3,3′-[oxybis(methylene)] bis(3-ethyl-oxetane) ( 149 ), can be used as additives in 
small quantities [ 144 ].

   149   

    In 2001, Hitachi, Ltd. discovered that fl uorinated alkyl esters, such as methyl 
perfl uorobutyrate ( 150 ), can be used as additives in small quantities [ 145 ]. 

 In 2003, Yamaki et al. from Kyushu University presented in a paper that methyl 
difl uoroacetate (MFA) ( 151 ) can be used as an additive in small quantities and 
reported that MFA electrolyte is a good candidate to improve the thermal stability 
of the lithium ion and lithium metal anode battery [ 146 ].

   150 151   

3.5          Miscellaneous 

 In this section, we present additives for wettability improvement, additives for cor-
rosion inhibition, and lithium salts. 

3.5.1     Additives for Wettability Improvement 

 In 1989, Asahi Kasei Corporation found phosphates containing long-chain aliphatics 
and aromatics, such as tris(2-ethylhexyl) phosphate ( 152 ) and triphenyl phosphite 
( 153 ) [ 147 ].
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   152 153   

    In 1995, Adeka Corporation discovered carbonates containing long-chain alkyl 
carbonates, such as dodecyl methyl carbonate ( 154 ) [ 148 ].

   154   

    In 1999, Ube Industries, Ltd. discovered carbonates containing branched alkyl 
groups, such as methyl 1-methylpropyl carbonate ( 155 ) and methyl  sec -butyl car-
bonate ( 156 ) [ 149 ].

   155 156   

    In 2000, Ube Industries, Ltd. discovered tertiary carboxylic acid esters, such as 
methyl 2,2-dimethylpropanoate ( 157 ), ethyl 2,2-dimethylpropanoate ( 158 ), butyl 
2,2-dimethylpropanoate ( 159 ), and hexyl 2,2-dimethylpropanoate ( 160 ) [ 35 ].

   157 158 159 160   

3.5.2          Additives for Corrosion Inhibition 

 In 2002, Ube Industries, Ltd. discovered that adding small quantities of dinitriles 
(such as adiponitrile ( 161 )) to electrolytes reduces the corrosion of metal parts of 
the battery, such as the battery container and the electrodes [ 36 ].
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   161   

    Subsequently, demand increased abruptly, and various electrolytes mixed with 
small quantities of dinitriles and other additives were discovered from 2004 onward. 
For example, in 2004, LG Chem Ltd. discovered that compounds such as succinonitrile 
( 162 ) and sebaconitrile ( 163 ) can be combined with compounds such as 2-fl uorotolu-
ene ( 164 ) and 3-fl uorotoluene ( 165 ) [ 150 ]. In the same year, Samsung SDI discovered 
that succinonitrile ( 162 ) is effective for protecting Cu current collector [ 151 ].

   

162 163

164 165   

    Also in 2006, LG Chem Ltd. discovered that dinitriles such as succinonitrile ( 162 ) 
can be combined with fl uoroethylene carbonate ( 60 ) for use as additives [ 152 ]. 

 Although various dinitrile compounds have been examined as additives, their 
chemical properties vary considerably depending on their structure. For example, 
while adiponitrile ( 161 ) is liquid at normal temperature since its melting point is 
3 °C, succinonitrile ( 162 ) is in the form of waxy oil since its melting point is 57 °C. 
Therefore, using succinonitrile ( 162 ) at normal operating temperatures is problem-
atic [ 153 ].  

3.5.3     Lithium Salts 

3.5.3.1     Nitrogen-Containing (Imide Anion) Lithium Salts 

 In 1986, Hydro-Quebec discovered lithium salts containing imide anions, such as 
lithium bis(trifl uoromethanesulfonyl)imide ( 166 ) [ 154 ].

   166   
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3.5.3.2         Boron-Containing Lithium Salts 

 In 1993, Wühr at the University of Regensburg discovered the utility of 
lithium organoborates containing aromatic rings, such as lithium bis(1,2-
benzenediorate(2)- O , O ′)borate ( 167 ) [ 155 ], and in 1996, Merck KGaA, together 
with Barthel et al. from the University of Regensburg, discovered other lithium 
organoborates containing aromatics, such as lithium bis(2, 3-naphthalenediolato)
borate ( 168 ) and lithium bis[3-fl uoro-1,2-benzenediolato(2-)- O , O ′]borate ( 169 ) 
[ 156 ,  157 ].

   167 168 169   

    In 1998, Chemetall GmbH found lithium bis(oxalato)borate ( 170 ) [ 158 ].

   170   

    In 2000, Central Glass Co, Ltd. found lithium organoborates containing a struc-
ture of oxalic acid, such as lithium difl uoro(oxalato)borate ( 171 ) [ 159 ].

   171   

    In 2004, Air Products found polyhalogenated lithium borates, such as dilithium 
dodecafl uorododecaborate (Li 2 B 12 F 12 ) [ 160 ].  

3.5.3.3     Phosphorus-Containing Lithium Salts 

 In 1996, Merck KGaA discovered lithium fl uorophosphate containing fl uori-
nated alkyl groups, such as lithium tris(pentafl uoroethyl)trifl uorophosphate 
( 172 ) [ 161 ].
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   172   

    In 1997, Sanyo Electric Company discovered that lithium salts such as lithium 
fl uorophosphate (Li 2 PO 3 F) ( 173 ) and lithium difl uorophosphate (LiPO 2 F 2 ) ( 174 ) 
can be used as additives in small quantities [ 162 ]. Furthermore, in 2003, Mitsubishi 
Chemical Corporation discovered a method for manufacturing lithium difl uoro-
phosphate ( 174 ) [ 163 ].

   173 174   

    In 2000, Central Glass Co, Ltd. discovered lithium salts containing a structure of 
oxalic acid, such as lithium tetrafl uoro(oxalato)phosphate ( 175 ) and lithium 
difl uorobis(oxalato)phosphate ( 176 ) [ 159 ].

   175 176   

3.6           Future Prospects 

 In recent years, the role played by the electrolyte has become increasingly versatile 
due to the adoption of various cathodes, anodes, and separators as a result of the 
intensifi cation of technological development in the fi eld of LIB materials. 
Electrolytes and additives are key materials for optimizing the performance of 
materials used in cathodes, anodes, and separators and strongly affect critical parts 
governing battery performance parameters such as the cycle life characteristics, 
preservation characteristics, and output characteristics. 

 When intensive research and development of additives is conducted on a daily 
basis, some compounds might be serendipitously found and industrialized as additives. 
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However, such development has produced only a handful of additives that have truly 
established themselves as commercialized additives. The reason why additive develop-
ment is diffi cult is that additives always have side effects. Thus, the key to developing 
new additives is to control the side effects, like in pharmaceutical development, in 
order to achieve good overall battery performance. Careful consideration of the phe-
nomenon inside the batteries is essential in the development of novel additives. 

 The aim of this chapter is to present information from papers and patents in func-
tional and historical order, as well as to provide numerous examples of additives, 
with the hope that it would be of assistance in future research on additives.     
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4.1            Introduction 

 Ionic liquids (ILs) composed only of ionic species without any organic molecules 
possess various unique properties such as reduced fl ammability, reduced volatility, 
and a relatively high ionic conductivity at ambient temperature. The existence of 
ILs has become especially popular in various fi elds during the past two decades due 
to the discovery of moisture-insensitive ILs based on perfl uoroanions—such as tet-
rafl uoroborate [BF 4 ] − , and bis(trifl uoromethylsulfonyl)amide [(CF 3 SO 2 ) 2 N] − , denoted 
as Tf 2 N − —which are easy to prepare and handle under atmospheric conditions [ 1 ]. 
At the same time, these perfl uoroanions have attracted attention as a nonfl ammable 
electrolyte for various electrochemical energy devices, especially for lithium sec-
ondary batteries, because these perfl uoroanions have already been examined as a 
counter anion for lithium salts [ 2 ]. The number of papers about battery applications 
using these ILs has increased during the past decade since early reports indicated 
their compatibility with conventional composite electrodes such as lithium cobalt 
dioxide, LiCoO 2  [ 3 – 5 ]. Although various cathodes and anodes, and almost all com-
posite electrodes, have been investigated, except for one carbon- based anode found 
to be compatible with these ILs, their performance, especially their rate perfor-
mance, was found to be quite defi cient compared to a conventional organic electro-
lyte. During the past decade, only a few anionic species have been developed to 
solve various defects derived from the conventional ILs. In particular, one of these 
new anions, bis(fl uorosulfonyl)amide, denoted as [(FSO 2 ) 2 N] − , dramatically 
reverses the poor impression of ILs as a lithium battery electrolyte [ 6 – 9 ]. Recent 
research on the thermal stability of ILs, which have been seriously investigated 
since the appearance of new ILs composed of [(FSO 2 ) 2 N] − , revealed that the ILs are 
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indeed harder to ignite; however, once ignited by an external source of energy, 
 signifi cantly high heat release occurs when the ILs burn under forced conditions 
[ 10 ]. Furthermore, not all ILs exhibited an expected safety feature as a nonfl am-
mable electrolyte under severe conditions such as the charged state [ 11 ,  12 ]. 
However, such facts have not reduced motivation for studying ILs as a battery 
 electrolyte because various new results on next-generation batteries, which do not 
operate well in a conventional organic electrolyte, are beginning to be published, for 
example, Li-Air [ 13 ,  14 ], Li-S [ 15 ], and sodium secondary batteries [ 16 ]. In this 
chapter, the recent progress regarding the study of ILs for a lithium battery system 
will be briefl y described. Especially, the course of development of new anionic spe-
cies during the past decade will be the focus in order to demonstrate the difference 
between these new anions and a conventional anion, such as [(CF 3 SO 2 ) 2 N] −  or 
[BF 4 ] − . Since there are many reports on the ILs for use as a battery electrolyte and 
also their basic electrochemical properties, all the reports could not be referred in 
this chapter, but several books and reviews are recommended [ 17 – 21 ].  

4.2     Research and Development of Ionic Liquids for Battery 
Electrolytes During the Past Decade 

4.2.1     Conventional Ionic Liquids Composed of [Tf 2 N] −  and [BF 4 ] −  

 The explosive research and development of ionic liquids (ILs) and their applications 
started with the discovery of moisture-insensitive ILs composed of perfl uoroanions, 
tetrafl uoroborate, [BF 4 ] −  [ 22 ], and bis(trifl uoromethylsulfonyl)amide, [(CF 3 SO 2 ) 2 N] − , 
denoted as Tf 2 N −  [ 23 ,  24 ]. Various features pointed out for ILs, such as a lower 
 volatility, a lower combustibility, and high thermal stability have been realized by 
the ILs composed of the two representative anions, and not all the ILs [ 25 ]. At the 
same time, these unique features also attracted attention as a safe lithium battery 
electrolyte, which is not obtained using conventional organic electrolytes. Figure  4.1  
shows that the number of articles searched in Thomson Reuters’  Web of Science  
using the keywords “(“ionic liquid*” or “molten salt*”) and batter*,” was over 
1,800 as of March 27, 2013. Most of the papers were published after 2003, and the 
number signifi cantly increased with each passing year of the decade. Fundamental 
results on the use of these conventional ILs for typical lithium battery systems were 
reported around 2003 [ 3 – 5 ]. Except for cell performance, a 4-V class half-cell using 
a lithium cobalt oxide cathode [ 3 ] and a 2.5-V class full-cell using the same cathode 
and a lithium titanate anode (Li 4 Ti 5 O 12 ) [ 4 ,  5 ] operated using only the ILs without 
any organic additives such as vinylenecarbonate. These early studies developed a 
conventional composite electrode suitable for an organic electrolyte that could also 
be used by ILs. Furthermore, it seems fortunate that these two fundamental perfl uo-
roanions [Tf 2 N] −  and [BF 4 ] − , have already been practically used as a counter anion 
of their lithium salt before they were employed as a component of representative 
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ILs, which means that the good availability of these anions as a lithium salt with 
high purity has promoted further investigations.

   Both conventional anions form ILs not only with the most typical aromatic 
 cation, such as 1-ethyl-3-methylimidazolium, which is denoted as [C 2 mim] + , but 
also a aliphatic quaternary ammonium as shown in Fig.  4.2 ; however, almost all the 
studies on the ILs for battery applications adopted ILs containing [Tf 2 N] −  not [BF 4 ] −  
due to signifi cant differences between the two. The amide-based ILs are immiscible 
in water, and the borate-based ILs are miscible. The residual raw materials such as 
alkali metal salts in the immiscible ILs can be removed by washing with water; 
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  Fig. 4.2    Structure of typical cations used in lithium battery research       
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however, the miscible ILs cannot use such a cleaning process. Except for this 
 impurity problem, amide anions such as [Tf 2 N] −  can form ILs with many aliphatic 
onium cations.

   Although quite a few examples of aliphatic quaternary ammonium ILs composed 
of [BF 4 ] − , such as  N , N -diethyl- N -methyl- N -(2-methoxyethyl)ammonium tetrafl uo-
roborate, which is denoted as [N 2,2,1,2O1 ][BF 4 ] [ 26 ], were reported, their viscosity 
was much higher (ca. over 300 mPa s at r.t.) than the corresponding Tf 2 N salts 
(69 mPa s at r.t.) [ 27 ]. Furthermore, it was quite important that the [Tf 2 N] −  forms 
relatively low viscosity ILs with a cyclic quaternary ammonium such as C 3 mpyr +  
( N -methyl- N -propylpyrrolidinium) [ 24 ], which shows a slightly higher viscosity 
(53 mPa s at r.t.) than the lowest [C 2 mim][Tf 2 N] (35 mPa s at r.t.). Such ILs com-
posed of an aliphatic quaternary ammonium (AQA) exhibit a much wider electro-
chemical window toward both the cathodic and anodic region than that for the ILs 
composed of the [C 2 mim] +  [ 20 ]. In the AQA-ILs, lithium metal plating and strip-
ping could be observed without any organic additives such as a carbonate molecule 
[ 28 – 30 ], which guaranteed the possibility of constructing a 4-V class half-cell using 
LiCoO 2  as stated above. Indeed, the electrochemical stability of the ILs should be 
considered for stable charge and discharge cycling; however, the electrochemical 
stability, especially in the cathodic region, is known to be apparently expanded in 
the negative direction with the presence of a certain amount of a lithium salt [ 6 ,  31 ]. 

 Though the phenomena are not clearly understood, various possibilities have 
been discussed. The decomposition of [Tf 2 N] −  in the cathodic region due to the 
coexisting of Li +  would initiate a SEI (solid electrolyte interphase) formation on 
the surface of the negative electrode, which blocks the further decomposition of the 
component ions [ 32 ]. On the other hand, recent fundamental surface analysis of a 
metal electrode–ILs interface revealed that a unique layer structure composed of an 
ionic species was formed above the electrode surface [ 33 ]. If the fi rst layer near the 
electrode surface consists of ionic species, such as Li + , [Tf 2 N] −  or [Li(Tf 2 N) 2 ] −  [ 34 ], 
the surface ionic layer would act like a SEI, preventing the electrochemical reduc-
tion of the cationic species. However, considering the fact that a carbon anode has 
been known to be unsuccessfully operated in the ILs composed of [Tf 2 N] −  due to the 
co-intercalation of the cationic species [ 35 ], the conceivable surface structure or SEI 
might not exist on the surface of a carbon anode, or if it existed, it might not prevent 
the cation intercalation. The addition of carbonate molecules such as ethylenecar-
bonate and vinylenecarbonate as additives could solve these problems [ 36 ]; how-
ever, the co-existing volatile organic molecule in the ILs must negate the unique 
features of the ILs. In addition to these negative points for constructing a full-cell 
using [Tf 2 N] − -based ILs, a signifi cant viscosity increase with the addition of a cer-
tain amount of Li[Tf 2 N] has known to be a major drawback. There is no doubt that 
the [Tf 2 N] −  contributes to the possibility of ILs being a unique electrolyte for a 
lithium secondary battery; however, the limitation for actual application has become 
apparent. In the next section we will describe the development of new anionic spe-
cies to provide better results not only for the basic physical properties, but also for 
the performance of a lithium secondary battery using these new ILs.  
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4.2.2      New Ionic Liquids Composed of New Anions Developed 
During the Past Decade 

 Over the past decade, only a few anionic species have appeared, and the ILs 
 composed of these new anions have played an important role in overcoming the 
defects of the commonly used ILs composed of [Tf 2 N] −  and [BF 4 ] − , as stated in the 
previous section. New typical perfl uoroanions are shown in Fig.  4.3 . The concept of 
preparing these new anions is structural modifi cation of the conventional anions, 
such as [Tf 2 N] −  and [BF 4 ] − . In case of amide anions, various asymmetric amide 
anions were reported, such as [TSAC] −  [ 37 ], [PfTfN] −  [ 38 ], [NfTfN] −  [ 39 ], [fTfN] −  
[ 40 ] and [fPfN]− [ 41 ]. On the other hand, in case of borate and phosphate anions, a 
perfl uoroalkyl substitution of a fl uorine atom in the [BF 4 ] −  and [PF 6 ] −  were also 
reported, such as [FAP] −  [ 42 ], [BF 3  n C 4 F 9 ] −  [ 43 ], [BF 3  n C 3 F 7 ] −  [ 44 ], [BF 3 C 2 F 4 OCF 3 ] −  
[ 45 ]. As stated above, the ILs composed of [BF 4 ] −  have various drawbacks compared 
to ILs composed of [Tf 2 N] − . However, when one fl uorine atom in [BF 4 ] −  was replaced 
by a perfl uoroalkyl group (-R F ), the resulting anions [BF 3 R F ] − , form water-immisci-
ble ILs with various cations, such as [N 4,2,2,1 ] +  ( N -butyl- N ,diethyl- N -butylammonium) 
[ 27 ] and [C 4 mpyr] +  ( N -butyl- N -methylpyrrolidinium) [ 46 ], the salts of which are 
composed of [BF 4 ] −  and exhibit very high melting points ([N 4,2,2,1 ][BF 4 ]: 165 °C, 
[C 4 mpyr][BF 4 ]:150 °C). Furthermore, the viscosity of the ILs composed of [BF 3 R F ] −  
signifi cantly decreased as compared to the corresponding [BF 4 ] melt (ex. [N 2,2,1,2O1 ]
[BF 3 CF 3 ] (trifl uoromethyltrifl uoroborate, [BF 3 CF 3 ] − ): 108 mPa s at r.t. [N 2,2,1,2O1 ]
[BF 4 ]: 426 mPa s at r.t.) [ 27 ]. In connection with the effect of the substitution of 
a fl uorine atom by an R F − group, tris(pentafl uoroethyl)trifl uorophosphate 
([(C 2 F 5 ) 3 F 3 P] − , which is denoted as FAP − ) was another important example [ 42 ]. 

  Fig. 4.3    Structure of typical anions used in lithium battery research and recently developed anions       
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The anions were reported as a counter anion for new a lithium salt [ 47 ] and also ILs 
[ 42 ], which improved the well- known defects of [PF 6 ] −  such as a hydrolyzability.

   Contrary to the fact that a [PF 6 ] −  has been practically used as the counter anion of a 
supporting electrolyte for a conventional organic electrolyte, there have been few reports 
about ILs based on [PF 6 ] −  because of their poor physical properties. The viscosity of 
ILs composed of [PF 6 ] −  are much higher than that of corresponding amides and borates. 
For example, [N 2,2,1,2O1 ][PF 6 ] has over 1 × 10 3  mPa s at r.t. [ 48 ], which is about 14 times 
greater than the corresponding amides, such as [N 2,2,1,2O1 ][Tf 2 N] (69 mPa s at r.t.) [ 27 ], 
which means that the diffusivity of Li +  in the [N 2,2,1,2O1 ][PF 6 ] was over ten times lower 
than that in [N 2,2,1,2O1 ][Tf 2 N] according to the Stokes–Einstein equation. The modifi ed 
phosphate anion [FAP] − , decreases the viscosity of the ILs about one-seventh as com-
pared to the corresponding [PF 6 ] −  melts ([N 2,2,1,2O1 ][FAP]: 146 mPa s at r.t.) [ 48 ]. The 
melting point of the ILs composed of [FAP] −  also decreased due to the existence of an 
electron withdrawing group (-R F ) as in the case of [BF 3 R F ] − , which increase the dispers-
ibility of a negative charge in order to reduce the electrostatic interactions between the 
cations and anions. The mobility and fl exibility of the −R F  group might disturb the close 
packing between an anion and a cation. The effect of the −R F  group on the diffusivity of 
ions in the ILs was well reproduced by molecular dynamics simulations [ 49 ]. 

 The favorable effect of the substitution of an −R F  group on the physical proper-
ties of ILs as stated above was not established in perfl uorosulfonylamide. Contrary 
to the above-mentioned borate anions and phosphate anions, the longer was the 
length of the perfl uoroalkyl group in a perfl uorosulfonylamide, the higher was the 
viscosity. For example, the viscosity of  N , N , N -trimethyl- N -propylammonium 
bis(trifl uoromethylsulfonyl)mide ([N 3,1,1,1 ][Tf 2 N]) (72 mPa s at r.t.), which is the 
smallest aliphatic quaternary ammonium cation forming ILs with [Tf 2 N] −  [ 50 ], sig-
nifi cantly increased by changing the anion from [Tf 2 N] −  to pentafl uoroethyl(trifl uor

  Fig. 4.4    Anion size dependence of viscosity of ILs. ( 1 ) [Pf 2 N] − , ( 2 ) [Tf 2 N] − , ( 3 ) [TSAC] − , 
( 4 ) [f 2 N] − , ( 5 ) [BF 4 ] − , ( 6 ) [BF 3 CF 3 ] − , ( 7 ) [BF 3 C 2 F 5 ] − , ( 8 ) [BF 3  n C 3 F 7 ] − , ( 9 ) [BF 3  n C 4 F 9 ] − , ( 10 ) [PF 6 ] − , 
( 11 ) [FAP] −        
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omethylsulfonyl)amide ([C 1 C 2 ] − ) ([N 3,1,1,1 ][C 1 C 2 ]:174 mPa s at r.t.) [ 38 ]. In the per-
fl uoroamide, the molecular size should be reduced to decrease the viscosity. 

 Figure  4.4  shows the viscosity of various ILs composed of [N 2,2,1,2O1 ] + , which 
suggest that the viscosity of the ILs composed of perfl uoroanions depends on the 
size of the anions and there exists a lower minimum at about 100 Å 3  [ 48 ]. Within the 
range of the molecular size shown in Fig.  4.4 , ILs composed of bis(fl uorosulfonyl)
amide ([f 2 N] − ), ([N 2,2,1,2O1 ][f 2 N]) exhibited the lowest viscosity. The fact that not only 
[N 2,2,1,2O1 ] + , but also [C 2 mim] + , gave the same tendency implies that [f 2 N] −  provides 
the lowest viscosity ILs composed of perfl uoroanions. However, the most remark-
able fact about [f 2 N] −  was their uncommon abilities to overcome  various unavoid-
able defects observed when using ILs composed of [Tf 2 N] − . For example, a carbon 
anode could operate without any additives even in [C 2 mim][f 2 N] [ 7 ]. Also, the 
deposition and redissolution of lithium could be observed in the same ILs and under 
the same condition [ 6 ].

   Furthermore, as shown in Fig.  4.5 , the rate property of the LiCoO 2  half-cell using 
[f 2 N] − -based ILs was much better than the other various ILs [ 48 ]. This result was 
derived from their low viscosity that increased with the addition of a lithium salt and 
low interfacial charge transfer resistance on the lithium metal anode and LiCoO 2  
composite cathode [ 48 ]. Not only theoretical studies on the [f 2 N] −  in ab initio calcu-
lations [ 51 ,  52 ], but also the solution chemistry [ 53 ], imply that a signifi cant 
 difference was present between the [f 2 N] −  and the other perfl uoroamide, such as 
[Tf 2 N] − , regarding the interaction between Li +  and [f 2 N] −  and also between [f 2 N] −  
and a lithium metal and the complex structure around a Li + . These differences must 
be attributed to the existence of the FSO 2 − group.

   Recent studies of a hybrid amide, such as [fTfN] −  containing both the FSO 2  −  and 
CF 3 SO 2  −  moiety, revealed that the ILs composed of fl uorosulfonyl(trifl uorosulfon
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yl)amide, denoted as [fTfN] − , behaved like [f 2 N] −  [ 54 ]. Although both the physical 
properties and the rate property using the [fTfN] −  were much better than [Tf 2 N] − , 
but slightly less than [f 2 N] − , such asymmetric amides indicate a remarkable poten-
tial to reduce the melting point of their onium salts [ 40 ]. The [fTfN] −  forms ILs 
with highly symmetrical cations such as tetraethylammonium, azoniaspiro-[4.4.]-
nonane, and phosphoniaspiro-[4.4.]-nonane, which did not melt at room temperature 
when combining with symmetric anions, such as [f 2 N] − and [Tf 2 N] − , and also asym-
metric but larger anions such as [C 1 C 2 ] −  [ 55 ]. The  N -(trifl uoromethanesulfonyl)
trifl uoroacetamide, which is denoted as [TSAC] − , also has the ability to reduce the 
melting point, but the electrochemical stability of the anion was poor [ 37 ]. However 
a very interesting point is that the [fTfN] −  also forms a low melting alkali metal 
salt [ 56 ,  57 ]. 

 As shown in Fig.  4.6 , the melting point of various lithium salts depends on the 
size of counter anions like the viscosity of the ILs as shown in Fig.  4.4 . In the fi gure, 
the results for [BF 3 R F ] −  were omitted due to their low decomposition temperature 
(ca. 150 °C) [ 58 ]. It was quite interesting that both the melting point and viscosity 
have the same tendency toward the size of the anion. The Li[fTfN] can be used as a 
onium-free lithium single molten salt from 100 °C to the decomposition tempera-
ture (300 °C) [ 57 ]. Such an onium-free lithium single salt will be useful to focus on 
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the latent potential and also the limitation of perfl uoroanions for battery applica-
tions. It should be emphasized again that developing new anionic species, not cat-
ionic species, causes such a dramatic and fundamental improvement as stated in this 
section. At the same time, the fact that the basic physical properties, such as the 
melting point and viscosity of the salts composed of perfl uoroanions, have a lower 
limit for the size of the perfl uoroanion, suggests that new anions with a fundamen-
tally different system, such as tetracyanoborate [B(CN) 4 ] −  [ 59 ], will be necessary to 
further improve the physical properties.

4.3         Application of ILs in Lithium Battery Systems 
During the Past Decade 

4.3.1      Conventional ILs Composed of [Tf 2 N] −  and [BF 4 ] −  

 Since early research revealed the compatibility of conventional ILs with composite 
electrodes, such as LiCoO 2  [ 3 – 5 ], the operation of other transition metal cathodes, 
such as LiMn 2 O 4  [ 60 ], and LiNi 1/3 Mn 1/3 Co 1/3 O 2  [ 61 ], have been reported using 
[Tf 2 N] − -based ILs containing aliphatic quaternary ammonium cations (AQAs). 
These results were appropriate considering almost the same operating voltage 
among these cathodes. However, it was interesting that a 5-V class cathode, such as 
LiNi 0.5 Mn 1.5 O 4  [ 62 ], could also operate in the ILs composed of the aliphatic quater-
nary ammonium cation (AQAs). At the same time, imidazolium-based ILs and also 
AQAs containing ether oxygen, such as [N 2,2,1,2O1 ] + , could not be used due to the 
poor oxidation stability of these ILs [ 27 ,  50 ]. These results correspond to the differ-
ence in the oxidation limit potential of these ILs, that is, the oxidation potential of 
the imidazolium and also the AQAs with ether oxygen were less positive than that 
of the AQAs without an ether oxygen [ 20 ]. However, strictly speaking, capacity 
fading during a long cycle was observed to a greater or lesser degree even in the 
AQA-ILs due to the high catalytic activity of LiCoO 2 . Such a capacity fading could 
be suppressed by a surface coating with Al 2 O 3  and ZrO 2  on the cathode surface, 
which was developed for improving the cycling stability in an organic electrolyte 
[ 63 ]. If such a surface modifi cation layer perfectly prevented from contacting any 
kind of ionic species on the catalytically active surface, low viscosity ILs without an 
electrochemical stability would also be re-evaluated as a lithium battery electrolyte. 
Not only the transition metal cathode as stated above, but also the thermally more 
stable LiFePO 4 , has also been investigated. The combination of the LiFePO 4  cath-
ode and a thermally stable lithium titanate (LTO) anode has been investigated as a 
full-cell application [ 64 ]. 

 On the other hand, the number of reports on a carbon anode in neat ILs is much 
smaller than that of cathodes because the conventional ILs composed of [Tf 2 N] −  is 
incompatible with a carbon anode without any additives, as stated in the previous sec-
tion. Contrary to the carbon anode, a silicon anode material with a much higher 
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theoretical capacity (ca. 4,000 mA h g −1 ) than a conventional carbon anode was found 
to be operative in the [Tf 2 N] − -based ILs without any additives [ 65 ]. This result sug-
gests a new direction for the research and development of ILs based on the following 
points. (1) The silicon anode was not stable in a conventional organic electrolyte. (2) 
The ILs composed of [Tf 2 N] −  with various drawbacks for use as a conventional bat-
tery material was valid for the next-generation battery materials. As will be stated in 
the next section, the high thermal stability of the ILs was not always expected inside 
a battery in a charged state especially at high temperatures [ 11 ,  12 ]’ however, even 
conventional ILs have the possibility to be an essential electrolyte as a new battery 
material, as pointed out in a recent review [ 17 ]. The number of papers on the applica-
tion of ILs for next-generation batteries has been gradually increasing, for example, a 
lithium-air battery [ 13 ,  14 ], and a lithium-sulfur battery [ 15 ]. 

 The reports on [BF 4 ] − -ILs for battery applications were much fewer than those 
for [Tf 2 N] − ; however, a few notable fi ndings have recently been reported for the low 
viscosity [C 2 mim][BF 4 ]. For example, Li[BOB] (BOB − : bis(oxalate)borate), which 
has been reported to form a good SEI at the anode in an organic electrolyte, also 
easily dissolved in [C 2 mim][BF 4 ] and also acted as an additive for protecting against 
cathodic decomposition of the [C 2 mim] + . Such a good SEI on the lithium metal 
allowed making a 3-V class Li/MnO 2  cell that exhibited a high discharge capacity 
(235 mA h g −1 ). However, the viscosity increase with the addition of Li[BOB] was 
unfortunately much higher than that for Li[BF 4 ] [ 66 ]. 

 This chapter focuses on the use of neat ILs to clearly describe the unique features 
of this less-fl ammable electrolyte. However, the unique application of these ILs as 
fl ame-retardant additives for a conventional organic electrolyte should be noted. 
The fl ame retardency of an organic electrolyte was achieved by the addition of a 
relatively large amount of these ILs. In spite of the addition of viscous ILs, a rela-
tively good battery performance was reported [ 67 – 69 ]. On the other hand, the recent 
unique studies as a synthesis media for an ionothermal process must also be men-
tioned [ 70 ]. The use of [C 2 mim]-based ILs have known to play an important role in 
the synthesis of cathode materials such as LiMPO 4 , LiMPO 4 F (M = Fe, Mn, Ni, Co) 
[ 70 ]. Furthermore, one of the [BF 4 ] − -based ILs [C 4 mim][BF 4 ], also serves to prepare 
the nanostructured FeF 3  via a one-step synthesis under mild conditions [ 71 ]. The 
conventional ILs composed of [Tf 2 N] −  and [BF 4 ] −  are expected to support research 
and development in the secondary battery fi eld.  

4.3.2     New ILs Composed of New Anions 

 Indeed, conventional ILs composed of [Tf 2 N] −  and [BF 4 ] −  have played an important 
role in determining the possibility of unique liquids as not only an electrolyte, but 
also as a synthetic media, as stated in the previous section; however, two major 
defects, such as their incompatibility with a carbon anode and their poor rate perfor-
mance, have been inevitable. However, these unavoidable defects were thoroughly 
alleviated by a new perfl uoroamide, such as [f 2 N] −  [ 6 – 8 ]. As already described in 
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Sect.  2.2 , this anion forms low-melting and low-viscosity ILs with various cations, 
and also the low internal resistance is comparable to an organic solvent electrolyte 
[ 48 ], however, the most surprising fact is that the [C 2 mim][f 2 N] with a low viscosity 
is compatible with not only the carbon anode but also the lithium metal anode with-
out any additives [ 6 ,  8 ]. The reports on the full-cell operation using [f 2 N] − -based ILs 
have gradually increased [ 8 ,  72 ]. In particular, a relatively large-scale laminate type 
cell (ca. 0.7 A h) using a LiFePO 4  cathode and a LTO anode was constructed using 
[f 2 N] − -based ILs, and a nail penetration test of the cell was also completed [ 73 ]. 
It should be noted that these studies used Li[Tf 2 N] as the lithium salts and not 
Li[f 2 N], probably due to the diffi culty of obtaining a high-quality sample and also 
handling without water contamination. The thermal stability of Li[f 2 N] was quite 
sensitive to the existence of a trace amount of water [ 74 ]. These problems may also 
apply to other newly developed ILs composed of new anions. It is no exaggeration 
to say that the further extension of the ILs as a battery electrolyte signifi cantly 
depends on the possibility of a high-quality and low-cost abundant supply. Anyway, 
the existence of [Tf 2 N] −  in the [f 2 N] − -based ILs has not signifi cantly affected the 
performance of each full-cell operation [ 8 ,  72 ]. Contrary to these reports, a full-cell 
containing the LiCo 1/3 Mn 1/3 Ni 1/3 O 2  cathode and a graphite anode also exhibited a 
good reversible cycling in [C 3 pip][Tf 2 N] (C 3 pip + :  N -methyl- N -propyl-piperidinium) 
with the addition of Li[f 2 N] [ 75 ]. These results suggest that the [f 2 N] −  must play an 
important role not only regarding the physical properties of the ILs, but also the 
possibility of the ILs as a lithium battery electrolyte. The good performance compa-
rable to a conventional organic electrolyte clarifi ed that the [f 2 N] −  will have been the 
one and only perfl uoroanion to be considered as a counter anion of ILs for current 
lithium battery systems [ 76 ].   

4.4     Thermal Stability of ILs 

 Recent studies have revealed that the features of ILs believed to be true for a long 
time are not always true. For example, the most common [Tf 2 N] − -based ILs can be 
distilled under high vacuum [ 77 ]. Also, conventional ILs are indeed harder to ignite; 
however, such ILs can be burned with the addition of external energy from an infra-
red heater (over 900 °C) in the presence of oxygen [ 10 ]. This means that ILs should 
not be categorized as “nonfl ammable” and “nonvolatile” liquids. However, these 
suggestions do not reduce our interest in the ILs as a potential electrolyte because 
these ILs are still “less-fl ammable” and “less-volatile” liquids, which are not real-
ized by a conventional organic solvent. Indeed, assessment of the thermal stability 
of ILs coexisting with various battery components such as a charged cathode, an 
anode, and lithium metal by differential scanning calorimetry (DSC) [ 11 ,  78 – 82 ] or 
accelerated rate calorimetry (ARC) [ 12 ] revealed that not all the ILs exhibited 
 thermal stabilities very different from those of an organic solvent electrolyte. 
However, these reports did not investigate all the cathodes and anodes that have 
been successively developed. As a matter of fact, of the ILs composed of [f 2 N] − , 
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only the [C 2 mim][f 2 N] may have a chance to compete with conventional organic 
electrolytes. Therefore, it is very important to fi nd new cathodes and anodes that can 
combine with the [f 2 N] − -based ILs that exhibit both high performance and thermal 
stability. Such a really good battery system has not yet been developed. However, 
for the ILs electrolyte, [C 2 mim][f 2 N] is the most promising IL; it was discovered 
because early reports opened up the possibility of using ILs as a lithium battery 
electrolyte [ 5 – 7 ]. The ILs should be used as a reference IL for future studies con-
cerning the ILs in a battery system.  

4.5     Summary 

 In this chapter, the research and development progress of IL electrolytes for use in 
a lithium secondary battery during the past decade was briefl y described back to the 
early reports on compatibility with a conventional composite electrode [ 3 – 5 ]. Many 
fundamentally important research studies such as the phase transition property [ 83 ], 
lithium metal plating and stripping and dendrite formation and suppression [ 84 ], the 
corrosion of the current collector [ 85 ], and development of new battery component 
such as a binder for the carbon anode [ 86 ] were not well described. Please see the 
reference papers for more details. In particular, it seems to suggest the incompatibil-
ity of [Tf 2 N] − -based ILs for a carbon anode has been much improved with the use of 
a new binder. From this result and also from the surface modifi cation of the cathode 
as introduced in Sect.  3.1 , the development of battery components is also important 
for the practical use of an IL electrolyte. The main purpose of this review was to 
indicate the importance of developing anionic species because the interaction 
between Li +  and an anion must govern not only the transport of Li +  through the bulk 
ILs, but also the electrochemical reactions at an electrode surface analogous to the 
solvation and desolvation of Li +  in an organic solvent electrolyte [ 87 ]. To further 
develop new anions, it is very important to establish the molecular design with the 
aid of theoretical calculations [ 49 ,  51 ,  52 ,  88 ].     
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Abstract The successful application of lithium-ion batteries depends to a great 
extent on the existence of interphases at anodes. In this chapter, the role and the 
significance of interphases in lithium-ion batteries are introduced firstly, then the 
theories proposed before 2005 are outlined, and the latest research progresses are 
reviewed at last, mainly focused on the formation processes, chemistries, and prop-
erties of the interphases on graphite.

5.1  Background

5.1.1  Introduction: Significance in Understanding  
of Interphases and Challenges

Interface, called boundary as well, results from the contact of two different phases. 
The electrode/electrolyte interface is necessary for an electrochemical system, 
because it provides valid locations where electron exchange is participating and the 
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electrochemical redox reactions are taking place [1]. Interphases grow in some 
 electrode/electrolyte interface accompanying the electrochemical redox reactions 
and provide the interface new properties and new structures.

Typically, an electrochemical reaction could be classified into two types: sponta-
neous, such as in a primary battery or a rechargeable battery during the discharge 
process: of course, in this case, an external energy is not needed; the other one, non- 
spontaneous, such as in an electrolytic reaction or a rechargeable battery during the 
charging process: in this case, an external energy is definitely needed to drive the 
energy-consuming reactions taking place [2]. Since all the electrochemical reac-
tions are related to electron transfer and the electron exchanges can only happen at 
electrode/electrolyte interfaces, the interphases always control the cell reaction 
kinetics, which refers to the charge–discharge rate for a rechargeable battery sys-
tem. In addition, for a rechargeable battery, an interphase also participates in deter-
mining whether the cell reactions are reversible or not, and with what columbic and 
energy efficiencies if the reaction is reversible, which represents the reversibility 
and the cycle life of the rechargeable device. Moreover, the interphase could even 
affect the working voltage range, which directly determines the energy density of 
the devices [3].

5.1.2  Significance of Interphase in Li-Ion Batteries

Li-ion batteries have the best gravimetric and volumetric energy density of com-
mercially produced rechargeable batteries. The high energy density is due to a large 
potential difference between the electrodes (3–5 V per cell) and high-capacity elec-
trode materials enabled by the use of nonaqueous electrolytes. Due to the high 
energy density, lithium-ion batteries are being intensively pursued for transportation 
applications, including hybrid electric vehicles (HEV), plug-in hybrid electric vehi-
cles (PHEV), and electric vehicles (EV). However, cost, safety, cycle and calendar 
life, and energy and power density are some of the major obstacles in successfully 
adopting lithium-ion technology for vehicle applications. One of the leading con-
tributors to many of these obstacles is the interactions and reactions of the electro-
lytes with the electrode materials [4].

Figure 5.1 illustrates the operating principles involved in a lithium-ion battery. 
Basically, the structure of a lithium-ion battery is similar with a sandwich, with two 
insertion lithium hosts (anode and cathode), and electrolyte. Metallic lithium was 
firstly used as an anode material over five decades based on its special advantages: 
(1) its lowest atomic weight as a metal providing the largest theoretical specific 
capacity of 3,860 m Ah g−1; (2) the most negative electrochemical potential (−3.07 
vs. SHE) providing the highest possible cell operation voltage when coupled with 
given cathode material; and (3) its smallest density (5.4 × 102 kg m−3) providing the 
possible highest gravimetric energy density [3]. However, the catastrophe arising 
from lithium dendrite growth happened in 1989 forced people to find the substi-
tutes. In such case, the graphite intercalation compound (GIC) of Li+ was proposed 
to substitute for the lithium metal as anode material. However, the GIC anode 
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 material results in a loss of 0.2–0.3 V cell voltage and more than 90 % original 
capacity [5]. Nevertheless, when the GIC anode material is coupled with a given 
cathode material, ranging from 3.0 to 5.0 V, around 100–200 W h kg−1 of energy 
density can be achieved, which is still the highest energy density in the rechargeable 
battery systems.

It has been established that nonaqueous electrolytes are not thermodynamically 
stable on the surface of lithium metal or lithiated graphite resulting in the reductive 
decomposition of electrolyte. Electrolyte decomposition products deposit on the 
electrode surface during the initial formation cycling and prevent further electrolyte 
reduction while allowing Li+ conduction [6]. The interfacial deposition layers have 
been termed “solid electrolyte interphase (SEI)” [7]. An understanding of this com-
plex component of Li-ion batteries has been of significant interest since the incep-
tion of Li-ion battery technology [8–11]. The effects of different factors, including 
graphite structure, electrolyte composition, and Li+ solvation sphere, on the chem-
istry and formation mechanism of the SEI have been extensively explored [12].

5.1.3  Symbolic Significance: PC–EC Disparity

The best example to highlight the importance of interphase is the EC–PC disparity 
and its impact on the history of Li-ion battery, as shown in Fig. 5.2 [13]. Lithium 
ion-graphite intercalation compound (Li+-GIC) was firstly discovered in early 1950s 
by Hérold via the reacting graphite with either molten lithium metal or lithium 

Load
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LixC6 Li1-xCoO2
Electrolyte

Cathode

Charge

Discharge

Li+

e- e-
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Fig. 5.1 Illustration of the charge/discharge process involved in a lithium-ion cell consisting of 
graphite as anode and layered LiCoO2 as the cathode (reproduced with permission by the American 
Chemical Society from [4])
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vapor [14]. Even today, the chemical approach has still been adopted to prepare 
intercalation compounds. Maluangnont and co-workers prepared new ternary GICs 
including M (Ic3)0.4C15–18 (M = Li, Na; Ic3 = iso-propylamine) and Li(1,2- 
diaminopropane)xCy [15, 16]. Since the first discovery of Li+-GIC via chemical 
approach, many efforts had been addressed to prepare the Li+-GIC via electrochem-
ical approaches, with the purpose to develop a new anode material. However in the 
four decades, not a single progress was obtained. The primary reason for the above 
failure is that the nonaqueous electrolytes during that period were almost exclu-
sively based on propylene carbonate (PC), which cointercalates and subsequently 
decomposes at 0.7 V vs. Li, leading to physical disintegration of the graphite anode 
[13]. It was once believed that it is impossible to prepare the Li+-GIC via electro-
chemical approaches. However during 1990s, successful lithiation of graphite was 
achieved by using ethylene carbonate (EC) as the primary solvent to substitute  
the PC solvent. Eventually the interphasial chemistry based on EC solvent drives 
the birth of Li-ion battery in today’s configuration. It is hard to image that only a 
single methyl group caused the delay of Li-ion technology over four decades.

As we mentioned the importance of classic interphases above, SEI in Li-ion bat-
teries also plays crucial roles on the performances of the battery, such as controlling 
the kinetics of cell reaction (charge–discharge rate or power density of the device); 
determining the reversibility of the cell chemistry and cycle life of the device; and 
affecting the capacity or the energy density and safety performance of device.

Fig. 5.2 The difference in interphasial chemistry caused by a methyl group might be responsible 
for the four-decade postponement of Li-ion technology: voltage profiles of graphic anodes in 
LiPF6/EC and LiPF6/PC during polarization to 0.002 V vs. Li (reproduced with the permission 
from the Electrochemical Society, [13])
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5.2  State of the History (Before 2005)

5.2.1  2-D vs. 3-D Formation Mechanism

The original SEI concept was firstly proposed by Peled derived from the passivation 
phenomenon of alkali metal electrode, which possesses a non-intercalating surface 
[7, 17]. The alkali metals in nonaqueous electrolyte are inevitably covered by a 
surface layer which is immediately formed by the reaction of the metal with the 
electrolyte since the potential of the alkali metal is lower far beyond the decomposi-
tion potential of the solvents or the salt. The reduction of electrolyte components on 
a lithium metal electrode, a flat surface, stops once the surface layer builds up to a 
thickness while preventing electron tunneling across it. Since the reduction and the 
surface layer growing on a simple flat surface, this formation mechanism was 
referred to as “2D formation model” of SEI. Considering the similar potential of a 
fully lithiated graphite and lithium metal, it has been suggested that the chemical 
nature of the SEIs in both cases should be similar. Dahn adapted Peled’s model for 
lithium’s surface and extended it to carbonaceous electrode [18].

With regard to the formation mechanism on graphite, people realized that simply 
the 2D formation model of SEI for lithium metal could not be adopted to carbona-
ceous anode because not only the potential of graphite is around 3.0 V vs. Li, but 
also the intrinsic structure of graphite is not a simple 2D flat surface like that of 
lithium metal. Therefore, the former factor offers a preferential reduction of the 
electrolyte components, not liking the instantaneous reaction occurring on lithium 
metal, because the potential of graphite is gradually brought down to the lithiation 
region (~0.2 V vs. Li/Li+), which allows some electrolyte components to be prefer-
entially reduced before others. While the latter factor, the intrinsic structure of 
graphite, provides an electrode surface with different “active sites,” since we know 
that the solvated Li+ could only intercalate at the edge sites of the graphite, it is 
expected that the chemical ingredients of SEI would appear at edge sites instead of 
basal planes. This graphic-specific mechanism was first discovered by Chu and 
 co- workers using atomic force microscopy (AFM), illustrating the growth of SEI 
during the first charging process: at the voltage higher than 2 V, the highly oriented 
pyrolytic graphite (HOPG) surface is clean and smooth; below 1.6 V, surface spe-
cies appear on steps or edge surface; and below 0.8 V, species deposit on both edge 
and basal plane surface, as shown in Fig. 5.3 [19].

The early studies have identified that the solvents could cointercalate into graphene 
layers before they decompose. On the basis of the knowledge about intercalation com-
pounds and their reactions, a mechanism for SEI formation was proposed by Besenhard 
which involves the formation of ternary GIC [Li(solvent)xCy] and its subsequent 
decomposition on the edge site of the graphite to form SEI [20], as shown in Fig. 5.4.

One decade later, based on their previous research work, Besenhard and co- 
workers studied the reduction of PC-based electrolyte on graphite via combination 
of in situ XRD with cyclic voltammetry. Their results confirmed the formation of 
the ternary GIC: Li+(PC)yCn

− (y ≥ 4) with a 3-dimensional, tetrahedral solvate shell 
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Fig. 5.3 Schematic diagrams 
of the stepwise formation  
of SEI on graphite surface 
based on AFM results 
(reproduced with permission 
by the Electrochemical 
Society from [19])

Graphene
sheet

Solvent

Li+

Decomposed
solvent

Fig. 5.4 Schematic illustration of the SEI formation mechanism via the decomposition of 
Li(solv)xCy (reproduction with permission from the American Chemical Society from [12])
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involving in over 374 % expansion of the basal plane spacing in c-direction of the 
graphite structure [21], as schematically shown in Fig. 5.5. This formation mecha-
nism is thus known as “3-D model of SEI.”

5.2.2  Extension from Li Metal

Aurbach and co-workers developed another model of SEI formation from the origi-
nal Peled’s concept for lithium electrode passivation, in which the surface reaction 
is the major process, and concerns were placed upon the composition and structure 

Fig. 5.5 (a) CV of SFG 44 graphite electrodes in 1 M LiClO4/PC electrolyte, scan rate 10 mV s−1; 
(b) in situ XRD evidence of the ternary GIC composed of Li(PC)4-graphite (reproduced with 
 permission by Elsevier from [21])
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of graphite material and components of the electrolyte as well. They used various 
electrolytes, solvents, salts, and graphite electrodes with different structures and 
morphologies and attempted to correlate the SEI effectiveness with these parame-
ters [22, 23]. Their extensive studies led to the conclusions that the failure of SEI 
formation on graphite is closely related to the structure and morphology of graphite 
as well as the components and conditions of the electrolytes. They suggested that 
the key fact is the structure of facets, perpendicular to the basal planes of graphite, 
through which Li insertion takes place; another important factor is the existence of 
some degree of disorder and distortion in the graphite structure. As respect to the 
electrolyte solvents, they found that the failure of SEI formation occurred in ester- 
based electrolyte because no effective surface film was observed above 0.3 V, and 
the solvents, coordinating with lithium ions, cointercalated into graphene and 
caused completely exfoliation. On the basis of their conclusions, Aurbach and co-
workers proposed a model for SEI formation that makes a compromise between 
solvent intercalation and surface reaction mechanism. According to the model, they 
suggested that the graphite electrode was covered by surface film in the carbonate 
electrolytes, even including PC-based electrolyte. The formation of precipitation of 
highly cohesive surface films and the overall surface reactions producing gaseous 
products are competitive, and the success or the failure of stabilizing of graphite 
depends on the balance between the kinetics of the two competitive reactions.

5.2.3  Chemical Ingredients

5.2.3.1  Lithium Metal Electrode

Organic carbonates with cyclic structures, such as EC, PC, and acyclic structures, 
including dimethyl carbonate (DMC), diethyl carbonate (DEC), and ethylmethyl 
carbonate (EMC), sever as the main ingredients as electrolyte solvents in state- 
of- the-art Li-ion batteries mainly because they can form stable interphase on graph-
ite and transition metal oxide [12]. It was believed that the chemical composition of 
SEI is closely related to the electrolyte components. For example, the SEI is  proposed 
to be mainly composed of Li2O in ether-based electrolyte [24]. After performing 
microscopic observations of lithium surface treated with PC-based electrolytes, Dey 
believed that the major component of the surface film is Li2CO3, which is the decom-
position product of PC through a two-electron mechanism [25], Scheme 5.1.

This conclusion was furthered supported by the results from Auger electron 
spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS) [26, 27].

OO

O

+ 2e

+ 2Li+
Li2CO3 + CH3-CH=CH2

Scheme 5.1 Proposed 
two-electron mechanism  
for the reduction of PC

M. Xu et al.
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However Aurbach and co-workers argued that the main component in the SEI on 
lithium is not Li2CO3 but the lithium salt of alkyl carbonate, which formed via a 
one-electron mechanism followed by the radical termination paths as shown in 
Scheme 5.2 [28].

The direct evidence of this reaction mechanism is the observation of carbonyl 
stretching signature at ~1,650 cm−1 in FTIR spectrum. The decomposition products 
from lithium salt were also found through the XPS surface analysis, such as alkoxides 
or oxides, a competition reaction between solvents and salts. However, the forma-
tion of alkyl carbonate seems to be predominant when EC is the component of 
electrolyte because of the more reactive nature of EC toward cathodic reductions 
[28]. The formation of lithium alkyl carbonate was also confirmed in an indepen-
dent work, where the reduction products of EC in a supporting electrolyte were 
hydrolyzed by D2O and then subject to NMR analysis, which identified ethylene 
glycol as the major products formed, as indicated by the singlet at 1H spectrum [29]. 
Therefore, Aurbach and co-workers concluded the reduction products of EC and 
PC, lithium ethylene dicarbonate (LEDC) and lithium propylene dicarbonate 
(LPDC), respectively:

LiO LiOO
O OLi OLi

O

O

O
O

O

O  

In addition, they pointed out that the lithium alkyl carbonate is very sensitive to 
moisture in the electrolyte, which is most likely the reason that early work identified 
Li2CO3 as the main component in the SEI [25, 26].

However, when the salt anion is susceptible to hydrolysis by trace moisture, like 
PF6

− and BF4
−, the generated HF may further react with the alkyl carbonate, and LiF 

is the overwhelming surface component [28]. Further studies suggest that alkyl car-
bonate is not stable upon storage or cycling on the lithium electrode, probably due 
to its continuous electrochemical reduction [30]. Thus, Aurbach first proposed that 
the SEI might have a multilayer structure within which the simple inorganic species 
such as Li2CO3 and Li2O are more stable and closer to lithium, while alkyl carbonate 
is more likely to be distributed in the outer layers [28, 30, 31].

Kanamura et al. studied the SEI components in various electrolyte solutions, 
LiBF4/PC, LiBF4/γ-GBL, and LiBF4/THF, via the combination of XPS and FTIR 
[32, 33]. By sputtering the surface of lithium metal electrode, they were able to record 
the depth profile of the related chemical species. Their conclusions are in good agree-
ment with the hypothesis by Aurbach et al. as discussed above, that is, the alkyl car-
bonate is in the outer layers of the SEI, as indicated by its signature binding energy 
of 289.0 eV at the C 1s spectrum, and its abundance rapidly decreases with sputtering 
time. In addition, the O 1s and Li 1s spectra clearly reveal the increasing abundance 
of Li2O species and deceasing of LiOH or Li2CO3 with sputtering time. LiF was 
detected throughout the SEI and was found relatively independent of sputtering. The 
generation of LiF was believed to have two possible reasons: (1) the reaction between 
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HF and alkyl carbonate or Li2CO3 and (2) direct reduction of BF4
− anion by lithium. 

Additional reactions between solvents with lithium seem to be also possible after the 
initial formation of SEI, since the abundance of organic  species increases in the inner 
layer with storage time, as supported by XPS C 1s spectrum. The increase in organic 
abundance of SEI component is most likely due to the permeation of solvent through 
the SEI and its subsequent reaction with lithium electrode. Figure 5.6 schematically 
shows the lithium surface structure and these subsequent reactions of the SEI.

5.2.3.2  Graphite Carbon Electrode

The earlier study on graphite exfoliation by PC has led to a simple two-electron 
reduction process, producing Li2CO3 and propylene as the major product, the same 
as PC reduction on lithium electrode, Scheme 5.1. As we mentioned above, this 
proposed mechanism was challenged by Aurbach and co-workers. They believed 
that the solvent preferentially formed a radical anion during the first cathodic pro-
cess and then subsequently underwent intermolecular electron transfer between the 
two radical anions, as shown in Scheme 5.3:

Since only one electron is involved in this reduction process, this mechanism is 
called “single-electron” reduction pathway. Apparently, in this single-electron 

Fig. 5.6 Schematic 
illustrations of the surface 
film formed on lithium in 
nonaqueous electrolyte  
based on LiBF4 solutions  
and the subsequent reactions 
(reproduced with the 
permission from 
Electrochemical Society  
from [32])

M. Xu et al.
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mechanism only half of organic moiety is lost in the form of gas, while the rest 
remained as SEI ingredient, known as either alkyl carbonate or semi-carbonate.  
The alkyl  carbonate and semi-carbonate are extremely sensitive to moisture and instan-
taneous conversion to Li2CO3 upon exposure to even trace amount of moisture.  
This is probably explained by the fact that the earlier analysis only found Li2CO3 as 
the major species on anode surface.

Recently, an interesting work has been done by Edström and co-workers using 
XPS [34]. The results revealed how moisture control affects ex situ surface analysis, 
which might be able to reveal the source of Li2CO3. Basically, the binding energy 
for C 1s electron in carbonyl of alkyl carbonate is lower than its full carbonate coun-
terpart, such as Li2CO3, due to the increases of electron-withdrawing functional 
group, and the signal at 289 eV has been used as the chemical signature of the alkyl 
carbonate; however, many XPS data reported in previous literature often showed 
conspicuous peak at >290.0 eV for cycled graphite anode. To support this chemical 
shift of alkyl carbonate to Li2CO3, Edström and co-workers conducted the XPS 
experiments without employing a vacuum transporter that ensures the moisture 
exclusion during the sample loading, instead exposure of the sample to ambient for 
a little bit while. They found that the carbonyl C 1s signals shift from 289 to 290 eV, 
which convincingly confirmed that the overwhelming presence of Li2CO3 on the 
anode surface is due to the exposure of moisture.

Based on the work of PC reduction on graphite, Aurbach et al. proposed the simi-
lar reaction mechanism for EC based on single-electron process, that is, LEDC. 
Considering that EC is an essential cosolvent of commercial electrolyte, therefore, 
LEDC is a key composition of SEI on anode surface in current Li-ion batteries.

Besides alkyl carbonates, several other species were also identified as possible 
SEI ingredients on graphite anode, including inorganic species such as the partially 

OO

O

OO

O

+ Li+, e−
+ Li+, e−

Li+

Li+

OO

O
radical termination

alkyl carbonates

Li2CO3 + CH3-CH=CH2

Scheme 5.2 Proposed one-electron mechanism for the reduction of PC

OO

O OO

O

OO

O
Li+

Li+

Li+

2
−CH3−CH=CH2 LiO O O OLi

O O

Scheme 5.3 Intermolecular electron transfer between the two radical anions
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reduced products from lithium salt anions, such as LiF or LixPFy in LiPF6-based 
electrolyte, as well as some dissociation products from lithium salts, such as 
LixPOyFz in LiPF6-based electrolyte due to the thermal dissociation or the prolonged 
cycling or aging [35], as described in Scheme 5.4, and organic species such as alk-
oxides as well as possibly polymeric moieties [36].

5.3  New Insights Achieved Since 2005

5.3.1  Chemistry

The well-established mechanism of the surface reduction for cyclic carbonates has been 
the single-electron reduction pathway proposed by Aurbach et al. (Scheme 5.3), which 
leads to the commonly named alkyl carbonates or semi-carbonates. Thereafter, Aurbach 
et al. further proposed that the presence of LEDC from EC reduction  passivates graphite 
carbonaceous materials, which allows the  intercalation/de-intercalation of lithium ions. 
This seminal notion addressed the fact that EC is the indispensable cosolvent in all 
electrolyte compositions and hence has been well accepted by the electrochemical com-
munity. Few years later, Ein-Eli found that electrolytes based on DMC and EMC were 
also able to support reversible Li-ion chemistry with graphite anodes, and the above 
single-electron pathway was extended to these linear carbonates, Scheme 5.5 [37].

In an effort to gain fundamental understanding on those key ingredients in the 
SEI, Xu et al. from the US Army Research Laboratory (ARL) synthesized a series 
of model lithium alkyl carbonate compounds to simulate the proposed chemical 
species on the anode surface, including lithium methyl carbonate (LMC), lithium 
ethyl carbonate (LEC), LEDC, and LPDC, as summarized in Scheme 5.6 [38].

LiOH + 1/2 H2

Li2O + 1/2 H2

Li2CO3 + CO2 + (CH2OH)2

LiOH + e− + Li+

H2O + (CH2OCO2Li)2

2CO2 + 2e− + 2Li+

LiPF6 + H2O

PF6
−  + ne− + nLi+ 

PF3O + ne− + nLi+ 

H2O + e− + Li+

LiF + 2HF + PF3O

LiF + LixPFy

LiF + LixPOFy

HF + (CH2OCO2Li)2, Li2CO3 LiF + (CH2COCO2H)2, H2CO3

Li2CO3 + CO

Scheme 5.4 Possible inorganic species on the graphite anode surface (reproduced with permission 
Elsevier from [35])
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The selected NMR spectra of these synthesized lithium alkyl ethylene dicarbon-
ate and lithium alkyl propylene dicarbonate are shown in Fig. 5.7.

The highly symmetric structure of LEDC results in simple spectra for both 1H 
and 13C nuclei. The NMR spectra of LEDC are in good agreement with the struc-
ture: only one 1H signals at 3.53 ppm (for –O–CH2–CH2–O–), while only two 13C 
signals at 62.9 ppm (for –O–CH2–CH2–O–) and 157 pm for (–O–CO2–). As for the 
LPDC, the 1H NMR spectrum characterized three chemical shifts; the doublet at 
1.10 ppm for CH3– indicates a CH3–CH– substructure, while the multiplets between 
3.37 and 3.81 ppm represent a characteristic split pattern of the –O–CH(CH3)–
CH2–O–. 13C NMR detected four nonisotropic 13C nuclei, which are located at 
17.87 ppm (for CH3–), 66.50 ppm (for –O–CH2–), 67.8 ppm (for O–CH(CH3)–), 
and 160.50 ppm (for –C(=O)–).

Zhuang et al. compared the FTIR spectra of pure LEDC on Ni surface after cyclic 
voltammetry in1.2 M LiPF6 EC/EMC electrolyte, and metallic lithium cleaved the 
same electrolyte, as shown in Fig. 5.8 [39]. By comparison of IR spectra, they estab-
lished that LEDC is the predominant surface species on a Ni electrode after lithium 
deposition in LiPF6/EC:EMC electrolyte, confirming that at the lithiation potential the 

O O

O
Li+

R3 R2
R3

Li+ Li+

Li+
R2 + 2e−

O O

O

O O
R2 or 3

O

−R2 R2

or R3 R3

or R2 R3

2

Scheme 5.5 Single-electron mechanism extended to reduction of linear carbonates

Scheme 5.6 Model compounds LMC, LEC, LEDC, and LPDC, as postulated reduction products 
from DMC, EMC, DEC, EC, and PC, respectively, via the single-electron reduction pathway on the 
graphite anode surface (reproduced with permission by the American Chemical Society from [38])
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Fig. 5.8 FTIR spectra of (a) synthetic lithium ethylene dicarbonate; (b) surface species on the Ni 
electrode after Li deposition cycling between −0.5 and +2.5 V; (c) EC:LiPF6 solvate (reproduced 
with permission by American Chemical Society from [39])

single-electron reduction indeed is the major process. Even below the fingerprint 
region, the spectra of pure LEDC and Ni surface match well and LDEC is the only spe-
cies detected on the electrode, despite the major population of linear carbonate  solvent 
in the electrolyte composition. In addition, they also employed Hartree–Fock method 
calculations to better interpret the IR spectra, indicating that intermolecular association 
through O–Li+–O interactions is also occurring, which is not observed for LPDC 
although the latter is also a dilithium salt. It is very likely that LEDC is more prone to 
form a network instead of remaining a monomer in the SEI as well [3]. This finding led 
to the later investigation of relative competiveness of cyclic and linear  carbonate for Li+ 
solvation shell and its implication in the eventual interphasial chemistry.

The reduction process on graphite anode is more complicated than what was 
detected on nickel electrode. In addition to LEDC that dominates the SEI compo-
nent, other species including lithium oxalate (Li2C2O4), lithium carboxylate 
(RCOOLi), and lithium methoxide (LiOCH3) were also identified through FTIR 
approaches and soft X-ray spectroscopy [40, 41]. The formed oxalate resulted from 
CO2, but its source is still unclear. Upon the reductive process, CO2 is reduced 
immediately and the resultant radical anion possesses lifetime long enough for a 
bimolecular recombination reaction, as shown in Scheme 5.7:

The lithium alkoxide is probably formed in a new two-electron pathway that 
involves acyl-oxygen cleavage instead of the alkyl-oxygen cleavage as proposed by 
Aurbach et al., as shown in Scheme 5.8:
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5.3.2  Formation Mechanism

5.3.2.1  Graphene Specific: Role of Li-Solvation Sheath

During the past decade, people already established the 3D model for the SEI 
 formation mechanism, as proved by Chu, Winter, and Besenhard [19–21]. Few 
years later, Xu et al. adopted AC impedance to analyze the “charge-transfer” resis-
tance and the associated activation energy [42]. The results improve the “3D inter-
phase” mechanism, as illustrated in Fig. 5.9.

In this improved model, they believed that the solvated lithium ion would access the 
graphene structure during the first charge/lithiation process and then force the graphene 
layer to open up till the bulky Li+(solv)x is accommodated in the 1.59 nm interstitial, 
which corresponds to the formation of intermediate ternary Li-GIC at potential ~1.5 V 
vs. Li. While the potential is bringing down below 1.0 V, the graphene interlayers turn 
into very reductive and solvent molecules in the solvated sheath subsequently are 
reduced by accepting electrons from the p-bands from sp2 carbon. The graphene inter-
layer distance is back to 0.35 nm during this reduction process and remains in the 
consecutive lithiation/delithiation cycles. The formed SEI, thus, partially penetrating 
graphene edge sites, acts as “binder” that prevents the graphene layers from expanding 
and also as “filter” that forces solvated Li+ to de-solvate before lithiation.

In addition, they also established the characteristic correlations between the 
 activation energies (EAC) for Li+ transfer measured at electrolyte/graphite interface 
and the electrolyte composition such as solvent ratio and salt concentration through 
the study of impedance [43]. To further confirm that the correlation is valid not only 
for the electrolyte system investigated therein but also for the typical electrolyte 
system, they expanded the EIS studies to an electrolyte system considered more suit-
able for low-temperature application, which is LiPF6/EC/EMC with EC/EMC ratio 
at 10:90, 20:80, 30:70, 40:60, and 50:50, respectively. Within the frequency range, 
two partially merged semicircles were observed; typically, these two semicircles 
were attributed to the Li+ migration processes corresponding to diffusion of naked 
Li+ through SEI layer at middle frequencies and charge transfer at low frequencies. 

OO

O

+ e, + Li+ + e, + Li+

+Li −O
O− Li+ O− Li+O

O

+ CO

Scheme 5.8 SEI formation from two-electron reduction reaction

CO2

O

+ e, + Li++ e, + Li+ O O

O− Li++Li−O

+Li−O
Scheme 5.7 SEI formation 
from reduction of CO2

M. Xu et al.
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Fig. 5.9 Schematic description of a solvated lithium ion’s journey from solution bulk to graphene 
interior, and the impedance components associated with these steps. (a) Assignment by convention 
where the process occurring at low AC frequencies was assigned to charge transfer after Li-ion 
diffusion across the interface film. (b) Rationale by Abe and Ogumi et al., where the desolvation 
process of Li-(solvent)x complex is identified as responsible for the above impedance components 
(reproduced with the permission by Electrochemical Society from [42])

The corresponding reciprocal resistances of the two semicircles, 1/Rint and 1/Rct, 
should be viewed as the measures of Li+ transport though these two components SEI 

and charge transfer, thus, following equation are addressed, 
1

0R ct
A RT

,
e

int
/

( )
= -Ea . 

Excellent Arrhenius behaviors were obtained for both Rct and Rint, as indicated by 
the near-unity values of the linearity indices (R) [44]. The activation energies were 
expected to be 20–25 kJ mol−1 for the interfacial component and 50–70 kJ mol−1 for 
the charge-transfer component, respectively, for the anode/electrolyte interfaces 

5 Interphases Between Electrolytes and Anodes in Li-Ion Battery



244

formed at different electrolyte compositions. This suggested that breakup of its sal-
vation sheath experienced a much higher energy barrier during an intercalation pro-
cess of solvated Li+. Thus, to better view the correlation between electrolyte 
composition and Ect, they also plotted the Ect values derived for all these interfaces 
against the electrolyte compositions, as shown in Fig. 5.10. The Ect remained almost 
a constant when EC/Li is above 4, while it dramatically decreased when EC/Li is 
below 3. That is, an all-EC salvation sheath should be expected in the solution with 
EC content >30 % (equivalent to EC/Li ≈ 3.5), while linear carbonate solvents DMC 
and EMC will be recruited in the sheath in solution when EC content is below 20 % 
(or EC/Li < 2.3).

On the basis of the identification of correlation between Li+-solvation sheath 
with electrolyte composition, it is not hard to image the close relationship between 
interfacial chemistries with the Li+-solvation sheath. One can imagine that the SEI 
ingredients are dominated by EC-based reduction products with EC content over 
30 % in the electrolyte, while the degradation products from linear carbonate 
 solvents should also be observed in the SEI components with EC content below 
20 %. To further confirm that the correlation holds true, Xu et al. employed NMR 
technique to distinguish the interfacial products in various electrolytes [43].

In their previous work, they already synthesized the pure semi-carbonates, 
including LEDC, LMC, and LEC as well, corresponding to the reductions of EC, 
DMC, and DEC, respectively, as summarized in scheme 5.6 [38]. The NMR spectra 
of these pure compounds provide the authors a powerful reference to assign the 
signals with binary or ternary electrolyte system. Two series of electrolytes were 
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investigated, LiPF6 in EC/DMC (50:50, 10:90) and LiPF6 in EC/EMC (30:70, 20:80, 
10:90). For the EC/DMC (50:50) electrolyte system, they found that the surface 
species seemed to predominantly consist of the EC-originated product LEDC, while 
with EC/DMC ratio at 10:90, the reduction product from DMC is identified because of 
its presence in the Li+ salvation sheath. With regard to the EC/EMC system, the 
reduction product from EMC is present on the graphite anode surface until the EC/
EMC ratio is lower than 20:80 (EC/Li ≈ 2.3, or averagely two EMC molecules in 
each salvation sheath), as shown in Fig. 5.11. One year later, similar conclusion  
was made by Onuki et al. using 13C-labeled solvents. They fabricated carbon- 
LiNixCoyAl1–x–yO2 cells employing 1.0 M LiPF6 13C-labeled ethylene carbonate 
 (13C-EC) and diethyl carbonate (13C-DEC) (3:7, v/v) electrolyte system and then 

Fig. 5.11 13C NMR of surface species collected from graphitic anodes cycled in LiPF6/EC/EMC 
30:70 (upper), 20:80 (middle), and 10:90 (below) (reproduced with the permission by American 
Chemical Society from [43])
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stored the cells at 85 °C. The gas species evolved during storage were analyzed by 
gas chromatography/atomic emission detector [45]. They found the gas evolution 
including CO2, CO, H2, and C2H4 during the thermal storage, and initial charge 
process was from EC reduction instead of linear carbonates; even though DEC 
dominates the electrolyte composition, related reduction mechanisms were pro-
posed in Scheme 5.9.

Typically, the electrolytes currently used by the Li-ion battery industry as well as 
the research community are composed of lithium salt dissolved in a mixture of high 
dielectric constant molecules, such as cyclic carbonate solvents, EC or PC, and low- 
viscosity molecules, such as linear carbonate solvents, which include DMC, DEC, 
and EMC. We already knew that cyclic carbonate (EC) possesses an unsymmetrical 
precedence in participating surface reductions, despite its relatively low population 
in most electrolyte formulations [39]. Recent studies suggested that the solvents 
recruited by Li+ into its primary solvation sheath are the precursors of interphasial 
chemistry, and most researchers believe that Li+ prefers to solvate to solvent mole-
cules with higher dielectric constant [46, 47] and also believe that the donicity 
(donor number) prevails [48].

In order to confirm the hypothesis that Li+ prefers to coordinate with cyclic solvents 
other than acyclic carbonates, Cresce et al. employed a nondestructive mass spectrum 
(MS) technique to map the distribution of cyclic and acyclic carbonate molecules 
within a Li+-solvation sheath [49]. Figure 5.12 shows the MS spectra of a few selected 
electrolyte compositions consisting of varying ratios of cyclic EC and acyclic EMC. 
In the absence of EC (Fig. 5.12, top), Li+ is solvated by the only  solvent, and the 
 spectrum looks rather clean, with Li(EMC) and Li(EMC)2 being the major solvates. 
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Fig. 5.12 Mass spectra of 1.2 M LiPF6 in EC/EMC solutions with three typical cyclic/acyclic 
carbonate ratios: EC/EMC 0:100, EC/EMC 30:70, and EC/EMC 50:50. The peak at m/e = 77 
 corresponding to complex of AN-(H2O)2, caused by contamination of environmental moisture and 
trace amount of AN remaining in the chamber after nozzle cleaning (reproduced with permission 
by Electrochemical Society from [49])
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For the EC/EMC = 30:70 (or 34.1 mol %), which is the most typical composition 
adopted in Li-ion battery research community, the presence of Li+-solvation sheath 
has already become predominant (Fig. 5.12, middle), with the most populous species 
being Li(EC) and Li(EC)2. Considering that EMC is still the dominant ingredient in 
the bulk electrolyte, apparently, Li+ exhibits a strong preference in recruiting EC as its 
solvation sheath. When the concentration of EC increases to 50 % (or 56.7 % mol %), 
EMC has essentially disappeared from the solvation sheath, while EC nearly becomes 
the exclusive sheath member, despite the fact the EMC presence in the bulk electrolyte 
is approximate half ratio.

Based on the abundances of each species, Cresce et al. quantitatively calculated 
the statistic distribution of cyclic and acyclic carbonate molecules within the Li+-
solvation sheath, as shown in Fig. 5.13. If there is no preferential solvation by Li+, 
then EC and EMC should have the same opportunity to enter the sheath, and the 
relation between EC-sheath population and EC-bulk composition should ideally 
follow the dotted diagonal straight line in Fig. 5.13. However, a very positive devia-
tion toward EC content occurs in all the electrolyte composition investigated, 
revealing this favorite between EC and Li+.

Based on the above discussion, in the current electrolytes used by Li-ion battery 
industries and research communities the wt.% of EC is normally above 20 %, in 
which each individual Li+ almost exclusively coordinated with EC molecules; that 
is why the interphasial chemistry on graphite anode almost exclusively consists of 
EC-reduction products.

The Li+ solvation factor might also play an important role in the reduction kinet-
ics of solvents molecules. This was also supported by the computation results. 
According to the Wang et al. calculation results, the reduction of a neat-solvent 
molecule is thermodynamically forbidden with a higher energy barrier for the initial 
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ring-opening process, while the energy barrier is dramatically decreased with the 
formation of Li+-solvation sheath [11].

5.3.2.2  Simulations: From Quantum Mechanics and Molecular Dynamic

Most of the available SEI formation mechanisms were proposed based on the 
 experiment phenomena, such as decomposition products and surface resistance. 
Hence, these mechanisms are somewhat limited by the artifact of measurement and 
processing techniques, and it is difficult to give detailed and high certainty informa-
tion of the SEI formation and growth. Nowadays, quantum mechanics and molecular 
dynamic simulations using chemically accurate methods show good advantage of 
providing detailed information on electron transfer between electrode and electro-
lyte and decomposition reaction pathways and predicting reaction products and 
 spatial distribution of reaction products in the SEI film.

Reduction Mechanism of Solvent and Additives in Gas and Solution

One- and two-electron reduction decomposition reaction of isolated EC and super-
molecules as Li+(EC)n (n = 1–5) were studied by using density functional calcula-
tions, both in gas phase and in solvent [11]. The coordination with Li+ was found to 
significantly lower the reduction stability of EC and stabilized the reduction inter-
mediates of EC. Surprisingly, the excess electron was found to be more energetic 
favorable to distribute on EC, instead of Li+. Different with the effect from Li+, the 
reduction stability of Li+(EC)n complex increased with the increasing of solvent 
number. However, the decomposition activation energy and products showed weak 
dependence on the solvent number. As shown in their results, formation of Li2CO3 
is slightly favorable in the complex with smaller EC number, and (CH2OCO2Li)2 is 
favored in higher EC number complex. One year later, the calculations on a reduc-
tion reaction of (EC)nLi+(VC) complexes were also carried out to elucidate the role 
of SEI film additive vinylene carbonate (VC) in EC solvent [50]. Similar with 
Li+(EC)n complex, the reduction stability of (EC)nLi+(VC) was found to increase 
with the increasing of solvent number. As expected, the reduction stability of 
Li+(VC) is lower than Li+(EC) and leads to a previous reduction of VC than EC in 
electrolyte, which is in agreement with most of the experimental results. The reduc-
tion mechanism of (EC)Li+(VC) is given in Fig. 5.14, which shows that it is more 
energetically favorable for giving the excess electron on VC instead of EC in (EC)
Li+(VC) complex. However, the subsequent decomposition reaction is more likely 
to happen via a ring opening on EC, which is about 7 kcal mol−1 lower than on VC. 
In addition, the former forms a more stable radical anion than the latter by 
12.4 kcal mol−1.

Taking into account thermodynamic as well as kinetic aspects of the reduction 
decomposition of (EC)Li+(VC), the optimal reaction path is initially reduced to the 
most stable intermediate by VC reduction (17 in Fig. 5.14) and then proceeds 
through a hemolytic ring-opening reaction of EC (23 and 22 in Fig. 5.14) to 
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Fig. 5.14 (a) Potential energy (underlined data) and Gibbs free energy profile at 298.15 K for the 
reductive decomposition process of (EC)Li+(VC) calculated with B3PW91/6-311++G(d,p)//
B3PW91/6-31G(d). (b) Termination paths for the radical anion from the EC reductive dissociation in 
(EC)Li+(VC) calculated with B3PW91/6-311++G(d,p)//B3PW91/6-31G(d) method. (c) Termination 
paths for the radical anion from the VC reductive dissociation in (EC)Li+(VC) calculated with the 
B3PW91/6-311++G(d,p)//B3PW91/6-31G(d) method (reproduced with permission by the American 
Chemical Society from [50])

generate a more stable initial decomposition product (21 in Fig. 5.14). So far, the 
role of VC as an SEI film additive was understood by catalyzing the decomposition 
of EC. The major calculated reduction decomposition products from this electrolyte 
system are organic products that would build up an effective SEI film, such as 
 lithium dicarbonates and lithium carbonate. The reduction products from VC are 
expected to improve the SEI film by further polymerizing on the electrode surface.

M. Xu et al.
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Reduction decomposition of clusters of (PC)nLi+(n = 2, 3) and (PC)nLi+(VC) 
(n = 1, 2) was studied in the same year [51]. The results revealed that the cointercala-
tion of PC with Li+ into graphite layers (due to the strong interaction of PC with Li+) 
and the nature of the reduction products of PC may be responsible for its disability 
to passivate the graphite surface. VC plays a similar role in PC-based system with 
EC, that is, weakening the co-interaction of PC, stabilizing the initial reduction 
products, and generating more proper film-forming agents. On the contrary, a 
decomposition of VC near a Li cluster surface was found to be smaller than EC and 
PC, while its reaction enthalpy is only moderately different from that of EC and PC 
[52]. And this lower activation energy of VC is explained by the somewhat stronger 
binding between the carbonyl group and the Li cluster surface, generating Li-organic 
product. This indicates that the nature of the electrode would change the reaction 
mechanism of the solvent and the formation of SEI.

Reduction decomposition reactions of two SEI film additives, 1,3-benzodioxol- 2-one 
and ethylene sulfite (ES), were investigated with density functional theoretical calcula-
tion in gas phase [53, 54]. Both of these additives were found to have lower reduction 
stability than PC. Hence, preferable reductions of these additives are expected. 
Coordinating with Li+ was found to lower the reduction stability of ES but increase the 
decomposition activation energy, as shown in Fig. 5.15. A cluster of ES-Li+-PC was 
also investigated to understand the effect of coordinated solvent. Reduction stability of 
this cluster was found to be higher than ES-Li+ and lower than ES. Interestingly, the 
structure and charge distribution of PC changed very slightly during the reduction 
decomposition of ES-Li+-PC, which means that PC is not involved in this decomposi-
tion and film formation.

Based on these above calculation results, a conclusion can be drawn that an ideal 
candidate SEI film additive should at least have lower reduction stability than the 
cosolvent, so that it would reduce before the solvent. Also, it is necessary that  
the final decomposition products of these additive–solvent–salt complexes could 
incorporate into the SEI film.

Most components of the SEI film, such as LMC, LEC, LEDC, LPDC, and Li2CO3, 
have been identified by recent advanced techniques [9, 22, 38, 40]; the structure, 

Fig. 5.15 Potential energy 
profile for the decomposition 
process of ES in the forms  
of isolated ES, ES-Li+, and 
ES-Li+-PC (reproduced  
with permission by Elsevier 
from [54])
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aggregation energy, and electrochemical properties of these film components  
were also understood by simulation. Lithium alkyl carbonates associated through 
 intermolecular O–Li+–O were proposed by Want et al., based on density functional 
theoretical studies in gas phase [55]. The interaction of O–Li+ is ionic. The calcu-
lated IR spectra of the associated lithium alkyl dicarbonates are in agreement with 
the experimental data, indicating that lithium alkyl dicarbonate exits on the anode 
surface as dimmers, trimers, tetramers, and even higher order n-mers rather than 
monomers. A more detailed and precise studies on the properties of LMC and LEDC 
were carried out later by using molecular dynamic simulation with quantum chemis-
try-based many-body polarizable force field [56]. It was found that the intermolecu-
lar bridging via one Li+ dominates and each Li+ is coordinated by approximately four 
oxygen atoms that come primarily from different alkyl carbonate molecular. Based 
on the results from the calculated ion self-diffusion and conductivity of LMC and 
LEDC system, they predicted that SEI comprising primarily LEDC with a typical 
width of about 10 nm would give rise to significant SEI layer resistance, the order of 
10−10 S cm−1 at the simulated temperature of −30 °C, as shown in Fig. 5.16. Charge 
transport in LEDC was found to be almost entirely due to Li+, based on the results that 
the cages formed by carbonate groups around Li+ lived longer than the residence time 
of one Li+ near these carbonate groups. The conductivity of LMC was up to an order 
of magnitude higher than LEDC, and the lifetime of Li cation was comparable to the 
residence time of Li+ complexation of carbonate groups.

Interstitial positions and migration barriers of Li+ diffusion mechanisms in 
Li2CO3 have been studied recently by using density functional methods [57]. They 
found that the most probable path of Li+ diffusion in bulk monoclinic Li2CO3 crystal 
is along the open 010 channel, which has the lowest barrier, about 0.3 eV. The dif-
fusion mechanism of Li+ involves a continuous making and breaking O–Li+ bonds 
while maintaining a high coordination with O during the process and resulting in 
low migration barrier. These results predict that a thin layer of the graphite surface 
with the proper orientation will provide good ion conductivity and enhance the 
 stability of the battery. Chen et al. using density functional theory confirmed that 
SEI composed of Li2CO3, Li2O, and LiF is prohibitive to electronic conduction. 
Specifically, from the calculation, the electronic structures of these three species are 
all insulated with large forbidden band gap. The calculated barrier for Li+ diffusion 
in Li2CO3 ranges from 0.227 to 0.491 eV, which is quite close to the previous 

Fig. 5.16 Alkyl carbonate 
and EC/LiTFSI16 conductivity 
from MD simulations 
(reproduced with permission 
by the American Chemical 
Society from [56])
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 simulation results [57]. Li+ diffusion in Li2CO3 and Li2O was found to be as fast as 
in graphite, but more difficult in LiF, since the calculated barrier in LiF is as high  
as 0.729 eV. Based on these simulations, better ion conductivity of the SEI film 
could be achieved by increasing LMC, Li2CO3, and Li2O and reducing LiF.

Solubility of several well-known organic and inorganic salts that form the SEI, such 
as lithium oxide(Li2O), lithium carbonate (Li2CO3), lithium oxalate ([LiCO2]2), 
lithium fluoride (LiF), lithium hydroxide (LiOH), lithium methoxide (LiOCH3), 
LMC, LEDC, and dilithium ethylene glycol dicarbonate (LEGC), has been studied 
in DMC and EC solvents by using molecular dynamic simulation [58]. The calcu-
lated heat generation from the dissolution of investigated salts in DMC was found 
to range from exothermic for organic salts to endothermic for inorganic salts, in the 
order as LEGC < LMC < LiOH < LEDC < LiOCH3 < LiF < [LiCO2]2 < Li2CO3 < Li2O 
(the value went from more negative in the left to more positive in the right), which 
is in good agreement with their previously experimental results [59], as shown in 
Fig. 5.17. The solubility order of these salts was found to be almost the same, while 
a overall higher solubility was found in EC compared with DMC. Polarity, size, and 
shape of the solvent molecular were found to play important roles in dissolved salts. 
On the other hand, the larger the size of the salt is, the more soluble it will be. 
Having a linear or a planar molecular shape will promote an enhanced molecular 
packing in crystal lattice and tend to dissolve less easily than the one having bulky 
groups or flexible chains.

Reduction Mechanism of the Solvent on Electrode Surface

More recently, people started to look into the reduction reaction/SEI film formation 
of solvent on the electrode surface. On the other hand, the developments of 

Fig. 5.17 The natural 
logarithm of M1/Mn 
(ln(M1/Mn)), the lower axis, 
plotted against − [ΔHdiss/
(1) − ΔHdiss/(n)]/RT, the  
upper axis, for the salts for 
which 1 and n refer to 
LiOCO2CH3 and any other 
salt, respectively. The wide 
bar represents ln(M1/Mn)  
with the experimental error; 
the perpendicular line 
shows − [ΔHdiss/(1) − ΔHdiss/
(n)]/RT, with the statistical 
error shown by a thin 
horizontal line. The solvent 
was DMC (reproduced with 
permission by the 
Electrochemical Society  
from [58])
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high- performance computers enable researchers to have both electrode and electro-
lyte in the simulated systems. Initial stages of SEI formation of EC on graphitic 
surface with different terminated groups were investigated by using ab initio molec-
ular simulation [60]. On pristine graphite electrode surface and before the formation 
of SEI, fast EC decomposition was found to initiate at the graphite edge regions, 
which is in good agreement with the previous experimental reports [24, 37]. 
Decomposition products CO3

− and (CH2CO3Li)2 would coordinate to the carbon 
edges with Li+ and other ionic products, forming SEI film. In this stage, termination 
groups of carbon edge strongly affect the decomposition of EC. Termination group 
C=O gives stronger driving force to the decomposition of EC than C–OH and C–H 
groups, generating both C2H4 and CO gas and ionic products. However, once the 
SEI film was formed on the graphite surface, the decomposition mechanism of EC 
would change due to the slower electron transfer from the electrode to the solvent, 
which may also change the composition of the later stages of SEI formation. Later 
on, the electron transfer on the lithium electrode/EC interface was investigated, 
showing that there are two regimes for the electron transfers to the adsorbed EC. EC 
is coupled strongly with the pristine Li (100) electrode surface and accepts electron 
undergoing decomposition in picosecond time scale. However, on the electrode 
coated with oxide layer, electron transfer to absorbed EC is significantly slowed down 
due to the reorganization energy of the adsorbed EC. These simulation results were 
confirmed by gravimetric measurements.

Besides electrode surface structure, the nature of the electrode and solvent also 
affect the evolution of the SEI. An interesting and detailed simulation of forma-
tion and growth of SEI on Li metal surface in EC, DMC, and EC mixed with DMC 
electrolyte was done by Kim et al., using reactive force field (ReaxFF) molecular 
simulations [61]. The SEI film was found to grow faster in EC-based electrolyte 
compared to DMC, generating thicker SEI film, and EC mixed with DMC electro-
lyte came in between, as shown in Fig. 5.18. This simulation result agrees with the 
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Fig. 5.18 Atomic configuration in the SEI formed between Li metal and electrolytes (EC, 
EC + DMC, and DMC) at different temperatures (300 and 500 K). Snapshots in the figure are 
obtained after 40 ps of NVT MD simulations. The atoms are color coded according to their charge 
state (green is neutral) (reproduced with permission by Elsevier from [61])

M. Xu et al.



255

experiment observations that EC is more reactive than DMC [62, 63]. On the 
other hand, the SEI film grew with the increase of temperature. The components 
of the SEI were shown to be highly dependent on the type of solvent as well as the 
electrode. For example, on Li electrode surface, the SEI is composed largely of 
Li2O and Li2CO3 in EC-based electrolyte and Li2O, Li2CO3, LiOCO2CH3, LiCH3, 
and LiOCH3 in DMC-based electrolyte. The absence of LEDC in SEI film on 
lithium electrode surface found from the recent experiment work [64] was well 
understood from this simulation. LEDC formed in the early stages of the  
SEI formation decomposed into inorganic salts and hydrocarbon molecules in 
lithium-rich environment, while in Li-poor environment, such as graphite elec-
trode; LEDC stayed as the major component with the growth of SEI film. 
Figure 5.19 shows the multilayer SEI formed in the SEI growth simulation. 
Inorganic salts are found closer to the electrode surface, while the organic salts are 
near the electrolyte–SEI interphase. The SEI formation potential predicted from 
this simulation is between 0.9 and 1.0 V vs. Li/Li+, which is also in agreement 
with experimental results [65, 66].

5.3.2.3  Possibility of Manipulation

The surface SEI layer formed on electrode prevents the sustaining decomposition of 
electrolyte but slows down the mass/charge transfer rates across the interface, which 
degrades the battery performance, especially in the application of sub-ambient tem-
perature discharge or high rate charge–discharge. To minimize this negative effect, 
numerous studies were addressed to manipulate the SEI in the past two decades.

In order to tailor an interphase which allows higher rate or low-temperature dis-
charge capability, researchers have been adopting the strategy of forming a thinner 
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SEI to achieve maximum of Li+ conductance. So far, series of electrolyte additives 
have been designed, modeled, and synthesized to meet the purpose. However two 
restrictions should be taken into account when we manipulate the interphase: (1) the 
minimal thickness of SEI cannot be thinner than 2 nm, below which electron tunnel 
occurs and sustaining decomposition of electrolyte inevitably takes place, and (2) no 
matter how thin the SEI is, Li+ desolvation cannot be avoided at graphite/electrolyte 
interface during charging process. The overall energy barrier of Li+ desolvation can 
be estimated from Li4Ti5O12(LTO)/electrolyte interface, on which it is believed to be 
free of any interphase because the reversible intercalation of Li+ occurs at ~1.5 V vs. 
Li/Li+. The pure contribution from Li+ desolvation process to the lithiation of LTO 
ranges around 50 kJ mol−1 [67]. On the basis of Ogumi [68] and Xu’s work, the 
 so-called charge-transfer component on graphitic anode/electrolyte is usually char-
acterized by an activation energy of 50–70 kJ mol−1, as shown in Fig. 5.20. Therefore, 
the Li+ desolvation controls the kinetics of lithiation process of intercalation anode 
materials, such as graphite and LTO.

Li+ diffusion in
graphene bulk

Li+ diffusion
through SEI film

Breakup of Li+

solvation sheath

Diffusion of solvated
Li+ in bulk solution

60~70 kJ mol–1

0.35 nm

Reaction Coordinate

“Charge-Transfer”
Activation Energy

DGπ

Fig. 5.20 The energy barrier during the journey of a Li+ from bulk electrolyte into graphite anode 
and its two contributing sources: (1) Li+ desolvation and (2) Li+ migration through interphase 
(reproduced with permission by the American Chemical Society from [67])
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Considering that the Li+ desolvation dominates the energy consuming during 
the entire lithiation process, one can imagine that an ideal interphase should not be 
just thin in physical thickness but be chemically desirable in a way that can cata-
lyze the breaking up of Li+-solvation sheath, as illustrated in Fig. 5.21 [69]. 
Specifically, since we know that lithium intercalation only occurs at the edge sites 
of graphite, a new strategy of manipulating SEI chemistry should directly target 
these active sites by designing new electrolyte additives that can modify the 
 physicochemical properties there. This new direction that has been under explora-
tion in the past could result in breakthroughs in new power-intense graphic anode 
materials.

Fig. 5.21 New strategy is needed to target the interphasial chemistry at graphitic edge sites in 
order to “catalyze” the disruption of Li+-solvation sheath (reproduced with permission by the 
American Electrochemical Society from [69])
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5.3.3  Properties of Interphases

5.3.3.1  Growth

SEI thickness on composite electrodes cannot be accurately measured or even 
 reasonably defined in some cases because of the porous surface of graphite electrode 
and the uneven distribution of the surface ingredients. Estimates based on spectroscopic 
data identified the average value ranging from 3.0 to 7.0 nm, comparable to the 
 estimates for an interphase on lithium metal. Scanning tunnel microscope (STM) also 
confirmed that the minimal thickness of SEI should be >2 nm, which is the maximum 
electron tunneling distance.

The thickness of the interphase is proportional to the amount of electrolytes 
 consumed during its formation cycles; the irreversible capacity in the initial cycles was 
often used to quantify the thickness as a measure for the quality of the SEI. Based on 
the correlation between the thickness of interphase and irreversible capacity, Dahn 
et al. developed a high-precision coulometry method to study the growth of interphase 
formed on graphite surface [70]. Their experimental results showed that time and tem-
perature, while not cycle count, are the dominant contributors to the growth of the SEI. 
They also addressed the equations (5.1–5.3) to describe the SEI growth rate and 
 consumption of Li on graphite electrode:
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Herein, x represents the thickness of the passivating layer, k is a proportional 
constant, and t is time. Therefore, the SEI thickness increases approximately with 
time1/2 consistent with a process where the temperature-dependent SEI growth is 
inversely proportional to the SEI thickness.

Not long after Dahn’s work, Shenoy et al. employed molecular dynamics simula-
tions to study the formation and growth of solid electrolyte interphase for the case 
of EC, DMC, and mixtures of these two solvent on lithium metallic electrode [61]. 
In their work, they investigated the constitutes and structures of SEI on  lithium 
metal electrode with the dependence of electrolyte composition and temperature 
change. The results show that the SEI films grow faster in the case of EC compared 
to DMC, with EC + DMC mixtures falling in between, as shown in Fig. 5.22.

The density of Li consumed in the SEI tends to be of asymptotic limit, which 
depends on the electrolyte composition but weakly on the temperature. In addition, 
the Li density in SEI formed in EC-based electrolyte is slightly higher than that in 
DMC and EC + DMC mixtures, suggesting that EC is more reactive compared to 
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DMC. And they also found that SEI films formed in EC electrolyte are rich in Li2CO3 
and Li2O, accompanying with gas molecules, C2H4 and CO, while LiOCH3 is the 
primary constituent of DMC electrolyte. While LEDC is formed in the presence of 
EC at low Li surface densities, it quickly decomposes to inorganic salts during subse-
quent growth in Li-rich environments. As the growth of SEI progresses, the quantity 
of Li2CO3 keeps increasing. The amount of Li2O in the SEI increases at the expense 
of LEDC, as shown in Fig. 5.23. Moreover, they also concluded that the multilayer 
structure of SEI with regions rich in inorganic salts is located closely to the anode 
surface, while organic ingredients are located near the electrolyte interface.

5.3.3.2  Ion Transport

Compared to the studies on the chemistry composition, structure, and formation 
mechanisms of SEI, not too much attention has been paid to understanding the ion 
transport mechanism by which Li+ passes through the SEI during the charging and 
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discharging steps. Some reports or experiments had been done by Peled et al. to 
understand the ionic conductivity in SEI films [6, 7, 17]. Aurbach proposed that 
some of Li+ in SEI is exchanged with Li+ in the electrolyte based on the observation 
of dynamic precipitation and dissolution of the salt in SEI [36].

Transportation of Li+ in the electrolyte through the SEI may occur via several 
different mechanisms. One possible mechanism is that Li+ after desolvation directly 
passes through pores since SEI is porous; the other possibility is that Li+ after desol-
vation exchanges with Li+ in the SEI. Recently, Harris et al. provided a more detailed 
description of ion transport mechanisms in SEI film by using isotope-labeled 
 electrolyte approach [71]. They immersed three copper electrodes which were pre- 
formed SEI in LiClO4 EC/DEC electrolyte into 1 M 6LiBF4 EC/DEC electrolyte for 
30 s, 3 min, and 15 min. After immersion, the electrodes were rinsed with DMC 
solvent and then transferred under Ar to a time-of-flight secondary ion mass spec-
trometer (TOF-MS); the results are shown in Fig. 5.24.

After immersion in 6LiBF4 electrolyte, the increase of 6Li+:7Li+ ratio suggested 
that electrolyte 6Li+ appeared within the 7LiClO4 SEI. For the samples experienced 
30-s and 3-min immersion, the 6Li+:7Li+ ration peaked near surface and then 
decreased to a nearly constant value beyond a depth of 5 nm.

5.3.3.3  Thermal Stability

Since we know that buildup of SEI prevents continuous electrolyte reduction, the 
SEI in a working Li-ion battery should maintain its physical integrity on a graphite 
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anode against both dissolution and chemical erosion from the acidic electrolyte 
solution. In the real application case, Li-ion batteries inevitably work at elevated 
temperatures. Therefore, the thermal stability of SEI formed on graphite electrode 
at elevated temperature should be evaluated.

Wan et al. investigated the thermal stability of SEI formed in LiPF6 and LiClO4 
EC/DEC electrolyte via the combination of electrochemical impedance spectros-
copy (EIS) and in-line FTIR-DSC [72]. The SEI formed in LiPF6 EC/DEC elec-
trolyte suffered periodical damage/reformation after storage at 85 °C, resulting in 
an oscillating impedance pattern. The source of thermal instability has been iden-
tified to be the strong Lewis acid PF5, which is the thermal decomposition product 
of LiPF6 salt. However the SEI formed in LiClO4 EC/DEC electrolyte showed 
significant thermal stability after exposure to elevated temperature due to the 
absence of Lewis acid PF5. Their results showed that the type of the conductive 
salt has a great impact on the thermal stability of the SEI when the cell experi-
enced aging.

A few years later, Zhao et al. also studied the thermal stability and chemical 
structure of SEI formed on a natural graphite electrode in LiPF6 EC/DMC electro-
lyte by thermogravimetry-differential thermal analysis combined with mass 

Fig. 5.24 SIMS depth profile of 6Li+:7Li+ isotope ratio for 7LiClO4 SEI after immersion in 6LiBF4 
electrolyte for 30 s, 3 min, and 15 min (reproduced with the permission of Elsevier from [71])
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Society from [38])

spectrometry (TG-DTA/MS) and XPS [73]. They found that the SEI formed on 
graphite electrode in discharged state was decomposed at around 330 and 430 °C 
and accompanied by CO2 evolution. The evolution of CO2 at 330 °C was not detected 
after the prolonged charge–discharge cycles, while the intensity of that at 430 °C 
increased. CO2 evolution at 330 and 430 °C is believed to be mainly caused by the 
decomposition of lithium alkyl carbonate and lithium oxalate, respectively. The for-
mation of lithium oxalate was attributed to the reduction of lithium alkyl carbonate 
during the intercalation of lithium ions.

However either Wan or Zhao was focusing on the SEI formed on graphite 
 electrode with the presence of LiPF6/carbonate electrolyte solution. The anions, 
solvents, or their dissociation products at elevated temperature may affect the ther-
mal stability of SEI. Xu et al. extensively investigated the thermal stability of the 
pure SEI components, LEDC, LMC, LEC, and LPDC [38]. TGA had been done to 
monitor the weight loss of these lithium alkyl mono- and dicarbonates in the tem-
perature range of 30–550 °C, as shown in Fig. 5.25a. The derivative thermogravi-
metric (DTG) quantity d(m/m0)/DT was also plotted to locate the onset temperatures 
of weight loss, as shown Fig. 5.25b.

The lithium alkyl monocarbonate, LMC and LEC, exhibits much higher thermal 
stability than the two dicarbonates, LEDC and LPDC. Either the mono- or dicarbon-
ate has multiple thermal processes with different onset temperature. On the base of 
identification of chemical components of TGA remnants via XPS and NMR after 
the samples were heated to different temperatures, they proposed the following 
competitive decomposition mechanisms (Scheme 5.10).
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5.3.4  Tailoring a Desired Interphase

Since we know that the interphase on graphitic anode plays a leading factor to the 
cell impedance, in the past three decades, many efforts have been favoring a thinner 
interphase in order to minimize the impedance of interphase, resulting in accelerat-
ing Li+ transport through the resistive barrier. The most common approach to design 
or create thinner interphase is through introducing selected additives in the electro-
lyte, whose sacrificial decomposition prior to any other electrolyte components 
would form an interphase with different chemistry. Because the thickness of SEI on 
composite electrode is hard to measure or even define in some cases, basically, 
people like to calculate the irreversible capacity loss at initial cycle to quantify the 
thickness as a measure for the effectiveness of these additives.

5.3.4.1  Additives

As described above, computation approaches were usually employed to estimate the 
reduction or the oxidation potentials of candidate molecules, which are related to 
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the energy levels of lowest unoccupied molecular orbit (LUMO) and highest occu-
pied molecular orbit (HOMO), respectively. During the past two decades, the 
research field of seeking novel additives favoring thinner SEI on graphite anode is 
overwhelming through the computation approaches. Numerous additives have been 
developed to assist in the SEI formation, such as the type of polymerization mono-
mer which is featured by one or more carbon–carbon double bonds in the molecules, 
VC [74–78], vinyl ethylene carbonate (VEC) [76, 79], and 4,5-dimethyl-[1,3]
dioxol-2-one (DMDO) [80]. The mechanism of the polymerizable additives in facil-
itating SEI formation is based on an electrochemically induced polymerization [81], 
which can be described by a general equation:

n

+ e−

 

where the radical anion can be terminated by the solvent molecules to form  insoluble 
and stable product as the preliminary SEI nuclei. Take DMDO as the  example; its 
reduction on graphite anode at the first cycle is about 1.35 V. Figure 5.26 shows 
cyclic performances of LiNi0.8Co0.2O2/MCMB cells in the standard (STD) and STD 
with 2 % DMDO electrolytes. Cells containing STD electrolyte experience a dis-
charge capacity drop from 3.1 mA h on the first cycle to 2.25 mA h on the 30th cycle. 
The capacity retention is about 73 %. When STD with 2 % DMDO electrolyte is 
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by Elsevier from [80])

used the capacity drops from 3.18 mA h on the first cycle to 2.72 mA h on the 30th 
cycle, or about 85.5 % retention of the original capacity, which suggests that addition 
of 2 % DMDO can significantly improve the cycling stability at room temperature.

Analyses of the anode reveal significant differences in the surface species 
(Fig. 5.27). The C 1s spectrum of the anode cycled with the STD electrolyte con-
tains peaks characteristic of PVDF (290.4 and 285.7 eV), C=O bonds in lithium 
alkyl carbonates and polycarbonates (290 eV), C–O bonds in ethers and carbonates 
(286–287 eV), and graphite (284.3 eV). The C 1s spectrum of the anode cycled with 
DMDO electrolyte contains peaks at 286–288 eV, consistent with the presence of 
C–O bonds in esters and carbonates, PVDF binder (290.4 and 285.7 eV), C=O 
bonds in lithium alkyl carbonates and polycarbonates (290 eV), as well as graphite 
(284.3 eV). In addition, a broad shoulder appears at about 291.5 eV at C1s spectrum 
of the anode with DMDO electrolyte. This peak could be ascribed to the product of 
decomposition of DMDO. Similar C 1s binding energies are reported for graphite 
anodes cycled in the presence of VC. The O 1s spectrum of the anode cycled  
with the STD electrolyte contains a broad peak characteristic of C–O and C=O 
containing components at 532–533.5 eV. This suggests the deposition of carbonate 
salts (Li2CO3 or lithium alkyl carbonates ROCO2Li) on the surface of the electrode, 
resulting from the decomposition of the solvents. Several formation mechanisms of 
the carbonate species can be found in the literature.

Other oxygen-containing compounds may also be present in the SEI. The O 1s 
spectrum of the anode cycled containing STD with 2 % DMDO electrolyte is slightly 
different from that of the anode containing STD electrolyte. In addition to the C–O 
and C=O peaks observed with the STD electrolyte, a new peak at ~534.3 eV is 
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observed. The additional peak suggests the presence of additional oxygenated deg-
radation compounds in the SEI. Similar O 1s peaks are observed with VC containing 
electrolytes and are correlated to the new C 1s peak at 291.5 eV, as discussed above. 
The binding energy of 534.3 eV is a very high value for an O 1s peak and is assigned 
to the degradation products of DMDO. The F 1s spectrum of the anode cycled with 
STD electrolyte shows three main peaks. The peak at 687.6 eV is assigned to PVDF 
binder, while the peaks at 684.5 and 686.5 eV are attributed to LiF and LixPOyFz, 
respectively, the decomposition products of LiPF6 commonly observed at electrode/
electrolyte interface. The F 1s spectrum of the anode extracted from a cell containing 
STD with 2 % DMDO is similar, but the intensity of the peak corresponding to 
LixPOyFz is greater. The intensity of PVDF binder of the anode cycled with STD 
electrolyte is much greater than that of the anode cycled with the STD with 2 % 
DMDO electrolyte, which suggests that the SEI film formed on the anode with STD 
is thinner than STD with 2 % DMDO electrolyte. The P2p spectra of the two samples 
are very similar, showing two peaks at about 134.5 and 137 eV; the peak at 134.5 eV 
is characteristic of LixPOyFz, and the peak at 137 eV could be assigned to LixPFy.

Interestingly, ex situ XPS spectra after cycling with electrolyte containing the 
additive suggest that the electrode can be detected by the polymerization products 
of DMDO. Selected bond lengths of DMDO (1), the cyclic radical anion of DMDO 
(2), transition state for ring opening of the radical anion of DMDO (3), and acyclic 
radical anion of DMDO (4) are provided in Fig. 5.28. In the gas phase, the DMDO 
reductive decomposition is thermodynamically forbidden as supported by the posi-
tive ΔG (+20.7 kJ/mol) between DMDO and its reductive intermediate as well as the 
associated negative adiabatic electron affinity (EA ≈ −(ΔE + ΔZPE), −22.3 kJ/mol). 
The ring-opening reaction of the cyclic intermediate proceeds via the transition 
state (DMDO + e⋯ts); the energy barrier is approximately 67.7 kJ/mol in the gas 
phase. Frequency analysis shows only one imaginary frequency (−850) correspond-
ing to the transition state. The results from intrinsic reaction coordinate (IRC) anal-
ysis also support that the DMDO + e⋯ts is connected with DMDO + e-cyclic and 
DMDO + e-acyclic. The formation of DMDO + e-acyclic is 3.4 kJ/mol more stable 
than the intermediate DMDO + e-cyclic.
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Based on the computation results we concluded that DMDO preferably reduced 
on the anode surface forming linear polymer as opposed to cyclic polymer:

O

O O
n

OO

O

n 

While the formation of DMDO-based species on cathode is not clear yet, the 
authors believed that the migration of the reduction products of DMDO on graphite 
anode surface to cathode side might be the possible reason.

Besides the above-described polymerizable monomer additives, sulfur-based 
compounds were proposed in our group as additives for forming anode SEI, including 
butyl sultone (BS) [82, 83], propane sultone (PS) [84, 85], prop-1-ene-1,3- sulton 
(PES) [86], as well as ES [54, 87]. These sulfur family additives have higher reduc-
tion potentials than the electrolyte solvents, as shown in Fig. 5.29.

Fig. 5.29 Cyclic voltammograms of graphite electrodes in the electrolytes with and without BS, 
PS, and PES (reproduced with permission by Elsevier from [83], [85], and [86])
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Incorporation of low concentration of BS, PS, or PES can dramatically improve 
the cycling performance at room temperature due to the modification of surface 
interphase. In addition, addition of PS to the electrolyte can significantly improve 
the cycling performance of the cells after thermal aging. Cell containing ternary 
electrolyte retained only 56 % of their initial reversible capacity after the storage 
period, while cells with added PS retained 70 % of their initial storage capacity. 
Continued cycling of the cells after storage at 75 °C for 15 days is depicted in 
Fig. 5.30. The normalized capacity retention after thermal storage is improved sig-
nificantly via incorporation of PS. The capacity retention during the first 100 charge/
discharge cycles after thermal storage is much higher for the cell containing PS 
(72 %) than the cell without PS (56 %).

Ex situ spectroscopy results clearly show that the sulfur-based additives participate 
in the SEI formation and change the SEI chemistry on the graphite anode surface, as 
supported by the EDS and XPS data, Figs. 5.31 and 5.32. The surface compositions in 
the SEI layer of the anode cycled in 1 M LiPF6 EC:DEC:DMC (1:1:1) and in 1 M LiPF6 
EC:DEC:DMC (1:1:1) + 2 % PS (wt %) were investigated by XPS (Fig. 5.32). Analysis 
of the C 1s spectrum reveals that the intensity of the peak located at 284.3 eV, assigned 
to graphite, and the peaks located at 285.7 and 290.4 eV, corresponding to PVDF 
binder, are diminished compared to the fresh anode as expected from the formation of 
the anode SEI. The surface of MCMB anode contains many species characteristic of 
electrolyte decomposition products. New peaks are observed in the 287.5–290 eV 
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Fig. 5.31 EDS of graphite electrodes after the first cycle in 1 M LiPF6 EC:PC:EMC electrolyte 
without (A) and with (B) 1 % BS (reproduced with permission by Elsevier from [83])

range suggesting the presence of Li2CO3 (290 eV), lithium alkyl carbonates 
(R–CH2OCO2Li, 287.5 eV and R–CH2OCO2Li, 288.5 eV), alkanes (285 eV), and 
ethers (286 eV). The major peaks in O 1s spectra at 531.6 eV and 532.5–533.5 eV cor-
respond to Li2CO3 and lithium alkyl carbonates R–CH2O (C=O)OLi (532.5 eV) and 
R–CH2O(C=O)OLi (533.5 eV), respectively. Analysis of the F 1s spectrum suggests 
that three main peaks are consistent with the presence of LiF (684.5 eV) and PVDF 
(687.6 eV). Examination of P 2p spectrum supports the presence of low concentrations 
of LixPOyFz (134.5 eV) and residual LiPF6 (136.2 eV).

Analysis of an MCMB composite anode extracted from a cell containing 2 % PS 
addition suggests the changes in surface compositions compared to anodes without 
PS. The C and F concentrations increase, while O concentration decreases and S is 
present. This indicates that the presence of PS modifies the anode SEI-forming reac-
tions. The peak at 168.5 eV in the S 2p spectrum confirms that PS participates in 
formation of the SEI film on MCMB anode. This peak can be assigned to R–SO3Li 
moieties, related to sodium benzenesulfonate (168 eV, S 2p).

The surface composition of an MCMB composite anode extracted from a cell 
cycled with the baseline ternary electrolyte and then stored at 75 °C for 15 days  
was investigated by XPS. The surface composition is modified significantly upon 
thermal storage; the concentration of O decreases while the concentration of P 
increases, consistent with a greater concentration of decomposition products of the 
LiPF6. Analysis of the C 1s spectrum suggests that there is a relative decrease in the 
concentration of Li2CO3 (290 eV) and increase in the concentrations of alkyl car-
bonates (287–288.5 eV) and ethers including polyethylene oxide (286 eV). The F 1s 
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spectrum reveals a relative decrease in the concentration of LiF (684.5 eV) and 
increase in the concentration of LixPOyFz (686.5–688 eV), which is consistent with 
the significant increase in the concentration of P. Analysis of P 2p spectrum sup-
ports the presence of LixPOyFz (134.5 eV), while the O 1s spectra contains a broad 
peak centered at ~532 eV consistent with a mixture of alkyl carbonates, ethers, and 
LixPOyFz. The MCMB anode extracted from the cell containing ternary electrolyte 
with 2 % PS addition after storage at 75 °C was investigated by XPS providing very 
similar results to the sample without PS. The decrease in S concentration, similarity 
of the elemental concentrations, and similarity of individual element spectra suggest 
that the anode surface modifications that were present after initial cycling with PS 
are lost upon storage at 75 °C for 15 days.

The PS reduction is thermodynamically disfavored in gas phase as suggested by 
the positive ΔG (4.47 kcal/mol) between PS and its reduction intermediate as well 
as the associated negative adiabatic electron affinity (EA ≈ ΔE0, −4.99 kcal/mol). 
The ring-opening reaction of intermediate 2 proceeds via the transition state 3, the 
energy barrier of which is approximately 12.1 kcal mol−1 in gas phase. Frequency 
analysis shows only one imaginary frequency (−1,456) corresponding to the transi-
tion state. The results from IRC analysis also support that the PS-1-TS is connected 
with PS-1 and PS-1. The charge distribution and bond orders of PS, PS anion, 
PS-TS, and PS-radical anion were also analyzed by the natural bond orbital (NBO) 
theory. The bond length of S5–O6 increases during the reduction process changing 
from 1.451 to 1.489 Å; the bond length of S5–O4 decreases from 1.662 to 1.490 Å. 
The bond lengths of S5 with O4, O6, and O7 of radical anion are equivalent (differ-
ence less than 0.002 Å) to 1.490, 1.489, and 1.490 Å, respectively, which can also 
support the formation of –SO3– anion, and most of the atomic spin density is located 
on C3 consistent with a localized radical at C3.

Figure 5.33 presents the potential energy surface and Gibbs free energy surface 
profiles together with some selected structure data. Li+(PS) reductive decomposition 
proceeds via a similar mechanism to that of an isolated PS molecular. However, 
Li+(PS) becomes much more easily reduced to the (Li+)PS-1 reduction intermediate 
7 with a remarkable EA decrease (−93.4 kcal/mol vs. 4.99 kcal/mol) The reductive 
decomposition of (Li+)PS initially encounters the ion-pair intermediates 6 and 7. An 
electron was transferred to Li+ to form the intermediate 6 and to PS in Li+(PS) to form 
the intermediate 7, respectively. Then, the O4–C3 bond cleavage occurs to intermedi-
ate 7, leading to transition state 8 with a barrier of 5 kcal/mol. The structure of transi-
tion state 8 between species 7 and 9 was confirmed by primary IRC calculation and 
frequency analysis with the sole imaginary frequency −934 cm−1. Formation of the 
radical anion 9 results in a significant loss in energy, −132.5 kcal mol−1.

Due to the participation in SEI formation, the thermal stability of SEI containing 
sulfur-based components is dramatically enhanced. Cells with BS or PS addition 
show better capacity retention after storage at elevated temperature and also show 
smaller impedance increase after storage at elevated temperature.

However, although numerous additives were developed through this theoretical 
approach during the past two decades, the HOMO/LUMO method is still empirical in 
natural, because there is no necessary connection between the reduction potential 
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and the effectiveness of the SEI, and the properties of resultant SEI are not merely 
determined by the thermodynamics of the additives and, to some extent, the kinetics 
of the additives also need to be considered.

5.3.4.2  Artificial Coating

Additives sacrificially reduced to form desired SEI is indeed chemical coating an 
organic film onto the surface of graphite, which is the similar way as surface modi-
fication is nature. Early researchers used stable chemicals as alternative interpha-
sial building blocks. Various metal oxides or phosphates, such as Al2O3, ZrO2, and 
AlPO4, have been thus applied directly on graphite particles through surface coat-
ing methods [88–92], with improvements in either reversible capacity in the initial 
cycle, cycling life, and elevated temperature performance or safety issues.

Similar works have been done by Zhang’s research group; they soaked the graph-
ite electrode in Li2CO3 aqueous solution, which forms a thin coating over the com-
posite electrode upon drying [93]. The results showed that Li2CO3 coating can 
effectively increase reversibility of the initial forming cycle of Li/graphite half cell. 
Moreover, the Li2CO3 coating significantly suppresses self-dilithiation of the 
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lithiated graphite, which enhances storage performance of the Li-ion battery. One 
year later, the same research group reported the surface coating by employing a 
mixed solution of H3BO3 and H2C2O4, followed by condensation at around 100 °C 
under vacuum condition, which forms oxalatoborate on the graphite surface [94]. It 
is shown that the resultant coating can also effectively increase reversibility of the 
initial forming cycles of Li/graphite half cell and also increases the storage perfor-
mance of Li-ion battery at elevated temperature.

5.3.5  Other Anodes: New Challenges from Alloy Anodes 
(Si, Sn)

In pursuit of higher energy density for lithium-ion batteries, metal anode materials 
or alloy materials have been developing during the past decades due to its low dis-
charge potential and much higher theoretical discharge capacity, such as Si and Sn; 
however, silicon anodes have limited applications because silicon’s volume changes 
by 400 % upon insertion and extraction of lithium, which results in pulverization 
and loss of electrical contact between the active material and the current collector, 
as shown in Fig. 5.34 [95]. Meanwhile, both formation and chemistry of SEI are 
always accompanied during the abovementioned process since fresh metal surfaces 
are created repeatedly in each cycle. This continuous process builds up interphasial 
resistance, consumes the limited sources Li+, and would eventually disable the cell. 
Thus, one of the key points of the successful application of Si or other alloy as 
Li-ion battery anode material is that the SEI formed on those alloys’ surfaces must 
withstand a higher mechanical stress.

The 3D formation mechanism of interphase for graphic anode material is not 
suitable for the Si or the Sn alloy anode material, since they do not possess a struc-
ture for intercalation/de-intercalation; therefore, a simple 2D surface reaction is 

Fig. 5.34 Schematic 
illustration of (a) bulk  
and (b) nanostructured Si  
during the electrochemical 
lithiation/delithiation 
(reproduced with permission 
by the Nature Publishing 
Corp. from [95])
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more likely to be responsible for the formation of an interphase, which is similar 
with the formation mechanism on metallic lithium electrode.

To solve the problem caused by volume change during insertion/extraction 
 process, researches have been working on synthesis of nanostructure or thin-film sili-
con anode materials [96–100]. Those nanoparticle materials have several advantages 
compared to the Si bulk films and micrometer-sized particles. First, the smaller diam-
eter allows for better accommodation of the large volume changes without the initia-
tion of fracture that occurs in bulk or micron-sized materials. Second, the nanoparticles 
have shorter diffusion pathway allowing for efficient charge transport. However  
the thin solid electrolyte interphase (SEI) is inevitably formed at the  silicon anode.  
In a previous article, Chan et al. analyzed the composition and morphology of the 
SEI formed on nanowires by XPS and scanning electron microscopy (SEM). The 
morphology of the SEI was reported to be voltage dependent with a thicker SEI at a 
low potential and a partial dissolution and cracking during the delithiation [101]. 
After the first lithiation below 0.1 V vs. Li/Li+ the SEI was found to be thicker than 
the XPS analysis depth (~10 nm), and consequently, the Si 2p signal was not observed.

Most recently, Dedryvere and Edstrom et al. conducted the extensive research 
work on the interfacial mechanisms of Si anode, as shown in Fig. 5.35, including 
reaction of surface oxide, Li–Si alloying process, and passivation layer formation 
by XPS [102]. To reveal more depth information of SEI ingredients, they conducted 
a thorough nondestructive depth-resolved analysis by using both soft X-rays  
(100–800 eV) and hard X-rays (2,000–7,000 eV) from two different synchrotron 
facilities compared with in-house XPS (1,487 eV). The formation of SEI starts from 
0.5 V vs. Li/Li+. At the end of discharge (0.01 V vs. Li/Li+), a thick SEI layer has 
formed, and carbon black (284 eV, black shadows) can be observed only at 2,300 
and 6,900 eV. New carbonaceous species have been identified at the surface, C–O 

Fig. 5.35 C 1s spectra of the Si/C/CMS composite electrodes upon the first discharge/charge 
cycle (reproduced with permission by the American Chemical Society from [102])
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(286.5 eV), O=C–O (288.5 eV), and Li2CO3 (290 eV). The overall shape of C 1s 
spectra, and thus the composition of carbonaceous species, is similar to the compo-
sition of the SEI formed on the surface of graphite electrodes or tin- and antimony-
based intermetallic negative electrodes. In addition, at a given photo energy, there is 
no major change in components of the C 1s spectra from the beginning of discharge 
(0.5 V vs. Li/Li+) to the end of the first cycle (0.9 V vs. Li/Li+), which suggests that 
the overall composition of the SEI formed at the surface of the composite silicon 
electrodes is rather stable over the first discharge/charge cycle. Further F 1s XPS 
spectra show two components, residual LiPF6 and LiF.

Based on the SEI components identified above, they proposed a schematic view 
of the mechanisms occurring at the surface of the silicon nanoparticles upon charge 
and discharge as presented in Fig. 5.36. At the beginning of discharge (0.5 V vs. Li/
Li+), lithium has not reacted with silicon but a thin SEI layer has already formed. 
The composition of SEI formed on silicon surface is very similar with the SEI 
formed at the surface of carbonaceous electrodes or Sn- or Sb-based intermetallic 
electrodes. After further discharge, at the beginning of 0.1 V vs. Li/Li+, the thick-
ness of SEI is increased but its composition does not change significantly. 
Meanwhile, lithium has started to react with the silicon nanoparticles, forming Li–Si 
alloying. After fully charged, lithium has been almost extracted from the core of 
particle, and the thickness of SEI is slightly decreased.

By the inspiration utilization of additive to improve the interfacial properties on 
graphite anode, researchers have also attempted to manipulate interfacial chemistry 
on Si by using electrolyte additives. Lithium bis (oxalatoborate) (LiBOB) was 
reported to maintain the spectroscopic presence of semi-carbonate species in the 

Fig. 5.36 Schematic view of the mechanisms occurring at the surface of the silicon nanoparticles. 
Formation of the SEI at the beginning of discharge. Formation of the Li–Si alloy upon further 
discharge, together with Li2O and LixSiOy interfacial phases (reproduced with permission by the 
American Chemical Society from [102])
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SEI through reductive decomposition of the bis (oxalate) borate anion [103, 104]. 
Monofluoroethylene carbonate (FEC) can improve the cycling performance of 
Si-based anode material due to the generation of a more fluorinated SEI layer and 
inhibition of LiF production [104, 105]. Tris (pentafluorophenyl) borane (TPFPB) 
also was reported as an electrolyte additive for silicon thin-film electrode due to the 
formation of stable SEI, which therefore suppresses the surface pulverization [106]. 
The same research group also disclosed another additive, succinic anhydride (SA), 
as an electrolyte additive for silicon thin-film electrode. Similar mechanism was pro-
posed by the authors that addition SA can prevent the decomposition of LiPF6 salt 
the Si surface and an SEI layer with higher hydrocarbon and Li2CO3 contents is 
formed on the Si surface [107].

As regard to the bulk Sn or other alloy anodes, the buildup of interphase is  
also identified. Similar with carbonaceous or Si anode material, the major SEI 
ingredients are constituted of Li2CO3, ROCO2Li, Li2C2O4, and/or ROLi, whose 
 balance is not markedly modified upon cycling [108]. So far, no efficient SEI is 
achieved to inhibit the volume change during the charge/discharge process for the alloy 
anode materials. Further studies are definitely needed to understand the failure 
modes of interphase on these alloy host electrodes, and interphases with unique 
chemistry and morphology should be tailored to the new requirements.

5.4  Summary

The SEI between the electrodes and electrolyte plays important roles in the Li-ion 
battery, whose key performances, such as cyclability, temperature dependence, 
power density, and safety, are close to the nature of the SEI properties. Chemistry, 
structure, thermodynamics, and formation mechanisms of the interphase between 
anode and electrolyte are well established via multi-analytical techniques and com-
bination with computational method during the past few decades.

Based on the understanding of the formation mechanisms of SEI on graphite 
anode, it is possible to improve performance of lithium-ion battery by tailoring the 
structure and chemistry of an SEI. The application of additives is the most success-
ful tailoring SEI. Numerous additives which assist in SEI formation process have 
been extensively explored, and a few of them have been widely utilized in commer-
cial lithium-ion battery. The successful utilization of SEI formation additives boosts 
the applications of lithium-ion battery technology in our daily life and, the ultimate 
goal in future, electric vehicles.

The successful understanding of the SEI nature on graphite is inspiring the inten-
sive interests on the SEI formation and manipulation for other anode materials or 
even cathode materials. Although the mechanism of SEI formation on these materi-
als has not been well understood yet, it can be expected that tailoring SEIs on these 
materials will help solve the problems we are facing when using these electrode 
materials, such as the pulverization of Si or Sn anode materials and Mn dissolution 
of spinel cathode materials.
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Abstract The main cathode materials for Li batteries include the following systems: 
transition metal oxides and sulfides (MOx, MSx), lithiated transition metal oxides 
and sulfides (LixMOy, LixMSy), and LiMPO4 olivine compounds. There are also 
oxygen- and sulfur-based cathodes whose main solid components are carbonaceous 
materials. Most of these cathodes develop very rich surface chemistry that affects 
very strongly their electrochemical performance. The main reactions are acid–base 
reactions (with acidic solution species, HF, PF5, PF3O, etc.); nucleophilic reactions 
between the basic compounds and the electrophilic alkyl carbonate solvents; 
polymerization; possible oxidation of solution species; and dissolution of transition 
metal ions. The behavior of many cathodes in Li-ion batteries is controlled by 
surface-film formation, passivation phenomena, and Li-ion migration through 
solid electrolyte interphases formed on the active mass by spontaneous reactions. 
We describe herein major surface processes, techniques that can address and analyze 
them, as well as means to improve the performance of cathodes in Li-ion batteries 
by controlling their surface phenomena.

Keywords Li-ion batteries • Li-insertion cathodes • Surface films • Passivation 
phenomena • Surface-sensitive techniques • SEI

6.1  Introduction

The cathode used in Li batteries includes the following main families of compounds:

 1. Transition metal oxides, MOx (e.g., V2O5) [1].
 2. Transition metal sulfides, MSx (e.g., TiS2) [2].
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 3. Lithiated transition metal oxides: These compounds can be classified via their 
structure: layered compounds (e.g., LiCoO2, Li[MnNiCo]O2) and spinel (e.g., 
LiMn2O4, LiNi0.5Mn1.5O4) [3].

 4. Olivine compounds, LiMPO4, including LiFePO4, LiMnPO4, and LiCoPO4 as 
major cathode materials and doped LiM1M2PO4 or mixed metal olivines (e.g., 
Li[MnFe]PO4) [4].

 5. Transition metal fluorides such as FeF3 that undergo reversible conversion reac-
tions with Li ions [5].

 6. Liquid cathodes such as SO2 and SOCl2: These relate to primary Li batteries and 
are reduced irreversibly in the presence of Li ions to Li–S–O compounds, LiCl 
and Li–S–O–Cl moieties [6].

 7. Sulfur cathodes that undergo reversible stepwise reduction in the presence of Li 
ions from S to Li2S via a series of Li2Sn (Li sulfides) moieties: The main sub-
strates for sulfur cathodes are carbonaceous materials (usually on Al foil current 
collectors) [7].

 8. Oxygen reduction cathodes for Li-air batteries: The main cathode material for 
Li-air batteries is carbon, which serves as the substrate on which the main oxy-
gen reduction product (in the presence of Li ions), Li2O2, precipitates. The car-
bonaceous materials used for Li-air batteries may be decorated with particles of 
catalysts, e.g., MnO2 [8].

Figure 6.1 shows typical voltage profiles of various representative cathodes that 
belong to all the above eight families. The aim of this chapter is to discuss the sur-
face chemistry of cathodes in Li batteries as a topic by itself, and thereby, not all the 
above families of cathodes belong in this discussion.

The liquid (sulfur-based compounds) and solid sulfur cathodes (items 6 and 7) 
do not develop surface chemistry that can be separated from their main electro-
chemical redox reactions. Hence, when the reduction of sulfur SO2 or SOCl2 pro-
duces insoluble species such as LiCl, Li2S, and Li2O, they precipitate on the current 
collector [9]. When formed, Li2S can be reoxidized, up to elemental sulfur, via vari-
ous LixS intermediate compounds [10]. Hence, the current collector, which may be 
aluminum (Al) plus carbon in the case of sulfur cathodes or carbon in the case of 
SOCl2 cathodes, does not develop intrinsic surface chemistry beyond the precipita-
tion of the reduction products of the active mass.

FeF3 cathodes also do not develop interesting surface chemistry, because their 
redox potential falls well within the electrochemical window of the most relevant 
electrolyte solutions. Neither FeF3 nor LiF is basic or nucleophilic, and thereby, 
there are no reactions between them and the solution species. Hence, FeF3, which 
may be considered as an interesting high-capacity cathode material, does not belong 
to the discussions developed in this chapter.

The case of air cathodes is complicated, as is presented later, and definitely 
deserves a separate discussion in this chapter. Therefore, the most interesting and 
important discussion on the surface chemistry of the positive electrodes in Li 
batteries relates to lithiated transition metal oxides and Li olivine compounds. 
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These compounds have negatively charged oxygen atoms that may act as nucleophiles 
towards electrophilic solvents such as alkyl carbonates. In addition, in their lithiated 
state, these compounds may be basic, thus reacting with all kinds of acidic species 
in solutions (both Lewis acids such as PF5, PF3O, and protic contaminants such 
as trace HF and H2O).

The following aspects are especially important, and they are discussed in this 
chapter:

 1. The type of reactions of the various cathode materials.
 2. The anodic stability of relevant electrolyte solutions. What happens? On what 

does this depend?
 3. The contribution of the current collectors and commonly used additives to the 

anodic reactions of cathode solution systems: catalysis vs. inhibition.
 4. The effect of the size of the particle on their surface reactivity.
 5. How to measure correctly the surface chemical aspects of cathodes: which 

experiments are important and what techniques are relevant for measurements.
 6. A review of various aspects of the cathodes’ surface chemistry, presented indi-

vidually for each type of cathode material.

This chapter deals systematically with the main surface chemical aspects related 
to cathodes for Li batteries. The first step includes a discussion on the types of 

Fig. 6.1 Voltage profiles of various representative cathodes in lithium-ion batteries
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cathode reactions, after which the anodic stability of cathode/solution systems is 
discussed. Next, some experimental aspects related to surface chemical measure-
ments are discussed. After these introductory sections, a general presentation on 
various cathode surface chemical aspects is presented, demonstrating the impor-
tance of electrode’s surface chemistry and related complications. Finally, three 
types of electrodes are discussed: LixMOy (lithiated transition metal oxides); 
LiMPO4 olivine compounds, and O2 cathodes for Li-air batteries.

6.2  On the Type of Cathode Reactions and the General 
Effect of the Nature of Cathode Material on Its Surface 
Chemistry

We can classify the cathode reactions into three types:

 1. Li-ion insertion via a first-order phase transition:
Example: LiMPO4 ↔ xLi+ + xe− + Li1−x MPO4.

Such reactions exhibit a flat potential profile [11].
 2. Li-ion insertion that forms a solid solution.

Example: Li[MnNiCo]O2 ↔ xLi+ + xe− + Li1−x [MnNiCo]O2

Such reactions exhibit sloping potential profiles [12]. The above two types of 
cathode reactions do not change the basic lattice structure of the compounds. Li 
ions are inserted reversibly into the empty sites in the compound’s crystals.

 3. Conversion reactions that change completely the cathode’s material.
Example: Nano-FeF3 + 3Li+ + 3e− ↔ nano-Fe0 + 3LiF [5]

It should be noted that the type of cathode reaction has no direct effect on its 
surface chemistry. The most important aspects are the redox potentials, the particle 
size, and the level of reactivity of the surface oxygen atoms. Another important 
aspect relates to the ease of transition metal ion dissolution from the cathode mate-
rial to the solution phase. In general, as the redox potential is lower, the cathode 
material is less reactive with the solution species. However, the redox potential is 
not the main important factor. The nucleophilicity and basicity of the oxygen atoms 
of the cathode compounds are also highly important. LixMOy compounds are much 
more basic and nucleophilic than LiMPO4 compounds [13]. The phosphorous atoms 
at the 5+ oxidation state in the olivine compounds moderate the basic nature of the 
oxygen atoms. Thereby, olivine compounds are much less reactive to solution spe-
cies than LixMOy compounds [14]. Consequently, they can be used as nanoparticles, 
which help to overcome their poor transport properties. The fluorine atoms in FeF3 
and its reduction product, LiF, are neither basic nor nucleophilic, and thereby this 
cathode material does not develop surface chemistry in conventional electrolyte 
solutions. Finally, as the particle size of cathode materials is smaller, they are sup-
posed to be more surface reactive.
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6.3  On the Anodic Stability of the Electrolyte Solutions,  
the Contribution of the Current Collectors and 
Carbon Black

The main components of the relevant electrolyte solutions for Li-ion batteries are 
nonaqueous polar aprotic solvents and Li salts. The main families of solvents are 
ethers, esters, and alkyl carbonates. This is the order of their anodic stability. Alkyl 
carbonates are the preferred solvents for Li-ion batteries because their anodic stabil-
ity seems to be high enough for high-voltage cathodes, even up to 5 V vs. Li/Li 
(apparently!) due to the high oxidation state induced by the carbonate groups. As 
the anodic stability of a solvent is higher, its cathodic stability is lower. Indeed, alkyl 
carbonate suffers from relatively low cathodic stability. They can be reduced in the 
presence of Li ions to species such as ROCO2Li below 1.5 V vs. Li/Li+ [15]. Note 
that the thermodynamic properties of the reduction reactions depend very strongly 
on the cation [16]. Ethylene and dimethyl carbonates (EC–DMC) can be considered 
as the basic solvent system for Li-ion batteries. Their anodic stability should be high 
because of the carbonate group and the relatively small number of C–H bonds in 
these molecules (–CH2– and CH3– are electron-donating groups). While their 
cathodic stability is low, their reduction products in the presence of Li ions, e.g., 
(CH2OCO2Li)2, CH3OCO2Li, (CH2OLi)2, and CH3OLi form effective passivating 
surface films on graphite that behave as a solid electrolyte interphase for Li-ion 
transport [17] but block electron transfer from lithiated graphite to the solution. 
Consequently, graphite anodes behave very reversibly in EC–DMC-based solutions. 
LiPF6 was chosen as the preferred electrolyte in standard solutions for Li-ion batter-
ies, because this salt forms highly conductive solutions, its reduction does not inter-
fere adversely with the formation of passivating surface films, and its intrinsic 
stability is very high [18].

The most important fact is that the anodic stability of standard electrolyte solu-
tions such as EC–DMC/LiPF6 cannot be easily defined. There are indications that 
such solutions can be oxidized on noble metal electrodes (Pt, Au) around 4 V vs. Li 
[19]. In general, it can be said that the oxidation of alkyl carbonate solutions are 
inhibited with many practical cathodes for Li-ion batteries. The most important 
aspect regarding the anodic stability of these electrolyte solutions seems to be the 
nature of the substrate—the current collector and the presence of conductive addi-
tives such as carbon black. Examining the arsenal of materials that can be used as 
current collectors for Li-ion battery cathodes, aluminum (Al) seems to be the best 
choice. It is cheap; can be easily fabricated as thin, flexible, and strong sheets; and 
can reach excellent passivation that prevents its corrosion but allows fast electron 
transport from the Al metal foil to any adjacent phase (e.g., active cathode material, 
carbon black additive, electrolyte solution). The corrosion and passivation of Al 
(which is an active metal) depend very strongly on the electrolyte solution. Figure 6.2 
shows the potentio-dynamic response of Al foil electrodes in different electrolyte 
solutions at 30 and 60 °C, as indicated [20]. The insert shows the morphology of 
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these electrodes after polarization to 5 V vs. Li. It is clear that the Al foils undergo 
corrosion that affects their morphology on their way to reach passivation. It was 
found that the best passivation of Al is obtained in EC–DMC–LiPF6 solutions, and 
the presence of this specific Li salt is critical for that [20]. However, it should be 
noted that Al reaches passivation after a certain consumption of charge that is 
needed to build the necessary surface film. The process adds an irreversible charge 
to the first cycle of any cathode. Our systematic measurements revealed that the 
oxidation of alkyl carbonate solvents is inhibited on Al electrodes when containing 
LiPF6 (even as a co-electrolyte with a salt such as LiClO4) [21]. The presence of 
carbon black worsens this inhibition. Hence, the irreversible charge measured with 
composite cathodes (comprising aluminum current collector (Al CC), active mass, 
and carbon black) depends strongly on the nature and amount of the carbon black 
additive in the composite electrode [22]. Consequently, it is hard to determine 
clearly the anodic stability threshold of standard electrolyte solutions in contact 
with various positive electrodes, because it depends on four factors that affect each 
other, namely, (1) the electrolyte solution composition, (2) the Al CC, (3) the nature, 
and (4) the amount of conductive additive in the composite electrodes (mostly car-
bon black) and the nature of the active mass (in terms of composition, structure, and 
morphology).

Fig. 6.2 Residual currents measured at 30 and at 60 °C from chronoamperograms of aluminum 
electrodes as a function of the applied potential. The inset shows the SEM images of the pristine 
aluminum electrode and aluminum electrodes tested by chronoamperometry and polarized at 
5.30 V in various electrolyte solutions like EC–DMC/1 M LiPF6, EC–DMC/1 M LiBOB, and 
EC–DMC/1 M LiClO4 solutions at 60 °C. Reproduced with permission from [20], copyright 
(2010) The Electrochemical Society
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In conclusion, the oxidation of solution species can contribute significantly to the 
surface chemistry developed on composite cathodes in Li-ion battery systems. 
However, each system has to be examined and discussed separately.

6.4  How to Measure Surface Reactions of Cathode Materials 
and Relevant Composite Electrodes

The surface chemistry developed on cathodes for Li-ion batteries can be measured 
directly and indirectly by a variety of techniques that are described systematically 
below.

6.4.1  FTIR Spectroscopy

FTIR spectroscopy can be used in diffuse reflectance, specular reflectance, and exter-
nal reflectance in grazing angle reflectance mode [23]. It enables the analysis of func-
tional group and specific bonds of surface species. Particles can be measured separately 
(diffuse reflectance mode) after being scraped from composite electrodes [24].

6.4.2  Raman Spectroscopy

In general, this is a bulk technique with the capability of measuring surface species as 
well. The information is parallel and complementary to that obtained by FTIR spec-
troscopy, providing information on functional groups and specific bonds [25, 26].

6.4.3  X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) provides surface element analysis, includ-
ing information on the oxidation states of the elements. It should be noted that XPS 
can be used in conjunction with sputtering the techniques, thus providing depth 
profiling of the composition of surface films [27, 28].

6.4.4  ICP

It is highly important to monitor and control the dissolution of transition metal 
cations to solution phase from the cathodes’ active mass. It is important to mea-
sure solutions in which electrodes were cycled and solutions in which pristine 
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cathode powders were stored at different temperatures. The best technique that 
measures precisely elements in solutions is inductively coupled plasma (ICP) 
spectroscopy [29].

6.4.5  Electron Microscopy

High-resolution scanning and transmission electron microscopy (HRSEM, HRTEM) 
can provide very specific information about surface films on any kind of particles. 
A comparison between pristine particles and particles scraped from cycled elec-
trodes can provide very comprehensive information. Using element analysis, STEM 
techniques, and selected area electron diffraction (SAED), it is possible to map 
surface species in a nanometric scale [30].

6.4.6  Solid-State NMR Spectroscopy

Li NMR spectroscopy can distinguish between bulk Li, related to the lattice and 
related to surface species. There are enough references on such measurements that 
provide all the relevant experimental details (e.g., the need of a low magnetic field, 
type of probes, measurements, conditions, and spectra identification) [30, 31].

6.4.7  Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) provides indirect information about 
the surface phenomena of all kinds of electrodes [32]. The high-frequency part of 
impedance spectra of electrodes is usually attributed to surface phenomena such as 
Li-ion migration through surface films, surface film capacitance, and interfacial 
charge transfer [33]. However, it should be noted that EIS provides very ambiguous 
information. A special skill, as well as experience, is needed for a reliable assign-
ment of spectral features to the time constants of a complicated electrochemical 
system such as that of composite electrodes [34].

Before measuring the active mass itself and the composite electrodes, the intrinsic 
surface chemistry related to the Al CC, carbon black, and the chosen electrolyte solu-
tion can be measured by polarizing Al foil electrodes to high potentials, following ex 
situ measurements by surface-sensitive techniques (FTIR, Raman, XPS). In fact, the 
intrinsic surface chemistry of Al/solution systems can be measured in situ by FTIR 
and Raman spectroscopic methods. In order to understand the surface chemistry of 
composite cathodes, the following experimental steps are recommended:

 1. Pristine particles of the active mass of interest should be stored at several tem-
peratures (e.g., 30 °C, 60 °C) in the chosen electrolyte solutions. The solution 

S.F. Amalraj et al.



291

phase should be measured systematically (as a function of storage time) by ICP 
in order to follow transition metal cation dissolution. The aged particles can be 
measured by XPS, Raman, and FTIR spectroscopic methods (for the latter tech-
nique, the diffuse reflectance mode should be used).

 2. It is recommended to prepare electrodes comprising only Al foil and the active 
mass—particles embedded by light pressure into soft Al foil electrodes. Such 
electrodes can be polarized, cycled, and then measured by FTIR spectroscopy 
(reflectance modes such as grazing angle reflectance or specular reflectance 
modes in which there are commercial accessories available), Raman, and XPS.

 3. Finally, composite electrodes can be measured after cycling. Particles scraped 
from cycled electrodes can be measured by FTIR spectroscopy (diffuse reflec-
tance mode), Raman, XPS, and high-resolution electron microscopy. Changes in 
the surface chemistry due to cycling, aging, and different temperatures can be 
measured by impedance spectroscopy.

6.5  A General Presentation of Various Surface Chemical 
Aspects and Their Demonstration

This section aims at demonstrating the importance and relevance of the surface 
chemistry developed on cathodes for Li-ion battery systems to their performance. 
The topics selected for discussion are the effect of nano-size, surface chemical 
aspects of lithiated transition metal oxide cathodes and a comparison with the sur-
face chemistry of LiMPO4 olivine-type cathodes.

6.5.1  The Effect of Nano-Size

There is a clear incentive to use nanoparticles in composite electrodes based on 
Li-insertion materials. Nanoparticles have a short diffusion length and a high sur-
face area, which may facilitate remarkably the kinetics of Li-insertion cathode 
materials, both due to the fast solid-state diffusion of Li ions and the fast interfacial 
charge transfer. However, the use of nanoparticles may have several drawbacks: a 
high surface area means high surface reactivity and pronounced passivation in phe-
nomena that can interfere badly with the particles’ electrical contacts. In addition, 
composite electrodes comprising nanoparticles may suffer from problems of active 
mass integration (both mechanical and electrical) and low specific density. Lithiated 
transition metal oxides are highly surface reactive, and thereby, it seems that using 
them as nanoparticles is very problematic, as demonstrated in the following study.

Figure 6.3 presents a summary of the results obtained in a study of 
LiMn1/3Ni1/3Co1/3O2 electrodes [35]. The active mass was prepared by a self- 
combustion reaction (SCR) that initially forms nanoparticles [36]. Thus, by anneal-
ing at high temperatures >700 °C during different periods of time, it is possible to 
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determine the particle size. In this study, nanoparticles and sub-micrometric particles 
of the same active mass, prepared by the same basic synthesis, were measured in 
parallel experiments. The XRD and SEM data shown in Fig. 6.3a, b confirms the dif-
ference in the particle size (the particle size calculated from the full width at half 
maximum XRD peaks matches with the values in SEM images), the right layered 
structure and composition. The electrochemical response provided in Fig. 6.3c, d 
shows steady- state, slow-scan cyclic voltammograms measured at 60 °C after aging, 
cycling data at different rates (C/5 h, C/2 h 1C), and typical voltage profiles measured 
at C/5 and 4C rates. The solution was EC–DMC/LiPF6. The results are spectacular; 
the electrodes comprising nanoparticles show an inferior rate capability compared to 

Fig. 6.3 The structural and electrochemical characteristics of nano- and sub-micrometric size 
LiMn1/3Ni1/3Co1/3O2 particles synthesized by SCR and further calcined in air at 700 °C/1 h and 
900 °C/22 h, respectively. (a) The XRD patterns of nano- and submicronic LiMn1/3Ni1/3Co1/3O2 
particles, (b) HRTEM image of nanoparticle annealed at 700 °C/1 h, (c) slow-scan-rate CVs, and 
(d) rate capabilities (inset shows the voltage profiles) measured from electrodes comprising 
LiMn1/3Ni1/3Co1/3O2 nano- and submicrometric particles in EC–DMC (1:2)/1.5 M LiPF6 solution. 
Reproduced with permission from [35], copyright (2009) The Electrochemical Society
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those comprising sub-micrometric particles. The CV curves of the latter electrodes 
were sharper, and the capacity measured at a high rate is higher compared to elec-
trodes comprising nanoparticles. It appears that the nanoparticles are more surface 
reactive and develop surface films that interfere badly with the kinetics of Li insertion 
into the active mass. This surface chemistry is discussed briefly in the next section.

6.5.2  On the Surface Chemistry of LixMOy, Lithiated 
Transition Metal Oxide Electrodes, and LiMPO4 Olivine 
Cathodes; Some Examples and Introductory Remarks

Figure 6.4 shows typical FTIR spectra of LiMn1/3Ni1/3Co1/3O2 particles measured by 
diffuse reflectance mode, pristine particles, and after aging in a standard solution 
(EC–DMC/LiPF6) [37]. A solution transmission spectrum is provided for compari-
son. The spectrum of pristine particles usually shows Li2CO3 peaks due to the reac-
tion of the active mass with CO2 from the air. The spectrum of aged particles is rich 
in peaks of organic species that are not residual solution species. Different carbon-
ate peaks (ROCO2Li, polycarbonate) can be identified, as well as peaks of C–O and 
C–H stretching vibrations, plus many peaks of bending modes in the range of 
1,300–600 cm−1. Such spectra are typical to all kinds of LixMOy particles aged in the 
same solutions (including LiCoO2, LiMn0.5Ni0.5O2, LiMn1.5Ni0.5 O4 spinel, Li[CoNi]
O2, and more).
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The conclusion from these surface measurements is exhibited in Fig. 6.5. All the 
LixMOy materials react with solution species of standard electrolyte solutions and 
develop a core–shell structure, in which the shells comprise surface films that 
behave like SEI. The surface activity is more pronounced for nanoparticles. 
Figure 6.5 provides two more important pieces of information related to Li[MnNiCo]
O2 cathode material (and relevant to all other LixMOy cathode compounds) [37]. 
XPS data of pristine particles shows, as expected, the peaks of Mn, Ni, and Co at 
similar intensity. After aging or cycling in standard solutions, XPS measurements 
show peaks of Ni but not peaks of Co and Mn. These results reflect the formation of 
surface films that cover the active mass, so that the X-ray beam cannot penetrate 
them. However, Ni is probably detected because Ni ions are involved in the forma-
tion of surface species while Mn and Co ions can more readily dissolve from the 
surface particles to the solution phase. The HRTEM images shown in Fig. 6.5c com-
pare the pristine particle and the particle that was exposed during couple of years to 
ambient air [38]. The image and related analysis detect clearly the formation of a 
Li2CO3 surface layer that can be formed by two reactions:

 1. nLi[MnNiCo]O2 + CO2 → Li2CO3 + nLi1−x[MnNiCo]O2−y

 2. nLi[MnNiCo]O2 + 1/2 O2 + CO2 → Li2CO3 + nLi1−x[MnNiCo]O2

Fig. 6.5 (a) A schematic representation of the formation of the core–shell structure of the 
Li[MnNiCo]O2 particles formed due to their surface reactions in solutions. (b) XPS spectra (Co 
2p3/2, Mn 2p3/2, and Ni 2p3/2) [36] and (c) HRTEM images of pristine LiMn1/3Ni1/3Co1/3O2 particles 
and particles aged in ambient air, demonstrating surface reaction with CO2 from air to form surface 
Li2CO3. Reproduced with permission from [37], copyright (2010) The Electrochemical Society
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The first reaction involves a structural and compositional change in the active 
mass (near the surface), while the second reaction involves only the delithiation (and 
Li2CO3 formation). It should be noted that Li2CO3 films formed on LixMOy inhibit 
the kinetics of Li insertion and should be considered as a detrimental phenomenon.

Figure 6.6 presents XPS data related to the aging of LiMn0.5Ni0.5O2 electrodes in 
standard electrolyte solutions at 60 °C [39]. An oxygen, fluorine, and nickel peak in 
the figure relates to pristine and aged nano-LiNi0.5Mn0.5O2 electrodes. These spectral 
results are spectacular. They clearly show pronounced changes in the nickel and 
oxygen peaks, related to surface reactions with solution species, and the appearance 
of a new fluorine peak that can be attributed to Li and Ni fluorides. From these spec-
tral studies, several conclusions can be drawn:

 1. The nucleophilic oxygens of LixMOy compounds can attack the alkyl carbonates 
to form surface species containing ROCO2LiM or ROM groups, M = Li, and/or 
transition metal.
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 2. There are obvious reactions between LixMOy compounds and acidic species such 
as HF. These reactions form MFx surface species, M = Li, or transition metal. 
LixMOy compounds can also interact with trace PF5 that can be formed by the 
thermal decomposition of LiPF6 (LiPF6 → LiF + PF5). The products should 
include MFx species (always detected on the surface of lithiated transition metal 
oxides aged/cycled in standard electrolyte solutions).

 3. There are indications of the formation of polycarbonate species on aged cathodes. 
These can be formed by anionic or cationic polymerization of ethylene carbonate.

 4. We can add to it further information on LiCoO2 electrodes obtained from our 
studies that show that the Co ions in 3.5+ oxidation state can oxidize alkyl car-
bonates to CO2. Also the contact points of the particles with the binder (PVdF) 
are the most problematic for interactions with acidic species from LiPF6 solu-
tions. Interactions with trace HF drive to irreversible changes on the particle 
surface (see therein) [40].

Figure 6.7 shows typical impedance spectra of LiMn0.5Ni0.5O2 electrodes, 
measured during very prolonged experiments at 60 °C in standard electrolyte solu-
tions [39]. The spectra of composite electrodes comprising LixMOy compounds 
always show a high-frequency semicircle and a low-frequency sloping line that 
resembles the response of a Warburg-type element. The assignment of the imped-
ance spectra of composite electrodes to their relevant time constants is “mission 
impossible.” Impedance data from these electrodes can serve mostly as a qualitative 
comparative tool. The most important information that can be extracted from the 
spectra is the stability of the electrode that they reflect. A typical spectrum of a 
composite LixMOy electrode in standard electrolyte solutions depends strongly on 
the temperature and water contamination. The electrodes’ impedance is developed 
with the first few cycles and then remains invariant during prolonged cycling and 
aging at constant temperature, even at 60 °C.

In contrast to the case of negative electrodes (Li, Li-graphite, Li-Si, etc.), where 
there is a continuous driving force for surface reactions (thermodynamic instability 
of the solution in potentials below 1.5 V vs. Li), for most of the pristine electrodes 
there is no thermodynamic driving force for continuous oxidation. The surface 
chemistry develops due to acid–base reactions, nucleophilic attacks, and probably 
some oxidation reactions that lead to the polymerization of EC. These surface reac-
tions can be largely inhibited, even by the formation of monolayer thick surface 
film. However, the pronounced contamination of protic species in solutions (HF, 
H2O) can lead to continuous surface reactions on cathodes, because H2O or HF can 
percolate through all kinds of surface films and interact with the active mass. Other 
driving forces for instability may include too high potentials that lead to continuous 
oxidation of solution species in the absence of good passivation/inhibition. In addi-
tion, the continuous dissolution of transition metal cations to the solution phase can 
change the composition and the structure of the active mass, leading to the forma-
tion of thick shells around the contracting cores of the active mass particles [41]. 
Also highly detrimental are situations in which the dissolution of transition metal 
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cations from LixMOy-type cathodes never reaches the saturation point, because 
these cations are continuously depleted from the solution at the anode side. Lithiated 
graphite or silicon electrodes reduce Mz+ cations in solutions to metallic clusters that 
precipitate on the anode side. Such clusters are detrimental to the effectiveness of 
the anodes’ passivation [42].

Finally, as discussed in detail in the forthcoming chapters, LiFePO4, LiMnPO4, 
and Li[MnFe]PO4 compounds are much less reactive towards standard electro-
lyte solutions compared to LixMOy compounds. It can be concluded that different 
surface chemistry is developed on Li-olivine and Li-transition metal oxide 
compounds.

Fig. 6.7 Impedance spectra (Nyquist plots) measured from an electrode comprising LiNi0.5Mn0.5O2 
particles at E = 3.90 V under various conditions of cycling/aging: (a) initial steady state, after 
cycling the cell at 60 °C, (b) after 1-week aging at 60 °C, (c) after 2-week aging at 60 °C, and (d) 
after 50 days of cycling/aging at 60 °C in EC–DMC (1:2)/1.5 M LiPF6 solution. Reproduced with 
permission from [38], copyright (2006) The Electrochemical Society
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6.6  On the Surface Chemistry of LixMOy-Type Cathodes

Formation mechanism of SEI layers on cathodes in Li-ion batteries, their thermal 
and electrochemical stability, and their roles in affecting the cycle life and safety 
characteristics are well documented by many researchers [43–46]. Here we present 
some recent data on identifying the surface layer generation and their composition 
on transition metal oxide cathodes like spinel and layered materials by various spec-
troscopic techniques. The structural changes and the reaction at the surface during 
the first delithiation process in Li-rich layered material are explained. The effects of 
additives and coatings on electrode materials to their electrochemical performance 
are also discussed at the end.

6.6.1  SEI-Like Surface Film Formation on Transition  
Metal Oxide Spinel Materials

All cathode materials of interest for Li-ion batteries are reactive with the commonly 
used electrolyte solutions, thus developing a rich surface chemistry. There is strong 
evidence that most of the lithiated transition metal oxides are covered by surface 
films in solutions due to spontaneous reactions with solution components [47]. 
Hence, the electrochemical behavior of most cathode materials may depend very 
strongly on their surface chemistry in electrolyte solutions. The surface-modified 
cathodes have better cyclability compared to the pristine cathode, suggesting that 
the coatings formed on the surface of the cathode give a stable passivation layer or 
a solid electrolyte interface (SEI). There are several investigations on the structure 
of cathode surface films formed under standard cycling 4.5 V vs. Li+ and aging 
conditions [48, 49]. The remarkable stability of LiNi0.5Mn1.5O4 electrodes under 
cycling and storage condition at elevated temperature in 1.5 M LiPF6 solutions of 
alkyl carbonates was well demonstrated [50], despite the fact that their redox activ-
ity is high, around 4.5–4.9 V vs. Li/Li+ due to the Ni2+/Ni3+/Ni4+ couples.

Impedance spectra of LiNi0.5Mn1.5O4 electrodes measured at 60 °C during cycling 
and aging at two different potentials are shown in Fig. 6.8. By studying the influence 
of temperature on the impedance of LiNi0.5Mn1.5O4 electrodes, it can be concluded 
that surface films formed at high temperatures remain stable and do not change at 
lower temperatures, and hence, the impedance remains steady upon cycling and 
storage. It was also observed from XPS measurements that this surface chemistry 
involves the formation of LiF, C–F, and P–Fx species as well as organic compounds 
(probably polyethers) on the aged LiNi0.5Mn1.5O4 electrodes. It should also be noted 
that some Mn and Ni ion dissolution from these electrodes could be detected only 
after prolonged (several weeks) storage at 60 °C.

Li Yang et al. [51] have investigated the by-products formed during the storage of 
cells containing LiNi0.5Mn1.5O4 material in contact with the electrolyte solutions con-
taining 1 M LiPF6 in ethylene carbonate/dimethyl carbonate/diethyl carbonate in the 
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ratio 1:1:1 at low and high voltage ranges. At low voltage ranges, low concentrations 
of decomposition products were observed along with low residual current. Upon 
storage at high voltage range 4.7–5.3 V vs. Li, the presence of polyethylene carbon-
ate (PEC) species was identified by surface analysis (XPS and FTIR studies). The 
XPS and FTIR spectra showing the presence of PEC are presented in Fig. 6.9. By 
XPS it was observed that an increase in the voltage leads to the continuous increase 
in the C 1-s peaks characteristic of C–O (C 1 s, 286 eV) and C=O (C 1 s, 289 eV) 
bonds in approximately 2:1 ratio. This finding might indeed be related to the pres-
ence of surface PEC. The generation of PEC on the surface of these cathode materi-
als was confirmed by other groups as well [52, 53]. Studies of the composition of the 
surface layer on LiNi0.5Mn1.5O4 electrodes in half cell (vs. Li) and full cell vs. 
Li4Ti5O12 anode were carried out by Duncan et al. in solutions comprising EC, 
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DEC + LiPF6, or LiBF4 [54]. It was found that storage of cells at 60 °C deteriorated 
their capacity (upon cycling them after then at room temperature). XPS measure-
ments revealed the presence of various surface species on LiNi0.5Mn1.5O4 electrodes, 
as shown in Fig. 6.10. The surface species thus formed include lithium alkyl carbon-
ates (ROCO2Li), polycarbonates –[OCO2]x–, polyethers, Li2CO3, LiF, LixPFyOz, or 
LixBFyOz (depending on the electrolyte). LiMn2O4 spinel is also considered as an 
important cathode material (cheap, fast, safe), despite relatively low capacity 
(120 mAh/g practical) and moderate voltage (4 V vs. Li). The performance and 
surface chemistry of this cathode material were also extensively explored by various 
methods [55, 56]. It is clear that as the temperature is higher, surface film formation 
in standard electrolyte solutions is more intensive, with a consequent increase in the 
electrodes’ impedance (due to formation of surface LiF and MnF3) and capacity 
fading. Extensive Mn ion dissolution from this material is the most detrimental 
phenomenon observed at elevated temperatures, leading to formation of inactive 
phases. It was found that the surface films formed on LiMn2O4 electrodes become 
thicker upon cycling [57]. Studies of LiMn2O4 electrodes in ionic liquid-based sys-
tems (e.g., LiTFSI/PMPyr-TFSI + LiTFSI) revealed much better stability of these 
systems at elevated temperatures compared to conventional solutions. Fortunately 
Al CC reach good passivation even in LiTFSI solutions when the solvents are qua-
ternary ILs [56].
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6.6.2  SEI-Like Surface Film Formation on Transition  
Metal Oxide Layered Materials

It should be noted that the surface activity and possible formation of surface films 
depend strongly on the composition of the LiMO2 compounds. The order of surface 
reactivity is LiNiO2 > LiCoO2 > LiMn2O4 [58]. Matsui et al. [59] reported on the 
possibility to have periodic surface film formation on LiMn2O4 and LiNi0.5Mn1.5O4 
electrodes, driven by the periodic redox activity of the transition metal upon cycling.

LiMn0.33Ni0.33Co0.33O2 (LMNC) can be considered as one of the most important 
currently available, commercial layered cathode materials for Li-ion batteries. This 
material is highly surface reactive in standard electrolyte solutions. The reactivity 
is higher as the particle size is smaller [35]. For example, Fig. 6.11 shows HRTEM 
images of pristine LiMn0.33Ni0.33Co0.33O2 nanoparticles which were aged in EC–
DMC 1:2/1.5 M LiPF6 solution at 60 °C for 3 weeks. It is easy to detect using 
HRTEM the surface layer formed on these particles upon aging (marked in 
Fig. 6.11b). In general, the electrochemical performance of electrodes comprising 
nano-LiMNC is worse than that of electrodes comprising sub-micrometric particles 
in terms of capacity, stability, and even rate capability due to the higher surface 
reactivity.

The commonly used LiCoO2 electrodes are also highly surface reactive in 
standard electrolyte solutions used in Li-ion batteries (alkyl carbonates/LiPF6). 

Fig. 6.10 The XPS O 1s, C 1s, Li 1s, F 1s, and P 2p spectra of as-synthesized LiNi0.5Mn1.5O4 
electrode in EC:DEC (3:7)/1 M LiPF6 electrolyte, (a) stored for 24 h at 60 °C, (b) stored at 0 % 
SOC for 60 days at 60 °C, (c) stored at 100 % SOC for 60 days at 60 °C, (d) cycled 100 times at 
room temperature, (e) cycled 100 times at 60 °C, (f) cycled 100 times at room temperature, LTO- 
negative electrode. Reproduced with permission from [53], copyright (2011) The Electrochemical 
Society
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Their surface reactivity was extensively explored. Major surface phenomena are 
the following:

 1. Formation of surface films comprising LiF, CoFx, ROCO2M (M = Co, Li), and 
polycarbonates.

 2. Disproportionation of surface Co3+ to Co2+ and Co4+. The former ions dissolve to 
solution phase, and the latter ions oxidize alkyl carbonates to form Co2.

 3. Formation of surface Li-Co-O spinel phase was detected. Surface Co3O4 forma-
tion was also detected.

 4. There are strong interactions between these cathode materials and H+ moieties 
(trace HF).

Another important, now commercially available, family of cathode material is 
Li[NiCo]O2 compounds. The most important one is the Al-doped LiNi0.8Co0.2O2 
compound. These compounds also develop very rich surface chemistry. For exam-
ple, the formation of surface films formed on LiNi0.85Co0.15O2 cathodes in lithium- 
ion cells was characterized using soft X-ray absorption spectroscopy (XAS) [60]. 
Surface LiF formation was clearly detected by surface studies of these electrodes. 
The surface reactivity increases and is accelerated as the temperature is higher [61].

Magic angle spinning (MAS) NMR has been proved to be an extremely power-
ful tool, able to probe both the bulk of the materials used as electrodes and the 
surface layers arising after contact with atmosphere or with the electrolyte of a 
lithium battery [62]. The amount of surface interphase formed on cathodes was 
proved to influence drastically the electrochemical performance. Either an exces-
sive amount or an insufficient amount of surface species is detrimental to the per-
formance, while there is optimal formation of surface films for each kind of 
electrodes in standard electrolyte solutions. The interphase formed as a function of 

Fig. 6.11 HRTEM images of (a) pristine LiMn0.33Ni0.33Co0.33O2 nanoparticles annealed at 
700 °C/1 h and (b) particles aged in an EC–DMC/1.5 M LiPF6 solution at 60 °C for 3 weeks. 
Reproduced with permission from [34], copyright (2009) The Electrochemical Society

6 On the Surface Chemistry of Cathode Materials in Li-Ion Batteries



304

synthesis condition (combustion and coprecipitation techniques) and storage conditions 
(Argon and Air) for LiNi0.5Mn0.5O2 sample has been studied extensively by Dupre 
[63]. They have shown that the same material has a different electrochemical behav-
ior and a different evolution of the positive electrode/electrolyte interphase due to 
different pristine surface chemistry. The formation and the evolution of lithium-
containing species during the electrochemical cycling have been followed using 7Li 
MAS NMR and XPS on the surface of LiNi0.5Mn0.5O2 layered material. 7Li MAS 
NMR experiments performed upon cycling indicate the formation of interphase 
species in reduction and their partial removal in oxidation, indicating the dynamic 
character of the interphase upon cycling. In addition, XPS indicated the presence of 
Li2CO3 on the surface of grains of active material that have been stored in ambient 
atmosphere while Li2CO3 is absent from the surface of the materials stored in argon.

Another example: The spontaneous reactions occurring at the surface of 
LiNi0.75Co0.25O2 electrodes in contact with solutions such as LiPF6/EC–DMC and 
LiClO4/PC were specially investigated by Raman and FTIR spectroscopy [64]. The 
formation of surface Li-carbonates, MFx (M = Li, Co, or Ni), and P-O-F surface 
moieties (in LiPF6 solutions) was clearly confirmed.

6.6.3  On Surface Structural Changes (Phase Transformation) 
in the Course of the First Delithiation of Lithiated 
Transition Metal Cathodes (First Charging Processes)

The first process which LixMOy cathode materials undergo in Li-ion batteries is 
delithiation (charging) by application of high anodic voltages. Depending on the 
level of polarization (voltage), these processes lead to reversible Li-ion removal 
with no structural changes in the compound lattice. However, too high anodic polar-
ization of LixMOy electrodes may lead to pronounced structural changes at and near 
the material’s surface due to oxygen evolution and/or disordering due to metal ion 
dislocations in the lattice. The judicious use of high-resolution electron microscopy 
in conjunction with electron and X-ray diffractometry revealed clearly the phenom-
ena such as (1) formation of surface spinel phase on layered materials, (2) transition 
metal ion migration from their original sites to Li sites, (3) formation of surface 
films due to surface reactions with solution species, and (4) formation of core–shell 
structures due to the above-described structural changes, which may include forma-
tion of surface amorphous phases (due to a high anodic polarization) and related 
chemical changes [65]. The use of synchrotron-based techniques for the study of 
such structural surface transformations should also be mentioned [66].

In fact it is hard to measure the intrinsic anodic behavior of LixMOy cathode 
materials in standard electrolyte solutions because at too high potentials the anodic 
reactions of solution species may dominate the potentio-dynamic response. 
However, ionic liquid solutions based on quaternary ammonium cations, TFSI 
anion, and LiTFSI salt demonstrate very high anodic stability. The passivation of 
Al current collector is excellent in these solutions. So, the anodic stability of Al 
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electrodes in ionic liquid (IL) solutions based on derivatives of piperidinium or 
pyrrolidinium TFSI (with LiTFSI as Li salt) may exceed 5.5 V vs. Li, which 
enables studying the intrinsic anodic behavior of LixMOy cathode materials. Such 
studies with the important cathode material LiNi0.8Co0.15Al0.05O2 revealed that its 
polarization >4.5 V vs. Li leads to liberation of oxygen that readily reacts with 
carbon black in composite electrodes to form CO and CO2 [67].

Highly important cathode materials that undergo extensive phase transformation 
during their first anodic polarization are the Li-rich high-capacity layered com-
pounds with the formal initial stoichiometry and structure: xLi2MnO3⋅(1−x) 
Li[MnNiCo]O2. Note that the first component (with Mn at 4+ oxidation state) is 
electrochemically inactive. During first anodic polarization, these materials are acti-
vated by simultaneous occurrence of some oxygen and lithium ion removal. It is not 
fully clear if the activation of these materials by high anodic polarization is a uni-
form bulk process or involve surface changes and formation of core–shell moieties. 
Figure 6.12, taken from reference [66], suggests mechanisms of surface reactions of 
LixMOy compounds: structural changes due to oxygen evolution and transition 
metal cation exchange in the lattice (Fig. 6.12, upper chart) and surface reactions 
due to interactions of surface oxygen atoms with species in standard electrolyte 
solutions (Fig. 6.12, lower chart).
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Fig. 6.12 Upper chart: Illustrations of the structural changes occurring in Li-rich layered 
(Lix[MnyNiCo]Oz cathode material upon delithiation to high potentials. Lower chart: illustration of 
the surface reactions occurring on Li rich layered (Lix[MnyNiCo]Oz cathode material upon de- 
lithiation to high potentials and then re-lithiation (the first cycles). Reproduced with permission 
from [65], copyright (2011) American Chemical Society
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6.6.4  The Effect of Additives on the Surface Chemistry  
of LixMOy Cathode Materials

It was observed for a long time that commonly used nonaqueous electrolyte solutions 
based on organic carbonates may not be stable at potentials beyond 4.5 V vs. Li [51]. 
The use of surface-active and acid scavenger additives in standard electrolyte 
solutions serves as an effective approach to modify the surface chemistry of elec-
trodes in Li-ion batteries towards higher stability. Additives are designed to form 
better surface films, to reduce flammability, and to provide overcharge protection [68]. 
Initially, surface-active additives were explored in connection to the anode side, 
mostly for improving the stability of graphite electrodes. It was found that some of 
the surface-active additives such as vinylene carbonate (VC) are surface active and 
that too at the positive side (high voltage) [69, 70].

Another important example for the use of surface-active additives for positive 
electrodes is the formulation of solution composition containing phosphate ester 
with highly fluorinated isopropyl moieties that dramatically improves the stability 
of the state-of-the-art electrolyte solutions [71]. The use of such additives in stan-
dard electrolyte solutions enables operation of 4.8 V Li-ion intercalation cathodes 
in full cells, in combination with graphitic anodes. It was nicely demonstrated that 
using 1 % of tris(hexafluoro-iso-propyl)phosphate ((CF3)2CHO)3PO (denoted as) 
HFiP in EC–DMC/LiPF6 (standard) solutions increased dramatically the perfor-
mance of full cells comprising high-voltage LiNi0.5Mn1.5O4 cathodes and graphite 
anodes. It is suggested that this HFiP additive is surface active on both positive and 
negative electrodes via polymerization that precipitate protective surface films. The 
effect of HFiP on the performance of cells containing high-voltage LiNi0.5Mn1.5O4 
cathodes is demonstrated in Fig. 6.13.

Another interesting example for surface-active additive that seems to have posi-
tive effect on both anode and cathode sides in Li-ion batteries is LiBOB (Li-bioxalato 
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borate, LiBC4O8). For instance it was found that the use of LiBOB as an additive to 
standard electrolyte solutions in cells containing LiMn2O4 cathodes suppresses Mn 
ion dissolution from this compound at elevated temperatures. It should be noted 
however that the mechanism of suppressing Mn dissolution from LiMn2O4 due to 
the presence of LiBOB in solutions is not yet clear.

6.6.5  Coating the Surface of Li–Ni–Co–Mn–O Cathodes  
in Order to Improve Electrochemical Performance  
and Stability

Dissolution of manganese ions or other transition metal cations from different cathode 
materials into the electrolyte solutions during prolonged cycling is believed to be 
one of the main reasons for capacity fading of full cells containing graphite anodes, 
especially at high temperatures. Transition metal ions in solution migrate towards 
the carbon anode and are reduced to metallic clusters that destroy the anode’s pas-
sivation [72]. Several approaches were suggested to solve these problems, for 
instance by doping lithiated transition metal oxide cathode materials with active 
metal cations such as Al, Mg, and Ti [73] and the use of multi-transition metal 
oxides such as Li[MnNiCo]O2 [37], thus enhancing the structural stability of these 
compounds [74]. However, doping is not sufficient to solve transition metal cation 
dissolution, because this process relates to surface interactions of the active cathode 
mass with acidic species in solutions (e.g., trace HF, PF5, and trace water that react 
with LiPF6 and release HF).

Another important approach to improve the surface stability of these cathode 
materials and avoid cation dissolution is their coating by thin layers that allows 
Li-ion migration through them and which provides a buffer zone that avoids detri-
mental interactions with solution species. Naturally, the best candidates for such 
coatings are basic oxides of active metals such as Al2O3, MgO, ZnO, ZrO2, and Al 
compounds such as AlPO4 and AlF3. Many of such coatings demonstrated a good 
improvement in the stability and electrochemical performance of LixMOy cathodes 
and considerable reduction of transition metal cation dissolution.

There are three main types of surface coatings, determined by the coating 
procedures:

 1. The use of chemical means such as precipitation via pH changes or sol-gel reac-
tions may lead to a rough coating based on deposition of small (sub- micrometric) 
particles on the surface of micrometric LixMOy particles. With this approach 
there are many spots of bare area, and hence, the surface protection is limited.

 2. The use of sonochemical methods [75, 76] leads to a core–shell structure, thus 
forming uniform coating comprising layers of nanoparticles. With this approach, 
a balance has to be well set because too thick surface layers impede Li-ion trans-
port and thus lead to high electrodes’ impedance.
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 3. Ultrathin film coating with tunable thickness can be achieved by atomic layer 
deposition (ALD) [77], chemical vapor deposition (CVD) [78], or pulse laser 
deposition (PLD) [79].

Coating should provide adequate chemical protection but should allow a smooth 
transport of Li ions. Thereby, either uniform thin films (as obtained by ALD) or 
particulate surface layers comprising nanoparticles (allowing transport of Li ions 
among them, in the grain boundaries) with high surface area facilitate effective 
scavenging of acidic species and are the appropriate approaches. It seems that for 
scavenging trace HF near LixMOy particles’ surface, their partial coverage by 
nanoparticles of basic active metal oxides (e.g., MgO) is sufficient [80]. We list 
below examples of references related to successful demonstration of cathode coat-
ing efforts, classified by the cathode materials and the coating material: LiCoO2 
[81], LiMn2O4 [76], LiNi0.5Mn1.5O4 [75], and LiFePO4 [82] coated with oxides such 
as MgO [75, 76], Al2O3 [81], AlPO4 [83], SiO2 [84], ZnO [85, 86], ZrO2 [87], BiOF 
[88], and AlF3 [89]. The method of using two types of coating for a single cathode 
material was also demonstrated [90].

In summary, coating the surface of LixMOy cathode materials by appropriate thin 
functional layers that form buffer zone on their surface may provide the following 
advantages [91] (as exhibited in a recent review article):

 1. Prevent the direct contact with the electrolyte solution.
 2. Improve structural stability by suppressing detrimental phase transitions.
 3. Decrease the disorder of cations in crystal sites near the surface.
 4. Decrease side reactions and heat generation during cycling.
 5. Avoid or suppress Mn2+, Ni2+, and Co2+ dissolution [75].
 6. May increase the surface electrical conductivity. This is especially important of 

LiMPO4 olivine compounds. Indeed, for LiMPO4 cathode materials for which 
electronic conductivity is very low, the use of thin carbon coating is essential for 
their operation [92, 93].

 7. Scavenge the trace HF from the electrolyte solutions near the surface of the 
active mass.

6.7  On the Surface Chemistry of LiMPO4-Type Cathodes

Among many cathode materials, olivine compounds made great impact in recent 
years and became prominent positive electrodes in lithium-ion batteries. With many 
lithiated transition metal oxide cathode materials such as LiCoO2 (which theoretical 
capacity can approach 300 mAh/g), the full intercalation capacity cannot be 
achieved due to limitations in structural changes and detrimental interaction with 
the electrolyte solutions at high charging potentials. On the other hand, LiFePO4 can 
undergo complete lithiation–delithiation upon electrochemical cycling without any 
significant changes in its structure, which lead to the impressive stability of the 
LiFePO4 cathodes during prolonged cycling. LiFePO4 and other LiMPO4 have very 
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poor electronic and ionic transport properties. However, due to relatively low basic 
and nucleophilic activity of the oxygen anions in these compounds (i.e., relatively 
low surface reactivity), it is possible to use them as nanoparticles. Composite 
LiFePO4 cathodes comprising carbon-coated nanoparticles of the active mass dem-
onstrate excellent performance (achieving practical capacity close to the theoretical 
value—170 mAh/g at excellent rate capability) [94]. Impressive performance was 
demonstrated with LiMn0.8Fe0.2PO4 cathodes comprising carbon-coated nanoparti-
cles [95]. However, these olivine cathodes have a serious problem of transition 
metal ion dissolution at elevated temperatures. As discussed earlier in this chapter, 
dissolved metal ions are reduced on the negative electrodes to metallic clusters, 
which affect very badly their passivation. These processes are the major reason of 
capacity loss in LiFePO4/graphite cells at elevated temperatures [96, 97]. It was 
clearly demonstrated that dissolution of Fe ions from LiFePO4 is pronounced only 
when the solutions contain acidic species (e.g., HF), especially at elevated tempera-
tures. The impedance of LiFePO4 electrodes in LiPF6/alkyl carbonate solutions con-
taining trace HF (a few tens ppm) can be higher by an order of magnitude than that 
of the same electrodes in LiClO4/alkyl carbonate solutions, which do not contain 
any acidic moieties [98].

Surface studies (XPS) of LiFePO4 electrodes that were stored in LiPF6 solutions 
at elevated temperatures clearly proved the precipitation of LiF and LixPOyFz sur-
face species therein. Studies of the surface chemistry of LiMnPO4 and LiMn0.8Fe0.2PO4 
electrodes also indicated formation of LiF and LixPOyFz surface species during stor-
age at elevated temperatures in standard (LiPF6) electrolyte solutions [13, 99]. All 
our surface studies clearly demonstrated the much lower surface reactivity of 
LiMPO4 compounds compared to LixMOy cathode compounds [14, 17].

It was possible to suppress the dissolution of Fe2+ ions from LiFePO4 electrodes 
in standard (LiPF6) electrolyte solutions at elevated temperatures by the use of 
surface- active additives such as LiBOB [97] and acid scavenger additives [98] in 
solutions. LiFePO4 is a hygroscopic material. Its exposure to humidity (in air or in 
solutions) leads to formation of LiOH and Li2CO3. It is important to note that expo-
sure of LiFePO4 to humid air or solutions is detrimental to its performance as a 
cathode material [100, 101].

The surface chemistry of LiMnPO4 electrodes in EC:DMC(1:2)/1.5 M LiPF6 
solutions was thoroughly explored by various surface-sensitive spectroscopic tech-
niques [13]. FTIR studies of pristine and aged C-LiMnPO4 particles during 3 and 7 
weeks at 60 °C show pronounced difference in the spectral range 450–650 cm−1 
corresponding to the formation of oxygen- and fluorine-containing surface species 
which is in correlation with XPS spectra. The F1s spectra of aged particles show 
peaks around 685 eV (LiF) and 689 eV which corresponds to fluorine species at 
relatively higher oxidation state containing P–F or C–F bonds. The precipitation 
of these surface species increases the impedance of these electrodes during aging. 
It should be noted that LiMnPO4 is always used as a carbon-coated particle. 
This coating further reduces the surface reactivity of this active mass [102]. HRTEM 
imaging of C–LiMnPO4 particles aged during 3 weeks at 60 °C indicated that the 
carbon layer on the LiMnPO4 particles remains undisturbed even after 3 weeks of 
aging in electrolyte solution.
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Figure 6.14 shows FTIR and XPS spectra from pristine and aged (60 °C) 
LiMn0.8Fe0.2PO4 electrodes in EC–DMC/LiPF6 solutions [99]. In contrast to FTIR 
spectra of aged/cycled LixMOy cathodes that reflect rich surface chemistry, FTIR 
spectra of aged LiMPO4 (M = Fe, Mn) are very similar to those of pristine powder 
(see comparison in the figure). XPS measurements also show changes, mostly in the 
fluorine spectra. Figure 6.15 shows data from Raman and Mössbauer spectroscopic 
measurements and HRTEM imaging in which pristine and aged electrodes (60 °C, 
EC–DMC/LiPF6) are compared [99]. The Raman spectra show the expected peaks of 
the carbon coating and the phosphate group underneath, while the Mössbauer spec-
tra show iron peaks. The results presented in Fig. 6.15 from these three sources of 
spectral data reflect the high stability of these compounds. This stability is reflected 
well in the excellent performance demonstrated with LiMn0.8Fe0.2PO4 electrodes.

In recent years great effort is being taken to understand the capacity fading and 
surface chemistry involved in LiCoPO4 electrode material. Apart from possible irre-
versible structural transformation of the LiCoPO4 material during cycling [103], 
and possible parasitic oxidation reactions’ solution species, there is another impor-
tant reason for possible instability of this cathode material in standard electrolyte 
solutions: detrimental reactions with trace HF which are unavoidably present in 
LiPF6 solutions. The negative effect of HF in solutions on the stability of LiCoPO4 
electrodes was recently thoroughly investigated in EC–DMC (1:1) 1 M LiPF6 [104, 
105]. It was found that the presence of HF scavengers such as separators based on 
silicon–oxygen compounds such as quartz enables good cyclability of LiCoPO4 
electrodes in standard electrolyte solutions.

It was found that the main detrimental effect of the presence of HF in solutions 
on the performance of LiCoPO4 electrodes is a nucleophilic attack of F− anion on 
the P–O bonds of the phosphate anions, leading to the formation of a series of fluo-
rophosphorous oxy compounds, namely, Li2PO3F, LiPO2F2, and POF3 moieties in 
the electrolyte solution according to the following reactions:
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Note the regenerative nature of these reactions, which makes them very detri-
mental for the stability of this cathode material. The presence of POxFy

z− species in 
solutions from cycled Li/LiCoPO4 cells was confirmed by NMR spectroscopic 
 studies [105]. 19F and 31P NMR spectra of standard electrolyte solution and of the 
electrolyte solution from cycled LiCoPO4/Li cells are shown in Fig. 6.16. The elec-
trolyte solution extracted from cycled cells showed a triplet and doublet at −18.7 
and −86.2 ppm corresponding to the presence of PO2F2

− species. The formation of 
these species is also supported by surface studies of cycled LiCoPO4 electrodes by 
XPS [105]. The P2p spectra of pristine electrodes and electrodes cycled in the pres-
ence of HF scavenger (e.g., quartz-based separator) are dominated by the signal of 
the phosphate group (134.6 eV). In turn, the P2p spectra of electrodes cycled in 
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Fig. 6.14 (a) FTIR spectra of pristine and aged C- LiMn0.8Fe0.2PO4 particles after 3 and 7 weeks 
(indicated) in EC–DMC 1:2/1.5 M LiPF6 solution at 60 °C. (b) XPS spectra of Fe 2p and F 1s 
measured from pristine C-LiMn0.8Fe0.2PO4 particles and particles aged during 3 weeks at 60 °C in 
EC–DMC 1:2/1.5 M LiPF6 solutions. Reprinted from [98], copyright (2009) with permission from 
John Wiley and Sons
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standard electrolytes without any scavenger (demonstrated indeed bad performance) 
showed peaks of POxFy

x− moieties (135.4 eV). It should be noted that this sensitivity 
to nucleophilic attacks by F− moieties in standard electrolyte solutions is unique to 
LiCoPO4. Other olivine cathode materials behave quite differently and demonstrate 
impressive stability in standard electrolyte solutions.

Fig. 6.15 (a) Raman spectra of pristine and aged C-LiMn0.8Fe0.2PO4 particles (indicated). Aging 
was carried out during 7 weeks in EC–DMC 1:2/1.5 M LiPF6 solution at 60 °C. (b) Mössbauer 
spectra measured at room temperature from C-LiMn0.8Fe0.2PO4 pristine particles, particles aged 
during 7 weeks at 60 °C in EC–DMC 1:2/LiPF6 1.5 M solutions. (c) Top: HRTEM image of 
C-LiMn0.8Fe0.2PO4 pristine particles showing their morphology, particle size, and thickness of the 
carbon layer. Bottom: HRTEM images of C-LiMn0.8Fe0.2PO4 particles, after aging at 60 °C during 
3 weeks in EC–DMC 1:2/LiPF6 1.5 M solutions. Reprinted from [98], copyright (2009) with per-
mission from John Wiley and Sons
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Fig. 6.15 (continued)

6.8  On the Surface Chemical Aspects of O2 Cathodes

The most relevant substrates for oxygen cathodes in Li-air batteries are carbonaceous 
materials (nanotubes, graphene, activated carbon, and more) [106–108]. The electro-
lyte solutions relevant are those that cannot react with the highly reactive oxygen 
reduction products, LiO2 (Li superoxide) and Li2O2 (Li peroxide). Most of the polar 
aprotic solvents, including alkyl carbonates, esters, sulfones, and nitriles, are irrele-
vant due to their electrophilicity. It seems that only ethereal solvents from the 

6 On the Surface Chemistry of Cathode Materials in Li-Ion Batteries



314

“glymes” family (these are nonvolatile enough so that they are suitable for gas 
 electrodes) and some ionic liquid-based solutions may be relevant. The reduction of 
oxygen in the presence of Li ions forms as a main product and surface species Li2O2, 
which precipitates on the electrode’s substrate until it is fully blocked (which stops 
the reduction). A complete re-oxidation of the Li2O2 that precipitates on carbona-
ceous electrodes is possible in several ethereal solutions [109]. However, there are 
signs confirming the presence of side reactions, even in the apparently inactive glyme-
based solutions. The behavior of oxygen reduction electrodes in Li-salt solutions is 
currently being explored. So far, there are no clear conclusions and understanding 
regarding possible side reactions that occur in these systems. The carbonaceous 
 substrates used for these electrodes may develop unique surface chemistry due to 
several possible reactions, including a partial oxidation of the carbon surfaces, reac-
tions of LiO2 and Li2O2 with solution species (solvent, salt anion) that form precipi-
tants that cannot be removed within the electrochemical window of these systems.  

Fig. 6.16 19F (a, b) and 31P (c, d) NMR spectra of a standard electrolyte solution (a, c) and elec-
trolyte solution extracted from cells in which LiCoPO4 electrodes were cycled (b, d). Reprinted 
from [104], copyright (2012) with permission from Elsevier
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It should be noted that without a full understanding of the surface chemistry of  oxygen 
electrodes in aprotic Li-salt solutions, it will not be possible to advance R&D of Li-air 
battery technology towards any practical direction.

6.9  Summary

Li batteries of all kinds are thermodynamically unstable devices. Their apparent sta-
bility and successful operation are due to complicated passivation processes includ-
ing surface film formation that brings the electrode–solution interfaces in Li batteries 
to an impressive metastability. From the beginning of the R&D efforts related to Li 
batteries, the formation of surface films on the negative electrodes that behave like an 
SEI was obvious. A lot of efforts were devoted over the last four decades to study 
these surface phenomena and to modify them for a better performance of Li batter-
ies. Later on (during the late 1990s) it was discovered that the behavior of most rel-
evant cathodes for Li batteries is also controlled by complicated surface phenomena. 
Specially surface reactive are lithiated transition metal oxide cathodes. The most 
preferred solvents for Li-ion batteries are alkyl carbonates, due to their relatively 
high anodic stability and unique reduction mechanisms at low potentials, that form 
(in the presence of Li ions) highly protecting, SEI-type surface films. These solvents 
are electrophilic. They can undergo reactions with the negatively charged surface 
oxygen atoms of the cathode materials and also polymerization (to form polycarbon-
ate species). The basic cathode compounds interact strongly with acidic species in 
solutions (HF, PF5, PF3O). Highly challenging is the possibility of transition metal 
ion dissolutions, which is obviously accompanied by structural changes near the 
surface of the active mass. Due to their pronounced surface reactivity, LixMOy cath-
ode materials should not be used as nanoparticles. Olivine LiMPO4 compounds are 
much less surface reactive than LixMOy cathode materials. Thereby, they can be used 
as nanoparticles, thus gaining very good ionic transport properties. In recent years 
we see that more and more attention is given to the study and understanding of sur-
face phenomena related to cathodes in Li-ion batteries. Surface  modifications for the 
positive electrodes in Li batteries are developed via the introduction of surface-active 
additives and coatings.
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7.1            Introduction 

 The preceding chapters have demonstrated the vast amount of insight gained over 
the years into how the electrolyte interacts with the electrodes in Li and Li-ion bat-
teries. Such progress would not have been possible without a parallel development 
in experimental techniques that are capable of interrogating these interfaces with 
ever increasing level of chemical and spatial resolutions. The purpose of this chap-
ter is to provide an overview of these tools, grouped by the kind of information 
they offer, through representative examples in the literature. A lot has been learned 
about the origin and result of undesired reactions at electrode–electrolyte inter-
faces (EEIs, hereafter), especially the solid electrolyte interphase (SEI) on graphite 
electrodes. In contrast, visualization of the microscopic phenomena that control 
the charge transfer across interfaces required for reversible energy storage remains 
largely elusive; in practice, it is mainly probed by macroscopic measurements such 
as impedance spectroscopy. As a result, the main focus of this discussion will be 
placed on how a suite of characterization tools can provide information on degra-
dation processes. Nonetheless, some attention will also be devoted to experiments 
that are indirectly relevant to charge transfer chemistry, for instance, by probing 
ion solvation in bulk electrolytes. Because they are the most relevant to applica-
tion, the discussion will be centered on liquid–solid EEIs. Much the same concepts 
can be applied to the study of solid electrolyte systems, although the experimental 
constraints are slightly different. For instance, the absence of liquids makes it eas-
ier to design setups for tools that require ultrahigh vacuum. It will become clear to 
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the reader that while the available toolbox offers extreme versatility, no single 
technique can currently provide the fi nal answer to these complex interfacial 
phenomena. We will conclude the chapter with a look into the future, taking a 
glimpse into new capabilities which will soon push the boundaries of the current 
state-of-the-art, yet still keeping an eye on the general “lessons learned” from 
decades of work on this complex problem.  

7.2     Electrical Characterization 

 Macroscopically, the most direct means of detecting the formation and growth of 
layers due to reactions between the electrode surface and the electrolyte is by moni-
toring the electrical resistance of the electrochemical cell [ 1 ,  2 ]. Since these layers 
are, in the best case scenario, somewhat ionically conductive, but always electroni-
cally insulating [ 3 ,  4 ], an increase in electrical resistance is an indication of their 
presence. However, many components in an electrochemical cell convolute into its 
macroscopic electrical resistance. A fi rst level of discrimination between these com-
ponents is afforded by using AC electrochemical impedance spectroscopy (EIS). 

 EIS relies on the principle that the dielectric properties of different components 
in the circuit formed by the electrochemical cell are frequency-dependent when an 
AC signal is applied. Thus, it measures the impedance of a system by following the 
response of the cell to electrical biasing over a range of frequencies. Data analysis 
involves the use of theoretical equivalent circuits to model the resulting spectra [ 6 ,  7 ], 
so that assignments of phenomena can be made. EIS is the basic tool to study the 
energetics of charge transfer at the electrolyte–electrode interface and how it depends 
on the nature of the electrode surface [ 8 ]. The deterioration of charge transport due 
to processes at the EEIs is often ascribed to the appearance of a semicircle in the 
mid-to-high frequency range of a Nyquist plot of the data (Fig.  7.1 ) [ 1 ,  5 ,  7 ]. Thus, 
monitoring its changes with experimental conditions can provide insight into the 
behavior of these layers. However, the results need to be analyzed with care, keeping 
in mind that phenomena associated with interparticle contacts in the electrode can 
also lead to signals at similar frequencies [ 9 ,  10 ]. For one, it is important to simplify 
the system of measurement so as to reduce the number of possible elements in the 
equivalent circuit. Preferably, reference electrodes will be introduced in the system 
so that only the working electrode contributions can be discriminated [ 10 – 12 ]. Even 
in these cases, signifi cant complexity remains and the discussion is oftentimes kept 
qualitative and complemented by other techniques with chemical insight [ 13 ].

7.3        Electrochemical Quartz Crystal Microbalance 

 An electrochemical quartz crystal microbalance (EQCM) follows changes in fre-
quency of a quartz crystal resonator, typically of disk form, during an electrochemical 
reaction. The frequency change is imposed through the piezoelectric effect, as two 
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electrodes (normally, metallic) are deposited on both sides of the crystal and an 
alternating electric fi eld is applied. For the purposes of electrolyte–electrode inter-
facial studies, one side of this quartz crystal can be covered with an additional thin 
fi lm of the material to be studied (working electrode) [ 14 ]. The desired electro-
chemical reaction can be monitored by custom-designing a cell that contains the 
experimenter’s choice of counter and, if desired, reference electrodes, as well as 
electrolyte system. The coated crystal is mounted in the cell in a manner that only 
the thin fi lm working electrode is exposed to the electrolyte (Fig.  7.2 ) [ 15 ]. The 
electrochemical reaction is typically carried out using cyclic voltammetry (CV) 
[ 16 ], which allows the precise quantifi cation of current at a given potential.

   The principle of EQCM is based on the fact that frequency changes are directly 
related to changes in the mass deposited on the crystal by the Sauerbrey equation: 
Δ f  = − C   f  Δ m , where Δ f  is the change in frequency, Δ m  is the change in mass, and  C   f   
is a sensitivity factor specifi c to the quartz crystal used [ 14 ]. In the context of elec-
trode reactions, variations in Δ m  can both be due to electrolyte interactions and to 
the lithiation of the electrode itself. Thus, EQCM is a useful tool to determine the 
potentials at which electrolyte decomposition occurs, in real conditions, especially 
if lithiation conditions are avoided [ 15 ,  17 ,  18 ]. If both decomposition and lithiation 
occur, previous knowledge of the system assists in establishing a fi rst level of cor-
relation of the electrochemical signatures with Δ m  [ 19 ,  20 ]. A second layer of infor-
mation is provided by calculating the mass per mol of electron transferred (mpe), by 
relating Δ m  with the charge measured in the CV during a process at a given poten-
tial. Processes corresponding to an mpe of 7 are typically associated with Li inser-
tion/deposition processes [ 19 – 21 ]. In principle, values different from 7 could be 
pinpointed to a specifi c product of an electrolyte reaction, providing crude chemical 
insight. However, such conclusions can only be reached if only one reaction is 
known to be occurring, which is unlikely to be the case; concurrent reactions will 

  Fig. 7.1    Experimental data 
acquired by EIS and 
equivalent circuit for a Li/
graphite cell. The shown EIS 
was recorded at 0.05 V. 
Reproduced with permission 
from [ 5 ]; copyright 2006, 
Elsevier       
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result in average mpe values, which can also be affected by the conditions of the 
electrochemical experiment [ 16 ]. There are a large variety of experimental effects 
that need to be considered to ensure that Δ f  is only affected by mass changes associ-
ated with electrochemical reactions; an extensive discussion can be found in the 
literature [ 14 ]. Of particular relevance to the study of liquid–solid interfaces are the 
possible changes of viscosity of the liquid in the vicinity of the electrode surface, 
especially if temperature gradients occur during the experiment, and regardless of 
whether a potential is applied. These should be taken into account during data anal-
ysis, by applying corrections based on viscosity data and blank experiments [ 22 , 
 23 ]. When these experimental effects are considered, in general, passivation of the 
electrodes with cycling can easily be evaluated by EQCM, as it will result in stabi-
lization of the total mass [ 23 ,  24 ]. Similarly, anodic dissolution of electrode–elec-
trolyte reaction layers has also been uncovered using this tool [ 19 ].  

7.4     Techniques of Compositional Analysis 

 This section will be devoted to the discussion of how techniques of widespread use 
in analytical chemistry for the determination of compositions have been applied to 
the study of EEIs. The formation of ionized particles or molecules is common to all 

  Fig. 7.2    Example of cell 
designed for EQCM 
measurements. 1, quartz 
crystal; 2, gold electrodes; 
3, Li foil counter electrode; 
4, Li wire reference 
electrode; 5, solution; 
6, polyethylene body; 7, glass 
cell; 8, “O” rings; 9, electrical 
contacts; 10, glass tube. 
Reproduced with permission 
from [ 15 ]; copyright 1995, 
The Electrochemical Society       
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of them, but detection systems vary. The most popular detection system is mass 
spectrometry (MS) [ 25 ] due to its high sensitivity and precision. MS is based on the 
measurement of mass-to-charge ratios of the species resulting from ionization. 
Despite the undisputable power of MS, recent technical developments will be dis-
cussed where optical emission spectroscopy (OES) is used instead. OES measures 
the optical emission resulting from atomic processes that are characteristic of the 
elements in the sample. The choice of detector determines the ability of performing 
studies at atmospheric pressure; differential pumping in the experimental setup is 
required to keep mass spectrometers under the vacuum they need to operate. As a 
result, experiments where elemental analysis is performed on live interfaces would, 
in principle, be simpler and more versatile in an OES than a MS setup. It is also 
important to keep in mind that ionization can involve compound fragmentation, 
which bears consequences on the correlation between observations and the situation 
in the battery. Hence, it is typical to reconstruct molecules in the sample based on a 
specifi c and unique combination of ion fragments (spectra), as compared with avail-
able databases [ 26 ,  27 ]. 

 The specifi cs of tools that have demonstrated value for the characterization of 
phenomena at EEIs are discussed below. The main difference among them lies on 
the method of analyte extraction, which has implications on how representative the 
fi nal results are of the situation in vivo. These parameters should be carefully con-
sidered when designing an analytical experiment. 

7.4.1     Thermal Extraction 

 Many of the products of deleterious electrolyte–electrode interactions in nonaqueous 
batteries are organic compounds and gases such as CO 2 . A large part of the organic 
fraction can be introduced into the analytical equipment (e.g., MS) by simply heat-
ing up cell components such as the electrode or separator. This process will induce 
volatilization [ 28 ,  29 ] or thermal decomposition [ 30 – 32 ]. The latter phenomenon 
has been leveraged in studies of the stability of the SEI layer with temperature, 
which combined thermogravimetric analysis (TGA) with MS [ 33 ,  34 ]. The results 
can be contrasted [ 35 ] with studies specifi cally focused on thermal properties using 
more specialized calorimetric techniques [ 36 – 39 ]. 

 Analyte separation is preferred when dealing with complex mixtures, as it 
enhances chemical resolution, especially when species of similar composition, but 
different chemical nature (e.g., polarity) are involved. Despite the vast variety of 
separation techniques available nowadays, gas chromatography is the most popular 
among scientists studying electrode–electrolyte interactions. A large variety of 
detectors can be employed in conjunction with GC [ 40 ], the most popular in this 
fi eld being mass spectrometers. A comparative discussion of the possible detectors 
is beyond the scope of this overview; the reader is referred to general textbooks (see 
above) for extensive details. The most straightforward application of GC is to iden-
tify gases that may form during battery operation [ 32 ,  41 – 44 ] or thermal abuse after 
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cycling [ 35 ,  45 ,  46 ]. The critical step in these analyses is the extraction of the gas 
sample from the cell without contamination from the atmosphere. Protocols of 
extraction are proposed in the literature [ 42 ]. Extraction of liquid and solid analytes 
into the GC column is typically achieved using mild heat treatments, either directly 
from the cell components (in most cases, after light washing) [ 30 ,  31 ,  47 – 51 ] or 
after extraction using a different organic solvent with low boiling point as matrix 
[ 29 ,  42 ,  52 ]. The need for heat to ensure proper volatilization and separation of 
components in a GC experiment implies that some molecules in EEIs are typically 
not detected directly, but through the products of their thermal decay or reaction 
with water impurities. As a result, it is critical to carefully consider such decomposi-
tion reactions when ascertaining the origin of the species observed in the chromato-
grams [ 49 ,  51 ], especially if databases are not readily available or the observed 
fragments cannot be unambiguously traced back to a molecule.  

7.4.2     Dissolution 

 In addition to being part of protocols of extraction of organic components in EEIs 
for MS or GC analysis (see above), dissolution has been used in the battery com-
munity in conjunction with classical tools of elemental analysis such as atomic 
absorption spectroscopy (AAS) and inductively coupled plasma (ICP), either with 
OES or MS. The protocols typically involve aqueous solutions in order to circum-
vent the challenges associated with organic matrices. These tools have been 
employed in the analysis of inorganic fractions in EEI layers [ 30 ]. However, their 
most common use is to explore metal dissolution from cathode materials in the pres-
ence of acidic impurities in the electrolyte [ 53 – 56 ]. The electrolyte portions in test 
cells are typically very small, and, thus, extremely diffi cult to extract reliably. 
Consequently, researchers typically opt for accelerated aging experiments in which 
the cathode powder (or composite electrode) is soaked in large amounts of electro-
lyte solution for extended periods of time, at controlled temperature. Comparison of 
the results with samples at different states of charge has shed light into the relation-
ship between metal oxidation state and its tendency to dissolve [ 57 ].  

7.4.3     Physical Extraction 

 The mechanism of physical extraction for analytical purposes always involves the 
bombardment or irradiation of a sample with an ion or laser beam, respectively 
[ 58 ,  59 ]. These processes are typically known as sputtering and ablation, respec-
tively [ 60 ]. The interaction results in the volatilization of matter, in the form of solid 
fragments, neutral particles, or ions. While solid fragments need to be further 
divided before being introduced into an analyzer, neutral or charged particles can be 
detected directly with the appropriate technology. Nonetheless, post-extraction 
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ionization of neutrals is rather common. Analysis can be performed on OES signatures 
or by MS, the latter being the most popular. Sustained bombardment of the surface 
enables depth-resolved experiments. Further, in certain cases, the beam spot size on 
the sample is small, so that it can be rastered to yield 3D reconstructions of a layer 
at nanoscale spatial resolution [ 61 ]. The main precaution that needs to be consid-
ered is the interaction between the beams and the samples to be analyzed. As in GC/
MS, the fragments that are observed are fi ngerprints of the species present in the 
sample. It is important to understand the physical phenomena of extraction, as dif-
ferent analytes can show signifi cantly different sputtering or ablation rates. Of par-
ticular concern is the existence of matrix effects in some of these techniques [ 62 ]. 
These effects involve a different extraction mechanism of the same species depend-
ing on the matrix that contains it. They require a careful process of comparison of 
the data with accurately defi ned standards. 

 Many techniques that fall within this category have been used to characterize 
reaction layers at EEIs. Arguably the most popular is secondary ion mass spectrom-
etry (SIMS), especially when coupled with a time-of-fl ight detector (ToF) [ 59 ]. 
SIMS is based on the extraction of ions from a sample surface through bombard-
ment with energetic primary ions. This physical process results in sputtering from 
the very fi rst atomic layers, making SIMS an extremely surface sensitive technique 
with very high depth resolution. Its sensitivity to trace constituents, combined with 
its resolution, renders it an attractive tool for the analysis of components at EEIs 
[ 64 ,  65 ] and their elemental profi les [ 63 ,  66 – 69 ]. Examples of lateral mapping of 
the SEI on graphite substrates are available as well [ 70 ,  71 ]. These profi les not only 
have compositional value but also provide a qualitative indication of the thickness 
of electrolyte decomposition layers and their variation with experimental conditions 
(Fig.  7.3 ) [ 63 ]. The powerful analytical capabilities of this tool include sensitivity to 
different isotopes of the same element. This feature recently enabled an elegant 
study of Li transport through SEI layers combining experiments with computational 
simulations [ 72 ].

   Glow discharge (GD), whether combined with MS or OES detectors, is another 
compositional tool based on sputtering processes that has found application to the 
analysis of battery interfaces. The main difference between GD-MS/OES and SIMS 
lies on the mechanism and, thus, energy at which the extraction occurs [ 59 ]. GD 
also achieves very high depth sensitivity. In contrast, it suffers less from matrix 
effects than SIMS, but has much lower lateral resolution. As a result, it has been 
used only to produce composition profi les in a number of electrolyte–electrode sys-
tems [ 73 – 75 ]. In terms of enabling high sample throughput and even studies of live 
interfaces, it is important to consider that SIMS requires complete enclosing under 
ultrahigh vacuum, and GD does not, especially if OES detectors are used [ 76 ]. 

 A couple of very recent examples are available in the literature of the use of 
laser-based extraction methodologies for the analysis of EEIs. The motivation for the 
use of lasers was different in both cases. In one case, matrix-assisted laser desorp-
tion/ionization (MALDI) coupled with MS was employed to collect evidence of 
solvent oligomerization during decomposition on metallic surfaces [ 24 ]. This tech-
nique is popular within the organic chemistry community for its sensitivity and 
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selectivity to high weight macromolecules [ 58 ]. In a separate report, using ultrafast 
lasers, the composition profi ling of SEI components on graphite was achieved with 
depth resolutions comparable to those of sputtering tools [ 77 ]. The small spot sizes 
of the tool, together with the use of OES as detection method, opens the door for 3D 
analysis in the presence of liquids in atmospheric conditions [ 78 ], i.e.,  operando  
experiments.  

7.4.4     Dynamic Analyses 

 While the tools discussed in the previous subsection provide powerful chemical 
insight,  operando  studies where electrochemical signatures can be directly related 
to reaction products still remain to be demonstrated. Such dynamic analyses would 
be of great interest to further uncover the mechanisms of electrolyte decomposition 
on electrode surfaces. Nonetheless, in the existence of gaseous product formation, 
detection can be performed  operando  through differential electrochemical mass 
spectrometry (DEMS). This technique is based on combining an electrochemical 
cell design that allows the extraction of these gases online, while the reaction is 
occurring, with the high sensitivity of MS to ultra-low concentrations of analyte. 
The key to a successful DEMS experiment is a membrane that separates the electro-
chemical cell, which operates in ambient conditions, in the presence of liquids, with 

0
1

10

100

1000 CH2
-

SiOx

SiO2
-

SEI

Si

Si3
-

CsSi-

Li-

LiF-

PF6
-

CO3
-

CO2
-

10000
In

te
ns

ity
 / 

co
un

ts

200 400 600 800

Sputtering time / s

1000 1200 1400

  Fig. 7.3    ToF-SIMS depth profi les (negative ions) of Si nanowire electrodes, cycled in a Li metal 
cell with 1 M LiPF 6  in 1:1 EC:DMC. Reproduced with permission from [ 63 ]; copyright 2006, 
Elsevier       

 

J. Cabana



331

MS, which requires vacuum. This membrane needs to be impermeable to the liquid 
electrolyte, yet permit the transport of the generated gases [ 79 ]. In the case of polar 
solvents such as those in Li-based batteries, polytetrafl uoroethylene (PTFE) is the 
most popular choice [ 80 ]. Typically, differential pumping systems are used to pro-
gressively approach the vacuum required by the MS. An extensive discussion of the 
specifi c modifi cations that enable different types of electrochemical experiments 
and the corresponding analytical sensitivities can be found in the literature [ 79 ]. 

 DEMS has been used extensively for the study of gases formed during either the 
reductive or oxidative decomposition of battery electrolytes on electrode surfaces, 
as well as the dependence of their formation rates on the electrochemical potential. 
The results have been used to identify reaction mechanisms that lead to a better 
understanding of decomposition layers in various electrode materials [ 80 – 87 ], as 
well as modifi cations that alleviate or suppress undesired processes [ 88 – 95 ]. This 
analytical technique has been recently used to detect the effi ciency of oxygen reduc-
tion and evolution reactions in nonaqueous solvents [ 96 ,  97 ], which is of interest in 
the assessment of the viability of the Li/air battery concept. By leveraging the sen-
sitivity to isotopes of MS, it was possible to trace gas formation back to either elec-
trolyte decomposition or oxygen electrochemical reactions [ 98 ,  99 ].   

7.5     Vibrational Spectroscopy 

7.5.1     Infrared (IR) Spectroscopy 

 IR light interacts with the spontaneous vibrations and rotations that happen in the 
different atomic bonds of a molecule, amorphous, or periodic solid. These vibra-
tions are excited at discrete values of energy, leading to a spectrum that is composed 
of a collection of vibrational fi ngerprints. The energy of these fi ngerprints can be 
associated with a particular class of bond based on experimental knowledge; tables 
available in numerous monographs assist in the assignment to a specifi c chemical 
identity [ 100 ]. In simple samples, the envelope of signals can oftentimes be traced 
back to a specifi c compound, and even to its relative amount. Because it is espe-
cially sensitive to chemical bonds in organic compounds, IR spectroscopy is very 
commonly used in the fi eld of analytical organic chemistry. 

 Modern spectrometers are all based on broad band IR light sources and interfer-
ometers that require Fourier transforming (FT) the data to produce usable spectra. 
Further, FTIR spectrometers have a notable degree of detection versatility, from the 
classical transmission (absorption) geometry to a suite of modalities based on 
refl ectance of the IR beam [ 101 ]. The latter were specifi cally developed by surface 
scientists to study the physical chemistry of adsorbate molecules on ideal systems, 
especially of interest to catalysis [ 102 ]. As such, they are also highly suited for the 
study of interfaces in electrochemical systems [ 103 ], especially given that FTIR can 
operate under a variety of environments, including liquids. Refl ectance-based tools 
can be divided according to their general mechanism. Attenuated total refl ection 
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(ATR) is based on the use of an IR transparent, highly refractive crystal (e.g., Ge or 
ZnSe) through which the beam is transmitted to reach the sample at an angle that 
enables total internal refl ectance within the crystal. The sample is placed on the side 
of the crystal that does not face the source. This phenomenon creates multiple inter-
actions between sample and beam until it ultimately escapes the crystal, increasing 
the signal-to-noise ratio. Single internal refl ectance is also used. The other subtype 
of surface-sensitive FTIR tools is based on external refl ectance, meaning that 
they do not require a crystal, but a highly refl ective material, typically a metal [ 102 ]. 
The canonical example is refl ection–absorption IR spectroscopy (RAIRS or IRRAS) 
[ 104 ]. In this case, the signals from the species on the surface are detected after 
refl ection from the metal. 

 When the ability of studying heterogeneous interfaces is taken together with its 
sensitivity to organic moieties, it comes as no surprise that FTIR is arguably the 
most popular tool in reports of the evolution of EEIs under electrochemical or aging 
conditions in systems relevant to batteries [ 13 ,  66 ,  105 – 114 ]. It was instrumental in 
the broad knowledge of the chemical composition of electrolyte decomposition lay-
ers, such as the SEI, that we have today, as described in other chapters of this book. 
However, several limitations need to be taken into account when applying this tool 
to the study of EEIs in nonaqueous systems. First, the picture that emerges is 
strongly skewed toward organic products, as compounds with ionic bonds are IR 
silent. Second, the decomposition products in EEIs share features with the solvents, 
but form a very thin layer compared to the bulk of the electrolyte. Consequently, the 
experiment must be designed so that the signal from the EEI is maximized over that 
of the bulk electrolyte. In some cases, the raw spectra can have interferences from 
species present in the electrode surface structure, for instance, when metal phos-
phates were characterized in the presence of fl uorophosphate-based electrolytes 
[ 115 ]. While tracing the fate of a given molecule of interest could be partly achieved 
using redox-stable supporting electrolytes [ 111 ], in practice, washing the bulk elec-
trolyte off the electrode surface is necessary in ex situ experiments. Obviously, this 
procedure generates considerable uncertainty over how representative the results 
are of the situation in vivo. Evidence exists that products formed during the electro-
chemical reaction can easily be washed away [ 116 ], so that the results can be highly 
misleading. Even in the presence of representative spectra, the chemical complexity 
of reaction layers formed at the EEI makes assignments somewhat challenging. 
Nonetheless, the appearance of new functional groups can be detected with a high 
degree of accuracy; these groups have been tracked back to the formation of specifi c 
compounds in numerous cases, especially when reference spectra are available for 
comparison [ 116 – 118 ]. 

 The problem of signal selectivity of FTIR severely complicates the design and 
reduces the versatility of  operando  setups. A large number of cells for the study of 
liquid–solid EEIs has been built and demonstrated in different refl ectance modes 
(Fig.  7.4 ) [ 105 ,  106 ,  109 ,  115 ,  119 – 122 ]. The material used as crystal (for internal 
refl ection experiments) or transparent window (for external refl ection experiments) 
needs to be carefully selected based on its chemical compatibility with the cell com-
ponents. Insight into the formation of new products and the potentials at which 
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reactions occur can be obtained by subtracting the steady state spectrum of the 
pristine cell from all the spectra collected in working conditions. Some specifi city 
can also be achieved by subtracting spectra obtained at different polarizations of the 
light source [ 123 ]. Thanks to such  operando  FTIR studies, it is now known that high 
potential side reactions between positive electrode and electrolyte are synchronized 
with the redox activity of the active material, and that the resulting layers can be 
highly dynamic (Fig.  7.5 ) [ 122 ]. However, these techniques result in highly dis-
torted spectra so that valuable insight comes at the expense of chemical resolution 
of the species involved in these interactions. In principle, these experiments could 
be achieved by bringing the electrode surface in contact with the crystal (for internal 
refl ection experiments) or a transparent window (for external refl ection experi-
ments). However, there are fundamental challenges to this approach. First, it is very 
diffi cult to control the amount of electrolyte between crystal/window and electrode. 
In the extreme case that no electrolyte is present, the electrochemical reaction will 
not proceed in that area. Second, when placed in contact, the crystal/window will 
experience the potential at the electrode, opening the door to possible parasitic reac-
tions that will lead to damage if the crystal/window material is not stable at the 
working voltages. Given the interest of FTIR to answer questions pertaining to 
EEIs, it is expected that new and creative means to address these limitations will be 
proposed in the near future.
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7.5.2         Raman Spectroscopy 

 This kind of vibrational spectroscopy is based on the general Raman effect, which 
is a type of inelastic scattering of photons [ 124 – 126 ]. In this particular application, 
a monochromatic laser light, typically in the UV–Vis range, is shined onto a sample. 
At those energies, the laser interacts with the electronic structure of the material in 
a manner that results in deformation of polarizable bonds through the induction of 
an electric dipole. In this “deformed” (or virtual) state, bond vibrations occur at dif-
ferent frequencies as the initial state. These transitions happen mostly from the 
ground state, but, because of thermal excitation, a Boltzmann distribution of bonds 
will be in a slightly excited state. Relaxation from these new states occurs primarily 
through the release a photon of the same energy as the incident laser, thus leading to 
elastic (Rayleigh) scattering. However, if the molecule or crystal contains Raman 
active states, a very small fraction (in the order of ppm) of emitted photons could 
have either lower (Stokes) or higher (anti-Stokes) energy than the incident beam. 
Each Raman active state will lead to a characteristic energy loss or gain, controlled 
by symmetry rules. Since the exact nature of the inelastic scattering will depend on 
the initial state, Stokes scattering, which starts from a ground state, is more promi-
nent than anti-Stokes. In order to be able to detect these photons, they must be dis-
criminated from the much more intense Rayleigh scattering. Raman spectrometers 
contain hardware such as fi lters or stoppers that reduce the elastic signal. 

  Fig. 7.5    ( a ) FTIR spectra collected during the anodic polarization of a LiNi 0.5 Mn 1.5 O 4  thin fi lm in 
a Li metal cell; ( b ) evolution of the peak intensity, integrated from the data in ( a ), with electro-
chemical potential. Reproduced with permission from [ 122 ]; copyright 2010, The Electrochemical 
Society       
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 Despite also being sensitive to vibrational and rotational interactions, the selection 
rules that operate in Raman spectroscopy are different from IR because it depends 
on bond polarizability instead of dipole interactions. As a result, both techniques are 
complementary. It also follows that a Raman spectrum can be uniquely traced to a 
particular chemical identity, just like IR. In conventional spectrometers, the penetra-
tion depth of the radiation and, thus, the sensitive sample volume, depends on the 
wavelength of the laser and the electronic conductivity of the compound, but is typi-
cally a few hundred nanometers [ 126 ]. Raman spectroscopy suffers from so-called 
skin effects on metallic samples, whose high electronic conductivity severely 
reduces the optical skin depth; in practice, severe signal loss is found for these mate-
rials [ 126 ]. While conventional Raman spectroscopy is generally considered a bulk 
technique, the scattering occurring on metal surfaces has been leveraged in the 
development of surface enhanced Raman spectroscopy (SERS) [ 127 ]. While the 
exact physical mechanisms of operation remain to be fully uncovered, suffi ce to say 
that SERS relies on the interactions between a metal surface and thin layers of com-
pounds on it, so that it becomes a highly surface sensitive, albeit rather experimen-
tally restrictive, tool. Performance of Raman spectroscopy in refl ectance mode, 
much like FTIR spectroscopy, is also possible [ 128 ], but rather less common. Much 
the same shortcomings discussed above for IR spectroscopy apply to this experi-
mental methodology. Finally, another attractive feature of the technique is that a 
number of confocal spectromicroscopes are available in the market that offer spatial 
resolutions in the order of 1 μm. This feature is of interest for the study of sample 
inhomogeneities. For instance, it revealed that one of the predominant mechanisms 
of interfacial impedance growth in layered oxide cathodes upon extensive cycling 
involved disconnection of individual particles or agglomerates at the electrode sur-
face [ 9 ,  129 – 131 ]. Such disconnection was due to the loss of carbon additive frac-
tions, and resulted in considerable microscopic variations in state of charge. 

 While Raman spectroscopy plays a central role in the characterization of battery 
phenomena [ 126 ], it is less used for the study of EEIs than FTIR, probably because 
it is generally considered bulk, not surface sensitive. Nonetheless, if the organic 
surface fi lms are thick enough, features can be observed at wavenumbers that are 
rather specifi c to discrete molecular moieties [ 132 ,  133 ]. There are also a limited 
number of examples of the value of SERS on oxide electrodes for this purpose 
[ 134 ], but they are probably limited by experimental uncertainty and the need to 
modify surfaces to induce a metallic character for adequately enhanced signal. 
Nonetheless, SERS has proved of value to follow the formation of electrolyte 
decomposition layers on Li metal electrodes [ 135 ] or model metal systems [ 136 –
 139 ]. Interestingly, the bulk sensitivity afforded by conventional Raman spectros-
copy creates another point of synergy with FTIR spectroscopy, as it can be used to 
probe phenomena that occur on the electrode side of the interfaces. Indeed, it has 
been critical in our understanding of surface damage in graphite electrodes through 
exfoliation and formation of transition metal-based precipitates resulting from cath-
ode dissolution in the electrolyte [ 140 – 148 ]. Cathode corrosion, especially at high 
temperature, can also be specifi cally probed by Raman spectroscopy, as it results in 
the formation of surface phases that are distinct from the pristine material [ 134 ,  149 ]. 
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The involvement of solvent cointercalation in graphite surface exfoliation and how 
it can be avoided has been discussed based on the analysis of the solvates in the bulk 
electrolyte [ 150 – 152 ], which possess to distinct Raman active interactions [ 153 ,  154 ]. 
The knowledge of these solvate structures could also inform the rationalization of 
charge transfer reactions that occur at EEIs [ 155 ,  156 ]. 

 The coupling of Raman spectroscopy and microscopy with electrochemical mea-
surements has been extensively demonstrated in the literature; many reports are 
available that describe possible cell designs [ 105 ,  130 ,  135 ,  157 – 161 ]. A fortuitous 
fi nding derived from  operando  Raman spectroscopy studies was that certain elec-
trolyte decomposition reactions lead to species that are fl uorescent/phosphorescent. 
The onset of these species results in signals that signifi cantly increase the back-
ground of the Raman spectra [ 162 – 164 ]. As will be discussed below, even though 
this effect compromises chemical resolution in the Raman spectroscopy experi-
ment, these fl uorescence signals carry information that can be leveraged with other 
tools. Finally, it is worth noting that the use of lasers as probes inherently carries the 
uncertainty of beam damage [ 163 ,  165 ], either through thermal or nonthermal 
effects. This risk is certainly higher than in FTIR when organic moieties are consid-
ered, so it needs to be carefully considered when evaluating the resulting data.   

7.6     UV–Visible Techniques 

7.6.1     UV–Vis Spectroscopy 

 UV–Visible light interacts with the electronic states of a given chemical species and 
promotes an excitation from the top of the valence band to the bottom of the con-
duction band. Measurement of the absorbance of a sample at different wavelengths 
results in a spectrum which is indicative of this optical band gap, and can be traced 
back to general families of molecular entities and compounds. In the case that elec-
tronic relaxations from the excited state after irradiation to a fi nal state are preceded 
by a cascade of small vibrational transitions, fl uorescence occurs that lowers the 
emitted photon energy. This signal can be detected with spectrometers different 
from those used for absorbance measurements. Fluorescence emission spectra are 
collected at constant incident wavelength, as the different vibrational and electronic 
transitions result in emission at different energies. These spectra are generally less 
specifi c and, thus, less straightforward to interpret than UV–Vis absorbance. Also, 
fl uorescence occurs in only certain classes of molecules, which has traditionally 
made it relevant in biosciences or organometallic chemistry. 

 Despite the widespread use of UV–Visible spectroscopy in analytical chemistry, 
it has seen much more limited application to the study of electrochemical phenom-
ena relevant to EEIs. However, the studies available are excellent representations 
of the kind of unique insight that could be gained from these tools. Absorption 
spectroscopy has been applied to the study of the electrochemical degradation of 
aromatic molecules on the surface of electrodes under working conditions [ 166 ]. 
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The unexpected fi nding of fl uorescence backgrounds during Raman spectroscopic 
studies of cathode surfaces (see above) was very recently leveraged to the analysis 
of the dynamics of interphase layers at EEIs [ 164 ]. Although the exact chemical 
origin of this fl uorescence signals has not yet been ascertained, measurements of 
fl uorescence intensity during the lithium (de)intercalation on high voltage 
LiNi 0.5 Mn 1.5 O 4  revealed that the appearance of the corresponding species is syn-
chronized with the redox activity of Ni 2+  (Fig.  7.6 ). Further, the fl uorescence signal 
was found to strongly vary between oxidation and reduction of the electrode, sug-
gesting that the layers resulting from electrolyte decomposition continue to evolve 
with cycling. This fi nding is still under investigation.

7.6.2        Ellipsometry 

 The basic principle of ellipsometry relies on the measurement of changes in polar-
ization of light after it is refl ected from a fl at surface, conventionally in the specular 
direction (i.e., when refl ected and incident angle are equal and coplanar). The polar-
ization goes from linear to elliptical, a phenomenon that gives rise to the technique’s 
nomenclature. It can be carried out either with a monochromatic or broad band 
source, typically at wavelengths from near UV to near IR, and mainly in the visible. 
Experiments employing broad band sources are typically grouped under the cate-
gory of spectroscopic ellipsometry. The response at different wavelengths is corre-
lated to the optical transitions possible in the electronic structure of the layer [ 168 ]. 
For this reason, ellipsometry was initially developed to probe the dielectric proper-
ties of thin fi lms. However, this optical response, which depends on the complex 
refractive index, is also an indication of surface thickness, roughness, and density. 
The signal in an ellipsometry experiment is collected so that both its amplitude (Ψ) 
and phase (Δ) can be quantifi ed (Fig.  7.7a ). These values are extracted by measuring 
the ratio between the refl ection coeffi cients of s- (parallel to the sample surface) and 
p- (normal) polarized light, which makes the tool rather robust against spurious scat-
tering effects. The values of Ψ and Δ do not have direct optical meaning, so the data 
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from ellipsometry needs to be modeled to extract values of layer thickness, index of 
refraction, and extinction coeffi cient. In the presence of chemically complex layers, 
building models is signifi cantly complicated, and, in the case of success, the optical 
values are only considered formal.

   The high accuracy, down to sub-nm in ideal cases, of ellipsometry in measuring 
the thickness of layers makes it valuable in the study of reaction interphases at EEIs 
[ 23 ,  167 ,  169 ]. The role of H 2 O impurities on side reactions and formation of acidic 
species that can corrode an electrode has been evaluated with this tool [ 170 ,  171 ]. 
The design of cells that can be used for  operando  experiments has extensively been 
demonstrated (Fig.  7.7b ) [ 23 ,  167 ,  172 – 175 ]. These time-resolved measurements 
have provided valuable insight into the dependence of reaction layers on electro-
chemical potential, their stability upon cycling and how their growth can be affected 
by the chemistry of the electrolyte (Fig.  7.7c ), among others. It is common to use 
surface roughness data gathered by complementary tools (see below) as inputs for 
the models used to fi t ellipsometry spectra [ 169 ,  174 ]. The most critical step for data 
interpretation is precisely the generation of these models, especially if quantifi ca-
tion is desired. Given the extreme chemical complexity of these interfacial layers, 
some level of knowledge of the compounds present greatly improves the chances of 
accurate modeling of the signals [ 173 ]. Several references can be found that thor-
oughly discuss this step in the context of EEIs [ 167 ,  173 ], to which the reader is 
referred for further information.   

  Fig. 7.7    ( a ) Schematics of the fundamentals of ellipsometry (see text for details); kindly provided 
by Christopher Smith, School of Physics, Trinity College Dublin (  http://www.tcd.ie/Physics/
Surfaces/ellipsometry2.php00    ); ( b ) working cell designed for ellipsometric studies coupled with 
electrochemistry; ( c ) SEI thickness determined ellipsometrically on TiN electrodes in Li metal 
cells using potentiostatic chronoamperometry. The electrolytes used were 1 M LiPF 6  in EC:DEC 
(1:2) (1), EC:DEC (1:2)/2 wt% VC (2), and EC:DEC (1:2)/2 wt% FEC (3). Reproduced with per-
mission from [ 167 ]; copyright 2012, The Electrochemical Society       
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7.7     X-Ray-Based Techniques 

7.7.1     X-Ray Photoelectron Spectroscopy 

 The basic principle of X-ray photoelectron spectroscopy (XPS) relies on the ionization 
of a given compound by exciting a core level electron to the continuum using an 
X-ray beam (Fig.  7.8 ). The generated photoelectrons are detected by an analyzer 
that can measure their kinetic energy and intensity (i.e., number) [ 177 ]. The kinetic 
energy is characteristic of a particular element, and even light elements such as Li 
can be probed by XPS. Frequently, small variations in chemical shift can be observed 
depending on the specifi c chemical state (e.g., oxidation state). These chemical 
states need to be suffi ciently different so as to alter the position of the core levels of 
the probed element within the energy resolution of the analyzer. In practice, this 
requirement involves noticeable changes in chemical bonding, although careful 
peak deconvolution can be used to resolve multiple signals under a broad peak. At 
any rate, qualitative identifi cation of chemical states typically requires comparison 
with standard materials of known composition. XPS also demands careful experi-
mental design to avoid charging effects when samples are non- electronically con-
ductive; the result of these effects is typically a shift of the XPS peaks that can lead 
to misinterpretation. Such charging can be avoided by using conductive substrates, 
such as metal foils, and is typically a minor problem in carbon containing electrodes 
if the reaction layers are not too thick. Although integration of the photoelectron 
intensity at each energy value can be used for quantitative purposes [ 177 ], in practice, 
signifi cant error is introduced by the experimental conditions, so that the accuracy 
is typically below 90 %. X-rays can excite depths of 10 2  nm, but the resulting photo-
electrons are very easily absorbed by matter, so they have very short escape lengths. 
This phenomenon has two important consequences: (1) in general, the measurements 
need to be performed in ultra-high vacuum conditions, and (2) only electrons from 
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  Fig. 7.8    Schematic illustration of processes of core level electron excitation by an X-ray beam. 
Reproduced with permission from [ 176 ]; copyright 2013, Elsevier       
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the fi rst 10 nm of sample, at most, can be analyzed. These features turn XPS into a 
routine technique for surface characterization. Chemical information with depth can 
also be collected by changing the angle of X-ray incidence or sputtering a few layers 
of sample between data collection. In practice, the former has limited applicability 
due to limitations in escape length. In turn, differences in sputtering rates between 
species (see matrix effects discussed for SIMS above) and alterations to the sample 
that can subsequently be introduced during this process demand caution during data 
interpretation.

   XPS has been widely used to characterize the products of electrolyte–electrode 
side reactions in a large variety of Li and Li-ion battery systems [ 1 ,  13 ,  178 – 180 ]. 
In this context, it is common for researchers to combine it with FTIR to obtain a 
notably complete chemical picture [ 108 ,  113 ]. Auger electron spectroscopy (AES), 
which is based on the detection of an outer shell electron generated when the core 
level hole is fi lled by an electron from an intermediate level, has a more testimonial 
role [ 30 ]. In general, the characterization efforts focus on the description of the 
chemical nature of these interfaces, not on the quantifi cation of the species present. 
Because of escape length limitations, these studies are generally only possible post-
mortem and require rinsing away the layers of bulk electrolyte that remain upon 
harvesting an electrode from a cell. As a result, and as already discussed in the 
context of FTIR spectroscopy, uncertainty prevails on the exact nature of the reac-
tion fi lm in vivo, as only the solid layer that remains attached to the electrode can be 
analyzed. Nonetheless, XPS has proved to be very effective in identifying both 
organic and inorganic species resulting from the decomposition of the electrolyte. 
Further, it has been employed to identify changes introduced on metal oxide sur-
faces as a result of the interactions with acidic and fl uorinated species in the electro-
lyte [ 181 ]. Phase identifi cation can be elusive especially in the case of organic 
species, as slightly different compounds with the same functional groups will have 
very similar spectra. Phases with metals in the same oxidation state and similar 
chemical bonding will also be diffi cult to resolve. Thus, signals are conventionally 
assigned to generic functional groups and oxidation states. The possibility of radia-
tion damage and artifi cial chemical shifts due to sample charging also needs to be 
considered when interpreting the data [ 13 ]. This uncertainty, especially in the pres-
ence of the chemical complexity of EEIs, is alleviated by careful sample preparation 
and by leveraging the sensitivity of the tool to virtually all elements in the periodic 
system to build comprehensive pictures using the core levels of all the possible 
components. Additional insight can be gathered by collecting valence band XPS if 
equipment is available with suffi cient energy resolution to collect data at very low 
kinetic energies [ 182 ]. This band is much more sensitive to chemical changes than 
the core levels, but the data collected is representative the total density of states 
(DOS) and, thus, convolutes contributions from all elements in the compound or 
sample. Consequently, while potentially affording rich information, high quality 
standards or computer simulations of the DOS are required. 

 A new dimension to XPS analysis has recently been provided by the application 
of synchrotron-based tools. The ability to tune the energy of the incident beam as 
well as the much higher fl uxes compared to laboratory sources affords opportunities 
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to increase the depth resolution of the technique and even the design of experiments 
in partial pressures of gas and liquids, in semi-working conditions. Synchrotron 
XPS is now possible at incident energies from below 100 to almost 7,000 eV [ 184 ]. 
Using the hardest beams bypasses the need to signifi cantly wash the samples to 
avoid signal fl ooding by the bulk of the electrolyte. Increasing the energy effectively 
probes layers at increasing depths. This feature is particularly attractive to scientists 
studying electrolyte–electrode interactions as it has long been known that the nature 
of the reaction layers changes with the distance from the electrode surface. 
Experimental validation using synchrotron XPS has already been provided for rel-
evant oxide [ 185 ,  186 ] and Si-based systems (Fig.  7.9 ) [ 183 ,  184 ]. Using hard XPS, 
information can be collected on the chemistry as well as the thickness of the layers 
[ 186 ]. These reports are elegant examples of the possibilities opened by the use of 
this synchrotron-based tool.

7.7.2        X-Ray Absorption Spectroscopy (XAS) 

 Related to XPS, XAS is a spectroscopic technique based on the measurement of the 
energy at which X-ray photons are absorbed during the excitation of core level 
electrons to excited states in the electronic structure of a given compound (Fig.  7.8 ). 
It is also sensitive to virtually all elements in the Periodic System. Unlike XPS, the 
sample is not ionized, but electrons are excited to the valence bands of the probed 
compound. The interaction of the excited state with the core hole produces a unique 
fi ngerprint of the electronic structure. This fi ngerprint can be traced back to com-
pounds containing a certain element with higher specifi city than XPS, especially 
when the spectra can be compared to reference data and/or computational simula-
tions [ 187 ]. While XPS can be performed using a laboratory X-ray source, high fl ux 
is required to produce measurable XAS signals. Because, the interaction between 
X-rays and matter scales with the atomic mass, a wide range of incident energies 
need to be available to produce information on the chemical state of a large variety 
of elements. All in all, XAS is almost exclusively performed using synchrotron 
beams. As the reaction layers formed after interaction between electrode and elec-
trolyte are mostly composed of light elements, measurements are carried out at a 
soft X-ray beamline, which typically provides access to ~100 to ~1,200 eV, suitable 
to probe C (284 eV), O (543 eV), and F (697 eV) K edges and the L edges of all 
light transition metals [ 188 ]. These edges are suited for the analysis of EEIs, as they 
can probe both the electrode and the electrolyte [ 189 ]. The photons emitted by the 
sample after relaxation of an inner shell electron to the core hole can also be 
detected at the same beamlines as XAS; X-ray emission spectroscopy (XES) is 
highly chemically selective and can potentially provide unique insight [ 189 ]. There 
are also limited examples where XAS measurements have been carried out at the S 
K-edge (2,472 eV) in the case of sulfonated electrolytes [ 64 ,  190 ]. XAS measurements 
at the Li K edge (65 eV) are also possible [ 191 ], but normally demand a highly 
specialized beamline capable of reaching very low energies. X-ray beams at these 
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energies are highly absorbed by matter, so that the detectors either analyze photo-
electrons or fl uorescent photons. These particles only escape the sample when 
produced at depths from a few angstroms to a few hundred nm, respectively, 
depending on the incident energy. Detected fl uorescent photons are generated from 
deeper in the sample than detected photoelectrons. This difference provides an 
opportunity to gather information at different depths in the material of interest. 

  Fig. 7.9    Si 2p X-ray 
photoelectron spectra of a 
Si/C/CMC composite 
electrode after being cycled 
100 times in a Li metal cell, 
as a function of the probing 
depth, i.e., incident energy: 
( a ) 230 eV, ( b ) 690 eV, ( c ) 
1486.6 eV, ( d ) 2,300 eV. 
Reproduced with permission 
from [ 183 ]; copyright 2013, 
American Chemical Society       
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 XAS has been applied to the study of electrolyte side reactions much less often 
than XPS. Nonetheless, a few examples exist in the literature of the kind of insight 
that can be gathered with this tool [ 189 ,  192 ,  193 ]. The possibility of collecting data 
with two different detectors with signifi cantly different, “built-in” depth sensitivities 
affords an opportunity to compare the electrode surface with its bulk in a single 
experiment. Such measurements on layered transition metal oxides revealed a differ-
ence in the formal oxidation state of Ni with sample depth that pointed at the active 
participation of the transition metals in the decomposition of the electrolyte [ 194 ].  

7.7.3     Grazing Incidence/Exit Spectroscopy and Diffraction 

 Instead of tuning the incident X-ray energy to gather insight from EEIs at different 
depths, measurements can be performed at a fi xed energy by varying the incident 
angle instead. If high energy beams are used, the experiments can be performed at 
a very shallow angle, in what are known as grazing incidence experiments. An alter-
nate setup is to direct the beam perpendicular to the sample surface while locating 
the detector at shallow angles with respect to the interface, in what are known as 
grazing exit experiments. In both cases, careful experimental design could generate 
information of pristine interfaces, bypassing the need to rinse the sample. Effectively, 
synchrotron sources are again required to achieve the necessary energy. 

 Many conventional techniques based on X-rays can be applied in grazing inci-
dence/exit mode. While they have been developed for many years and their poten-
tial is obviously large, only a handful of reports exist of their application to the study 
of EEIs. They provided a unique insight into the reorganization of the electrode 
surface and EEI structure in numerous cathode materials [ 195 – 198 ], as well as eval-
uate the crystallinity of any reaction deposits [ 199 ]. This structural reorganization is 
of critical importance, as it can lead to increased activation barriers for the transfer 
of ions from the electrolyte to the electrode. Further, because hard X-rays, which 
penetrate deep into matter, were employed, setups have been proposed and demon-
strated to carry out experiments in situ to probe live, electrifi ed interfaces [ 196 ].  

7.7.4     Refl ectometry (or Refl ectivity) 

 The basic principle of X-ray (or neutron, see below) refl ectometry (XRR) is the 
same as ellipsometry. Yet instead of measuring changes in light polarization, it 
probes the profi le of the momentum transfer resulting from the specular refl ection 
of the beam, thus providing information about the structure of the surface and layers 
below, as well as an indication of density and roughness. The changes in scattering 
length density can be modeled using multilayers of different density as input; 
the results produce insight into chemical composition and morphological gradients. 
Just as in the case of ellipsometry, the modeling step is critical for a correct 
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analysis [ 200 ]. Because of its sensitivity to roughness, successful refl ectometry 
experiments require fl at samples to minimize radiation scattering. As a result, they 
are carried out on model systems with a high degree of orientation. While this 
requirement limits its use in real systems, the data collected from such well-defi ned 
systems can contain a great degree of clean information. Furthermore, refl ectometry 
experiments can be performed on samples with “live” interfaces, i.e., where the 
electrolyte is still on the electrode surface. 

 XRR has been applied to the study of EEIs on several systems [ 201 – 205 ]. The 
technique was found to be sensitive not only to the formation of reaction layers but 
also to mass loss at the electrode surface due to processes of corrosion (dissolution) 
[ 201 ]. Of particular interest is the application of high energy synchrotron beams as 
sources, as their deep penetration capabilities enables the design of  operando  cells 
(Fig.  7.10a ) [ 203 ]. Therefore, uncertainty due to equilibration in the absence of an 
electrochemical potential is eliminated. The structural and chemical stability of 
EEIs during the lithium insertion/extraction processes have thus been evaluated 
(Fig.  7.10b ) [ 201 – 204 ]. The dependence of these irreversible reactions on the crys-
tal facet of the electrode material forming the EEI was established. It was found that 
electrolyte decomposition processes were coupled with the redox process occurring 
in the bulk of the electrode, which is a critical piece of information when designing 
materials that bypass such layer formation.
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7.8         Neutron-Based Techniques 

 Much like X-rays, the interactions of neutrons with matter are atomic in nature. The 
difference is that neutrons are sensitive to nuclei directly, whereas X-rays interact 
with electrons. Hence, while X-rays are unsuitable to detect light elements because 
of the low atomic electron count, neutron scattering factors depend on the properties 
of the nucleus [ 206 ]. The most relevant consequence in the context of this discus-
sion is that neutron-based tools are better suited for the detection of H and Li than 
X-rays, as  1 H and  6 Li are among the most highly neutron-absorbing atoms, and that 
they offer isotope resolution capability. In principle, they are also nondestructive. 

 The most obvious application of neutrons to the analysis of chemical processes 
in batteries is through the generation of concentration profi les. For instance, radio-
graphic imaging can be carried out by measuring the attenuation of neutron beams 
after passing through a sample. It has been employed to locate the electrolyte (the 
richest component in H and Li) in full cells and trace changes after cycling back to 
its consumption during the formation of reaction layers at EEIs [ 207 ]. Increased 
analytical sensitivity has been achieved using neutron depth profi ling. It is based on 
the measurement of charged particles resulting from the interaction between a neu-
tron beam and nuclei in a certain material; in the case of  6 Li, such particles are α 
( 4 He) and  3 H [ 208 ,  209 ]. As these particles escape toward the detector, their energy 
gets attenuated by their interaction with other atoms in the sample. The concentra-
tion profi le with depth is the result of relating the measured energy spectrum of the 
charged particles to the stopping power function of the sample. Detecting both α 
and 3H particles offers different probing power and depth resolution. The technique 
is suffi ciently sensitive so that Li concentration profi les within the SEI on graphite 
electrodes and their dependence with cycling conditions and location within a rolled 
electrode have been reported [ 209 ]. Neutron depth profi ling needs to be performed 
under vacuum to avoid spurious absorption of the charged particles by gas mole-
cules. Together with the fact that thick cell casings can also signifi cantly attenuate 
the intensity of the signal due to the charged particles, this requirement makes mea-
surements during electrochemical cycling challenging, but not impossible. Indeed, 
they were recently demonstrated in thin fi lm microbatteries containing solid state 
electrolytes [ 210 ]. 

 Neutrons can penetrate through certain metallic components in batteries, such as 
the Al and Cu current collectors [ 207 ]. In contrast to depth profi ling, experiments 
based on the measurement of scattered or attenuated neutrons are thus possible in 
real time, during the electrochemical reaction, and in closed cells. Indeed, neutron 
radiography was performed in commercial prismatic cells [ 207 ]. Small angle neu-
tron scattering (SANS) data has also been collected in working coin cells [ 211 ]. 
SANS provides information on mesoscale structures, such as pore and/or coherent 
domain size and distribution. Data collected at different stages of lithiation in 
ordered mesoporous hard carbons revealed the sequence of phenomena that leads to 
the buildup of an SEI layer and the time dependence of its composition, with 
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carbonate species giving way to other lithium containing compounds in the early 
stages (Fig.  7.11 ).  Operando  experiments have also been demonstrated with neutron 
refl ectometry (NR) [ 204 ,  212 ]. In these cases, cells were specially designed for NR, 
paying especial attention to building low roughness layers so as to enhance signal 
coherence. The SEI growth on copper under cathodic conditions was thus observed 
[ 212 ], revealing highly accurate information on the change in composition with 
potential and the increases in thickness with cycle number (from ~4 to ~9 nm). 
Interfacial phenomena occurring at the surface of LiFePO 4  electrodes have also 
been probed [ 204 ], although the results were less conclusive.

  Fig. 7.11    ( Left ) Schematic illustration of the processes ( right ) occurring on mesoporous carbon 
electrodes during cycling in a Li metal cell, as probed by SANS. ( Middle ) Changes in contrast 
(ΔSLD) consistent with the observed peak intensity data for each stage. At each stage the domi-
nant process affecting contrast is illustrated. Reproduced with permission from [ 211 ]; copyright 
2013, American Chemical Society       
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7.9        Nuclear Magnetic Resonance 

 The basic principle of Nuclear Magnetic Resonance (NMR) lies on the excitation of 
the magnetic spin of a nucleus of interest using a radio-frequency (rf) pulse, in the 
presence of an external magnetic fi eld ( 

�
B   ). When the pulse ends,  

�
B    induces the 

relaxation of the spins back to the equilibrium situation, in which they are all aligned 
with it. The relaxation generates an rf signal that can be measured by a spectrometer 
and is highly specifi c of the local chemical (and electronic) environment of the 
nucleus. The specifi city is conferred by the many nuclear interactions (e.g., dipolar/
quadrupolar couplings or Fermi contacts) [ 213 ] that can dominate the spin relax-
ation depending on the identity of the surrounding species. The result is a meaning-
ful difference in both position and shape of the resulting signals. When the couplings 
between the probe nucleus and its environment are very strong, signifi cant broaden-
ing of the NMR centerbands occur. Molecular tumbling, as occurs in liquids, is 
suffi cient to average these interactions, and the fi nal spectrum has narrow peaks. 
Such liquid phase spectra can be gathered from EEIs [ 214 ], but it requires the dis-
solution of the layers, which can induce undesired modifi cations. Nonetheless, sig-
nifi cant and unique information can be gathered when these experimental limitations 
are considered. For instance, NMR has been used to analyze the correlation between 
solvation structure in bulk electrolytes and the interfacial chemistry on graphite 
electrodes [ 215 ]. In contrast to liquids, motion is limited in solids (such as the spe-
cies at EEIs), leading to broad spectra where chemical resolution is compromised. 
The conventional solution to this issue is to spin the sample at an angle with respect 
to  
�
B   . The dipolar coupling, one of the most prominent interactions in solids, is 

angular dependent. At a specifi c value, called the magic angle, averaging occurs, 
leading to the decomposition of the broad static signal into an envelope that contains 
the centerband and spinning sidebands. In the presence of complete averaging, only 
the former is observed. As a result, magic angle spinning (MAS) is ubiquitous in the 
fi eld of NMR of solids. Additional resolution can be gained by collecting data at 
different  

�
B    or by designing pulse sequences where magnetization is transferred 

between nuclei, among others [ 216 ]. 
 NMR requires the probe nuclei to be magnetically active, i.e., show a non-zero 

magnetic spin,  I . In practice, virtually all elements in the Periodic System have iso-
topes that are magnetically active [ 217 ]. In some cases, several isotopes of the same 
element are accessible. More importantly, because the magnetic properties of differ-
ent isotopes of the same element differ, the experimenter is able to choose the condi-
tions that ensure the desired outcome. A suitable example for this discussion is Li, 
which exists as  6 Li and  7 Li with a natural abundance of ca. 7.6 and 92.4 %, respec-
tively. NMR signals are directly proportional to the population of a given species in 
the sample. Thus, by proper calibration, quantitative ratios can be extracted from the 
data (Fig.  7.12 ) [ 218 ]. The highest sensitivities to a minority species are achieved 
when a high abundance isotope (e.g.,  7 Li) is excited. This feature has been used by 
several authors to analyze the extent of electrolyte decomposition layer growth on a 
variety of electrode materials [ 219 – 221 ]. When coupled with the high specifi city of 
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the technique, a detailed picture of the nature of EEIs can be gathered [ 222 ], including 
insight into side reaction mechanisms [ 223 ].

   Similar to XPS, collecting data from different excited nuclei, even at different  
�
B   , 

enhances the clarity of the results, particularly in Li-based systems. However, if this 
multidimensional level of chemical detail is desired, some challenges need to be 
considered and overcome. Typically, electrode materials contain transition metals, 
whose magnetization transfer mechanisms create shifts far away from the generally 
diamagnetic species of a surface reaction layer, so interferences from the electrode 
signal are not usually a serious problem. Nonetheless, the NMR chemical shift 
range of Li compounds that do not contain transition metals is narrow [ 217 ,  224 ], 
requiring stringent experimental conditions that cannot be completely fulfi lled in 
complex samples. A similar situation applies to H [ 225 ], which also suffers from 
huge linewidths in the solid state due to the strong dipolar couplings of  1 H nuclei. 
The range of chemical shifts of C species is quite larger [ 225 ], but, unfortunately, 
the most abundant isotope ( 12 C, 98.9 %) is NMR silent. Thus, while gathering  13 C 
MAS NMR spectra in natural abundance samples is possible, it can require unreal-
istic amounts of time to get measurable signals. This technical barrier has now been 
extensively overcome by selectively enriching moieties in the electrolyte with 13C. 
While this step complicates experimental design, it has produced unprecedented 
insight [ 226 ,  227 ]. The same limitation applies to O as it does to C, with the addition 
that  17 O enrichment is more cumbersome and less conventional than  13 C (although 
solutions to this problem may be around the corner [ 228 ]). Finally, F-containing 
species can be easily detected, as  19 F combines high abundance (100 %) with a high 
specifi city, as defi ned by its broad chemical shift range [ 229 ]. 

 A unique feature of NMR that applies to the phenomena of interest here is that 
the proximity to a diamagnetic solid of a paramagnetic surface alters the relaxation 
times of the nuclei in the latter. Thus, by following this magnitude with respect to 
reference data for pure phases, it is possible to probe the proximity of a given 
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  Fig. 7.12    Quantifi cation, using  7 Li and  19 F MAS NMR spectroscopy, of inorganic species found 
in electrolyte decomposition layers formed on LiMn 0.5 Ni 0.5 O 2  electrodes during cycling in a Li 
metal cell, using LiPF 6 − ( left ) and LiBOB-based electrolytes ( right ). Reproduced with permission 
from [ 218 ]; copyright 2012, Elsevier       
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species of interest to the electrode particles [ 230 ]. This contact can also be probed 
by leveraging the rich variety of pulse sequences designed at inducing transfer of 
magnetization between nuclei that are in close proximity, but may be on opposite 
sides of an interface [ 229 ].  

7.10     Microscopy 

7.10.1     Scanning Probe Microscopy 

 The ability to manufacture tips of a variety of materials with apices of decreasing 
dimensions, down to a single atom, brought about the advent of a class of microsco-
pies based on the detection of different physical phenomena generated upon scan-
ning the tips through a surface. The use of sharp tips as probes bypasses the 
diffraction limits on spatial resolution imposed by the use of light to create images. 
As a result, in the right conditions, scanning probe microscopy (SPM) can produce 
maps with sub-nanometer, atomic resolution. The specifi c phenomena being 
detected depends on the tip material (e.g., electronically conducting or not), the 
distance from the surface and the use of bias, among others [ 231 ]. The probe is 
mounted on a setup based on a piezoelectric mechanism, which controls the dis-
tance to the sample. The precision of the cantilever, as well as the existence of vibra-
tion, are as important in determining the ultimate spatial resolution of the images as 
the apex dimensions. Typically, SPM leads to maps of the topography of the sample, 
with color contrast depending on the physical phenomenon used to image (e.g., 
surface voltage). It can operate under a variety of environmental conditions, includ-
ing air. As such, it is ideally suited for the imaging of surface processes and liquid–
solid interfaces. It has thus become an important tool in the study of EEIs [ 232 ]. 

 Scanning tunneling microscopy (STM), developed in the early 1980s, is the orig-
inal SPM. The physical contrast is provided by establishing a bias between probe 
and sample, which are both conducting and at very close distance, but not in con-
tact. The working distance is either kept constant or coupled to a desired current 
density. In this situation, quantum electron tunneling occurs and the local electron 
density can be imaged. The requirements of electronic conductivity of the sample 
limit the applicability of STM when applied to EEIs, as side reactions induce the 
formation of highly insulating layers on the electrode surface, which can be thick. 
Nonetheless, this tool has provided insight into morphological degradation at EEIs, 
such as graphite exfoliation, under operating conditions [ 233 – 237 ]. 

 The sample limitations imposed by STM provided the motivation to continue to 
develop SPM with increased versatility. Under a decade after the fi rst STM systems 
were assembled, atomic force microscopy (AFM) was demonstrated. In AFM, the 
tip is mounted on a cantilever, typically made of silicon, and brought in close prox-
imity to the sample surface. The ensuing interaction (e.g., Van der Waals forces) 
pushes the tip back, creating a defl ection of the cantilever that can be detected by 
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a variety of methods to produce a direct topographic image. Nowadays, AFM has 
evolved into a family of techniques depending on the forces involved and whether 
stimuli such as currents are sent through a metal-coated tip. In the latter mode, elec-
trical signals can be decoupled from the movement of the tip, thereby creating the 
possibility of maps of electrical potential or conductance combined with high reso-
lution topographic information [ 232 ]. AFM has been widely employed to obtain 
insight into the morphological changes occurring on a variety of electrode surfaces 
during electrochemical operation in liquid cells (Fig.  7.13 ) and upon aging [ 105 , 
 238 – 246 ]. Cells that enable  operando  measurements have been designed by a num-
ber of groups [ 233 ], so that they have become rather commonplace. Achieving 
novel AFM capabilities continues to be the object of vigorous research. Further 
exploitation of existing and these new tools is bound to increase our understanding 
of phenomena at EEIs.

   One last type of SPM that is fi nding emerging use to produce insight into the 
processes occurring at the EEI is scanning electrochemical microscopy (SECM). 
The tip in SECM is formed by an electrode of very small dimensions (known as 
ultramicroelectrode, UME); Pt wire inside a microcapillary is one of the most 
common UME confi gurations. Redox active species in the environment react at 
the UME surface, which generates a faradaic current that is detected by the probe. 
As a result, it has been used to detect transition metal ions resulting from the 

  Fig. 7.13    Typical AFM images obtained from Li metal electrodes during anodic polarization. The 
scheme on  top  depicts the break-and-repair mechanism of the surface fi lms during the course of 
dissolution of Li surfaces. The  left panel  in the scheme presents a hypothetical situation in which 
the surface fi lms are fl exible and accommodate morphological changes. Reproduced with permis-
sion from [ 105 ]; copyright 2011, Springer Science+Business Media       
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corrosion of an electrode surface by the electrolyte [ 247 ]. The UME can be biased 
outside the window of redox stability of the Li + –solvent complex in the electrolyte 
to probe the transport of ions out of an electrode, such as LiCoO 2 , during an elec-
trochemical reaction [ 248 ].  

7.10.2     Electron Microscopy 

 This class of imaging tools relies on the illumination of a specimen using an elec-
tron beam that is focused by a set of electromagnetic lenses. Because electron beams 
possess a very short wavelength, the spatial resolution that can be achieved in elec-
tron microscopes is the highest of all comparable techniques and can reach sub-
atomic scales. The downside is the requirement of sample preparation procedures of 
complexity that scales precisely with the desired spatial resolution [ 249 ]. Focused 
ion beam (FIB) slicing is often needed for good quality work in transmission mode. 
Indeed, electron microscopy imaging after sample slicing using an FIB has pro-
vided interesting insight into degradation processes at the electrode material and 
full cell level [ 250 ,  251 ]. Caution must be exercised when employing this method of 
sample preparation, as it can lead to questions about the representativity of the 
observations that need to be considered. In general, charge dissipation, especially 
when measuring poorly electronically conducting samples, requires the use of con-
ductive supports and can result in irreversible sample alterations if it does not occur 
properly. It is also important to investigate and alleviate beam damage to the sam-
ple, which can be very severe when irradiating with electrons. Perhaps most impor-
tantly, electron microscopy operates in vacuum. All these effects introduce signifi cant 
complications when observing liquid–solid interfaces and designing cells for  oper-
ando  studies. Nonetheless, solid state devices have been demonstrated and studied 
[ 252 ]. The advent of environmental microscopes, which operate at partial pressures 
of gas, and intense development in the design of sealed cells that can contain liquids 
has opened the door to simplifi cation of experiments. However, to date,  operando  
electron microscopy experiments are still in their infancy and limited to observing 
phenomena in solids even in cells containing liquids [ 253 – 255 ]. 

 Scanning electron microscopes (SEM) detect the electrons emitted from the sur-
face of a sample after irradiation by the primary beam that is rastered through a 
defi ned area. The highly focused nature of the electron beam affords topographic 
information even for extremely rough samples. As such, SEM is a powerful tool to 
evaluate sample morphology at nanoscale (down to 1 nm, in some cases) resolution. 
Most commonly, imaging relies on secondary electrons, which are generated by 
ionization of the sample (thus, in a process equivalent to XPS). Such type of imag-
ing is extensively used to monitor changes in electrode surface morphology after 
exposure to liquid electrolytes under electrochemical potential and aging. The for-
mation of decomposition layers [ 256 – 261 ], graphite exfoliation due to solvent coin-
tercalation [ 91 ,  95 ,  258 ], corrosion of oxide surfaces [ 262 – 264 ], and shape changes 
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in lithium metal electrodes [ 252 ,  265 ] due to reactions with electrolyte components 
are representative examples of the kind of insight provided by SEM. Detection of 
backscattered electrons is possible in an SEM as well. Although no examples are 
available on this method of imaging of EEIs, it is worth noting that this method 
contains indirect elemental information, as backscattered electron intensity scales 
with the atomic number,  Z .  

 Transmission electron microscopes (TEM) detect the electron beam scattered 
after crossing the sample. This beam carries structural as well as morphological 
information. For instance, direct atomic patterns can be related to a given crystal 
structure in some cases. As a result, TEM information is much richer than SEM. 
Detection technology has enabled imaging resolutions of several pm [ 266 ], although 
specimen requirements render this unattainable with the complex samples resulting 
from electrode–electrolyte interactions, especially when using liquid solvents. 
Consequently, and as stated above, TEM has so far been exclusively used in ex situ 
and postmortem analysis of EEIs. Nonetheless, very thin layers resulting from EEI 
interactions can be detected [ 267 ] and, in the right conditions, related to specifi c 
surface structure and chemistry of the electrode [ 196 ]. Its extremely high spatial 
resolution allows the observation of the morphology and the distribution of crystal-
line and amorphous components in electrode–electrolyte reaction layer; nanocrys-
tals of LiF randomly embedded in a complex layer were thus directly observed 
(Fig.  7.14 ) [ 199 ].

  Fig. 7.14    Ex situ HRTEM 
near the surface of an 
epitaxial graphene fi lm on a 
SiC [2 12 ̅ 0] substrate after 
cathodic polarization in a Li 
metal cell, showing the 
structure of the SiC, the 
graphene layers, and the solid 
electrolyte interphase (SEI) 
with LiF crystals. 
Reproduced with permission 
from [ 199 ]; copyright 2013, 
American Chemical Society       
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7.10.3        Spectromicroscopy 

 Because the considerable compositional insight that can be obtained from both 
SEM and TEM imaging is not generally direct, coupling with spectroscopic infor-
mation is desirable. The interaction of the primary electron beam with matter also 
leads to X-ray photoemission. Such X-ray photons are element specifi c, and can be 
collected at similar spatial resolutions to the imaging experiment, in what is referred 
to as electron dispersive X-ray spectroscopy (EDS, EDX, XEDS, depending on the 
manufacturer). The result of EDS imaging is an elemental map at the single particle 
(TEM) or ensemble (SEM) level. In the context of the characterization of EEIs, 
EDS is more commonly applied in SEM [ 251 ,  268 – 270 ] than TEM [ 198 ]. EDS can 
thus be viewed as a complement to the morphological information of secondary 
electron imaging. 

 Additional chemical information can be obtained in a TEM using electron energy 
loss spectroscopy (EELS). EELS results from measuring the energy lost by elec-
trons after interaction with the sample. This energy value can be characteristic of the 
electronic processes, such as ionization, in a given element. Thus, like XAS, this 
tool directly probes the electronic structure around a given element, possessing both 
elemental and chemical specifi city, combined with the very high spatial resolution 
of TEM. For instance, it has been used to locate specifi c compounds such as LiF in 
the complex layers that form the SEI on graphite (Fig.  7.15 ) [ 271 ,  272 ]. The main 
diffi culty comes from sample preparation, as EELS demands even thinner samples 
than simple TEM imaging to lead to interpretable data that is not affected by mul-
tiple scattering effects.

  Fig. 7.15    Morphology of the solid electrolyte interphase formed on graphite particles discharged 
to 10 mV in a Li metal cell, and washed in the dimethyl carbonate; ( a ) bright fi eld TEM image and 
( b ) Li concentration map extracted from EELS data, viewed along the [0001] zone axis. Reproduced 
with permission from [ 271 ]; copyright 2011, American Chemical Society       
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7.11         Outlook 

 This chapter has made it apparent that the arsenal of tools available to electrochemists 
for the study of EEIs is immense. It is thanks to this arsenal that we possess the 
currently extensive knowledge of phenomena at these interfaces, especially in what 
refers to side reactions that affect the transfer of ionic charge. A lot less is known 
about the specifi c mechanisms that govern charge transfer, which involve the pro-
cess of ion desolvation and creation of high energy intermediates between the sta-
ble states on each side of these heterogeneous interfaces, the specifi c timescales 
and, especially, how they are affected by the nature of the components and the inter-
phase layers that may form. While the currently available tools should be suited to 
partly answer these questions, it is clear that more technical developments are still 
needed. There are frontiers in chemical and, particularly, space and time resolution 
that need to be crossed for the picture to be comprehensive. Chemical resolution 
will come from further improvements in specifi city and selectivity of existing and 
new techniques. In the context of spatial resolution, exciting developments are in sight 
with the use of near fi eld vibrational microscopy, which should combine the high 
chemical resolution of IR with spatial resolutions at the nanoscale [ 273 ]. Measuring 
in the near fi eld, i.e., in close proximity to the sample, opens the door to truly spe-
cifi c measurements of near surface electrolyte species. Maps of reaction layers, 
potentially in all space dimensions, could thus be achieved. Continuous records in 
spatial resolution are reported in the fi eld of X-ray microscopy [ 274 ], a tool that can 
be combined by XAS (see above) to produce pictures that include all components 
at the EEI, regardless of their nature. Increased insight into the dynamics of pro-
cesses will be brought about by the continuous improvements in time resolution of 
our suite of tools. These are simply a few examples of the exciting future, but 
should not be considered by any means the only directions possible. The reader is 
challenged to design procedures to overcome the existing knowledge barriers. 

 While signifi cant technical developments are in sight, it is important to keep in 
mind that, ultimately, truly representative data will come from careful experimental 
design. The experience of the last couple of decades has resulted in a large variety 
of methodologies. Given the complexity of EEIs, it is rather clear that a complete 
picture requires combining data from multiple tools [ 66 ,  275 ,  276 ], as, generally 
speaking, they are all sensitive to (slightly) different chemical moieties and physical 
phenomena. In this context, the generalization of multimodal techniques, where the 
sample is simultaneously analyzed by different tools, would be a welcome develop-
ment in order to reduce uncertainty due to manipulation. It is worth noting the 
importance of interface preservation in ex situ measurements. Since most available 
tools are not specifi c to species at the interface, washing is required to remove the 
bulk electrolyte. This process needs to be carefully designed, as it has been shown 
to lead to misleading results [ 116 ], where irreversible changes are introduced by the 
time the data is collected. Ultimately, the best means to avoid uncertainty during 
sample manipulation is to perform  operando  studies, i.e., in working conditions. 
The supply of cell designs for simultaneous physico-chemical characterization and 
electrochemistry is sensational, as reviewed along this chapter. Researchers 
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continue to refi ne these designs in search for conditions that ensure that the data is 
representative of the conditions in a real battery. It is important to ensure that this 
condition is fulfi lled. Some of these tools also require the preparation of model 
samples, where the surface morphological complexity is reduced. In this context, 
the emerging work with epitaxial fi lms opens the door to very powerful measure-
ments [ 196 ], which should continue to be pursued. Such highly oriented samples 
also help reduce chemical complexity and could be used to expand existing (but still 
too rare) systematic studies of the role of surface facets and defects on the electro-
lyte–electrode interactions [ 175 ], a series of research projects that could take les-
sons from the electrocatalysis fi eld [ 277 ]. Given the large degree of understanding 
of water–solid interactions that this research generated, it is to be expected that 
much more information can still be collected of how nonaqueous systems operate.     
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Abstract Recent advances in molecular modeling provide significant insight into 
electrolyte electrochemical and transport properties. The first part of the chapter 
discusses applications of quantum chemistry methods to determine electrolyte oxi-
dative stability and oxidation-induced decomposition reactions. A link between the 
oxidation stability of model electrolyte clusters and the kinetics of oxidation reac-
tions is established and compared with the results of linear sweep voltammetry mea-
surements. The second part of the chapter focuses on applying molecular dynamics 
(MD) simulations and density functional theory to predict the structural and trans-
port properties of liquid electrolytes and solid electrolyte interphase (SEI) model 
compounds; the free energy profiles for lithium desolvation from electrolytes; and 
the behavior of electrolytes at charged electrodes and the electrolyte–SEI interface.

8.1  Introduction to Molecular Modeling Methodologies

Designing electrolyte for batteries is a multiphysics, multivariable problem because 
of a number of often conflicting requirements that should simultaneously be met. 
For example, a suitable electrolyte should possess high ionic conductivity, low vis-
cosity, good wetting properties for the electrodes and separator, high thermal stabil-
ity, low toxicity, etc. It also should either be electrochemically stable at the operating 
voltage of the electrodes or, if decomposed, able to form a stable passivation layer 
on the battery electrode surface, often called the solid electrolyte interphase (SEI). 
Most research efforts have focused on obtaining a fundamental understanding of the 
electrochemical stability and decomposition reactions of electrolyte components; 
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predicting the structural and transport properties of electrolytes in bulk and at 
interfaces; and understanding the influence of applied potential on the interfacial 
properties at electrodes.

A choice of the modeling technique is dictated by the problem of interest. Ab 
initio wavefunction and density functional theory (DFT) quantum chemical (QC) 
methods and reactive force fields such as ReaxFF [1, 2] are the methods of choice 
for examining electrochemical stability and decomposition reactions. In QC meth-
ods, the atomic centers, electrons orbits, or electron density are treated explicitly, 
allowing one to obtain binding energies, oxidation, and reduction energies, as well 
as the barriers for chemical reactions. QC methods are extremely powerful and accu-
rate provided the proper level of theory or type of a density functional was used. 
However, DFT and especially accurate correlated wavefunction methods (coupled 
cluster [CCSD(T)], Møller–Plesset perturbation theory MP2, MP4, or composite Gn 
methods [3]) quickly become computationally prohibitive with increasing system 
size. Reactive force field methods such as ReaxFF do not provide an explicit treat-
ment of electrons; instead, ReaxFF uses a concept of a bond order and is extensively 
trained to reproduce chemical reactions. Thus, ReaxFF has a significantly lower 
computational cost and could be used for simulations of large systems. Nonreactive 
force fields, however, are even less computationally expensive than ReaxFF and are 
often chosen when predicting electrolyte structural and transport properties in bulk 
and at charged interfaces. In such force fields, molecular interactions are represented 
by interaction between the permanent charges assigned to atoms, atomic or bond 
polarizabilities, and Lennard–Jones type of nonbonded interactions. Molecular 
force fields are often parameterized against QC data and reproduce molecular geom-
etries, binding energies, electrostatic potential around molecules, dipole and higher 
moments, polarizabilities, conformational energies, and barriers.

Due to the importance of obtaining a fundamental understanding of electrolyte 
electrochemical stability and the electrolyte decomposition reactions related to bat-
tery operation, these topics are extensively discussed in this book. Scheers and 
Johansson give a historical prospective of the application of QC methods in determin-
ing redox stability of electrolyte components. In another chapter, Lau et al. discuss 
applying QC methods to understanding electrolyte stability and electrolyte–electrode 
interactions with a focus on lithium–air chemistry. This chapter concentrates on the 
fundamental aspects of extracting the oxidation and reduction stability of electrolytes 
and their decomposition reactions from QC calculations. Specifically, the connection 
of the absolute and electrochemical scales is discussed. Because QC calculations 
yield energies associated with the electron detachment (oxidation) from and the 
electron addition (reduction) to the molecular complex of interest relative to elec-
tron at rest, a fundamental question arises with regard to how to connect the absolute 
scale associated with the electron at rest with the commonly used electrochemical 
scale, such as the Li+/Li couple. The second important question is how to choose 
a proper electrolyte model in order to establish a connection between the oxida-
tion energies calculated for the electrolyte model systems and the oxidation and 
reduction stability extracted from linear sweep voltammetry (LSV) measurements. 
This discussion focuses on the relationship between the thermodynamic and kinetic 
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aspects of oxidation reductions. Finally, the oxidation-induced decomposition reac-
tions are discussed. In the second part of this chapter, the application of molecular 
dynamics (MD) simulations to predict the structural and transport properties of elec-
trolytes and SEI compounds in bulk and at electrified interfaces is reviewed.

8.2  Quantum Chemistry Studies of Electrolyte Oxidation 
Redox Stability and Reactions

8.2.1  Absolute and Electrochemical Scales of Electrolyte 
Redox Stability

In order to establish a connection between the quantities extracted from QC calcula-
tions and the measured oxidation stability, the energy cycle shown in Fig. 8.1 is 
commonly used. The absolute oxidation potential of a complex M relative to an 
electron at rest in vacuum [E°abs(M)], is given by (8.1):

 
E G G G F° ° °Dabs M M Me S S( ) = + ( ) - ( )é

ë
ù
û

+D D ,
 

(8.1)

where ΔGe is the ionization free energy in gas phase at 298.15 K; ΔGS(M+) and 
ΔGS(M) are the free energies of solvation of the oxidized and initial complexes M+ 
and M, respectively; and F is the Faraday constant. The ionization free energy ΔGe 
has contributions from the ionization potential that include the adiabatic ionization 
energy and zero point vibrational correction as well as the entropic term −TΔS.

The predicted values from QC calculations of the absolute E°abs(M) need to be 
converted to the commonly used standard hydrogen electrode (SHE) or Li+/Li poten-
tial scale in order to compare them with experimental data. There are two main 
approaches for accomplishing this. In the first approach, well-established data for 
aqueous electrolytes are used to connect the absolute and electrochemical scales. 
This approach neglects the influence of the nature of a particular aprotic solvent on 
the lithium free energy of solvation. The International Union of Pure and Applied 
Chemistry (IUPAC)-recommended values [4] for the absolute SHE potential in 

Fig. 8.1 Free-energy cycle for the redox reaction (M → M+ + e−), where M(g) denotes molecule M 
in gas phase, M(S) denotes the solvated molecule, and IP denotes ionization potential
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nonaqueous solvents are within a few tenths of a volt of the absolute SHE potential 
value in aqueous solutions, suggesting that an additional variation on the order of 
0.1–0.3 V is expected for the conversion factor from the absolute scale to Li+/Li in 
nonaqueous solvents. Indeed, the variation of the lithium free energy of solvation in 
water, methanol, acetonitrile, hydrazine, and ammonia was reported to be in this 
range [5]. IUPAC recommends a SHE value of 4.42–4.44 V in the absolute potential 
scale at room temperature [4]. A more recent work by Isse et al. [6] suggested that 
the SHE potential is 4.281 V. Using the Li+/Li standard electrode potential of −3.05 V 
versus SHE [4] for aqueous solutions, the conversion factor is established by (8.2):

 
E E E E° ° ° °vs Li Li. / . . . . ,+( ) = - + = - » -abs abs abs4 42 3 05 1 37 1 4V V V

 
(8.2)

where E°(vs. Li+/Li) is the potential vs. Li+/Li. If the SHE estimate from Isse et al. [6] 
is used, the relation is E°(vs. Li+/Li) = E°abs − 1.23 V.

In the second approach, an implicit solvent such as the polarized continuum 
method (PCM), an explicit solvent, or a combination of these methods is used in 
order to calculate the lithium free energy of solvation so that the conversion factor 
is specific for the electrolyte of interest needed for the cycle shown in Fig. 8.1b. A 
number of groups [7, 8] have used DFT calculations to relate the absolute and Li+/
Li potential scales using the thermodynamic cycles shown in Fig. 8.1a, b for the 
complex M oxidation and Li+/Li reduction reactions M(S) − e → M+

(S), Li+
(S) + e → Li(S), 

as shown in (8.3):

 
E G G F° °D Dabs Li Li Li IP Li Li+ +( ) = - ( ) + ( ) + ( )( )/ ,sub

s  
(8.3)

where ΔGsub(Li) is the heat of lithium evaporation (sublimation), IP is the free energy 
of Li ionization in gas phase, and ΔG°S(Li+) is the free energy of Li+ solvation in a 
solvent. The handbook [9] value of ΔGsub(Li) at 298.15 K is 1.65 eV, IP(Li) = 5.39172 eV, 
recommended by the National Institute of Science and Technology’s (NIST) web-
book [10]. The experimentally determined Li+ free energy of solvation in water of 
−529.4 kJ/mol = −5.49 eV was reported by Tissandier et al. [11], while ΔG°S(Li+) for 
dimethylsulfoxide (DMSO) solvent was reported [12] to be −554.4 kJ/mol = −5.75 eV. 
The latter value was found to be in good agreement with the value of −5.88 eV from 
a theoretical ab initio and careful cluster- continuum model study [12]. Gomer et al. 
[5] reported in 1977 an estimate of ΔG°S(Li+) = −5.25 eV for acetonitrile solvent. 
Substituting these values in (8.3) yields E°abs(Li+/Li) of −1.56, −1.3, and −1.79 V for 
water, DMSO, and acetonitrile solvents, respectively. These values agree reasonably 
well with the value of −1.4 V [see (8.2)], in contrast to the values reported by Zhang 
et al. [7] and Shao et al. [8] who calculated IP(Li) and ΔG°S(Li+) using a number of 
functional and the MP2 level in conjunction with a various implicit solvent solvation 
models. They used a value of 1.22 eV for the free energy of lithium vaporization 
instead of the value of 1.65 eV from the handbook [9]. Importantly, the application of 
the PCM model to a small Li+ cation is problematic due to the high sensitivity of the 
solvation energy on the Li+ cation radius that was used to build the molecular cavity 
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around it [13, 14]. Moreover, the recent cluster-continuum model study of lithium 
solvation [12] argued that it is important to explicitly consider the first solvation shell 
of the small cation such as Li+. The implicit solvent models that are implemented in 
Gaussian g09 do not appear to have been parameterized for or tested on small atomic 
cations such as Li+ [15]. To summarize, Shao et al. [8] reported −E°abs(Li+/Li) for a 
number of sulfones to be in the range of 2.75–3.35 V and 2.67–3.17 V using a 
B3LYP/6-31 + G(d,p) level with SMD and PCM solvation models, respectively, 
which is significantly higher than our estimates in the range of 1.2–1.79 V discussed 
above [16]. Usage of (8.2) is recommended for fast screening.

8.2.2  Calculations of the Electrolyte Oxidation Stability

A number of QC studies have focused on understanding the oxidation stability of 
electrolyte nonionic and ionic solvents [7, 8, 17–24], redox shuttles [25–27], and 
anions [28–31]. The majority of the studies considered isolated solvents or anions 
that do not explicitly interact with the electrode; in situations where there is no spe-
cific interaction such as hydrogen bonding with other electrolyte components; and 
where the solvent effect is included via the PCM. A few studies went beyond to 
include the condensed-phase interactions present in ionic liquids [32], cation–anion 
interactions [33], or solvent–anion interactions [16, 34–37]. The most successful 
were DFT predictions of shuttle redox potentials [26, 38], which reported a close 
agreement with the experimental data showing a root mean square deviation of 
0.08 V. Similarly, Wang, Buhrmester, and Dahn [38] reported excellent agreement 
between the calculated values for 17 redox shuttle additives, with a root mean 
square deviation between the calculated and measured oxidation potentials of 
0.15 V and a maximum deviation of 0.25 V, indicating that DFT calculations at 
B3LYP/6-31G(d,p) could be effectively used for screening redox additives. Fu et al. 
[18] have shown that DFT calculations can predict redox potentials for a diverse set 
of hundreds of organic molecules and free radicals in acetonitrile when 0.25 eV was 
added to the DFT values, indicating that computational electrochemistry could 
become a powerful tool for the organic chemistry community.

While DFT calculations often reproduced experimentally observable trends for 
the oxidation stability of anions [17, 19] and solvents [7, 18, 21, 24, 39], they often 
failed to quantitatively relate the calculated oxidation potential for numerous elec-
trolytes and experimentally measured data. For example, the intrinsic oxidation 
potentials of common electrolyte solvents or anions obtained from DFT and higher 
level correlated methods were significantly higher than experimentally determined 
values from LSV experiments, especially when LSV measurements were extrapo-
lated to low scan rates [16, 34–36]. A step toward reconciling QC predictions and 
LSV measurements was made in recent DFT studies [16, 34–36], which focused on 
the oxidation stability of solvent–anion and solvent–solvent clusters. These studies 
showed that the oxidation stability of solvent–solvent and solvent–anion clusters is 
lower than stability of the isolated solvents and anions that comprise these clusters. 
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For example, oxidation of carbonate solvents such as EC, PC, and DMC com-
plexed with anions such as PF6

−, BF4
−, and ClO4

− resulted in an anion nucleophilic 
attack on the solvent upon oxidation (electron removal) and deprotonation of the 
carbonates [34, 35] that significantly reduced the oxidation stability of these sol-
vent–anion complexes compared to values obtained for isolated solvents. Xing 
et al. [36] reported that the oxidation potentials of EC2 and EC4 clusters were sig-
nificantly lower than the intrinsic oxidation potential of an isolated EC and even 
lower than the oxidation potential of the EC–BF4

− complex. In these clusters, the 
exothermic proton abstraction from the ethylene group of EC by the carbonyl 
group of another EC was responsible for the decreased oxidative stability of EC2 
and EC4 compared to EC. Radiolytic ionization experiments confirmed the 
H-abstraction reaction in oxidized EC complexes [40]. These studies [16, 34–37] 
indicated that the cluster approach to understanding electrolyte oxidation stability 
yields a distribution of oxidation stabilities associated with the cluster composi-
tion. Specifically, the oxidation stability of model electrolyte complexes follows 
the order EC4/BF4

− < ECn (n = 2,4) < EC/BF4
− < EC/PF6

− < isolated EC, as shown in 
Fig. 8.2 [16]. Examination of this figure suggests that the H-transfer from EC to 
BF4

− and HF formation in the oxidized EC/BF4
− complex reduced the oxidation 

stability by ~0.7 V compared to the isolated EC. The H-transfer from one EC to the 
carbonyl group of the other in the oxidized EC2 complex resulted in an even lower 
oxidation stability for this complex, which is more than 1 V lower than the isolated 
EC. The same H-transfer reaction in the EC4/BF4

−(a) complex yields a similar oxi-
dation stability to EC2; however, the H-transfer from one EC to the carbonate group 
of a neighboring EC in the EC4/BF4

−(b) complex results in the lowest oxidation 
stability among the investigated ECn–BF4

− complexes [16]. Formation of an ion 
pair between the cation (EC+H) and BF4 in the oxidized EC4/BF4

−(b) complex 
stabilized the oxidized state and made the oxidation stability of this complex lower. 
The ring opening reaction in the EC(−H) neutral radical is the next oxidation-
induced reaction that is expected to occur in the complexes shown in Fig. 8.2. This 
reaction is exothermic with an energy of 1 eV calculated at G4MP2 level with 
PCM(ε = 20).

In order to connect the oxidation stability of the model electrolyte complexes to 
LSV experimental data, one needs to consider the reaction rates for the oxidation 
reaction of each complex. Indeed, the H-transfer reaction in the solvent–solvent or 
solvent–anion complexes leads to a significant molecular rearrangement and distor-
tion; thus, one expects a significant barrier for these oxidation reactions compared 
to the oxidation of an isolated EC. Rates for each electron transfer reaction can be 
estimated in a first approximation using Marcus theory of electron transfer, where 
the rate (k) of the activation-controlled reaction is proportional to

 k G RT~ ,/e a-D
 (8.4)

where ΔGa is the activation Gibbs free energy of the formation of the transition state. 
Using a parabolic approximation for the intersection yields
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where λ is the reorganization energy, which is set to the vertical oxidation potential 
(Ev); and ΔG0 is the potential difference between the reactant and a product. Thus, for 
oxidation reactions ΔG0 is set to the adiabatic oxidation potential, λ + ΔG0 = Ev − Ea, 
where Ea is the adiabatic oxidation potential of the complex. Figure 8.2 shows the esti-
mated rates for the oxidation reaction occurring in the model electrolyte complexes. 
The reorganization energies were calculated in this work using M05-2X/6-31 + G(d,p) 
theory in conjunction with PCM(ε = 20, acetone). Gaussian g09 software was used. 
The inverse dependence between the oxidation potential and reaction rate was 

Fig. 8.2 Oxidation potential of model electrolyte clusters vs. the rate estimated from the Marcus 
electron transfer theory. EC(−H) denotes a neutral EC radical with one proton abstracted from it in 
the process of the oxidation-induced reaction. Oxidation potentials are from M05-2X/6-31 + G** 
calculations with PCM(ε = 20) [16]. Rates were calculated in this work
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observed. It indicates that the oxidation stability of electrolyte exponentially 
depends on the time scale of the measurements. A good correlation is observed 
between the dependence of the oxidation potential on the reaction rate from the 
DFT calculations shown in Fig. 8.2 and the experimentally measured [41] current 
(i) − potential (E) dependence for the anodic oxidation of the carbonate-based 
organic electrolytes on the carbon microelectrode. Higher level G4MP2 calculations 
in conjunction with SMD solvation model yielded oxidation stability of EC2/BF4

– 
 clusters around 5 V, which is slightly below DFT results presented in Fig. 8.2.

In summary, the oxidation stability in common battery electrolytes is represented 
by a variety of reaction pathways that have reaction rates that differ by more than 
order of magnitude. Figure 8.2 indicates that the long-term (very low rate) stability 
of an EC/BF4-based electrolyte is expected to be around 4.5–5 V. This estimate is 
obtained for the two-step process involving the oxidation of the EC4/BF4

− complex 
followed by the EC(−H) ring opening, which yields CO2 and OC2H2. Because it is a 
two-step reaction with an intermediate, the application of Marcus theory is not valid 
and the rate estimates have large error bars. Note that the common procedure for 
determining electrolyte oxidation stability by taking a value at a certain current 
cutoff in LSV measurements yields a value of 6.2 V for a glassy carbon electrode in 
contact with 0.65 M Et4NBF4 electrolyte [42]. This value corresponds to the oxida-
tion of the EC/BF4

− complex, which has a low barrier for electron transfer reaction. 
Most of the published QC work has focused on understanding the oxidation stabil-
ity of isolated solvents, which corresponds to a high-rate oxidation process, while 
long-term electrolyte stability in batteries and supercapacitors is related to the low- 
rate processes that occur at significantly lower voltages. Therefore, examination of 
the distribution of the most probable oxidation reactions and the associated electron 
transfer rates is needed to construct the current–stability relationship, such as one 
shown in Figs. 8.2 and 8.3, in order to meaningfully relate the results of the QC 
calculations to the operation of batteries and supercapacitors.

Fig. 8.3 Current (i) applied 
potential i ± E relationship of 
the anodic oxidation of 
various organic electrolytes. 
Electrolyte: (a) 1 M LiPF6/
(EC:DEC) (1:1); (b) 1 M 
LiClO4/(EC:DEC) (1:1). 
Microelectrode: carbon, 
10 mm in diameter [41]. 
“Reprinted with permission 
from [41] Copyright 2001 
Elsevier”
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8.2.3  Oxidation Decomposition Products

While the chapter by Scheers and Johansson focuses on electrolyte redox stability, 
understanding oxidation decomposition reactions is also very important, as it pro-
vides insight into reactions leading to the formation of the passivation layer and gas 
generation during battery operation. Xing et al. [20, 43] have investigated the 
decomposition of isolated EC and PC molecules, building on pioneering work by 
the Phil Ross group [7] published in 2001. A recent DFT study [35] of the PC-PF6

− 
and PC-ClO4

− oxidation-induced decomposition pathways has clearly shown that 
the presence of anions near PC molecules alters the decomposition kinetics, result-
ing in the formation of different products. Specifically, the oxidative decomposition 
of PC-PF6

− at room temperature favored CO2 and acetone radical formation, as 
shown for the low-barrier path 1 in Fig. 8.4. This result is in agreement with experi-
mental evidence [44] at room temperature in which the formation of fluoro-organics 
was not observed. The reaction shown in path 1 indicates that in the process of 
PC-PF6

− oxidative decomposition the PF6
− anion acts like a catalyst and is not incor-

porated in the final SEI film. At higher temperatures, however, reaction path 4 with 
the second lowest barrier is expected to get activated, yielding fluoro- organics con-
sistent with the observations from thermal runaway scenarios [45]. DFT calcula-
tions [35] of the initial oxidative decomposition of PC-ClO4

− yielded the formation 
of HClO4, CO2, and acetone radicals, showing that it is the most kinetically favor-
able with an endothermic ΔG = −118 kJ/mol.

Because of the lower oxidation stability of the EC2 complex compared to the 
EC–BF4

− complex, the oxidation-induced decomposition of EC2 was investigated [36]. 
While the lowest barrier and most exothermic path yielded CO2 and OC2H3 radi-
cal cations, a higher barrier path led to formation of oligo(ethylene carbonate). 
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Fig. 8.4 Optimized structure, geometric parameters (in Å), and relative free energy (in kJ/mol) of 
the oxidation decomposition path of PC-PF6

− in an implicit solvent. Reprinted with permission 
from [35] Copyright 2011 American Chemical Society
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Because of a high barrier for the reaction leading to oligo(ethylene carbonate) 
formation, this reaction is expected to be sluggish with a low yield. It is consistent 
with the formation of a thin passivation layer on the cathode surface. Poly(ethylene 
carbonate) formation on cathode surfaces as a result of the oxidation-induced 
decomposition of an EC-based electrolyte was also recently suggested from experi-
mental studies [46].

The first ab initio modeling study [47, 48] of the initial stages of the EC decom-
position on an LixMn2O4(100) surface by Kevin Leung revealed important differ-
ences between the EC oxidation-induced decomposition mechanism observed in 
the cluster studies [16, 35–37] and the EC reaction with the low voltage cathode 
surface. Figure 8.5 shows the essential steps of the EC reaction on a periodic spinel 
surface under ultrahigh vacuum conditions without dielectric screening. The first 
step with a barrier ~0.5 eV corresponded to EC–Mn(IV) bond formation (geom. D) 
followed by the formation of intermediate E, with a broken CC–OE bond. No charge 
transfer occurs at this point. The last step, E to F, led to a very exothermic transfer 
of two electrons and a proton to the oxide surface. Despite that (100) is not the low-
est energy surface of the spinel [49], this DFT study [47, 48] demonstrated a pos-
sible mechanism for the oxygen removal from the surface and H-transfer from EC 
to the cathode surface that is likely related to the surface degradation.

8.3  Molecular Dynamics Simulations of Bulk Electrolytes

8.3.1  Organic Liquid Electrolytes

MD simulations are suitable for simulating bulk electrolytes and electrolyte–elec-
trode interfaces because they access material properties in a nanometer time scale. 
Ab initio simulations explicitly consider electronic orbitals or electron density and 
were used to investigate relatively small systems containing tens of molecules for 
up to 100 ps [50, 51]. Because of the high computational cost associated with solv-
ing the electronic problem, most MD simulations of electrolytes use classical force 
fields where interactions within a molecule and between molecules are presented by 
simple distance-dependent functions that are often parameterized based on quantum 
chemistry data obtained for clusters [52] or small model systems [50]. Two types of 
classical force fields were used in the electrolyte simulations: (1) a polarizable force 
field, where the presence of ions such as Li+ polarized the neighboring solvent and 
anions by inducing atomic dipoles or by shifting charges in response to the electric 
field, and (2) nonpolarizable force fields, which had fixed charges on molecules to 
represent the molecular multipoles that did not change over the course of the 
simulations.

MD simulations were used to study a number of electrolytes of potential interest 
to lithium battery applications: EC:DMC/LiPF6 [52], EC/LiTFSI [53, 54], DMC/
LiTFSI [55], GBL/LiTFSI [55], and acetonitrile doped with LiPF6, LiClO4, LiBF4, 
LiDFOB, LiTFSI [56–58], oligoethers/Li salts [59–61], acetamide/LiTFSI [62], 
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EC/LiBF4 [63], PC/LiBF4 [63, 64], PC/LiPF6 [64], DMC/LiBF4 [63], oligoethers/
LiPF6 [65–67], and PC/LiTFSI [54]. Most simulations focused on understanding 
the lithium cation coordination by solvent molecules and cation–anion aggregation. 
They provided valuable complementary information to the Raman spectroscopy 

Fig. 8.5 (a) Potentials of mean force for two segments of the EC oxidation reaction. (c) Intact EC 
(configuration C) on the Li0.6Mn2O4 (100) surface. (d) Intermediate D. Note that the EC CC atom 
sits atop a surface oxygen ion that is not bonded to a Mn immediately below. (e) Intermediate E, 
with a broken CC–OE bond. The surface Mn(III) ion coordinated to the OE now becomes a Mn(IV). 
(f) Product F; a proton and two electrons are transferred to the surface. Reprinted with permission 
from [48] Copyright 2013 American Chemical Society
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and NMR studies of the composition of the lithium solvation shell. While reviewing 
simulation results, it is important to pay attention to the reported simulation time, 
because some of the earlier classical MD simulations by Li et al. [68] and Soetens 
[63] were only 200 and 100 ps long [63, 68], and the ab initio MD simulations of 
EC/LiPF6 and PC/LiPF6 by Ganesh et al. [51] lasted less than one EC-lithium resi-
dence time (~0.5 ns) [52], which is significantly less than the lithium-anion resi-
dence time of 2–3 ns for similar electrolytes at 298 K [52]. Recent MD simulations 
[52, 55–57], however, were performed for tens of nanoseconds to ensure a complete 
equilibration and extraction of accurate conductivity values. It is recommended that 
MD simulation trajectories be longer than the cation–anion or lithium-solvent resi-
dence time in order to obtain equilibrium between ion aggregates and solvent- 
separated ion pairs (SSIP) as well as provide a reliable estimate of the composition 
of the Li+ cation solvation shell.

Early study of one LiBF4 in PC, EC, and DMC by Soetens [63] provided initial 
insight into the structure of the lithium solvation shell. Four strongly bound solvent 
molecules in a tetrahedral arrangement around a lithium cation were reported [63], 
which is qualitatively consistent with the recent MD studies [52, 53, 55] and ab 
initio simulations [69]. For example, MD simulations [52, 70] of EC:DMC/LiPF6 
and EC:PC/LiPF6 electrolytes predicted that the total number of solvents and anions 
in the coordination shell was around 4.2–4.4. Analysis of time-of-flight neutron dif-
fraction measurements was carried out for 6Li/7Li isotopically substituted 10 mol% 
LiPF6-propylene carbonate-d6 (PC-d6) solutions, which revealed that the first sol-
vation shell of Li+ consists on average of 4.5(1) PC molecules with an intermolecu-
lar Li + O(PC) distance of 2.04(1) Å [71].

A link between the composition of a Li+ solvation shell and the activation energy 
for the Li+ desolvation and composition of the SEI has been recently examined 
[72–74]. The prevalence of PC compared to EC in the Li+ coordination shell was 
observed in the gas-phase QC studies, using soft ionization technique electrospray 
ionization (ESI-MS) and MD simulations of EC:PC(1:1)/LiPF6 electrolyte [70]. 
These data together with the DFT calculations of the first reduction in ECnPCm/Li+ 
(n + m = 3,4) clusters indicated a preferential reduction of PC on the graphite anode. 
Analogous ESI-MS results [74] were obtained in the EC:DMC/LiPF6 mixtures, 
with a Li+ preferring EC over DMC in the gas phase in agreement with QC data 
[52]. In the condensed phase, the oxygen NMR shift for a carbonyl of EC was larger 
than for DMC, likely related to the stronger interaction between Li+ and EC com-
pared to DMC [52]. In MD simulations of EC:DMC/LiPF6, a similar probability 
was found for finding EC and DMC in the Li+ first coordination shell, indicating a 
difference between the composition of the Li+ solvation shell in the gas phase and 
the condensed phase [52]. Takeuchi et al. [75] and Borodin et al. [52] found that the 
Li+ binding pattern to a PF6

− anion was also found to be different in the gas and 
condensed phases. The monodentate structure was typically most stable in the con-
densed phase, whereas the configuration was multidentate in the gas phase. A pref-
erence for EC over DMC was observed for the interfacial Li+ located at the positively 
or the negatively charged electrodes as is discussed below [76], making a link 
between the preferential Li+ solvation by EC vs. DMC and the EC preferential 
reduction on the graphite anode [74].
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MD simulations with polarizable force fields predicted ion diffusion coefficients 
[52, 53, 55, 77] typically within 40 % of experiments for DMC/LiTFSI, EC/LiTFSI, 
PC/LiTFSI, DMC/LiTFSI, EC:DMC/LiPF6, and (EOn)/LiTFSI, where EO is an eth-
ylene oxide repeat unit, n = 2,5,12. MD simulations using polarizable force fields 
also predicted electrolyte conductivity within 20–40 %. A comparison between MD 
simulations [52] using a polarizable force field and experiments is shown in Fig. 8.6. 
MD simulations employing a nonpolarizable force field [54], on the other hand, 
predicted ion diffusion a factor of 2–4 slower for EC/LiTFSI and PC/LiTFSI and 
5–7 times slower for PC/LiBF4 and PC/LiPF6 [64]. Conductivity was predicted a 
factor of 5 lower for PC/LiPF6 [78] and a factor of 2 lower for PC/LiTFSI [54] and 
EC/LiTFSI [54] in MD simulations using nonpolarizable force fields. However, 
when a nonpolarizable force field was parameterized based upon ab initio simula-
tions of a small periodic electrolyte, good agreement with experiments and polariz-
able simulations for both coordination number and ion transport was obtained [50].

Because MD simulations yield both structural and dynamics properties, it is pos-
sible to extract both the fraction of solvent separated ion pairs SSIP (or ions not 
complexed by counterions) and the iconicity, which characterizes the degree of ion-
uncorrelated motion. In [52] the fraction of SSIP, or the degree of solvent dissocia-
tion αs (static), defined as the  fraction of Li+ and PF6

− with no counterion in their first 
solvation shell, i.e., r(Li–P) > 4.4 Å for all pairs, is shown in Fig. 8.7. The fraction 
of free ions increases nearly linearly as the EC fraction increases in the electrolyte, 
and increasing the temperature slightly decreases the fraction of free ions. Ionicity, 
or the degree of dynamic correlation (αd), was extracted from MD simulations using 
ion self- diffusion coefficients and conductivity (λ), as given by (8.6) and (8.7), in 
order to compare with αs (static):

 
a

l
ld = -N E

,
 

(8.6)

Fig. 8.6 Concentration 
dependence of ion 
conductivity from MD 
simulations [52] and 
experiments [79, 80]. 
Reprinted with permission 
from [52]. Copyright 2009 
American Chemical Society
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where kB is the Boltzmann constant, T is temperature, V is the volume of the simulation 
box, and D− and D+ are the self-diffusion coefficients of the anion and cation, 
respectively. Figure 8.7 indicates that αd is always higher than the fraction of free 
ions from the structural analysis (αs), indicating an important contribution from the 
charged ion cluster transport to ion conductivity [52]. Joint pulsed gradient spin 
echo (pgse)-NMR and conductivity analysis of LiTFSI in multiple electrolytes at 
solvent:Li ratio of 20 at 298 K for PC/LiTFSI and DMC/LiTFSI yielded αd values 
of 0.62 and 0.11, respectively, in accord with MD predictions for EC:DMC/LiPF6, 
shown in Fig. 8.7, and provided a LiPF6 and LiTFSI yield of similar αd [81]. This 
indeed seems to be the case as similar αd were found for LiTFSI and LiPF6 salts in 
γ-butyrolactone (GBL) electrolyte [82]. Further analysis of the ion diffusion mecha-
nism in EC:DMC/LiPF6 electrolytes [77] indicated an approximately equal contri-
bution from vehicular motion of the Li+ with the first solvation shell and solvent 
exchange for Li solvated by EC. In contrast to the lithium motion in carbonates, in 
oligoethers, Li+ moves three to four solvent molecules before its solvation shell is 
renewed, indicating that the motion of the Li+ together with its solvation shell domi-
nates over the solvent exchange mode of the lithium transport in oligoethers.

8.3.2  Modeling of Ionic Liquid Electrolytes

Binary room-temperature ionic liquid (RTIL)-based electrolytes have attracted sig-
nificant attention because of their negligible vapor pressure; good thermal and elec-
trochemical stability in the range of 5.3 V [83]; good dissolution properties with 
many organic and inorganic compounds and lithium salts; and low flammability [84]. 

Fig. 8.7 The dynamics (αd or 
ionicity) and static (αs) 
degree of ion dissociation 
(fraction of solvent separated 
ion pairs) for EC:DMC/LiPF6 
at 298 K at an ~1-M salt 
concentration. Reprinted with 
permission from [52]. 
Copyright 2009 American 
Chemical Society
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A wide variety of possible anions and cations offer a potential to tailor RTIL properties 
to a particular application. While hundreds of MD simulations of RTILs were reported, 
only a few MD simulations focused on Li+ transport in RTIL-based binary electro-
lytes. Both polarizable [53, 85–88] and nonpolarizable [89, 90] force fields were 
used in these simulations. MD simulations employing polarizable force fields pre-
dicted Li+ transport in pyr14TFSI doped with LiTFSI below experimental values 
[86], while MD using nonpolarizable force fields predicted significantly slower ion 
transport. In particular, MD simulations [90] of bmmimTFSI doped with LiTFSI 
using a nonpolarizable force field predicted ion transport that was less than an order 
of magnitude slower than the pfg-NMR data. Figure 8.8 shows the ion self- diffusion 
coefficients from MD simulations [87] employing an APPLE&P [91] many-body 
polarizable force field. While the self-diffusion coefficient of pyr14TFSI was found 
to be in an excellent agreement with the experiments, the Li+ cation self- diffusion 
coefficient in the pyr14TFSI doped with LiTFSI was noticeably slower than the 
experimental data from Castiglione et al. [92], which indicates that further force 
field refinement is needed. Solano et al. [86] published similar results.

In polarizable simulations of pyr13TFSI, pyr14TFSI, pyr14TFSI, and emimFSI doped 
with LiTFSI or LiFSI salts [53, 85–88], the Li+ cation was found to be coordinated, on 
average, by roughly four oxygen atoms. Both monodentate (one oxygen of TFSI 
bound to a Li+) and bidendate (two oxygens of TFSI bound to a Li+) coordinations 
were observed with a preference for the monodentate configuration in contrast to the 
conclusions of infrared and Raman studies of alkyl-substituted imidazolium-TFSI-
based IL doped with LiTFSI [94]. Both monodentate and bidentate Li+/TFSI− configu-
rations were observed in MD simulations of liquid AN-LiTFSI [56]. The spectroscopic 
study found that for the LiTFSI mole fractions, 0.08 < x < 0.2, the [Li(TFSI)2]− solvat-
ing cage involved bidentate coordinations of Li+ with two oxygen atoms of one anion 
in the trans (C2) conformation and two oxygen atoms of the other anion in the cis (C1) 
conformation. While it is possible that the discrepancy is due to deficiencies in the 
APPLE&P force field, it is also possible that the Raman peak due to the Li+/

Fig. 8.8 (a) Diffusion coefficients of pyr14TFSI from MD simulations [87] and NMR measure-
ments by Castiglione et al. [92] and Tokuda et al. [93]. (b) Diffusion coefficients of LiTFSI + 9pyr14 
TFSI from MD simulations [87] and NMR measurements by Castiglione et al. [92]
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TFSI− monodentate complex with TFSI− in the C2 conformation does not have an 
appreciable shift in the Raman vs. TFSI not bound to Li+ and, therefore, this ion pair 
is not adequately taken into account in the analysis of Raman data, as discussed in 
Seo et al. [56]. The mechanism of lithium transport in pyr13TFSI + 0.25LiTFSI [53] 
was found to occur primarily by exchanging TFSI− anions in the first coordination 
shell of a Li+ with a smaller (~30 %) contribution also due to Li+ cations diffusing 
together with their first coordination shell. At lower LiTFSI concentrations in 
0.9pyr14TFSI + 0.1LiTFSI, Solano et al. [86] concluded that the dominant contribu-
tion to the Li+ transports comes from the exchange of anions.

Solvent-free molten salts were also investigated by MD simulations. They are 
attractive due to their potential to eliminate ion concentration polarization during 
battery operation. MD simulations provided insight into the lithium coordination 
and transport mechanism in a solvent-free molten salt electrolyte comprising TFSI− 
tethered to oligoethylene oxide (EO) (EO12TFSI−/Li+) [59]. The behavior of 
EO12TFSI−/Li+ was contrasted with the ion transport and aggregation in a binary 
solution of EO12 doped with LiTFSI salt (EO12/LiTFSI). It was found from the MD 
simulations and experiments that attaching a TFSI− anion to the chain end of the 
oligoether resulted in a reduction of conductivity by one order of magnitude at 
423 K and two orders of magnitude at room temperature. In the EO12TFSI−/Li+ 
single-ion conducting molten salts only Li+ exchange solvating groups contributed 
to ion conduction.

8.3.3  Modeling of SEI Components

The SEI is formed on the battery anode by deposition of electrolyte reduction products; 
thus, the solubility of these products in electrolytes is important and was studied by 
Tasaki et al. [95]. They suggested the following order for the SEI-forming salts to be 
soluble in DMC and EC: lithium dilithium ethylene dicarbonate (Li2EDC) > lithium 
methyl carbonate (LiMC, LiOCO2CH3) > LiOH > LiOCO2C2H5 > LiOCH3 > LiF >  
(LiCO2)2 > Li2CO3 > Li2O. This order agreed with experiments performed in DMC 
quite well [95].

Ability of SEI model compounds to transport Li+ determines a battery’s interfa-
cial impedance and is critical to enabling high charge–discharge rates especially at 
low temperature. A number of theoretical studies (DFT models and MD simulations) 
focused on understanding Li+ transport in SEI compounds as discussed in [96]. The 
low barrier of 0.28 eV for the migration barrier of Li+ diffusion between the planes 
defined by the Li2CO3 units along the open channels [010] was found, while a higher 
migration barrier of 0.60 eV was found for diffusion across the planes. Chen et al. 
[97] found that Li+ diffusion in Li2CO3 ranges from 0.23 to 0.49 eV. But, as Shi et al. 
[96] pointed out, in the interstitial diffusion mechanism a Li+ must pass through 
multiple barriers with the highest barrier being 0.54 eV relative to the most stable 
interstitial structure. Thus, a “knockoff” mechanism for Li+ diffusion in Li2CO3 was 
proposed by Shi et al. [96], which had a significantly lower overall barrier for Li+ 
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hopping of 0.31 eV. Because the activation energy for lithium diffusion includes 
both the formation energy of the Li+ defect and the activation energy for hopping, the 
total activation energy for the “knockoff” mechanism was estimated to be around 
0.7 V at low voltages, close to lithium metal potential, and it increases as voltage 
increases according to Shi et al. [96]. Chen et al. [97] also investigated barriers for 
Li+ diffusion in the other SEI compounds and found that Li+ diffusion in Li2O was 
0.152 eV, which is much lower than in LiF (0.729 eV).

MD simulations [59, 98] employing classical polarizable force fields have been 
used to investigate the structure and transport of two SEI components: dilithium 
ethylene dicarbonate (LiCO3CH2)2, or Li2EDC, and LiMC, which are often found in 
outer part of the SEI [99, 100]. While crystals are of room temperature, these com-
pounds might exist in a disordered state in the outer part of the SEI because the high 
fraction of other components and impurities that might present in the SEI would 
inhibit the formation of the crystalline ordered phase. MD simulations were per-
formed on the disordered and smectic-like ordered Li2EDC states, as shown in 
Fig. 8.9 [98]. MD simulation predictions of the ionic conductivity of Li2EDC as a 
function of temperature are shown in Fig. 8.10. Conductivity of the ordered phase 
was averaged over all three directions. Figure 8.10 indicates that the conductivity of 
the ordered phase is only slightly higher than the conductivity of the molten state. 
The experimentally determined conductivity at room temperature is situated slightly 
below the extrapolated conductivities from MD simulations. Figure 8.10 also shows 
an activation energy for both the ordered and disordered states around 0.64 eV [98]. 
This activation energy is similar to the activation energy of 0.7 eV for the inner SEI 
Li2CO3 model compound from the knockoff mechanism [96]. The theoretical pre-
dictions for the activation energy for these two SEI compounds are similar to the 
experimentally measured [101, 102] activation energies for the total interfacial 
resistance. These results indicate that a 20-kJ/mol activation energy attributed 

Fig. 8.9 Snapshot from the MD simulations of Li2EDC of the ordered (a) and amorphous (b) 
(molten phase) states at 450 K (Li+ are highlighted as pink balls)
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during analysis of the impedance data to ion transport in SEI [103] is inconsistent 
with the activation energy for ion transport in Li2EDC or Li2CO3.

MD simulations also provided details of the Li+ transport mechanism. At room 
temperature, the Li+ transport was suggested to be sub-diffusive on time scales 
shorter than ~10−2 s from analysis of the MD data, which is in a good agreement 
with the frequency-dependent impedance spectroscopy data, which showed a pla-
teau of resistivity vs. frequency occurring at frequencies lower than 102 Hz [98]. Li+ 
motion was also significantly more non-Gaussian and heterogeneous in Li2EDC 
compared to RTILs, with the motion of the fast-moving Li+ being spatially corre-
lated, exhibiting chain-like and loop-like hopping by Li+. The influence of polariza-
tion on the Li2EDC structure and transport was investigated [98]. Turning off 
polarization resulted in a significant slowing down of ion transport and an increase 
in the activation energy for ion transport to a much greater extent than was previ-
ously observed for RTILs. Finally, initial simulations of Li2EDC dissolved in 
EC:DMC(3:7)/LiPF6 reported in [98] indicated a strong aggregation of Li2EDC that 
led to the formation of the percolating cluster localized in one part of the simulation 
cell, which is consistent with a Li2EDC phase separating from the EC:DMC(3:7)/
LiPF6. Interestingly, the Li+ in the segregated Li2EDC in EC:DMC(3:7)/LiPF6/
Li2EDC exchanged between anionic EDC2− groups multiple orders of magnitude 
faster than the Li+ exchanged anions in the Li2EDC melt due to a solvent- plasticizing 
effect in the former. This indicates that trapped solvent could significantly enhance 
Li+ transport inside of an SEI.

8.4  MD Simulations of the Electrode–Electrolyte Interfaces

Numerous experimental studies [104–107] indicated that the interfacial impedance 
could be a limiting factor for charge transport in lithium batteries at low tempera-
ture as it exceeds the resistance of the bulk electrolyte. Two major contributions to 
the interfacial impedance are commonly discussed: (1) the low conductivity and 
high activation energy of SEI and (2) the resistance associated with the lithium 
desolvation process as it changes phases from electrolyte to SEI, from SEI to 

Fig. 8.10 Conductivity form 
MD simulations using a 
polarizable APPLE&P force 
field for melted and ordered 
Li2EDC materials. 
ΔE(ordered) = 64 kJ/mol was 
obtained by fitting data in the 
range of 393–500 K from 
Borodin et al. [98]

O. Borodin



389

electrode, or from electrolyte to electrode if the SEI is not formed. The length scale 
for the desolvation process is on the scale of nanometers and, therefore, could be 
accessed via molecular simulations. Our preliminary MD simulations of the Li+ 
cation desolvation from electrolyte into graphite are presented first, followed by the 
results for the SEI–electrolyte interface.

The Li+ desolvation from electrolyte was extensively investigated experimentally 
for the graphite–electrolyte, Li4Ti5O12–electrolyte, and ceramic (Li0.35La0.55TiO3 
(LLT) and Li4Ti5O12, or LTO)–electrolyte interfaces [72, 73, 103, 108–113]. Because 
no SEI is present on the Li4Ti5O12 anode or ceramic, the desolvation contribution can 
be straightforwardly extracted from impedance measurements, while on graphite 
electrodes one has to decouple the desolvation and SEI contributions. Yamada et al. 
[110] investigated desolvation from EC:DMC/LiClO4 electrolytes into LLT and back 
and found activation energies 51 and 53 kJ/mol for EC:DMC(1:1) and EC:DMC(1:9) 
compositions, respectively, which are slightly lower than activation energies in the 
range of 64–72 kJ/mol found by Xu et al. [73] for EC:DMC = 2.3–11.4 doped with 
LiPF6. Both groups concluded that activation energy was largely constant in a wide 
range of EC:DMC concentrations, which raised questions to the simulation commu-
nity with regard to the underlying physics of the desolvation process.

MD simulations were performed on EC/LiPF6 and EC:DMC(3:7)/LiPF6 1 M 
electrolytes using an APPLE&P force field [52, 91] next to the material blocking for 
the anion and solvent but not blocking to the lithium cation to measure the interfa-
cial resistance and free energy due to lithium desolvation from electrolyte. At the 
initial stage, graphite was chosen as the electrode material and did not include an 
SEI or a controlled voltage between the electrodes. The simulation cell is shown in 
Fig. 8.11. The simulation length ranged from 10 to 15 ns. The free energy profile for 
the Li+ desolvation from electrolyte was calculated by integration of the potential of 
mean force. The free energy ΔG(z) shows a local minimum of −0.5 kcal/mol at 
~5 Å from the graphite, which is indicative of a preferential lithium position in the 
Helmholtz plane. The free energy sharply increases as the lithium approaches the 
graphite and is forced to desolvate from the electrolyte at distances closer than 4 Å 
from graphite. If one assumes that the charge-transfer reaction occurs when a Li+ is 
located between outer layer carbon and hydrogen atoms, then a value of ∆G(z) 
around 12–19 kcal/mol is obtained, which is consistent with the experimental acti-
vation energies of 16.4–17 kcal/mol [73, 103, 109, 111, 113]. MD simulations also 
predict quite a similar desolvation profile in the immediate vicinity of the graphite 
surface for EC/LiPF6 and EC:DMC(3:7)/LiPF6, which is consistent with the DMC 
being desolvated first and EC being desolvated last.

The influence of the applied potential on the electrolyte structural properties was 
recently examined for EC:DMC/LiPF6 and TMS(sulfolane):DMC/LiPF6 electro-
lytes near the basal face of graphite electrodes [76, 114]. For the interfacial 
EC:DMC/LiPF6, electrolyte charging of electrodes resulted in the polar EC replac-
ing the less polar DMC molecule near the electrolyte surfaces, as shown in Fig. 8.12. 
This effect was observed for both negative and positive electrodes and was experi-
mentally confirmed for the LiCoO2 cathode using the sum frequency generation 
technique [115]. MD simulations indicated that at negative potentials, the carbonyl 
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groups from the carbonate molecules are repelled from the surface, while at positive 
potentials the interfacial layer was enriched with carbonyl groups. The PF6

− anion 
rapidly accumulated at the positive electrode with increasing potential; thus, one 
expects it to be readily available to participate in the oxidation reactions of the sol-
vent–anion complexes discussed above. At the most negative potentials, the Li+ 

Fig. 8.11 The lithium cation desolvation free energy profile for EC/LiPF6 and EC:DMC(3:7)/
LiPF6 1 M electrolytes next to the graphite at 298 K. Z = 0 corresponds to position of the hydrogen 
atoms of the graphite. A snapshot of the simulation box used for calculating the free energy barrier 
for charge transfer is shown in the right

Fig. 8.12 (left) Image snapshots showing the electrolyte ordering near interface at a large negative 
potential (a), potential of zero charge (PZC) (b), and a large positive electrode potential (c); and 
the cumulated density of electrolyte species in the interfacial layer, i.e., within 6.0 Å from surface, 
as a function of the electrode potential (shown in the right). Reprinted with permission from [76]. 
Copyright 2012 American Chemical Society
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cation adsorbed at the electrode and was preferentially solvated by EC not DMC. 
This preference correlates well with the experimental observation [74] of EC reduc-
tion dominating the SEI in EC:DMC/LiPF6 mixtures.

In MD simulations [114] of TMS:DMC/LiPF6, a strong enrichment of TMS was 
found on the negative electrode as the adsorbed Li+ strongly preferred to be coordi-
nated by TMS vs. DMC, and the relatively polar TMS was able to better respond to 
the electrostatic potential near a charged surface. In the TMS:DMC/LiPF6 double 
layer next to the positive electrode, DMC was located approximately 0.8 Å further 
away from the positive electrode than in EC:DMC/LiPF6, indicating that it might be 
more difficult to oxidize DMC in TMS-based electrolytes compared to EC-based 
electrolytes. This finding is consistent with the experimentally reported increased 
oxidative stability of the sulfone-containing electrolytes [116, 117], of the latter and 
the good cycling ability of a cell containing a TMS:DMC/LiPF6 electrolyte with a 
high voltage LiNi0.5Mn1.5O4 spinel positive electrode [118].

The behavior of RTILs at electrified interfaces was extensively studied due to 
possible applications in double-layer capacitors and has recently been reviewed in a 
prospective paper [119]. Most studies have focused on understanding differential 
capacitance behavior as a function of potential or enhancement of the capacitance 
upon nano-confinement. The composition and ion orientation of RTILs in the inner-
most layer at the flat surface were found to be strongly dependent on the electrode 
potential [120]. The ions reoriented as potential were applied. For pyr13TFSI at 
potentials near the PZC, both the cations and anions adjacent to the surface are ori-
ented primarily perpendicular to the surface; the counterions in first layer orient 
increasingly parallel to the surface with increasing electrode potential. A camel- 
shape behavior of differential capacitance was observed with a minimum in DC 
observed around −1 V relative to the PZC, which corresponded to the point of high-
est density of perpendicularly aligned TFSI near the electrode. Maxima in the DC 
observed around +1.5 and −2.5 VRPZC are associated with the onset of “saturation,” 
or crowding, of the interfacial layer [120]. Interestingly, the double-layer structure 
and capacitance were dependent on the curvature or the atomistic roughness of the 
surface, especially near the potential of the zero charge. Highly curved surfaces 
[121, 122] or rough surfaces [123] lead to increased capacitance, as shown in 
Fig. 8.13. The interfacial packing on the edge surface of graphite shows a dramati-
cally different interfacial structure and charge-storing ability than the atomically flat 
basal surface.

8.5  Modeling the SEI–Electrolyte Interface

The theoretical studies of the SEI–electrolyte interface are rare [50], while ion 
transport in electrolytes doped with lithium salts has received significant attention 
in the form of MD simulations [52, 53, 56, 61, 64, 70, 124–126], ab initio simula-
tions [51, 127], and QC studies [29, 124, 126, 128–134]. The DFT studies of 
EC-based electrolyte interactions with a graphite anode were recently reviewed by 
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Leung [48, 135]. Tasaki [95, 136] studied interactions in supercooled Li2EDC and 
dilithium 1,2-propylene glycol dicarbonate with graphite at room temperature using 
MD simulations. Jorn et al. [50] reported on MD simulations of the graphite | Li2EDC 
doped and undoped with LiF | EC-LiPF6 electrolyte | SEI | graphite symmetry cell 
that provided an important initial insight into the SEI–electrolyte interface. Despite 
long simulation runs (>24 ns) at 453 K, Jorn et al. [50] observed only partial Li+ 
desolvation from the electrolyte and adsorption on the SEI surface, raising concerns 
that the interfacial region might not have been fully equilibrated as Li+ did not 
exchange between the SEI and electrolyte. In the preliminary 272-ns simulations of 
the Li2EDC | EC:DMC(3:7) LiPF6 (solvent:Li = 10 in electrolyte) interface per-
formed by us at ARL at 393 K, more than 80 Li+ transfers from electrolyte to SEI 
and from SEI to electrolyte occurred during the course simulations. A snapshot of 
the simulated system is shown in Fig. 8.14. The smectic-like ordered Li2EDC was 
used in these simulations.

Density profiles have been analyzed from the center of the SEI layer and are 
shown in Fig. 8.15a. The interface is sharp, with 90 % of the reductions of the 
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Fig. 8.13 Differential 
capacitance of 1-ethyl-3- 
methyl imidazolium (emim) 
and bisfluorosulfonyl imide 
(FSI) with a low 
concentration of LiFSI [123]. 
Reprinted with permission 
from [123] Copyright 2011 
American Chemical Society

Fig. 8.14 A simulation snapshot showing ordered Li2EDC in contact with the electrolyte. Solvent 
molecules are shown as wireframe, while Li2EDC and LiPF6 are highlighted using a ball and stick 
model
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EDC2
− density profile occurring within 3 Å. The density profile of the solvent 

carbonyl oxygen shows a well-defined peak at 18 Å and no structuring beyond 22 Å. 
The position of the peak for the PF6

− anion density profile at 18 Å roughly coincides 
with the peak for electrolyte oxygen atoms, as both are due to coordination of the 
Li+ cations situated on the Li2EDC surface. The magnitude of the PF6

− anion peak is 
roughly three times the density of PF6

− in the bulk electrolyte, indicating preferen-
tial partitioning of the PF6

− from the bulk electrolyte to the SEI–electrolyte inter-
face. Jorn et al. [50] also observed high concentration of PF6

− anions near the SEI 
surface. As the whole simulated system is charged neutral, the excess of negative 
charge due to PF6

− anions around 16–20 Å is compensated by the excess of the Li+ 
at 12–15 Å.

In order to obtain further insight into the interfacial structure, the density profiles 
of carbonyl oxygen atoms of EC and DMC were plotted separately, as shown in 
Fig. 8.15b. The interfacial region was magnified for clarity in this figure. When the 
EC and DMC density profiles are traced from the electrolyte toward the SEI, they 
show that DMC density dips significantly lower at 20 Å compared to the drop in the 
EC density profile. The first DMC peak is slightly shifted compared to the EC peak. 
As the solvent further approaches the SEI surface, the DMC profile has a sharper 
drop compared to the EC density profile. In fact, the EC and DMC density profiles 
cross at 15 Å. Interestingly, EC penetrates further into the SEI layer than DMC, as 
indicated by a peak in the EC density profile shown at 13 Å. At this distance, no 
DMC was observed. We conclude that MD simulations indicate an enrichment of 
EC compared to DMC near the SEI surface. Moreover, analysis of the composition 
of the Li+ cation coordination shell in the interfacial region indicated that upon the 
initial approach to the SEI from the electrolyte the Li+ cation initially exchanged 
DMC for EDC2− oxygen atoms with EC sticking to the Li+ longer than DMC in the 
process of desolvating from the electrolyte. Because EC is the last solvent to get 
exchanged despite the abundance of DMC in bulk electrolyte, one would expect the 
desolvation free energy to be significantly influenced by this last event of Li-EC 
desolvation and, thus, largely independent of the EC:DMC composition.

Fig. 8.15 Number density (a, b) profiles for Li2EDC|EC:DMC(3:7)/LiPF6 at 393 K over the last 
50 ns of MD simulations. The SEI center of mass is located at z = 0.0 Å, while the SEI–electrolyte 
interface is located at ~17 Å
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The rate of the Li+ desolvation reaction was estimated from our preliminary sim-
ulations. The desolvation event was defined as the change of the Li+ first coordina-
tion shell from being coordinated by solvents or PF6

− anions to being coordinated by 
only carbonate groups from EDC2

− anions. While the rate for the desolvation reac-
tion did not appreciably change over the course of MD simulations at 500 K as 
shown in Fig. 8.16, at 393 K the rate of desolvation reactions monotonically 
decreased over the first 200 ns of simulations, thus indicating that long simulation 
trajectories might be necessary in order to obtain a reliable estimate of it. Using the 
Li+ desolvation rates at 393 and 500 K we obtain an estimate for the activation 
energy for the Li+ desolvation process of 52 kJ/mol assuming the Arrhenius process. 
The rate for the desolvation reaction is lower than the rate for the Li+ conduction in 
Li2EDC (64 kJ/mol, see Fig. 8.10) likely due to plasticizing effect of electrolyte on 
the dynamics of the interfacial SEI layer. The activation energy is, however, similar 
to the experimentally determined activation energy for the Li+ desolvation from the 
EC:DMC-based electrolytes into lithiated spinel titanate (Li4Ti5O12) of 50–52 kJ/
mol but lower than the activation energy for the desolvation into SEI-covered graph-
ite of 60–70 kJ/mol [73, 111].

In summary, it is exciting time for the molecular modeling community as MD 
simulations have shown promise to quantitatively predict the structure and transport 
of bulk electrolytes and model SEI components and have been recently expanded to 
the interfacial properties. DFT methods provide an important insight into the oxida-
tion stability of electrolytes at non-active electrodes and are being extended to active 
material–electrolyte interfaces. Additional progress in coupling the transport of 
reactants (redox products) and reaction rates is needed to predict the SEI formation 
reactions that occur on time scales far longer than current DFT methodologies can 
handle.
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9.1  Introduction

The rapid advent of computational power and re-chargeable lithium batteries was in 
many ways simultaneous in the early 1990s – but not coupled to each other to a 
large extent at the time of the breakthroughs. However, as the new computers and 
computational methods were efficient, these fast became used in the field to model 
well- known battery materials and phenomena, often with the aim to explain experi-
mental data. Later there were also new battery materials or demands emerging, 
where computations were foreseen to possibly have a predictive power. As another 
way of thinking, the models needed to correctly look at complex battery phenomena 
spurred the development of computational strategies and methods.

One of the more challenging tasks is to model electrolyte electrochemistry 
 properties – directly or indirectly. In the following chapter we outline the aims of 
using computations to explain and subsequently predict electrolyte and additive 
electrochemical stabilities. We make a rather thorough history description of the 
simultaneous methods–materials evolution as we feel that this is largely missing in 
the current literature and can explain discrepancies noted and also help the inter-
ested reader to avoid some pitfalls in the future. From this standpoint we also outline 
a few of the underlying assumptions generally made. A set of success stories are 
treated in more detail to exemplify the predictive power and finally we treat the on- 
going methods and materials development in terms of new methods and approaches 
as well as the emergence of predictive modelling of phenomena of, e.g., Li–air bat-
tery electrolytes.
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9.2  Aim and Approaches

9.2.1  The Computational Aim

To be able to understand how computational approaches can and should be used for 
electrochemical prediction we first of all need to have a correct description of the 
precise aims. We start from the very basic lithium-ion cell operation that ideally 
involves two well-defined and reversible reduction and oxidation (redox) reactions 
– one at each electrode/electrolyte interface – coordinated with the outer transport 
of electrons and internal transport of lithium ions between the positive and negative 
electrodes. However, in practice many other chemical and physical phenomena take 
place simultaneously, such as anion diffusion in the electrolyte and additional redox 
processes at the interfaces due to reduction and/or oxidation of electrolyte compo-
nents (Fig. 9.1). Control of these additional phenomena is crucial to ensure safe and 
stable cell operation and to optimize the overall cell performance. In general, com-
putations can thus be used: (1) to predict wanted redox reactions, for example the 
reduction potential (Ered) of a film-forming additive intended for a protective solid 
electrolyte interface (SEI) and (2) to predict unwanted redox reactions, for example 
the oxidation potential (Eox) limit of electrolyte solvents or anions. As outlined 
above, the additional redox reactions involve components of the electrolyte, which 
thus is a prime aim of the modelling. The working agenda of different electrolyte 
materials in the cell –and often the unwanted reactions – are addressed to be able to 
mitigate the limitations posed in a rational way.

From a practical point of view there are two main approaches to avoid, mitigate, 
or quench unwanted electrolyte redox reactions: either increasing the electrochemi-
cal stability window of the electrolytes or deliberately introducing an additional 
well-defined redox reaction, i.e., by using additives in what then is coined a func-
tional or role-assigned electrolyte [1]. Both approaches rely on careful design of the 
electrolyte from the level of individual species and up, with special attention taken 
to the specific electrode chemistries.

Fig. 9.1 Electrolyte 
electrochemical stability  
in relation to electrode 
potentials
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To this end, various computational approaches have proven to be important tools 
for making a priori predictions of the electrochemical stability of solvents and salts, 
as well as additives. More precisely the aim of the modelling is to access the elec-
tronic energy levels of the molecules/materials, which for many of the methods used 
are easily accessible, and then directly or indirectly correlate these with the observed 
experimental data or electrode potentials on an absolute or relative energy scale – to 
truly test the predictive power of electrochemical stability.

9.2.2  Experimental Data and Verification

In order to be able to assess whether or not and how accurately any computational 
method and strategy, not only those to be treated here, can be used in a predictive 
manner there is always the need for the “right” experimental data. Also needed is an 
understanding of the possibilities as well as the problems with the experimental 
approaches: generality, applicability, and accuracy. This is especially important 
whenever there is a need to compile experimental data from several literature 
sources to verify a prediction of a wider selection of modelled compounds or phe-
nomena. After this small section, we hope the main limitations of the experimental 
data will be obvious and why the use of many different literature sources for cor-
roboration/verification should be avoided – if possible.

Experimental measurements of overall electrolyte electrochemical stability are 
routinely made by standard electrochemical voltammetry techniques that monitor 
current flow in response to a controlled potential sweep. One example of such a 
technique is linear sweep voltammetry (LSV). At a certain potential (voltage) one 
or several of the electrolyte components are no longer stable towards reduction or 
oxidation – causing a current to be produced, and the corresponding potential for a 
certain cut-off current is taken as the electrochemical stability value of the system 
or one of its components. The procedures used and results obtained from LSV, when 
applied to non-aqueous liquid electrolytes, have been reviewed by Xu [2]. Xu iden-
tified three main strategies to be followed to investigate the redox chemistry of a 
single electrolyte species: (1) at dilute concentrations (mM) in a supporting medium, 
used in a cell with inert non-porous electrodes (e.g. Pt or glassy carbon), (2) at con-
centrations more realistic for practical applications, either in single solvents or as 
part of more advanced multi-component electrolyte systems, but still in combina-
tion with inert electrodes, and (3) using a combination of both a realistic electrolyte 
in terms of concentrations, solvent mixtures, etc. and a choice of active electrodes 
commonly used in Li-ion cells.

Electrochemical cells are most frequently set up according to (2) to avoid moni-
toring currents from competing reactions/phenomena, and thus produce ideal sys-
tems solely monitoring the sought intrinsic electrolyte stability. For the direct 
verification of the most simplistic and yet predictive computations of Eox and Ered, 
these types of experimental setups are easy to interpret, often unambiguous, and 
thus much preferable.
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One should, however, as someone using the computational approach and relying 
on the experimental data at hand, be very much aware that the choices made above, 
with the aim to create general and intrinsic data for the redox stability, at the same 
time excludes many phenomena quite likely to occur in the electrochemical cell that 
the predictions in reality often are aimed at. One obvious such phenomenon is the 
role of specific catalytic activities attributable to non-inert porous electrodes – like 
transition metal oxides used as cathodes in lithium-ion batteries. Another aspect 
often targeted in (2) and most often in (3) is the synergistic effects among electro-
lyte components, that do require the use of realistic electrolyte compositions, rather 
than simplified model electrolytes as in (1), to target the true stability limits [3]. 
Indeed, it has been pointed out that all possible parameters such as solvent combina-
tions, the presence or not of a salt, salt concentration, the presence of Li+ or alterna-
tive cations – all have an effect on the stability observed – even if, in principle, one 
and the same main reaction is being monitored [4–7].

As a caveat, the above circumstances have suggested the combination of experi-
mental model systems and computational modelling to be quite inappropriate for 
determining electrochemical stability limits [4]. While it may be true that in the 
final stages of electrolyte testing for an intended application the composition and 
cell environment must mimic the system as closely as possible to obtain accurate 
electrochemical stability limits, we do still think there is a venue and need for the 
more simple combined experimental and computational strategy. As this chapter 
will point out in more detail the predictive computations can in practice, success-
fully, be used to: (1) assist the analysis of the contributions of individual electrolyte 
components in detail, (2) establish and also quantify possible synergistic and cata-
lytic effects, and (3) guide electrolyte materials research into exploring new func-
tionalities and areas of application.

Stepping back to the model systems these have specifically been motivated by 
the added value of avoiding differences imposed by varying experimental setups 
and operator bias. It is well known that arbitrary choices of LSV cut-off currents and 
potential sweep-rates [8], in addition to the aforementioned choices of electrodes 
and electrolyte composition, have an effect on the measured and thus reported sta-
bility limits. More subtle differences relate to the use of regular-sized or micro-sized 
electrodes, potential step or potential sweep measurements, cut-off currents or 
extrapolation techniques [9]. Indeed, the large number of experimental variables 
involved makes it difficult to compare experimental data from different sources and 
to identify the origin of contradicting results. Moreover, these difficulties create a 
frustrated relationship between predicted and experimental data on electrochemical 
stability, especially noticeable when trying to create a larger benchmark of the per-
formance of various computational methods to predict electrochemical stabilities. 
Therefore, whenever possible, electrolyte stability measures should be quoted from 
the same source.

As we hope is clear, if one remembers the caveat above and understands the limi-
tations, and furthermore care is taken both of the design of the computational 
approach (strategy, method, and model) and the choice of appropriate experimental 
data for verification – then prediction of Eox and Ered is indeed a useful possibility for 
rational electrolyte development.
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9.2.3  Computational Approaches

Before presenting results there is also a need to introduce the basic construction 
work behind the most common computational approaches used for predicting elec-
trolyte and additive electrochemical stabilities. We will not cover the applied com-
putational methods per se, since there are many excellent texts on computational 
chemistry, but outline the basic physical and chemical considerations behind the 
strategies chosen, methods applied, and models used, for the particular aim of pre-
dictions of electrolyte and additive electrochemical stability.

9.2.3.1  Strategies

As much as there are many different aims with using predictive methods – there are 
many different strategies employed, with strong correlation to the way the scientist(s) 
in charge endeavour in the project. We simply here outline some of our observations 
of the field to show the vast variation in strategies.

One strategy is to extensively attack a single, very specific, and hopefully from an 
experimental point-of-view well understood, reduction, or oxidation reaction with 
the aim of as accurately as possible obtain a computed numerical value for Eox and/
or Ered. The most typical example would be EC reduction [10–13]. The aim is not 
necessarily to obtain a prediction needed for rational development of electrolytes – 
but perhaps more to confirm and further develop the computational/experimental 
correlation for certain choices of methods and models or their combinations.

If the method and model combination from studies such as those described above 
subsequently are applied to a larger variety of reactions – then this strategy has been 
developed into a predictive one with an orientation towards electrolyte technology 
field impact rather than an internal scientific. A typical example would be to assess 
the reduction stability of a variety of electrolyte solvents [14–18].

Yet another strategy is to correlate computational results for a wide variation of 
reactions in different electrolytes with the corresponding experimental observa-
tions, either in absolute or relative values. A typical example would here be the 
intrinsic stability of various anions in a variety of solvents [8, 19, 20].

Either of the two latter strategies can in addition have the aim of not only addressing 
the electrochemical stability, but furthermore also outline the reaction mechanism 
and products obtained once the initial reduction or oxidation has taken place [11, 21].

In more detailed out-sets, the computational setup can either aim at finding the 
intrinsic stability of a certain species, no influence from the other components of the 
electrolyte, or it can be directed towards explaining the exact failure for a very spe-
cial chemistry. This is a strong current strategy development as it also has implica-
tions for what battery chemistry or even battery concept the electrolyte components 
are and should be aiming at.

Moving even further on the predictive track, the real advantage of applying com-
putations is that it is possible to cover many substitutions in a relatively short time 
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frame – especially compared to synthesizing a wide variety of new compounds. 
Therefore, one truly and extremely useful predictive strategy is to perform substitu-
tions on a well-known species and predict the corresponding changes in Eox and Ered 
– in absolute or more commonly relative terms [22–27]. In the extreme, and in our 
opinion best, case, the results of such predictions can and will be used for rational 
computer-aided design of new electrolyte materials or complete electrolytes – 
depending on the model employed.

9.2.3.2  Methods

For any method aiming at predicting electrochemical stability there is evidently a 
need to in some way treat an electronic reference state and also the resulting state, 
e.g. for oxidation the starting ground state and the resulting radical. This may sound 
very simple; however, the methods are vast in design.

We will always need to employ methods that can account for the electronic struc-
ture of our chosen model in some sense – either (1) totally explicitly by ab initio 
(Hartree-Fock (HF), Møller-Plesset perturbation theory (MPx), coupled-cluster 
(CC), etc.) or by density functional theory (DFT) methods with a vast range, and 
continuously expanding number, of different functionals (B3LYP, M06, etc.), (2) 
partly explicitly like in semi-empirical (SE) methods (MNDO, AM1, PMx, etc.), or 
(3) we can even resort to a parameterization such as in classical MD simulations 
(being a much less prominent method though). All these are of course standard 
computational methods with generality across any elements and chemistry (for clas-
sical MD only if a proper parameter set exists). There is also ab initio MD (AIMD) 
emerging as a tool in the field.

The algorithms used to handle the electron interactions are complemented by 
functions to contain the spatial extent of the electron cloud. This is most often made 
by a basis set, which can have different quality, often determined by the number of 
mathematical functions use to build it – its size.

While it is easy to realize that several electronic states in some way must be 
treated and that any of the computational chemistry methods above can be used to 
some extent and with various possibilities – the variety of ways these can be com-
bined and tasks performed within this framework is indeed more troublesome to 
overview. Nevertheless, in order to be able to follow the development of the topic of 
this chapter at all, there is a need to describe the main tracks followed traditionally 
as well as those used only in a few instances so far, but where we see large future 
possibilities.

The most traditional way to address the stability of any finite molecular model 
(more on this in Sect. 2.3.3) is to extract and use the molecular orbitals (MOs) 
resulting from an electronic structure calculation – most often the highest occupied 
MOs (HOMOs) and the lowest unoccupied MOs (LUMOs) (Fig. 9.1) – and the cor-
responding eigenvalues. As an example the energy of the HOMO–LUMO gap for a 
species has often been invoked as a measure of its stability vs. oxidation – quite 
naturally as it will be a measure of the ease of the transfer of an electron from the 
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ground state to a higher state. The main problem with this approach is, however, the 
fundamental notion that the LUMO is indeed calculated for the ground state and in 
addition also some methods, most notably DFT, have vast difficulties to accurately 
or at least unambiguously calculate the LUMO energies.

A more direct approach is to calculate the electronic energy for both the ground 
state and the final state. For an oxidation reaction this becomes the same as calculat-
ing the ionization potential (IP) and vice versa for a reduction reaction it becomes 
the electron affinity (EA). This is an important observation as the field of computa-
tional chemistry is wide and there are benefits to make from keeping an eye open for 
the development of assessing these generic properties – even when they are not 
specifically devoted to electrochemistry.

In practice this type of calculation, rather than just being one single calculation as 
for extracting the HOMO and LUMO energies, contains several steps – depending 
on the accuracy level requested. Taking the example of the oxidation modelled by 
the IP computation; it can simply be obtained by computing the electronic energy of 
the ground-state followed by calculating the same energy for the radical with the 
very same model geometry (vertical transition – motivated by employing the 
Franck-Condon (F-C) principle) (Fig. 9.2). This can be refined in several steps; 
relaxing the excited state to its preferred geometry (releasing the F-C constraints) 
and subsequently also adding the different vibrational contributions to obtain the 
enthalpy differences rather than just the electronic.

There are of course more elaborate ways to study the electrochemistry – one 
way is to have a system in total balance without “removing” electrons out of the 
system. Creating a thermo-dynamic Born-Haber cycle (TD cycle, Fig. 9.2) for the 
system of interest is the most common example of such an approach [10, 11, 28, 
29]. The main advantage is the reduced need for adjustments for the precise chem-
istry involved experimentally, as all components treated in the computational 
model do more or less have exactly the same physical surrounding as in the experi-
ment compared with. Indeed, the TD cycle multi-step method is often quite 

Fig. 9.2 Ionization potential (IP) and thermodynamic (TD) free energy cycle for the oxidation of 
solvent S
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predictive – but care needs to be taken when creating the models and choosing the 
strategy. The TD cycle method is also much more computationally intense than 
most other methods.

There are also some special cases, e.g., when calculations are directly mixed 
with experimental data (partly the topic of the next section but appropriate to men-
tion here). One early such study used tabulated free energies of formation to cancel 
out the metallic work function (ΦM) by introducing a reference cycle in the TD cycle 
for Li+ reduction [28]. In total, this made for a simplification to the conventional 
TD cycle.

For recent examples of new methods employed, those that propagate in time 
while including the electronic energies, most notably the implementation of AIMD 
simulations by Leung et al. [12, 13, 30, 31] to study various properties of EC and its 
contribution to the SEI, are fascinating. The time-evolution can of course be treated 
without any electrons, as in classic MD simulations, and still be predictive about the 
resulting reaction products – while not the direct electrochemistry. An excellent 
example of the latter is the work by Bedrov et al. [32].

MD simulations, be it classical or AIMD, have an advantage that the other 
approaches do not: the inclusion of time-evolution and to some extent also kinetics 
– albeit often trivial. They most often also encompass a matrix, which thus is more 
than just the molecular model that is the prime aim of the study. This can be thought 
of as either a part of the method or model construction, but for pedagogic reasons and 
simplicity we will completely leave the treatment of this to the next section.

9.2.3.3  Models

The methods outlined above do in most cases assume a finite, quite easily defined 
model system, such as an ion, a molecule or something similar. In the real experi-
mental situation, however, this is of course a large oversimplification. Most compu-
tations that we treat in this chapter do, however, heavily rely on treating the 
phenomena by using only the specie considered as the model – often making a 
molecular entity. In fact, many scientists from a computational background would 
not even see the problem with this – why we in Fig. 9.3 show an increasing order of 
model complexity that for real might be needed to properly address the electro-
chemical stability.

The simplest model, still capable of addressing different electronic states, is an 
isolated molecular species – be it neutral (as electrolyte solvent or a redox shuttle 
additive) or charged (like a lithium salt anion or an oxidized redox shuttle). This is by 
far the most common model employed for any strategy and method combination.

Increasing the complexity a bit – these models are subject to interaction with 
other components of the electrolyte, which are not electrochemically active by 
themselves, but perturbs the original model. The most common addition is a lithium 
ion, which in several cases have shown to alter both the absolute and relative stabil-
ity of several original models, for solvents (S) like in [LiSn]+ complexes, where also 
different solvents can be treated for the same lithium cation to account for different 
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solvent ratios and salt concentrations. Analogous for an electrolyte anion (An) is the 
use of some kind of Li–An systems. Also a few studies employing An–S models 
exist as well as Li–An–S models. These systems are all gathered under the frame-
work of “super-molecules.” For any attempt to go beyond the redox reaction, to also 
evaluate the reaction mechanism, super-molecule models are almost compulsory.

All the models above are finite in size and rely on explicit molecular additions 
subject to the same computational method as the species studied. Another way to 
take into account and model the “real” surrounding in an electrolyte is to use various 
continuum methods to implicitly mimic the effect of, e.g., the dielectric constant of 
the electrolyte. Popular since many years are different variants of the polarizable 
continuum methods (PCM) applicable to both ab initio and DFT methods and where 
parameters for a variety of different solvents exist, and with possibilities to tailor for 
special electrolytes. The use of continuum methods has demonstrated the impor-
tance of simulating solvent effects – especially the difference between the gas phase 
electronic energies and the free energies of solvation (ΔG) via PCM. The use of 
continuum methods can also be “tweaked” in various ways, e.g., in TD cycles to 
treat different dielectric constants for different parts of the cycle.

The above models can be combined, in what then is called a “cluster-continuum” 
approach, sometimes argued to be quite necessary to capture both the specific local 
and the overall average effects in order to properly and accurately predict EA and 
therefore Ered [11].

While solvent effects are treated by methods like PCM, as an average over the 
explicit system, these cannot account for local specific phenomena, e.g., a redox 
reaction at a surface under the influence of solvent interactions. Therefore, larger 
explicit systems will still be valuable for more elaborate studies, as for electrodes’ 
surface chemistry and physics. Therefore, various types of explicit models, often 
referred to as clusters – indeed even slabs of graphite in 3D-like constructions to 
create an anode model – have been used. The size of the explicit models and the 
methods possible to apply often give rise to practical optimization problems as the 
models quickly grow in size and complexity and the computational resources are 
limited. Nevertheless, Leung recently extended his previous AIMD studies of EC 
reduction [12, 13, 30] to also include oxidation at a Li0.6Mn2O4 (100) surface [31]. 
This is, to the best of our knowledge, the first example of introducing an explicit 
surface together with the very computationally demanding AIMD method for pre-
dicting electrolyte solvent oxidation.

9.2.3.4  The Strategy–Method–Model Combination

We hope that despite the enormous diversification in all of the three sub-sections 
above, altogether resulting in many, many possible combinations – the resulting 
impression should be positive about the vast promises – rather than confusion. 
Clearly some selected methods outlined above are today more or less depreciated, 
while others have just emerged as everyday computational tools for electrochemical 
stability prediction, both Eox and Ered. However, to be able to understand the 
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implications of older studies (meaning >10 years back) as well as the possibilities 
available today and in the near future, it is necessary to address all. With a proper 
base of understanding, we can move on to practical examples including historical 
reviews, specific case studies, as well as recommendations of best practice.

9.3  Prediction Put in Practice

How do the models, methods, and strategies work in practice? Using the logic of the 
materials used to build up the electrolyte, which also coincide with their historic 
advent as targets for the modelling efforts, we start with solvents, continue with 
lithium salts, and finish of by some examples of additives. By necessity the results 
reported are a blend of computations following the experiments, thus mainly used 
to interpret and thus having a secondary role, with more recent works having a pre-
dictive role of the computational approach, as a tool for rational design of electro-
lytes [33]. The latter strategy of computer-aided rational design of materials has 
become highly appreciated recently c.f. the US materials genome initiative [34].

9.3.1  Solvents

9.3.1.1  Focus and Early Works

When computational studies came into play the lithium batteries had already shifted 
from metallic lithium to graphite anodes – and the reduction phenomena occurring 
at these electrodes had fast been recognized as problematic. It is thus natural that the 
early computational work on predicting solvent electrochemical stability focused on 
Ered and reductive decomposition mechanisms, especially of different cyclic carbon-
ate solvents, EC and PC – as these then, as also today with only a few notable excep-
tions, were totally dominating. EC in particular has been investigated repeatedly 
using different approaches, with different co-solvents or additives, and in Li+ rich or 
poor environments. The practical and specific goal has been to further the under-
standing of the electrolyte/graphite anode interface chemistry. The observation that 
solvent mixtures with EC, but not PC, are effective in forming an SEI on the graph-
ite surface was one of the first problems addressed.

The experimental and theoretical paper on “The behaviour of lithium electrodes 
in propylene and ethylene carbonate” by Aurbach et al. in 1992 [35] was likely the 
first to predict electrochemical stabilities of lithium battery materials specifically – 
using both energy differences and the HOMO–LUMO approach. The energies of 
EC, PC, and both linear and cyclic radical anions thereof were calculated “free” or 
coordinated to Li+ (Fig. 9.4). From the reduction energies the authors suggested EC 
to be more prone to reduction. However, different interpretations were possible 
depending on the assumptions made about the reduction products. As visualized in 
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the bar diagram of Fig. 9.4, only the Li+-coordinated solvents formed reactions with 
exothermic energies, where Li+-coordinated EC vs. PC suggested EC to be more 
reactive – irrespective of the products being open chain or cyclic. However, for the 
reduction of the bare solvents EC was predicted to be more, equally, or even less 
reactive, depending on the final products considered. In addition, the HOMO–
LUMO approach predicted a slightly larger energy gap for EC, implying PC to be 
the more reactive species. With either approach, the energy differences were claimed 
to be small compared to the experimental reduction potential difference, and hence 
the authors argued steric effects, rather than electronic, to be decisive origin of the 
increased stability of PC compared to EC.

With the immense increase in computational power in only a few years, Endo 
et al. could easily in 1998 extend the scope and thus investigated the initial reduction 
processes of three different anions and no less than 11 solvents [14]. The driving 
force for solvent reduction was calculated using enthalpy differences (MNDO). The 
effects of Li+ and An coordination were taken into account via modelling of ion–sol-
vent pairs. The preferential reduction of solvent molecules in the coordination shell 
of Li+ was highlighted and electron spin resonance measurements presented that 
suggested electron-transfer equilibria between the reduced species and the remain-
ing solvent molecules of the shell (Fig. 9.5). Comparing the different solvent–Li+ 
pairs, the most negative reduction enthalpies (−5 eV) were calculated for the carbon-
ate-based solvents, with an energy span of only 0.2 eV. The reduction enthalpies of 
carboxyl esters were similar to the carbonates, but separated approximately 0.8 eV 
from the ethers – the most stable solvents. The pure solvents were only slightly per-
turbed in the mono-dentate solvent–Li+ pair configurations and all therefore fol-
lowed the same trend, albeit with more distinct energy differences for the pairs.

Fig. 9.4 Reduction mechanisms and energies for EC and PC suggested by Aurbach et al. [35]
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In 2000, Endo et al. returned to a subset of solvents (HF) [15]. A notable differ-
ence to the earlier work was a more or less reversed Ered trend, with the most spec-
tacular result for EC – the least stable previously – now the most stable. Surprisingly, 
the authors did not address these qualitative differences. With the computational 
power at hand in 2014, it is easy to check these matters and therefore we here repeated 
the HF calculations, and obtained a different reduction energy for [Li(EC)]+ 
(−3.51 eV) compared to the reported, clearly erroneous, value (−2.95 eV). However, 
as evident from Fig. 9.5, the trends for some of the solvents were still different 
between the 1998 and 2000 approaches for the solvent–Li+ pairs. As this was not the 
case for the solvents, this must originate from the Li+ interaction description.

The work of Endo et al. in 2000 was made in conjunction with rotating ring disc 
electrode experiments (for potentials above 3 V). Although no attempt was made to 
correlate experimental and calculated data for individual species, the authors high-
lighted the overall agreement with the calculated reduction energies ≤−3 eV. With 
respect to the Ered difference neither the MNDO nor HF (ΔEPC-EC = 0.06 eV and 
0.04 eV, respectively) approaches offered any significant improvement, but were in 
good agreement with the 0.11 eV obtained by Aurbach et al. using Li+-coordinated 
cyclic reduction products (Fig. 9.4).

As a bit more complex model, Li and Balbuena in 2000 investigated Ered of EC 
and PC (DFT/PCM) [10] by a TD cycle. A potential difference identical to the 
experimental result referred to Aurbach et al. [35] was obtained. However, the main 
objective was to investigate an updated two-electron reduction mechanism of EC, 
following nucleophilic attack from groups at the electrode surface [10]. Here also 
transition state theory was used to estimate reaction activation barriers, equilibrium 
constants, and rate constants. The results suggested Li2CO3 as the favourable prod-
uct overall, together with lithium diethylene carbonate at high EC concentrations, 

Fig. 9.5 Solvent reduction model proposed by Endo et al. [14, 15] (left). Calculated MNDO and 
HF reduction energies based on solvent–Li+ pair models (right)
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which agreed with contemporary experimental results with Li2CO3 and R-CO2 as 
main products at low and high EC conc., respectively [36].

With this short exposé into the early works, we have shown the scattering in 
approaches even initially to cover most of the possible types of strategies, methods, 
and models. With this in mind, we move on to the modern works with a maintained 
scatter in approaches, but adding also new dimensions in targets and aims for the 
predictive calculations – most notable are the work on redox reaction mechanisms 
and the trend to introduce more complex solvent surroundings.

9.3.1.2  Modern Works on Solvent Reduction

In the years following the early, scattered work on predicting solvent stability, com-
putational studies of both Ered and mechanisms intensified. This was a natural 
response to the challenges of experimental characterization of SEIs and enabled 
only by the increased availability and applicability of computational methods. In 
particular Balbuena et al. [11, 37–39] were very active in the field, focusing on the 
reduction stability of solvents in the first coordination sphere of Li+. Also Han et al. 
[40–42] and Tasaki [43–45] made recurring contributions, with Tasaki being the 
first to introduce an electrolyte/electrode interface. Even today the details of SEI 
formation and composition are a highly debated subject [46] and have therefore 
seen application of more advanced and larger system computational studies using 
AIMD [12, 13, 30] and classic MD [32, 47]. We here focus on the prediction of Ered 
and to some degree also mechanisms, but the detailed mechanisms and suggested 
SEI products are outside our scope.

Expanding to explicit models, Balbuena et al. used EC and [Li(EC)n]+ (n = 1–4) 
super-molecules both as pure molecular models and in cluster-continuum models 
[11]. Two-electron reduction mechanisms of EC with multiple pathways were 
explored, where detailed energy landscapes supported previous results on the rela-
tive stability of cyclic and open-chain products [35] and the stabilizing effect of 
Li+-coordination [14, 15]. In addition, the introduction of a continuum demonstrated 
that the initial reduction step of a single EC molecule can be thermodynamically 
favourable – in contrast to the EA in gas phase [14]. Furthermore, the possibility of 
reducing either Li+ or EC was explored, which identified the reduction of EC as the 
energetically favoured reaction path. The driving force for one-electron EC reduc-
tion was found to decrease with increasing super-molecule size – both the initial EA 
step with a cyclic reduction product and the overall energy difference forming the 
reduced open-chain product. The driving force was further decreased in the cluster- 
continuum model for [Li(EC)n]+ (n = 1–2) [11]. In contrast, only a negligible depen-
dence was observed for the size of the barrier to homolytic EC ring opening.

To test the models against experimentally determined Ered for EC, TD cycles 
were used. The predicted Ered varied between −0.95 to +1.05 V vs. Li/Li+ [11, 37], 
depending on the model. Underestimated Ered – negative or close to zero – were 
obtained for the smaller [Li(EC)n]+ (n = 1–2) super-molecules, while the cluster- 
continuum models and the [Li(EC)n]+ (n = 4) super-molecule with Ered of 1.05 V and 
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0.85 V vs. Li+/Li, respectively, performed better when compared with results 
obtained with graphite anodes (exp. 0.8–1.0 V [48–50]). However, the EC Ered at a 
gold electrode, 1.36 V vs. Li+/Li [51] highlights an electrode dependence not 
accounted for in these calculations. Thus, there is room for selecting suitable experi-
mental references for comparison that comply with calculated results.

Yet more elaborate super-molecular models were studied by Balbuena et al. by 
introducing a co-solvent to EC in the solvation shell of Li+, to take into account the 
presence of additives in real electrolytes. First the effects of VC [37] and later DMC, 
EMC, or DEC [39], were investigated. A similar approach was taken also for PC 
with VC as co-solvent [38]. Interestingly, in the super-molecules Li(EC)x(VC)y the 
preferential reduction of EC or VC depended on if the initial cyclic reduction prod-
ucts or the final open-chain products were considered; super-molecules with a cyclic 
VC anion were found to be the products of lowest energy in the first reduction step, 
but in the subsequent step the super-molecules with an open-chain EC anion formed 
the most stable products [37]. These differences, observed for all mixed solvent 
super-molecules – also for the combination PC and VC [38] – indicate the impor-
tance of the choice of reference state for predicting Ered. Should the predictions of 
relative stabilities be based on the initial step only or a multi-step reaction sequence, 
i.e., in some sense the kinetics or thermodynamics of the reaction process?

For the case of EC and VC, experimental results have demonstrated VC reduc-
tion to occur at more positive potentials. Thus, the relative Ered predicted from the 
initial step were in accordance with experimental results. From the overall results 
the Ered trend for cyclic carbonates was [Li(VC)x]+ > [Li(EC)x]+ > [Li(PC)x]+. The 
study on super-molecules containing linear carbonates was limited in scope to 
[Li(EC)(S)]+, where S = DMC, EMS, DEC, which all showed similar Ered. However, 
a straightforward comparison of the reduction energies of these complexes with the 
super-molecule data for cyclic carbonates was prevented by the use of different 
DFT functionals. The authors did make a comparison of the isolated solvents with 
EC, which predicted the linear carbonates to be more stable both in gas phase and 
using CPCM [39]. Thus, these results were in contrast with those of Endo et al. 
(Fig. 9.5) [14, 15].

Finally, in these mixed solvent systems, it was possible to observe the effect of 
VC on the cyclic and open-chain reduction energies of EC, when VC was only an 
electrochemically passive co-solvent. However, the results were in conflict depend-
ing on the super-molecule size; in [Li(EC)(VC)]+ the formation of both cyclic and 
open-chain EC was stimulated compared to [Li(EC)2]+, but in the larger 
[Li(EC)3(VC)]+ super-molecule the effect relative to Li+(EC)4 was negligible. In 
summary, Balbuena et al. in detail revealed the reduction behaviour of common 
carbonate solvents as part of the coordination sphere of Li+, in models more com-
plex than the solvent–Li+ pairs introduced by Endo et al. [14]. Both groups stressed 
the importance of Li+ coordination for predicting solvent reduction.

As a twist to the approach presented above, Han et al. investigated lithium-rich 
super-molecules [(Li)2S]2+ with S = EC, PC, VC, ES, and GS, assuming a two-step 
reaction mechanism with the consecutive addition of two lithium ions [40]. Based 
on open-chain Li+ coordinated reduction products, the stability trend among the 
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investigated solvents and additives was ES ~ GS > EC ~ PC > VC for the first 
reduction step and GS > PC ~ EC ~ VC > ES for the final [(Li)2S]2+ complexes. 
Although the negligible difference in Ered of EC and PC was in accordance with 
previous results, the increased stability of VC with respect to EC and PC opposed 
experimental findings.

The same authors also performed an extensive screening of the DFT functional 
and basis set effect on Ered of EC and VC. This time the intermediate cyclic reduc-
tion products were included in the mechanism, and based on their energies relative 
to the solvent ground state, VC was predicted to be more easily reduced irrespective 
of choice of DFT method [41]. The reference reduction energy difference of EC and 
VC was 0.17 eV (CCSD(T)/aug-cc-pVQZ). The uniform DFT results were, how-
ever, not observed for the subsequent reduction steps. In a later study using CPCM 
[42] the difference was 0.2 eV, but both results slightly overestimated the experi-
mental 0.06 eV measured by Zhang et al. using a gold electrode [51].

In their work Zhang et al. also predicted Ered of several carbonate solvents using 
TD cycles, but the computational details were sparse, and repeated referencing were 
instead made to a meeting abstract and a TD cycle similarly used in a second paper 
for predicting solvent Eox [28]. For the Ered calculations, the postulation of several 
reaction schemes and products was reflected in poor correlation of part of the pre-
dicted results with experimental data [51]. For example, a two-electron reduction 
process with solvent fragmentation into R-CO2

− and alkyl anions was assumed for 
both DEC and DMC. One-electron reduction and ring opening with linear products 
was the base of the calculations for EC and PC, while the ring-structure of VC was 
kept intact during one-electron reduction, since they found the linear reduced form 
of VC to be unstable in the absence of Li+.

The TD cycle method was at the time used by several groups to predict realistic 
Ered. Apart from the solvent reduction and oxidation stabilities predicted by Zhang 
et al. [28, 51], Balbuena et al. applied it in their first study of the [Li(EC)n]+ super- 
molecules [11]. A third relevant contribution came from Vollmer et al. [29], aiming 
more at assessing the power of the methodology than predicting Ered for any specific 
battery solvent. Therefore, while the solvents investigated were not archetypical 
Li-ion battery solvents, a selection of 13 solvents and 6 additives was chosen to 
allow for accurate comparison with experimental Ered and EAs.

Vollmer et al. assumed free electrons at rest (with zero energy) and considered 
the solvent in the liquid phase as a solvated species and investigated a three step TD 
cycle – where all steps were computationally accessible. The absolute Ered obtained 
was related to the Li+/Li redox couple by a −1.46 V shift [29]. For the test set the 
average absolute difference between calculated and experimental Ered was 0.26 V. 
However, three of the modelled solvents (thiourea, hydrazine, and phenylhydrazine) 
deviated strongly, 2.5–3.3 V. With the two sets of experimental data available, Ered 
and EA, the authors addressed the strength of the individual computational steps 
and attributed the larger deviations to the involvement of possible side reactions. 
The real application of the method following this assessment was aimed at three 
quinone-based additives, VEC, and ES, with direct experimental comparisons 
resulting in a maximum difference of +0.17 V. For reference, Fu et al. later rigorously 
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tested the TD cycle to obtain Ered for a test set of 270 structurally unrelated organic 
molecules in acetonitrile [52]. They reported a standard deviation of 0.17 eV 
between predicted and experimental Ered, but also noted nine singular cases where 
the predictions were off by ±0.5–0.8 eV. These offsets were not as severe as those 
observed by Vollmer et al., but most of the data of Fu et al. simulated redox pro-
cesses where the organic molecules were in neutral/cationic form. Thus, the 
approach may indeed be more suitable for predicting solvent Eox.

In 2004 Vollmer et al. challenged the qualitative result of Balbuena [11] and 
Endo [15] that Li+–solvent coordination promotes solvent reduction, using Ered of 
EC, PC, and VEC, and a TD cycle [16]. One-electron reduction potentials were 
reported for each species with linear or cyclic reaction products, as well as the spe-
cies’ Li+ coordinated counterparts, and compared with experimental results [51]. 
The best agreement between calculated and experimental results (ΔE ≤ 0.3 V) was 
obtained with the assumption of non-Li+ coordinated open chain reaction products. 
Assuming cyclic reaction products, Ered was lower by 1.2–2.4 V. Increased reactivity 
with Li+ coordination was demonstrated, as already observed by others, but also a 
large variation in the magnitude of increase: 0.12–0.77 eV depending on the specific 
solvent and the solvent anion conformation – cyclic or open chain. Based on a quan-
titative comparison of predicted and experimental Ered, the reduction mechanisms of 
EC, PC, and VEC were, by taking all information into account, suggested to involve 
the ring opening of non-Li+ coordinated solvent molecules.

Non-coordinated solvents were the focus also of Tasaki [17], who stressed the 
earlier finding of Balbuena et al. [11] that solvent EAs can be exothermic in the 
absence of Li+ coordination, when modelled in solution. He also emphasized the 
possibility of obtaining qualitatively different results in gas-phase with HF or post-
 HF approaches using cyclopentanone enolate as an example – which has an EA 
endothermic based on HF, but exothermic and close to the experimental value of 
−1.6 eV with MP2 and DFT (B3LYP or B3PW91). However, notably all post-HF 
energies presented by Tasaki were evaluated as single point calculations at the 
HF/6-31G(d) optimized geometry and were not true minima at the quoted computa-
tional level. Also, no exothermic EAs were obtained for any of the battery electro-
lyte solvents investigated.

Unlike the use of a TD cycle, which implements a reference point to qualitatively 
assess Ered, Tasaki’s focus was the relative solvent reduction energies. Based on 
CPCM, Tasaki listed the ease of one-electron solvent reduction with ring-opening 
as follows:

 EC, ,PC VC DMC EMC DEC> > >  

It was briefly mentioned that the same order of reduction likelihood remained 
also if one Li+ was introduced. However, focusing on different possible interpreta-
tions, the reduction energy order of VC and DMC was interchanged if considering 
the cyclic reduction products of EC, PC, and VC. In the gas-phase a difference in the 
relative stability of the linear carbonates was suggested only with linear products, 
because of a particularly strong stabilization effect of DMC in a continuum. With 
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rings intact, the gas-phase approach predicted VC to be the solvent with the lowest 
barrier to reduction – for us indicating again the caveat of extracting even qualita-
tively different results when using a single method/model. Including a second- 
electron reduction step for EC, PC, and VC, using CPCM, VC was found to be 
substantially more easily reduced, which correlates with the facile SEI forming 
properties of VC experimentally. While Tasaki for reference included a summary of 
the results of Balbuena et al. [17], it is interesting that several of the results on the 
relative reduction stability of EC and VC were in qualitative conflict. Two specific 
examples are the gas-phase EA, where VC was predicted to be less prone to reduc-
tion, and the continuum approach assuming open-chain products, where VC was 
more prone to reduction. Unlike Tasaki, Balbuena et al. reported energies for struc-
tures optimized at the same (high) computational level, and thus the differences can 
be a result either of the different DFT functionals or Tasaki’s approach to use post-
 HF energies calculated for HF optimized structures – a dimension unaccounted for.

In 2006 surface effects were introduced for the first time when Tasaki et al. simu-
lated solvent reduction at a lithium surface, represented by a 15-atom cluster, a 
minimum model size to assure adsorbtion and decomposition at the centre of the 
cluster and to mimicking the body centred cubic structure of metallic lithium [18]. 
HF intrinsic reaction coordination (IRC) calculations were performed, tracking the 
reaction enthalpy of the decomposition process from reactant to products via an 
intermediate transition state. With a selection of common solvents and additives, the 
cluster and single adsorbent were optimized collectively, simulating reductive 
decomposition without an explicit transfer of an electron to the adsorbent. All reac-
tions were exothermic, with an endothermic activation step, generating one or two 
decomposition products – either liberated or adsorbed to the surface. Comparing the 
activation energies, the relative results were found to be in qualitative agreement 
with experimental results:

 VEC, , , ,VVC VC EC ES PC THF< <<  

Smaller activation energies, signalling higher Ered, were observed for film- 
forming additives such as VEC and VC, while larger and comparable activation 
energies were calculated for EC, PC, and ES. These were in turn much smaller than 
the activation energy of THF, known to be very stable against reductive decomposi-
tion. VEC was unique with two decomposition paths, with the second having an 
activation energy similar to EC.

With the cluster-adsorbent model, Tasaki et al. added a new dimension to the 
computations, albeit with important restrictions imposed by unavoidable limitations 
in computational resources and therefore the authors commented the limited cluster 
size, the accompanying structural changes of the cluster during reaction, and the 
low-level method required. Large changes in the cluster structure were in part attrib-
uted to a natural flexibility of the metal, while the use of a small basis set without 
any polarization or diffuse functions, 6-31G, was strengthened by presenting 
 qualitatively similar results for EC, ES, and VC using 6-31+G(d).
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Recently, Tasaki et al. investigated the relative reduction stability of EC and PC 
in graphite, represented by two stacked 72-atom graphene layers [53]. The solvents 
were part of a solvation shell of Li+ forming [Li(EC)n]+ (n = 1–4) super-molecules, 
sandwiched between the graphene layers, and together creating a model of ternary 
graphite intercalation compounds (GICs); [Li(EC)xC72]+ and [Li(PC)xC72]+ (x = 1–4). 
For computational efficiency, the ternary GICs were modelled using non- local DFT 
with periodic boundary conditions and a numerical basis set. Focusing on the rela-
tive exothermic reduction energies obtained for all models, the difference between 
EC and PC increased with model size from 0.06 to 0.16 eV at x = 4, with the more 
negative Ered for the EC-containing GICs. A similar trend was observed for the 
super-molecules in the absence of the graphene layers, both in gas-phase and with 
CPCM. At x = 4, the predicted gas-phase difference was approximately two times 
that of the ternary GIC result, while the CPCM result was comparable to the latter.

Other recent contributions including surface effects are the AIMD simulations of 
Leung et al. [12, 13, 30] – so far focused on details of the reductive decomposition 
of EC in liquid EC or at graphite, lithium metal, and aluminium oxide surfaces. The 
simulations have revealed edge effects, identified reaction time-scales, activation 
free energies, alternative decomposition paths and products. Also, in the supple-
mentary information of [30], based on a snap-shot from a simulation box, the pref-
erential reduction of EC near surfaces have been elegantly demonstrated by 
calculating the instantaneous energy (via F-C) required to reduce each of the 36 EC 
molecules positioned between two LiAlO2-coated LixC6 surfaces. However, given 
the one solvent approach, the prediction of relative solvent Ered is still awaiting.

In the absence of surfaces, using both dynamic and static DFT, Leung et al. have 
also addressed the effects of an explicit EC surrounding on the reduction mecha-
nism. The results suggest that in EC−(EC)n complexes an excess electron is local-
ized to one molecule, irrespective of the cluster size. Furthermore, the initial 
reduction step is less endothermic compared to molecular EC reduction, and the 
subsequent energy barrier to bond cleavage is smaller, the latter even when com-
pared to the EC−[(EC)Li]+ dimer [13]. In the dynamic simulations, this was 
reflected in EC− bond cleavage occurring within the simulation time-scale only in 
the absence of Li+.

Also Bedrov et al. have recently addressed EC with a combination of static and 
dynamic approaches; high-level DFT with classic MD using a reactive force field 
[32]. Kim et al., with a similar MD approach, defined an “SEI formation potential” 
with predicted values of 0.9, 1.1, and 1.0 V vs. Li/Li+ for DMC, EC, and EC + DMC 
electrolytes in contact with a lithium metal surface [47].

We believe that we are at the stage where the models used and methods applied 
to solvent reduction are so elaborate, and the computational resources so vast, that 
any further development should be directed into converging towards a preferred 
DFT functional, a preferred cluster size to model a surface, and choosing a cluster- 
continuum approach for a selected type of super-molecule. Thus with some kind of 
standardization within the field, chosen based on careful comparisons with 
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experimental data, and applying this standard should pave the way for more easy 
interpretation, and this way the predictive power should increase tremendously.

9.3.1.3 Solvent Oxidation Potentials and Mechanisms

While prediction of solvent Ered has paved the way for strategies, methods, and models, 
the focus has gradually shifted towards also treating solvent Eox, and noticeably for 
more varied solvent chemistries. Also, it is not necessarily so that the same 
approaches work equally well for predicting Eox as Ered. We will here step through 
the history and current state-of-the-art for prediction of Eox – and do include some 
recommendations.

To the best of our knowledge the first predictions of Eox for molecular solvents was 
made by Zhang et al. who applied a SE TD cycle – mixing calculations (DFT/PCM) 
with experimental data (tabulated free energies of formation) [28]. Doing so, the 
metallic work function (ΦM) was effectively cancelled out by introducing a reference 
cycle for Li+ reduction, and Eox values of ~5.5 V vs. Li+/Li were obtained for linear 
and cyclic carbonates, approximately 1 V more stable than ethers and unsaturated 
carbonates. Although these results were in line with experimental results gathered 
from several sources, the authors were forced, by experimental data scarcity, to use 
the same data for all solvents, leaving only two solvent-dependent energy differences. 
Therefore, a fully computational TD approach is recommended. In addition, a fixed 
reference value can replace an explicit second cycle for the Li+/Li reaction [24, 29].

Similar to the early predictive work of Aurbach et al. on solvent Ered [35], the 
work of Zhang et al. [28] seems to be isolated in time. Although referred to by Han 
et al., working on predictions for additives for overcharge protection [54], the next 
dedicated study appeared first with Xing et al. as late as 2009 [21, 55], this time on 
the detailed oxidation decomposition of PC and EC, respectively. For PC, three 
main decomposition paths were identified for the initially generated cation radical 
PC•+, with calculated gas phase standard electrode potentials in the interval 4.41–
4.51 V vs. Li+/Li [55]. However, no detailed computational origin of these poten-
tials was given, nor was the energy of PC explicitly stated, as all energies were given 
relative the energy of PC•+. The work on EC also included a number of alternatives 
or co-solvents, but no Eox relative Li+/Li was given. However, based on F-C, the 
HOMO energies, and the adiabatic IP-free energies – the relative oxidation stability 
was obtained as:

 EC PC DMC EMC DEC> > > >  

While the authors concluded this to be consistent with Zhang et al. [28], the pre-
dicted order of the latter was in fact different(!): DMC > PC > EC > EMC > DEC. 
Furthermore, the span of energies by Xing et al., 0.4–0.8 eV, was much larger 
(0.16 eV in [28]). Moreover, despite EC being predicted to be the solvent most oxi-
dation resistant, Xing et al. argued that a preferential coordination of EC to PF6

− 
would facilitate oxidation of EC at the cathode surface. They based this argument 
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on differences in calculated solvent:PF6
− binding energies [21] and experimental 

indications of EC being the component in EC:DMC and EC:DEC electrolytes more 
actively oxidized [56].

In a recent paper, the solvent and anion interplay was addressed in more detail by 
calculating the Eox of PC, PC–PF6

−, and PC–ClO4
− via TD cycles [57]. In both gas 

phase and continua, with high or low dielectric constants, the calculated Eox of PC 
was lowered in complexes with either PF6

− or ClO4
−. The implicitly solvated com-

plexes presented the best fit with experiments [8, 58]. Similar effects were reported 
also for carbonates, sulfonates, and sulfones in complex with BF4

− and PF6
− [59]. 

The decrease of solvent Eox was for the carbonate solvents attributed to spontaneous 
solvent deprotonation and formation of HF (Fig. 9.6), while for the sulphur-based 
solvents, fluorine was instead transferred from anion to solvent. Also demonstrated 
were general oxidation potential trends when introducing an implicit solvent; for 
solvent–anion complexes the effect was a potential increase, but the Eox of isolated 
solvent molecules decreased with increasing continuum dielectric constant. For 
most species the observed gain or drop in oxidation potential was 1.5–2 eV at 
ε = 20.5 and varied little with further increase of the dielectric constant [59].

In two papers Shao et al. predicted the Eox of sulfones and functionalized sulfones 
[60, 61]. Influenced by [28], the solvent Eox was taken as the difference of two free 
energy cycles – one for solvent oxidation and one for Li+ reduction – and in part 
invoking tabulated data as input for the reference cycle [60]. However, new to the 
approach was the calculation of ΔGsolv(Li+) at the experimentally determined solvent 
dielectric constants, which introduced a solvent dependence in the floating, rather 
than fixed, reference potential. The reference potentials depended on the specific 
computational approach, but were approximately 2.5–3.0 eV. The reference poten-
tial difference between the low (ε = 8) and high (ε = 95) dielectric solvents was 0.5 eV 
[60]. Thus, both the absolute numbers and the variation with solvent were large 
compared to the fixed Li+/Li reference of 1.4–1.5 eV used by other authors [16, 57].

For the five sulfones initially addressed by Shao et al., the HF/PCM approach 
overestimated and the DFT/PCM approach underestimated the Eox. The MP2/PCM 
approach gave the best fit with a mean deviation of only 0.29 eV. However, if we 
now choose to replace the floating reference by a fixed of 1.46 eV, the MP2 
approach results in a mean deviation of 1.11 eV, twice of the worst performing 
DFT approach (Fig. 9.7). Therefore, we stress that the mean deviation of absolute 
potentials alone is not a measure of the quality of the approach, but the prediction 

Fig. 9.6 Spontaneous solvent deprotonation and generation of HF when PC is oxidized in the 
presence of PF6

−, as predicted by Xing et al. [57]
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of relative Eox is more interesting. Making a comparison based on the detailed 
results provided in the supplementary material of [60], all predict EMS to be the 
most stable solvent – irrespective of reference. Furthermore, with a floating reference 
all predict the cyclic sulfolane or TMS to be the second most stable solvent. 
However, using a fixed reference some approaches predict MEMS to be the second 
most stable solvent, the reason being the 0.5 eV larger floating reference (resulting 
from a much lower dielectric constant).

Experimentally the Eox of TMS is inferior to the linear sulfones. We here stress 
that the use of five experimental potentials from three different sources does add a 
lot of uncertainty; for example the potential sweep rates differ [62–64]. As demon-
strated for PC [8], this can give rise to deviations of the order of 0.5 eV (higher Eox 
for lower rates). One of the experimental reference studies also clearly shows how 
the choice of lithium salt does play a role; a 0.4 eV difference is obtained between 
the 1 M LiTFSI/MEMS (5.6 V vs. Li+/Li) and the 1 M LiPF6/MEMS electrolytes 
(5.2 V vs. Li+/Li) [64], which also for [60] further complicates the comparison of 
experimental results.

Without any experimental data available for comparison, Shao et al. also proposed 
and investigated sulfones with different functionalities as solvents [61]. By, e.g., 
replacing the ether functionality of MEMS with a carbonate, ester, or cyano termi-
nated alkane chain, they in all cases predicted an approximate 0.5 eV increase in Eox 
(MP2, TD cycle). Other substitutions produced similar effects; a trifluoromethyl 
group for the terminal methyl group (MEMS or EMES), but if also a fluoro atom was 
introduced in place of the alkane group directly bonded to the sulphur, this second 
substitution introduced a further 0.5 eV or 1.0 eV stabilization of the solvents with 
an ester or cyano functionality, respectively. In addition to the TD cycle, adiabatic 
gas phase IP computations predicted EMS to be the most stable of the linear solvents 
and supported the stabilizing effects upon functionalization qualitatively [61].

As an example of studying new solvents by computations, Assary et al. explored 
the size-dependence of polysiloxane oligoether Eox [26]. No experimental values 
were provided, but standard organic solvent Eox (B3LYP/CPCM) were computed 
for reference and compared with the results of Zhang et al. [28]. The Assary et al. 
values were consequently smaller, but followed the same trend as the results pre-
sented by Zhang et al.:

 EC PC BC VEC GBL VC~ ~> > >  

The values for VEC and γ-butyrolactone (GBL) were new, as were the results for 
close to 30 mono- and disiloxanes, covering the potential range 3.38–5.14 V vs. Li+/
Li. The most stable solvents being –NO2, –CN, and –CF3 substituted monosilox-
anes, all with Eox above 5 V vs. Li+/Li, but slightly less stable than EC and PC [26].

Very recently, Leung extended his AIMD studies to include solvent oxidation at 
a Li0.6Mn2O4 (100) surface [31]. This is, to the best of our knowledge, the first 
example of introducing an explicit surface for oxidation reactions, with the results 
suggesting EC to adsorb to the surface and bond breaking to occur before the sub-
sequent exothermic oxidation. In detail, it proceeds with a simultaneous proton 
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transfer from EC to a surface O atom, followed by reorganization at the surface of 
the EC fragment – having lost two electrons. Based on the activation energies, a 
sub-second time scale was suggested for the surface catalyzed EC oxidation. Leung 
discussed Eox in the introduction of his work, where it was suggested that static DFT 
approaches overestimate solvent Eox and Ered, since the catalytic activity of the elec-
trode surface is not taken into account. However, no alternative Eox was predicted 
from the AIMD simulations. Instead, for example the activation energy for O–C 
breakage in ultra-high vacuum versus at the electrode–electrolyte interface was 
compared, which predicted a lower barrier at the surface. Leung related his results 
to the work by Xing et al. on solvent decomposition in solvent–anion complexes 
[57], which also suggested a solvent deprotonation mechanism. Different decompo-
sition products were a natural consequence of having an anion versus an explicit 
surface accepting the proton, thus showing the importance of a correct model – 
depending on the sought property.

The approach of Leung above allows for detailed studies of decomposition path-
ways, but there are also some possible drawbacks with the large freedom in surface 
design and the choice of reaction pathways: an overwhelming (computational) task. 
Qualitatively different results may occur on different surface facets and it is in addi-
tion also hard to anticipate and account for thin surface coatings, like SEI or SPI, 
that likely form spontaneously on real electrodes and possibly alter surface proper-
ties and decomposition pathways. However, with a continuous increase of compu-
tational power and overall development of the methods employed, we foresee that 
each of these problems will be diminished, and simulations of a much wider number 
of solvents and scenarios will be possible via this strategy and various models. 
Thus, this approach will become an increasingly valuable tool to investigate the 
influence of different surface chemistries on the relative solvent Eox and decomposi-
tion pathways – and perhaps be truly predictive, also able to target-specific chemis-
tries and thereby including the “full” battery cell design.

9.3.2  Salts

Prediction of salt electrochemical stability in the context of Li-ion batteries has 
mainly involved predicting the Eox of novel lithium salt anions, frequently without 
any focus on the subsequent decomposition reaction products and mechanisms. 
However, with recent results on oxidation promoted solvent–anion reactions [57] 
and the rapid development of “solvent-free” ionic liquid (IL) electrolytes, investiga-
tions of both anion and cation decomposition products are foreseen by us to become 
more frequent and important – particularly in connection with the passivation phe-
nomena at the negative electrode. As for solvents, we will here follow the historical 
development of studies and methods, followed by some more recent works that 
together with our remarks outline our perspective on the future.

In 1993 Kita et al. presented several predicted anion Eox (MNDO) – upon introduc-
ing the new lithium salt LiTFPB [65], a new member of a class of aromatic borate 
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lithium salts introduced earlier [66]. To investigate the effect of the perfluoroalkyl 
substitution, the HOMO energies were correlated with available experimental Eox [66]. 
A linear relationship between calculated and experimental Eox was presented for five 
anions. TFPB and an analogue with half the number of perfluoromethyl substituents 
were predicted to be the most stable, offering significantly improved Eox with respect 
to a non-substituted phenyl borate, B(C6H5)4

−, but were not predicted to be as stable as 
the fluoro substituted B(C6F5)4

−. However, neither the predicted oxidation stabilities of 
TFPB nor B(C6F5)4

− were calculated a priori, but instead extrapolated from calculated 
results for anions with substituents introduced only in one out of four phenyl ligands. 
Thus, adding an element of uncertainty to the absolute Eox predicted for these anions. 
In fact, the oxidation stability of B(C6F5)4

− seems to have been overestimated and that 
of TFPB underestimated. This is indicated by the very large gap between predicted 
and measured Eox for B(C6F5)4

− and the approximately 0.7 V difference in experimen-
tal oxidation stabilities between a LiB(C6F5)4 and a LiTFPB electrolyte, in favour of 
the latter – with a reservation made for the use of different solvents [65].

MNDO/HOMO energies and experimental Eox for three perfluoroalkylsulfonates, 
CxF2x+1SO3

− with varying perfluoroalkyl chain-lengths, were also presented [65], and 
accurately predicted the high anionic stabilities observed experimentally for the two 
larger anions, but the calculated difference of 0.29 V, between the extremes, did not 
account for the experimental Eox difference of approximately 2 V [65].

The approach was repeated for new salts [67–69]; in 1997 for long-chain sulfo-
nates with updated MNDO to investigate the effects of branching [67], and in 2000 
based on HOMO and LUMO energies for imides, imide esters, and a methide anion, 
using a combination of SE and low-level ab initio approaches [68]. Qualitative 
trends, but not quantitative results, reproduced experimental Eox, where the methide 
anion, (CF3SO2)3C− (TFSM), was found to be the most stable. Moreover, LUMO 
energies, used to assess relative anion Ered, were found to correlate with HOMO 
levels, such that an anion with lower HOMO value also had a lower LUMO value 
[68]. In a final paper by these authors, HOMO energies were evaluated for PF6

− and 
three perfluoro derivatives, PF6–x

−(CF3)x
−, using DFT (B3LYP) [69], but a qualitative 

correspondence between calculated and experimental results was not obvious.
Already in 1995 Benrabah et al. had presented calculated HF/HOMO energies of 

CF3SO3
− (Triflate), (CF3SO2)2N− (TFSI), and TFSM anions [70]. However, in con-

trast to the results later reported by Kita et al., they found TFSI to be the most stable 
and TFSM to be the least stable anion. The important difference was the use of a 
diffuse function “+” in the basis set or not, often considered to be of importance for 
accurate modelling of anions [70].

Koch et al. [6] addressed Eox of TFSI, TFSM, PF6
−, and AsF6

− with DFT/IP and 
compared the results with experimental Eox measured for ILs. Both the calculated and 
experimental results predicted the relative Eox: TFSM > TFSI > AsF6

− > PF6
−, with a 

correlation coefficient close to unity. However, the difference between the extremes 
was only 0.8 eV. Also, they used crystal geometries in place of DFT optimized 
geometries to calculate the IPs, which must be regarded as highly questionable. Later 
predictions of Eox have quite unambiguously identified the inorganic fluoro-based 
anions to be more stable than the organic alternatives – irrespective of approach [8, 20]. 
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This can only agree with the above, if the experimental determination of the stability 
of the PF6

−- and AsF6
−-based ILs, which was made at elevated temperatures (80 °C), 

significantly altered the trend with respect to what is observed with molecular sol-
vents at room temperature [58].

Later, Barthel et al. used MNDO/HOMO to predict the Eox of several new 
organoborates and found a linear trend vs. the experimental Eox [71]. Fluoro atom 
substitution decreased the HOMO energies and increased the experimental Eox, 
however, the methodology somewhat overestimated the Eox differences – as observed 
for borate anions earlier [65].

Most of the experimental results above were later embraced as references in the 
seminal computational work by Ue et al. [8], who applied HF/HOMO to more than 
20 anions, and DFT/IP to a subset of these. With the experience gained from deter-
mining experimental Eox for anions in quaternary ammonium salt electrolytes [58], 
special emphasis was made to put experimental results from different sources on a 
similar footing by “correcting” the voltammograms made using different sweep 
rates. However, lack of control of other experimental parameters was still mani-
fested in large differences of Eox where data sets overlapped, e.g. CF3SO3

− (5.1 or 
6.0 V vs. Li+/Li [8]). A single master computational and exp. Eox correlation was not 
obtainable, but rather for families of chemically similar anions. Qualitatively, the 
HF/HOMO results reproduced earlier MNDO/HOMO findings, but were not always 
on par with the DFT/IP results – which were evaluated with optimized excited elec-
tronic states and were found to reproduce the experimental Eox trend:

 
AsF PF BF TFSM TFSI ClO CF SO6 6 4 4 3 3 2 5 4

- - - - - -
> > > > > > > ( )B C H

 

As already pointed out, these results were quite different to those obtained by 
Koch et al. with their SE DFT/IP approach [6].

Ue et al. subsequently applied the same approach to study substitution effects in 
perfluoroborate, BF4−x(CF3)x

−, and perfluorophosphate, PF6−x(CF3)x
−, anions [22]. 

The introduction of a first perfluoro group in either anion family was always pre-
dicted to decrease Eox significantly. However, with further substitution and a domi-
nant number of perfluoro groups, an unambiguous picture emerged. The Eox of the 
borates was regained to a similar value (DFT/IP) or slightly lower value (HF/
HOMO) compared to the tetrafluoroborate, but this trend was not obtained for the 
phosphates. The P(CF3)6

− was by both approaches predicted to have a quite substan-
tially inferior Eox to PF6

−. Moreover, an increase of the perfluoro chain length was 
predicted to have little effect. Experimental data for BF3(C2F5)−, found this anion to 
be less resistant to oxidation compared to BF4

− [22] – in accordance with the predic-
tions. However, PF3(C2F5)3

− as part of an ionic liquid, has an Eox comparable to PF6
− 

[72], which contrasts the predicted trend.
In the spirit of the work by Ue et al., one of us performed further tests and devel-

opments of the HOMO and IP (F-C) approaches by implementing new DFT func-
tionals and evaluating the performance of mixed approaches – (HF, MNDO, …)/IP 
and DFT/HOMO [19, 20]. Also, the effect of introducing a continuum (CPCM) was 
investigated, and furthermore, Eox were reported with reference to the Li+/Li redox 
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couple, following the example of Vollmer et al. [29] and others. The basis of the ab 
initio HOMO approach, Koopman’s theorem, is often stated not to be applicable 
within the framework of DFT, but DFT Kohn-Sham orbital energies have been dem-
onstrated to correlate very well with both IPs and EAs [73]. For Johansson’s test set 
of 12 anions, representing different functionalities and structures, the DFT/IP 
approach using the VSXC functional was found to best predict Eox, and thus recom-
mended for future use [20], with no improvement seen for the implicit solvation.

MO energies and different IP approaches has since Ue’s and Johansson’s work 
been adopted by several groups for comparison with experimental Eox whenever 
new Li-salts or ILs have been synthesized [74–77], or to predict the stability of 
unknown compounds [23, 24, 78, 79].

Recently, a more extensive screening of known and hypothetical anions was 
made by us, which highlighted the sometimes qualitatively different predictions that 
can result with the HOMO and IP approaches [27]. The differences were found for 
cyano- and fluoroborates and phosphates, respectively. The introduction of cyano 
groups in place of fluoro atoms lead to a big initial drop in oxidation stability 
according to the HOMO results, while instead the IP results suggested a small 
improvement. Both methods, however, agreed upon a successive increase of stabil-
ity with further substitution. It was suggested that the specific DFT treatment of the 
cyano chemistry was inappropriate, as the discrepancy was not observed in the 
screening of perfluoro substitution effects by Ue et al. [22] and DFT overestima-
tions of IPs had already been observed for diatomic CN [80].

We conclude this section by reporting on a few approaches to the electrochemi-
cal stability of ILs. For these ionic solvents, predictions of the electrochemical sta-
bility of both ions are needed to correctly explore the stability limits. Ong et al. 
focused on a computational efficient screening of foremost IL cations, when they 
estimated Ered and Eox of some 170 cations and 30 anions via DFT/EAs and IPs [25]. 
Alkylation of proton sites was found to lower cation EAs, thus increase the stability 
against reduction, with a site-dependence and the strongest effect predicted for the 
first substitution. In accordance with experimental results, the ammonium, pyrro-
lidinium, and phosphonium based cations were predicted to be more stable than 
imidazolium and pyridinium based cations. The introduction of electron- 
withdrawing cyano, carboxylic acid, perfluoro groups, or fluoro atoms was shown 
to destabilize the cation, while electron-donating hydroxide, alkyl, or amide groups 
increased the cation reduction stability. Corresponding substitutions to the PF5(CF3)− 
anion improved the oxidation stability only when a cyano group replaced a fluoro 
atom directly bond to the phosphorous centre, probably due to the already very 
strong electron withdrawing groups present. Also, seemingly unaware of the earlier 
work by Ue et al. [22], perfluoro groups of different chain-lengths were introduced 
for PF6

− and BF4
−, and here also for TFSI. Improved oxidation stabilities were only 

predicted for some high molecular weight analogues of BF4
− [25].

Perhaps most importantly, Ong et al. demonstrated that hundreds of molecules 
can be screened in a systematic way, with good correspondence also between cation 
EAs and experimental reduction potentials [25]. In subsequent work they imple-
mented a novel, more expensive, MD-DFT approach to the electrochemical 
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windows of six possible IL combinations originating from two cations – N,N-methyl-
propylpyrrolidinium (C3mpyr+) and 1-butyl-3- methylimidazolium (C4mim+) – and 
three anions [81]. Classic MD was performed for unit cells initially containing 128 
ion pairs. With 16 ion pairs extracted after equilibration, further time evolution of 
these structures generated multiple MD-snapshots as input for periodic boundary 
DFT single point calculations of HOMO and LUMO levels. To compare the results 
for different ILs, all results were aligned with respect to a common reference – the 
Hartree potential relative a vacuum slab. In addition to the overall HOMO and 
LUMO levels calculated, density of states (DOS) revealed the individual cation and 
anion contributions to the stability limits.

The most striking result of this approach, when compared with regular EA and IP 
and PCM–HOMO/LUMO calculations, was that the reduction limit sometimes was 
dictated by the anions and the oxidation limits by the cations. Specific examples 
include the reduction limit of C3mpyrTFSI, predicted to be governed by TFSI, in sup-
port of electrochemical and spectroscopic findings elsewhere [82], and the lower 
anodic stability of C4mim+ compared to BF4

− and PF6
− in the corresponding ILs. 

Overall, this collective approach to the electrochemical stability of ILs is very appeal-
ing and it will be interesting to follow future results. However, it is not clear what 
possible parasitic effects are introduced when using a liquid structure obtained from 
MD rather than a structure optimized at the ab initio level used for the HOMO/LUMO 
calculations. In this respect, the approach suffers a similar drawback as the DFT/IP 
study by Koch et al. [6], that by using crystal geometries as input, obtained alternative 
trends for anion oxidation stability with respect to a standard DFT/IP approach [8].

An alternative approach to IL electrochemical windows was put forward by 
Ballone et al., who implemented a free electron droplet (a 40-electron jellium 
sphere) as a model electrode in AIMD simulations to investigate the role of the 
electrode/IL interface on the stability of several ILs [83]. For reference, the pre-
dicted stability windows of C4mimTFSI and C4mimPF6 adsorbed on the jellium 
surface, 3.77 V and 3.48 V, respectively, were in quite good agreement with the 
corresponding windows, 3.87 V and 3.74 V, reported by Ong et al. using their novel 
MD-DFT approach [81]. However, as commented and demonstrated by Ong et al. 
with the use of a different functional, these windows were unduly narrow because 
of the PBE functional used.

9.3.3  Additives

While the fundamental working scheme of the electrolyte in the electrochemical 
cell is to support the main reactions, there is for cell optimization a need for certain 
small amounts of other chemicals to be added to the electrolyte – additives. From 
the battery perspective the exact need is dependent on the cell chemistry and type as 
well as the intended application. We will here address additive electrochemical sta-
bility and how this can be predicted, but we will also select the types of additives 
treated in order to further exemplify the ways computations can be used – meeting 
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other demands on the predictions than we so far have seen for solvents or salts. 
There is also another pronounced difference to the previous sections; many types of 
additives have as such not been addressed by computational techniques (at least not 
in the open literature) for at all the same time-period, here rather less than 10 years 
than the over 20 years mentioned earlier. (We do here consider VC rather as a sol-
vent than an additive). One should remember that this is in the open literature, there 
was most likely modelling activities at, e.g., Sony earlier, supporting their early 
work prior to 2000 c.f. Adachi et al. [84]. Anyhow, the need for a description of the 
time-evolution of computational techniques employed and the diversification in 
strategies, methods, and models, in the studies reported, is reduced. Therefore, we 
here rather present a few thorough case studies which we discuss in detail to show 
on the possibilities today of making predictive calculations useful for further addi-
tives development.

9.3.3.1 Active/Passive Role of Electrochemical Stability

Going back to Sect. 2 of this chapter we outlined that we in principle target either 
wanted or unwanted redox reactions; this implies even more so to the field of pre-
dicting additive electrochemical stabilities via Eox and Ered. There are many types of 
additives used today in practice in lithium ion batteries, making the electrolyte a 
smart but rather complex cocktail, and where all additives basically are sorted by 
their target function: chemical stability, flammability, wettability, film formation, 
thermal stability, overcharge, etc. Any additive that does not have an outspoken 
electrochemical role in the cell should not impede on the basic wanted redox reac-
tion, i.e., not decrease the electrochemical stability window. This is what we here 
sort as a passive role – the Eox and Ered for such additives should simply be outside 
the ranges set by the solvents and salts. This can of course be predicted much the 
same way as performed for solvents and salts, with more similarities to the former 
as most additives are neutral molecules. On the other hand there are additives that 
certainly should be active within the electrochemical ranges set by the cell – typical 
examples that already have been mentioned are film-forming additives to create the 
needed SEI (to which of course VC should be counted), but foremost we would here 
like to focus on redox shuttle additives, both for pedagogic reasons, but also because 
of these compounds immense importance for the battery progress.

9.3.3.2 Redox Shuttle Additives

These compounds are perhaps scientifically the most underrated components of 
today’s battery electrolytes. In order for any battery cells to maintain the best pos-
sible safety and life-length, especially when compiled into working batteries and 
even more so when put into large battery packs, they need to stay within certain 
cut-off potentials – determined primarily by the intrinsic stability of the electrolyte. 
As the manufactured cells always are just slightly different, and these differences 
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may increase with time, they will also charge and discharge slightly differently, and 
staying within the desired limits will not be possible without extensive external 
electronic monitoring – requiring a lot from the battery management system (BMS). 
This is where parts of this task can be handed over to redox shuttle additives, to both 
simplify the BMS and create electrolytes that become more tolerant to what either 
would cause overcharge or overdischarge.

Above we in passing noted that some additives “do have other demands on the 
predictions” – a statement that calls for a bit of explanation. The vast majority of the 
referenced works so far have been quite satisfied with only qualitative predictions or 
quantitative ones that either are just relative or, even if absolute, considered OK 
when they hit approximately the right ball-park. While perhaps the latter is to exag-
gerate a bit, this is still in stark contrast to the case for redox shuttle additives. In 
order to ensure cell safety and life-length and at the same instance not decrease the 
capacity of the cell design, there is an extremely strong emphasis put in the devel-
opment of these additives to hit exactly the right Eox and Ered values – and thus this 
goes also for the predictive computations employed.

There is also another difference to be noted when comparing to the development 
of predictions for solvents and salts; while for these electrolyte components the 
practical materials development quest has most often been to extend the Eox and Ered 
values, the quest for redox shuttles has partly joint in when trying to address high 
voltage cathode materials, but at the same time the development has also been 
emphasizing to match “medium” voltage cathode materials like LiFePO4. It should 
also be noted that the first papers we know of that deals with computational predic-
tions for vast screening of redox shuttle additives, rather than using trial-and-error 
synthesis, are no older than 2006, see below.

The simple working scheme of any overcharge protection devoted redox shuttle 
additive is as follows (see Fig. 9.8): the redox shuttle additive, dissolved in the elec-
trolyte, almost always in neutral form (S or S0), is oxidized to a radical, S0 → S•+ + e−, 
at the desired Eox value, when the charging of the cell is completed and thus match-
ing the positive electrode Eox value. Subsequently the radical by its positive charge 
migrates through the electrolyte to the negative electrode, where the reaction simply 
is the reverse, S•+ + e− → S0. Hence, the shuttle cycle is completed and can be repeated.

Anode −

e−

e−

S•+ S

+Cathode

Fig. 9.8 Redox shuttle 
mechanism
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The above may seem very simple as the target basically is a single reaction that 
involves no other molecules than the main model. However, this is no different to 
the basic demands on, e.g., the electrolyte anions. Of course, however, there are 
various designs of molecules that can be employed for constructing redox shuttle 
additives, some examples where predictive computations have been extensively 
applied are neutral aromatic molecules like BDB [85], DDB and its derivatives 
[86–88], anisole and its derivatives [86, 87, 89], while the most notable non-aromatic 
family of compounds is the TEMPO radical and its derivatives [86, 87, 90]. There 
are a few studies grasping more than one family of compounds [86, 87, 91], but less 
frequently this opportunity is taken to monitor the performance of different strategies, 
methods, or models – but a few notable exceptions will be treated in depth as case 
studies below. The work by Han et al. is rather unique for its coverage of no less 
than 108 additives [91], but foremost as the study focuses entirely on high- voltage 
targets (>4.5 V) – all the above studies, apart from BDB aiming at ca. 4.5 V [85], 
are directed at LiFePO4 cathodes and thus moderate voltages (ca. 3.5–3.9 V) (Han 
et al. also already in 2003 covered ten various additives – see [54]).

Case Study: TEMPO and Its Derivatives

We chose this as our first case study due to the many special features of the TEMPO 
compound(s) and also that the studies made are thorough and exemplifies the level 
of accuracy that has been reached for predicting the electrochemical stability of addi-
tives. There are also a number of delicate computational issues that we do not find 
described elsewhere for these types of additives. The core TEMPO molecule is a 
stable radical, with a sterically protected nitroxide. In 2006 only BDB and TEMPO 
had shown the required stability to act as an overcharge protecting redox shuttle [90].

As examples of the level of accuracy obtainable for TEMPO we basically use 
two papers from 2006 [86, 90]. As an example of particular methods development, 
aiming also at other redox shuttle families, the first of these papers also includes the 
systematic variation of CPCM parameters (B3LYP/6-31G*), something we do not 
observe in any other papers. Both the solvent radius and the dielectric constant were 
varied and TEMPO applied as the probe; by varying the radius between 4.0 and 
6.0 Å, for a dielectric constant of 60.0, and the dielectric constant between 40.0  
and 80.0, for a radius of 5.0 Å, the TEMPO Eox is shown to vary between 3.63 and 
3.65 V, and thus being rather insensitive to this variation.

As another feature, the paper in detail discusses the problem of predictive computa-
tions to arrive at stable geometries, and instead noting imaginary frequencies. This 
occurred for no less than 7 out of 17 studied shuttles, whereof one a TEMPO derivative. 
While the authors did address the issue by increasing the DFT grid quality, we specu-
late in that the use of another DFT functional, starting geometry or just a larger basis 
set could prevent this erroneous behaviour, though a freely rotating methyl group often 
poses a low-lying energy landscape problem. The practical consequence was that the 
error in energy from having one or more imaginary frequencies denounced the thermal 
contribution correction sought to better correlate with the experimental data [86].
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A third complicating feature found and addressed was that, with the 4-methoxy- 
TEMPO radical used as the example, some of the shuttles have multiple conforma-
tions, e.g., axial or equatorial methoxy group [86]. The solution taken was to predict 
the Eox value for both conformations and simply report the average, without any 
Boltzmann distribution based on the small energy difference. The given example of 
the 4-methoxy-TEMPO radical gave 3.69 and 3.85 V, resulting in an average of 
3.77 V (faulty listed as 3.74 in Table 1 [86]). The interesting note to make here is 
that in solution one conformer may dominate and the difference of 0.16 V is a rather 
large difference, seen in the light of the Eox values of the other two TEMPO radicals 
reported: TEMPO 3.64 V and 4-oxo-TEMPO 3.94 V. Thus the maximum substitu-
tion effect reported for the TEMPO based shuttles was only twice that of the confor-
mational change.

Of course there can be more chemical substitutions made to the TEMPO basic 
structure; in [90] an incremental exchange of H to F atoms either on the ring or in 
the methyl groups were made to move the TEMPO Eox value further away (up) from 
the LiFePO4 Eox value – deemed valuable for commercialisation. Each such substi-
tution moved the predicted (B3LYP/PCM) Eox value up ca. 0.1 V, which for the 
practical aim was considered too small an enhancement. This time, this was used as 
a pre-synthesis screening test, as this exact substitution strategy was not reported 
with any experimental correlation/verification (while others were).

The main reason for selecting the case of TEMPO and the reference [86] was, 
however, the excellent RMS and max deviations obtained for the 17 additives test 
set. By calculating a new measure based on the average orbital energies, corrected 
to the Li+/Li redox couple, an “Eest” was obtained with a RMS of only 0.05 V and a 
maximum deviation of 0.15 V for a range which was >1.5 V, which convincingly 
illustrates just how accurately it is possible to predict the Eox values, when accurate 
experimental data is at hand – as there is nothing especially complicated behind the 
strategy, method, or model applied.

Case Study: Using a Probe Molecule

When we in Fig. 9.3 in Sect. 2.3.3 outlined the different models that have been used, 
they all shared the common feature of comprising, either explicitly or implicitly, the 
components of the electrolyte and sometimes electrodes – and nothing else. This 
may seem as an obvious choice and perhaps odd to mention, but we will here treat 
an especially elegant case where another distinct kind of strategy and model was 
successfully employed [87].

A caveat is that the strategy does not formally treat the electrochemical stability 
in any redox reaction per se, but rather the overall stability of the oxidized form of 
the redox shuttle, a property, however, of immense importance for practical applica-
tion (to be able to fulfil as many cycles as possible in accordance with Fig. 9.8 in 
Sect. 3.3.2).

The strategy presented in [87] in essence follows this line of thinking: (1) the 
standard methods that can be accurately used to predict the Eox values (see section 
“Case study: TEMPO and its derivatives” above) do unfortunately not convey the 
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additive stability against decomposition within “the reaction cocktail of the Li-ion 
cell” [87], (2) the calculation of the reaction pathways considering each possible 
decomposition reaction of each possible additive would effectively prohibit large 
scale screening of new compounds, (3) the intrinsic reactivity of the additive can 
instead be estimated by testing with an “atomic reactivity detector” [87].

The physical chemistry idea behind the “atomic reactivity detector” is that a 
preferred interaction with this probe would naturally reveal an atom in the redox 
shuttle prone to react. And the strength of the interaction would probe the reactivity of 
the redox shuttle at large. For the ease of computation the “atomic reactivity detec-
tor” would preferably be a rather small molecule and it should interact strongly with 
the test object. The single strongest criteria, however, is to correlate with the experi-
mental studies of stabilities of a test set.

Having observed that neither the natural choices EC nor Li+ or PF6
− worked as 

probes using the criteria above, the authors next considered to use a species not at 
all present in any electrolyte, but with certain appealing properties. The choice fell 
on the ethyl radical (ER), C2H5

•−, that via its singly occupied HOMO (i.e., SOMO), 
localized to the carbon atom of the CH2 entity, has very strong interactions possible 
and this for a narrow end of the molecule that can penetrate the additive structure to 
access all atoms.

While the calculation of the interaction energy with the additives, Eb(ER), is 
quite straightforward, the experiments correlated against was a long-term experi-
ment for each redox shuttle, to observe the number of 100 % overcharge cycles that 
could be maintained before the shuttle action ceased [87].

The most amazing feature of this strategy is that when applied to 19 different 
redox shuttles stemming from, e.g., the DBB, TEMPO, and anisole chemistries, 
there was a quite binary correlation reported; those that experimentally were stable 
>100 cycles had Eb(ER) ≤ 1.73 eV, while those with a stronger computed interaction 
(>1.73 eV) all failed before reaching 33 cycles. With this main result the authors 
dwelled into details of the reactivity, especially how the computed LUMO energies 
can be used in conjunction with the probe measure, and also how certain chemical 
substitutions affect both Eox and Eb(ER). Interestingly, there was a rough correlation 
presented between the two: the higher the Eox, the higher also the Eb(ER), and thus 
a more unstable shuttle. This we here note as a discouraging result in the perspective 
of the development of shuttles for high voltage chemistries – but the correlation was 
not without outliers.

There were also special observations made related to the basic shuttle chemistry; 
the anisole was suggested to create a more stable species during the oxidation in the 
experiment and explained its worse correlation, while the radical nature of TEMPO 
renders this family to perform much worse as the Eb(ER) measure is less suitable. 
The major criticism that we can put to this case study today is the use of only the 
B3LYP/6-31G* method, as B3LYP often is regarded by computational chemistry 
purists as a rather “bad” functional in terms of absolute energies, and furthermore 
here combined with a rather small basis set. However, as the method is correlated 
overall vs. adequate experiments, we foresee only minor improvements on average, 
but perhaps a more modern functional combined with a larger and more flexible 
basis set would perform much better also for the more problematic cases.
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9.3.3.3 Concluding Remarks

The prediction of absolute values is more important for these compounds than else-
where, partly due to the fact that the experimental data used for the correlation is of 
higher quality and less ambiguous, and partly due to the work scheme of certain 
additives. Therefore statistical measures come more into play as well as large 
screening studies. The rather recent (<10 years) emergence of strategies in the 
 sub- area clearly shows as a less pronounced spread in the methods and models 
employed. Notably the methods used are not really updated or examined for better 
alternatives – with a majority or the DFT using the B3LYP functional as its work 
horse, with Han et al. [91] as an exception using other functionals (BPW91, 
B3PW91 with CPCM). The strategy employed for assessing the overall stability via 
a probe molecule for a working redox shuttle in its oxidized state was indeed a suc-
cessful new way of thinking.

9.4  Summary and Outlook

One of the main goals of the predictive calculations of Ered and Eox is to establish 
trends in solvent, salt, additive, and overall electrolyte electrochemical stability that 
can be used to guide the selection and combination of electrolyte components. Most 
conveniently, computational results obtained should – in one way or the other – be 
converted to a relative potential scale, preferentially vs. Li+/Li, to ease the comparison 
of experimental and calculated results. Thus, a grand summary of the work traversed 
in this chapter would be to present the electrochemical stabilities of the materials 
covered in this chapter in a master figure relative the Li+/Li potential. However, 
because of the many methods and model approaches implemented, and the different 
procedures used to project the computational results onto an experimental scale, this 
would be either a hopeless endeavour or end in an overwhelmingly complex figure.

Nevertheless, to still attempt something of the sort, a small sub-space of the 
results presented in this chapter have been collected in Fig. 9.9, in order to visualize 
a few of the most important conclusions that can be made. As a suitable sub-space 
the results of Balbuena et al. on the reduction stability of Li+-coordinated EC, VC, 
and PC [11, 37, 38] was chosen, because of the richness of models used and the 
consistent computation level approach. Balbuena et al. reported their results in both 
absolute numbers and relative the Li+/Li potential. In Fig. 9.9 – we have used the 
relation adopted by these authors, and created and related the absolute and reference 
frames in a similar fashion as was made in [92].

With Fig. 9.9 as a base we can stress the following: (1) Experimental reference 
results (potentials and relative trends) from different sources are frequently in 
contradiction, but map out a potential region where reduction or oxidation occurs, 
(2) The choice of model, e.g. vacuum, implicitly or explicitly solvated (by 1–4 
solvent molecules) species, will show a wide distribution of potential energies, and 
(3) When settling for a specific model and method combination, e.g. [Li(A)
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(B)]+
CPCM, where A and B are the same or different species, both qualitative and 

quantitative results for the reduction of A will depend not only if A is partnered 
with another A or B, but also on the strategy chosen, e.g., how the reduction 
energy is defined – i.e. the choice of start and end structures, as visualized in 
Fig. 9.9 by the choice of cyclic or linear reduction products.

Fig. 9.9 Reduction mechanisms and predicted reduction energies for Li+-coordinated EC, VC, 
and PC presented by Balbuena et al. [11, 37, 38], with respect to absolute and relative potential 
energy scales and experimental reference values reported in [11, 35, 51]
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Figure 9.9 and all the works behind it illustrates where we are today; the simplest 
possible forecast of the future of predictive computations for electrolyte and additive 
electrochemical stabilities is that the space and time constraints will be less severe, 
as it will for any other scientific task mainly relying on hardware and software. The 
computational power increase, but perhaps even more so the increased availability 
of the power, open up for many more studies with larger explicit models, preferably 
using high-level ab initio methods or modern DFT functionals, which then can be 
treated as cluster-continuum or propagated with time in AIMD. Along these lines 
we note the extensive work by Borodin et al. on the oxidative stability and decom-
position reactions of several classes of electrolytes that appeared just prior to final-
izing this text [93].

However, if the synergies among different parts of the electrolyte materials still 
are poorly understood, as indeed the status in summary in today, and not converge 
nicely with increased model and method quality, then we will also in the future have 
large problems in creating reliable predictions of potentials and electrochemical 
stabilities.

We do also see a possible drawback with the increased ease of applying compu-
tations; it might be that some poor studies may result due many more scientists 
being involved, which either lack battery field knowledge or insight into the strat-
egy–method–model issues. Our modest hope is that the present text may to some 
extent prevent this from happening.

In some studies we already see examples of what the future will bring; the MD 
combined with DFT work by Ong in 2011 [81] showed the power of that method to 
treat electrolytes collectively, which does away with some of the extensive variabil-
ity seen when treating individual components or smaller clusters (Fig. 9.9). Likewise, 
the special approach by Ballone in 2012 [83] catched up on the old idea of having a 
electrode work function (Φelectrode) in place, but now treated in an elaborate way via 
performing AIMD on a Jellium model electrode. Also, Leung et al. demonstrated 
how realistic electrode surfaces, even with specific surface coatings, can be imple-
mented in the AIMD simulations. In addition, Leung recently reviewed the future of 
this technique for simulating electrochemical reactions at electrode/electrolyte 
interfaces [94]. It will be very interesting to see how many other groups that during 
the next few years catch on to these rather different but exciting studies.

Currently, we are in our own group developing a demanding approach (not com-
putationally, but for the wealth of data produced and difficult experimental compari-
son) to anion electrochemical oxidation stability and mechanism via the reaction 
products [95]. By using a molecular model and not only calculating the IP, but also 
deliberately “cutting” apart the resulting anion radical at all chemical bonds, we 
arrive to a large set of possible small fragments of the parent anion that may repre-
sent the instantaneous decomposition products. Chemical analysis in situ provides 
the experimental evaluation of the model.

Not only will the computations change but also the targets and aims. Obviously 
new solvents, salts, and additives for the lithium ion battery will be targets, but also 
the next generation batteries, which rely on other chemistries and therefore has 
other main problems and thus aims with the modelling. One example is the work by 
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Bryantsev and Faglioni [96] on the auto-oxidation of electrolyte solvents aimed for 
the construction of Li–air batteries, that via DFT (B3LYP/6-311++G**) and con-
tinuum methods attacks the stability of several solvents vs. superoxide, O2

•−, using a 
TD cycle assuming hydrogen abstraction as the solvent decomposition route. One 
should note that for the Li–air concept the stability vs. O2

•− is indeed the electrolyte 
stability vs. one of the electrodes, and today the totally dominant problem of Li–air 
batteries, preventing long-term cycling.
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    Abstract     Compared to Li-ion batteries, the Li–air battery is a relatively new concept 
and much of its problems remain to be solved. One of the key problems is the stabil-
ity of the electrolytes, which is the subject of this chapter in which we review exper-
imental and computational studies on this subject. The electrolyte stability is of 
concern during both charge and discharge at both the cathode and anode. In addition 
to electrochemical reactions, there can also be chemical reactions on the surfaces 
not directly involving electron transfer. Most experimental and computational stud-
ies so far have focused on the stability of solvents during charge and discharge at the 
cathode. Although there is strong evidence that the carbonates are decomposing at 
the cathode to form solid products such as Li 2 CO 3 , it is still not yet completely clear 
how the reduced O 2  species are directly related to the decomposition mechanism. 
Recent experimental and computational work has focused on the stability of ether-
based electrolytes. Ether-based electrolytes have been found to have increased sta-
bility for oxygen reduction products during discharge as most studies do not see 
evidence for solid decomposition products. However, ethers still have stability 
issues arising from other decomposition mechanisms such as oxidation during 
charge and chemical decomposition on the lithium oxide surfaces. In addition, 
decomposition reactions may occur at the anode, involving an oxygen crossover 
effect. Meanwhile, independent of whether the solvent decomposition reaction pro-
ceeds via O 2  2− , LiO 2 , or another Li–air reactive species, it is now clear that a solvent 
that is resistant to attack by reduced O 2  species must be discovered in order to 
achieve a practical Li–air cell with a long cycle life. Besides the problems of solvent 
electrochemical stability, the electrochemical selectivity also has to be resolved.  
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10.1         Introduction 

 Research and development of the science and technology of advanced, reliable, and 
clean electrical storage devices is of great importance due to the diminishing fossil 
fuel supplies and environmental concerns such as pollution from vehicles using 
conventional fuels. One area of specifi c interest is the development electrical energy 
storage systems for electric vehicles. In this case the cost of materials is a major 
factor in the research and development. In order to make the transition from hybrid 
electric automobiles to plug-in hybrid electric vehicles, a sustainable electrical 
energy storage battery technology that enables acceptable driving ranges (300 miles 
between charges) is critical. This will require much higher specifi c energy (energy 
per unit weight) and energy density (energy per unit volume) than can be obtained 
from the traditional Li-ion batteries. Therefore, there has been an increasing amount 
of research on energy storage systems that can go beyond the Li-ion battery limits. 

 One such technology that is of great interest is the Li–air battery, which is based 
on the Li–O 2  electrochemical couple introduced in 1996 [ 1 ]. It has recently been the 
subject of intense research by many groups [ 2 – 7 ]. However, to go beyond the cur-
rent Li-ion battery technology to a practical Li–air battery involves many formida-
ble challenges including achieving a fundamental understanding of the unknown 
Li–O 2  electrochemistry, development of new and improved materials, and master-
ing the critical aspects of cell design. There are several types of electrolytes being 
pursued in the Li–air battery development and the choice is intricately related to 
solving these challenges. Among the types of electrolytes being considered are: (1) 
aqueous electrolytes, (2) mixed aqueous/aprotic electrolyte, (3) solid electrolytes, 
and (4) a fully aprotic (nonaqueous) liquid electrolyte. 

 For Li–air batteries based on aprotic solvent electrolyte, the majority of electro-
chemical reactions occur either in the organic solution-phase or at its interface with 
an electrode. Thus, aprotic electrolytes have an advantage over aqueous electrolytes 
due to their wide electrochemical window. A liquid (molecular or ionic liquid) or 
solid solvent that can dissolve the solutes (lithium salts, discharge products) can be 
used. Despite their wide electrochemical windows, one of the key challenges facing 
the development of a successful Li–air battery is fi nding an appropriate aprotic elec-
trolyte that is stable during both charge and discharge. In addition, the properties of 
the electrolyte may play a key role in electrochemical selectivity in the growth of 
lithium oxides. The electrolyte stability is of concern both during charge and dis-
charge at both the cathode and anode. In addition to electrochemical reactions 
occurring, there can also be chemical reactions on the surfaces not directly involv-
ing electron transfer. 

 In this chapter we restrict our review to research that has been done on the stabil-
ity of fully aprotic liquid electrolytes for Li–air batteries. The review includes both 
experimental and computational aspects of this work, although the emphasis is on 
theoretical aspects. In the second section we review the basics of Li–air batteries 
and the electrochemical reactions involved in their operation and how they relate to 
the electrolyte. In the third section we review electronic structure methods for inves-
tigations of electrolytes. In the fourth section we discuss some of the initial Li–air 
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papers that used conventional Li-ion electrolytes. In the fi fth section we discuss new 
electrolytes being investigated. Conclusions and future work are presented in the 
fi nal section.  

10.2     The Li–O 2  Couple in Aprotic Electrolytes 

 The design of a typical aprotic Li–air battery is shown in Fig.  10.1 . The cell is com-
posed of a metallic Li-anode, an electrolyte consisting of dissolved Li-salt in an 
aprotic solvent, and a porous O 2 -breathing cathode that contains carbon particles 

  Fig. 10.1    A schematic illustration of a reversible Li–O 2  battery, in which lithium reacts with oxy-
gen to form lithium oxide discharge products on the surface of porous carbon electrode (with or 
without metal oxide electrocatalysts). Ideally, the reverse charging process is to decompose lithium 
oxide into Li and O 2  gas       
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bound by a binder, and in some cases an added metal catalyst. Assuming that no 
parasitic side reactions  take place, the fundamental chemistry of the battery is a 
Li–O 2  electrochemical couple. In this case, the potential specifi c energy that theo-
retically can be delivered from a Li–air cell is derived from the “active materials” 
involved in a complete electrochemical cycle (i.e., Li, O 2  in charged state and Li 2 O 2 , 
Li 2 O in the discharged state), can be much greater than the standard Li-ion battery 
[ 3 ]. One of the major challenges here is achieving the rechargeability, which occurs 
at three-phase boundary involving the electrode, electrolyte, and O 2  boundary. In 
this chapter, we focus on aprotic electrolytes and address the critical issues and 
some of the recent research progress pertaining to this issue in this review article.

   For Li–air batteries, an ideal aprotic electrolyte requires low viscosity, a high 
dielectric constant, high oxygen solubility, low water solubility, and good lithium 
ion mobility. In addition, the electrolytes should be stable during a wide electro-
chemical window, low volatility, and chemically inert towards the electrode materi-
als. At present, formulating an optimal electrolyte is requires fi nding the right blend 
of both physical and chemical properties between the Li-salt and the solvent. The 
solvation of the ions of the salt within the dielectric media of an aprotic solvent, 
involves acid base chemistry [ 7 ,  8 ]. According to the standard acid–base theory, the 
metal cation (e.g., Li + ) acts as Lewis acid (electron pair acceptors), and the solvent 
molecules typically act as Lewis bases (electron donors). 

 For a Li–air electrochemical cell, the presence of the oxygen reduction reaction 
(ORR) and oxygen evolution reaction (OER) during the discharge–charge cycle 
makes fi nding the electrolyte with optimal acid base chemistry even more diffi cult. 
This is because multiple different electron-transfer reactions that could occur during 
the discharge and charging process that could result in several oxidation state of 
oxygen such as is shown in Fig.  10.2 . The theory of Hard and Soft Acids and Bases 
(HSAB) [ 9 ] classifi ed Lewis acids and bases into hard and soft subcategories. Hard 
acids tend to interact strongly with hard bases, while soft acids interact strongly 
with soft bases. In addition, hard acids/bases generally have a relatively small ionic 
radius and are diffi cult to polarize, while soft acids/bases generally have larger radii 
and are more easily polarized.

   In the Li–air system, the metal (Li + ) ions in the electrolyte appear to act as Lewis 
acids in the reduction of O 2  to O 2  −  (superoxide), which is the initial electron 

  Fig. 10.2    Possible chemical and electrochemical routes for Li–O 2  couples       
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transfer reaction (Fig.  10.2 ). Electrochemically, the reduction of oxygen can lead to 
O 2  −  (superoxide), O 2  2−  (peroxide), and O 2−  (monoxide/oxide) with three distinct 
oxidation states. Following this model, O 2  −  has a relatively large radius and low 
charge density that makes it a moderately soft base. Li +  are hard Lewis acids and 
have a high affi nity for hard Lewis bases such as the O 2  2−  and O 2− . In general, the 
Pearson model of HSAB theory is consistent with the thermodynamics of the Gibbs 
formation energy of Li 2 O and Li 2 O 2 . The close proximity of Lewis hard base fea-
ture of O 2  2−  (peroxide) and O 2−  (monoxide/oxide) ions is analogous to their close 
vicinity in thermodynamic stability in Gibbs formation energy, i.e., Δ G  ~ −2.91 eV/
Li (Li 2 O) and ~ −2.96 eV/Li (Li 2 O 2 ) [ 10 ]. 

 Since superoxide is a moderately soft base the superoxide will either decompose 
or undergo a fast second reduction to form the hard base, O 2  2−  peroxide as shown in 
Fig.  10.2 . Relative to a superoxide, peroxide is relatively a stronger Lewis base and 
tends to be associated with the strong base Li + . Similarly, the other reduction prod-
uct of O2, the O 2−  is a hard base with a strong affi nity for Li + . Consequently based 
on the HSAB theory, the stable O 2  reduction products in aprotic electrolyte solu-
tions are Li 2 O 2  and Li 2 O for Li–air system. The resulting products will depend on 
the interplay between the solvated ionic species and solvent used in the electrolyte, 
their reactions with the O 2  − , O 2  2− , and O 2− . Currently little is known about this inter-
play, and these hypothesized mechanistic routes for the formation of LiO 2 /Li 2 O 2 /
Li 2 O (Fig.  10.2 ) remain to be investigated and understood at the molecular level. 
These types of studies will be required to fully optimize the performance of the 
electrolytes for Li–air batteries. The remainder of the review focuses electrolyte 
stability issues, which has been the focus of more studies.  

10.3     Overview of Theoretical Methods for Electrolytes 

 There are a variety of methods for use in modeling of electrolytes in Li–air batteries, 
which have already been widely used in modeling of electrolytes and related SEI 
formation in Li-ion batteries [ 11 – 18 ]. The methods that have been used for electro-
lytes in Li-ion batteries largely have utilized electronic structure or molecular 
dynamics methods. Since Li–air modeling reported so far has largely been based on 
electronic structure methods, a brief review of different levels of theory is given in 
this section. 

 Density functional theory [ 19 ], which has proven to be a quite accurate and 
robust method for calculating properties of molecules and crystals, is a primary 
method of choice for the modeling of electrolytes in Li–air batteries. There are now 
a large number of functionals available for modeling of molecular properties such as 
structures, energies, and spectroscopic quantities [ 20 ]. In general, most functionals 
perform well for the calculation of structures and spectroscopic quantities. Hybrid 
density functional methods are a class of approximations to the exchange- correlation 
functional that include some parameterization based on accurate experimental data, 
such as the widely used B3LYP method [ 21 ]. With an appropriate basis set, methods 

10 Aprotic Electrolytes in Li–Air Batteries



450

such as B3LYP provide the most overall accuracy for energies such as ionization 
energies, electron affi nities, reaction energies, and reaction barriers [ 22 – 25 ]. 
Accurate ionization energies and electron affi nities are needed for the calculation of 
oxidation and reduction potentials of electrolyte components including the solvent 
molecules and the salts. The reaction energies and barriers are needed for the inves-
tigation of the stability (decomposition) of the electrolyte upon reduction or oxida-
tion and for reactions with surfaces. Since the molecules in the electrolyte are 
solvated by the solvent molecules and salt molecule it is necessary to take this into 
account using some type of solvation model. A continuum model such as the SMD 
or PCM methods [ 26 ,  27 ] is commonly used. Usually solvation is an additive cor-
rection to the density functional energy calculated for the gas-phase optimized 
geometry. This method fails to take into account changes in geometry due to solva-
tion, which may be important in some systems. In addition, in some cases it may be 
necessary to add a small number of explicit molecules if the continuum solvation 
model is not adequate. An alternative approach is to use ab initio molecular dynam-
ics (AIMD), a method of performing time-dependent simulations using potentials 
generated from fi rst-principles [ 28 ]. The method is signifi cantly more expensive, 
but explicitly includes the solvation molecules. 

 As mentioned above, density functional theory is usually quite accurate. 
However, occasionally for the calculation of reaction energies and barriers it may 
have signifi cant errors. Thus, higher level wave function methods may be required. 
One approach that is very useful when more accurate energies are required is one of 
the Gaussian- n  methods. The Gaussian- n  (G n ) theories [ 25 ,  29 ,  30 ] have been 
developed over the last two decades with the goal of approaching exact molecular 
energies using a set of calculations based primarily on ab initio molecular orbital 
theory with different levels of accuracy and basis sets. The approach used in the G n  
theories is referred to as a composite approach wherein a very high level correlation 
method [e.g., CCSD(T)] based on a moderate sized basis set such as 6-31G(d) is 
combined with energies from lower level calculations (e.g., MP4, MP2) with larger 
basis sets. The latest version, G4 theory [ 29 ,  30 ], has an accuracy that approaches 
1 kcal/mol. An approximation to G4 theory that bypasses the MP4 calculations 
called G4MP2 theory [ 30 ] can save much computational time, yet gives very accu-
rate energies. Other ab initio approaches for the accurate calculation of thermo-
chemical data that have found use in electrolyte computation include the MP2 and 
CCSD(T) methods [ 31 ] with suffi ciently large basis sets.  

10.4     Organic Carbonate Solvents: Lessons Learned 

 In contrast to the Li-ion battery, the practical considerations of aprotic electrolytes 
used in Li–air battery are not limited to thermal stability, ionic transport, inertness 
towards electrode materials, and practical electrochemical window, but also include 
the reversibility issue of the formation of “active materials” that involves the subtle 
electrochemical reactions between the aprotic electrolytes and the reduced O 2  
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species with several different oxidation states or Li/O 2  reactive species. Initially, the 
stability issues of an aprotic electrolyte was not recognized, and carbonate-based 
organic electrolytes (propylene carbonate (PC), ethylene carbonate (EC), etc.) were 
widely used in Li–air battery, mostly because the organic solvents are the popular 
solvents in Li-ion battery application. In addition, the oxygen solubility require-
ments for Li–air batteries were based on carbonate solvents [ 32 ,  33 ]. 

 One of the fi rst papers to recognize the need for an electrolyte that is stable and 
inert towards the reduced oxygen species was the work by Mizuno et al. [ 34 ] reported 
at year 2010. Before the study by Mizuno et al. [ 34 ], Li 2 O 2  was generally be assumed 
or claimed to be the only discharge product in many publications [ 32 ,  35 – 40 ]. The 
lithium–air cell with carbonate-based electrolyte could perform for up to 100 cycles 
and with capacity retention of over 60 %. However, closer characterization revealed 
that the prevalent reaction products after discharge and charging process on the cath-
ode are decomposition product of carbonates such as (Li 2 CO 3 ) and lithium alkyl 
carbonate (R–O–(C–O)–OLi, R = alkyl group), not the desired Li 2 O 2  or Li 2 O prod-
ucts. The CO 2  gas was generated by the decomposition of these carbonate-based 
discharge products during charging process, but not O 2  gas [ 34 ] Since then, other 
groups have confi rmed by various means that the carbonate-based solvents are not 
stable under oxygen-rich electrochemical environment [ 10 ,  41 – 44 ]. Additional evi-
dence comes from Fourier transform infrared (FT-IR) and Raman spectroscopy data, 
indicating that the primary discharge product in carbonate-based electrolytes is not 
lithium peroxide, Li 2 O 2 , but various carbonate species, such as R–O–(C–O)–OLi 
and Li 2 CO 3 . In situ differential electrochemical mass spectrometry (DEMS) experi-
ments combined with  18 O isotopic labeling [ 10 ] reveal that, during charging of the 
discharged battery, CO 2  is evolved as a predominant oxidation product, most prob-
ably from the oxidative decomposition (during charging) of lithium carbonates and 
alkyl carbonates, and subsequently the decomposition of the solvent during cycling 
eventually leads to cell failure. Thus, when carbonates are used as solvents side reac-
tions lead to the continuous and irreversible consumption of electrolytes, and there-
fore the battery is considered to be fundamentally non-rechargeable. 

 To understand the nature of this reaction mechanism involving attack of oxygen 
reduction products on the carbonates several studies have been carried out and 
reported. It was found that PC is susceptible to the attack of superoxide radical (O 2  − ) 
based on Density Functional theory (DFT) study and coupled-cluster calculations 
by Bryantsev and Blanco as shown in Fig.  10.3  [ 45 ]. Subsequent reactions lead to 
decomposition to form carbonate species as discharge products. Interestingly, simi-
lar decomposition pathways for other organic solvents, e.g., ethylene carbonate 
(EC) and dimethyl carbonates (DMC) are also found [ 45 ] with computed activation 
barriers ~12.4–15.5 kcal/mol. According to Bryantsev et al. [ 45 ], the nucleophilic 
attack by O 2  −  at ethereal carbon atoms is a common mechanism of degradation of 
organic carbonate solvents (Fig.  10.3 ). However, it is noteworthy to point out that in 
Li–air batteries, the superoxide (O 2  − ) species could also exist as lithium superoxide 
(LiO 2 ) [ 8 ,  46 ,  47 ].

   A recent DFT and high-level quantum chemistry calculation by Zhang et al. [ 44 ] 
has been reported that considers four possible intermediates during ORR of O 2 , 
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i.e., O 2  − , O 2  2−  (Li 2 O 2 ), LiO 2 , and LiO 2  − . Consistent with the fi nding of Bryantsev 
et al. [ 45 ], the fi rst step in the decomposition of PC to Li 2 CO 3  or other lithium alkyl 
carbonates is the “ring-opening” (or C–O bond breaking) for PC reduction mecha-
nism. The energy barriers for this fi rst decomposition step in reactions of PC with 
Li 2 O 2 , LiO 2  − , LiO 2 , and O 2  −  and the transition state structures are shown in Fig.  10.3 . 
In general, the calculated energy barriers for all four species are quite small, ranging 
from no barrier to 23 kcal/mol, with LiO 2  −  being the most reactive. The apparent 
barrier for the second step in this reaction, i.e., C–O bond breaking is relatively 
smaller and the reaction is thermodynamically favorable. This suggests that upon 
“ring-opening” of PC, the reaction is thermodynamically downhill, and therefore, 
Li 2 CO 3  and other products such as formaldehyde and acetaldehyde can be formed, 

  Fig. 10.3    ( a ) Reaction free energy profi le for nucleophilic attack of O 2  −  at the carbonyl and ethereal 
carbon atoms of PC and the reaction pathway towards the formation of allyl alcohol 
(CH 2 =CHCH 2 OH) and CO 2  calculated within the continuum solvent model based on DFT from 
[ 45 ]. ( b ) Reaction energy profi le for O 2  −  attack on the ethereal carbon atoms of EC based on DFT 
and CCSD(T)-level of calculations from [ 49 ]. ( c ) The DFT results on the barriers for activations of 
PC decomposition by other possible reduced O 2  species, e.g., LiO 2 , LiO 2  − , and Li 2 O 2  besides O 2  −  
from [ 44 ]. ( d ) The PC decomposition due to the reactivity of PC with a [100] Li 2 O 2  surface through 
the nucleophilic addition to the carboxylic carbon from [ 48 ]. Reproduced with permission from 
[ 44 ,  45 ,  48 ,  49 ]       
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assuming that a second electron transfer can occur. In addition, the reactions of the 
electrolyte at lithium oxide/peroxide surfaces could also be responsible for the deg-
radation of the solvent, in addition to the O 2  −  that has been postulated by may be 
present in the electrolyte. Interestingly, such surface reaction has recently been pro-
posed using DFT study [ 27 ]. According to Laino et al. [ 48 ], it reveals that PC is 
easily decomposed upon the formation of Li 2 O 2  surface (i.e., [100] surface) on the 
cathode with a “barrier-less” reaction (Fig.  10.3 ), in contrast to the reaction by a 
Li 2 O 2  molecular unit in PC solution which has barrier as high as ~40 kcal/mol 
among various reaction paths (e.g., hydrogen abstraction and nucleophilic reac-
tions). For the reactivity of Li-rich, O-rich, and other stoichiometric thermodynami-
cally favorable Li 2 O 2  surfaces against PC reactivity, such surfaces reactions remain 
to be explored in the future.  

10.5     Ether-Based Solvents 

 Much attention is now focused on the search for other solvents that are resistant to 
the attack by reduced O 2  species and can avoid other decomposition problems. One 
of the popular alternatives is ether-based solvents (polar aprotic solvent). Ethers are 
attractive for the Li–air system because they combine the following attributes: sta-
ble to oxidation potentials in excess of 4.5 V vs. Li/Li + , infl ammable, high thermal 
stability, and low cost. The ethers with larger molecular weights, in particular, tetra-
ethylene glycol dimethyl ether (tetraglyme or TEGDME) is stable in contact with Li 
metal, and are less volatile and polar. Shorter chain ether molecules such as the 
1,2-dimethoxyethane (DME) were found to be unreactive towards the ORR inter-
mediate products (i.e., O 2  − ) by Aurbach et al. [ 50 ] in the electrochemistry study of 
noble metal electrodes in aprotic organic solvents. Additionally, DME has one of 
the highest O 2  solubilities reported for Li–air solvents [ 51 ] and it is stable at high pH 
values. These above attributes make DME a potential candidate as a solvent in Li–
air batteries and recent reports suggest that they are relatively more stable than 
organic carbonates in the presence of likely bases such as O 2−  and O 2  2−  [ 52 ,  53 ]. 
However, the question whether the ether-based electrolytes are suitable for Li–air 
batteries remains to be seen; and the pros and cons of this electrolyte will be dis-
cussed in the following sections. 

 The use of ether-based electrolytes in Li–air battery was fi rst studied by Read and 
coworkers [ 32 ]. According to Read et al. [ 32 ], ethers have the high oxygen solubility 
and high oxygen diffusivity, which are the crucial factors in Li–air cell performance. 
Following the previous study of Read et al. [ 12 ], the effects of ethers as additives and 
co-solvents in Li–air have been carried out by researchers in PNNL [ 54 ]. According 
to their investigation, the crown ethers (i.e., 12-crown-4, 15-crown- 5) have large 
effects on the discharge performance in nonaqueous Li–air battery, based on 
their ratio composition in organic carbonate-based solvents [ 54 ]. The changes of the 
cell performance are determined by the combined effects of the variations in the 
electrolyte’s contact angle on carbon electrode, O 2  solubility, electrolyte viscosity, 
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ionic conductivity, and stability of complexes formed between the crown ether 
molecules and Li-ions. Despite of these systematic studies [ 32 ,  54 ], the stability of 
ethers under ORR and OER environment of Li–air cell was not known. To explore 
this important property, the stability of the ethers in the presence of reduced O 2  spe-
cies has been the subject of studies in recent years. To probe whether the ether-based 
electrolytes are stable against the attack of reduced O 2  species (such as superoxide), 
recently an interesting experiment has been carried out by Black et al. [ 43 ]. In their 
experiment, the metastable superoxide is generated from the reaction of KO 2  with 
dicyclohexyl-18-crown-6 (crown ether) in solution, which complexes with the K + . 
Thus the metastable solvated LiO 2  can be formed in situ through metathesis with a 
lithium salt (e.g., LiPF 6 ). According to this experiment, no decomposition of 
TEGDME of by O 2  −  radical, generated from a chemical route, was observed. 
However, the decomposition of poly(vinylidenedifl uoride) PVdF (or Kynar Flex) 
binder through dehydrofl uorination was observed along with the formation of H 2 O 2 . 
Consistent with other reports [ 5 ,  41 ,  44 ,  45 ], Black et al. [ 43 ], concluded that the PC 
is vulnerable to O 2  −  attack. Accompanied by the reaction of O 2  −  (from KO 2 /crown 
ether) with Li +  through the evolution of O 2  gas in 1.0 M LiPF 6 –TEGDME solution, 
gradual precipitation and crystallization of Li 2 O 2  was observed and has been verifi ed 
using X-ray diffraction (XRD) spectra [ 43 ]. The evidence of degradation and 
decomposition of TEDGME due to O 2  −  attack was not found from their NMR analy-
sis [ 43 ]. According to Laoire et al. [ 46 ], the O 2  −  superoxide formed as the fi rst reduc-
tion product is complexed by the solvated Li + , probably becoming a stable species 
with a fi nite lifetime in solution. 

 Several groups have found evidence that the major discharged product when 
using ether-based solvents in the lithium–air cell is Li 2 O 2 . Abraham et al. [ 46 ] has 
characterized the discharge products in TEGDME using XRD as shown in Fig.  10.4 . 
Besides using LiPF 6  as the Li-salt, LiCF 3 SO 3 –TEGDME electrolyte has recently 
proven to be a promising electrolyte. Based on a LiCF 3 SO 3 –TEGDME–O 2  cell, a 
high performance Li–air battery has recently been reported [ 55 ]. With a metal or 
metal oxide catalyst-free electrode, the Li–air cell can operate over many cycles 
(~30 cycles) under capacity levels as high as 5,000 mAh/g carbon  with an average dis-
charge voltage of 2.7 V, which leads to a very high theoretical energy density of 
13,500 Wh/kg. Consistent with other TEGDME-based electrolytes, Li 2 O 2  has also 
been confi rmed as the major discharge product for the Li–air cell based on 
LiCF 3 SO 3 –TEGDME electrolyte, characterized using (Fig.  10.4 ) the ex situ XRD 
analysis during the discharge and charging cycle of the cell.

   Similar to the TEGDME solvent, Li 2 O 2  has been found as the major discharge 
product for a DME-based electrolyte upon Li–O 2  cell discharge [ 53 ] by McCloseky 
et al. In this case, the presence of Li 2 O 2  formed during the fi rst discharge on the 
cathode was both characterized using ex situ XRD and Raman spectroscopy 
(Fig.  10.4 ). In conjunction to this observation, a comparison study on Li–O 2  electro-
chemistry with other carbonate-based electrolytes (i.e., PC, EC, DMC) was also 
carried out using quantitative DEMS, coupled with isotopic labeling of oxygen gas 
( 18 O 2 ). An irreversible decomposition of carbonate-based solvents was observed 
during cell discharge, while DME appears to be stable during the electrochemical 
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window of ~1.7 V to ~4.6 V vs. Li/Li + . Through the galvanostatic discharge–charge 
curves and DEMS measurements coupled with the isotopic labeling of oxygen gas, 
the number of electrons per oxygen consumed during fi rst discharge for DME-based 
electrolyte was found to be ~2.05 ± 0.05, close to the values expected for the exclu-
sive formation of Li 2 O 2  (i.e., a 2e − /O 2  process as defi ned: 2(Li +  + e − ) + O 2  ↔ Li 2 O 2 ). 
While for PC and DMC-based electrolytes (i.e., PC–DMC = 1:1), the e − –O 2  ratio is 
greater than 2 which indicates that parasitic electrochemical or chemical processes 
consume some of the O 2  during the fi rst discharge of the cell. 

 Besides TEGDME- and DME-based ethers, a recent study from Zhang and 
coworkers [ 44 ] provided evidence that a oligoether substituted silane, i.e., tri 

  Fig. 10.4    ( a ) Discharge ( black ) and charge ( red ) capacity (in mAh/g) of Li–air cell with carbon 
electrode cycled at 0.1 mA/cm 2  and its XRD spectra from [ 46 ]. ( b ) XRD and Raman spectra of 
discharged carbon cathodes from cells employing DME, 1EC:1DMC, 1PC:2DME with LiTFSI as 
salt. ( c ) A sequence of ex situ XRD analysis carried out in its pristine state (XRD1), after complete 
discharge (XRD2) and after complete recharge (XRD3) of a LiCF 3 SO 3 –TEGDME Li–air cell from 
[ 55 ]. Reproduced with permission [ 10 ,  46 ,  55 ]       
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(ethylene glycol)-substituted trimethylsilane (1NM3) (i.e., 1.0 M LiPF 6 /1NM3 
 electrolyte with Super P carbon black, electrolytic manganese dioxide as a catalyst 
and PVDF binder ) was stable in the presence of reduced oxygen species. Based on the 
X-ray photoelectron spectroscopy (XPS) (Fig.  10.5 ) characterization, the authors found 
formation of lithium oxides (Li 2 O, Li 2 O 2 ) during the fi rst discharge, and no Li 2 CO 3 . 
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  Fig. 10.5    ( Top ) XPS spectra of Li 1s and C 1s core peaks of the cathode carbon electrodes after 
discharge and charge when using PC or 1NM3 as solvent in the electrolyte. Standard compounds 
Li 2 O 2 , Li 2 O, and Li 2 CO 3  are listed at the bottom of each spectrum for reference from Ref. 
JPCC2011. ( Bottom ) DFT results on the barriers for activations of PC and 1NM1 decomposition 
by few possible reduced O 2  species, e.g., O 2  − , LiO 2 , LiO 2  − , and Li 2 O 2  from [ 23 ]. Reproduced with 
permission [ 44 ]       
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In contrast, XPS showed that 1.0 M LiPF 6 /PC in the same cell confi guration, 
decomposed to form Li 2 CO 3  during the fi rst discharge cycle. Therefore, the differ-
ence in solid discharge products formed in 1NM3 and PC is likely responsible for 
the large difference in initial charge overpotential observed during the cell cycling. 
In addition, the higher stability of 1NM3 against the reduced O 2  species compared 
to PC is supported by their theoretical studies [ 44 ,  56 ].A comparison of reaction 
barriers for the initial decomposition reaction of 1NM1 (used as a model for 1NM3) 
and PC by likely oxygen reduced species in solution is shown in Fig.  10.6 . The 
computed energy barriers for the reactions between reduced oxygen species such as 
O 2  − , LiO 2 , LiO 2  − , Li 2 O 2  with 1NM3 or PC suggest that ethers are more stable against 
oxygen reduction products than PC (Fig.  10.5 ). A similar theoretical fi nding  has 
also been reported recently for various glyme series of solvents, CH 3 O(CH 2 CH 2 O)  N  CH 3  
(  N   = 1–4), where nucleophilic attack of superoxide anion is used as a proxy reaction 
to assess the stability of solvent [ 57 ]. The reversibility and cycling stability of 
1NM3-based (or glymes) Li–air cells remains unsatisfactory. This can be attributed 
to the failure to decompose all of the lithium oxide on charging process since some 
of the lithium oxide especially the insulating Li 2 O layers that might require a higher 
potential for decomposition. It may also be due to other sources of electrolyte 
decomposition such as chemical decomposition on cathode surfaces during dis-
charge or by oxidative instability at the cathode surface. In addition, lithium anodes 
are known for their corrosive properties, and electrolyte decomposition could occur 
at the anode especially in the presence of O 2  from a crossover effect.

    Despite the evidence for the increased stability of ether-based electrolytes that 
promotes the Li 2 O 2  formation compared to carbonate-based electrolytes as dis-
cussed above, there is some evidence for degradation of ether-based electrolytes in 
Li–air cells. Based on a recent theoretical study [ 58 ], the decomposition of DME 
through the chemical reaction with the major discharge product (i.e., Li 2 O 2 ) is pos-
sible and this may subsequently infl uence the cell performance including the crystal 
growth, nanomorphologies of discharge products and charge overpotential of subse-
quent cycles. Based on surfaces of Li 2 O 2  nanoparticles as reaction sites [ 47 ,  58 ], the 
DFT studies suggest that the most favorable decomposition of ether solvents occurs 
on certain sites on the Li 2 O 2  surfaces and involves hydrogen abstraction followed by 
reaction with oxygen, which leads to oxidized species such as aldehydes and car-
boxylates as well as LiOH. The most favorable site is a Li–O–Li bridging site that 
may be present as a defect site on a surface of Li 2 O 2  discharge product. The decom-
position route involving proton abstraction requires a much larger enthalpy of acti-
vation. According to McCloskey et al. [ 10 ] in a recent study, the irreversible 
decomposition of ether-based electrolyte (DME) through oxidative decomposition 
upon cell charging could be problematic. As shown in Fig.  10.6 , the evidence of the 
possible decomposition of DME at high voltage is implied by the gas evolution and 
electric current vs. cell voltage during the linear oxidative potential scan of a dis-
charged DME-based Li–air cell [ 10 ]. Four distinct peaks (at ~3.2, ~3.4, ~3.8, and > 
~4.5 V) are observed in this potential scan, with the fi rst three evolving exclusively 
O 2  and the last coincident to O 2  and CO 2  evolution. The large molar concentration 
of  18 O isotopes present in the CO 2  indicates that Li 2  18 O 2  formed during discharge 
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participates in the DME oxidation reaction at high voltages (~4.5–4.6 V). Therefore 
both DME and other ethers may be unsuitable solvents for secondary Li–air batter-
ies at high voltages. 

 Besides the possible problem of the high voltage breakdown of DME electro-
lytes due to the undesirable oxidation process, McCloskey et al have recently noted 
the presence of solid carbonate deposits (e.g., Li 2 CO 3  or LiRCO 3  with R = alkyl) 
during the discharge and CO 2  evolution the during charging as unwanted parasitic 
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reactions [ 59 ]. According to McCloskey et al. [ 59 ], Li 2 O 2  can react with carbon to 
form Li 2 CO 3  (Δ G  ~ −534 to −542 kJ/mol at 300 K). This was shown through isoto-
pic substitutions and the DEMS measurements of galvanostatic discharge–charge 
experiments using 1.0 M LiTFSI/DME electrolyte with different carbon cathodes 
(Avcarb P50 C paper, XC72, Super P, Ketjenblack). The results show that some CO 2  
is always produced during charging process when the potential is ~4 to 4.5 V refer-
enced to Li/Li +  [ 59 ]. As shown in Fig.  10.6 , both  13 CO 2  and  12 CO 2  are evolved in the 
~4 to 4.5 V peak, implying that solid carbonate deposits can possibly come both 
from reaction of Li 2 O 2  with the carbon cathode (which is made from ~99 %  13 C) and 
from decomposition of the DME electrolyte. Roughly 50 % of the CO 2  evolved in 
the high potential peak at the end of charging is  13 CO 2 . In addition, some  12 CO 2 , and 
nearly no  13 CO 2 , is evolved between 3 and 4 V [ 59 ]. Thus, this suggests that CO 2  
evolution is due to the electrochemical oxidation of Li 2 CO 3  (or possibly LiRCO 3 ) 
produced on the cathode. On the other hand, the evolution of CO 2  that is composed 
almost exclusively of  12 CO 2  (Fig.  10.6 ) might indicate that the electrolyte is decom-
posed. However according to McCloskey and his coworkers [ 36 ], the reaction is 
more likely to be due to reactions of Li 2 O 2  with the electrolytes during charging 
since there is no measurable electrolyte oxidation between 3 and 4 V under O 2  while 
in the absence of Li 2 O 2 . According to McCloskey et al. [ 59 ], this reaction is likely 
to also simultaneously deposit carbonates at Li 2 O 2 /electrolyte interface until ulti-
mately it can be decomposed into CO 2  when potential reaches ~4 to 4.5 V. 

 Interestingly, the presence of CO 2  in the cycling process of Li–air cell can have 
different interpretations. A recent study by Wang et al. [ 60 ], found that 1.0 M 
LiTFSI/DME electrolytes have evidence of unwanted degradation. They carried out 
characterization by Raman, FTIR, XRD, and XPS measurements. The changes in 
the fresh and discharged DME electrolytes were also examined by FTIR. All results 
showed that the mixture of EC and DEC undergo decomposition to form Li 2 CO 3  
and CH 3 CH 2 OCO 2 Li in the presence of O 2  reduction species such as superoxide ion. 
Although the DME-based electrolyte seemed to be more stable to O 2  reduction spe-
cies during fi rst discharge, it also decomposed after a long time exposed due to the 
formation of ether peroxide. Subsequently, the Li 2 O 2  formed at initial discharge 
becomes Li 2 CO 3  by reacting with H 2 O and CO 2  due to the degraded ethers [ 60 ]. 
According to Bruce and his coworkers, the mechanism is likely to be due to the 
electrolyte decomposition [ 52 ]. According to their recent study [ 52 ] none of the 
ethers were found to be stable towards reduced O 2  species From the XRD spectra 
shown in Fig.  10.7 , Li 2 O 2  was observed as the main products in the fi rst-cycle dis-
charge, but the percentage of Li 2 O 2  in total products was found to decrease signifi -
cantly after cell cycling; and subsequently at the fi fth discharge, no Li 2 O 2  was 
observed from the discharge product in 1.0 M LiPF 6 –TEGDME cell (Fig.  10.7 ). 
Here, it is noteworthy to point out that each characterization tool might have limita-
tions, especially the XRD and FTIR. In particular this can be seen from the direct 
comparison among the XRD and FTIR shown in Fig.  10.7 . From XRD, the Li 2 O 2  
can be interpreted as the only discharge product in the fi rst-discharge cycle, but 
FTIR show that the Li 2 O 2  that forms on the fi rst discharge cycle is accompanied by 
electrolyte decomposition and yield a mixture of Li 2 CO 3 , HCO 2 Li, CH 3 CO 2 Li, 
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possibly esters, CO 2 , etc. (Fig.  10.7 ). According to Freunberger et al. [ 52 ], the cyclic 
ether (e.g., 1,3-dioxolane and 2-methyltetrahydrofuran (2-Me-THF)) are also not 
stable as hoped. For 1,3-dioxolane, the decomposition product consists of poly-
ethers/esters, Li 2 CO 3 , HCO 2 Li, and C 2 H 4 (OCO 2 Li) 2 , whereas for 2-Me-THF the 
main discharge products are found to be HCO 2 Li, CH 3 CO 2 Li (Fig.  10.7 ).

  Fig. 10.7    ( Top ) Powder XRD spectra of discharge product of the composite cathode (Super P/
Kynar) cycled in 1.0 M LiPF6–TEGDME cell ( left ) and the composite cathode (Super P/PTFE) in 
either 1.0 M LiPF 6 –1,3-dioxolane or 2-methyltetrahydrofuran (2-Me-THF) ( right ). ( Bottom ) FTIR 
spectra of the corresponding composite cathode (Super P/Kynar) cycled in 1.0 M LiPF6/TEGDME 
cell ( left ), and the composite cathode (Super P/PTFE) in either 1.0 M LiPF 6 –1,3-dioxolane or 
2-methyltetrahydrofuran (2-Me-THF) ( right ). Reproduced with permission [ 52 ]       
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   To prove the presence of HCO 2 Li and CH 3 CO 2 Li observed in FTIR, the porous 
cathodes were washed with D 2 O and the solution then subjected to  1 H NMR spec-
troscopy. By inferring HCO 2 Li and CH 3 CO 2 Li to HCO 2 D and CH 3 CO 2 D in the 
porous cathode, which, on reaction with D 2 O, forms the corresponding formic and 
acetic acids, the discharge cathode in several ether-based electrolytes from their was 
analyzed. As provided by their NMR analysis, the presence of HCO 2 Li and 
CH 3 CO 2 Li was identifi ed through NMR. This further suggest that the discharge 
compounds observed in the FTIR spectrum from the electrode at the end of the fi rst 
discharge does not consist of Li 2 O 2  alone, but other mixture of organic compounds. 
In addition to the possible decomposition of the ether-based solvents, the undesir-
able side reactivity of Li 2 O 2  with Li-salt in the electrolytes might possibly be a 
concern. As pointed out by Veith et al. [ 61 ] recently, it is very likely that all dis-
charge chemistries of Li–air cells undergo similar decomposition of the salt species 
in the electrolyte. Based on the TEGDME solvent in various combination with sev-
eral possible Li-salts (i.e., LiBF 4 , LiPF 6 , LiClO 4 , LiTFSI), it is found that the major 
discharge product is consists of components of the Li-salt, instead of mainly domi-
nated by Li 2 O 2 . However, it remains to be investigated systematically, since similar 
observation has not been yet found in previous works that utilized the similar elec-
trolytes [ 46 ,  55 ]. Thus further systematic investigation on the reactivity and mecha-
nism of Li-salt with the reduced O 2  species will be important for future development 
of electrolytes in Li–air battery. In addition to oxidative or catalytic decomposition 
of electrolyte at the cathode, it is also likely that electrolytes undergo reductive 
decomposition in the presence of molecular oxygen. This reaction would slowly 
decompose both the electrolyte and the Li-metal anode [ 62 ]. Therefore, controlling 
the reactions of ethers with at the lithium anode through suitable membranes or pas-
sivation fi lms will be essential for achieving good performance of Li–O 2  cells based 
on ether electrolytes. Another area which requires attention is the reactivity of car-
bon surfaces towards electrolytes and discharge products. Carbon defects in the 
cathode can decompose electrolytes (ether) through C–O bond cleavage, suggesting 
signifi cant chemical decomposition of electrolytes occurs during discharge [ 59 ]. 
Therefore controlling electrolyte decomposition reactions at the cathode is essential 
for a successful design of lithium-air battery in the future.  

10.6     Conclusions and Future Outlook 

 Li–air batteries potentially can offer substantial increase in specifi c energy relative 
to today’s most advanced Li-ion battery. At present, much remains to be learned 
about the fundamental chemistry behind Li–air batteries. Among these is the role of 
the electrolyte in the electrochemical formation and decomposition of lithium 
oxides. Compared to Li-ion batteries, the Li–air air  batteries are a relatively new con-
cept and many problems remain to be solved. One of the key problems is the stability 
of the electrolytes on which this chapter is focused. The electrolyte stability is an issue 
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during both charge and discharge at both the cathode and anode. In addition to 
electrochemical reactions occurring, there can also be chemical reactions on the 
surfaces not directly involving electron transfer. Most studies so far have focused on 
the stability of solvents during charge and discharge at the cathode. 

 Recent experimental and theoretical investigations of decomposition of organic 
carbonate electrolytes during the operation of Li–air batteries highlight the impor-
tance of fundamental understanding. Although there is strong evidence that the car-
bonates are decomposing at the cathode to form solid products such as Li 2 CO 3 , It is 
still not yet completely clear that how the reduced O 2  species are directly related to 
the decomposition mechanism of the electrolytes. The evidence for whether O 2  − , 
LiO 2 , or Li 2 O 2 , etc. is the most infl uential factor in parasitic reactions of carbonate 
electrolyte degradation is not yet defi nitive. Recent experimental and theoretical 
work has focused on the stability of ether-based electrolytes. Ether-based electro-
lytes have been found to have increased stability for oxygen reduction products 
during discharge as most studies do not see evidence for solid products on the cath-
ode. However, ethers still have stability issues arising from other decomposition 
mechanisms such as involving oxidation during charge, chemical decomposition on 
the lithium oxide surfaces, and electrochemical reactions involving O 2  at the anode. 
These other mechanisms are currently under study, both by theory and experiment. 
A number other computational papers on Li–air electrolytes have appeared since 
writing this paper that have examined other issues involving ether-based electro-
lytes as well as some screening studies [ 63 – 66 ]. 

 One problem in developing an understanding is that the current ex situ experi-
mental characterization techniques have limitations. As a result, some side-reaction 
products might not be detectable by using a single technique, but multiple charac-
terization tools are required to get the conclusive results as to the reaction products 
in Li–air batteries. To understand the fundamental mechanism and the underlying 
competing reaction pathways of electrolyte degradation, one needs a detailed 
knowledge of the major reaction mechanisms in the system from a combination of 
theory and experiment, including the identifi cation of rate determining steps and 
intermediate reactive species that occur during the ORR and OER processes at the 
interfaces of the Li–air cell. 

 Meanwhile, independent of whether the solvent decomposition reaction pro-
ceeds via O 2  2− , LiO 2 , or another Li–air reactive species, it is now clear that a solvent 
that is resistant to attack by reduced O 2  species must be discovered in order to 
achieve a practical Li–air cell with a longer cycle life. Besides the problems of sol-
vent electrochemical stability, the electrochemical selectivity and chemical stability 
has to be resolved. Thus, regardless of whether ether-based electrolytes are com-
pletely inert towards the reduced O 2  radical species, the search for more stable 
electrolyte will remains an active investigation area in Li–air in the near future. 
Since we wrote.     
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