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1. Introduction and Scope

1.1. Fundamentals of Battery Electrolytes

Electrolytes are ubiquitous and indispensable in all
electrochemical devices, and their basic function is
independent of the much diversified chemistries and
applications of these devices. In this sense, the role
of electrolytes in electrolytic cells, capacitors, fuel
cells, or batteries would remain the same: to serve
as the medium for the transfer of charges, which are
in the form of ions, between a pair of electrodes. The
vast majority of the electrolytes are electrolytic
solution-types that consist of salts (also called “elec-
trolyte solutes”) dissolved in solvents, either water
(agqueous) or organic molecules (nonaqueous), and are
in a liquid state in the service-temperature range.
[Although “nonaqueous” has been used overwhelm-
ingly in the literature, “aprotic” would be a more
precise term. Either anhydrous ammonia or ethanol
gualifies as a “nonaqueous solvent” but is unstable
with lithium because of the active protons. Neverthe-
less, this review will conform to the convention and
use “nonaqueous” in place of “aprotic”.]

Because of its physical location in the electrochemi-
cal devices, that is, being sandwiched between posi-
tive and negative electrodes, the electrolyte is in close
interaction with both electrodes; therefore, when new
electrode materials come into use, the need for
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compatible electrolytes usually arises. The interfaces
between the electrolyte and the two electrodes often
dictate the performance of the devices. In fact, these
electrified interfaces have been the focus of interest
since the dawn of modern electrochemistry® and
remain so in the contemporary lithium-based re-
chargeable battery technologies.

In a battery,? the chemical nature of positive and
negative electrodes (also called cathode and anode,
respectively, although by a more strict definition, this
convention is only correct during discharge) decides
the energy output, while the electrolyte, in most
situations, defines how fast the energy could be
released by controlling the rate of mass flow within
the battery. Conceptually, the electrolyte should
undergo no net chemical changes during the opera-
tion of the battery, and all Faradaic processes are
expected to occur within the electrodes. Therefore,
in an oversimplified expression, an electrolyte could
be viewed as the inert component in the battery, and
it must demonstrate stability against both cathode
and anode surfaces. This electrochemical stability of
the electrolyte, which in actual devices is usually
realized in a kinetic (passivation) rather than ther-
modynamic manner, is of especial importance to
rechargeable battery systems, but it is often chal-
lenged by the strong oxidizing and reducing nature
of the cathode and the anode, respectively. The
severity of this challenge is ever increasing with the
pursuit of new battery systems with higher energy
densities, which drives the exploration of a more
oxidizing cathode and a more reducing anode as
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candidate electrode materials, and thus constantly
requests improvements in electrolyte stability. Ad hoc
surface chemistry is often necessary for the kinetic
stability of these new electrolyte/electrode interfaces.
While the potencies of electrode materials are usually
guantified by the redox potential in volts against
some certain reference potential,® the stability of an
electrolyte can also be quantified by the range in volts
between its oxidative and reductive decomposition
limits, which is known as the “electrochemical win-
dow”. Obviously, the redox potential of both electrode
materials must fall within this electrochemical win-
dow to enable a rechargeable battery operation.
Certainly, electrochemical stability is only one of
the requirements that an electrolyte should meet. A
generalized list of these minimal requirements should
include the following: (1) It should be a good ionic
conductor and electronic insulator, so that ion trans-
port can be facile and self-discharge can be kept to a
minimum. (2) It should have a wide electrochemical
window, so that electrolyte degradation would not
occur within the range of the working potentials of
both the cathode and the anode. (3) It should also be
inert to other cell components such as cell separators,
electrode substrates, and cell packaging materials.
(4) 1t should be robust against various abuses, such
as electrical, mechanical, or thermal ones. (5) Its
components should be environmentally friendly.

1.2. The Attraction of “Lithium” and Its Challenge

Lithium has long received much attention as a
promising anode material. The interest in this alkali
metal has arisen from the combination of its two
unique properties: (1) it is the most electronegative
metal (~ —3.0 V vs SHE), and (2) it is the lightest
metal (0.534 g cm~3).2 The former confers upon it a
negative potential that translates into high cell
voltage when matched with certain cathodes, and the
latter makes it an anode of high specific capacity
(3.86 A h g1). In the 1950s lithium metal was found
to be stable in a number of nonaqueous solvents
despite its reactivity, and this stabilization was
attributed to the formation of a passivation film on
the lithium surface, which prevents it from having a
sustained reaction with electrolytes. Intensified re-
search activities resulted in the commercialization
of a series of lithium-based primary cells in the 1960s
and 1970s, and the electrolyte solvents ranged from
organic (propylene carbonate) to inorganic (thionyl
chloride and sulfur dioxide).58

The continued efforts to expand lithium chemistry
into rechargeable technology, however, encountered
severe difficulties in terms of the cycle life and
safety.®10 Soon it was realized that the source of the
problems was the morphology of the lithium crystals
newly deposited from the electrolytes upon re-
charge.>12 Needlelike lithium crystals (called “den-
drite”) grow on the anode upon charge and, during
the subsequent discharge, become electrically isolated
from the substrate due to nonuniform dissolution
rates at different sites of the dendrite. The direct
victim of such lithium loss is energy density, because
excessive lithium has to be used in the cell to make
up for the loss.*® But more seriously, a hazard could
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be caused by such “dead lithium” crystals, which are
electrochemically inactive but chemically hyper-reac-
tive due to their high surface area. When dendrite
growth pierces the separator and results in an
internal short, thermal runaway and explosion ensue.

The work on rechargeable lithium batteries from
the 1970s to 1980s overwhelmingly concentrated on
the electrolyte formulation, in the hope that proper
choices of electrolyte solvents or salts would suppress
or even eliminate the dendritic deposition of lithium.
Among the numerous electrolyte systems investi-
gated, an ether-based solution developed by an Israeli
company seems to have achieved the apex for lithium
metal-based rechargeable batteries.'* A lithium elec-
trode is highly stable in this solution up to 120 °C
because of excellent surface passivation,*® and over
300 depth discharge cycles have been reported.'® A
novel redox mechanism between the salt, LiAsFs, and
solvent, 1,3-dioxolane, shuts down the cell chemistry
at temperatures higher than 125 °C, thus preventing
thermal runaway.'¢'” However, dendrite formation,
especially at high charge rates, still results in capac-
ity fade.’® In 1989 incidents of fire due to lithium
rechargeable batteries in the electronic devices, fol-
lowed by the manufacturer recalls, highlighted the
end of general enthusiasm in lithium metal as an
anode.!?

1.3. From “Lithium” to “Lithium lon”

The failure of lithium as an anode due to dendrite
formation prompted the search for a way to circum-
vent the drastic morphological change of the anode
during cell cycling. As a result, “host—guest” chem-
istry was considered. Also known as “intercalation”-
or “insertion”-type electrodes, this concept of revers-
ible chemistry had been applied earlier to cathode
materials for lithium batteries, as represented by the
trail-blazing work of Whittingham?%2! and the sig-
nificant improvements by Goodenough et al. and
others.?222 Most of the host materials are transition
metal oxides or chalcogenides with stable crystal
lattices, and their layer or tunnel structures provide
the pathways for guest ions such as the lithium ion
to diffuse. By injecting or extracting electrons, the
redox reactions occur on the host lattice while mobile
guest ions intercalate into or deintercalate from the
host matrix to compensate for regional electroneu-
trality. During the whole intercalation/deintercala-
tion cycle, there are no Faradaic changes in the
“guest ion”. If a similar intercalation host could be
found and used as an anode material, then a battery
employing such intercalation cathodes and anodes
would only require the lithium ion to shuttle back
and forth between the electrodes without the pres-
ence of lithium metal. The nickname “rocking-chair
battery” was given to such a device that uses dual
intercalation electrodes,? the working principle of
which is schematically depicted in Figure 1, using
the example of the state-of-the-art lithium ion chem-
istry.

The concept of rocking-chair lithium batteries was
confirmed experimentally by using lithiated oxides
(LigFe,03, LIWO,) as interaction anodes and other
oxides (WOsg, TiS,, V20s) as cathodes in honaqueous
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Figure 1. Schematic description of a “(lithium ion) rock-
ing-chair” cell that employs graphitic carbon as anode and
transition metal oxide as cathode. The undergoing electro-
chemical process is lithium ion deintercalation from the
graphene structure of the anode and simultaneous inter-
calation into the layered structure of the metal oxide
cathode. For the cell, this process is discharge, since the
reaction is spontaneous.

electrolytes.?>26 However, the enhanced safety and
extended cycle life were not sufficient to offset the
penalty in energy density caused by the replacement
of lithium metal; hence, these systems were never
commercialized.?"28

A breakthrough was made when Japanese research-
ers exploited an old concept of using carbonaceous
materials as anode intercalation host.2°~3! The term
“lithium ion battery” that was introduced by those
researchers eventually prevailed and replaced the
other aliases such as “rocking-chair”,>* “shuttle-
cock”,®2 or “swing” batteries.®® In the charged state
of these carbonaceous anodes, lithium exists in its
ionic rather than metallic state, thus eliminating any
possibility of dendrite lithium. The advantage of this
new host is highlighted by the low cost of carbon and
the high lithium ion activity in the intercalation
compound; the latter renders an anode potential close
to that of lithium metal and minimizes the energetic
penalty. In 1990 both Sony3* and Moli*® announced
the commercialization of cells based on petroleum
coke and LiCoO,, though Sony was generally credited
for making this technology a commercial reality. In
the same year Dahn and co-workers published their
seminal report on the principle of lithium intercala-
tion chemistry with graphitic anodes and the effect
of electrolyte solvent in the process.®® In fact, the
conclusions drawn therein constitute the foundation
for the current lithium ion battery industry:

(1) Electrolyte solvents decompose reductively on
the carbonaceous anode, and the decomposition prod-
uct forms a protective film. When the surface of the
anode is covered, the film prevents further decom-
position of the electrolyte components. This film is
an ionic conductor but an electronic insulator.
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(2) This reductive decomposition process occurs
only during the first charge and is absent in the
following cycles so that the carbonaceous anode can
be cycled many times in the electrolyte, yielding
stable capacity.

(3) The chemical structure of the electrolyte sol-
vents critically influences the nature of the protective
film, and ethylene carbonate was found to be an
essential component of the solvents that protects the
highly crystalline structure of graphite.

Obviously, the film formed on a carbonaceous
anode plays a critical role in enabling a lithium ion
device to work reversibly. Presuming that the surface
nature of the carbonaceous anode at low potentials
is similar to that of lithium metal in nonaqueous
electrolytes, Dahn and co-workers adopted a model
developed earlier by Peled to describe the passivation
on lithium metal®” and named this surface film on
carbonaceous anodes a “solid electrolyte interface”
(SEI). This term soon became the most frequently
used key word in publications concerning lithium ion
technology in the following decade. Although it will
turn out later that the exact mechanism involved in
the formation is far more complicated and remains
a controversial topic even today, it has been generally
agreed that the electrolyte reduction products are the
main components of an SEI and dictate the chemical
as well as thermal properties of the electrode.

The decade following Dahn’s publication witnessed
an explosive growth in lithium ion technology re-
search, and essentially all aspects of lithium ion
technology were explored with state-of-the-art tech-
niques, while the main excitement revolved around
developing new materials such as carbonaceous
anode and metal oxide cathode materials and the
electrolyte solvents and salts compatible with them.
The result of those intensified efforts was the suc-
cessful commercialization and the rapid thriving of
this youngest battery chemistry. By 2000, the quan-
tity of lithium ion cells manufactured reached ~620
million units with a market value of ~1 billion
dollars,®® accounting for more than a 90% share of
the rechargeable battery market®® or 63% of total
sales in portable batteries. The employment of new
materials and novel engineering designs has pushed
the cycle life, energy, and power density of this
technology to more than 2000 cycles, 160 W h kg1,
and 5000 W kg%, respectively.*® The major driving
force of this market remains the so-called “small
formula batteries” with capacities smaller than 1 A
h; however, industry-size lithium ion cells are in-
creasingly being used in space, military, and other
special applications, especially as traction power
sources for electric or hybrid electric vehicle (EV/
HEV) applications.*°

1.4. Scope of This Review

Since the inception of lithium ion technology, there
have been several reviews summarizing the knowl-
edge accumulated about this new technology from
various perspectives, with the latest being in 2003.41748
Because electrolytes interact closely with both cath-
ode and anode materials during the operation, their
effect on cell performance has been discussed in
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almost every one of these reviews. On the other hand,
attention has always been focused on electrode
materials, especially the anodes, and electrolytes as
an important component of the cell have not been
comprehensively treated in any dedicated reviews.

This review intends to fill this deficit by summariz-
ing the progress made during the last 10 years in
the research and development of electrolytes for
lithium-based batteries. Since lithium ion chemistry
is by far the only successfully commercialized re-
chargeable lithium-based technology, emphasis will
be placed on the electrolytes developed for this
system. Liquid electrolytes will take the central
stage, and the scope of the review will include their
ionics, phase diagrams, interfaces with cathode and
anode materials, long-term chemical stability in the
device, thermal properties and performance at ex-
treme temperatures, and safety characterizations.
Whenever an interdisciplinary topic involving both
electrolyte and other cell components is encountered
(i.e., electrolyte/electrode interface and passivation
of electrodes), emphasis will be placed on the role and
effect of electrolyte components.

For the convenience of this discussion, a somewhat
arbitrary demarcation was drawn between “state-of-
the-art” (SOA) and “novel” electrolyte systems, with
the former referring to the ones currently used in
commercialized lithium ion cells and the latter to the
ones improved over the SOA systems but still under
development. It should be pointed out that the exact
electrolyte compositions in commercialized devices
are usually proprietary knowledge, but publications
from the affiliated researchers normally disclose
sufficient information to reveal the skeletal electro-
lyte components employed. The distinction made in
this review concerning the previously mentioned
demarcation is based on such open literature.

This review will focus on the literature published
from 1990 to the middle of 2003. Meanwhile, a
certain amount of attention will also be allocated to
the electrolytes for lithium batteries to avoid omitting
the important progress made in these closely related
fields. When selecting references, efforts were made
to ensure academic quality as well as ready public
accessibility. For this reason, patents, various techni-
cal reports, and conference/workshop presentations/
abstracts were avoided to the extent possible. There
were exceptions, though, when there was no alterna-
tive reference source. Finally, although comprehen-
sive coverage was attempted, it is essentially impos-
sible to cover every aspect in an exhaustive manner.
The choice of the references and the organization of
the content reflect the personal view of the author
only.

2. Electrolyte Components: History and State of
the Art

Most compositions of lithium electrolytes are based
on solutions of one or more lithium salts in mixtures
of two or more solvents, and single-solvent formula-
tions are very rare, if there are any. The rationale
behind this mixed solvent formulation is that the
diverse and often contradicting requirements of bat-
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Table 1. Organic Carbonates and Esters as Electrolyte Solvents

Solvent Structure M. Wt T./°C Ty °C n/cP € Dipole T/°C  d/gem™,25°C
25°C 25°C Moment/debye
EC Ec>=° 88 36.4 248 1.90, 89.78 4.61 160 1.321
o (40°C)
PC \[°>=° 102 -48.8 242 2.53 64.92 4.81 132 1.200
(o]
BC 116 -53 240 32 53
YBL C>:° 86 -43.5 204 1.73 39 4.23 97 1.199
YVL <__O)=O 100 -31 208 2.0 34 4.29 81 1.057
NMO 'L 101 15 270 25 78 4.52 110 1.17
[)zo
DMC 0 90 4.6 91 0.59 3.107 0.76 18 1.063
NN (20°C)
DEC )oj\ 118 -74.3% 126 0.75 2.805 0.96 31 0.969
o7 Mo N
EMC ? 104 -53 110 0.65 2.958 0.89 1.006
/\O)Ko/
EA Q 88 -84 77 0.45 6.02 -3 0.902
)ko/\
MB 2 102 -84 102 0.6 11 0.898
/\)I\o/
EB 116 -93 120 0.71 19 0.878

/\/ﬁ\o/\

@ The mp of DEC recorded in various literature sources (books, papers, commercial catalogs) has been —43 °C, which was
corrected by a very recent measurement (ref 50e). This widespread error of 30° seems to stem from a single source in 1921, which
was then registered by Beilstein Handbuch and escaped detection for approximately eight decades.

tery applications can hardly be met by any individual
compound, for example, high fluidity versus high
dielectric constant; therefore, solvents of very differ-
ent physical and chemical natures are often used
together to perform various functions simultaneously.
A mixture of salts, on the other hand, is usually not
used, because anion choice is usually limited, and
performance advantages or improvements are not
readily demonstrated.

Solid polymer and gel polymer electrolytes could
be viewed as the special variation of the solution-type
electrolyte. In the former, the solvents are polar
macromolecules that dissolve salts, while, in the
latter, only a small portion of high polymer is
employed as the mechanical matrix, which is either
soaked with or swollen by essentially the same liquid
electrolytes. One exception exists: molten salt (ionic
liquid) electrolytes where no solvent is present and
the dissociation of opposite ions is solely achieved by
the thermal disintegration of the salt lattice (melt-
ing). Polymer electrolyte will be reviewed in section
8 (“Novel Electrolyte Systems”), although lithium ion
technology based on gel polymer electrolytes has in
fact entered the market and accounted for 4% of
lithium ion cells manufactured in 2000.%8 On the
other hand, ionic liquid electrolytes will be omitted,
due to both the limited literature concerning this
topic and the fact that the application of ionic liquid
electrolytes in lithium ion devices remains dubious.
Since most of the ionic liquid systems are still in a
supercooled state at ambient temperature, it is
unlikely that the metastable liquid state could be
maintained in an actual electrochemical device,
wherein electrode materials would serve as effective
nucleation sites for crystallization.

2.1. Solvents

In accordance with the basic requirements for
electrolytes, an ideal electrolyte solvent should meet

the following minimal criteria: (1) It should be able
to dissolve salts to sufficient concentration. In other
words, it should have a high dielectric constant (¢).
(2) It should be fluid (low viscosity #7), so that facile
ion transport can occur. (3) It should remain inert to
all cell components, especially the charged surfaces
of the cathode and the anode, during cell operation.
(4) It should remain liquid in a wide temperature
range. In other words, its melting point (T,) should
be low and its boiling point (Ty) high. (5) It should
also be safe (high flash point Ty, nontoxic, and
economical.

For lithium-based batteries, the active nature of
the strongly reducing anodes (lithium metal or the
highly lithiated carbon) and the strongly oxidizing
cathodes (transition metal based oxides) rules out the
use of any solvents that have active protons despite
their excellent power in solvating salts, because the
reduction of such protons and/or the oxidation of the
corresponding anions generally occurs within 2.0—
4.0 V versus Li,* while the charged potentials of the
anode and the cathode in the current rechargeable
lithium devices average 0.0-0.2 V and 3.0-4.5 V,
respectively. On the other hand, the nonaqueous
compounds that qualify as electrolyte solvents must
be able to dissolve sufficient amounts of lithium salt;
therefore, only those with polar groups such as
carbonyl (C=0), nitrile (C=N), sulfonyl (S=0), and
ether-linkage (—O—) merit consideration.

Since the inception of nonaqueous electrolytes, a
wide spectrum of polar solvents has been investi-
gated, and the majority of them fall into either one
of the following families: organic esters and ethers.
The most commonly used solvents from these fami-
lies, along with their physical properties, are listed
in Tables 1 and 2, respectively,® where the melting
temperature of diethyl carbonate (DEC) deserves
special attention because a significant correction has
been made recently.5%
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Table 2. Organic Ethers as Electrolyte Solvents

Xu

Solvent Structure M. Wt T./°C Ty °C n/cP € Dipole T/°C  d/gem>,
25°C 25°C  Moment/debye 25°C
DMM N 76 -105 a1 033 27 241 17 0.86

Me. O, _
DME \O/\/ e 90 58 84 0.46 72 1.15 0 0.86
DEE B\ AR, 118 74 121 20 0.84
THF DO 72 -109 66 0.46 7.4 1.7 -17 0.88
2-Me-THF E;O 86 -137 80 0.47 6.2 1.6 -11 0.85
1,3-DL [°> 74 -95 78 0.59 7.1 1.25 1 1.06
(o]
4-Me-1,3-DL \[°> 88 -125 85 0.60 6.8 1.43 -2 0.983
(o]
2-Me-1,3-DL 0 88 0.54 4.39
Lo~

An interesting observation should be made con-
cerning the dependence of the physical properties on
molecular cyclicity, since it will have a significant
effect on the formulation of electrolytes for lithium
ion cells. While all of the ethers, cyclic or acyclic,
demonstrate similar moderate dielectric constants
(2—7) and low viscosities (0.3—0.6 cP), cyclic and
acyclic esters behave like two entirely different kinds
of compounds in terms of dielectric constant and
viscosity; that is, all cyclic esters are uniformly polar
(e = 40—90) and rather viscous (y = 1.7—2.0 cP), and
all acyclic esters are weakly polar (e = 3—6) and fluid
(n = 0.4—0.7 cP). The origin for the effect of molecular
cyclicity on the dielectric constant has been at-
tributed to the intramolecular strain of the cyclic
structures that favors the conformation of better
alignment of molecular dipoles, while the more flex-
ible and open structure of linear carbonates results
in the mutual cancellation of these dipoles.

2.1.1. Propylene Carbonate (PC)

Among these solvents, cyclic diesters of carbonic
acid have undoubtedly attracted the main research
attention throughout the entire history of lithium
batteries, especially in the past decade, when their
role in forming an SEIl on carbonaceous anodes
became recognized. However, the early interest in
these compounds arose solely from their high dielec-
tric constant and, hence, their ability to dissolve a
wide variety of lithium salts. In 1958, it was observed
that lithium could be electrodeposited from a solution
of LiClO4 in PC,% and PC became the immediate
focus of investigation.#%1° Its wide liquid range
(defined by the difference between T, and Ty, Table
1), high dielectric constant, and static stability with
lithium made it a preferred solvent, and considerable
efforts were made to purify it5? when a less-than-ideal
stripping/plating efficiency (= 85%) for lithium was
observed during cycling. The capacity of lithium cells
with PC electrolytes also fades accordingly.*91054
However, it was soon realized that this poor cycling
efficiency was more intrinsic to the electrolyte solvent
than contaminant-originated, and the reaction be-
tween the PC and the newly deposited lithium
particles was thought to be the cause.® More recent
studies employing spectroscopic means have con-
firmed the PC reduction on a newly formed lithium

Scheme 1. Reduction of PC on a Lithium Surface:
One-Electron Process

-+ Lt

e, Li*

Li .
o o
)k ){ ——» Li,CO; + CH;CH=CH,
L]
o o —> —
e Q o o
e .y
L > o o alkyl
L]

radical carbonates
termination

surface, and a one-electron reduction process has

been proposed (see Scheme 1).5°

The overall capacity fading of lithium cells using
PC-based electrolytes, however, is a more complicated
mechanism, although Scheme 1 plays a part in it.
The static stability of PC against a lithium surface
had been attributed earlier to the existence of a
protective layer,3”%¢ which consists of the decomposi-
tion products shown in Scheme 1, and prevents the
sustained reaction of PC with lithium.%> On the other
hand, it was the dynamic reactivity that results in
the lithium loss during cycling,® for which the main
cause is related to the nonuniform morphological
change of the lithium surface rather than chemical
corrosion. Figure 2 schematically shows this nonuni-
formity of the lithium surface during the cycling
process, where uneven growth of the electrodeposited
lithium crystals results in dendrites that in subse-
guent discharge processes (lithium dissolution) pro-
duce lithium particles that are electrically isolated
from the lithium anode. Microscopic studies have
confirmed the existence of dendrites (Figure 3) and
have attributed their formation to the presence of a
passivation film.3757 Serious safety hazards are often
caused by the generation of both dendrites and
isolated lithium crystals.®®%® The former creates
internal shorts, and the latter is chemically active
with the electrolyte solvents due to their huge surface
areas.

2.1.2. Ethers

In view of the poor cycling efficiency and the
potential hazards associated with PC, people turned
to ethers for improved lithium morphology. In the
1980s, ethers were widely preferred by researchers
as an alternative candidate, because of their low
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Figure 2. (a) Schematic description for the growth of
dendrite crystals on a Li surface. The film consisting of
decomposition products as shown in Scheme 1 prevents the
growth of large granular crystals but rather promotes the
formation of treelike dendrites. (b) Schematic description
for the formation of isolated lithium particles from Li
dendrites. The uneven dissolution of the dendrites leaves
lithium crystals detached from the lithium substrate. The
isolated lithium crystals become electrochemically “dead”
but chemically reactive due to their high surface area.
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Figure 3. Micrograph of a single dendrite lithium grown
in PC. (Reproduced with permission from ref 57 (Figure
6a). Copyright 1989 The Electrochemical Society.)

viscosity and resultant high ionic conductivity, but,
most of all, the better lithium morphology during
cycling.®® The cycling efficiency of lithium was re-
ported to be 88% in tetrahydrofuran (THF),6°-62 an
average of 96% in 2-methyltetrahydrofuran (2-Me-
THF),%27% 97% in polymethoxy ethers®® and dimethoxy
propane,’” and 98% in diethyl ether,%28 although the
safety concern over the high vapor pressure of diethyl
ether renders it an impractical candidate. The forma-
tion of dendritic lithium seemed to be sufficiently
suppressed in these solvents even at high charge
rates.5? However, efforts to incorporate ether-based
electrolytes in lithium cells were still troubled by the
poor capacity retention,%8-7° and prolonged cycling
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(>100 cycles) of the cells still produced dendrite
deposition,’* which terminated the cells by creating
shorts,”? despite the improved lithium morphology
observed in the short term.

In addition to the problem with the lithium anode,
a new factor contributing to the capacity fade sur-
faced as the oxidative decomposition of ether-based
compounds on the cathode surface.5%67.73 Electro-
chemical studies on these ether-based electrolytes
placed the potential for the oxidative breakdown of
the ether functionality at relatively low potentials.
On a platinum surface, for example, THF was found
to be oxidized at 4.0 V vs Li, while PC remained
stable up to 5.0 V.7 In an actual cell, ethers are more
readily decomposed at even lower potentials, because
of the highly catalytic surface of cathode materials.”®
With the application of more potent 4.0 V cathode
materials (LixMO;, M = Mn, Ni, or Co) in lithium or
lithium ion cells, the possibility of using ether
compounds as solvents or cosolvents diminished.”7”
During the 1990s, various ethers were gradually
phased out in most of the electrolyte systems under
investigation. The failure of ether-based electrolytes
served as a perfect example to illustrate that, in a
battery, the electrolyte (solvents and salts) must cope
with challenges from both the anode and the cathode.
On the other hand, the advantage of organic esters,
especially cyclic alkyl carbonates, was rediscovered
because of their excellent stability against oxidation
on cathode surfaces.”78.79

2.1.3. Ethylene Carbonate (EC)

The interest in alkyl carbonates was renewed with
the emergence of the lithium ion “shuttle” concept.?*~3!
Gone with the lithium anode is the difficult issue of
lithium morphology; subsequently, the higher anodic
stability of PC made it once again a promising
candidate. In the first generation of the commercial
lithium ion cells, a PC-based electrolyte was used by
Sony along with LixCoO, as the cathode and petro-
leum coke as the anode.3' However, the real renais-
sance for using alkyl carbonates as lithium electrolyte
solvents was not brought about by PC but, quite
unexpectedly, by its high melting cousin EC.

Compared with PC, EC has comparable viscosity
and slightly higher dielectric constant, which are
favorable merits for a solvent candidate (Table 1). In
fact, its dielectric constant is even higher than that
of the the most common electrolyte solvent on the
earth: water (e ~ 79).2 However, because of its high
melting point (~36 °C), it was never favored as an
ambient-temperature electrolyte solvent in the early
days of lithium battery research: the liquid range of
the electrolytes based on it would be too restricted.
Its higher melting point than those of other members
of the carbonate family (Table 1) is believed to arise
from its high molecular symmetry, which renders it
a better stabilized crystalline lattice.8% 81

EC was considered as an electrolyte cosolvent for
the first time by Elliot in 1964, who noted that, due
to the high dielectric constant and low viscosity of
EC, the addition of it to electrolyte solutions would
favor ion conductivity.®? The findings did not attract
particular attention from the battery community
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until the early 1970s, when Scrosati and Pistoia
exploited it to advantages for lithium battery elec-
trolytes. They reported that, owing to the suppression
of the melting point by the presence of the solute, a
room-temperature melt would form, and extra sup-
pression could be obtained when a small percentage
(9%) of PC was added.®® Further investigation found
that electrolytes based on EC as compared with PC
demonstrated improvements, not only in bulk ion
conductivity but also in interfacial properties such
as lower polarization on various cathode surfaces.®*
Following these reports, EC began to appear as an
electrolyte cosolvent in a number of new electrolyte
systems under investigation, many of which still
contained ethers.’2738-88 However, the first com-
mercialized rechargeable lithium battery used an
ether-free composition, an EC/PC mixture, as the
electrolyte solvent.®%°° Despite the melting-point
suppression by the solute and other cosolvents, the
higher liquidus temperatures of the electrolyte due
to EC remained a factor limiting the low-temperature
applications of the lithium cell.

The unique position of EC as a lithium battery
electrolyte was established in 1990 when Dahn and
co-workers reported the fundamental difference be-
tween EC and PC in their effects on the reversibility
of lithium ion intercalation/deintercalation with gra-
phitic anodes.®® Despite the seemingly minute dif-
ference in molecular structure between the two, EC
was found to form an effective protective film (SEI)
on a graphitic anode that prevented any sustained
electrolyte decomposition on the anode, while this
protection could not be realized with PC and the
graphene structure eventually disintegrated in a
process termed “exfoliation” because of PC cointer-
calation. The reason for the effectiveness of the SEI
has incited a lot of research interest in the past
decade but remains an unsolved mystery, although
it is generally believed that EC undergoes a reduction
process on the carbonaceous anode via a similar path
to that shown in Scheme 1. Because of the important
role this SEI plays in lithium ion chemistry, the
research efforts on this topic will be reviewed in a
dedicated section (section 6).

2.1.4. Linear Carbonates

After Sony successfully marketed the first genera-
tion lithium ion cells, numerous competitors emerged
and a pursuit for higher energy density started. With
the energetic advantage of highly crystalline carbon
(graphitic) over disordered carbon being recognized,
EC became the core and indispensable component of
the electrolyte formulation.

During the early 1990s, efforts were made to
expand the limited liquid range of EC-based electro-
lytes by using different cosolvents, including PC,%.92
THF and 2-Me-THF,7385788 diethoxyethane (DEE),%*
and dimethoxyethane (DME).*>%% None of these
cosolvents performed satisfactorily though, because
the presence of PC usually caused a large irreversible
capacity in the initial cycle of the lithium ion cell,36:91.92
while the ethers were found to be unstable against
the oxidation catalyzed by the surface of the charged
cathode.?®®* Thus, it was generally realized that, for
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a lithium ion cell that employs graphite as an anode
and 4.0 V metal oxide (LiMO,, M = Co, Ni) as a
cathode, the electrolyte must have oxidative stability
up to ~5 V vs Li.%"%

In 1994 a formulation that successfully met such
a standard was first described in open literature by
Tarascon and Guyomard, who used a linear carbon-
ate, dimethyl carbonate (DMC), as a cosolvent with
EC.%8%° As it has been pointed out, linear carbonates
differ from their cyclic cousins by their low boiling
points, low viscosity, and low dielectric constant.
They can form homogeneous mixtures with EC at any
ratio, and the resultant mixed electrolytes benefit not
only from the melting-temperature suppression of EC
but also from the low viscosity (higher ion conductiv-
ity) of DMC. But what surprises researchers is the
wide electrochemical stability window of this mixture
electrolyte: it remains stable on a spinel cathode
surface up to 5.0 V. Considering that these linear
carbonates, in the absence of EC, are readily liable
to oxidation on cathode surfaces at ~4.0 V vs Li,’®
the origin for the above improvement in the electro-
chemical window remains unclear, because the an-
odic stabilities of the ether-based electrolytes were
hardly raised by their mixing with EC%:%4 or PC.9%
It seems that a synergistic effect is achieved when
EC and DMC (or other linear carbonates) are mixed
because the merits of each individual solvent are
imparted on to the resultant mixture: high anodic
stability of EC on cathode surfaces, high solvation
power of EC toward lithium salts, and low viscosity
of DMC to promote ion transport.

This new formulation of electrolytes based on a
mixture of EC with a linear carbonate set the main
theme for the state-of-the-art lithium ion electrolytes
and was quickly adopted by the researchers and
manufacturers.®”190-103 Qther linear carbonates were
also explored, including DEC,047106 ethylmethyl
carbonate (EMC),1%” and propylmethyl carbonate
(PMC),108.109 and no significant differences were found
between them and DMC in terms of electrochemical
characteristics. The direct impact of this electrolyte
innovation is that the first generation carbonaceous
anode petroleum coke was soon replaced by graphitic
anode materials in essentially all of the lithium ion
cells manufactured after 1993. At present, the elec-
trolyte solvents used in the over one billion lithium
ion cells manufactured each year are almost exclu-
sively based on the mixture of EC with one or more
of these linear carbonates, although each individual
manufacture may have its own proprietary electro-
lyte formulation.

2.2. Lithium Salts

An ideal electrolyte solute for ambient rechargeable
lithium batteries should meet the following minimal
requirements: (1) It should be able to completely
dissolve and dissociate in the nonaqueous media, and
the solvated ions (especially lithium cation) should
be able to move in the media with high mobility. (2)
The anion should be stable against oxidative decom-
position at the cathode. (3) The anion should be inert
to electrolyte solvents. (4) Both the anion and the
cation should remain inert toward the other cell
components such as separator, electrode substrate,
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Table 3. Lithium Salts as Electrolyte Solutes
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Salt Structure M. Wt Ty °C Taecompes / Al- 6 /mSem™
°Cin corrosion (1.0M,25°C)
solution in PC in EC/DMC
LiBF, T 93.9 293 (d) >100 N 34° 49°
F/F/B\F
LiPF o 151.9 200 (d) ~ 80 N 58° 10.7¢
F>T<F (EC/DMC)
¢
. F - a ¢
LiAsFg F\L(FW Li 195.9 340 >100 N 5.7 11.1
T F
F
LiClO4 ? —|' Lit 106.4 236 >100 N 56° 8.4¢
/CI\
o o/ o
Li Li " CF;SO5 155.9 >300 >100 Y 1.7°
Triflate
Lilmide  Li* [N(SO:CFs)]" 286.9 234" >100 Y 51° 9.0°
Li Beti Li * [N(SO,CF>CF3),]” N

a Reference 111. P Reference 146. ¢ Reference 114.  Reference 115. ¢ Reference 116.

and cell packaging materials. (5) The anion should
be nontoxic and remain stable against thermally
induced reactions with electrolyte solvents and other
cell components.

The available choice of lithium salts for electrolyte
application is rather limited when compared to the
wide spectrum of aprotic organic compounds that
could make possible electrolyte solvents. This differ-
ence could be more clearly reflected in a comprehen-
sive report summarizing nonaqueous electrolytes
developed for rechargeable lithium cells, in which
Dahn and co-workers described over 150 electrolyte
solvent compositions that were formulated based on
27 basic solvents but only 5 lithium salts.5%

Because of the small ionic radius of lithium ion,
most simple salts of lithium fail to meet the minimum
solubility requirement in low dielectric media. Ex-
amples are halides, LiX (where X = Cl and F), or the
oxides Li,O. Although solubility in nonaqueous sol-
vents would increase if the anion is replaced by a so-
called “soft Lewis base” such as Br-, 1=, S, or
carboxylates (R—CO;"), the improvement is usually
realized at the expense of the anodic stability of the
salt because these anions are readily oxidized on the
charged surfaces of cathode materials at <4.0 V vs
Li.

Most of the lithium salts that are qualified for the
minimal solubility standard are based on complex
anions that are composed of a simple anion core
stabilized by a Lewis acid agent. For example, the
anion of lithium hexafluorophosphate (LiPFg) could
be viewed as F~ complexed by the Lewis acid PFs.
Such anions, also known as anions of superacids,
have a structure in which the formal negative charge
is well distributed by the strongly electron-withdraw-
ing Lewis acid ligands, and the corresponding com-
plex salts are usually lower melting and better
soluble in low dielectric media than their parent
salts.

The requirement for chemical inertness further
excluded a family of lithium salts that have been
widely used in primary lithium batteries: LiAIX,
(X = halides).'1° Since the Lewis acidities of the AlX;
are so strong, their complexation with the moderate

bases such as CI~ does not fully neutralize their
activity, and as a result, they would attack most of
the nonaqueous solvents, especially ethers. The AlX,~
anions also cause severe corrosion to other cell
components such as the separators, usually made of
polypropylene, and the insulating sealant, as well as
the metallic packaging materials. On the other hand,
anions based on milder Lewis acids can remain stable
with organic solvents under normal conditions (e.g.,
ambient temperature) and have been preferentially
investigated by researchers. These salts include
lithium perchlorate (LiClIO,) and various lithium
borates, arsenates, phosphates, and antimonates,
LiMX,, (where M =B or As, P, and Sb and n = 4 or
6, respectively). Table 3 lists some examples of these
salts along with some basic physical properties,5°
including ion conductivity data at room temperature
in PC or EC/DMC (1:1), respectively.50d.111-116 A prjef
summary of a few selected lithium salts of signifi-
cance during the development of lithium cell electro-
lytes is given below.

2.2.1. Lithium Perchlorate (LiClIO,)

LiClO,4 has been a popular electrolyte solute owing
to its satisfactory solubility and high conductivity
(~9.0 mS cm™! in EC/DMC at 20 °C) as well as its
high anodic stability (up to 5.1 V on a spinel cathode
surface in EC/DMC).®° Recent studies found that SEI
films formed in LiCIO, electrolytes, on both lithium
and carbonaceous anode surfaces, are of lower im-
pedance than those formed in LiPFg or lithium
tetrafluoroborate (LiBF,) electrolytes, because the HF
is absent in the former.1%4117 It is believed that HF,
generated as the hydrolysis product of LiPFs and
LiBF,4 by trace moisture in the electrolyte solvents,
reacts with either alkyl carbonate or Li,CO3; and
forms the highly resistive LiF.11".118 Compared with
other lithium salts, LiClIO, also has the merits of
being relatively less hygroscopic and is stable to
ambient moisture.

However, the high oxidation state of chlorine (VII)
in perchlorate makes it a strong oxidant, which
readily reacts with most organic species in violent
ways under certain conditions such as high temper-
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Scheme 2. Reaction between LiAsFg and Ether
Solvents
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ature and high current charge.581° Actually, back in
the 1970s it had already been realized that LiClO,4
was impractical as an electrolyte solute for industry
purposes;® nevertheless, it is still frequently used
as a salt of convenience in various laboratory tests
because it is easy to handle and economical.43.79.91.94

2.2.2. Lithium Hexafluoroarsenate (LiASFe)

While researchers focused on the morphology of
lithium cycling in nonaqueous electrolytes during the
late 1970s, it was found that the salt plays an
important role beside the solvents, and in general,
LiAsFs was a superior salt to LiClO4 as an electrolyte
solute for lithium batteries.> For a long period, the
combination of LiAsFs with various ethers became
the most popular system under investigation.60.6268.69.78
On average, lithium cycling efficiencies could reach
>95% in these systems,546266 although long-term
cycling in these electrolytes still promoted the growth
of lithium dendrites.” Chemical deterioration was
also detected, as indicated by the discoloration of the
LiAsFe/2-Me-THF solution with time, and a reaction
between LiAsFs and the solvent was suspected.%>68
A mechanism was proposed based on the Lewis
acidity of As(V), which cleaves the ether linkage and
produces a series of gaseous and polymeric products
(see Scheme 2).%8

The cathodic stability of the AsFs~ anion was
studied on a glassy carbon surface, and a reduction
process was found at ~1.15 V vs Li:?0

AsF, + 2e<=AsF;+ 3F

The above process was observed only in the initial
cycles. Nevertheless, any electrochemical reduction
of As(V) would raise concern about the safety of using
LiAsFs in a commercial battery, because, while
arsenate in its high oxidation state (V) is not par-
ticularly toxic, As(111) and As(0) species are,68120-122
From the electrochemical point of view, however, the
above reduction could be a benefit, especially for
lithium ion cells, since an SEI formed on an anode
at >1.0 V vs lithium would be very stable during the
operation of a lithium ion cell according to a semi-
empirical rule,%® which will be discussed in more
detail in section 6.

Very similar to the case of LiCIO4, an SEI formed
from LiAsFs-based electrolytes, either on a lithium
or carbonaceous anode, mainly consists of alkyl
carbonates or Li,CO3; rather than LiF, as one would
expect from the behavior of its close structural
brothers LiPFg or LiBF,.19417118 This can be at-
tributed to the much less labile As—F bond that is
resistive to hydrolysis.?®
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The anodic stability of the AsFs~ anion proved to
be high. In proper solvents, such as esters rather
than ethers, the electrolyte based on this salt can
remain stable up to 4.5 V on various cathode sur-
faces.”®% The combination of cathodic and anodic
stability would have made LiAsFs a very promising
candidate salt for both lithium and lithium ion
batteries had the toxicity not been a source of
concern. Instead, it was never used in any com-
mercialized cells but is still frequently used in
laboratory tests even today.!4~18123-125

2.2.3. Lithium Tetrafluoroborate (LiBF,)

Like LiAsFs, LiBF, is a salt based on an inorganic
superacid anion and has moderate ion conductivity
in nonaqueous solvents (Table 3). It was out of favor
in the early days of lithium battery research because
the ether-based electrolytes containing it were found
to result in poor lithium cycling efficiencies, which
decayed rapidly with cycle number. 601267128 The
reactivity of LiBF,; with lithium was suspected as
discoloration occurred with time or heating.'?®

The researchers who initiated the study on LiBF,
mentioned the multiple advantages of LiBF, as
compared with other salts (e.g., less toxicity than
LiAsFs and higher safety than LiCl0O,),*?® but its
moderate ion conductivity has been a major obstacle
to its application. More recent studies on its ionics
and limiting properties in various nonaqueous sys-
tems established that, among the most common
anions encountered, BF;~ has the highest mobility,
but its dissociation constant is significantly smaller
than those of LiAsFgs and LiPFs.11112° The unfavorable
balance of these two properties results in the moder-
ate ion conductivity.

Electrochemically, the BF,~ anion was found to be
stable against oxidation on a glassy carbon (GC)
surface up to 3.6 V vs a standard calomel electrode
(SCE), which translates into ~5.0 V vs lithium.130.131
When a distinction is made, this stability limit is
somehow lower than those of AsFs~ and PFs~ anions;
however, caution must be exercised here, as these
data were measured on GC with quaternary am-
monium as supporting electrolyte, instead of on a
surface of cathode materials. This could result in
substantial difference.”®

The use of LiBF, in lithium-based cells has been
rare because of its inferior ion conductivity until
recently, when the thermal instability of LiPFs and
the moisture sensitivity became recognized. Attempts
to replace LiPFg in lithium ion cells have been made,
and the cells based on LiBF, electrolytes showed
improved performance, not only at elevated temper-
atures up to 50 °C!* but, surprisingly, also at low
temperatures as well.2327135 These observations could
bring this salt back to research favor.

2.2.4. Lithium Trifluoromethanesulfonate (LiTf)

Another family of lithium salts is based on the
conjugate bases of the organic superacids, where acid
strength is increased because of the stabilization of
anions by the strongly electron-withdrawing groups,
usually perfluorinated alkyls. In these anions, the
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delocalization of the formal negative charge is practi-
cally realized by a combination of the inductive effect
of the electron-withdrawing groups and the conju-
gated structures:

/7 i i
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carboxylate phosphate sulfonate

The attempt to use these salts originated from the
hope that their dissociation constants would be high
even in low dielectric media, and the organic nature
of perfluorinated alkyls would always assist the
solubility of the salts in nonaqueous solvents. Be-
cause of the requirement for electrochemical stability,
lithium carboxylates (Re-CO,Li, where R = perflu-
orinated alkyls) are excluded from consideration,
because their oxidation still occurs at ~3.5 V vs
lithium, which is similar to the cases of their non-
fluorinated counterparts.??> Obviously, the electron-
withdrawing groups do not stabilize the carboxylate
anions sufficiently to alter their oxidative stability.

On the other hand, sulfonate (—SOsLi) became the
anion of choice because it is highly resistant to
oxidation, thermally stable, nontoxic, and insensitive
to ambient moisture as compared with LiPFg or
LiBF,.1?2 As the simplest member of this category
(Re = CFy), lithium triflate (LiTf) received extensive
research as a candidate for lithium/lithium ion cells.
Other similar salts studied include perfluoroethyl
sulfonate (R = C,Fs), perfluorobutylsulfonate (Rg =
C4Fg),*?°7131 and the oligomeric versions that are
based on polyether linkages.136:137

One major drawback of these sulfonate salts is
their poor ion conductivity in nonaqueous solvents
as compared with other salts. In fact, among all the
salts listed in Table 3, LiTf affords the lowest
conducting solution. This is believed to be caused by
the combination of its low dissociation constant in
low dielectric media'??*%® and its moderate ion mobil-
ity'? as compared with those of other salts. Serious
ion pairing in LiTf-based electrolytes is expected,
especially when solvents of low dielectric constant
such as ethers are used.'1%122

The stability of the Tf~ anion toward lithium has
been studied by both electrochemical and spectro-
scopic means.'® While the surface analysis using
X-ray photoelectron spectra (XPS) found only a trace
of LiF, in addition to Li,COs, present on the lithium
surface, indicating that this anion was not reactive
with lithium, a poor lithium morphology was identi-
fied in LiTf-based electrolytes. Electrochemical quartz
crystal microbalance (EQCM) detected a very rough
surface of the cycled lithium, most likely related to
the formation of dendritic lithium. A simultaneous
impedance measurement confirmed the poor mor-
phology with ever-increasing interfacial impedance
due to the incessant reactions between the rough
lithium surface and the electrolyte. This sustained
reaction resulted in a thick and resistive SEI film
that was not favorable to battery operation. However,
in at least one case, LiTf was found to outperform
the state-of-the-art solute LiPF¢, where an atypical
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Scheme 3. Resonance States of the Imide (Im)
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anode (carbon fiber) was used, and LiTf-based elec-
trolytes in various solvent mixtures (EC/DMC, PC/
DMC, or EC/DME) showed better Coulombic effi-
ciency (~98%) and discharge capacity.'*°

The anodic stability of the Tf~ anion, as measured
on a GC surface, was not found to be particularly
high:*%0 inferior to BF,~ and PFs~ but better than
ClO4~. Ab initio calculations yielded similar conclu-
sions,®®! and results measured on porous carbon
electrodes were consistent with those measured on
GC.Bt

The real obstacle that eventually eliminated LiTf
as a candidate for lithium ion battery application is
the serious aluminum corrosion that occurred in LiTf-
based electrolytes. Used as the substrate material to
carry cathode active material in the cell, Al is
constantly subject to high potentials during cell
operation and, thus, must maintain inertness against
anodic dissolution. However, because of a special
interaction between the Tf~ anion and Al, the latter
dissolves anodically at ~2.7 V and starts to pit at
~3.0 V.1*IAt 4.0 V vs lithium, the normal working
potential of a charged cell, the anodic dissolution
current is ~20 mA/cm? in PC. This high corrosion
rate leaves LiTf virtually little possibility of being
used as an electrolyte solute for any high voltage
cells, either lithium or lithium ion.

2.2.5. Lithium Bis(trifluoromethanesulfonyl)imide (Lilm)
and lts Derivatives

In 1984, Foropoulos and DesMarteau reported a
new acid based on an imide anion stabilized by two
trifluoromethanesulfonyl (triflic) groups.**? Because
of the strong electron-withdrawing nature of the
triflic groups and the conjugation between them and
the lone electron pair on the nitrogen, the formal
negative charge in the anion is well delocalized, as
shown by the resonance structures in Scheme 3.

As a result, the acid strength of the proton is
approximately equivalent to that of sulfuric acid in
nonaqueous media.'*? In view of the excellent mis-
cibility of this anion with organic nonpolar materials,
Armand et al. proposed using its lithium salt (later
nicknamed “lithium imide”, or Lilm) in solid polymer
electrolytes, based mainly on oligomeric or macro-
molecular ethers.'*3 In no time, researchers adopted
its use in liquid electrolytes as well, and initial
results with the carbonaceous anode materials seemed
promising.®® The commercialization of this new salt
by 3M Corporation in the early 1990s sparked
considerable hope that it might replace the poorly
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conducting LiTf, the hazardous LiCIO,, the thermally
unstable LiBF, and LiPFs, and the toxic LiAsFg in
lithium battery applications.’?? Extensive studies of
this salt were carried out to determine its ionics in
nonaqueous solutions!11116.129.130.131,139 gnd its applica-
tions in lithium or lithium ion cells.#596:144,145

Lilm proved to be safe, thermally stable, and highly
conducting: it melts at 236 °C without decomposition
(a rarity among lithium salts) and does not decom-
pose until 360 °C.16 Its ion conductivity in THF is
an order of magnitude higher than that of LiTf,
although lower than those of LiAsFs and LiPFg,'11116.122
and when no Al is used, a lithium ion cell based on
a LiNiO; cathode and a petroleum coke anode can
yield up to 1000 deep discharge cycles with Lilm in
an EC/DMC solution.*®

lonics studies by Webber and Ue revealed that this
salt dissociates very well even in low dielectric
solvents, although its large anion size usually results
in a higher solution viscosity than those of other salts
in a given solvent system. Thus, its good ion conduc-
tivity should be the result of a compromise between
a high degree of dissociation and low mobility.1?2.129
In this sense, Lilm favors solvents with a low
dielectric constant. Electrochemical stability tests
were carried out on a GC electrode, and Im~ was
found to be stable against oxidation in EC/DMC up
to 2.5 V vs a Ag*/Ag reference, which translates to
~5.0 V vs Li, an oxidation limit lower than those for
LiBF, and LiPFs,*3%%31 put still high enough to be
practical. The morphology of cycling lithium in Lilm-
based electrolytes is apparently superior to that in
other salt-based electrolytes.3°

Despite all of these merits, the application of Lilm
in lithium ion cells never materialized because it
caused severe Al corrosion in electrolytes based on
it.1*! In situ surface studies using EQCM established
a reaction between the Im~ anion and the Al sub-
strate in which Al(Im); is produced and adsorbed on
the Al surface.’*” Undoubtedly, this corrosion of a key
component of the cell by Im~ greatly restricts the
possible application of Lilm, because the role of Al
as a cathode substrate in the lithium-based battery
industry is hard to replace, due to its light weight,
resistance to oxidation at high potential, excellent
processability, and low cost.

Efforts were made to reduce the reactivity of Im~
toward Al. Other salts that could passivate Al were
used as additives with Lilm, and the results were
encouraging.'#’” Also, structural modification of the
imide anion was made by extending the perfluori-
nated alkyl chain and was found to be effective,
although at the price of lower ion conductivity.141.148
Although Lilm has never been used in any com-
mercial lithium ion devices, it remains an interesting
salt to be investigated, especially for the polymer-
based electrolytes.*’

2.2.6. Lithium Hexafluorophosphate (LiPFg)

Among the numerous salts vying for lithium/
lithium ion batteries, LiPFg¢ was the obvious winner
and was eventually commercialized. The success of
LiPFs was not achieved by any single outstanding
property but, rather, by the combination of a series
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Scheme 5. Hydrolysis of LiPFg Salts by Moisture
LiPFg (sol.) + Hy0 === LiF (s) + 2HF (sol.) + POF; (sol.)

PF3 (sol.) + H,0 === 2HF (sol.) + POF; (sol.)

of well-balanced properties with concomitant com-
promises and restrictions. For example, in the com-
monly used carbonate solvent mixtures it has a lower
conductivity than LiAsFs (Table 3),°9111.116 3 lower
dissociation constant than Lilm,'?® a lower ionic
mobility than LiBF,,*?° a lower thermal stability than
most of the other salts,’ a lower anodic stability
than LiAsFgs and LiSbFg,139131 and a lower chemical
stability toward ambient moisture than LiClOy, Lilm,
and LiTf. However, none of these other salts could
meet all these multifaceted requirements simulta-
neously as well as LiPFs does.

LiPFs was proposed as an electrolyte solute for
lithium-based batteries in the late 1960s,**° and soon
its chemical and thermal instabilities were known.*°
Even at room temperature, an equilibrium exists:

LiPF4(s) = LiF(s) + PF¢(Q)

The generation of the gaseous product, PFs, drives
the equilibrium to the right, and this process is
favored by elevated temperatures. In the presence of
nonaqueous solvents, the strong Lewis acid PFs tends
to initiate a series of reactions, such as ring-opening
polymerization or cleavage of ether linkages (Schemes
2 and 4)_68,151,152

On the other hand, the P—F bond is rather labile
toward hydrolysis by even trace amounts of moisture
in nonaqueous solvents, producing a series of cor-
rosive products (Scheme 5). Thermal gravimetric
analysis (TGA) reveals that, in a dry state, LiPFg
loses 50% of its weight at >200 °C'*! but that, in
nonaqueous solutions, the deterioration occurs at
substantially lower temperatures, for example, as low
as 70 °C.

The sensitivity of LiPFg toward ambient moisture,
solvents, and high temperature not only restricts its
range of applications, especially in nonaqueous bat-
teries, but also causes tremendous difficulty in its
preparation and purification.'>® Before the 1990s,
most of the commercially available LiPFg had high
amounts of LiF and HF, and the purity issue became
part of the reason the potential of LiPFs was not fully
realized until recently. The manufacture of high-
purity LiPFs (HF < 10 ppm) in industrial scale was
achieved by Japanese companies in the late 1980s,
finally leading to the commercialization of lith-
ium ion technology and the ensuing extensive re-
SearCh.86‘120’122

In nonaqueous solvents based on mixed alkyl
carbonates, LiPFs remains one of the most conducting
salts. For example, in EC/DMC (1:1) the conductivity
is 10.7 mS cm™%, only fractionally lower than that of
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LiAsFg. According to the ionics studies on the limiting
properties in various solvents, this excellent conduc-
tivity results from the combination of its ionic mobil-
ity and dissociation constant, although in neither
category does LiPFg stand at the most outstanding
position:111.129

Average ion mobility: LiBF, > LiCIO, >
LiPFg > LiAsFg > LiTf > Lilm

Dissociation constant: LiTf < LiBF, < LiCIO, <
LiPFg < LiAsFg < Lilm

The reversed order in the above two properties clearly
demonstrates the conflicting nature of the require-
ments and the advantage of the well-balanced prop-
erties of LiPFs.

Electrochemical studies on a GC electrode and
various metal oxide-based cathode surfaces confirm
that the solution of LiPFg in mixed carbonates can
effectively resist oxidation up to 5.1 V,%%1%0 thus
making it one of the few salts that can actually
support the operation of 4.0 V cathode materials.
LiPFs also effectively passivates an Al substrate at
high potentials.14%153.154 |t is generally accepted that
the anion participated in forming a protective film
on Al, although there is no concensus as yet concern-
ing the mechanism of the process.14%153-156

The above merits made LiPFg the salt of choice
when lithium ion technology leaped from concept into
product. In 1990, it was used by Sony in the first
generation lithium ion cell,’ and since then, its
position in the lithium ion industry has remained
unchallenged. Like EC as an indispensable solvent
component, LiPFs has become the indispensable
electrolyte solute for almost all lithium ion devices
manufactured in the past decade.

2.3. Brief Summary

After more than a decade of exploration, the
skeletal components of the electrolyte for the com-
mercialized lithium ion devices have been identified.
Within the various brands of lithium ion cells, the
exact electrolyte composition differs from manufac-
turer to manufacturer, and the formulas remain
proprietary information; however, the overwhelming
majority of these are apparently based on two indis-
pensable components: EC as the solvent and LiPFg
as the solute. In most cases, one or more linear
carbonates, selected from DMC, DEC, or EMC, are
also used as cosolvents to increase the fluidity and
reduce the melting point of the electrolyte, thus
forming the popular composition consisting of LiPFg/
EC/linear carbonate(s).

However, certain restrictions on battery perfor-
mance arise from these state-of-the-art electrolytes,
for which these two indispensable components are
mainly responsible: (1) a low-temperature limit (—20
°C) set by EC due to the high melting point and the
high liquidus temperature it confers upon the solvent
mixture, and (2) a high-temperature limit (50 °C) set
by LiPFs due to its reactivity with solvents. As a
result, the commercialized lithium ion batteries can
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only deliver their rated capacity and power in the
temperature range —20 to 50 °C. Below temperatures
from —20 to —30 °C, both the capacity utilized and
the rate at which it is delivered (power) are deci-
mated. This reduction in performance at low tem-
peratures is usually temporary, and rated capacity
can be recovered once the battery is brought back to
>20 °C. However, at temperatures higher than 60
°C, the performance deterioration is permanent,
because the reactions between the electrolyte solute
and solvents are irreversible. Furthermore, the de-
composition products of these irreversible processes,
which are often gaseous, can lead to hazardous
pressure build-up within the batteries.

3. Liquid Range of Electrolyte Solutions

The liquid range of a nonaqueous electrolyte sys-
tem is defined at the upper limit by the temperature
at which one of its components begins to vaporize
(also called the bubble temperature, 6,) and at the
lower limit by the temperature at which one of its
components begins to crystallize (liquidus tempera-
ture, 6,).1°® Apparently, along with restrictions im-
posed by other factors, this range could serve as the
main basis for estimating the operating limits of
lithium-based devices that employ such an electrolyte
system. Surprisingly, despite the significance of this
issue to practical applications, there have been rather
few studies dedicated to the thermophysical proper-
ties of the electrolytes, especially considering the
large amount of effort spent on studying ion conduc-
tion and electrochemical properties.

Tarascon and Guyomard were perhaps the first
researchers to try to delineate a temperature range
for lithium ion electrolytes.®® Following their seminal
formulation of new electrolytes based on cyclic and
linear carbonates, they measured boiling (bp) and
melting points (mp) for LiPFs/EC/DMC solutions as
the function of EC/DMC compositions. They found
that the bp of the electrolytes as a function of
composition exhibits a monotonic decrease from that
of EC (248 °C) to that of DMC (91 °C) with such a
severe curvature that, for most of the compositions,
it is dominated by the lower boiling component. The
same trend was observed in a similar system (PC/
DEC) by Ding recently,®® who made the observation
that enhancing the bp for a mixed solvent system by
adding a higher boiling component would have little
effect because of the previously mentioned depen-
dence. In other words, the upper limit of the liquid
range for a binary system is mainly determined by
the bp of the lower boiling component. There is
sufficient reason to believe that this rule would hold
true for ternary or higher order systems.

It must be pointed out that, in the state-of-the-art
electrolytes, the actual high-temperature limits for
application in cells are usually not set by the upper
boundary of the liquid range because other factors
might push the limits far lower. For example, the
upper boundary of the liquid range is ~90 °C for
DMC-, 110 °C for EMC-, and 120 °C for DEC-based
electrolytes, all of which are far above the high-
temperature limit set by the salt LiPFg (70 °C).152
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Even if LiPFg is replaced by more thermally stable
salts, the thermal stability of passivation films on
both the anode and the cathode would still keep the
high-temperature limits lower than 90 °C, as do the
thermal stability of the separator (<90 °C for polypro-
pylene), the chemical stability of the insulating
coatings/sealants used in the cell packaging, and the
polymeric binder agents used in both cathode and
anode composites.

The lower boundary of the liquid range, on the
other hand, does usually serve as the low-tempera-
ture limit for the electrolytes. The mp of LiPFes/EC/
DMC was determined as a function of solvent com-
position by Tarascon and Guyomard, who concluded
that LiPFs/EC/DMC could be used in the solvent
compositions between 3:7 and 8:2 at temperatures
down to —25 °C.%® The mp-dependence on solvent
composition that was reported in the work, however,
does not seem to be rational, since it shows a long
plateau at ~ —10 °C in 30—90% DMC after an initial
drop from 20 °C at 20% DMC,* whereas a typical
simple eutectic feature would be expected instead.
When a closer comparison is made between the
results by Tarascon and Guyomard and the more
recent studies by Ding et al.,5%¢159.160 jt becomes
obvious that in the former work no distinction was
made between the liquidus and solidus temperatures;
that is, the mp’s at 20% and 90% DMC are liquidus
temperatures, while the rest (the plateau section)
seem to be solidus temperatures as measured by Ding
et al. This confusion could have arisen from the fact
that, for the intermediate compositions between 30%
and 80% DMC, the liquidus transition usually ap-
pears as a broad peak of relatively negligible thermal
effect that could evade notice, while the solidus
transition usually appears as a sharp and conspicu-
ous peak.

Systematic construction of carbonate mixture phase
diagrams was performed by Ding et al.50¢159.160 for g
series of binary carbonate solvent systems that are
frequently used as lithium ion electrolyte solvents.
It was found that all of the binary combinations
between EC, PC, DMC, EMC, and DEC yield the
same basic feature of simple eutectic-type phase
diagrams, characterized by the V-shaped liquidus
lines intersecting at the eutectic composition with a
horizontal solidus line, although the details of each
individual diagram vary greatly depending on their
mp and cyclicity. Figure 4 shows a collection of such
phase diagrams mapped for some EC-based binary
solvent systems.

In these phase diagrams, the liquidus line repre-
sents the temperature at which one of the compo-
nents crystallizes, while, below the solidus line, the
whole system solidifies. Between the solidus and
liquidus lines are the regions where solid and liquid
coexist. Since there is no solid phase above the
liquidus lines and the liquid is thermodynamically
stable, Ding et al. suggested that the liquidus tem-
peratures should be adopted as the lower boundary
of the liquid phase, instead of the solidus tempera-
tures.'®%160 The patterns of these phase diagrams are
typical of binary systems in which the two compo-
nents are mutually soluble in their liquid states but

Xu

50

C (=50.3 °C)
-50 & EMC (-53.5°C)

0 0.2 0.4 0.6 0.8 1

Mole fraction of EC EC

Figure 4. Liquid—solid phase diagrams of EC/IDMC, EC/
EMC, and PC/EC. (Reproduced with permission from ref
159 (Figure 9). Copyright 2000 The Electrochemical Soci-

ety.)

insoluble in their solid states; therefore, solid solu-
tions do not form below solidus temperatures, and
the binary system exists in the form of a heteroge-
neous mixture of both solids.

Typically, the liquidus lines of a binary system
curve down and intersect with the solidus line at the
eutectic point, where a liquid coexists with the solid
phases of both components. In this sense, the mixture
of two solvents should have an expanded liquid range
with a lower melting temperature than that of either
solvent individually. As Figure 4 shows, the most
popular solvent combination used for lithium ion
technology, LiPFs/EC/DMC, has liquidus lines below
the mp of either EC or DMC, and the eutectic point
lies at —7.6 °C with molar fractions of ~0.30 EC and
~0.70 DMC. This composition corresponds to volume
fractions of 0.24 EC and 0.76 DMC or weight frac-
tions of 0.28 EC and 0.71 DMC. Due to the high mp
of both EC (36 °C) and DMC (4.6 °C), this low-
temperature limit is rather high and needs improve-
ment if applications in cold environments are to be
considered.

A rather counterintuitive conclusion that can be
extracted from these phase diagrams, however, is
that simply introducing a low-melting component
does not necessarily extend the liquid range, as
evidenced by the replacement of DMC by the lower
melting EMC (—53 °C) in an EC-based binary solvent
system (Figure 4). The mismatch between the EC and
EMC mp’s creates a liquidus line that approaches the
mp of EC for most of the compositions; therefore, the
liquid range toward the low-temperature end actually
shrinks as compared with that of the EC/DMC binary
system. The replacement of DMC by another low-
melting linear carbonate, DEC (—74 °C), produces a
similar effect.?%d It was proposed later that this poor
compatibility between EC and linear carbonates
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originates from the intrinsic differences found at the
molecular level, that is, in the number of structural
conformations that was allowed for by their freely
rotatable single bonds.%®

The comparison between the phase diagrams has
led to the conclusion that the compatibility between
different solvents is determined by two factors: (1)
molecular structure similarity and (2) melting point
proximity.5%e158-160 Thys, from the viewpoint of phase
diagram study alone, the effort to advance the liquid
range toward lower temperature would be far more
effective if cyclic—cyclic or linear—linear binary sys-
tems were formulated rather than the cyclic—linear
combination that is currently used as the state-of-
the-art lithium ion electrolytes. Unfortunately, most
of the possible formulations under these categories
would be vetoed by other considerations such as ion
conductivity, electrochemical stability, and SEI for-
mation on electrodes, and the cyclic—linear combina-
tion remains the formulation of choice. Viewed from
another angle, the low-temperature limit on the
device will remain a challenge as long as the high-
melting EC remains an indispensable solvent com-
ponent for the lithium ion electrolytes, because it will
dominate the lower boundary of the liquid range no
matter what linear cosolvents were used.

The phase diagrams shown in Figure 4 only
describe the thermal properties of the binary solvents,
while in practical applications the salt solutions of
these solvent mixtures would be of greater interest.
Ding et al. studied the effect of salt on the liquidus
and solidus line locations at various concentrations
up to 1.0 M and concluded that both lines would be
depressed on temperature axes by a limited number
of degrees.'>® At the salt concentrations investigated,
it seems that the basic shape of the phase diagram
remains unchanged, while the liquidus and solidus
lines parallel those of the corresponding solvents.
Thus, one can reliably estimate the phase transition
temperatures of an electrolyte to be formed from a
solvent with a known phase diagram.

In the actual application of the electrolytes at low
temperatures, another thermal property that is closely
related to the phase diagram and should not be
ignored is the so-called “supercooling” behavior,61-163
which occurs when the liquid circumvents crystal-
lization at its mp or liquidus/solidus temperature,
usually because the high viscosity of the solvent
system at this temperature prevents the timely
reorganization of molecules to ordered conformations.
As a result, the solvent remains fluid at the temper-
atures below their thermodynamic freezing point, and
this metastable liquid is called a “supercooled liquid”.
The supercooled state ends when the glass transition
occurs at some lower temperature and turns the
system into a disordered (noncrystalline) solid phase.
Since supercooling actually delays or even eliminates
crystallization of solvent components, the liquid
range of the solvent system could be substantially
extended from the liquidus down to the glass transi-
tion temperature (Tg). This extended range could
potentially benefit the operation of the electrolyte at
low temperatures, and there are numerous examples
in which electrolytes were tested at temperatures far
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below their liquidus temperatures without pro-
nounced deterioration.164165

However, an electrolyte is only kinetically stable
below its liquidus line, and the presence of any
nucleating agent could trigger the formation of a solid
phase. In an electrochemical device, the rough sur-
face of the electrode composite, the fibers of the
separator, or the edges of current collectors and tabs
can all act as such a nucleating agent; therefore, the
extended liquid range of electrolytes by supercooling
seems rather unreliable. Ding et al. studied the
supercooling behavior of the EC/EMC system and the
effect of various carbon particles on its diminution.66
They found that, in this particular carbonate mix-
ture, only the liquidus temperature could be success-
fully bypassed at a given cooling rate (10 °C/min),
while, at the solidus temperature, binary crystalliza-
tion occurs with negligible supercooling. Carbon
particles effectively diminish the supercooling by
providing nucleation seeds and effectively promoting
the primary crystallization of EC at or near its
liguidus temperature. The effectiveness of these
carbon particles lies in the order

MCMB > activated carbon > carbon black

where MCMB stands for mesocarbon microbeads, a
popular carbonaceous anode material used in the
lithium ion batteries.

On the other hand, the presence of the salt, LiPFg,
assists the occurrence of supercooling by increasing
the solution viscosity and by depressing the liquidus
temperature. At practical concentrations of LiPFg
(~1.0 M), even the solidus temperature can be
circumvented, since there is no crystallization process
observed for LiPFg/EC/EMC solution down to —120
°C, while the glass transition occurs at —103 °C. In
such concentrated solutions, even the presence of
MCMB cannot initiate crystallization, and the su-
percooling is completely suppressed at the cooling
rate of 10 °C/min.

Thus, in actual applications, supercooling might
well exist when electrolytes are used at low temper-
atures and result in an extended liquid range.
However, it should be emphasized that such an
extended range remains fragile, since the supercool-
ing as a kinetically stable behavior is highly condi-
tional and unpredictable during the operation of the
device. The diminution or even elimination of super-
cooling is entirely possible if a slower cooling rate is
employed or long-term storage at low temperature
is exercised, but almost certainly, any prolonged
operation of an electrolyte below the liquidus line
would eventually encounter precipitation of solvent
components and result in performance deterioration.
Therefore, the reliable low-temperature limit should
still be set by the liquidus lines as depicted in the
phase diagram.

Following the seminal formulation of electrolytes
based on carbonates by Tarascon and Guyomard,®-%°
a lot of effort had been made to modify those binary
lithium ion electrolytes. Often, ternary, quaternary,
and even higher order solvent systems were pro-
posed, and the difficulty in constructing the phase
diagrams for these systems increased dramatically
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Figure 5. Calculated ternary phase diagram for EC/PC/
DMC as expressed in the form of a composition triangle
plane. The dotted lines represent the isotherms with 10 K
intervals with 300 K marked. (Reproduced with permission

from ref 167 (Figure 12). Copyright 2003 The Electrochemi-
cal Society.)

due to the amount of experimental work required.
Consequently, the possibility of using computer
modeling to circumvent the laborious experimental
mapping was considered.'®” Because a phase diagram
is merely a graphic representation of thermodynam-
ics through minimizations in the free energy of the
system under certain constraints, free-energy model-
ing of individual phases in a multicomponent system
should represent the phase boundary through phase
equilibrium calculations. Since the electrolyte sys-
tems are usually used at constant pressure condi-
tions, the Gibbs free energy is the quantity minimized
in calculating phase equilibria, and the computa-
tional approach commonly known as the CALPHAD
method was used by Liu. The initial attempt seemed
to be successful because phase diagrams of unary
systems for neat DMC, EC, and PC, and of binary
systems of EC/DMC, PC/DMC, and EC/PC were
reproduced with satisfactory accuracy when com-
pared with the work of Ding et al. Furthermore, by
combining the three binary systems, a ternary phase
diagram for EC/PC/DMC was predicted as shown in
Figure 5. As one would expect, the eutectic composi-
tion was heavily PC-rich because PC was the lowest
melting of the three components. Although the eu-
tectic composition as predicted in the ternary phase
diagram (0.10 EC/0.15 DMC/0.75 PC) was impracti-
cal for cell applications because of PC'’s destructive
effect on most carbonaceous anodes, the effectiveness
of PC, when used in smaller amounts (<30%), in
improving low-temperature performance had been
confirmed.'®® Undoubtedly, continued efforts to pre-
dict the thermal properties of ternary or higher order
systems should be encouraged for prospective elec-
trolytes, as they would provide useful knowledge for
estimating their operating temperature range.

4. lon Transport Properties

The ability to conduct ions is the basic function of
electrolytes, which would determine how fast the
energy stored in electrodes can be delivered. In liquid
electrolytes, the transport of ions is realized via a
two-step process: (1) the solvation and dissociation
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of ionic compounds (usually crystalline salts) by polar
solvent molecules and (2) the migration of these
solvated ions through the solvent media.

During the solvation, the stability of the salt crystal
lattice is energetically compensated by the coordina-
tion of solvent dipoles with the naked ions (especially
cations); therefore, these ions should always migrate
with a “solvation sheath” around them, which con-
sists of a certain number of oriented solvent mol-
ecules. According to the results obtained from various
modeling approaches including ab initio quantum
mechanics, the small ionic radius of lithium usually
allows no more than four solvent molecules in its
solvation sheath.??169-171 Using a new mass spec-
trum (MS) technique, a more recent determination
of the coordination number (CN) for lithium ions
seems to support these computational results: among
the various solvated lithium ion species, the peaks
corresponding to Li(solv),-3* are the most abundant
no matter whether the solvent is EC, PC, or y-buty-
rolactone (yBL).172173 This latter experimental ob-
servation also revealed the stability of the solvation
sheath, which obviously remains intact even during
the electrospraying under vacuum and the subse-
guent ionization process. Therefore, there should be
sufficient confidence in the general belief that the
composition of solvated lithium ion remains un-
changed during its migration in an electrolyte solu-
tion.® Considering that both cation and anion could
be coordinated by solvents, ion conduction actually
consists of the oriented movement of ion/solvent
complexes of both charges.

lonic conductivity o, which quantifies the ion
conduction ability, reflects the influence of these two
aspects, that is, solvation/dissociation and the sub-
sequent migration, in terms of the free ion number
n; and the ionic mobility ui,:

0= Zniruizie @)

where Z; is the valence order of ionic species i, and e
is the unit charge of electrons. For a single salt
solution, the cations and anions are the only two
charged species present.'’

lon conductivity has essentially become the quan-
tity used as the field-trial standard for any prospec-
tive electrolytes, because it can be easily measured
with simple instrumentation, and the results are
highly accurate and reproducible. The methodology
and the fundamental principles involved with the
measurement have been summarized in a detailed
review.1”® On the other hand, no reliable method has
been available so far for the exact determination of
ion mobility (or a related property, diffusivity D;) and
ionization degree, especially in electrolyte solutions
in the concentration ranges of practical interest.!

The lack of ionic mobility data causes a serious
inconvenience when the ion conduction ability of an
electrolyte is evaluated, because the measured con-
ductivity is the result of the overall migration of both
anions and cations, while for lithium batteries only
the portion of the current that was carried by the
lithium cation matters. This portion of the current
from lithium ion movement, which determines the
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rate at which the battery operates, is quantified by
the lithium ion transference number (t.;):

B Ui

There have been numerous efforts aimed at esti-
mating the lithium ion transference numbers in
nonaqueous solutions, and the data obtained via
different approaches vary appreciably. Nevertheless,
it is generally accepted that, in much diluted non-
aqueous solutions, lithium ion transference numbers
range from 0.20 to 0.40, depending on the properties
of salts and solvents.1:111.129.138,176-178 |n other words,
the anions are much more mobile than the lithium
ions in nonaqueous electrolytes. The small cation
current portion in nonaqueous electrolytes is believed
to be caused by the high surface charge density on
the cations (especially lithium ion) due to their small
ionic radii, so they are much more favorably solvated
and must move at slower speed with the solvation
sheath, while high populations of anions could re-
main relatively “naked”. Solvation enthalpy calcula-
tions for cations and anions support this argu-
ment:16%176.178 in typical carbonate solvents, the former
range between 20 and 50 kcal mol~! while the latter
are below 10 kcal mol~2.

A lithium ion transference number significantly
less than 1 is certainly an undesired property,
because the resultant overwhelming anion movement
and enrichment near electrode surfaces would cause
concentration polarization during battery operation,
especially when the local viscosity is high (such as
in polymer electrolytes), and extra impedance to the
ion transport would occur as a consequence at the
interfaces. Fortunately, in liquid electrolytes, this
polarization factor is not seriously pronounced.

The unavailability of data on dissociation degree
and mobility has thus made ion conductivity an
alternative metric that has been universally adopted
by the battery research and development community
to evaluate the transport ability of electrolytes.
However, it should always be remembered that such
a metric of convenience is based on an unstated
assumption; that is, the increase in the overall
conductivity should originate, at least partially, from
the improvement in the cation conductivity. Quali-
tatively, this assumption holds true, since a correla-
tion does usually exist between ion conductivity and
power performance in batteries, although quantita-
tively the distribution of this increase between anions
and cations is unknown.

The efforts to improve ion conductivity have re-
volved around eq 1, that is, aiming at increasing
either the salt dissociation degree (n;) or the ionic
mobility (ui). Since these two factors are decided
simultaneously by the physicochemical natures of the
salt and solvents, different approaches involving
either of these electrolyte components have been
adopted.

For lithium electrolytes, the only variable in salt
structure is the anion. In a given nonaqueous solvent
system, the dissociation of a lithium salt would be

b (2)
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facilitated if the anion is well stabilized by electron-
withdrawing functionalities. Successful examples of
such anions include PFs~ or Im~, whose lithium salts
dissociate readily as compared to those based on the
parental anions (LiF and lithium alkylamide, respec-
tively).

On the other hand, the mobility of an ion is known
to vary inversely with its solvation radius r; according
to the Stokes—Einstein relation:?

__1
6mnr;

Ui C)

where 7 is the viscosity of the media. With the cation
species fixed, this approach seems to be of little use
to increase cation mobility. However, a larger anion
with lower anion mobility shows the application of
this approach in another way, which results in a
higher cation transference number, although the
overall conductivity could decrease because of the
reduction in the anion contribution. This effect was
observed in imide and its derivatives.®® The extrem-
ity of this approach was represented by the salts with
oligomeric or polymeric anions, where t, approaches
1.0 but the overall ion conductivities suffer
drastically.136137.179-182 Hence, the approach of using
large anions to enhance t.; is not widely pursued in
liquid electrolytes.

So far, very few attempts at improving ion conduc-
tivity have been realized via the salt approach,
because the choice of anions suitable for lithium
electrolyte solute is limited. Instead, solvent composi-
tion tailoring has been the main tool for manipulating
electrolyte ion conductivity due to the availability of
a vast number of candidate solvents. Considerable
knowledge has been accumulated on the correlation
between solvent properties and ion conductivity,! and
the most important are the two bulk properties of
the solvents, dielectric constant ¢ and viscosity 7,
which determine the charge carrier number (n;) and
ion mobility (ui), respectively.

In order for a solvated ion to migrate under an
electric field, it must be prevented from forming close
ion pairs with its counterions by the solvating
solvent. The effectiveness of the solvent molecule in
shielding the interionic Coulombic attraction is closely
related with its dielectric constant. The critical
distance for the ion pair formation q is given by eq 4
according to Bjerrum’s treatment, with the hypoth-
esis that ion-pair formation occurs if the interionic
distance is smaller than q:1183

_ |Zizj|e2 4
= 8megekT “)

where z, €, k, and T are the valence orders of ions,
the dielectric constant of vacuum, Boltzmann’s con-
stant, and temperature, respectively. Apparently, in
a solvent with a higher dielectric constant, ions would
have a higher probability of staying free at a given
salt concentration and ion association would be less
likely to occur. Most of these solvents are of high
boiling temperature and high viscosity (Table 1).
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Figure 6. (a) Optimization of ion conductivity in mixed
solvents: 1.0 M LiClO, in PC/DME. (b) Dependence of
dielectric constant (¢) and fluidity (1) on solvent composi-
tion. These plots are reconstructed based on the data
reported in refs 187 and 194, respectively.

When solvated ions migrate within the electrolyte,
the drag force applied by the surrounding solvent
molecules is measured by solvent viscosity 5. Thus,
in a solvent of lower viscosity, the solvated ions would
move more easily in response to an applied electric
field, as expressed by the Einstein—Stokes relation
(eqg 3). Solvents of low viscosity have always been
considered the ideal candidates for electrolyte ap-
plication; however, their actual use was restricted
because most of these solvents have low dielectric
constants (Tables 1 and 2) and cannot dissociate ions
effectively enough to prevent ion pairing.

Since a high dielectric constant and low viscosity
usually cannot be integrated into a single solvent,8
a solvent mixture, usually binary with one of the
components selected for ¢ and the other for #, was
used to formulate electrolytes for lithium batteries
with the hope that a balance between these two
properties could be arrived at via such mixing.185-187
The concept was rapidly accepted by researchers of
the 1980s, usually using cyclic carbonates for their
high ¢ and linear or cyclic ethers for their low
7.7273,78,87.89,127.188-191 In glmost all the cases, ion
conductivity in mixed solvents is superior to that in
single solvents, as Figure 6a shows for LiClIO4 in PC/
DME, and a maximum in conductivity is usually
realized in medium compositions.

A series of works by Matsuda et al. composed
perhaps the first systematic study to explore the
physical foundation for such a mixing effect.127.187.193,194
Using PC/DME as a model system, they investigated
the dependence of vapor pressure, dielectric constant,
and viscosity on solvent composition, and they cor-
related these variations with ion conductions. It was
found that the dielectric constant varied with solvent
composition by following an almost linear relation,
with slight positive deviations, while viscosity always
showed a pronounced negative deviation from what
a linear relation would predict (Figure 6b). For such
binary solvent systems, approximate quantifications

Xu

of the solvent mixing effect on these two properties
were given:195.196

€= (1 — Xp)e; + X6, ®)

ns =", 6)
where e, 75, €i, i, and x; are the dielectric constant
and viscosity of the mixture or the pure solvent
components and the volume fraction of the individual
solvent component, respectively.

Either ¢ or s varies with solvent composition in a
monotonic way, and the additive effect of each term
seems to be able to account for the manner in which
ion conductivity varies with solvent composition. At
low DME concentration in the PC/DME system, the
mixture has a high dielectric constant, so that the
salt dissociates more completely. However, in this
region, the high viscosity, which impedes ionic move-
ment, dominates the ion conduction (Figure 6a). With
increasing DME content, the dielectric constant
remains relatively high, but the system viscosity falls
drastically and the solvated ions migrate with higher
mobility. As a result, a net increase in ion conductiv-
ity is achieved. Further increases in DME content
(or low PC content) result in a very low dielectric
medium where the effect of ion pair formation
outweighs that of low viscosity; thus, ion conductivity
drops with the increase in DME content. Therefore,
the maximum in ion conductivity versus solvent
composition as shown in Figure 6a is actually the
result of the compromise between the effects of the
dielectric constant and viscosity. Such a compromise
illustrates the superiority of mixed solvent versus
single solvent electrolytes.

A simple mathematical treatment based on this
model successfully reproduced the variation in ion
conductivity with solvent composition as observed in
experiments on numerous different systems. It also
proposed that, in an ideal situation where no ion pair
formation is present, the change in ion conductivity
should follow a linear relation as predicted by the
semiempirical Walden's law:1**

Ang = constant (7

where A is the ion conductivity as normalized against
salt concentration (molar conductivity). The Walden
product (Ans) can be viewed as an ion conduction
metric that is normalized against both the solvent
viscosity and the salt concentration (i.e., the free ion
number if no ion pairing occurs); therefore, its value
serves to the first approximation as a quantification
of ion dissociation degree in electrolytes with either
a given solvent or a given salt.111122

Although the above findings came from studies on
mixtures of the cyclic carbonate PC with ethers, they
remain qualitatively true for mixtures of cyclic and
linear carbonates, that is, compositions of the state-
of-the-art lithium electrolytes. Most likely, it was the
work by Matsuda et al. that delineated the basic
guidelines for electrolyte formulation, which eventu-
ally led to the formulations by Tarascon and Guyo-
mard using cyclic (high €) and linear (low #) carbon-
ate mixtures,93.98.99
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Further analysis of related studies seems to argue
that the success of the high-e/low- combination
might not be due to the simple additive effect of these
two properties but, rather, a synergistic action of
these two variables through a mechanism that in-
volves the solvent’s preference for cations in its
solvation sheath. During the dissolution process of a
certain salt lattice in mixed solvents, the solvation
of the ions by a solvent molecule of a higher dielectric
constant would be energetically favored over that by
a molecule of a lower dielectric constant. Conse-
quently, it would be reasonable to expect that, after
equilibrium is established in the solution, the ions
would have solvation sheaths that are mainly com-
posed of the high-¢ solvents. Modeling results using
molecular quantum mechanics support this hypoth-
esis by showing that the less favored solvent mol-
ecules (low €) actually could be readily replaced by
the favored ones.*®” Thus, in the EC/EMC system, the
solvation shell should be predominantly composed of
EC."* The most forceful evidence of this comes from
the experimental observation, where a new MS
technique employing low-energy ionization was ap-
plied to electrolytes based on a series of binary
compositions, including EC/DEC, EC/DMC, PC/DEC,
PC/DMC, yBL/DEC, and yBL/DMC. In each of these
systems, the overwhelmingly abundant species de-
tected were the solvation complexes of lithium with
the cyclic solvents (EC, PC, or yBL), with coordina-
tion numbers between 2 and 3.173

This selective solvation of lithium ions by high-¢
solvent molecules would exclude the solvents of low-#
from the solvation sheath and leave the latter as free,
noncoordinating solvent molecules. As a result, the
media in which the solvated ions migrate are mainly
composed of these free solvent molecules, which
impart their low-y to benefit the movement of the
solvated ions. In this way, a synergistic participation
from both high-e and low-5 solvents contributes to
the optimization of ion conduction.

The implication of such a picture of the solution
structure on the microscopic level not only concerns
ion transport but also further relates to the electro-
chemical stability of the electrolytes in lithium ion
cells, because these solvent molecules in the solvation
sheath, such as EC or PC, migrate with the ions to
electrode surfaces and are probably more involved in
the oxidative or reductive processes than the non-
coordinating, low-n solvent molecules, such as the
linear carbonates. This could have a profound impact
on the chemical nature of the electrolyte/electrode
interfaces (section 6).

Knowing how ion conduction is determined by the
interplay between the dielectric constant and viscos-
ity, the dependence of ion conductivity on different
variables that are of practical interest can be ex-
plained consistently. Extensive studies have been
carried out on the effects of salt concentration, solvent
composition, and temperature on ion conductivity in
different electrolyte systems,!13:195.196,198,199 among
which the most representative is the meticulous work
by Ding et al. on a series of binary systems pertinent
to the state-of-the-art lithium ion cells.1%1% Figure
7 shows the LiPF¢/EC/DMC system as an example
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of surface plots based on the close fit of experimental
data to a fourth degree trivariant polynomial func-
tion:

o= f(mx,T) (8)

where g, m, x, and T are ion conductivity in mScm™,
salt concentration in mol kg™, the mole fraction of
EC, and temperature in °C, respectively. Figure 7
summarizes the changes in ion conductivity with
these variables and exhibits a general trend which
has been observed repeatedly for various electrolyte
systems. This trend allows the tailoring of salt
concentration and solvent composition to maximize
ion conductivity at a given temperature for practical
interests:

(1) Salt Concentration (m). At low salt concen-
trations (<1.0 m), the number of free ions increases
with salt concentration; consequently, ion conductiv-
ity also increases until it peaks at a higher concen-
tration. After this conductivity maximum, any in-
crease in salt concentration results in higher ion
aggregation and higher viscosity of the solution,
which reduces both the free-ion number and the ionic
mobility simultaneously. The location of this maxi-
mum conductivity on the salt concentration axes
(mmax) is decided by the dielectric constant of the
solvents as well as temperature. Generally speaking,
a higher dielectric constant would shift the occur-
rence of ion pairing to higher salt concentrations,
while a higher temperature reduces the solution
viscosity. The common result of both scenarios is the
shift of mmax to higher salt concentrations.

(2) Solvent Composition (Xgc). At a given tem-
perature, the solvent composition determines the
outcome of the interplay between dielectric constant
and viscosity; hence, a similar relation between o and
Xec as shown for the PC/DME system in Figure 6a
should be expected, as is indeed the case. However,
temperature and salt concentration have such a
pronounced effect on this dependence of conductivity
on solvent composition that sometimes this relation
will appear as monotonic in the given range of solvent
compositions.

For example, at a given salt concentration of 1.6
m, solvents with a higher xgc are favored at high
temperatures (>50 °C) because the influence of
viscosity is less pronounced and ¢ increases mono-
tonically with xgc. At low temperatures (<10 °C), this
relation is reversed because of the predominate role
of viscosity. At intermediate temperatures between
20 and 40 °C, o peaks versus Xgc, indicating that at
neither high nor low xgc is the compromise between
€ and n able to optimize ion conduction. Similarly,
salt concentration also affects the dependence of
conductivity on solvent composition and produces the
various shapes in o—xgc relations shown in Figure
7, including single maximum curves and monotonic
increases or decreases at different salt concentrations
and temperatures.

(3) Temperature (T). With other variables being
the same, ion conductivity increases with tempera-
ture monotonically until at very high temperatures
the dielectric constant outweighs the viscosity in
affecting ion conduction. Such high temperatures,
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Figure 7. Detailed mapping of the dependence of ion conductivity on salt concentration (m), solvent composition (x), and
temperature (T) in a commonly used binary solvent system EC/DMC by surface plots. The orientations, titles, and units
of the axes used in the plots are shown in the bottom portion of the figure, and the temperatures for these plots are, in
order of their appearance, from 60 to —30 °C in 10 °C increments. The ¢ ranges for the surface plots are, in order of their
appearance, (8.49, 16.7), (7.78, 14.6), (7.03, 12.6), (6.23, 10.6), (5.44, 8.7), (4.63, 7.00), (3.14, 5.47), (1.93, 4.14), (1.04, 3.00),
and (0.46, 2.06) mS cm™1. (Reproduced with permission from ref 195 (Figure 4). Copyright 2001 The Electrochemical Society.)

however, are usually beyond the range of practical
interest.192%0 Conversely, ion conductivity at sub-
ambient temperatures is predominately determined
by the increase in solution viscosity, although the
dielectric constant becomes higher simultaneously.

A higher salt concentration accelerates the drop of
ion conductivity with decreasing temperature, be-
cause it contributes to a higher viscosity. The com-
bined effect of higher viscosity and low temperature
is shown by the steeper o—T curves of higher m.
Solvent composition, on the other hand, also has a
definite though mild influence on the temperature-
dependence of ion conductivity. The surface plots in
Figure 7 reveal that the change of conductivity with
temperature speeds up as the solvent becomes EC-
richer,’®> though different mechanisms involving
either predominant ¢ or n at low or high salt
concentrations, respectively, are believed to be at
work.

To see more clearly the temperature effect on ion
conduction, the logarithmic molal conductivity was
plotted against the inverse of temperature, and the
resultant plots showed apparent non-Arrhenius be-
havior, which can be nicely fitted to the Vogel—
Tamman—Fulcher (VTF) equation:

o= AT Y2 BR(T-To) )

where A and B are constants characteristic of the
conduction process and Ty is the vanishing conduc-
tivity temperature, which can be determined through
fitting. The T, values obtained were found to be
closely related to the glass transition temperatures
of the solution systems, which agreed with the

general knowledge that ion transport in liquids or
any noncrystalline polymer media is coupled with
solvent media.162:163:200

In summary, these trends in the change of conduc-
tivity with m, Xgc, and T can be consistently inter-
preted in terms of the change of ¢ and # with these
same variables. Since these factors and their effect
on ion conductivity are not unique to the system
illustrated, LiPF¢/EC/DMC, these trends should pro-
vide general guidance as to how ion conductivities of
other electrolyte systems with similar compositions
would change with these same variables, and they
should constitute a useful database for the under-
standing of more complex systems, such as ternary
or quaternary mixtures.

5. Electrochemical Stability: on Inert Electrodes

The cycle life of a rechargeable battery depends on
the long-term reversibility of cell chemistries, and the
electrochemical stability of the electrolyte plays a
crucial role in maintaining this reversibility. In
electrochemistry, there have been numerous tech-
niques developed to measure and quantify the elec-
trochemical stability of electrolyte components, and
the most frequently used technique is cyclic voltam-
metry (CV) in its many variations.201202

In voltammetric experiments, the oxidative or
reductive decompositions of the investigated electro-
lyte components (solvents or salts) are made to occur
on an electrode whose potential is controlled, and the
corresponding decomposition current recorded as the
function of the potential is used as the criterion for
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the stability limits. However, in contrast to the
simpler task of measuring ion conduction or deter-
mining phase boundaries, the electrochemical de-
composition is often a very complicated process,
determined not only by thermodynamic factors but,
more importantly, also by kinetic factors such as the
electrode surface, scan rate, and concentration of the
species under study. Therefore, electrochemical sta-
bility data for a given substance depend heavily on
the conditions under which they are measured and
defined, and the electrochemical stability limits as
reported in the literature are not always consistent
with each other. Depending on the concentration of
the target component in the solution under study and
the working electrode used, the voltammetry tech-
niques favored by the researchers of the battery
community fall into three major categories.

The first approach is the standard voltammetry
technique used in conventional analytical electro-
chemistry.?°2 Normally the target components are
dissolved at much diluted concentrations in a sup-
porting electrolyte, and the electrodes used are made
of inert materials such as glassy carbon (GC), nickel
(Ni), and noble metals such as gold (Au), silver (Ag),
and platinum (Pt). The advantages of this approach
include the following: (1) the diffusion pattern of the
investigated species is well-defined in the diluted
solution so that the redox properties thus determined
can be more reliably linked to the thermodynamic
properties;?®! (2) it is possible to study the decomposi-
tion behavior of solvents and salts separately so that
their contributions to the overall stability of the
electrolyte can be distinguished. However, the wide
application of this approach is restricted by the
availability of supporting electrolytes, which are
supposed to be stable in the potential ranges where
the target components decompose. In the case of
lithium-based electrolytes, the wide electrochemical
stability window of the electrolyte solvents and salts
makes it hardly possible to find a supporting medium
that is more resistant against decomposition. An
additional disadvantage of this approach also in-
cludes the fact that the surface of the inert electrode,
usually nonporous, is very different in catalytic
activity from the porous surfaces of the composite
electrode materials used in real electrochemical
devices. As a consequence, this approach could over-
estimate the electrochemical stability of the compo-
nents.’®

The second approach is an adaptation of the
voltammetry technique to the working environment
of electrolytes in an operational electrochemical
device. Therefore, neat electrolyte solutions are used
and the working electrodes are made of active
electrode materials that would be used in an actual
electrochemical device. The stability limits thus
determined should more reliably describe the actual
electrochemical behavior of the investigated electro-
lytes in real life operations, because the possible
extension or contraction of the stability window, due
to either various passivation processes of the elec-
trode surface by electrolyte components or electro-
chemical decomposition of these components cata-
lyzed by the electrode surfaces, would have been
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reflected.”576:93.94.98.99 However, since neat electrolyte
solutions are used as both the targets of study and
the supporting electrolyte, the observed stability is
the result of the possible contributions from all
components, and it is often difficult to distinguish
whether the stability limits are set by the solvent or
the salt decompositions, especially in the case of
anodic (oxidation) limits. Because of the high con-
centration of electrolytes used, it is also difficult to
apply a thermodynamic interpretation to the stability
data obtained in this way. Furthermore, the coexist-
ence of the reversible redox processes that may occur
simultaneously on these active electrode materials
can make the determination of electrochemical sta-
bility limits difficult, and frequently even the defini-
tion of electrochemical stability becomes ambiguous
because of the passivation on active electrodes. The
stability data for various lithium ion cell electrolytes
determined in this way are therefore still scarce
despite their importance.

As a compromise between the above two ap-
proaches, the third approach adopts nonactive (inert)
materials as working electrodes with neat electrolyte
solutions and is the most widely used voltammetry
technique for the characterization of electrolytes for
batteries, capacitors, and fuel cells. Its advantage is
the absence of the reversible redox processes and
passivations that occur with active electrode materi-
als, and therefore, a well-defined onset or threshold
current can usually be determined. However, there
is still a certain arbitrariness involved in this ap-
proach in the definition of onset of decomposition, and
disparities often occur for a given electrolyte system
when reported by different authors®0d.75.76.130,131,203
Therefore, caution should be taken when electro-
chemical stability data from different sources are
compared.

This section will discuss the electrochemical sta-
bilities of different solvents and salts used in state-
of-the-art electrolytes that were determined with
nonactive electrodes (i.e., in the first and the third
approaches). When active rather than inert electrodes
are used as working surfaces, many complicated
processes, including the reversible electrochemical
redox chemistries as well as surface passivation,
occur simultaneously. These related materials will
be dealt with in a dedicated section (section 6).

5.1. Anion of Lithium Salts

Table 4 lists selected electrochemical stability data
for various lithium salt anions that are commonly
used in lithium-based electrolytes, with the measure-
ment approaches indicated. Although it has been
known that the reduction of anions does occur,
sometimes at high potentials, the corresponding
processes are usually sluggish and a definite poten-
tial for such reductions is often hard to determine.
The reduction of solvents, occurring simultaneously
with that of anions on the electrode, further compli-
cates the interpretation efforts. For this reason, only
the anodic stability of salt anions is of interest, while
the cathodic limit of the salt in most cases is set by
the reduction of its cation (i.e., lithium deposition
potential).
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Table 4. Anodic Stability of Electrolyte Solutes: Nonactive Electrodes

working
salt solvent conc/M electrode Ea2 (i/(mA cm™2)) approach ref
ClO4~ PC 0.65 GC 6.1 (1.0) 3 130, 131°
PC Pt 4.6 3 204
BF,~ PC 0.65 GC 6.6 (1.0) 3 130, 131, 81¢
EC/DMC 1.0 AC 4.78 2
PFe~ THF 0.001 GC 4.4 (0.1) 1 120d
SL 0.001 GC 4.8 (0.1) 1 120
PC 0.65 GC 6.8 (1.0) 3 130, 131
none® none GC 4.94 (1.0) 3 206
none none Pt 5.00 (1.0) 3 206
EC/DMC 1.0 AC 4.55 2 81
AsFg~ PC 0.65 GC 6.8 (1.0) 3 130, 131
none none GC 5.05 (1.0) 3 206
none none Pt 5.10 (1.0) 2 206
EC/DMC 1.0 AC 4.96 3 81
THF 1.0 GC 4.25(0.1) 1 120
THF 0.009 GC 1 120
SL 0.8 GC 4.69 (0.1) 1 120
SbFs~ THF 1.0 GC 4.10 (0.1) 1 120
PC 0.65 GC 7.1(1.0) 3 130, 131
T PC 0.65 GC 6.0 (1.0) 3 130, 131
PC 0.10 Pt 5.0 (0.5) 3 207
EC/DMC 1.0 AC 4.29 2 81
Beti~ PC 0.65 GC 6.3 (1.0) 3 130, 131
PC 0.1 GC 6.2 (0.5) 3 207
Im~ PC 0.65 GC 6.3 (1.0) 3 130, 131
PC 0.1 Pt 5.3 (0.5) 3 130, 131
none none GC 5.06 (1.0) 3 206
none none Pt 5.13 (1.0) 3 206
EC/DMC 1.0 AC 4.33 2 81

a Anodic limit, potential referred to Li*/Li, cutoff current density in parentheses. ® Scan rate: 5 mV s~1. ¢ Activated carbon as
working surface. Scan rate: 10 mV s~*. @ Supporting electrolyte 0.1 M Bu;NBF,. Scan rate: 100 mV s™1. ¢ The solvent-free condition
was realized by using an ionic liquid based on imidazolium cation, at 80 °C. Scan rate: 20 mV s .

The most noteworthy observation among the en-
tries of Table 4 is that these anodic stability data are
widely diversified depending on the conditions under
which they were obtained. For example, the anodic
stability limits of PFs—, AsF¢, and SbFs~ determined
in THF solutions are obviously lower than those
determined in carbonate solutions, and a possible
explanation lies in the fact that THF itself is not an
oxidation-resistant solvent; therefore, its own de-
composition is most likely responsible for these
limits.120

The rather systematic work was performed by Ue
et al., who used tetraalkylammonium salts as sup-
porting electrolytes and measured the oxidation
potential of a number of anions, most of which were
considered promising candidates for lithium-based
batteries.>?4130.131 Figure 8 shows the linear sweep
voltammograms obtained from these solutions with
a GC electrode.®®® The reduction limits seem to be
caused by the decomposition of the ammonium
cations, as evidenced by the similar cathodic current
response for all of these solutions in Figure 8 and
further confirmed by the analysis conducted on the
decomposition products.?°* On the other hand, the
oxidation limits were determined simultaneously by
both salt and solvent. For example, the anodic limits
were set by the unstable anions (Tf ~ and CIO,7),
whereas solvent PC would be oxidized first if stable
anions such as BF,~ and PF¢~ are present. By using
a more oxidition-resistant solvent, glutaronitrile

(GLN), the stability order of these anionic species was
determined as'¥®

SbF,~ > AsF, = PF, > BF,” > Im~ > Tf >
clo,”

It should be pointed out that the above anodic
stability order is highly conditional, since the order
had been determined by approach 2 above, where the
stability limits are defined as the potential at which
the decomposition current density reaches an arbi-
trary value (1.0 mA cm~2 in this case). Any change
in this criterion could result in a reversal of the order.

The coupling effects of solvent/salt on electrolyte
stability can also be observed when mixture solvents
are used, and the stability of the electrolyte can be
much improved when a stable solvent/salt is selected.
For example, the room-temperature breakdown volt-
age of electrolytes LiX/EC/DEE lies in the order?%

Clo,” > Im™ > Tf > AsF,” > PF,” > BF,”

However, when a linear carbonate replaces the
unstable ether DEE, the order changes into

Clo,” ~PF, ~BF, > AsF, > Im > Tf

It is believed that the reactivity of DEE toward Lewis
acids, PF¢~ and BF,~, contributes to the early de-
composition of the electrolytes.

To exclude the solvent’s effect on the anodic stabil-
ity of salt anions, Koch et al. made a series of salts
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Figure 8. Determination of anodic stability for various
anions in PC solution on GC. (Reproduced with permission
from ref 130 (Figure la and b). Copyright 1997 The
Electrochemical Society.)

Scheme 6. Electrochemical Oxidation of the PFg~
Anion: the Solvents or the Trace Moisture in the
Electrolyte Serves as the Proton Source of
H-Abstraction

PFe—% PFy—» PEg+ 205t o

based on a low-melting organic cation and measured
the oxidation limits of these solvent-free molten salts
on the surfaces of GC, tungsten, and Pt, respec-
tively.2% The “intrinsic anodic stability” measured by
them follows an order completely different from the
one determined in solvents:

Im ~AsFg; > PFg

A mechanism was also proposed for the instability
of the PFg~ anion (see Scheme 6).

The above stability order is supported by the
results of ab initio calculations, where a correlation
has been established between the oxidation limits of
these anions and the energy level of their highest
occupied molecular orbital (HOMO). However, the
gapping discrepancies that exist between “intrinsic”
and solution stability limits remain to be explained.

5.2. Solvents

A solvent with an ideal electrochemical stability for
a high-energy-density battery purpose should possess
high oxidation and low reduction potentials at the
same time. Table 5 lists selected electrochemical
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Scheme 7. Proposed Single-Electron Mechanism
for the Reduction of EC and DEC
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stability limits for some nonaqueous solvents com-
monly used in lithium-based battery research. De-
spite the inconsistency created by the varying mea-
surement conditions, these data express a general
trend that we have discussed in section 2; that is,
carbonates and esters are more anodically stable,
while ethers are more resistant to cathodic decom-
positions.

Among cyclic carbonates and esters, EC seems to
be more liable toward reduction on nonactive elec-
trodes,?1°-21* which agrees with molecular orbital ab
initio calculations of the corresponding radical an-
ions. The difference between EC and PC in reductive
reactivity is attributed to the steric effect introduced
by the methyl on PC rather than the electronic effect,
as supported by the molecular orbital ab initio
calculations for the corresponding radical anions.?'?
On the other hand, the reduction of PC seems to be
a rather sluggish process, as evidenced by the high
background current level distributed in a broad
potential range during voltammetric scans. The slow
kinetics of PC toward cathodic reduction is correlated
with its readiness to cointercalate into a graphene
structure of carbonaceous anodes and then decom-
pose, causing exfoliation of the latter.?4

Aurbach and co-workers performed a series of ex
situ as well as in situ spectroscopic analyses on the
surface of the working electrode upon which the cyclic
voltammetry of electrolytes was carried out.?1°=213 On
the basis of the functionalities detected in FT-IR,
X-ray microanalysis, and nuclear magnetic resonance
(NMR) studies, they were able to investigate the
mechanisms involved in the reduction process of
carbonate solvents and proposed that, upon reduc-
tion, these solvents mainly form lithium alkyl car-
bonates (RCOsLi), which are sensitive to various
contaminants in the electrolyte system. For example,
the presence of CO, or trace moisture would cause
the formation of Li,COs;. This peculiar reduction
product has been observed on all occasions when
cyclic carbonates are present, and it seems to be
independent of the nature of the working electrodes.
A single electron mechanism has been shown for PC
reduction in Scheme 1, while those of EC and linear
carbonates are shown in Scheme 7.2

The radical anion is considered to be the common
intermediate formed for these carbonate molecules,
and its existence in the electrochemical reductions
has been confirmed experimentally.t’® As will be
revealed later, this mechanism seems to be universal
for carbonates, whether on inert or active electrodes,
and alkyl carbonates have been widely believed to
be a key component in forming a protective interface
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Table 5. Electrochemical Stability of Electrolyte Solvents: Nonactive Electrodes

working
solvent salt/conc (M) electrode E2 EP ref

PC Et,NBF./0.65 GC 6.6 130, 131
none¢ Pt 5.0 ~1.0 74
BusNPFs Ni 0.5 212
LiClO4/0.1 Au, Pt 1.0-1.2 214
LiClO./0.5 porous Pt 4.0 305
LiClO4 Pt 4.7 177
LiClO, Au 55 306
LiAsFg Pt 4.8 177

EC EtuNBF./0.65 GC 6.2 130, 131
BusNPFg Ni 0.9 212
LiClO./0.1 Au, Pt 1.36 214

DMC Et4,NBF./0.65 GC 6.7 130, 131
LiClO./0.1 Au, Pt 1.32 214
LiPFe/1.0 GC 6.3 76
LiF GC 5.0 312

DEC Et4,NBF./0.65 GC 6.7 130, 131
LiClO./0.1 Au, Pt 1.32 214

EMC Et4,NBF./0.65 GC 6.7 130, 131
LiPFe/1.0 GC 6.7 76

yBL LiAsFs/0.5 Au, Ag 1.25 208

THF Et,NBF,/0.65 GC 5.2 130, 131
LiClO. Pt 4.2 177
LiAsFe/1.0 GC 4.25(0.1) 214
none‘ Pt 4.0 <-20 74
LiAsFg/1.0 GC 4.2 64
LiAsFs Pt 4.2 177

2-Me-THF LiClO4 Pt 4.1 177
LiAsFe/1.0 GC 4.15 (0.1) 214
LiAsFs/1.0 GC 4. 64
LiAsFs Pt 4.1 177

DME Et.,NBF./0.65 GC 5.1 130, 131
LiClO, Pt 4.5 177
LiAsFg Pt 4.5 177

ab Anodic and cathodic limits, potential referred to Li*/Li. ¢ The salt-free condition was realized via an ultramicroelectrode

technique.

between active electrodes and electrolytes. In a more
general context, since the surface chemistries on both
inert and active electrodes have been found to be very
similar in most of the nonaqueous electrolytes when
these electrodes are polarized to low potentials, the
early analytical work, mainly performed by Aurbach
and co-workers, should be recognized as the founda-
tion for the later understandings of the SEI on
carbonaceous anodes.

6. Electrochemical Stability: on Active Electrodes

The requirement that electrolytes be inert toward
both anode and cathode materials is usually realized
by the kinetic rather than thermodynamic stability
of the former against reductions and oxidations.
Given the strong reducing and oxidizing potency of
the electrode materials employed in the high-energy-
density battery chemistries, the possibility of a
thermodynamically stable electrolyte is usually non-
existent, and it is the chemical passivation of these
reducing or oxidizing surfaces that ensures the
inertness of the bulk electrolytes during cell chem-
istry.

Passivation is a process where the products from
the initial decomposition of electrolyte form a dense,
protective film that covers up the pristine surface of
the electrode and prevents any sustained decomposi-
tion. The electrolyte components that are sacrificed
to form such a protective film would have a deter-

mining influence on the physicochemical nature of
the new electrode surface, such as thermal and
chemical stability, as well as its impedance to ionic
conduction. The occurrence of passivation constitutes
the foundation upon which many high-energy-density
battery chemistries are built, including lithium-based
chemistry. For this reason, the electrolyte/electrode
interface has been the focus of research interest for
both lithium and lithium ion chemistries.

On the other hand, it should be pointed out that,
in addition to the protective effect of passivation, the
passivated interface also acts as a barrier to the facile
ion transport that occurs between the electrode and
electrolyte. More often than not, the bottleneck for
the overall battery chemistry is constituted by pas-
sivation. Excessive passivation is especially undes-
ired because it reduces the power performance of the
cell. For lithium ion cells, this power reduction
usually happens on the cathode surface.

6.1. Passivation on Lithium Anode

Almost immediately after lithium metal was found
to be stable in nonaqueous electrolytes, researchers
suggested that the passivation of the lithium surface
by electrolytes is the origin of this unexpected stabil-
ity, because the reduction potentials of these organic
solvents are far above that of lithium.4215-217 peled
was the first author to formally introduce the concept
of a protective interface between lithium and elec-
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Scheme 8. Proposed Two-Electron Mechanism for
the Reduction of PC
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trolytes and describe the fundamental physicochem-
ical properties of such an interface.3” He argued that,
because of the high electronegativity of lithium, the
free contact between it and the electrolyte compo-
nents never actually exists; instead, the reaction
between the lithium electrode and electrolyte com-
ponents occurs instantaneously, and the solid prod-
ucts from this reaction compose a thin film that grows
on the lithium with the reaction. The decomposition
could only stop when this film, which is nonconduc-
tive to electrons but conductive to ions, covers the
whole surface of the lithium and attains a certain
thickness. Once formed, the film stays on the lithium
surface at all times, and it cannot be completely
removed even by the stripping/deposition of lithium.
Since this film acts like an electrolyte in its conduc-
tive preference, Peled named it the “solid electrolyte
interface (or interphase)” (SEI). Considering the low
ionic conductivity of solid-state electrolytes, he also
proposed that the rate determining step for a redox
process on such surfaces would be the diffusion of
lithium ions through the SEI,?*® instead of the
electron charge-transfer between electrode and solu-
tion species, as was believed before.

Using a parallel capacitor model, Peled and Straze
calculated the apparent thickness of the SEI for a
series of active metal electrodes, including lithium,
calcium, and magnesium, with the equation?'®

i cA
L= 12
Cn(3.6 x 10™)

where A, L, C, and ¢ are the electrode area, the
thickness, the capacitance, and the dielectric constant
of SEI, respectively. They estimated that the average
SEI thickness of lithium in nonaqueous electrolytes
is 25—100 A 218219 Electrons tunneling through the
film of this thickness are believed to be minimal.

The chemical composition of the SEI is believed to
be closely related to the electrolyte composition. For
example, in thionyl chloride-based electrolytes, the
SEI is proposed to be mainly composed of LiCl,?!8
while it becomes Li,S;0, in sulfur dioxide-based
electrolytes?'® or Li,O in ether-based electrolytes.>®
After performing microscopic observations of lithium
surfaces treated with PC-based electrolytes, Dey
believed the main component of this interface to be
Li,CO3, which is the decomposition product of PC
through a two-electron mechanism (see Scheme 8).56
This conclusion seems to be supported by results from
Auger electron spectroscopy (AES) and X-ray photo-
electron spectroscopy (XPS).?29221 However, more
recent studies suggest that the above process might
be oversimplified, and the actual process involves a
complex competition between a number of reductive
reactions of different components.

With surface-sensitive spectroscopic means, Aur-
bach et al. argued that the main component in the

Li,CO3 + CH3-CH=CH,

(10)
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SEI on lithium is not Li,COg3 but the lithium salt of
alkyl carbonate, and it was most probably formed via
a one-electron mechanism followed by radical termi-
nation paths as shown in Scheme 1.5° This compound
has an FT-IR signature at ~1650 cm™! for the
carbonyl stretching, which was confirmed by the
characterization of a synthesized authentic sample
of a lithium alkyl carbonate, CH3CH,CH,CO3L.i.%
Since XPS also detected the decomposition products
from lithium salts, which are in the form of simple
halides, alkoxides, or oxides, a competition between
solvents and salts obviously exists. However, the
formation of alkyl carbonate seems to be dominant
when EC is present because of the more reactive
nature of EC toward cathodic reductions.'”2° The
formation of lithium alkyl carbonate was also con-
firmed in an independent diagnosis work, where the
reduction products of EC in a supporting electrolyte
were hydrolyzed by D,O and then subject to NMR
analysis, which identified ethylene glycol as the main
species formed, as indicated by the singletat 6 = 3.7
ppm vs TMS.208212 Thus, Aurbach and co-workers
concluded that PC and EC were reduced to the
following lithium alkyl dicarbonates, respectively:

(o] J\/ [o]
1 oL
Lito" o OT | Litor 0/\/°To Li
[o]

[o)

Further studies demonstrated that alkyl carbonate
is very sensitive to the common contaminants in
electrolytes, which is probably the reason that early
work identified Li,COj3 as the main component in the
SEI.118 For example, trace moisture produces Li,COs
when the salt anion is stable (such as ClO,~ or
AsFg™):249

+H,0 — Li,CO; + 2ROH + CO,
i

However, when the salt anion is susceptible to
hydrolysis by trace moisture (such as BF,~ or PF¢7),
the generated HF eliminates alkyl carbonate as a
surface species and only LiF can be observed as the
overwhelming species in the SEI:1Y7

[o]

HF
R\ .

O OLi

LiF + ROH + CO,

Alkyl carbonate is also unstable upon storage on the
lithium electrode, probably because of its continuous
electrochemical reduction.'*® Thus, Aurbach et al.
further proposed that the SEI might have a multi-
layer structure within which the simple inorganic
species such as Li,CO3 and Li,O are more stable and
closer to lithium, while alkyl carbonate is more likely
to be distributed in the outer layers.!17:118
Kanamura et al. carried out detailed XPS studies
on lithium electrodes that were either statically
treated with or cycled in LiBF4-based electrolytes.??2223
By sputtering the surface of the lithium electrode,
they were able to record the depth profile of the
related chemical species. Their conclusions are in
good agreement with the hypothesis by Aurbach et
al.;*17118 that is, while alkyl carbonate can be detected
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Figure 9. Schematic illustrations of the surface film
formed on lithium in nonaqueous electrolytes based on
LiBF, solutions and the subsequent reactions. (Reproduced
with permission from ref 222 (Figure 12). Copyright 1995
The Electrochemical Society.)

in the outlaying layer of the SEI, as indicated by its
signature binding energy of 289.0 eV at the C 1s
region, its abundance rapidly decreases with sput-
tering time. On the other hand, O 1s spectra clearly
reveal the increasing abundance of Li,O species. LiF
exists throughout the SEI and is relatively indepen-
dent of sputtering, a result of the sensitivity of BF,~
anion toward trace moisture in electrolytes. Kana-
mura et al. proposed two possible paths for the
formation of LiF: (1) simple acid—base reaction
between HF and alkyl carbonate or Li,COs, or (2)
direct reduction of BF,~ anion by lithium.?22223 Ad-
ditional reactions between the solvents and the
lithium electrode also seem possible after the initial
formation of the SEI, since the abundance of organic
species increases in the inner layer with storage time
increases, according to C 1s spectra. These organic
species might be some polymeric products that re-
sulted from PC or other carbonates instead of alkyl
carbonates alone, as evidenced by the C 1s signal
around 286 eV and by an earlier XPS work.??* This
latter process is attributed to the permeation of
solvent through the SEI and its subsequent reaction
with lithium. The resulting polymeric films, most
likely polyether moieties, are embedded with LiF
crystals. Figure 9 schematically shows the lithium
surface structure and these subsequent reactions of
the SEI.222
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Figure 10. Impedance complex plane (Nyquist plots) of
lithium electrode in (A) 1.0 M LiPF¢/EC/PC and (B) 1.0 M
LiCIO4/EC/PC at initial time (0.0 h) and after 24 h. Re and
Im stand for the real and imaginary parts of the impedance
measured, respectively. Frequency was indicated in the
figure for selected data points. Note that the first semi-
circle corresponds to SEI impedance. (Reproduced with
permission from ref 86 (Figure 2). Copyright 1992 The
Electrochemical Society.)

Aside from voltammetric techniques, ac impedance
is also a powerful tool widely used to study the
interfacial properties of lithium in nonaqueous elec-
trolytes. It is one of the few in situ techniques and
therefore is often used in combination with voltam-
metry, known as electrochemical impedance spec-
troscopy (EIS). As an example, Figure 10 shows the
impedance response of a symmetrical cell, lithium|1.0
M LiX in PC/EC]|lithium, drawn in the Nyquist plot,
where LiX is LiPFg or LiClO,4. Typically, two semi-
circles would be observed for such cells at high and
medium frequencies, if the time constants for each
component are sufficiently separated, along with a
spike at the low-frequency end.'”® It is generally
accepted that the semicircle at medium frequency
corresponds to the ionic migration process in the SEI
and the one at lower frequency to the charge-transfer
process on lithium, whereas the intercept at the high
frequency end with the real axis represents bulk
electrolyte resistance. Examination of the interfacial
resistance in various electrolyte solutions reveals that
the SEI on lithium grows with time of exposure to
electrolytes, and the chemical nature of both solvent
and salt anion seems to relate closely to the semi-
circle for the interfacial film.88225-227 For example, the
resistance of the SEI that formed in the LiPFs-based
electrolyte is smaller than the one formed in the
LiClOs-based electrolyte, and the presence of EC also
renders a more conductive SEI on lithium.86.225-227
An empirical rule (with frequent exceptions though)
might be stated here concerning the resistance of the
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SEI: an electrolyte with higher bulk ion conductivity
usually results in an SEI of lower impedance, either
on a lithium or carbonaceous electrode, as will be
discuss in later sections.

As a mass sensor with nanogram sensitivity, a
quartz crystal microbalance (QCM) was used in
combination with voltammetry by Naoi et al. to
monitor the change occurring on the lithium surface
during SEI formation.??® Like EIS, it is one of the
few analytical tools that can reveal in situ informa-
tion on the interfacial process, which includes the
change in mass as well as the surface morphology of
the lithium electrode. It was found that, during the
cycling process, the already-formed SEI was repeat-
edly destroyed and rebuilt, as indicated by the
consistent mass increase with cycle numbers. Among
the various combinations of salts and solvents tested,
the LiPFg-based electrolyte seems to have the most
rapid reaction Kinetics with lithium, since the lithium
electrode in it was observed to gain net mass even
during the stripping step, suggesting that the reac-
tion kinetics between the fresh lithium surface and
the electrolyte is fast enough to compensate for the
mass loss caused by the lithium dissolution. On the
other hand, the net mass accumulated on lithium is
much higher in LiClO4- and LiTf-based electrolytes
than in the LiPFs-based electrolyte. The conclusion
from the above two observations seems to point to a
more efficient and protective SEI formed by the
LiPFe-based electrolyte. The author ascribed this
result to the trace amount of LiF in the SEI, which
is absent in LiClO;- and LiTf-based electrolytes.!'8
The measurement of lithium surface roughness also
reveals LiPFs as the favored salt in electrolytes
because it forms a smoother and more uniform SEI,
thus minimizing the probability of dendrite growth
on a relative scale as compared with the cases of the
other salts studied.

The significance of an SEI on lithium stability
should be evaluated from two different angles: one
is the static stability that relates to standing storage,
and the other is the dynamic stability that relates to
reversibility. It is the SEI formation on the lithium
surface that leaves lithium statically stable in a
nonaqueous electrolyte; conversely, the SEI also
renders a nonuniform surface morphology for depos-
ited lithium, so that the current density across the
surface is unevenly distributed during the lithium
stripping/deposition, with the direct consequence
being dendrite growth.

The roughness of the SEI depends heavily on the
chemical nature of the electrolyte. For example, it
was argued that an SEI consisting of LiF/Li,O would
provide a much more uniform current distribution,??
while in numerous earlier works it was also observed
that trace moisture has a positive effect on the
lithium cycling efficiency in nonaqueous electrolytes
by assisting in forming a compact and uniform
SEI.5722° Nevertheless, the dendrite issue is a major
challenge to lithium metal-based chemistry that still
remains unresolved. The prospects for this battery
technology, still attractive because of its high energy
density as compared with the state-of-the-art lithium
ion technology, rely on the discovery of a new
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electrolyte system that can suppress or even elimi-
nate lithium dendrite formation.

6.2. Electrolyte/Carbonaceous Anode Interface:
SEI

6.2.1. Exfoliation and Irreversible Capacities on a
Carbonaceous Anode

It has been known since the mid 1950s that
graphite can form intercalation compounds with
lithium ions, which are accommodated in the
interstitial region between the planar graphene
sheets.?30-232233 The most lithium-enriched intercala-
tion compound of this family has a stoichiometry of
LiCs, and its chemical reactivity is very similar to
that of lithium metal. There have been a number of
different chemical approaches to the preparation of
these compounds, for example, by direct reactions of
graphite with molten lithium at 350 °C,>? with
lithium vapor at >400 °C,%** or with lithium powder
under high pressure,?3>2% and so forth.

On the other hand, the electrochemical synthesis
of these lithium graphite intercalation compounds
(Li-GIC) has been proven difficult. In earlier work,
it had been found that the most commonly used
electrolyte solvent, PC, decomposed reductively on
the graphite electrode at a potential of ~0.80 V, and
the irreversible process led to the physical disinte-
gration of graphite.?®” The occurrence of this irrevers-
ible reduction apparently prohibits any possibility of
the lithium ion intercalating into graphite, which
should happen at a much lower (and therefore more
reductive) potential. The destruction of graphite by
PC was repeatedly observed in different electrolytes
based on PC, and this disintegrating process of the
graphite structure was named “exfoliation”.238-243
Besenhard et al. proposed that the exfoliation was
caused by the cointercalation of PC molecules with
lithium ions into the interplanar structure of the
graphite and the subsequent decomposition there-
in.2397242 As a result, the multilayer structure of
graphite, which is only held together by weak van
de Waals forces, falls apart because of the strain
introduced by the gaseous products, believed to be
mostly propylene.?34-237.243

Realizing that the solvent must be the key to the
exfoliation, later researchers explored different polar
organic molecules such as dimethyl sulfoxide (DMSO)
and DME as candidates to replace PC, in the hope
that they would not cointercalate or decompose; but
most of these efforts failed to endorse the usefulness
of Li-GIC as a negative electrode to replace lith-
ium.239-241 |n the 1980s, the only successful example
of electrochemical intercalation of lithium into graph-
ite was reported by Yazami and Touzain in 1983 with
a polymer electrolyte based on poly(ethylene oxide)
(PEO).>** As it is essentially impossible for the
macromolecular solvent PEO to cointercalate, this
electrolyte supported the reversible lithium ion in-
tercalation into and deintercalation from natural
graphite. Using electrochemical titration techniques,
the potential of the stage | and Il Li-GIC was
determined to be between 0.50 and 0.20 V vs Li, thus
confirming the conceptual feasibility that Li-GIC
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could be used as a negative electrode to replace
lithium with minimal energetic penalty. Thus, a
negative electrode based on the stage | Li-GIC would
have the following reversible chemistry:

discharge

- -4
Li,Cq charge XLi" 4+ 6C + xe

In the ideal situation of 100% utilization (x = 1.0),
the capacity corresponding to the above anode half
reaction is 372 mA h g1. However, due to the low
ion conductivity of the polymer electrolyte and the
high interfacial impedance between it and the graph-
ite electrode, this elegant example of electrochemical
preparation of lithiated graphite is of limited practi-
cal significance.

Considering the vulnerability of the highly crystal-
line structure of graphite, some researchers in the
late 1980s focused their attention on carbon structure
instead of electrolyte formulation. Successes were
seen with various amorphous carbon electrodes,
including carbon fiber,2*> pyrolytic carbons,?*¢ and
petroleum coke.?*” The insensitivity of these carbon-
aceous materials to solvent cointercalation seems to
be related to their amorphous portion, which has
stacking defects that coexist with the tiny crystalline
sectors and serve to pin the graphene layers together
to suppress the lattice expansion that occurs during
the solvent cointercalation. Thus, the indefinite “ex-
foliation plateau” at 0.80 V is completely absent from
these amorphous carbon anodes in PC-based electro-
lytes,3® and reversible lithium ion intercalation is
realized up to >10° cycles in various nonaqueous
electrolytes, although the initial cycles are always
accompanied by a portion of irreversible capacity that
depends on the nature of the carbon and the compo-
sition of the electrolytes.36'5" These efforts eventually
led to the commercialization of the first generation
lithium ion cells 29781,34-35

However, two penalties, both associated with the
energy density, arise from the disordered anode
structure: (1) a smaller Coulombic capacity than the
theoretical value for LiCg and (2) a sloping potential
profile during both charging and discharging.*3157
The former is caused by the small crystallinity of
these amorphous carbons, because it is in the highly
ordered graphene sheets where lithium ion could be
accommodated, while the latter is caused by a broad
distribution of adsorption site energies in the disor-
dered carbons, which leads to a broad potential range
within which lithium intercalation occurs.'?® Figure
11 compares the cycling behavior of an amorphous
carbon anode with that of graphite in a half anode
cell?*® and clearly demonstrates the above two penal-
ties.®® While the latter is certainly disadvantageous
because of the unstable cell voltage, the combination
of these two results in a much lower energy density
that Li-GIC can offer theoretically.

Hence, a dilemma was encountered between energy
density and stability for these various forms of
carbonaceous materials; that is, as the carbonaceous
anode is more graphitic in structure, the degree of
lithium ion intercalation may be closer to the ideal
(x = 1.0), and its potential profile may be closer to
that of Lit/Li and remain relatively flat (therefore
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Figure 11. (a) Initial 1/, cycles of a Li/petroleum coke
cell. The cell was cycled at a rate of 12.5 h for Ax = 0.5 in
LixCs. (b) Initial 1/, cycles of a Li/graphite cell. The cell
was cycled at a rate of 40 h for Ax = 0.5 in LiyCs. F denotes
the irreversible capacity associated with SEI formation, E
the irreversible capacity due to exfoliation, and | the
reversible capacity due to lithium intercalation into carbon.
1.0 M LiAsFgs in EC/PC was used as electrolyte. (Repro-
duced with permission from ref 36 (Figure 2). Copyright
1990 The Electrochemical Society.)
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attractive as an anode candidate), it also becomes
more liable to solvent co-intercalation.43:96:249.250 |¢
was only after Dahn and co-workers revealed the role
of the SEI on the reversibility of carbonaceous
electrodes and the effect of EC therein that the
energetic advantage of highly graphitic carbonaceous
materials regained practical significance for the
lithium ion industry.’¢ As a direct consequence of
improvements in electrolyte formulations aided by
the knowledge gained in SEI chemistry, amorphous
carbonaceous anode materials were gradually phased
out from commercial lithium ion technology, starting
in the 1990s.%8

In retrospect, the significance of Dahn’s seminal
work lies in two aspects: (1) the fundamental un-
derstanding of how carbonaceous materials operate
in nonaqueous electrolytes and (2) the more practical
side of how the above dilemma concerning energy
density and reversibility can be overcome. This
knowledge dictates the development of electrolytes
for state-of-the-art lithium ion chemistry.

On the fundamental front, Dahn et al. successfully
accounted for the irreversible capacity that accom-
panies all carbonaceous anodes in the first cycling.
They observed that the irreversible capacity around
1.2 V follows an almost linear relation with the
surface area of the carbonaceous anodes and that this
irreversible process is essentially absent in the fol-
lowing cycles.®® Therefore, they speculated that a
passivation film that resembles the one formed on
lithium electrode in nonaqueous electrolyte37218.219
must also be formed on a carbonaceous electrode via
similar electrolyte decompositions, and only because
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of the more porous surface of the latter would the
capacity associated with the reduction process be-
come noticeable. Once formed, the physicochemical
property of this film should be similar to the solid
electrolyte model that Peled had proposed for the
lithium surface; that is, it is an ionic conductor and
an electronic insulator,®” and therefore, the sustained
reductive decomposition could be prevented. Hence,
the term SEI that Peled had invented for the passi-
vation of lithium electrode was transplanted on the
carbonaceous anode materials.

On the practical side, Dahn’s work demonstrated
that, by altering the electrolyte composition, the
exfoliation of graphitic materials could be eliminated,
since the chemical nature of the SEI is dictated by
electrolyte composition, especially by the solvents.
The “magic ingredient” identified in this case is EC,
whose structural difference with PC is merely a
methyl substituent. As Figure 11 shows, the presence
of EC not only prevents the physical disintegration
of graphite that occurs at 0.8 V but also supports the
reversible intercalation (during the discharge of the
half-cell) and deintercalation (during the correspond-
ing charge) of lithium ions at a very low potential,
<0.20 V, with Coulombic capacity approximately
approaching the theoretical value of LiCs. Because
PC is present in the electrolyte, a certain degree of
graphite exfoliation can still be observed, but obvi-
ously EC plays an effective role in suppressing the
destruction of the graphite structure. The latter
development in electrolyte formulation made by
Tarascon and Guyomard effectively suppressed this
side reaction to a negligible level %% although a
certain irreversible capacity was always present,
accounting for the material supply required by the
SEI formation. The irreversible capacity, or the ratio
of this capacity to the total reversible capacity (called
Coulombic inefficiency), has become one of the pa-
rameters for measuring the performance of a certain
electrolyte on carbonaceous anodes.

The commercial lithium ion cells on the consumer
market nowadays have already undergone a so-called
“forming process” at the manufacture sites, during
which a stable SEI was formed to ensure that no
more irreversible process was left. The Coulombic
efficiency of these cells ought to be 100% under the
conditions specified for their application. On the other
hand, any accidental misuse such as overcharge, high
temperature exposure, and mechanic impact might
damage the already formed SEI, resulting in more
irreversible reactions during charging and conse-
quently a loss from the rated capacity.

6.2.2. Mechanism of SEI Formation

According to Peled’s model, the existence of an SEI
constitutes the foundation on which lithium ion
chemistry could operate reversibly. Therefore, an
ideal SEI should meet the following requirements:
(1) electron transference number te = O (otherwise,
electron tunneling would occur and enable continuous
electrolyte decomposition), (2) high ion conductivity
so that lithium ions can readily migrate to intercalate
into or deintercalate from graphene layers, (3) uni-
form morphology and chemical composition for ho-
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mogeneous current distribution, (4) good adhesion to
the carbonaceous anode surface, (5) good mechanical
strength and flexibility so that it allows the expan-
sion and contraction of the graphene lattice during
the reversible intercalation/deintercalation process,
and (6) low solubility in electrolytes so that continu-
ous dissolution of SEI would not occur, resulting in
persistent decomposition of electrolyte and consum-
mation of the limited source of lithium from the
cathode.

There has been considerable controversy concern-
ing the mechanism of SEI formation on a carbon-
aceous anode, but it is generally agreed that the
initial electrolyte decomposition is responsible and
that a competition among a variety of reactions
involving the solvent as well as the salt components
is also present.

6.2.2.1. Peled’'s Model: Anode/Electrolyte Interface
Film. In their proposal of SEI formation on a car-
bonaceous electrode in nonaqueous electrolytes, Dahn
actually adopted Peled’'s model for lithium’s surface
and extended it to carbonaceous electrodes. By this
model, a two-dimensional passivation film is estab-
lished via a surface reaction.

Because of the similar potentials between fully
lithiated graphite and lithium metal, it has been
suggested that the chemical nature of the SEIs in
both cases should be similar.?® On the other hand, it
has also been realized that for carbonaceous anodes
this formation process is not expected to start until
the potential of this anode is cathodically polarized
(the discharge process in Figure 11) to a certain level,
because the intrinsic potentials of such anode materi-
als are much higher than the reduction potential for
most of the solvents and salts. Indeed, this potential
polarization process causes one of the most funda-
mental differences between the SEI on lithium metal
and that on a carbonaceous anode. For lithium metal,
the SEI forms instantaneously upon its contact with
electrolytes, and the reduction of electrolyte compo-
nents should be indiscriminate to all species pos-
sible, 37218219 while, on a carbonaceous anode, the
formation of the SEI should be stepwise and prefer-
ential reduction of certain electrolyte components is
possible.

Endo et al. investigated the reductive decomposi-
tion of various electrolytes on graphite anode materi-
als by electron spin resonance (ESR).1® In all of the
electrolyte compositions investigated, which included
LiClQO4, LiBF4, and LiPFg as salts and PC, DMC, and
other esters or ethers as solvents, the solvent-related
radical species, which were considered to be the
intermediates of reductive decomposition,>® were
detected only after prolonged cathodic electrolysis.
With the aid of molecular orbital calculation, they
found that the reduction of salt anion species is very
difficult, as indicated by their positive reduction
enthalpy and that of free solvent (AH, ~ —1 kcal
mol~?). However, the coordination of lithium ions
with these solvents dramatically reduces the corre-
sponding reduction enthalpy (AH, ~ —10? kcal mol™?)
and renders the reaction thermodynamically favored.
In other words, if no kinetic factors were to be
considered, the SEI formed on carbonaceous anodes



4332 Chemical Reviews, 2004, Vol. 104, No. 10

would predominantly consist of the decomposition
products of those solvents in the solvation sheath of
lithium ion, which migrates toward the negatively
charged anode surface. For state-of-the-art electro-
lytes, the reduction of cyclic carbonates such as EC
and PC should provide the major species to build up
the SEI while the participation of linear carbonates
should be relatively inconsequential. A similar con-
clusion was drawn by Wang et al., who employed a
high-level density functional theory to investigate the
reductive decomposition mechanism for EC molecules
in electrolyte solution and found that, while the
reduction of a free EC molecule is very unlikely, the
coordination of lithium ion to an EC molecule renders
the one- or two-electron reduction processes thermo-
dynamically possible in a supermolecular structure
such as Li*(EC), (n = 1-5).170

In view of the possibility that certain electrolyte
components could be preferentially reduced on car-
bonaceous anode, Peled and co-workers explored a
means to manipulate the chemical nature of the SEI
by deliberately using unstable electrolyte ingredi-
ents.’% They argued that, since these components
would be reduced at a higher potential, the SEI would
be completed far before solvent cointercalation oc-
curred, and the probability of cointercalation and its
following exfoliation could be minimized. EC seems
to be such a component due to its reactivity.?!2-214
As a measure of the ease with which electrolyte
components could be reduced, Peled and co-workers
proposed using the vast data bank of the rate
constant (ke) of reduction in aqueous media, and a
fair correlation was established between this constant
and the SEI formation potential.1% Thus, ke could be
used as a tool for the selection of electrolyte solvents
and salts. According to this model, ideal electrolytes
should be formulated with the candidates of k, > 10°
M~1 s71. By this standard, AsFs~, EC, vinylene
carbonate (VC), and CO, are favored, while BF,~ and
ClO4~ are not.

This model conceptually forms the theoretical basis
for the later development of electrolyte additives, as
evidenced by the success of CO, and VC in suppress-
ing the irreversible capacity in the initial cyclings.
But so far as major electrolyte components are
concerned, this model is not widely applied, since
many other properties such as ion conduction and
phase diagrams must also be taken into account if
the component is present in high concentrations.

6.2.2.2. Besenhard Model: Ternary Graphite In-
tercalation Compound (GIC). In addition to the
indiscriminate versus selective reductions, another
fundamental difference between graphite and lithium
electrodes is the presence of the interlayer voids of
the former that could accommodate both lithium ions
and solvent molecules. Therefore, some researchers
argued that the reductive decomposition of electro-
lytes in contact with the former might not be only a
simple surface reaction as suggested in Peled’s model.
Instead, the solvent could cointercalate into graphene
layers before they decompose therein, and the pas-
sivation film thus formed could penetrate into the
structure of graphite.
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Figure 12. Schematic illustration of the SEI formation
mechanism via the decomposition of Li(solv),C,. Recon-
structed based on ref 251.

The early studies have identified the existence of
graphite intercalation compounds with solvent mole-
cules.?397243 On the basis of the knowledge about
these compounds and their reactions, a mechanism
for SEI formation was proposed later by Besenhard
that involves the initial formation of a ternary GIC
[Li(solvent),Cy] and its subsequent decomposition
near the edge sites of the graphene planes to form
the SEIL.?5! Figure 12 schematically depicts the SEI
formation process according to this mechanism. Upon
cathodic polarization of the graphite anode, the
solvated lithium ion migrates to the negatively
charged surface of graphite and is intercalated into
graphene layers at ~1.0—0.80 V before any reduction
occurs. The ternary GIC thus formed, for example,
Li(EC/DME),Cy, has a short lifetime and decomposes
within the time scale of slow scan CV (~10% s), as
indicated by the irreversible peak observed when the
scanning rate is low; therefore, according to Besen-
hard et al., this process might easily be mistaken as
an ordinary irreversible reduction of the electrolyte.
However, at certain faster scan rates (e.g., 10 mV
s™1), part of the solvated ion could still be reversibly
removed from graphene interlayer sites.?>* The re-
ductive decomposition of these cointercalated solvents
then renders an SEI that extends from the graphite
surface at the edge sites into the interior of the
interlayer voids.

The direct evidence that Besenhard et al. presented
for the formation of a ternary GIC is the dilatometric
measurement of the graphite electrode, which indi-
cates a crystal expansion of 150% at the cointerca-
lation potential.?® However, this expansion due to
solvent cointercalation was never confirmed on the
microscopic level. All of the in situ X-ray diffraction
(XRD) measurements conducted by different research-
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ers on the cycling graphite failed to offer any evidence
that a substantial change in the interlayer distance
occurred around the cointercalation potential.%6:124252.25
In these experiments, the maximal shift in 26 of the
(002) diffraction peak during graphite cycling, which
can reflect the size of the guest species, only corre-
sponds to an expansion of 0.35 A in the c-axis; hence,
bare lithium ions seem to be the only species that
can be accommodated.?52-2%* It should be pointed out
that the existence of ternary GICs is beyond question,
and the doubt here is about whether they could be
electrochemically formed under a similar situation
in the forming of lithium ion cells.?%6-260 Sg far, the
chemical or electrochemical synthesis of ternary GICs
has failed to produce any compositions based on
carbonate solvents, despite the success of Ogumi and
co-workers with various solvents such as ether or
alkylsulfoxide,?>”~260 casting more doubt on the Be-
senhard model.

In defense of the Besenhard model, Chung et al.
argued that the lack of XRD evidence for ternary
GICs might be simply due to either their rapid
decomposition or the localized presence of them near
the graphite edges.?®® Since XRD probing of the
material is based on the averaged diffraction re-
sponse of the sample lattice, these wider spacings of
the ternary GICs might not be detected as an
averaged bulk property.

In situ EQCM studies of graphite in various
electrolytes also challenge the formation of ternary
GICs with the real-time monitoring of the graphite
electrode mass increase during cathodic polariza-
tion.'%? It was found that, between 0.8 and 0.5 V,
where such GICs are supposed to be stable, the mass
change per quantity of electricity (Am/AQ) was 27—
359 F1, corresponding well to Li,COs that has a Am/
AQ of 36.9 g F%. If solvents such as EC (AmM/AQ =
88.07 g F 1), PC (Am/AQ = 102.1 g F1), or the
solvated lithium ion [Li"(PC),] (Am/AQ > 300 g F*
assuming a coordination number of 3) cointercalate
into the graphene structure, the corresponding mass
gain on the graphite anode, which is too conspicuous
to miss, should have been well recorded by the quartz
crystal sensor.

The thermodynamic stability of a ternary GIC is
also questionable. Obviously, between a bare lithium
ion and one solvated by molecular dipoles, the
intercalation of the former between two giant
graphene anions is far more favored thermodynami-
cally than that of the latter. The fully lithiated GIC
LiCs, for example, does not solvate in nonaqueous
electrolyte solvents, and the tendency of lithium to
prefer binary (i.e., without solvent cointercalation)
instead of ternary GICs has also been noticed in the
solution syntheses.?%’

Despite the concerns raised by XRD, EQCM, and
thermodynamics, the Besenhard model still received
extensive support from various experimental obser-
vations as summarized below and soon became the
prevalent model used by researchers in the lithium
ion battery community.

It had been discovered earlier that when electrolyte
solvents decompose reductively on graphite, one of
the products is gaseous propylene.?” Dey et al.
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Figure 13. Correlation of gas evolution on a graphite
electrode in 1.0 M LiCIO4/PC/EC (50:50) with the irrevers-
ible process at 0.80 V during the first discharge. Note the
level off of gas volume as soon as reversible lithium ion
intercalation starts. (Reproduced with permission from ref
261 (Figure 2). Copyright 1993 The Electrochemical Soci-

ety).

Scheme 9. Electrochemical Reduction of PC on
Graphite: Ternary GIC Mechanism

Cp + C3Hg + LioCO;
+(2m-1) PC
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L+ Lic,+2mPC

Scheme 10. Electrochemical Reduction of PC on
Graphite: Modified Ternary GIC Mechanism
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proposed a surface mechanism involving a two-
electron process as shown in Scheme 8. Arakawa and
Yamaki quantitatively analyzed the gas volume
generated during the electrochemical decomposition
of PC on a graphite electrode and found a mismatch
between the Coulombic quantity and the equivalents
of propylene gas generated, with an efficiency be-
tween 50% and 70%, depending on current density.?*
Apparently this result conflicts with Scheme 8, and
other reaction processes must also exist simulta-
neously. Using a kinetic treatment, they suggested
a mechanism (see Scheme 9) where a ternary GIC is
the intermediate, which underwent two parallel but
competitive paths to form either the gaseous product
propylene and Li,COs or lithiated binary GICs. Using
this mechanism, Arakawa and Yamaki successfully
explained the relation between gas volume rate and
time.2#

Following a similar approach, Shu et al. used an
EC/PC mixture instead of neat PC as electrolyte
solvent, and their analysis of propylene gas volume
corroborates the observations of Arakawa and Ya-
maki.?s* Furthermore, because EC was present in
their electrolyte, the reversible lithium intercalation
could occur after a long plateau at ~0.8 V (represent-
ing PC decomposition), therefore a correlation be-
tween the gas volume and this irreversible process
was able to be established, as shown in Figure 13.
Considering Aurbach’s spectroscopic observations (to
be discussed later), a modified mechanism (see
Scheme 10) was proposed by Shu et al., wherein a
competition exists between the surface reaction lead-
ing to radical anions and the formation of ternary
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GICs, via the one-electron process in both cases.
According to Shu et al., these intermediate species
underwent further single-electron reduction and
produce Li,CO3 and propylene gas, while alkyl car-
bonates are generated via radical termination as
shown in Schemes 1 and 7°>2'4 to become the major
ingredients in the surface film.

In separate research, Matsumura et al. performed
quantitative analyses of lithium content in graphite
electrodes with plasma spectroscopy and correlated
the results with the quantities of electricity associ-
ated with the reversible and irreversible processes.?5?
With XPS, they found that after the graphite is
delithiated, there is a certain amount of lithium
remaining in the graphite that cannot be removed
electrochemically. Depth profiles established by sput-
tering the graphite sample with O," confirmed that
these lithium species are distributed rather evenly
in the bulk of the graphite. The author ascribed the
existence of these electrochemically nonremovable
lithium ions as the result of lithium reaction with
active sites on the carbon surface.?®? However, there
is also the possibility that these lithium signals are
from the lithium-containing ingredients in the three-
dimensional SEI that exists in the graphite matrix.

Kim and Park investigated the mechanism of
lithium ion intercalation in graphite anodes employ-
ing solid-state NMR.?52 Their results perhaps offer
the most direct evidence in support of Besenhard’s
GIC model. By adding strongly coordinating additives
for lithium ions, 12-crown-4 and 18-crown-6 ethers,
into the electrolyte solution, they were able to observe
an obvious Knight shift in the “Li signals of the
graphite powder that was caused by the coordination.
Separate ¥C NMR tests conducted on the same
graphite sample also identified the signals of crown
ether as well as carbonate (more likely its decomposi-
tion product) in the graphite powder following lithia-
tion. Assuming that the adsorbed additives and
solvents on the graphite surface have all been
thoroughly removed during the washing procedure
that preceded NMR measurements, the above obser-
vation should be considered as the first confirmation
that solvent molecules indeed are found in the bulk
of the graphite, and their cointercalation with lithium
ions during the lithiation process would most likely
be the path. However, since the author did not
present any blank test to prove the effectiveness of
the washing procedure, the possibility of surface
contamination due to the remnant solvent molecules
being trapped in the porous structure of the graphite
electrode could not be completely excluded. Never-
theless, solid-state NMR proved to be an effective tool
in studying the bulk structure of graphite anodes,
and more efforts on SEI mechanisms should be done
with this technique.

In situ Raman spectra studies performed on graph-
ite anodes also seem to reveal a cointercalation
occurrence that leads to exfoliation. Huang and Frech
used solutions of LiClO, in EC/EMC and EC/DME
as electrolytes and monitored the E,g band at ~1580
cm~t in the Raman spectra of the graphite that was
cycled between 2.0 and 0.07 V.24 Reversible lithium
intercalation and deintercalation was indicated by
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Figure 14. Schematic diagram summarizing the stepwise
formation of the SEI on a graphite surface. (Reproduced
with permission from ref 266 (Figure 10). Copyright 1997
The Electrochemical Society.)

the corresponding shift of this band in the EC/DMC-
based electrolyte. But in the presence of DME, the
graphite surface structure was detected to be ir-
reversibly altered in the range between 0.9 and 0.5
V, as indicated by a shoulder on the E,y, band. Since
no lithium ion intercalation is supposed to occur in
this potential range, the authors attributed the
Raman spectral changes to the extensive DME coint-
ercalation. Interestingly enough, a DME-based ter-
nary GIC was indeed electrochemically obtained and
identified by Abe and Ogumi and co-workers with
XRD.?77260 As a matter of fact, the results from this
Raman study support the Besenhard model but also
cast doubt upon it simultaneously because no such
irreversible Exg, band shift had been observed in the
EC/DMC electrolytes, although obviously the SEI
was formed in that case too.

Various microscopic means were also applied to
study the SEI formation process, but the reproduc-
ibility of the results is highly dependent on the
condition under which the observations were made
and the pretreatment history of the samples. Even
for the same observation, the interpretations could
vary from author to author. For example, with a
scanning tunnel microscope (STM), Inaba et al.
observed the formation of some “blisters” on the
graphite surface during its cathodic polarization and
described them as the swelling of the graphene layer
due to solvent cointercalation;?®> however, Farrington
and co-workers, after observing the same phenom-
enon with an atomic force microscope (AFM), ascribed
these island structures to the depositions of the
decomposition products from the solvent.?%6 One
common phenomenon that was observed by all of
these microscopic experiments is the stepwise forma-
tion of the surface species,?¢5726% which appear first
near the edge sites of the highly ordered graphite
surface at potentials as high as 1.6 V and then grow
and cover the whole electrode at potentials below 0.80
V, as shown in Figure 14. Since the intrinsic reduc-
tion potentials of the related solvents are much lower
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Figure 15. Schematic drawings of various models: (a, left)
“mosaic” SEI model by Peled et al. (Reproduced with
permission from ref 270 (Figure 1). Copyright 1997 The
Electrochemical Society.) (b, right) Surface double layer
capacitor model by Ein-Eli (Reproduced with permission
from ref 272 (Figure 1). Copyright 1999 The Electrochemi-
cal Society.)

(Table 5), the edge-site process at the higher poten-
tials might have been preceded by solvent cointer-
calation.

Recently, Chung et al. conducted EIS studies on a
graphite electrode that had been previously exfoliated
in a PC-based electrolyte and then reassembled in
an EC-based electrolyte after washing.?% They found
that, compared with the fresh graphite electrode or
the graphite anode that had been precycled in an EC-
based electrolyte, the exfoliated graphite sample
exhibited a much higher (>300%) double-layer ca-
pacitance, which was roughly proportional to the
surface area that was accessible to the electrolyte.
On the basis of this observation, Chung et al.
postulated that the previous history exfoliation had
resulted in a significant rupture of the graphite
surface, as confirmed by the STM results obtained
by Inaba et al. on the graphite exfoliation process.?%°
Apparently, between a simple surface reaction model
and Besenhard’'s model, the latter would more easily
account for this surface area increase, because the
direct consequence of ternary GIC formation is the
creation of new surfaces.

6.2.2.3. Other Models. In addition to Besenhard’s
model, the other models were mainly modifications
developed from the original Peled’s concept for lithium
electrode passivation, with surface reaction as the
major process, and emphasis was placed upon the
composition and structure of the precipitated film or
the interaction between the precipitated products and
the bulk electrolyte components.

On the basis of the results from XPS studies by
Kanamura and co-workers that the SEI has a mul-
tilayered structure,??2223 Peled and co-workers modi-
fied their lithium electrode passivation model to
include carbonaceous anodes and proposed a so-called
“mosaic model” to describe the SEI structure on the
anode, as Figure 15a shows.?’? According to this
model, multiple reductive decompositions occur be-
tween the negatively charged anode surface and the
various electrolyte components simultaneously, de-
positing a mixture of insoluble products on the anode.
This “heteropolymicrophase” SEI consists of many
microregions that are of entirely different chemical
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natures, ranging from thermodynamically stable
anions such as 0?7, S27, and halides located in the
immediate vicinity of the anode surface to partially
reduced organic species such as alkyl carbonates and
polyolefins located closer to the electrolyte solution.
They suggested that, in the SEI of such a structure,
the impedance to the intergrain lithium ion transport
would be the rate-determining step. Apparently the
pattern in which these “mosaic” pieces are arranged
is decided by the order in which the electrolyte
components are reduced. The reductions are consid-
ered to be surface processes, and the structural
difference of the anode (lithium or graphite) is
considered inconsequential.

In an attempt to explain why a linear methyl alkyl
carbonate such as DMC and EMC can form a stable
SEI on a graphite surface while ethyl or higher alkyl
carbonates such as DEC cannot,07198271 Ein-Eli
proposed another surface model in which the decom-
posed electrolyte solvents are adhered to the nega-
tively charged graphite anode surface through Cou-
lombic interactions.?”? He argued that, during the
cathodic polarization of the anode, the decomposition
products, in the form of lithium organic salts, would
be lined up in a model similar to that of a double-
layer capacitor, as Figure 15b shows, and would
attach themselves to the existing film via the posi-
tively charged lithium ion “head” and the partially
positively charged carbons. According to this model,
the effectiveness as well as the stability of the SEI
would depend on these points of adhesion. The
schematic drawing in Figure 15b shows that the
decomposition products from methyl alkyl carbonate
can form a tight adhesion without “loose ends”, while
a loose alkyl tail from DEC or higher alkyl carbonates
prevents the formation of a compact film. Like Peled’s
original model¥721821%9 and its modification,?”® this
model is still based on a two-dimensional surface
reaction. It must be pointed out, though, that the
graphic representation as shown in Figure 15b might
be oversimplified and should only be understood as
an empirical rule rather than an accurate picture on
the molecular level, considering that the carbonyl
bonds in the carbonate molecules have to be distorted
out of the sp? plane of the carbonyl carbon to meet
the contact points.

To investigate the failure mechanism of graphite
electrodes in nonaqueous electrolytes, Aurbach and
co-workers used various electrolyte solvents, salts,
and graphite electrodes with varying structures and
morphologies and attempted to correlate the SEI
effectiveness with these parameters.?*=27> Their
extensive studies led to the conclusions that the
failure mechanism is solvent-dependent and exfolia-
tion does not always happen to graphite anodes even
if they physically disintegrate. For the reductively
stable ether-based solvents (see Table 5), no massive
surface film was observed above 0.30 V, and these
solvents, coordinating with lithium ions, cointerca-
lated into graphene and caused complete exfoliation
of the latter. In this case, the evidence of destroyed
crystallinity was obtained by XRD. However, for
carbonates that are reductively active, such as EC
or PC (Table 5), surface precipitations were observed
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at potentials well above that of lithium ion intercala-
tion, which prevented the complete exfoliation of the
graphite anode, as indicated by its mainly intact
crystallinity.?®527> Rather, the physical disintegration
in this case could only be caused by the electric
isolation of graphite fragments on a macroscopic
level, which is the result of both the solvent’s chemi-
cal nature and the graphite’s surface morphology.

On the basis of these conclusions, Aurbach and co-
workers proposed a model for SEI formation that
makes a compromise between solvent cointercalation
(for ether-based solvents) and the surface reaction
mechanism (for carbonates). According to the model,
the graphite surface in electrolytes based on carbon-
ate solvents including PC was covered with a surface
film, and the balance between the Kkinetics of pre-
cipitation of highly cohesive surface films and the
kinetics of overall surface reactions producing gas-
eous products determines whether the graphite is
stabilized. In deep crevices that exist on the graphite
surface, such gaseous products created sufficient
strain and electrically disconnected the graphite
fragments. Solvent cointercalation seems less prob-
able with the existence of surface films. Obviously,
this model would be able to account for the observed
fact that surface area increases after the graphite is
cycled in PC-based electrolytes, while the graphene
crystal structure remains unchanged on a micro-
scopic scale.?%®

The drastic difference between EC and PC con-
cerning the stability of the graphite in them, despite
their close structural similarity, was ascribed by
Aurbach and co-workers to the effect of the methyl
group from PC, which intervenes with good adhesion
and cohesion of the formed product to the graphite
surface,?”® in a very similar way, as described by Ein-
Eli, to the “alkyl loose tails”.?2’? Thus, the gas evolu-
tion kinetics is faster than the buildup of the SEI on
the graphite surface, and the electric disconnection
and regional disintegration occur, starting at the
deep crevices driven by the gas pressure therein.

6.2.2.4. The Mystery of Exfoliation. However, all of
the above models that recognize surface reactions as
the film formation path were strongly challenged by
the results of the comparative studies carried out by
Chung et al.?®>276 To explore the origin of graphite
exfoliation, they used a series of model carbonates
to study their cointercalation behavior with graphites
and found a correlation between the stereo hindrance
of the solvent molecules and the behavior of the
graphite anodes in the electrolytes based on them.
These model carbonates are all structural analogues
of PC and include a pair of geometric isomer trans-
and cis-butylene carbonates (t-BC and c¢-BC) as well
as trans-2-pentylene carbonate (t-PC):
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When the graphite anode was cycled in the electro-
lytes based on these carbonate solvents, it was found
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Figure 16. Voltage profiles for the first two lithium
intercalation/deintercalation cycles realized on graphite
anode in t-BC/EMC and c¢c-BC/EMC solutions of 1.0 M
LiPFs. (Reproduced with permission from ref 255 (Figure
7). Copyright 2000 The Electrochemical Society.)

Scheme 11. Nondifferentiation of Surface
Reactions toward Diastereomers t-BC and c-BC?2
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that reversible lithium intercalation/deintercalation
occurred with t- but not c-BC. The difference between
t-BC and c¢-BC in terms of the graphite performance
is a replica of the difference between EC and PC, as
shown in Figure 16. Such different behaviors from
geometric isomers t-BC and c-BC would not be
expected if surface reactions dominated the formation
of the SEI, as proposed in the models by Peled,37270
Ein-Eli,?”? and Aurbach,?”37275 because the chirality
of the carbons would be eliminated once the ring
opened to form the radical anion as the predecessor
to lithium alkyl carbonates (Scheme 11). Thus, any
reasonable model for SEI formation has to involve a
mechanism in which the stereo difference between
t-BC and ¢-BC could be recognized and play a role in
determining the physicochemical nature of the re-
sultant SEI. Chung et al. argued that the fundamen-
tal concept of the Besenhard model (i.e., the coint-
ercalation of the solvent to form a ternary GIC before
any reductive decomposition like the one in Scheme
11) would be able to explain the above stereo effect,
since the graphene layer structure would serve as a
sub-nanoscopic sieve (graphene interlayer distance
~ 0.35 nm) that could tell the difference in the strain
introduced by these geometric isomers, as shown in
a schematic drawing in Figure 17. Thus, PC and c-BC
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Figure 17. Schematic drawing of the GIC-exfoliation
model. Differentiation of the stereo difference among EC,
PC, and related carbonates by graphene structure.

have similar stereo hindrances and would exert
similar strains into the graphene structure and cause
exfoliation, while t-BC may experience severe geo-
metric constraints for cointercalation. Hence, it can
exhibit a reaction behavior on a graphite surface that
is qualitatively different from that of PC.

Again, caution must be taken when using the
graphic representation as shown in Figure 17 be-
cause such oversimplification might be misleading
when a complex process such as the formation of an
SEl on graphite is handled. For example, the graphic
representation in Figure 17 suggests that cointerca-
lation of solvent occurs without the assistance of
lithium ions, while, in actual cointercalation, the
solvents that coordinated with lithium ions in the
solvation sheath would preferentially cointercalate.
With the supermolecular structure of the solvation
sheath in consideration, it would be more difficult to
predict the effect of diastereomers on cointercalation
by the analogue of Figure 17.

On the other hand, with an average solvation
number of four, it would be hard to imagine that
cointercalation would occur without breaking the
solvation structure of the lithium ion, considering the
required expansion in the graphite structure to
accommodate such a gigantic guest. Most probably,
at the edge sites of the graphite where cointercalation
occurs, the solvated lithium ion is progressively
stripped of its solvation sheath, and the free solvents
would then insert into the graphite interior in a close
way, as shown by Figure 17.

To summarize, various models have been proposed
to depict the formation of an SEI on a graphite anode,
based on the common knowledge that the reductive
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decomposition of electrolyte components leads to the
formation of a protective film on the anode. However,
these models differ in the mechanism by which the
SEI is formed, especially concerning the issue of
whether a ternary GIC is formed before the reductive
decomposition occurs. Although each of these models
can elegantly account for certain experimental ob-
servations, the Besenhard model that evolves around
solvent cointercalation seems to be supported by the
most experimental evidences, despite the fact that
the electrochemical formation of a key species of this
model, a metastable ternary GIC intermediate, has
not been experimentally confirmed. Nevertheless, it
is generally agreed nowadays that to a certain extent
the solvent cointercalation does occur and is at least
a part of the process related to the formation of the
SEI. The complete clarification of the above contro-
versy relies on obtaining more experimental evidence
at a microscopic level from further studies.

6.2.3. Characterization of Surface Chemistry

Relative to the controversy associated with the
mechanism of SEI formation, there is less uncer-
tainty in the knowledge about the chemical composi-
tion of the SEI, due mainly to the exhaustive surface
spectroscopic studies carried out by Aurbach and co-
workers on carbonaceous anodes in various nonaque-
ous electrolytes, adopting both in situ and ex situ
approaches.104108.123.124249.250 Tap|e 6 lists the chemical
compounds as identified by these spectroscopic means
and the proposed chemical reactions leading to those
species.?’~284 As it has been pointed out, the solvents,
especially the cyclic carbonates, play a more impor-
tant role in the surface chemistry of the anode than
the salt anions.7®

Compared with the surface chemistry of nonactive
electrodes??~2'4 or lithium electrode,5%117:118.209 gimj-
lar chemical species were identified despite the
differences in the electrode surfaces. A major modi-
fication of the previously accepted two-electron re-
ductive pathway as suggested by Dey and Sullivan3’
was proposed by Aurbach and co-workers based on
the identification of lithium alkyl carbonate by FT-
IR.108.124.249 They suggested that the surface reductive
process for most carbonate molecules proceeds via a
single-electron path leading to the intermediate, as
shown in Schemes 1 and 7, and that Li,CO; and
alkylenes were formed through either the continued
reduction of this intermediate or the secondary
reaction between it and trace moisture in the system.
Specifically, the following structures were assigned
to the decomposition products from EC and PC,
which supposedly constitute the main composition of
the SEI layer:102.104.117

o R
)k )Vo oLi
Lo~ o T
0

R = H (EC) or CH, (PC)

The predecessor of alkyl carbonate, a radical anion,
has been experimentally observed by ESR, the life
span of which depends on the carbonate structure
and ranges from minutes to hours but is independent
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of the salt species used.'”® Moreover, this one-electron
reduction mechanism does seem to be strongly fa-
vored by the fact that the intermediate does not
convert to alkylenes in 100% yield, reminiscent of the
work by and Arakawa and Yamaki?*® and Shu et
al.?8* who have already reported that the generation
of gaseous products does not match the electric
guantity injected into the anode.

A more quantitative confirmation of alkyl carbon-
ate formation came from transmission electron mi-
croscopy (TEM), by which electron diffraction (ED),
electron energy loss spectra (EELS), and imaging
were conducted on disordered and graphitic carbon-
aceous anodes cycled in LiCIO4/EC, respectively.?80
Although the ED does not identify any crystalline
phase other than the hexagonal structured graphite
and Li,CO3; on the surface (probably suggesting that
alkyl carbonates are noncrystalline), the atomic
concentration ratio of oxygen and carbon (O/C) as
determined by EELS ranges between 1 and 1.5,
unequivocally indicating that the proposed alkyl
carbonate formed from EC reduction. Interestingly,
this O/C ratio was also found to vary with the
potential to which the carbonaceous anodes were
cathodically polarized: above 0.90 V an O/C ratio =
3.0 was obtained for the presence of Li,COgs, while
below 0.80 V an O/C ratio = 1.0—1.5 was obtained.
Thus, the authors proposed that the SEI was formed
in a two-step process: (1) formation of Li,CO3 occurs
at potentials between 1.0 and 0.80 V, and (2) forma-
tion of alkyl carbonates is favored at lower potentials
below 0.80 V.

In retrospect, probably a more reasonable explana-
tion could hereby be proposed concerning this poten-
tial-dependent reductive decomposition. Combining
the observations from Shu et al. about the correlation
of gas products with a 0.80 V plateau,?! Farrington
and co-workers about the deposition of the film onto
the surface,?%® Aurbach and co-workers about the
competition between single- and two-electron reduc-
tive paths,'%8124 and Kanamura et al. about the
multilayered structure of the SEI,??2222 gne can
conclude that, at potentials above 0.80 V, where the
film has not completely covered the basal surface of
graphite, the two-electron process as proposed in
Scheme 8 is likely the predominant process because
of the good electronic conductivity of the graphite
surface, leading to Li,CO3; and ethylene; below 0.80
V the single-electron process prevails because of the
much slower electron hopping kinetics, leaving the
surface with alkyl carbonate depositions and render-
ing negligible gas evolution simultaneously. There-
fore, the potential-dependence of the decomposition
compounds as observed in a TEM study by Naji et
al.?8 js actually the potential-dependence of the
competition between one- and two-electron paths, as
shown in Schemes 1 and 7.

In addition to FT-IR, XPS experiments performed
on a graphite anode that had been cycled in various
carbonate-based electrolytes also identified an alkyl
carbonate species. Bar-Tow et al. characterized the
surface of a highly oriented pyrolytic graphite (HOPG)
that had been cycled in LiAsF¢/EC/DEC and found
the C 1s signal located at 289 eV,%%! which had been
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Figure 18. Depth profile of various chemical elements in
the SEI formed on HOPG: (a) basal plane and (b) edge
section. (Reproduced with permission from ref 281 (Figure
4). Copyright 1999 The Electrochemical Society.)

previously observed on a lithium surface and identi-
fied as alkyl carbonates by Kanamura et al.222223282.283
after referencing with the C 1s signal of Li,CO; at
290.5 eV. Surface sputtering with Art reduces the
abundance of this species rapidly, suggesting that
this species might only be stable on the top layer of
the SEI.

Besides lithium alkyl carbonates, XPS also identi-
fied a wide variety of decomposition products from
other electrolyte components, including polyether
moieties as well as the lower valence As species. The
depth profile of the SEI established by prolonged
sputtering by Art reveals the multilayered structure
of the SEI, as shown in Figure 18a, in which the
organic species such as alkyl carbonate and Li,COg3
are present in predominant percentages on the solu-
tion side of the SEI while simple inorganic species
such as Li,O or As(0) are more stable on the graphite
side of the SEI probably because of the more complete
reduction facilitated by faster electron-tunneling
kinetics.

Differences in chemical composition were also
observed in the SEIs formed on basal planes and edge
sites. The former were more enriched with organic
species and the latter with inorganic species, espe-
cially with the decomposition products that obviously
originated from salt anions. The authors thus con-
cluded that, on the basal plane, the major contribu-
tion to SEI formation is from solvent reductive
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Scheme 12. Formation of Polymeric Species in the
SEI
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decomposition, whereas, at edge sites, the salt anion
decomposition occurs on a larger scale.?8! This loca-
tion-dependence of the SEI chemical composition
strongly implies that the edge sites of the graphite
are the main entrances for lithium ion intercalation.

XPS studies, carried out with LiBF,- and LiPFs-
based electrolytes,?”” or with carbonaceous anodes
with varying graphitic degrees,'?® or at different
potentials after being fully cycled,'?> rendered quite
similar results, except that the abundance of LiF
increased in the SEI because of the higher sensitivity
of LiBF, and LiPFs to moisture. Andersson and
Edstrom observed a large amount of polymeric carbon
on the cycled graphite surfaces that was linked with
an ether-like oxygen, as evidenced by the signals
located between 285.5 and 286.5 eV.?”” They at-
tributed the formation of these polymeric species to
the ring-opening polymerization of cyclic carbonates
initiated by strong Lewis acids such as PFs (Scheme
12).

Aside from cyclic carbonates, the decomposition
products from linear carbonates were also identified
in the forms of either lithium alkyl carbonates or
alkoxides, as shown by Scheme 7 and also in Table
6a.125271.279 Relatively, the reduction of linear carbon-
ates was thought to be less consequential as com-
pared to their cyclic counterparts, apparently due to
their smaller presence in the solvation sheath of
lithium cations.70.171

In accordance with these experimental results,
Wang et al. employed density functional theory
calculations to comprehensively examine the possible
reduction pathways for EC molecules in super-
molecular structures Li"—(EC), (n = 1-5) and found
that, thermodynamically, both one- and two-electron
reductive processes are possible.1’° A complete array
of the possible reduction products from EC was listed
in their paper considering the various competitive
pathways, and they concluded that both (CH,OCO,-
Li), and (CH,CH,OCO,Li), are the leading species
in SEI, while minority species such as lithium alkox-
ide, lithium carbide, and the inorganic Li,COj3; co-
exist.17°

A more recent XPS study by Ross and co-workers
challenged the above general conclusion that lithium
alkyl carbonates constitute the main composition of
the SEI.284 Using ultrahigh vacuum surface analyti-
cal methodology, they meticulously examined the
reaction between a fully lithiated HOPG and DEC
as a function of temperature and found that all
carbonate signatures above 289 eV rapidly disappear
in the room-temperature range, giving way to Li,0O,
although alkyl carbonate as a metastable species did
exist in the subambient temperature range briefly.
Between 0 and 100 °C, the C/O stoichiometry ratio
correspondingly changes from the known 1.6 for DEC
to 1.0. Combining these observations, they suggested
that oxalate species along with lithium methoxide
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were formed in the SEI instead of an alkyl carbonate
such as C,HsOCO,Li.271:279

In the FT-IR analysis of an SElI on an anode
surface, Ross and co-workers also disagreed with
Aurbach and co-workers on the interpretation of the
spectra.?®® The difference is mainly concentrated on
the assignments of two absorption peaks at 838 and
1650 cm™1, respectively, which were ascribed to the
bending and stretching of carbonyls in lithium alkyl
carbonate.5>%8 While the former was indeed observed
by Ross and co-workers in their spectra, they ex-
cluded the possibility of it arising from lithium alkyl
carbonate in view of its strong intensity. By compar-
ing the IR spectra of an authentic sample of lithium
monoethyl carbonate and propylene oxide, they sug-
gested that the signal might originate from the
asymmetric stretching of the O—C—0 linkage from
an epoxy structure, which was generated from the
reductive decomposition of EC via an electrochemi-
cal—chemical process that involved the reduction of
trace moisture in the electrolyte.?®> Considering the
low bp of this compound (10.7 °C) and its strong
tendency toward ring-opening polymerization by the
catalysis of acids or cations, it is very unlikely that
it would be a persistent ingredient of the SEI.
Perhaps ethylene oxide was only detected as a
transient species in the IR studies, which eventually
polymerized into an oligoether species. On the other
hand, the signature stretching mode of alkyl carbon-
ate at 1650 cm~* was completely absent in IR spectra
obtained by these authors.?”® By comparison with
synthesized spectra based on authentic compound
samples, the carbonyl stretching of high intensity
was assigned to lithium oxalate (Li,C,0,) and suc-
cinate (LiO,CCH,CH,CO,Li) (Table 6a). While the
former was obviously formed from CO, through some
reductive process, the source for the latter remains
unclear. A likely mechanism is the recombination of
radicals, which would explain the formation of new
C—C bonds. At the same time, the presence of trace
moisture complicates the surface chemistries by
reacting with lithium alkoxides and renders the SEI
with species such as LiOH, CH3;0H, and LiHCOs.

Apparently, the above controversy regarding the
identification of chemical species in the anode SEI
will require further analytical work to resolve.

In addition to chemical compositions, another
important aspect about SEI formation that is of
practical significance to the forming of lithium ion
cells is the potential range in which the above
reactions occur leading to the formation of the SEI.
Because of the earlier observation of the plateau near
0.80 V36237 and the concurrent gas evolution,?43251 jit
was generally believed that the formation of the SEI
occurred at this potential. An in situ analysis using
a differential electrochemical mass spectrum (DEMS)
performed on graphite as well as other electrode
surfaces confirmed the above process by simulta-
neously recording voltammetry and analyzing the
gaseous products from the electrode being cathodi-
cally polarized. It was found that hydrogen and
ethylene were produced during the first cycle at about
1.50 and 0.80 V, respectively, as indicated by their
molecular peaks as well as fragmentation patterns
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Table 6. Reductive Decompositions on Carbonaceous Anodes

A. Electrolyte Solvents

Solvents Reactions Refs.
H,C
PC+2e+2Li— LiCO+ N cy 237
u’ u’
o o e L’ Li,CO,+RCH=CH,
A
3/ }J Jew J\/I\/T 55,104, 125,
PC, EC: " H e 249, 250, 274,
R=CH;orH R 277’ 281
A@“" B
)\/\r \'I/ —— Polymertc 262
o - )?‘/ 278
J’I\ *«:n:.l.-i GH,0Li + HCO®
MF: W™ N0CH; | 4osi a 249
EPDM o’ H)I\OLI
o u*
YBL: o 9o 9
R &/D vesrli %o 123
o
. o A
Linear Carbonates: . )k . )\ \ oLi 108, 123, 214,
R\o o/ retl R\ )L + ROLi + ROR + alkenes 271, 279
\ OLi
\ )k \H)LOU + ROLI + alkenes 284
+e+ L|
o
B. Electrolyte Salts and Other Components
Salt LiClOg: 249
LIiCIO, + ne + 2n Li'====='Li,0 + LiCIO3, LiCIO, + LiCI
LiAsFg:
LiAsFg + 2e + 2 Li* — AsF, + 3LiF 120, 249, 250
AsFj + 2ne + 2 nLi* — Li,AsF3, + nLi*
LiPFs:
LiPFg+ 2e + 2Li — PF; + 3LiF
LiPFg =<—==LiF + PF; 125, 250, 279
PF5+ H,0 — 2HF + POF;
PF; + 2ne +2 n Li*—> LiPFg_, + nLiF
Contaminants H,0:
H,0 + e + Li"*—— LiOH +H, 249, 250
CO2:
2C0, + 2e + 2Li"— Li;CO; + CO 249, 250
021
0, + 4e + 4Li* —— 2Li,0 249, 250
LiMF, + H,0 — LiM,0, + nHF + MOF
M=PorB;
n=d g’ 125
[o]
+HF —— LiF
Secondary Reacti 0 R*’)kw 1
econdary reactions
2 )]\ +H0 — Li,CO;3+ CO, + 2ROH
R-O oLi 104, 124, 249
2C0, + 2e + 2Li*—» 2Li,CO3 + CO 124
Li,COg + 2HF — LiF + CO, + H,0 104, 124, 277
in the MS.286 No sign of CO or CO; had been found, contamination; thus, the SEI formation process
contradicting Schemes 1, 7, and 8. The production of seemed to start below ~0.80 V. However, since the
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H, was ascribed to the reduction of trace moisture MS can only detect gaseous species, another surface
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spectroscopic means based on FT-IR was used as a
complimentary analysis. It was concluded that, since
the salt anion concentration near the electrode
decreases rapidly at the same potential as H; is
formed, the first electrolyte decomposition should
occur at potentials near 1.50 V. Microscopic observa-
tions on the graphite surface cycling in nonaqueous
electrolytes were in agreement with this conclusion;
that is, surface deposits were visualized at potentials
as high as 2.0—1.50 V near the edge sites, while basal
planes would be completely covered at potentials
below 0.80 V.266:267 The combination of DEMS?%¢ and
AFM?66.267 results perfectly echoed the conclusions
drawn by Bar-Tow et al.?8! that the film at the edge
sites was mainly formed by the reductive process of
salt anions at higher potentials (~1.50 V), while the
film on basal planes that is formed at lower potentials
(~0.80 V) has the contribution mainly from solvent
reductions.

A few other studies on the SEI placed the occur-
rence of SEI formation in lower potential ranges that
overlap with those of the lithium intercalation pro-
cess, that is, below 0.25 V. Using a plasma spectrom-
eter, Matsumura et al. conducted quantitative chemi-
cal analyses on the lithium content in carbonaceous
anodes that were electrochemically lithiated at dif-
ferent stages and correlated the irreversible lithium
content (i.e., the electrochemically irremovable lithium
that was consumed to form the SEI and then re-
mained therein) with the cathodic polarization po-
tential.?52 Unexpectedly, they found that a rather
high portion (>80%) of the lithium was distributed
in the potential range 0.50—0.01 V, with a relatively
small percentage in the potential range above 0.80
V, where the formation of the SEI was thought to
have occurred.

Similar results were obtained by Zhang et al., who
analyzed the galvanostic cycling data of a graphite
anode in LiPFs/EC/PC/EMC and calculated the dis-
tribution of irreversibility in the first lithiation
process in different potential ranges.?®” They found
that, of the total 7% irreversible capacity in the first
forming cycle, a majority (~6%) was generated within
the potential range between 0.25 and 0.04 V, where
different stages of LiGIC were formed. The quantita-
tive difference between the results of Zhang et al.?®”
and Matsumura et al.?®? on the irreversible lithium
at low potential ranges might be due to the different
graphitic degrees of the carbon anode materials that
were used in their investigations, but the common
observation of these two experiments is that, concur-
rent with lithium intercalation, some other irrevers-
ible processes are also underway. A reasonable
explanation would be that SEI formation is not
completed above 0.80 V but continued deep within
the potential range where lithium ion intercalation
proceeds.

The electrochemical impedance analysis carried out
in the same study by Zhang et al. seemed to confirm
the above speculation with the change in the resis-
tance of the SEI film as a function of the lithiation
potential and corresponded well with the irreversible
capacity analysis. Figure 19 shows the potential-
dependence of the resistance for lithium ions in the
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Figure 19. Dependence of the resistance (Ry) of the SEI
film on the cell voltage for the lithium|graphite half-cell
using LiPFs/EC/EMC (3:7 wt) as electrolyte. Shown are the
data for the 1st and the 10th cycles under galvonostatic
conditions with the rate of 0.05 mA h cm~2. (Reproduced
with permission from ref 287 (Figure 4). Copyright 2001
The Electrochemical Society.)

SEIl film when the graphite anode is repeatedly
cycled in LiPFs/EC/EMC (3:7 wt). In the potential
range above 0.25 V, R remains relatively stable at a
high level, where solvent decomposition is believed
to account for half of the irreversible lithium. The
SEI film at this stage is incomplete and porous and,
hence, unable to shield the graphite surface from
further solvent reactions. A drastic decrease in Ry
within a narrow range of 0.20—0.04 V, which ac-
counts for more than half of the irreversible capacity,
probably represents a process in which the compact
and conductive SEI film is formed and starts to
protect the graphite surface.?®” Thus, the authors
proposed that SEI formation on a graphite surface
actually goes through two stages: (1) at potentials
above 0.25 V, where solvent decomposition leaves a
primitive surface deposition that is porous and also
electronically conducting, and (2) at potentials below
0.25 V, where an insulating and compact SEI is
formed. Once formed, this SEI film is protective of
the graphite anode, and a reversible impedance
response is expected, as shown by Figure 19 for all
of the lithiation/delithiation processes after the first
lithiation. The above potential-dependence of SEI
resistance was reproducible when LiPFs/PC/EC/EMC
(1:1:3 wt) was used despite the higher irreversible
capacity due to the presence of PC.287

The origin of these reductive processes in the
lithiation potential range remains unclear, but it does
not necessarily involve new components from bulk
electrolytes. One possibility is that the radical inter-
mediates, as shown in Schemes 1 and 7, undergo
further single-electron reduction, leading to lithium
salts with simple anions such as COz?~, O,", or
F~,222223 while reactions between intercalating lithium
ions and the active sites of the graphite interior such
as hydroxyls or carbene radicals are also possible.?5?

6.3. Electrolyte/Cathode Interface

Compared with the research interest in the passi-
vation of anodes, especially materials with carbon-
aceous origins, there have been relatively few studies
dedicated to the understanding of the interface
formed between electrolytes and cathode surfaces. A
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probable reason might be the stability of these
cathode hosts against solvent cointercalation and
exfoliation due to the layered structure being held
together by Coulombic interactions between op-
positely charged slabs composed of metal cations and
oxide anions.?8® Nevertheless, irreversible decomposi-
tions, although oxidative in nature, do occur on
cathode surfaces, and the decomposition products
very likely form a passivation film that prevents any
sustained solvent decomposition. In this sense, the
interface between electrolyte and cathode should
possess the same physicochemical fundaments of the
SEI on anodes, that is, electronic insulator and
lithium ion conductor. A number of authors have
used the term “SEI” as well to describe the passiva-
tion of cathode surfaces in lithium/lithium ion cells;
however, by the currently accepted convention the
term is usually reserved for carbonaceous anodes.
Instead, a more general reference of “passivation
film” or “surface layer” has been used for electrolyte/
cathode interfaces.

6.3.1. Passivation Film on a Cathode

The detection of protective films on cathode sur-
faces has not been as straightforward as that of the
SEI on anodes, partially because a native surface
film, mainly composed of Li,COg, already exists on
all transition metal oxide cathode materials based on
manganese, cobalt, and nickel.?8°72%¢ This surface
component could arise from the precursors used to
synthesize these metal oxides or, more likely, from
the reaction between the metal oxides and the CO,
in the atmosphere during the processing of these
strongly oxidizing materials.?®® Upon contact with
electrolytes, this native film is usually eroded by the
acidic electrolyte salts currently employed by the
lithium ion industry, and to make things more
complicated, the active materials are usually involved
in the subsequent oxidation of the electrolyte solvents
on the exposed cathode surface. Proving the existence
of a surface film on the cathodes has been difficult,
and spectroscopic identification, which has been
proven to be an effective tool in studying the SEI on
anodes, often yields ambiguous results.

Goodenough and co-workers were perhaps the
earliest authors to suggest that a film exists on the
cathode/electrolyte interface.?®® In an attempt to
simulate the ac impedance responses of an intercala-
tion-type cathode in liquid electrolytes, they discov-
ered that Li;—xCoO, in PC cannot be described as a
simple intracompound lithium ion diffusion; instead,
a more complex electrochemical process, including
the formation of a surface layer on the electrode due
to the oxidation of the electrolyte, must be considered.
They proposed an equivalent circuit, shown in Figure
20, for the lithium intercalation process into such
cathodes, wherein R, R and Cq, Rc and Cy, and Z,,
represent the bulk resistance of electrolytes, the
resistance and capacitance of the surface layer, the
resistance and capacitance of the charge-transfer
process, and the Warburg impedance, respectively.
In such a model, lithium migration has to go through
the surface layer because of its serial nature in order
for the charge-transfer and further diffusion within
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Figure 20. Equivalent circuit based on surface layer
formation on cathode materials (a, top) and the electrolyte/
cathode interface (b, bottom). (Reconstructed based on ref
295))

the solid to occur. This equivalent circuit and its
numerous variations have become a universally
adopted model that simulates the behavior of both
anode and cathode in nonaqueous electrolytes.

In formulating new electrolyte compositions that
can withstand the high potentials of the cathode
materials, Guyomard and Tarascon also realized that
oxidative decomposition of electrolyte components
occurred on cathode surfaces, and passivation of the
surface prevented the bulk electrolytes from further
decompositions.®3*® Using LiPFs/EC/DMC and the
manganese spinel LiMn,0,, they systematically ex-
plored the origin of the oxidative decomposition by
guantitatively analyzing the irreversible capacity
associated with electrolyte oxidation and established
a correlation between it and the surface area of the
composite cathode. Thus, they concluded that the
oxidative decomposition of electrolytes on cathodes
is surface-catalyzed, and very likely the cathode
surface would be covered evenly with a surface layer
that is composed of the decomposition products.

Almost during the entire 1990s, the main interest
of the lithium ion research community was focused
on electrolyte/anode interfaces while its cathode
counterpart was overlooked until various lithium ion
systems, especially those based on manganese spinel
cathodes, were found to suffer power loss and capac-
ity fade upon prolonged cycling or storage at elevated
temperatures.?®6-302 Preliminary diagnostic studies
pointed to electrolyte/cathode interfaces as the source
of the degradation, and intensive research has been
carried out to address this issue since the late 1990s.

Aurbach et al. studied the interfacial behavior of
various cathode materials in LiAsFs/EC/DMC using
EIS and found that, for all of these cathodes, that is,
LiNiO,, LiCo0O,, and LixMn,04, the impedance spec-
tra obtained reflected several processes in series.??®
In other words, the overall lithium ion intercalation
in and deintercalation from a variety of LiMO; bulk
materials included the inevitable step of lithium ion
migration through a certain surface layer in a man-
ner very similar to that of the reversible lithium ion
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intercalation/deintercalation process on carbonaceous
materials.

Complementary to the EIS results, wide-line 7Li
NMR research conducted by Greenbaum and co-
workers also supported the existence of such a
surface layer.?®® They reported that the lithiated
(discharged) cathode LiNipsC0o 20, showed two iden-
tifiable 7Li signals with a negligible difference in
chemical shift, and these signals were characterized
by vastly different spin—Ilattice relaxation times (T,).
The authors assigned the one with T; < 10 ms to the
intercalated lithium ions in the bulk cathode and the
other on the order of seconds to the lithium ions
trapped in the surface layer. Corresponding °F NMR
also revealed the existence of a different F other than
the binder PVdF; hence, the authors suggested that
LiF constitutes the surface layer. However, the
double-resonance ("Li—*F) measurements that would
be sensitive to the presence of LiF were inconclusive.

Visual detection of surface layers on cathodes using
microscopy techniques such as SEM seems to be
supportive of the existence of LiF as a particulate-
type deposition.??22% The current sensing atomic
force microscope (CSAFM) technique was used by
McLarnon and co-workers to observe the thin-film
spinel cathode surface, and a thin, electronically
insulating surface layer was detected when the
electrode was exposed to either DMC or the mixture
EC/DMC. The experiments were carried out at an
elevated temperature (70 °C) to simulate the poor
storage performance of manganese spinel-based cath-
odes, and degradation of the cathode in the form of
disproportionation and Mn?* dissolution was ob-
served.3® This confirms the previous report by Taras-
con and co-workers that the Mn?* dissolution is acid-
induced and the electrolyte solute (LiPFg) is mainly
responsible.301

The speculation about LiF in the surface layer was
supported by McBreen and co-workers, who detected
the formation of a surface layer on well-cycled
LiNigg5C00.150, in LiPF¢/EC/DMC with soft X—ray
absorption spectroscopy (XAS).2%2 In the energy re-
gion between 500 and 950 eV, the cycled cathode
demonstrated major changes at O and F K-edges as
compared with the pristine powder or as-prepared
cathode samples. By comparing with standard LiF
XAS, the authors believed the signals to be arising
from the mixture of PVdF (as binder) and LiF on the
cathode surface. The source of LiF was believed to
be generated by the decomposition of LiPFs. Consid-
ering that the organic decomposition products are
unstable on highly charged cathodes, the authors
suggested that the surface layer on the cathode might
be composed of a dense coating of LiF. This very
resistive surface layer was believed to be responsible
for the power loss of the lithium ion cell after
prolonged storage.

Aurbach et al. and Andersson et al. also detected
the presence of surface layers on cathodes with XPS.
The former authors noted that the presence of salts
(LiPFs and LiAsFe) played a crucial role in changing
the surface state of cathode materials due to their
acidic nature, because pure solvents do not change
the native surface layer, Li,COs, when brought into
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Scheme 13. Self-Discharge of Spinel Cathode in
Electrolyte

LiMn,0, + x Li* + x Electrolyte —— Lis,xMn,0, + x Electrolyte®

contact with these cathodes.?? They speculated that
the hydrolysis products from the salts such as HF,
AsF3, or AsFs reacted with the native surface layer
and led to its breakdown. Thus, it is this heavy
involvement of salt anion that generates the detected
LiF in the surface layer. By correlating with the EIS
study, the effect of LiF on cell impedance was
confirmed. During prolonged cycling, the surface
layer on the cathode seemed to continue to grow;
however, the chemical compositions did not experi-
ence qualitative changes. Through comparative stud-
ies, the latter authors confirmed Aurbach’s observa-
tion that the pristine Li,CO3; surface layer on
LiNiggoCo002002, was changed, as evidenced by a
wealth of new chemical components corresponding
to the oxidations of both solvents and salt anions,
with LiF being the dominant species.?%32% In view
of the highly oxidative nature of metal oxides, these
authors suggested a spontaneous formation process
for the new surface layer, in which the direct (hence,
nonelectrochemical) redox reactions occur between
the active materials of cathode and electrolyte com-
ponents, leading to the lithiation of the former and
the oxidation of the latter (Scheme 13). On a man-
ganese spinel cathode, this spontaneous process was
complicated by the coupling of the surface oxidations
from electrolyte components with the concomitant
Mn,O, disproportionation and Mn?* dissolution.2933%
Controversial results from the surface chemistries
were obtained.

A few authors argued that the existence of surface
layers on cathodes could also be confirmed by the
irreversible capacity that only occurs in the first
charge process.3%33%4 By correlating this irreversible
capacity with cell voltages during the forming process
of a LiNiO,-based cathode, they concluded that the
surface layer was formed via a two-step process: (1)
below 3.40 V, where a primitive and resistive film
was formed, and (2) between 3.4 and 3.8 V, where a
highly conductive film was built up through a further
oxidative breakdown of the primitive layer. The EIS
study that was carried out simultaneously showed
an obvious potential-dependence of the resistance
associated with the surface layer (Figure 20), which
is characterized by a dramatic drop in the corre-
sponding voltage regions.3® The possibility of cathode
structure reorganization should not be excluded for
the irreversible stage between 3.6 and 3.8 V, though,
and the authors suggested that probably both elec-
trolyte oxidation and cathode structural transition
are responsible.

Similar irreversible processes have been previously
observed by Aurbach et al. on LiNiO»?°° and Croce
et al. on LiNig75C00.2502%% by slow scan cyclic volta-
mmetric (SSCV) measurements. However, in their
EIS studies the former authors did not observe any
obvious potential-dependence for the resistance as-
sociated with the surface layer?®® but rather an
invariant resistance in the range between 3.6 and 4.2
V. This latter observation is in direct disagreement
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Scheme 14. Possible Electrochemical Oxidation
Path for PC
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with the results of Zhang et al.?%33% and Croce et
al.,®% where the change of surface-layer resistance
with potential is obvious.

Some authors pointed out that the surface layer
on the metal oxide cathodes might not be as stable
as that on the carbonaceous anode, and the cell power
loss and capacity fade are mainly caused by degrada-
tion of this electrolyte/cathode interface.?®® Their
argument was supported by the increase in imped-
ance with cycling, which very likely suggests a
continued growth of surface layers on the cathode.???
There was also one report revealing the complete
absence of surface layers on cathodes after prolonged
cycling, probably indicating that the electrolyte com-
ponents or impurities react with the surface layer
and leave the cathode surface with the IR-insensitive
LiF.2%8

6.3.2. Characterization of Surface Chemistry

The overwhelming majority of the studies on the
oxidative decompositions of solvents and salt
anions were carried out on nonactive elec-
trodes_74,81,120,130,131,204,206,207,3067308 On the basis of the
detection of ring-opening reactions by in situ FT-IR,
a mechanism involving a single-electron process
producing a radical cation was proposed for carbonate
solvents (Scheme 14).2%7 Subsequent decomposition
of the intermediates leads to gaseous as well as solid
products, which form a solid film on the electrode.
The existence of such radical species during the
oxidative decompositions of electrolyte components
has been confirmed for a wide variety of electrolytes
by ESR, and the surface of a charged cathode (LiCoO,
at 4.3 V) is identified as the source of its generation,
because a parallel blank test with electrolytes in the
absence of a cathode produces no radical species.3%°
The authors depict a picture of delocalized radical
cation structures that are coordinated by the neigh-
boring solvent molecules, whose half-life is on the
order of minutes depending on the electrolytes. Thus,
it is reasonable to believe that Scheme 14 represents
the initial oxidative cleavage of the carbonate sol-
vents.

The systematic surface characterization was con-
ducted by Aurbach and co-workers using FT-IR
spectroscopy for LiCoO,, LiNiO,, and LiMn,04 spinel
cathodes.?® After cycling in electrolyte LiAsF¢/EC/
DMC between 3.0 and 4.4 V, all of the cathode
surfaces were found to be covered with a wealth of
new chemical species, while the signals correspond-
ing to the native Li,CO3; diminished. Preliminary
interpretation of these spectra led the authors to
conclude that the species very much resemble the
lithium alkyl carbonates observed on various anode
surfaces that have been formed, as supported by the
signals around 1650 cm~1. With further study, they
confirmed that the electrolyte-related species were
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Figure 21. FTIR spectra (diffuse reflectance mode) mea-
sured from a pristine LiNiO, composite cathode and with
a cathode after galvanostatic cycling in Li salt/EC/DMC
solutions. (Reproduced with permission from ref 292 (Fig-
ure 1). Copyright 2000 The Electrochemical Society.)

Scheme 15. Possible Mechanism for the
Formation of Polycarbonates
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formed on the cathode surface upon storage or cycling
but emphasized that, because of the complicated
nature of the surface oxidation processes, it is impos-
sible to obtain an unambiguous picture of the surface
chemistry.?®? Since the native Li,CO3 does not change
when in contact with pure (salt-free) solvents, the salt
anions obviously played a crucial role in forming
these new surface species. Cycling seems to facilitate
the surface chemistry, as Figure 21 shows, since a
variety of absorptions corresponding to C—H, C=0,
and C—O bonds were identified. The carbonyl func-
tionality around 1800—1700 cm~* was believed to be
polycarbonate species, a possible source of which
could be the oxidation of EC or the ring-opening
polymerization of EC catalyzed by a nucleophilic
mechanism (Scheme 15). The nucleophilic initiator
RO, as evidenced by the absorptions near 1100 cm™2,
could be generated on the surface of the cathode
because of the possible reactions between the active
mass and the solvents (Scheme 16). Meanwhile, the
signals around 1650 cm~* (asymmetric C=0), 1350—
1300 cm™?! (symmetric C=0), 1100 cm~* (C—0), and
850 cm™! (OCO,") still suggest species with similar
structure to alkyl carbonates. Since the mechanism
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Figure 22. C1s, 0 1s, F 1s, P 2p, Li 1s, and Ni 2p XPS spectra for LiNiggC00,0; cycled in LiPFs/EC/DEC. (Reproduced
with permission from refs 294 (Figure 6). Copyright 2002 The Electrochemical Society.)

in Scheme 16 involves direct electron transfer from
electrolyte solvents to electrode active mass, these
reactions are spontaneous and do not require cell
charging to initiate.

XPS and energy-dispersive X-ray analysis (EDAX)
of the cathode surface chemistry clearly revealed
that, in various electrolytes using different salts, the
salt anions or the impurities related to them were
also heavily involved in the surface layer forma-
tion.??2 EDAX detected a pronounced increase in the
F content of the surface after the cathode was cycled
in LiPFs or LiAsFg solutions, and appreciable amounts
of As or P were also present on the surface. The
surface chemistries of a cathode cycled in LiAsFg
solution as detected by XPS correlated well with FT-
IR, which confirmed the formation of organic and
inorganic carbonates with signals at 285 and 290 eV
as well as RO™. The peak at 294 eV was ascribed to
polycarbonate species, in accordance with the peaks
around 1800—1700 cm™! in FT-IR. However, the
cathode surface that had been cycled in LiPFg solu-
tions lacked the signs of all carbonate or polycarbon-
ate species, and the authors attributed the absence
of these carbonyl-containing compounds to the role
of HF, which reacts with carbonates and leaves LiF
on the surface. This is supported by the F 1s spectra
with a strong 685 eV signal, which is smaller for
cathode surfaces cycled in LiAsFg solution. Further
examination of F 1s spectra also points to other
F-containing species with P—F and As—F bonds,
which are evident in As 3d and P 2p spectra as well.
Interestingly, Ni 2p signals of oxidation states for
various Ni species were also detected in all of the
cathode surfaces that were cycled in either LiPF¢ or
LiAsF¢ solutions, as expected from the surface reac-
tions involving LiNiO; as a nucleophilic agent (Scheme
16).

More recent XPS studies were conducted by Ander-
sson et al. on a similar LiNipgCoq 20, cathode cycled
in LiPFs/EC/DEC, and more detailed efforts were
made to assign the signature signals for various

surface species.?® Figure 22 lists the XPS spectra
generated from the cathode sample after the forma-
tion cycle. In C 1s spectra, three new peaks were
ascribed to a polymeric moiety (285.1 eV), a carbon
in ether linkage (286.8 eV), and a semi-carbonate
such as an alkyl carbonate (290.0 eV). The polymeric
moiety could be attributed to hydrocarbon species or
polymers based on an ether linkage. On the other
hand, quantitative analyses through peak devolution
showed that a majority of the surface lithium content
is accounted for by the presence of LiF, LiPFg, and
Li,COs, and alkyl carbonates as well as polycarbon-
ates are also likely. The F 1s spectrum corroborates
the dominant presence of LiF by the peak at 684.9
eV, while the other F signal arises from the binder
PVdF. P 2p spectra could be deconvoluted into a
series of contributing components, which should
include the oxidation products from LiPFs such as
LixPF,.

Obviously, the above compounds might result from
several possible reactions. Since they did not find the
transformation of the metastable alkyl carbonate into
Li,CO3 upon high-temperature storage, as they had
observed on carbonaceous anodes, Andersson et al.
challenged the spontaneous reaction mechanism sug-
gested in Scheme 16 and proposed that the carbonate
species on cathode surfaces would be polycarbonates
instead of simple alkyl carbonates.?** Furthermore,
self-discharge that leads to lithiation of the cathode
host was observed during storage; hence, the authors
argued that a mechanism similar to Scheme 13 would
be more likely. Thus, the initiation for EC polymer-
ization would be more likely realized by the electro-
philic attack from the Lewis acid, PFs, a decomposi-
tion product of LiPFg, instead of a nucleophilic attack
from RO~. The fact that PFs reacts with cyclic
carbonates, leading to polymerization of the latter,
seems to favor this rationale.?%

In a parallel study performed on the spinel cathode
LiMn,Oq,, Eriksson et al. reported both XPS and FT-
IR results?®® that conflicted with those by Aurbach
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Scheme 17. Mechanism for Electrolyte Oxidation
Coupled with Spinel Disproportionation and Mn2*
Dissolution

LiMn,O, + 3x Li* + x El

Liss3xMn,..04 + xMn?* + x EI*

Scheme 18. Mechanism for Electrolyte Oxidation
on a Fully Charged Cathode Surface

2 A-MnO, + x Li* + x El— Li,Mn,0, + x EI

et al.?°0.292 Besides polymeric species that were most
likely polyethers, there was no sign of any carbonate-
like species detected when the spinel was cycled in a
LiPFs-based electrolyte, as evidenced by both C 1s
and O 1s XPS and FT-IR spectra. F 1s still identified
LiF as the major surface species along with partially
decomposed products from LiPFg as well as the MnF;
species. When LiPFs was replaced by LiBF,, semi-
carbonate moieties began to appear in C 1s; therefore,
the authors concluded that HF, which was more
abundant in LiPF; solutions, removed the initially
formed carbonate species. Meanwhile, a wealth of IR
absorptions also indicated the formation of polyether
structures for which the mechanism of formation
from EC or linear carbonates remains unclear.

The formation of surface species on a spinel cathode
surface is complicated by the coupling of electrolyte
oxidation with the cathode structural disproportion-
ation and the subsequent Mn?* dissolution.?6.300.310
Combining Scheme 13 with the latter considerations,
a modified mechanism was proposed by Eriksson et
al. (Scheme 17).2%® This mechanism only seems to
apply when the cathode is not fully charged (<4.3
V). Since disproportionation can no longer occur at
the fully delithiated potentials (4.3 V) where almost
all manganese species are in the Mn*" state and
A-MnO, exists as the stable lattice, an alternative
mechanism was also proposed by the same authors
to account for the surface oxidation of electrolytes in
this case (Scheme 18). Since similar surface layers
have been observed on spinel cathodes in partially
and fully charged states, their thickness and chemical
composition do not seem to be dependent on the
cathode potential, while thickness does increase with
both storage time and temperature.

6.3.3. Breakdown of Surface Layer

While the low potential limit an electrolyte faces
in lithium ion cells is set by the lithium metal
deposition on carbonaceous anodes, the high limit is
decided by the breakdown of the surface layer on
cathode materials. At potentials above this limit, the
protection against electron tunneling is lost and the
decomposition of bulk electrolyte components occurs.
Because of the limited amount of research carried out
on cathode surfaces, there is no microscopic picture
available for this breakdown mechanism and it
remains unknown whether a global dissolution or
physical disintegration of the surface layer is involved
or, rather, following a similar mechanism of dielectric
capacitor “breakdown”, the surface layer remains
largely intact but the high potential of the cathode
“burns through” pathways for electron conduction at
local sites on the surface.

The knowledge about this decomposition upper
limit of potential is significant for practical applica-
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tions of the electrolytes in actual lithium ion cells,
because a number of factors related to the operation
of the cell rely on it, such as the potential limit within
which the cell can be cycled, the overcharge margin
that a certain electrolyte formulation can provide,
and the design and selection of cathode materials.
Nevertheless, inadequate studies have been con-
ducted so far on this issue, and most of the studies
on the oxidative decomposition of electrolytes were
carried out on nonactive electrodes on which the
oxidative processes for carbonate-based solvents were
generally believed to occur at potentials higher than
4.0 V despite the widely scattered data from the
different electrode surfaces, salt species, and cutoff
criteria employed in those investigations (Tables 4
and 5). However, considering the vast differences in
surface areas as well as surface functionalities be-
tween the nonactive electrodes and composite cathode
materials, there is sufficient reason to question
whether the decomposition limits of electrolytes as
determined on these nonactive electrodes would serve
as reliable references when cathode composites of
higher surface area and hence higher surface cata-
lytic activity are in contact with electrolytes.

The discrepancies in stability limits caused by the
differences in the surface areas of working electrodes
had been noticed by Guyomard and Tarascon early
on.?® The solvent oxidation obviously proceeded with
much slower kinetics on Pt electrodes than on
composite cathode materials based on spinel man-
ganese oxide. Cattaneo and Ruch?®! and Imhof and
Novak3'? also recognized the importance of using the
actual battery electrode materials instead of nonac-
tive electrodes to obtain more relevant decomposition
potentials of electrolyte components in lithium ion
cells. They used manganese dioxide (MnO,), LiNiOs,
LiCoO,, and spinel LiMn,O,4 as working electrodes,
and they investigated the potential of cathode surface
layer breakdown, which was found to vary in a
pronounced way with each cathode surface: 4.2 V for
LiClO4/PC on MnO,,3' 4.2 V for Lilm/PC on LiN-
i0,,%%2 and 4.8 V for Lilm/PC on both LiCoO, and
LiMn,0,4.31? By means of an in situ MS technique,
these authors confirmed that the breakdown process
was accompanied by the evolution of gas that con-
sisted mainly of CO, and other species related to salt
anions, an indication of bulk decomposition of elec-
trolyte components that involve both salt and sol-
vent.3llv312

A more conspicuous example is the anodic stability
of linear carbonate (Figure 23).7 While the anodic
limits for both DMC and EMC are above 5.0 V on
GC, as observed by similar measurements,?'? the
major decomposition current starts before 4.5 V for
both solvents when a composite cathode based on
spinel LiMn,0, is used as working electrode.”® Ap-
parently, the enormous difference between GC and
a composite cathode could not be explained solely by
the larger surface area of the latter. It seems more
likely that the irreversible oxidative processes were
catalyzed by the active mass of the spinel surface,
possibly involving spinel lattice disproportionation.
Therefore, the stability limits as measured on all of
these nonactive and nonporous electrodes can be
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Figure 23. Anodic stability of linear dialkyl carbonates
on GC and a composite cathode surface. Electrolytes: 1.0
LiPFg in DMC or EMC, respectively. (Reproduced with
permission from ref 76 (Figure 2). Copyright 1999 The
Electrochemical Society.)

Table 7. Electrochemical Stability of Electrolyte
Solvents: Active Electrodes

working
electrode Ea? ref

LiV30s 4.6 307
LiV30g 4.7 307
LiMn204 455 93
LiMn,0O4 4.4 99
LiMn204 4.35 99
LiMn,O4 38 93
LiMn204 3.4 99
LiMn,O, >5.1 99
LiMn,O, >5.1 98
LiMn,O, >5.1 99
LiMn,O, >5.1 44, 98
LiMn204 5.8
LiMn,O4 58 75,314
LiMn;O4 58 314
LiMn,04 58 314
LiMn,O, ~4.0 314
LiMn,04 45 314
1.0 M LiPF¢/FPMS/DMC LiMn;O4 555 314
1.0 M LiPF¢/FPMS/EMC LiMn,04 555 314
1.0 M LiPF¢/EC/PC/DMC (1:1:2) LiNiVO, =49 314

a Anodic limits, potential referred to Lit/Li.

electrolyte

1.0 M LiCIO,/PC/DME (1:1)
1.0 M LiAsF¢/PC/DME (1:1)
1.0 M LiCIO/EC/DEE (1:1)
1.0 M Lilm/EC/DEE (1:1)
1.0 M Lilm/EC/DME (1:1)
1.0 M LiPF¢/EC/DEE (1:1)
1.0 M LiBF4/EC/DEE (1:1)
1.0 M LiCIlO/PC

1.0 M LiBF4/EC/DMC (2:1)
1.0 M LiCIO/EC/DMC (2:1)
1.0 M LiPF¢/EC/DMC (2:1)
1.0 M LiCIOJ/EMS

1.0 M Lilm/EMS

1.0 M LiPFJ/EMS

1.0 M LiPF¢/EiBS

1.0 M LiPF¢/DMC

1.0 M LiPF¢/EMC

misleading, and the authentic anodic stability limits
of any electrolyte component in an actual lithium ion
device can only be evaluated on the surface of the
electrode that is used in the device.

Unfortunately, this approach for electrochemical
stability determination has not been widely adopted.
The few exceptions include the seminal electrolyte
work by Guyomard and Tarascon.?8% In the formula-
tion of new electrolytes for lithium ion technology,
the spinel composite electrode was used as the
standard working surface in all of the voltammetric
measurements. The oxidative decomposition limits
of the new electrolytes thus determined are sum-
marized in Table 7 along with a handful of stability
data that were determined in a similar approach for
other electrolyte systems.

Figure 24 shows the result of the voltammetry for
EC/DMC- and EC/DEE-based electrolytes. The typi-
cal two-step process between 3.9 and 4.3 V corre-
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Figure 24. Voltammogram at 55 °C for the electrolytes
(&) 1.0 M LiCIO4/EC/DEE and (b) 1.0 M LiPF¢/EC/DMC
on spinel cathode LiMn,0,. (Reproduced with permission
from ref 98 (Figure 1). Copyright 1993 The Electrochemical
Society.)

sponds to the delithiation of the spinel structure,
which is reversible. The oxidative decomposition of
DEE occurs below 4.4 V almost immediately after the
delithiation is completed. This proximity to the
potential of the cathode electrochemistry leaves little
tolerance for overcharge. On the other hand, the EC/
DMC-based electrolyte only shows negligible back-
ground current before 5.1 V. After 4.3 V, the spinel
lattice has actually turned into A-MnO,. On the
surface of the 1-MnO,, the low current of the EC/
DMC exhibits the extreme stability of this mixed
carbonate formulation. As already pointed out in
earlier sections, the replacement of ether compounds
by linear carbonate results in a significant expansion
of the oxidative potential limits by ~0.80 V.

The anodic limit for the electrochemical stability
of these carbonate mixtures has been determined to
be around 5.5 V in numerous studies.347317 Thus,
new electrolyte formulations are needed for any
applications requiring >5.0 V potentials. For most
of the state-of-the-art cathode materials based on the
oxides of Ni, Mn, and Co, however, these carbonate
mixtures can provide a sufficiently wide electrochemi-
cal stability window such that the reversible lithium
ion chemistry with an upper potential limit of 4.30
V is practical.

When the poor anodic stability of DMC or EMC
alone on a similar cathode surface is considered,”® the
role of EC in stabilizing the solvent system becomes
obvious. A conclusion that could be extracted from
these studies is that the existence of EC not only
renders the electrolyte system with superior cathodic
stability by forming an effective SEI on the carbon-
aceous anode but also acts as a key component in
forming a surface layer on the cathode surface that
is of high breakdown potential. It is for its unique
abilities at both electrodes that EC has become an
indispensable cosolvent for the electrolyte used in
lithium ion cells.

6.3.4. Passivation of Current Collector

Another issue closely related with the anodic
stability of electrolytes is the interaction between
electrolyte components and the commonly used cath-
ode substrate Al in lithium ion cells.

Al and Cu foils are used as current collectors for
cathode and anode materials, respectively, in lithium
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ion cells. In a working lithium ion cell that uses liquid
electrolytes, the thin coating of active electrode
materials is soaked with the liquid electrolytes and
the interaction between the electrolyte components
and the current collectors strongly affects the per-
formance stability of the cell, especially at the
cathode side, where Al is constantly held at high
potentials. It has been confirmed by numerous ob-
servations that, in well-cycled lithium ion cells, the
Al substrate suffers severe pitting-like corrosion at
a fully charged state, which leads to a shortened
calendar life and fading capacity.2%:31831% Because
very thin Al foils are used (down to 10 um) in
consideration of the energy density, the pitting could
cause complete disintegration and fragmentation in
some cases.

Few significant efforts were made on this issue
before a new lithium salt (Lilm) was found to cause
serious Al corrosion in nonaqueous electrolytes dur-
ing the early 1990s.2#! Only in recent years has an
in-depth understanding of this phenomenon been
obtained, a direct result from the increased research
interest driven by the expectation that this new salt
may replace the thermally unstable LiPFg.153154.320-323

Al is thermodynamically unstable, with an oxida-
tion potential at 1.39 V.3 Its stability in various
applications comes from the formation of a native
passivation film, which is composed of Al,O3 or
oxyhydroxide and hydroxide.3?° This protective layer,
with a thickness of ~50 nm,%?2 not only stabilizes Al
in various nonaqueous electrolytes at high potentials
but also renders the Al surface coating-friendly by
enabling excellent adhesion of the electrode materi-
als. It has been reported that with the native film
intact Al could maintain anodic stability up to 5.0 V
even in Lilm-based electrolytes.'” Similar stability
has also been observed with Al pretreated at 480 °C
in air, which remains corrosion-free in LiCIO4/EC/
DME up to 4.2 V.15 However, since mechanical
damage of the native film (e.g., accidental abrasion)
is often inevitable during electrode processing and
cell assembly, the in situ re-forming of a protective
surface layer in lithium ion cells depends strongly
on the electrolytes.

In comparison with the surface layer chemistry on
active cathode materials where both salt anions and
solvents are involved, a general perception extracted
from various studies is that the salt species has the
determining influence on the stabilization of the Al
substrate while the role of solvents does not seem to
be pronounced, although individual reports have
mentioned that EC/DMC seems to be more corrosive
than PC/DEC.%?! Considering the fact that pitting
corrosion occurs on Al in the polymer electrolytes
Lilm/PEO3?? or LiTf/PEO,3?® where the reactivity of
these macromolecular solvents is negligible at the
potentials where the pitting appears, the salt appears
to play the dominant role in Al corrosion.

Among the various lithium salts investigated,
LiPFg, LiAsFg, and LiBF, were found to effectively
passivate and stabilize Al at higher potentials (>4.2
V) than required by the operation range of common
cathode materials based on LiNiO,, LiCoO,, and
LiMn,O,4, while Lilm, LiTf, and their derivatives
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Figure 25. Al corrosion current density at 4.20 V (vs Li*/
Li) in 1.0 M PC solutions of various lithium salts showing
a difference between Tf~, Im~, and other anions. (Repro-
duced with permission from ref 141 (Figure 1). Copyright
1997 Elsevier.)

usually caused severe corrosion on the Al surface, as
indicated by the high anodic current at potentials as
low as 3.0 V.14L147.15515 FEigure 25 compares the
ability of selected lithium salts to stabilize the Al
surface in the electrolytes containing them. The
passivating ability of the salt anion does not appear
to depend on the solvent used, and in one solvent
mixture, EC/DME, the following stability order is
established:*%¢

LiBF, > LiPF, > LiClO, > Lilm > LiTf

New synthetic efforts generated a few structural
derivatives of Lilm with longer perfluorinated alkyls
such as LiBeti and a lithium salt of an asymmetric
imide anion, and the stability of Al in the electrolytes
based on these salts was found to be much improved
when compared with those in electrolytes based on
Lilm and LiTf 4148

8 8 o
o [0}
I o | o |

LiBeti

Krause et al. thus believed that a correlation existed
between anion molecular weight and their protective
abilities, although the complete mechanism is not
clear.'4!

A distinctive dissimilarity between the passivation
of Al and the formation of an SEI on a graphitic
anode is the effectiveness of surface pre-formation:
while it has been reported in numerous studies that
an SEI formed in one electrolyte can continue to
protect the graphite structure when the anode is
transferred to another exfoliating electrolyte (such
as PC),?%0255.324 A that has been pretreated in LiPFs-
or LiBF;-based electrolytes still suffers severe anodic
corrosion when switched to LiTf- or Lilm-based
electrolytes.’#1156 This observation provides addi-
tional evidence supporting the hypothesis that an
oxidative decomposition of anions occurs at the Al
surface.!!
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Figure 26. Micrographs of a corroded Al surface in various electrolytes. (a, top left) Micrograph in LiPFs/EC/DMC
electrolyte, after 150 electrical cycles. The light areas are mounds or nodules. (Reproduced with permission from ref 321
(Figure 7). Copyright 1999 The Electrochemical Society.) (b, bottom left) SEI image of the cross-sectional view of the mounds
as shown in part a. (Reproduced with permission from ref 321 (Figure 8a). Copyright 1999 The Electrochemical Society.)
(c, right) Micrograph in Lilm/PEO after 1 h of galvanostatic polarization at 100 uA cm~2. (Reproduced with permission
from ref 322 (Figure 14). Copyright 1999 The Electrochemical Society.)

Microscopic examination of the aged Al retrieved
from well-cycled cells found that, even in electrolytes
based on LiPFg or LiBF,, localized pitting occurred
on the Al (Figure 26a).298318319 Closer examination
of these corrosion sites under an SEM revealed that
what had optically appeared to be a “pit” was actually
a “mound” or “nodule” (Figure 26b) where both Al(0)
and Al,O3 existed, according to XPS analysis.??* Due
to the anodic state of the Al during the electric
cyclings in these cells, the presence of Al(0) practi-
cally suggests that the mounds were somehow elec-
trically isolated from the foil. The authors presented
two possible explanations for this situation: (1)
corrosion and its associated reaction products under-
mined the surface of a developed pit and caused the
overlying metal to bulge or break away or (2) a
soluble AI(I11) corrosion product was electrodeposited
onto the poorly conductive solid corrosion products
during the cathodic process (discharge) so that reduc-
tion actually occurred. The fact that the open circuit
voltage (OCV) of Al lies between 3.2 and 3.6 V makes
the latter reductive step possible in normal battery
cyclings.

On the other hand, when the electrolyte salts were
LiTf or Lilm, serious corrosions in the form of high-
density pits were visible before any extensive cycling
was conducted,#322 as shown by Figure 26¢, where
Al was merely polarized anodically in a Lilm-based
electrolyte for a much smaller time scale than that

Scheme 19. Al Corrosion in Nonaqueous
Electrolytes
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of prolonged cycling in an actual rechargeable cell.
The damage to Al in these cases was on a macroscopic
scale.

Impedance analyses of the Al under corrosion were
conducted via EIS. On the basis of the models
previously established for the corrosion of other
metals in both aqueous and nonaqueous electro-
lytes,325326 the corrosion process was proposed as a
two-step adsorption/oxidation/desorption process
(Scheme 19).147:156

The impedance response with frequency can be
closely simulated by the equivalent circuit shown in
Figure 27a, where Re, Ret, Cai, Rag, and C,g represent
the resistance or capacitance for the electrolyte
solution, charge-transfer, double layer, and adsorbed
layer, respectively. An interesting correlation was
found between the passivating ability of various
anions and the resistances of the two impedance
components R¢: and Ry, which are high for LiPFe-
and LiBF;-based electrolytes and low for LiTf- or
Lilm-based electrolytes.'5¢ Using the rationale pro-
posed by the authors, the former component (Rc) is
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Figure 27. (a) Equivalent circuit used to express the
corrosion process of Al. (b) Schematic representation of a
possible mechanism for Al corrosion in Lilm-based elec-
trolytes. (Reproduced with permission from ref 147 (Figure
14). Copyright 2000 The Electrochemical Society.)

related to the exchange current (i° at the electrolyte/
Al surface:

RT
R =

= 11

nFi° ()
while R,q indicates whether an adsorbed (passivation)
layer could adhere to the surface of Al. Therefore, the
physicochemical nature of the passivation layer is
dictated by its chemical composition, which is in turn
strongly affected by the anion oxidation chemistry.

Surface chemical characterization of the passiva-
tion layer on the Al surface has been performed
mainly via XPS, and the interpretation of results
generated by various researchers still remains con-
troversial. Because salt anions with active fluorine
(LiPFe, LiAsFg, and LiBF,) are able to form stable
surface layers on Al and protect it from corrosion,
early studies had suggested that fluoride species such
as LiF and AlF; are crucial to the protection.41.153.154
The XPS study by Kanamura et al. seemed to support
this speculation, having observed the F 1s signal at
686.5 eV on Al that had been passivated in LiPFg/
PC electrolyte.’*8327 Thus, they concluded that the
surface species on Al after prolonged exposure to the
above electrolyte consisted of a mixture of Al,O3; and
AlF3.

Krause et al. challenged this assignment of the F
1s signal.*** In their XPS study of Al cycled in
electrolytes based on Lilm, LiBeti, and LiPFg, they
also observed this F signal that is typical of metal
fluoride, but they believed that LiF instead of AlF;
would be responsible for it because of the detection
of Li and the relative abundance of these two ele-
ments. Carbonate species as indicated by both C 1s
and O 1s spectra were also present, which may exist
in the forms of either Al,(CO3); or Li,COs. Thus, the
authors postulated that oxidation of solvent also
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occurs, probably by an Al*-mediation mechanism.
According to this mechanism, upon polarization of Al
at high potentials, highly reductive intermediates of
Alt were generated,®?®32° and they migrated to the
vicinity of the passivation layer/electrolyte interface,
where they subsequently reacted with adsorbed
anions or solvents. Thus, the reaction kinetics depend
on how readily the anions or solvents are adsorbed
on the Al surface or surface layer.

The depth profile established by Ar™ sputtering
detects the distinct difference between the Al surfaces
that are aged in various electrolytes, which suggests
that a much thicker surface layer is formed in Lilm
than in LiPF¢ or LiBeti electrolytes.’! It appears that
the high corrosion of Al in a Lilm-based electrolyte
stems from a relatively porous and diffuse passiva-
tion layer where the high levels of LiF contribute to
the disorder and porosity of the otherwise dense and
protective Al,O3z or carbonate layer. The latter is
found in Al surfaces passivated in LiBeti or LiPFg.24
Combining the above observations, Krause et al.
explained the correlation between anion size and the
passivating ability by referring to the ability to
adsorb on the Al surface. Thus, small anions such as
Tf~ and Im~ tend to adsorb to a high packing density,
and their reduction by Al* predominates the surface
process, with the product of LiF rendering the film
nonprotective. Beti~ anions adsorb poorly, and there-
fore, the reduction of solvent molecules prevails, with
the surface layer consisting of a dense protective
carbonate species. It must be pointed out that this
mechanism remains to be confirmed with more direct
evidence of the presence of Al* because the reductive
process of solvents at a positively charged cathode
does sound very unusual.

On the other hand, an XPS study by Braithwaite
et al. on aged Al in LiPFs/EC/DMC or LiPFs/PC/DEC
identified Li, F, and P as the major surface species,
and the authors believed that the signals for these
species were not simply from the adsorbed electro-
lytes because twice as much F was observed on the
surface than would be associated with the PFg~
anion.??' The existence of these nonstoichiometric
compositions suggested that the oxidative decomposi-
tion of the salt anion had occurred. The high binding
energy of Li as observed in Li 1s spectra indicates
that such Li species exist in a very electron-deficient
environment, as one similar to LiF. However, the
observed binding energy for F is typical for the
—CHF; species and distinctively different from that
of a metal fluoride. Further attempts to analyze these
pit nodules by XPS analysis proved to be inconclusive
because of the high inhomogeneity of these areas,
which exhibited complex chemistries that varied from
nodule to nodule. In general, high concentrations of
Li and F as well as Al O3 were confirmed. On the
basis of these seemingly conflicting results, the
authors concluded that the role of these surface
species formed in nonaqueous electrolytes could not
be determined, and the protection against corrosion
could simply have come from the native passivation
film A|203.

More recently, Kanamura et al. studied the corro-
sion of an Al electrode that was anodically polarized
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at a series of potentials in nonaqueous electrolytes
based on Lilm, LiTf, and a new asymmetric imide,
Li(CF3S0,)(C4FsSO,)N, using both XPS and FT-IR.148
These spectra confirmed the presence of organic
species on the Al surface, and by monitoring the IR
signature absorption for the carbonate functionality
at 1710 cm™%, they determined that these species
appeared at ~3.6 V in Lilm- and LiTf-based electro-
lytes; however, when using LiPFg, LiBF,, and LiClO,,
this absorption was not found till 5.2, 4.4, and 4.6
V,327 respectively. Hence, they argued that, while Al
was well passivated by the native Li,COj3 film, such
an oxidation by electrochemical means would not
occur. In other words, the difference in the effect of
the electrolyte components on Al stability is not in
how they decompose to form a new protection layer—
such as through the familiar mechanism of SEI
formation—but in how inert they are to the existing
native layer. This inertness depends on the cathode
potential, and the occurrence of solvent oxidation is
indicative of the breakdown of the native passivation
film. Apparently, Tf~ and Im~ anion species are
corrosive to the native film, so the breakdown poten-
tial of it is much lower in the electrolytes based on
these salts. Therefore, it would be reasonable to
believe that a reaction occurring between Al,O3; and
electrolyte solutes at high potentials is responsible
for the onset of major corrosion, during which the
coordination ability of Im~ and Tf~ anions toward
AR acts as the driving force that accelerates the
anodic dissolution of Al substrate.

Large anion size was also found to favor Al stabi-
lization, since the 1710 cm™1 signature did not appear
till a potential higher than 5.0 V was reached for the
new, asymmetric imide. Unlike the interpretation of
Krause et al.,'** Kanamura et al. attributed its
inertness to the well-distributed negative charge and
the lower probability of these anions forming an ion
pair with Al3* 148

The only in situ and semiquantitative study on Al
corrosion was carried out by Yang et al. using EQCM
to monitor the mass change of an Al electrode in
various electrolytes based on Lilm, LiTf, LiPFg,
LiBF,4, and LiClO4.1*” The most interesting discovery
was that, during the process of corrosion in all of the
electrolytes, the mass change of Al was positive (i.e.,
the Al electrode gained net weight) instead of losing
weight, as one would expect from a simple anodic
dissolution of Al.

Furthermore, normalization of the weight gain
against the corresponding charge quantity offered a
semiquantitative method to identify the possible
species formed, and in the case of LiBF,- and LiPFs-
based electrolytes, Am/AQ = 26—27 was obtained,
suggesting that essentially identical species were
adsorbed on Al. Compounds with similar Am/AQ
values include AlF; (AmM/AQ = 19) and Aly(CO3)s (Am/
AQ = 30). On the other hand, LiTf- and Lilm-based
electrolytes are characterized by very high Am/AQ
values. For example, in chronoamperometry stepped
from 2.0 to 4.5 V, an Al electrode in Lilm/PC is
accompanied by a Am/AQ = 174. It appears that the
initial oxidation could be due to the formation of an
Al compound of large molecular weight such as Al-
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(Im)s (Am/AQ = 280.2) or a reaction intermediate of
Al or of a solution species, 14! but these compounds
rapidly desorb from the Al surface, reducing the
numerator in Am/AQ.

On the basis of the EQCM observations, the
authors proposed an adsorption/oxidation/desorption
mechanism for the severe pitting corrosion of Al in
Lilm- and LiTf-based electrolytes, which is schemati-
cally shown in Scheme 19 and Figure 27b.1*” Accord-
ing to this mechanism, Al oxidizes to form adsorbed
Al(Im); that eventually desorbs from the surface
because these species are soluble in the electrolyte
solvents. It is the desorption of these oxidized prod-
ucts that leaves the otherwise smooth Al surface with
pits. The possibility also exists that, before desorption
occurs, the adsorbed species undergoes further oxida-
tion; however, since the oxidation of Im~ is insignifi-
cant below 4.5 V according to studies carried out on
nonactive electrodes similar to Al 81130.131.206 jt seems
unlikely that further oxidation of the adsorbed Al-
(Im)s would occur.

On the other hand, the oxidized products in LiPF,
and LiBF, electrolytes could consist of less soluble
species such as AlF; and Aly(COs)s, as suggested by
Am/AQ = 26—27, indicating negligible desorption
from the Al surface and therefore less corrosion of
the Al substrate.

6.4. A Few Words on Surface Characterizations

Beyond any doubt, the electrode/electrolyte inter-
faces constitute the foundations for the state-of-the-
art lithium ion chemistry and naturally have become
the most active research topic during the past decade.
However, the characterization of the key attributes
of the corresponding surface chemistries proved
rather difficult, and significant controversy has been
generated. The elusive nature of these interfaces is
believed to arise from the sensitivity of the major
chemical compounds that originated from the decom-
position of electrolyte components.

Hence, the presence of trace impurities, which
either pre-exist in pristine electrode and bulk elec-
trolyte or are introduced during the handling of the
sample, could profoundly affect the spectroscopic
images obtained after or during certain electrochemi-
cal experiments. This complication due to the impu-
rities is especially serious when ex situ analytic
means were employed, with moisture as the main
perpetrator. For cathode/electrolyte interfaces, an
additional complication comes from the structural
degradation of the active mass, especially when over-
delithiation occurs, wherein the decomposition of
electrolyte components is so closely entangled with
the phase transition of the active mass that dif-
ferentiation is impossible. In such cases, caution
should always be exercised when interpreting the
conclusions presented.

On the other hand, when the chemical composition
of the surface layer is discussed, distinction should
be made regarding the conditions under which such
characterizations were carried out and the history
of the electrode surface. For example, an electrode
surface that was subjected to long-term cycling is
certainly different from the surface state of the same



4352 Chemical Reviews, 2004, Vol. 104, No. 10

electrode that only experienced the initial forming
process. Unfortunately, this distinction was seldom
made in the literature. Most work also failed to
characterize the pre-existing film on the electrode
surface prior to electrochemical studies, and this
neglect could lead to significant misinterpretation of
the surface chemistry, because organic species could
pre-exist on cathode as well as anode surfaces as the
result of various contaminations or processing. In this
sense, to obtain insightful understanding about the
interfacial chemistries in a lithium ion cell, close
collaboration is still needed between electrochemcal
and spectroscopic characterizations.

7. Chemical and Thermal Stability/Safety of
Electrolytes

7.1. Long-Term Stability of Electrolytes at
Elevated Temperatures

In most cases, the electrochemical stability of
electrolyte components was studied at room temper-
ature with various galvanostatic or voltammetric
experimental techniques that were conducted within
a certain time scale, usually <10% s. The stability
thus determined should be considered relatively
“transient” where the application in a longer time
frame comparable to the cell lifetime is concerned,
since the effect of those irreversible reactions of slow
Kinetics at room temperature, occurring either be-
tween the bulk electrolyte components (chemical) or
between the electrodes and the electrolytes (electro-
chemical), cannot be factored in by such time-limited
measurements. Only when stability of electrolytes is
considered in a longer time frame (t ~ 10° s or up to
months) can the impact of these reactions be visible.
As a consequence of the slow irreversible processes,
the performances of the lithium cells are often
adversely affected, as typically evidenced by the
persistent fade in capacity, loss in power rate, and
increasing internal pressure within the cell, which
can be attributed respectively to the irreversible
consumption of the limited lithium ion sources, the
depositions of high-impedance products on the elec-
trode surface, and the generation of gaseous products
by slow reactions.52.277,297,309

On the other hand, since most of these reactions
are thermally activated, their kinetics are accelerated
by the rise in temperature in an Arrhenius-like
manner. Therefore, within a much shorter time scale,
the adverse effect of these reactions could become
rather significant during the storage or operation of
the cells at elevated temperatures. In this sense, the
long-term and the thermal stability of electrolytes can
actually be considered as two independent issues that
are closely intertwined. The study of temperature
effects on electrolyte stability is made necessary by
the concerns over the aging of electrolytes in lithium-
based devices, which in practical applications are
expected to tolerate certain high-temperature envi-
ronments. The ability of an electrolyte to remain
operative at elevated temperatures is especially
important for applications that are military/space-
related or traction-related (e.g., electric or hybrid
electric vehicles). On the other hand, elevated tem-
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Scheme 20. Bulk Reaction between Electrolyte
Components at Elevated Temperatures
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peratures are also often used as an accelerating tool
to study the otherwise slow reactions at ambient
conditions.

The intrinsic instability of the state-of-the-art
electrolyte systems seems to arise mainly from the
interaction between the cyclic carbonate and the
Lewis acids, HF, PFs, or PO,F,,%%3% which are
generated by the decomposition or the hydrolysis of
LiPFs by trace moisture. While typical electrolyte
compositions such as LiPF¢s/EC/DMC could seem to
be indefinitely stable at room temperature in the
proper containers,33! Kinoshita and co-workers found
that significant decomposition occurred during stor-
age under He atmosphere at 85 °C, as indicated by
discoloration, gas production, and solid precipita-
tion.’®2 They estimated that at 85 °C the reactions
were accelerated 10-fold as compared with the case
of room temperature. Chemical analysis conducted
on the stored electrolyte solution with a gas chro-
matograph detected the formation of a series of new
species, among which the major component had a
higher retention time (thus lower volatility) than EC.
Through comparison with an authentic sample, the
authors identified this species as dimethyl-2,5-dioxa-
hexane carboxylate (DMDOHC), which was obviously
formed from the ring-opening of EC and its subse-
guent transesterification with DMC (Scheme 20).
Electrolytes based on an EC/DEC mixture rendered
the corresponding product, DEDOHC, as shown in
Scheme 20.482298 The effect of such a transesterifica-
tion species on the performance of electrolytes in
lithium ion cells has not been described.

Other species with higher retention times were
suggested to be the products formed through the
coupling of two ring-opened EC or oligoether com-
pounds. On the other hand, the *H NMR conducted
on the reacted electrolyte showed broad singlet bands
of equal intensity at 3.746 and 4.322 ppm vs TMS,
which resembled those reported for the poly(ether
carbonate) as polymerization products of EC.332333
The authors concluded that the polymerization and
the transesterification were possibly initiated by PFs.
To confirm this hypothesis, they introduced newly
generated PFs gas into the solvent mixture EC/DMC.
After 10 h at room temperature, similar reaction
patterns were observed by chromatography, with the
above mixed carbonate as the major decomposition
product, although its abundance was much lower.
Minor differences unaccounted for between the two
chromatographs were attributed to the presence of
Li™ as well as the high ambient temperature in the
thermal reaction.

By monitoring the change in the ratio of EC/DMC
over time, Kinoshita and co-workers also noticed that
EC decreased at a more rapid rate than DMC,
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Scheme 21. Ester Exchange between Electrolyte
Solvents

probably because PFs preferentially attacks the cyclic
structure of EC. This hypothesis is consistent with
the well-studied ring-opening polymerization of EC
that is usually initiated by cationic species, as shown
in Schemes 4, 12, and 15. The polymeric product
could be a mixture of oligoether and polycarbonate
structures.332:333

Besides salt/solvent interactions, the ester ex-
change between linear carbonates was also observed
during the cycling of the cells. Terasaki et al. were
the first to observe that a significant amount of EMC
was formed in a solvent mixture of DMC and DEC
and proposed a reductively initiated mechanism.33*
Interestingly, a corresponding oxidatively initiated
mechanism was suggested by Ohta et al., when they
observed that EMC, ethyl propionate, and DMC were
generated from the original solvent mixture of DEC
and methyl propionate (Scheme 21).2% In both cases,
EC was used as a cosolvent and LiPFs as an electro-
lyte salt, but no identification of any products that
involved the participation of these two components
was reported, probably because of the slow kinetics
at room temperature or the insensitivity of the
analytical method used to detect the new products.

Takeuchi et al. thoroughly investigated the ester-
exchange reaction between DMC and DEC in the
presence of PC and LiPFs. By exposing the solvent
mixture to individual cell components, including
charged electrode materials at different potentials,
salts, and acid impurities (HF), and monitoring the
generated EMC content by means of a gas chromato-
graph, they conclusively proved that the ester-
exchange process was reductively initiated by the
lithiated carbon anode with potentials below 1.50 V
and essentially negated the oxidative mechanism
proposed by Ohta et al.33¢ Since DMC and DEC could
also be detected from the original PC/EMC mixture
in the presence of the lithiated carbon, the exchange
process should be reversible.

In a further effort to identify the active intermedi-
ate that initiates the reaction, they tested the effect
of a few possible ingredients on the production of
EMC based on the knowledge about the chemical
composition of the SEI on carbonaceous anodes.
These model compounds included Li,COg3, LIOCHg3,
and LiOH, while lithium alkyl carbonate was not
tested due to its instability and therefore rare avail-
ability.®®” The results unequivocally showed that
LiOCHj3 effectively catalyzes the ester exchange.

A two-stage mechanism was proposed by Takeuchi
et al. based on these observations, wherein the
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Scheme 22. Ester Exchange Reaction Mechanism
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generation of alkoxide anions is followed by the
addition of them to the carbonyls of linear carbonates
(Scheme 22). In other words, the ester-exchange
reaction should start concurrently with the formation
of the SEI, as shown in Scheme 7. According to the
above mechanism, the alkoxide anions, once gener-
ated in the first stage, would continue to be produced
in a chain reaction manner, and the above ester
exchange would continue through the cell cyclings
and be independent of the SEI formation. However,
the authors found that the extent of the ester-
exchange reaction was dependent on the anode
surface passivation, and the complete formation of
the SEI eventually prevented it. Therefore, a termi-
nation process had to exist at some stage, and the
authors suggested that a cathode surface in a charged
state would serve as such a terminator by quenching
(oxidizing) the alkoxide anions. In view of the acidic
nature of the electrolytes based on LiPFg, neutraliza-
tion of alkoxide anions by trace acid is another
possible termination means.

The absence of EC in the discussions of all these
reports®34-3% js interesting, since one would suspect
that, based on the knowledge about EC reactivity,
alkoxide could also attack its cyclic structure and
cause irreversible reactions.152285332333 One possibility
would be that, using gas chromatography, the iden-
tification of a high-volatility species such as linear
carbonate is easy and reliable, while the formation
of the polymeric species, which EC would most likely
decompose into, is more difficult to detect.

Endo et al. studied the gradual degradation of
electrolyte solutions in lithium or lithium ion cells
by monitoring the production of active radical species
with ESR.3¥7 To elongate the lifetime of the radicals
so that their hyperfine structure could be analyzed,
a spin-trapping technique was adopted to stabilize
the original radicals generated from the reductive
decompositions of electrolyte solvents on the anode
surface. In this way, the authors were able to gain
an insight into the structure of the radical species.
The authors found that, even in the presence of a
good, protective SEI, generation of active alkyl radi-
cals, rather than radical anions, continued in the
electrolyte and that a chain reaction initiated by
cathodic polarization of the electrode was very likely
responsible. In other words, once the radicals were
produced in the initial cathodic polarization, the
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Figure 28. DSC trace of the reactions occurring between
a fully lithiated graphitic anode and electrolyte. Anode
surfaces both rinsed with DMC and unrinsed were studied.
(Reproduced with permission from ref 338 (Figure 1).
Copyright 1998 The Electrochemical Society.)

gradual decomposition of electrolyte solvents could
occur in the bulk of the solution without involving
electrodes. This propagation of radicals inevitably led
to the polymerization of solvents. Using liquid chro-
matography, which is more sensitive to the detection
of polymeric species, reductively induced polymeri-
zation of ester-based solvents was confirmed.

In the gradual degradation mechanism proposed
by those authors, radical anions are first generated
during SEI formation through a single-electron pro-
cess, as proposed by Aurbach et al., 108124249 gnd then
polymerization proceeded gradually from these radi-
cal anions with subsequent and continuous produc-
tion of more active alkyl radicals. In this sense, even
a perfect SEI that insulates any electron transfer
through it cannot prevent the continuous degradation
of electrolyte solvents.

7.2. Stability of the SEI or Surface Layer at
Elevated Temperatures

The presence of a protective SEI or surface layer
prevents those irreversible reactions of electrolytes
on anode/cathode surfaces that are otherwise favored
by thermodynamics. Like the chemical process in the
bulk electrolyte, the reactivity of the surface films
formed in state-of-the-art electrolytes is negligible at
room temperature. However, during long-term stor-
age and cycling, their stability is still under question.

When conducting a differential scanning calorim-
etry (DSC) study on the stability of carbonaceous
anodes in electrolytes, Tarascon and co-workers
found that, before the major reaction between lithi-
ated carbon and fluorinated polymers in the cell,
there was a transition of smaller thermal effect at
120 °C, marked peak (a) in Figure 28.3% They
ascribed this process to the decomposition of SEI into
Li,COs3, based on the previous understanding about
the SEI chemical composition and the thermal stabil-
ity of lithium alkyl carbonates.102:117.249281 |nterest-
ingly, those authors noticed that the above transition
would disappear if the carbonaceous anode was
rinsed in DMC before DSC was performed, while the
other major processes remained (Figure 28). Thus,
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they concluded that the components of the SEI layer
are soluble in DMC.%% Because of the similar
physicochemical properties between various linear
carbonate solvents, this dissolution of the SEI might
very likely be universal in all state-of-the-art elec-
trolytes.

This corrosion of the SEI by linear carbonate
solvents would undoubtedly produce adverse effects
on the performance of lithium ion cells. During long-
term cycling, the damaged SEI has to be repaired
constantly by the same electrochemical reactions that
occurred in the initial formation process, which
consumes the limited lithium ion source in the cell
and increases the impedance at the electrode/
electrolyte interface.

A more detailed study on the thermal stability of
the SEI on lithiated and delithiated graphitic anodes
was carried out by Amatucci and co-workers.33 By
storing the cells at 70 °C for 4 days and then
resuming cycling at room temperature, they pre-
sented direct evidence that the SEI was damaged at
the elevated storage temperature by successfully
detecting the reappearance of the irreversible process
at 0.75 V, which has been previously determined to
be the formation of the SEI by reductive decomposi-
tion of the electrolyte. Furthermore, a correlation was
also established between the capacity loss after such
storages and the rebuilding of the SEI, with the latter
being proportional to such factors as the storage
temperature, the storage time, and the surface area
of the anode. An Arrhenius behavior was actually
observed for the dependence of capacity loss on the
storage temperature, with an activation energy of
39.8 kJ mol~1.33%9

As expected, the state-of-charge (SOC) of the anode
also influences this rebuilding process, since the
capacity loss due to the storage is much higher for
the fully lithiated carbon anode than for the fully
delithiated one. This fact was explained by the
authors in terms of the reactivity of the carbon
surfaces, which are partially exposed because of SEI
corrosion, toward electrolyte components. Thus, in-
tercalated lithium ions continuously diffuse from the
interior of the graphitic structure through the im-
perfect SEI coverage and participate in the reaction
with electrolyte solvents to re-form the SEI. Under
stationary storage, an equilibrium would be reached
between the SEI dissolution rate and the lithium ion
diffusion rate. However, the net effect would be the
irreversible consumption of electrolyte solvents as
well as lithium ions.

The long-term deterioration of the SEI at elevated
temperatures also was observed by McLarnon and
co-workers, who conducted postmortem analyses on
the electrodes from consumer lithium ion cells that
were stored at various temperatures between 40 and
70 °C for weeks.?®® Using the IR absorption at 838
cm™! as the indicator of the SEI component, they
guantitatively correlated the stability of the SEI on
a carbonaceous anode against storage temperature
and SOC. In an extreme situation where the cell was
stored at 70 °C with 9% swing of SOC, no remaining
SEI was found on the anode surface.
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Figure 29. C 1s and O 1s XPS spectra for fresh, precycled, and stored graphite anodes. (Reproduced with permission
from ref 294 (Figure 17). Copyright 2002 The Electrochemical Society.)

Scheme 23. Thermal Decomposition of Lithium
Alkyl Carbonate in the SEI

o
Li*'0. 0. )k .
\"/ \/\o ot T Li,CO3 + CO, +CyHy +1/20;
o

Tarascon and co-workers proposed that the SEI on
a carbonaceous anode is subject not only to simple
dissolution but also to decomposition at elevated
temperatures (>120 °C) into Li,CO3.33® While the
existence of some chemical process was generally
agreed upon by various authors, they differed vastly
on what the original SEI components had turned into
through the process.?77:278.284,340

In agreement with Tarascon and co-workers,338
Dahn and co-workers proposed that the thermal
decomposition of the SEI occurred via the transfor-
mation of the metastable lithium alkyl carbonate into
stable Li,COs (Scheme 23).340-342 This suggestion was
supported by Amine and co-workers, who studied the
change of surface chemistry on well-cycled carbon-
aceous anodes with elevated temperature storage by
using XPS and observed the conspicuous presence of
Li,COg3 on the graphite surface that was stored at 70
°C for prolonged durations (> weeks), as indicated
by the C 1s signal at 290.4 eV in Figure 29.2%
Additional evidence came from the decreasing ether/
alkoxide signal at 287.4 eV in C 1s spectra and 534
eV in O 1s spectra. Furthermore, the elemental
carbon signal at 284.5 eV was also clearly visible,
indicating that the original SEI layer had been
damaged, which left parts of the bulk graphene layers
exposed.

However, Li,CO3; was not observed by Andersson
and Edstrom in their XPS analysis of the graphitic
anode that had been precycled and then stored at 60
°C for 7 days.?’” They found that, during the storage,
the original SEI consisting of lithium alkyl carbonate
was indeed unstable and disappeared with time, as

indicated by the decreasing C 1s signal at 291 eV
(corresponding to ROCO,L.i), but the new species did
not seem to be Li,COg, since the C 1s signal appeared
at 290—290.5 eV instead of at 292 eV. These new
species, still of a carbonyl nature, were thought by
the authors to be polycarbonate formed from the ring-
opening polymerization of EC. The discrepancy be-
tween the works of Amine et al. and Edstrom et al.
could have arisen from the difference in the storage
duration, which was much longer in the former case.

One common conclusion shared by both groups of
researchers was the dramatic increase in LiF content
as a result of the storage, which became the major
species on the anode surface.?’”2% Because of the
relatively low abundance of alkyl carbonate species
in the original SEI and the large amount of LiF after
storage, the authors disagreed with Kanamura et al.,
who attributed the formation of LiF to the reaction
of lithium alkyl carbonate or Li,COs; with HF.?82
Rather, they suggested that, the direct decomposition
of fluorinated salt anions (PFs~ or BF,~) occurred at
the elevated temperature and formed LiF through a
variety of possible reactions.

A distinct difference between the behaviors of
LiBF,4- and LiPFes-based electrolytes must be pointed
out. The recycling after storage at 60—80 °C revealed
that lithium/graphite half-anode cells with LiBF,-
based electrolyte suffered serious capacity loss, while
with LiPFg-based electrolyte they maintained stable
performance, as Figure 30 shows. A similar trend was
found for a graphite anode with a different SOC, and
a threshold value (60 °C) for the storage temperature
seemed to exist for this performance degradation.
Qualitatively the same surface species were detected
by XPS analyses on graphitic anodes that were
formed in LiPFe¢- and LiBF4-based electrolytes; there-
fore, the above difference could not be explained by
chemistries. Andersson et al. speculated that the
morphology of the major surface species, LiF, played
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Figure 30. Capacity loss due to storage at elevated
temperatures for Li/graphite half-cells. All cells were
precycled at room temperature (cycles 1—3) prior to storage
at indicated temperatures for 1 week, followed by continued
cycling at room temperature. The electrolytes used were
EC/DMC (2:1) and (a) 1.0 M LiPFg or (b) 1.0 M LiBF,4. The
cells were stored in delithiated states. (Reproduced with
permission from ref 277 (Figure 2). Copyright 2001 The
Electrochemical Society.)

a critical role in defining the surface state of the
anode. A highly speculative mechanism was proposed
in accordance with this hypothesis in which the LiF
formed at 60 °C from a LiBF4-based electrolyte blocks
the intercalation edge sites of the graphitic anode
more effectively than the LiPF,-based counter-
parts.?’’

The work by Ross and co-workers on the thermal
stability of DEC on a lithiated graphitic anode further
challenged the proposal that Li,CO; was formed
during the decomposition of the SEI.28* By the well-
controlled exposure of the fully lithiated graphite
LiCs to DEC vapor in a vacuum and gradually
heating the electrode, they used XPS to monitor the
transformation of the SEI as the function of temper-
ature. From 0 to 110 °C, the major surface species
were believed to be oxalate anions as well as alkox-
ides, while, from 120 to 140 °C, obvious chemical
reactions were observed. On the basis of the C/O
stoichiometric change, it seemed that organic anions
such as oxalate anions were converted into simple
inorganic anions. The authors thus proposed that, in
the exothermic process that was observed by Taras-
con and co-workers in the DSC experiment,®® the SEI
most probably decomposed into simple inorganic
species such as Li,O and CO, instead of Li,CO3.2%*

On a cathode surface, the instability of electrolytes
at elevated temperatures is also well studied, and it
has been generally established that the continuous
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Figure 31. Effect of lithium salt on Mn2* dissolution from
Li;.0sMnN; 9504 stored in EC/DMC (2:1) electrolytes at 55 °C.
The Mn?* concentrations in the electrolytes were deter-
mined by atomic absorption spectroscopy. (Reproduced with
permission from ref 301 (Figure 4). Copyright 1999 The
Electrochemical Society.)

decomposition and rebuilding of surface layers are
responsible for the fade in capacity and loss in
power.296'297v343‘346

Using thermogravimetric analysis (TGA), Du Pas-
quier et al. studied the thermal breakdown of the
surface layer on a spinel cathode that was aged in
LiPFs/EC/DMC at 100 °C for 8 h,%%! and they detected
the presence of two distinct weight loss processes at
140 and 500 °C. While assigning the latter to the
transformation of spinel into Mn,Os, they believed
that the former process corresponded to the burning
of the organic coating on the cathode surface and the
concomitant release of CO,, similar to the thermal
transition that had been observed on the graphitic
anode in the same temperature range.®3® Naturally,
at room temperature, the above destructive process
might only proceed with negligible Kkinetics.

For a spinel manganese cathode, the decomposition
of the SEI is often entangled with the instability of
the cathode structure in electrolytes at elevated
temperatures, and the participation of electrolyte
components in the Mn?* dissolution or the dispro-
portionation of the spinel is already widely ac-
cepted.?93:301.343 The acidic nature of the electrolyte,
originated from the moisture-sensitivity of PFs~ or
BF,~ anions, is obviously the main cause, since a
close correlation has been established by Du Pasquier
et al. between the HF content and the Mn?* content
in the electrolyte®’! and LiPFg has been identified as
the salt species that causes the most severe Mn?*
dissolution in state-of-the-art electrolytes®01343 (Fig-
ure 31), apparently due to its higher tendency to
hydrolyze. Elevated temperatures promote this dis-
solution process in a pronounced way, as Figure 32
shows. The continuous trend in Mn?* concentration
implies that the dissolution process is kinetically
governed, and there is no threshold temperature at
which this process is switched on. However, accelera-
tion does occur above 40 °C.301 XRD analyses on the
recovered spinel powder stored at 100 °C revealed
the formation of a new phase, which the authors
identified to be a protonated A-MnO, that is partially
inert with respect to electrochemistry. To account for
the Mn?* concentration and the formation of a
protonated A-MnO, phase, the authors believed that
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Figure 32. Effect of elevated temperatures on Mn2*"
dissolution from Li;gsMny9504 stored in LiPFs/EC/DMC
(2:1). The Mn?* concentrations in the electrolytes were
determined by atomic absorption spectroscopy. (Reproduced
with permission from ref 301 (Figure 1). Copyright 1999
The Electrochemical Society.)

Scheme 24. Structural Transformation of a Spinel
Cathode at Elevated Temperatures Assisted by the
Acidic Species in a LiPFs-Based Electrolyte

+

HF .
LiMn,0,4 + 2y Li* — > Litu2yMn, 04 + 2y Lit+ yMn2+ o LixH,Mn;,0,4
(deficient spinel)

a proton—Ilithium ion-exchange process occurred in-
stead of simple disproportionation (Scheme 24).310
The structural transformation of spinel cathode
materials is mainly responsible for the capacity
fading of lithium ion cells based on them and LiPF¢-
containing electrolytes. Although other authors differ
on the mechanism by which the capacity loss is
caused, they generally agree that the acidic nature
of the electrolyte plays an influential role.2?6:300.346
Thus, to make the advantages of spinel cathode
materials feasible, the acidic nature of the electro-
lytes has to be mitigated, and the replacement of
lithium salts based on anions with labile fluorine
such as PFs~, BF,~, and AsFs~ seems to be a logical
solution.

On the other hand, the adverse effect of HF on
capacity seems to be much less significant to other
cathode materials based on LiNiO, and LiCoO,,
which exhibit higher stability during storage at
elevated temperatures, although an abundance of LiF
found on cathode surfaces still indicates the reaction
of a salt anion, most probably after its hydrolysis by
trace moisture.?®43%2 |n the XPS analysis conducted
on a LiNipsC0o .0, cathode that had been stored at
various temperatures up to 70 °C, Andersson et al.
reported that the surface chemistry did not show any
apparent dependence on storage temperature, stor-
age duration, or SOC (i.e., the polycarbonates and
various F-containing species in the surface layer
remain stable regardless of storage temperature).?%*
However, quantitative changes in the relative ratio
of these species did occur during the storage, and it
was believed that a thicker surface layer was formed
as a result of longer storage at higher temperature.
This conclusion was drawn from the simultaneous
increase of C and O species during the storage despite
the fact that F species actually decreased at the same

Chemical Reviews, 2004, Vol. 104, No. 10 4357

60 o 40%50C 16+ © 40%soC
" 60%S0C . 7 = eousoc .
564 v s0%soc -, 14‘ v B0%S0C e
/l 7 "I
£ 52 .5 £ 5] A
- L = a %16)
C 4 - ° 1 ‘a2
. oD 104 .
L7 (16) d e
M4 L g4 - »
2 40 ) 80 0 H o e

Storage Temperature (°C) Storage Temperature (°C)

“_‘ ©  40%50C
. i 1 = 60%S0C E
2% .. 164 v so%soc
. 0P . 9y "
£ ud I £ 124 "3
'™ v -, L R
sl T | Tw] P ey
v B(#S0C ~a 4
16 T 04 T -
2 40 Y 8 0 4 € 80
Storage Temperature (°C) Storage Temperature (°C)

Figure 33. Relative amount (atom %) of surface species
C, O, and F on cathode samples as a function of storage
temperature. Numbers in parentheses indicate the storage
duration in weeks. (Reproduced with permission from ref
294 (Figure 8). Copyright 2002 The Electrochemical Soci-

ety.)

time, as Figure 33 shows. This unexpected trend in
F abundance contradicts the knowledge about the
instability of LiPF; salt at elevated temperatures as
well as the results of LiF content on graphite®’72%4
and spinel materials®0:3# during similar storage
tests. To account for this abnormality, the authors
argued that, while it would be impossible for the F
content to actually decrease with temperature, the
screening of the F 1s signal by an overlaying surface
compound that is non-fluorine in nature could occur
and would reduce the opportunity for the F 1s
electron to escape.?®* In other words, the polymeric
and inorganic moieties grown on a cathode surface
camouflage the increased LiF content.

7.3. Thermal Safety of Electrolytes against Abuse

The catastrophic scenario for the thermal reaction
between electrolytes and electrode materials in a
lithium-based cell is called “thermal runaway”, 347351
whose onset temperature determines the safety limit
of lithium-based cells. Thermal runaway occurs when
the amplitude of an accidental temperature hike in
the cell, usually initiated by local overheating, reaches
a certain threshold value, and the heat thus gener-
ated can no longer be thermally dissipated but
instead triggers a series of exothermic side reactions.
Since the rate of heat generation is higher than that
of heat dissipation, these exothermic processes pro-
ceed under an adiabatic-like condition and the global
cell temperature experiences an uncontrollable rise.
Figure 34a shows an example of a thermal runaway
that was initiated in a well-cycled (25 times) lithium
cell by a 140 °C hot box test.3*® Once initiated,
thermal runaway apparently does not terminate until
the reactive agents are completely consumed or, in
most cases, the cell ruptures, venting with flames and
smoke and sometimes even explodes.348:351.352 For
lithium or lithium ion batteries of industry sizes (i.e.,
a capacity of >10 A h), serious safety hazards would
ensue from such a thermal breakdown.
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Figure 34. Temperature response of (a, left) cycled lithium
(Li/MnO,) and (b, right) lithium ion (coke/LiCo0O,) cells
subjected to a 140 °C hot box test. These cells contain
LiAsF¢/EC/PC and LiPF¢/PC/DEC as electrolytes, respec-
tively, and were cycled at room temperature to the indi-
cated cycle numbers. Note that the thermal runaway occurs
for a lithium cell that has been cycled 25 times due to the
formation of high surface area lithium, while extended
cycling actually offers better safety to lithium ion cells
(Reproduced with permission from ref 348 (Figures 1 and
4). Copyright 1994 Elsevier.)

The concern over the safety of lithium-based cells
drew a great deal of attention after the unsuccessful
commercialization of lithium cells.3%37358 The surface
morphology of the well-cycled lithium electrode was
believed to be the main source for thermal runaway,
because the presence of high surface area dendritic
lithium would greatly promote the exothermic reac-
tions between lithium and electrolyte, thus lowering
the threshold temperature at which self-heating
occurred. As Figure 34a shows, the temperature of
the fresh cell (cycle 0) under the same testing
condition does not show any temperature overshoot
but instead approaches 140 °C in an asymptotical
manner, as would be expected from a thermally inert
object. Temperature overshoot, a sign of self-heating
within the cell, increases monotonically with cycle
number until, after 25 cycles, the cell possesses a
highly reactive lithium surface and undergoes ther-
mal runaway, as characterized by the dramatic rise
in temperature.®*® At the time, the role played by
cathode materials in the safety of lithium cells seems
to be overshadowed by the presence of lithium anodes
because of the much higher reactivity of the latter.

The replacement of lithium by carbonaceous anode
materials eliminated the highly reactive anode sur-
face as a possible trigger for thermal runaway and
led to the successful commercialization of lithium ion
technology in the 1990s. However, safety remains an
issue, since thermal runaway can be caused by
mechanisms other than the formation of lithium
dendrites. A general opinion is that the replacement
of the metallic lithium by a carbonaceous anode does
improve safety, as Figure 34b shows,348:351.352.359 |
contrast to a metallic lithium anode, a well-cycled
carbonaceous anode offers additional self-heat sup-
pression, as evidence by the absence of the temper-
ature overshoot which was originally observed in a
fresh cell. For most commercial lithium ion cells, the
onset temperature that would trigger a thermal
runaway is considered to be >150 °C,35%.352,360

According to mathematic modeling and abuse tests,
the normal operation for most lithium or lithium ion
cells that use nonaqueous electrolytes should not
induce sufficient heat to raise the cell temperature
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above the onset threshold. Instead, thermal runaway
is often caused by various abuses, which could be
thermal (overheating), electrical (accidental over-
charge, high pulse power extraction), or mechanical
(crushing, internal or external short circuit).349:351.352
Various techniques have been employed to evaluate
the safety of lithium ion cells, including hotbox348:360
and accelerating rate calorimetry (ARC)348:360.361 a5
well as abuse tests such as overcharging, shorting,
crushing, and nail-penetration.®5%3%2 Profound differ-
ences in the abuse tolerance were found among the
lithium ion cells from various manufacturers despite
the common onset temperature of ~160 °C for nearly
all these cells. In addition to the cell materials
(electrolyte and electrode) that determine the amount
of heat generation and the rate of heat release, the
cell design and engineering was also found to be of
vital importance for abuse tolerance by affecting the
efficiency of heat dissipation.349:355.360.361 The presence
of excess electrolytes can increase the overall thermal
conductivity of the cell by 55—70% and eliminate its
dependence on OCV but cannot alter the anisotropy
of heat flow within the cell. For example, in an
electrolyte-filled cathode/separator/anode stack that
simulates an actual lithium ion cell, the cross-plane
thermal conductivity is ~10 times lower than the in-
plane one.3® In agreement with the above results,
Leising et al. compared the internal and external
temperatures of a prismatic 1500 mA h lithium ion
cell during an external short, and they found a
difference of 40 °C between the two.%2 The conse-
guence of this anisotropy in thermal conductivity is
especially serious for the popular spiral-wound cell
design because it creates an adiabatic-like environ-
ment for any thermal perturbation occurring near the
core of the cell and increases the opportunity for
thermal runaway.

At elevated temperatures, there are five possible
reactions that can occur between the cell compo-
nents: (1) thermal decomposition of bulk electrolyte;
(2) chemical reduction of electrolyte by the anode; (3)
chemical oxidation of electrolyte by the cathode; (4)
thermal decomposition of the cathode and anode; or
(5) melting of the separator and the consequent
internal short. To identify which of these contributes
the decisive amount of heat that is critical in initiat-
ing the thermal runaway, it is necessary to study the
thermal responses of these individual components or
component couples separately.

The bulk electrolyte components do not seem to be
such an initiation, since the thermal decomposition
of the salts and the interactions between the salts
and the solvents start as low as 70 °C,150.152:330.337 gnd
the thermal effect of these reactions is generally
negligible as compared with the processes involving
the fully charged anode and cathode materials.36!

In early research efforts, attention was concen-
trated on carbonaceous anodes because of the earlier
experiences with metallic lithium. Dahn and co-
workers studied the thermal response of carbon-
aceous materials in the presence of electrolytes in an
adiabatic environment created in a thermal analysis
technique known as accelerating rate calorimetry
(ARC). By choosing an arbitrary threshold value for



Electrolytes for Lithium-Based Rechargeable Batteries

the self-heating rate (SHR) of 0.02 °C min~?, they
found that, besides the lithiation state of the anode,
electrolyte composition had a critical effect on the
onset temperature of thermal runaway, with the SHR
increasing in the order

EC < DME < DEC < DMC

While the rationale for the above order remains to
be well-understood, the authors speculated that the
relative effectiveness and solubility of the SEI as well
as the reactivity of these bulk solvents might be
responsible.3*® Overall, this study showed that the
reaction between the electrolyte and the lithiated
carbon could trigger thermal runaway, except at
much higher onset temperatures than those of lithium
electrodes.

In their DSC studies on the SEI of carbonaceous
anodes, Du Pasquier et al. identified the exothermic
process at 120—140 °C as the transformation of the
alkyl carbonate-dominated SEI into the more stable
Li,COs3, and the heat generation associated with this
process strongly depended on the surface area of the
electrode. The reduction of electrolytes by lithiated
carbon occurred between 210 and 230 °C, with
comparable reaction heat to that of the transforma-
tion of an SEI.33%8 According to the 140 °C hotbox test
that was conducted with a lithium ion cell, it seemed
that the breakdown of the SEI could be excluded as
the cause for thermal runaway.3*® Works by other
authors confirmed the occurrence of this SEI trans-
formation process at >100 °C and the dependence of
its heat generation on the carbonaceous anode sur-
face,359.362.363 byt they disagreed on its role in initiat-
ing thermal runaway. For example, Joho et al.
systematically measured the heat evolution of vari-
ous graphitic anodes in the presence of LiPF¢/EC/
DMC between 80 and 220 °C and evaluated the
possibility that the graphitic anode was the source
for thermal runaway in lithium ion cells. On the basis
of the overall heat capacity data of the Sony 18650
lithium cell, they estimated that the temperature rise
in the cell as the result of heat generation of those
processes ranged between 30 and 90 °C, depending
on the surface area as well as the irreversible
capacity of the anode, and concluded that, while the
transformation occurred at >100 °C, a temperature
hike of this amplitude could place the cell well in the
range of thermal runaway onset temperatures be-
tween 160 and 180 °C; therefore, the thermal decom-
position of the SEI and the subsequent reduction of
electrolyte components by lithiated carbon could be
the source that initiates thermal runaway.3%°

In their further study on the thermal reaction
between carbonaceous anodes and electrolytes, Ri-
chard and Dahn improved the ARC technique and
miniaturized it for small sample amounts (<1.0 g)
while retaining the sensitivity.34341 The self-heating
was measured for MCMB in various electrolytes with
different initial heating temperatures, and the SHR
profile, characterized by a common initial peak, was
obtained for nearly all of the tests, as shown in Figure
35. The authors speculated that the SHR profile
represented in Figure 35 featured characteristics of
three distinct reaction processes. The initial peak,
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Figure 35. Temperature—time (a) and SHR (b) profiles
measured for lithiated MCMB in LiPF6/EC/DEC (33:67).
The MCMB electrodes were lithated to three composi-
tions: LioA75C6 (OO V), Lio,45C6 (0089 V), and Li0.2505 (0127
V). (Reproduced with permission from ref 340 (Figure 8).
Copyright 1999 The Electrochemical Society.)

which appears to be relatively independent of the
lithiation degree of the carbonaceous anode, should
represent a reaction that proceeds until one of the
reactants is depleted. The decomposition of bulk
electrolyte does not contribute to the SHR until 190
°C; therefore, there must be another exothermic
process between 150 and 190 °C. During this tem-
perature range, the SHR does depend on the lithia-
tion degree of the anode, with the more lithiated
anode generating a higher SHR. XRD analysis con-
firmed that this process does consume the interca-
lated lithium in the graphite interior.

On the basis of the above observation, Dahn and
co-workers proposed a thermal reaction scheme for
the coupling of carbonaceous anodes and electrolytes.
The initial peak, which was almost identical for all
of the anode samples and independent of lithiation
degrees, should arise from the decomposition of the
SEI because the amount of SEI chemicals was only
proportional to the surface area. This could have been
due to the transformation of the metastable lithium
alkyl carbonate into the stable Li,COj;. After the
depletion of the SEI, a second process between 150
and 190 °C was caused by the reduction of electrolyte
components by the lithiated carbon to form a new
SEI, and the autocatalyzed reaction proceeded until
all of the intercalated lithium was consumed or the
thickness of this new SEI was sufficient to suppress
further reductions. The corresponding decrease in
SHR created the dip in the least lithiated sample in
Figure 35. Above 200 °C (beyond the ARC test range
as shown in Figure 35), electrolyte decomposition
occurred, which was also an exothermic process.

The tests with various electrolytes revealed that
both electrolyte salts and solvent compositions affect
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the initial SHR below 100 °C, which is of critical
importance to the initiation of thermal runaway. For
example, using the threshold value of the SHR at
0.02 °C min~? as the sign of onset, the self-heating
for MCMB in LiPF¢/EC/DEC (33:67) starts at 80 °C,
whereas it begins at 50 °C in LiBF,/EC/DEC (50:50)
and at 70 °C in LiPF¢/EC/DEC (50:50). The SHR
profiles obtained for the MCMB anode in LiBF4J/EC/
DEC did not show the initial peak that corresponds
to the transformation of the SEI, suggesting that the
SEI formed on the carbonaceous anode in LiBF;-
based electrolyte did not contain high amounts of
metastable components such as lithium alkyl carbon-
ate, as the SEI formed in LiPFs- or LiAsFs-based
electrolytes would have. This inference was in agree-
ment with the work by Aurbach et al.,’%41*7 Kana-
mura et al.,??222% and Andersson and Edstrom.2’” On
the basis of these ARC results, these authors believed
that if a lithiated MCMB containing LiPF¢s/EC/DEC
(33:67) was heated directly to 150 °C, the known
threshold for thermal runaway for most commercial
lithium ion cells, the anode would self-heat at a rate
of 100 °C min~*. Hence, the universal self-heating
behavior of a lithiated carbonaceous anode in the
presence of electrolytes is very useful for predicting
the initial self-heating in a practical lithium ion cell
when combined with the overall heat capacity of the
cell.340

The seminal work by Maleki et al. in 1999 seemed
to provide a direct answer to the question about
which of the five possible processes was responsible
for the thermal runaway of a lithium ion cell.3¢! Using
ARC, they first determined the thermal runaway
onset temperature in a lithium ion cell based on
LiCoO,/graphite with LiPFs/EC/DMC/DEC to be 167
°C. The thermal reaction, however, was found to start
at 123 °C and continued to self-heat the system to
the above onset temperature. Using DSC and TGA,
they further determined the heat evolution as well
as the thermal profile for the individual components
of the cell in the presence of electrolytes, which
included cathode, anode, and anode binder (PVdF).

Thus, the total exothermic heat generation of 697
J g~* was recorded for the anode-related reactions,
which included the major heat generated from anode/
binder reactions starting at 210 °C and the anode/
electrolyte reactions starting at 125 °C. The break-
down of the SEI on the anode occurred at 120 °C, as
characterized by the distinct peak, which followed an
endothermic process that was attributed by the
authors to the bulk electrolyte decomposition below
100 °C. While the heat effect of the SEI breakdown
seemed negligible as compared to those of the cathode/
electrolyte and anode/electrolyte reactions, it con-
tributed to the self-heating of the cell. For cathode-
related processes, the total exothermic heat generation
was 407 J g1, with the major thermal reaction
starting at 167 °C. In other words, although the heats
associated with anode-related reactions are higher,
the heat from the cathode processes was released at
a relatively lower temperature and was more likely
responsible for the triggering of thermal runaway.

A comparison was made between the profiles of
heat evolution associated with the reactions of the
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Figure 36. Comparison of DSC and TGA profiles for a
cathode (PE), anode (NE), and separator (SP) composite
with those of cathode/electrolyte and anode/electrolyte.
Note the close match between the DSC/TGA profiles of the
stack and the cathode/electrolyte couple. The OCV of the
stack is 4.15 V. (Reproduced with permission from ref 361
(Figure 4). Copyright 1999 The Electrochemical Society.)

cathode/electrolyte and the anode/electrolyte, and a
close match was identified between the DSC profile
of the cathode/electrolyte couple and that of the cell
stack, which consisted of cathode/separator/anode in
the presence of electrolytes in a simulation of an
actual lithium ion cell (Figure 36).36 Therefore, the
authors concluded that the thermal runaway was
mainly caused by the heat generation from the
cathode material, which decomposed to release oxy-
gen, and the electrolyte components were oxidized
subsequently. While the reaction of the anode/binder
occurred at a relatively higher temperature, its
substantial heat certainly contributed to the ultimate
consequences of the thermal runaway. In a more
comprehensive conclusion, the safety of a given
lithium ion cell is dominated by the electrolyte
reactions with the cathode and with the anode
simultaneously.

The thermal decomposition of various cathode
materials based on transition metal oxides has been
known since the potential of these materials as
rechargeable lithium-based batteries became real-
ized, and the decomposition chemistry releasing
oxygen has usually been thought to proceed at
temperatures above 200 °C.362364-366 |nterestingly,
Maleki et al. found that the presence of a surface
layer on the cathode, which was formed through the
decomposition of electrolytes on the cathode during
the cycling of the cell, actually promoted the thermal
decomposition of the cathodes to occur at a lower
temperature with higher heat generation and mass
loss. The decomposition of the surface layer served
as the thermal trigger for the major oxygen-releasing
process.

A direct result of the work by Maleki et al. is the
gradual shift of safety research from carbonaceous
anode to cathode materials. In the following years,
Dahn and co-workers used an improved ARC tech-
nique to conduct a series of systematic investigations
on the reaction between electrolyte and cathode
materials based on LiC00,%677369.371 and spinel
LiMn,0,.%58370 These studies have depicted a clear
picture regarding the safety of lithium ion devices.
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Scheme 25. Thermal Decomposition of LiCoO; in
the Absence of Electrolyte

LiyCoO,—> X LiCoO; + “Tx) Co304 + % 0,
Scheme 26. Thermal Combustion of EC by the
Cathode LiCoO,

[o}

Li,CoO,+ O O —> xLiCoO;+ x CoO +CO; + H0

In a standard electrolyte, LiPFs/EC/DEC, the fully
delithiated LiCoO, (OCV = 4.2 V) showed the thres-
hold SHR of 0.02 °C min~*! at ~130 °C that eventually
led to thermal runaway at 160 °C. It had been found
that the thermal decomposition of LiCoO, occurred
at a much higher temperature (>200 °C) with oxygen
generation (Scheme 25). The existence of Co3;04 had
been confirmed by XRD analysis conducted on a
cathode sample that was heated to 320 °C. However,
MacNeil and Dahn found that the presence of elec-
trolyte solvents catalyzed the decomposition of LiCoO,
by reacting with the oxygen, thus greatly lowering
the onset temperature at which oxygen was released.
XRD analysis performed on the cathode after its
reaction with EC/DEC showed that, when solvents
were present, a new phase “CoQO” was generated in
addition to Co30,4 and the unreacted LiC00,.3%° The
authors ascribed the formation of this Co(ll) species
to the reducing power of the organic solvents. In an
ideal situation with full combustion of EC, the
authors proposed the reaction scheme shown in
Scheme 26. As a result, the presence of organic
species as fuel not only reduced the onset tempera-
ture for the thermal decomposition of LiCoO; but also
rendered the reaction more exothermic. This solvent
effect, that is, lower onset temperature and higher
reaction heat for thermal decomposition of cathode
materials due to the participation of electrolyte
solvents, has actually been observed previously by
Maleki et al., who ascribed it to a complex synergistic
mechanism among the electrolyte components and
LiCoO, that catalyzed the reaction between electro-
lytes and the liberated oxygen.%®' Undoubtedly, as
fuel in the adiabatic system, the presence of organic
solvents in the electrolyte increases the chance of
thermal disaster for lithium ion cells.

In contrast to that of solvents, the effect of the
electrolyte solute, LiPFg, on the thermal decomposi-
tion of the cathode, LiCoO,, was found to be suppres-
sion instead of catalyzation.3®® The SHR of a partially
delithiated cathode was measured in a series of
electrolytes with various salt concentrations, and a
strong suppression of the self-heating behavior was
found as the concentration of LiPFg increased above
0.50 M. The mechanistic rationale behind this salt
effect is still not well understood, but the authors
speculated that the salt decomposition coated the
cathode with a protective layer that acted as a
combustion retardant. On the basis of these results,
the authors recommended a higher salt concentration
(>1.50 M) for LiCoO,-based lithium ion cells is
preferred in terms of thermal safety.

Parallel studies carried out on a manganese spinel
LiMn,0O4-based cathode showed that this cathode

Chemical Reviews, 2004, Vol. 104, No. 10 4361

Scheme 27. Thermal Combustion of EC by a Fully
Delithiated Spinel Cathode

(o}

PN

5Mn0,+2 Q O —= 2MnO +6CO,+4H,0

material could offer improved thermal safety as
compared to LiCoO,, but the SHR in this case was
very sensitive to the relative amount of electrolyte
compared to that of the cathode, while the corre-
sponding dependence was not found with LiCoO,/
electrolyte.3%® Thus, only when the electrolyte/cathode
ratio was in the vicinity of 1:6, which is close to the
actual electrolyte/cathode ratio in lithium ion cells,
would the LiMn,0,4-based cathode show a lower SHR
than LiCoOj-based cells, in consistence with the
hotbox data.3¢®

Similar to the results obtained on the thermal
reaction of LiCoO,, the SHR of LiiMn,O, in the
presence of LiPFs/EC/DEC reached the threshold
value of 0.02 °C min~! at ~150 °C, indicating the
beginning of exothermic events; then the system
gradually self-heated to 275 °C. In comparative tests,
LiMn,O4 in the absence of electrolytes showed a
detectable thermal event at ~160 °C and converted
from the A-MnO; structure to 3-MnO, one, while the
oxidation of electrolyte solvent led to MnO with
increased exothermic effect. Since MNCO3; and Mn,O3
were also detected by XRD analysis, CO, and H,0O
were suspected to be the combustion products of the
solvents.’’© Assuming EC as the fuel to be fully
combusted, 1 mol of delithiated spinel material can
release 2 mol of oxygen and generate heat that is
sufficient to raise the cell temperature over 300 °C,
based on the heats of combustion for EC (1161.4 kJ
mol~?) and DEC (2715 kJ mol~?) (see Scheme 27). In
experiments, the actual rise in the ARC sample
temperature was only 80 °C, most probably due to
incomplete combustion or depletion of solvent.37°

Therefore, the presence of the electrolyte solute,
LiPFs, added complexity to the thermal decomposi-
tion of the LiMn,O4-based cathode. Contrary to the
salt effect found with the LiCoO, cathode,3®° the onset
temperature of exothermic activity as represented by
SHR > 0.02 °C min~* decreased as the concentration
of LiPFg increased.3®© Apparently, LiCoO, and
LiMn,O4 have fundamental differences in the way
they react with solvent in the presence of salt. It
seemed that the salt mainly contributes to an initial
thermal instability, which increases with LiPFs-
concentration.37°

Pointing out that the acidic nature of LiPFg assists
the dissolution of Mn?" into electrolyte solution,30%:343
the authors speculated that HF in the electrolyte
solution efficiently cleans up the spinel surface of
MnO; therefore, the bulk electrolyte solvents can be
continuously exposed to the fresh surface of Mn,O,4
and be oxidized.®”® As a result, solvent oxidation
would proceed more rapidly as compared with the
case of an electrolyte that is less acidic. Therefore,
for a spinel manganese-based lithium ion cell, a
higher thermal safety would be obtained with lower
salt concentration, and the authors suggested 0.5 M
as the optimum concentration at which the ion
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conductivity and thermal reactivity could be best
balanced.37°

A recent publication discussing the salt effect on
the thermal safety of a LiCoO, cathode was entitled
with an intriguing but seemingly paradoxical ques-
tion: “Can an electrolyte for lithium ion batteries be
too stable?”, which revealed the relative importance
of the interfacial stability arising from the passiva-
tion efficiency against that of the “intrinsic stability”
with respect to the safety of cathode materials in
lithium ion cells.®* Using an improved DSC tech-
nique that enabled the direct analysis of electrolytes
containing volatile components, the authors investi-
gated the thermal stability of the LiCoO, cathode in
the presence of the electrolytes based on LiPFg, Lilm,
and LiBeti. The latter two salts, which were based
on an imide anion stabilized by two perfluorinated
sulfonyl groups, had been developed in the early
1990s to replace the thermally unstable LiPFg and

have been reported to be thermally stable till >300
0C_146

Surprisingly, when the cathode material, LiCoO,,
was in the presence of these “thermally stable” salts,
Lilm and LiMe, much higher reactivity was detected
than that in the presence of LiPFg, as indicated by
the total absence of any combustion suppression on
SHR that had been observed with LiPFgs.3"t DSC
results of LiCoO; in the presence of Lilm- or LiBeti-
based electrolytes confirmed the above observation,
which showed the onset thermal decomposition of
LiCoO, to be at ~280 °C, whereas in LiPFs-based
electrolytes the same thermal event was much sup-
pressed in terms of heat evolution as the concentra-
tion of LiPFg increased. In other words, the presence
of Lilm and LiBeti did not introduce any increase in
the thermal stability of the electrode, while LiPFg,
although believed to be thermally unstable, efficiently
suppressed the thermal decomposition of the cathode.

The authors ascribed the above “abnormality” to
the passivation of the cathode surface by the reaction
products of the electrolyte solvent and salt. Since
LiPFs readily decomposes organic solvents such as
EC through a ring-opening mechanism at relatively
low temperatures, the decomposition products, which
were believed to consist of a wide variety of com-
pounds, including a PEO-like polymer shown by
Schemes 4, 12, and 15, deposited on the cathode
surface and formed a protective layer between the
highly oxidizing cathode materials and the bulk
electrolyte solvents. According to the hypothesis of
the authors, this polymeric coating on the cathode
particles strongly delayed the thermal combustion of
the solvents by hindering the release of oxygen,
resulting in a more controlled thermal decomposition
of LiCoO,. On the other hand, similar polymer species
were not formed from Lilm- or LiBeti-based electro-
lytes because of the stability of these salts, and the
thermal combustion of electrolyte solvents in the
presence of charged cathode materials proceeded
unhindered, releasing heat that is sufficient to trigger
thermal runaway.

Another well-studied salt, LiBF,, was also believed
to be more thermally and chemically stable than
LiPFg in terms of its higher tolerance against trace
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moisture and lower tendency to react with cyclic
carbonates in a manner similar to that shown by
Schemes 4, 12, and 15.13213 However, a similar
paradoxical conclusion was drawn about the thermal
safety of LiCoO; in the presence of the electrolyte
based on it, whose inability to produce polymeric
coatings on the cathode is held responsible.®”* The
above results from Dahn and co-workers suggested
that the salts that were traditionally thought to be
thermally stable, such as LiBF,4, Lilm, and LiBeti,
should not be used in lithium ion cells if the thermal
safety is the top concern in the application environ-
ment, which includes large size cells working under
high-rate discharge, at elevated temperatures or at
the risk of mechanic abuses and so forth, and that
LiPFs remains the electrolyte solute of choice in
terms of thermal safety.

8. Novel Electrolyte Systems
8.1. Problems Facing State-of-the-Art Electrolytes

Summarizing the materials reviewed in sections
2—7, one can immediately conclude that the current
state-of-the-art electrolyte systems for lithium ion
batteries are far from perfect and that, at least in
the following four aspects, there is still room for
possible improvement. Therefore, research and de-
velopment efforts are continued in an attempt to
reformulate new electrolyte systems or to modify the
current state-of-the-art electrolyte systems.

(1) Irreversible Capacity. Because an SEI and
surface film form on both the anode and cathode, a
certain amount of electrolyte is permanently con-
sumed. As has been shown in section 6, this irrevers-
ible process of SEI or surface layer formation is
accompanied by the quantitative loss of lithium ions,
which are immobilized in the form of insoluble salts
such as Li,O or lithium alkyl carbonate.?%? Since most
lithium ion cells are built as cathode-limited in order
to avoid the occurrence of lithium metal deposition
on a carbonaceous anode at the end of charging, this
consumption of the limited lithium ion source during
the initial cycles results in permanent capacity loss
of the cell. Eventually the cell energy density as well
as the corresponding cost is compromised because of
the irreversible capacities during the initial cycles.

The extent of the irreversible capacity depends on
both the anode material and the electrolyte composi-
tion. Empirical knowledge indicates that the PC
presence, which is well-known for its tendency to
cause the exfoliation of the graphene structures, is
especially apt to induce such irreversible capacities.
On the other hand, reformulation of the electrolyte
may lead to significant reduction in the irreversible
capacity for given electrode materials.

(2) Temperature Limits. The two indispensable
components of the present lithium ion electrolyte
systems are LiPFg as salt and EC as solvent. Unfor-
tunately, these two components also impart their
sensitivity to extreme temperatures to the lithium
ion technology, thus imposing temperature limits to
the operation of lithium ion cells. In a somewhat
oversimplified account, one can hold EC responsible
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for the lower, and LiPFg for the higher, temperature
instabilities.

Thus, at temperatures lower than the liquidus
temperature (usually above —20 °C for most electro-
lyte compositions),50¢159.160 EC precipitates and dras-
tically reduces the conductivity of lithium ions both
in the bulk electrolyte and through the interfacial
films in the system. During discharge, this increase
of cell impedance at low temperature leads to lower
capacity utilization, which is normally recoverable
when the temperature rises. However, permanent
damage occurs if the cell is being charged at low
temperatures because lithium deposition occurs,
caused by the high interfacial impedance, and results
in irreversible loss of lithium ions. An even worse
possibility is the safety hazard if the lithium deposi-
tion continues to accumulate on the carbonaceous
surface.

At temperatures higher than 60 °C, various de-
compositions occur among the electrolyte compo-
nents, electrode materials, and SEI or surface layers,
while LiPFg acts as a major initiator or catalyst for
most of these reactions.152310332:333 The damage caused
by high-temperature operation is permanent. Be-
cause gaseous products accumulate, a safety hazard
is also likely. Therefore, the specified temperature
range for the normal operation of most commercial
lithium ion cells is —20 °C to +50 °C. While sufficient
for most consumer purposes, the above range severely
restricts the applications of lithium ion technology
for special areas such as military, space, and vehicle
traction uses.

(3) Safety and Hazards. The linear carbonate
solvents are highly flammable with flash points
usually below 30 °C. When the lithium ion cell is
subject to various abuses, thermal runaway occurs
and causes safety hazards. Although electrode ma-
terials and their state-of-charge play a more impor-
tant role in deciding the consequences of the hazard,
the flammable electrolyte solvents are most certainly
responsible for the fire when a lithium ion cell vents.
The seriousness of the hazard is proportional to the
size of the cell, so flame-retarded or nonflammable
lithium ion electrolytes are of special interest for
vehicle traction batteries.

(4) Better lon Transport. In most nonagueous
electrolytes, the ion conductivity is much lower as
compared with aqueous solutions, and the part of the
current that is carried by the lithium ions is always
less than half.1’® Although it has been found that,
for actual cell operation, the impedances at the
interfaces of anode/electrolyte and cathode/electrolyte
weigh far more than the bulk ion conductivity does,
there is a semiempirical rule with very few excep-
tions: the higher the bulk ion conductivity of an
electrolyte is, the more conductive the SEI or surface
films formed in this electrolyte can be. On the other
hand, the improvement in lithium ion transference
number is certainly welcome, although its signifi-
cance in liquid electrolytes might not be as high as
in polymer electrolytes.

Since the inception of lithium ion technology, there
has been a great deal of research aimed at improving
the state-of-the-art electrolyte systems via various
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approaches, including the development of new elec-
trolyte solvents and salts and the application of
functional additives. This section is dedicated to cover
these efforts, most of which, although, have not been
adopted in actual lithium ion electrolytes.

8.2. Functional Electrolytes: Additives

Instead of entirely replacing the major components
of the current state-of-the-art electrolyte systems that
cause problems, an efficient and economical alterna-
tive is to modify certain targeted functions of the
electrolytes by incorporating a new component at
small concentrations, known as an additive, so that
its potential impact on the existing electrolyte can
be minimized. In this way, the bulk properties of the
electrolyte system can be maintained with the al-
ready proven merits such as cost and environmental
concerns barely changed, since the presence of the
new component in the bulk is negligible. On the other
hand, the additive could significantly change the
targeted property. This is especially pronounced in
terms of interfacial properties because these additives
are usually preferentially involved in interfacial
redox processes before the main components of the
bulk electrolyte are.

The additive approach has been used for lithium
batteries to improve the surface morphology of a
lithium electrode so that dendrite growth can be
avoided.10 3727375 Since the concept of the SEI was
proposed by Peled et al.,3” the emphasis has been
placed on the reductive decomposition of these addi-
tives and the effect of the decomposition products on
the physicochemical properties of the SEI. Obviously,
when carbonaceous materials replaced lithium metal
as anodes, the same line of thought led to the
attempts at controlling the SEI chemistry by means
of using various additives.®”® During the past decade,
this approach has been thoroughly studied, the focus
of which has been placed at the SEI on the anodes,
although additives targeting other cell components
have also been developed. However, because of direct
commercial interest, most of the work on additives
has never been published in technical journals,
especially the work that has eventually been accepted
for use in commercial lithium ion cells. As an
alternative, patent disclosures and conference ab-
stracts did reveal scattered information about this
aspect, although fundamental insight is usually
unavailable in these forms of literature. In recent
years, electrolytes containing additives have been
named “functional electrolytes” by some research-
ers.377

According to the functions targeted, the numerous
chemicals tested as electrolyte additives can be
tentatively divided into the following three distinct
categories: (1) those used for improving the ion
conduction properties in the bulk electrolytes; (2)
those used for SEI chemistry modifications; and (3)
those used for preventing overcharging of the cells.
Since the additives designed for the last purpose are
usually compounds with oxidation potentials close to
the operating potential of the cathode materials, the
coverage of additive studies has included essentially
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Table 8. Performance-Enhancing Additives for Bulk Properties

Additive Structures Host Electrolyte System Remarks Ref.
VRN Unhelpful with #;;
C J LiBF4/PEO, . . 379, 380, 382
Q_ f 12-crown-4 negative effect on cycle life;
- toxic.
Co o\ LiClO4/PC 379
o o}
</°\> 15-crown-5
i Low solubility in polar solvents;
R R\f"m _R ymp 384
g 0N _ ' instability with LiPFs.
® f/\z PSS LiCUTHF or LiBr/THF 385
R =CF3S0, R
aza-ethers
Qe Ry = perfluoro-or Less electrochemically and thermally
perfluorophenyle et LiF/DME; CF3CO,Li/DME 386~388

B.
R;O/ \ORF perfluorophenyls etc

borates

TF Rg = perfluoro- or
partially fluoro- alkyls,
O\ perfluorophenyls etc
R¥ Re

LiX/DME (X=F, Cl, Br, I);
LiX/PC/EC/DMC; LiF/DMC;

stable than borane.

Improves thermal stability of spinel.

Improves thermal stability of LiPFe. 313, 386, 387,

boranes CF;CO,Li/DME; C,FsCO,Li/DME No negative effect on anode SEI. 389~391
°\B LiF/DME; LiF/EC/DMC; Most significant effect on ion
392
o conductivity.
boronates Cycling stability on both LiMn,Oy4
and LiNioAsCO()AzOz.

every major component of the lithium ion cell that
interacts with the electrolytes.

8.2.1. Bulk Electrolyte: lon Transport

The ability of crown ether to coordinate with
lithium ion has long been recognized, and in terms
of the cavity size, 12-crown-4 and 15-crown-5 have
been identified as the most efficient ligands for
lithium ion.®”® The idea of using these cyclic polyether
compounds to promote the solvation of lithium salts
in nonaqueous electrolytes was actively pursued
when rechargeable cells based on lithium metal
electrodes were still the commercial objective. It has
been found that the presence of both 12-crown-4 and
15-crown-5 can effectively improve the solubility of
the lithium salts and increase the ionic conductivity
in the resultant electrolytes, especially when the
solvents have low dielectric constants.397383 This
improvement in bulk ion conductivity is also reflected
in the interface properties, as the charge-transfer
resistance on the LiCoO; cathode is also reported to
be reduced because of the presence of 12-crown-
4380382 The electrochemical stability limits are not
obviously influenced by crown ethers, but considering
their ether-like structure, one should be concerned
with their stability on the fully charged cathode
surface in the long term. In polymer-based electro-
lytes, 12-crown-4 was also found to decrease the glass
transition temperature of the system.382

On the other hand, since the increase of ion
conductivity is realized through the coordination of
lithium ions by crown ether molecules, the lithium

transference number is lowered as a result of its
presence. In other words, the addition of crown ethers
in nonaqueous electrolytes actually promotes the
undesired anion transport. The main barrier for the
application of crown ethers in electrolyte, however,
is their toxicity. The environmental concern over the
processing and disposal of any materials containing
these crown ethers makes it impossible for industry
to adopt them in large-scale applications.

To develop an additive that selectively coordinates
with salt anions and frees lithium ion for conduction,
McBreen and co-workers pursued a molecular design
and tailor-synthesis approach that yielded several
families of novel compounds based on nitrogen or
boron centers with strongly electron-withdrawing
substituents.

The first family of the so-called anion receptors was
aza-ethers that were based on cyclic or linear amides,
where the nitrogen core was made electron-deficient
by the perfluoroalkylsulfonyl substituents so that
these amides would preferentially interact with the
electron-rich anions through Coulombic attraction,
contrary to how their unsubstituted counterparts
would act.38438 Two selected representatives from the
aza-ether family are shown in Table 8. When used
as additives in solutions of various lithium halides
LiX in THF, these novel compounds were found to
increase both the solubility and the ion conductivity
of these solutions. For example, the ion conductivity
of the LiCI/THF solution was 0.0016 mS cm™%, while
the LiClI/THF solution with one of the linear aza-
ethers containing eight perfluoroalkylsulfonyl sub-
stituents (n = 5 for the linear aza-ether shown in
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Figure 37. NEXAFS spectra at the K-edge of chloride for
(a) LiCl crystal, (b) 0.2 M LiCl/THF, (c) 0.2 M LiCl/THF +
0.1 M aza-ether that does not have electron-withdrawing
substituents on N, and (d) 0.2 M LiCl/THF + 0.1 M linear
aza-ether with n = 3 in Table 8. Note the white line peak
split when the electron-withdrawing substituents perfluo-
romethylsulfonyl are present. (Reproduced with permission
from ref 384 (Figure 2). Copyright 1996 The Electrochemi-
cal Society.)

Table 8) exhibited an increase of ~900 times at 1.4
mS cm~1.3% There was an obvious relationship be-
tween the ability of the aza-ether to coordinate the
lithium cations and the extent by which ion conduc-
tivity was improved, since the latter proportionally
increased with both the number of the electron-
withdrawing substituents in the molecule and the
electron-withdrawing ability of the substituents.384:385
For example, tosylsulfonyl, a weaker electron-with-
drawing group as compared with perfluoroalkylsul-
fonyl, proved to be a much less efficient additive.38
On the basis of these dependences, it seemed that
these aza-ethers did act as anion receptors in the
nonaqgueous solutions.

To further confirm that these aza-ethers actually
coordinate with the salt anions, the authors used
near X-ray absorption fine structure spectroscopy
(NEXAFS) to study the coordination symmetry of the
chloride anion in LiCl/THF solutions, in the absence
or presence of aza-ether additives, and detected that
the presence of the additives created a clear split in
the Cl K-edge white line peak, as shown in Figure
37, indicative of the interaction between chloride and
the electron-deficient nitrogen.®®* Further XRD stud-
ies conducted on complex crystals grown from the
cosolutions of the cyclic aza-ether and lithium halide
salts supported the above NEXAFS observations with
new Bragg peaks representing a larger d spacing
(~15 A) in the crystal. Thus, the authors concluded
that these new aza-ethers are indeed anion receptors,
whose preference in coordinating ions was an exact
opposite to that of the conventional crown ethers.
With the addition of these molecules, the ion con-
ductivity and the lithium transference number were
enhanced simultaneously, a benefit that has rarely
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been achieved thus far in nonaqueous lithium elec-
trolytes.

Unfortunately, these aza-ethers showed limited
solubility in the polar solvents that are typically
preferred in nonaqueous electrolytes, and the elec-
trochemical stability window of the LiCl-based elec-
trolytes is not sufficient at the 4.0 V operation range
required by the current state-of-the-art cathode
materials. They were also found to be unstable with
LiPF¢.2%° Hence, the significance of these aza-ether
compounds in practical applications is rather limited,
although their synthesis successfully proved that the
concept of the anion receptor is achievable by means
of substituting an appropriate core atom with strong
electron-withdrawing moieties.

In their continued efforts, McBreen and co-workers
selected boron, an electron-deficient atom, as the core
to build a series of new anion receptors using the
same tactics with electron-withdrawing substituents.
These new additives can be classified roughly into
thesethreesubcategories: borate,®¢-3porane, 1338638738939
and boronate.3%? Selected representatives from each
category are also listed in Table 8.

Basically, these boron-based anion receptors are
much more efficient in coordinating anions, perhaps
because of the electron-deficient nature of boron,
since most of them can even effectively dissociate LiF
up to 1.0 M, which is virtually insoluble in most
organic solvents, and yield ion conductivities as high
as 6.8 mS cm™! in DME.3!3 Considering that the
electrochemical oxidation potential for F~ is ~5.9 V,
this new electrolyte does indeed seem attractive in
providing a wide electrochemical stability window.
On a GC electrode, the electrochemical stability
limits were found to be in the range 4.05—5.50 V,
usually set by the oxidation of electrolyte sol-
vents,3883%2 while, on various cathode materials,
stable cycling performance was observed with the
upper voltage limit as high as 4.30—4.50 V.313387.3%0
Cycling tests at elevated temperature (55 °C) further
showed that the electrolytes based on LiF coordinated
by these additives were stable when compared with
the state-of-the-art electrolytes based on LiPFg.3%°
Similar stability was also found on the carbonaceous
anode surface, where the authors concluded that the
presence of these anion receptors did not interfere
with the formation of the SEI film, and the dissolu-
tion of the SEI was not detected even after heat
treatment that would dissolve LiF salt.3%

Among the three subcategories, boronate com-
pounds seemed to be the most efficient in coordinat-
ing with anions and enhancing lithium ion stability,
although the number of electron-withdrawing sub-
stituents in boronate is only two. The authors thus
inferred that the ability of these anion receptors to
capture an anion depends not only on the electron-
deficiency of the core atom but perhaps also on the
steric hindrance presented by these substituents on
the core. With only two substituents, the core of the
boronates is obviously more exposed and therefore
more easily accessible for an anion. The higher ion
conductivity achieved by boronate additive therefore
comes from the better balance between the electron-
deficiency and steric openness of this compound as
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compared with boranes and borates.3?? On the other
hand, in terms of ion conductivity enhancement,
borates and boranes behave similarly,3¢ though
borates show less stability electrochemically and
thermally than boranes.38’

The solubility of these boron-based additives is also
much higher than that of aza-ethers, and their effects
on ion conductivity were studied in popular electro-
lyte solvent mixtures such as PC/EC/DMC3% or EC/
DMC.388:389.392 Although for the salts such as LiPFs,
which are already well dissociated in these solvent
mixtures, the enhancement in ion conductivity by the
anion coordination might not be as pronounced as
that for lithium halides, there is one advantage for
LiPFg being used with these additives: the thermally
unstable LiPFg is effectively stabilized by the pres-
ence of tris(pentafluorophenyl)borane (TPFPB), as
indicated by the slow scan cyclic voltammetry experi-
ments conducted on a spinel cathode surface after
storage at 55 °C for 1 week.*® The authors attributed
this stabilization to the coordination of PFg anion,
which elongated the interatomic distance between Li
and F. This hypothesis was supported by the conclu-
sion of a molecular dynamic simulation published
earlier, wherein Tasaki and Nakamura postulated
that the reactivity of lithium cation and F would be
suppressed by the elongated distance between them
if an effective anion coordination was achieved.3%

Since these anion receptors based on boron offer a
wide variety of merits, their application seems prom-
ising if the cost and toxicology do not constitute any
serious barrier for industry-scale productions.

8.2.2. Anode: SEI Modification

Due to the core importance of the SEI formation
on carbonaceous anodes, the majority of the research
activities on additives thus far aim at controlling the
chemistry of the anode/electrolyte interface, although
the number of publications related to this topic is
rather limited as compared with the actual scale of
interest by the industry. Table 9 summarizes the
additives that have been described in the open
literature. In most cases, the concentration of these
interface-targeted additives is expected to be kept at
a minimum so that the bulk properties of the
electrolytes such as ion conduction and liquid ranges
would not be discernibly affected. In other words, for
an ideal anode additive, its trace presence should be
sufficient to decouple the interfacial from bulk prop-
erties. Since there is no official standard available
concerning the upper limit on the additive concentra-
tion, the current review will use an arbitrary criterion
of 10% by weight or volume, above which the added
component will be treated as a cosolvent instead of
an additive.

With few exceptions, the additives that are in-
tended for the modification of the SEI usually have
high reduction potentials, which ensure that these
additives are reduced on the anode surface before the
bulk electrolyte components are involved. In other
words, during the first charging of a lithium ion cell,
an SEI with the chemical signature from an additive
would have been formed before the potential of the
carbonaceous anode reached the onset reduction
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value for bulk electrolyte solvents, especially PC.
Naturally, certain requirements have to be met by
the decomposition products of the additives, such as
insolubility in electrolytes, film compactness, and low
impedance to lithium ion transport.

The search for potential SEI additives in the past
decade has been carried out mainly on a trial-and-
error basis until, recently, a semiempirical rule was
developed to facilitate the screening process, which
judges the readiness of a certain compound to be
reduced on the anode by the energy level of its lowest
unoccupied molecular orbital (LUMO).373% The basis
of this rule is the assumption that a molecule with a
lower energy level of its LUMO should be a better
electron acceptor and, therefore, more reactive on the
negatively charged surface of the anode. Sharing the
view that interfacial stability originates from the
reactivity, this rule is conceptually related to the
selecting tool for the SEI-forming electrolyte compo-
nents as proposed by Peled et al.,'% despite the fact
that the latter was based on a kinetic consideration
(exchange current) of the molecule instead of a
thermodynamic one (LUMO energy level). Quantum
calculations have yielded LUMO energy levels for
most of the commonly used electrolyte solvents as
well as some of the tested SEI additives, which are
compiled in Table 10.255377.3%4408 Apparently, the
LUMO levels for all aliphatic cyclic carbonates are
virtually identical, whereas structural modifications
with an aromatic bond, double bond, or substitution
of halogen atoms cause large decreases in the LUMO
level.?%® This trend is in good agreement with the
experimental findings, since most of the additives
that demonstrated promising performances in elec-
trolytes indeed possess one of the active functional-
ities. A fairly linear relationship has been established
between the LUMO energy level and the reduction
potential for these additives.®””

The current efforts with SEI additives usually aim
at one of these two distinct but closely interrelated
goals: (1) to minimize the irreversible capacity
needed in the first cycle to form the SEI and (2) to
enable the use of PC at higher concentrations in the
electrolyte. While the former would generally benefit
a lithium ion cell in terms of a more stable SEI, the
latter is of special significance to the purpose of
adapting the electrolytes based on PC to the highly
graphitic anode materials so that the operating
temperature can be expanded toward the lower limit
without sacrificing energy density.

In the early era of lithium ion cell research,
Aurbach et al. noticed that the presence of CO; in
the electrolyte had pronounced effects on the lithia-
tion behavior of graphitic anodes. A number of
electrolytes, which were thought to be incompatible
with graphite because they are based on solvents
such as methyl formate or THF, delivered much
improved performance under 3—6 atm of CO,.2%° They
proposed that CO; participated in the formation of
the SEI by a two-electron process, yielding Li,COs,
which assisted in the buildup of the protective surface
film.2*° However, in PC-based electrolytes, CO; pres-
ence proved to be ineffective,?® while, in electrolytes
based on carbonate mixtures such as EC/DMC, the
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Table 9. Anode SEI Additives
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Additive Structures Host Electrolyte System Remarks Ref.
co LiAsF¢/MF Non-effective for PC-suppression; 104, 123, 249,
3 .
LiASF/EC/DMC ete, ~ \nternal pressure. 250,272
LiCIO4/EC/DME Effective for PC-suppression; 251
SO, LiAsF¢/MF anodlg stability unknown; 395
corrosive;
LiAsFsDMC, LiAsF¢/PC etc. safety hazard. 396
— Effective for PC-suppression;
° o . preferential solvation of Li ion;
C LiAsF¢/PC beon e 250,261, 397,
o P 12-crown-4 . igh concentration needed;
LiCIO4/EC/PC toxic. 398
M Not as effective as 12-crown-4;
<:° °:> LiCIOJ/EC/PC hlgh concentration needed; 261
</° °\> toxic.
(] 18-crown-6
o Effective for PC-suppression;
©[°>=° LiPF¢/PC/DEC anodically stable. 377, 409
catechole carbonate (CC)
o Lilm/PC/EC/DMC Effective for PC-suppression; 400
> . increases SEI stability at high temp.;
[ ° . LiPFy/PC anodically stable. 401
o vinylene carbonate (VC) LiPF¢/DMC 402
LiAsF¢/EC/DMC 404
N
[ =0 LiClO4/PC Effective for PC-suppression; 399
(Y ethylene sulfite (ES) anodically stable.
o
LiPF¢/PC 410
obromo-)butyrolactone
(o]
P LiPF/PC 410
cl 0~ methyl choloroformate
o
jé’ T
° LiCIO4/PC Preferential solvation of Li ion; 411
2-acetyloxy-4,4-dimethyl-4- Participation in SEI formation.
butanolide
R
O 0 .
~r succinimide LiPF¢/PC/EMC 377
P 0
0
Y LiPF¢/PC/EMC 377
N-benzyloxycarbonyloxysuccinimide
— OCH;
W igh
o
methyl cinnamate

effect of CO, seemed to be negligible.’®* These efforts
could be viewed as the first attempts of modifying
the SEI with electrolyte additives.

SO,, on the other hand, was found to be a much
more efficient additive, as its presence at less than

20% effectively suppressed the cointercalation of PC
and supported the reversible lithium intercalation/
deintercalation of graphitic anodes at low poten-
tials.3%53% The reduction potential of SO, was found
to be at ~2.7 V, far above that corresponding to the
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Table 10. LUMO Energy Level and Reduction Potentials of Solvents and Additives

Reduction Potential Refs.
. (vs. Li*/Li)
Solvent/Additive LUMO/eV
on GC on GR
[°>=o 1.175 212,251,377
0.9 0.8
o EC 0.97 255
/I:°>:° 1.235 214,377
1.0 0.78
o PC 1.02 255
i");o 1.049 377
TBL 0.91 255
o
\O)ko/ DMC 1.054 1.32 214,377
)‘L 1.248 377
S0 No TS EMC 1.17 255
j\ 1.288 1.32 214,377
o7 DEC 121 255
Eo>=° 0.10 1.4 377
d vC -0.14 255
214
[°\s=° 0.035 1.6 1.8~2.1 377, 399
o ES 0.03 255
i o
lié‘_o)l\o/\©
\ BCSC 0.234 1.52 377
?H
o N0 0.208 1.6 377
v N-hydroxysuccinimide
(HSC)
N
o. o
0.186 1.6 377
~ sc
('ZI
o N o -0.527 32 >2.5 377
N-chlorosuccinimide (CSC)
0O,
@: Mo 10 377, 409
o CC
o]
0.
fonss
0.688 1.3~1.1 411
Z-acetyloxy-4,4-dimethyl-4-
butanolide

cointercalation/decomposition process of PC.251.395.39
Thus, Ein-Eli et al. believed that the SEI formation
was initiated by the predominant decomposition of
S0,.3953% On the basis of the FT-IR analysis of the
graphitic anode surface, they suggested that, in
addition to the solvent decomposition products, lithium

alkyl carbonate, the SEI also contained reduction
products originated from SO, such as Li,S and
lithium oxysulfur species. An extra merit of SO, as
an additive in electrolytes is the increase in ion
conductivity, which is caused by its high dielectric
constant and low viscosity.3° However, the obvious
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Figure 38. Effect of crown ethers on the irreversible
capacity. Voltage profiles of a graphite anode in 1.0 M
LiCIO4/EC/PC (1:1) electrolyte containing (a) 1.0 M 12-
crown-4, (b) 1.0 M 18-crown-6, and (c) no crown ethers.
(Reproduced with permission from ref 261 (Figure 3).
Copyright 1993 The Electrochemical Society.)

disadvantages of such an additive are the concerns
over corrosion and the environmental and safety
hazard issues related to the chemical nature of SO,.
Its instability on cathode materials has not been well
addressed either, since most of the published results
were obtained on lithium/graphite half-cells.

Besides CO, and SO, other gaseous species such
as N,O were also considered as additives,3’® but none
of these ideas seemed practical for the lithium ion
industry, because the application of such approaches
would certainly introduce an additional cost as well
as safety concerns for the commercial cells, especially
when increased internal pressure due to the gas
production during prolonged cycling had already
become a persistent problem for the manufacturers
of industry-size lithium ion cells.

In the early 1990s, Wilkinson and Dahn realized
that, in addition to enhancing ion conductivity, crown
ethers could also reduce the irreversible capacity
associated with the reduction process at 0.80 V when
the electrolyte was based on high concentrations of
PC.3%7 Shu et al. studied the phenomenon by using
12-crown-4 and 18-crown-6 as additives in LiClO,/
EC/PC and established the direct connection between
the decrease in gas evolution associated with the 0.80
V irreversible process and the addition of 12-crown-
4.3% As Figure 38 shows, the effectiveness of these
crown ethers in suppressing the PC cointercalation/
decomposition seems to be related to the cavity
size,?®! knowing that 12-crown-4 serves as a better
chelating agent for lithium ion than 18-crown-6.378
The authors suggested that, unlike most of the
additives that obey the empirical rule of the LUMO
energy level, a crown ether might not be chemically
involved in the formation of the SEI but rather affect
this process indirectly by means of preferential
solvation of lithium ions. Thus, the exclusion of PC
molecules from the solvation sheath rather than the
reductive decomposition of crown ethers is respon-
sible for the reduced irreversible process at 0.80 V.3%

Their hypothesis was confirmed by the work of
Aurbach and co-workers, who performed detailed FT-
IR investigations on the graphitic anode surface that
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Figure 39. Stabilization of a graphitic anode in 1.0 M
LiCIO4/PC electrolyte by 5% ES. For comparison, the
voltammograms of a graphitic anode in 1.0 M LiClO,/PC
electrolyte with 10% SO, were also shown. (Reproduced
with permission from ref 399 (Figure 3). Copyright 1999
The Electrochemical Society.)

was cycled in electrolytes containing 12-crown-4.2%0
Since the peaks corresponding to the possible reduc-
tion products of 12-crown-4 were absent in the
spectra, they concluded that the effect of crown ether
was not due to its participation in the buildup of the
SElI. Instead, the prevention of graphene exfoliation
was very likely due to the absence of PC molecules
in graphene interlayers, a direct result of its expul-
sion from the lithium ion solvation sheath. This was
even so when the concentration of 12-crown-4 was
only one tenth of the salt concentration. The ef-
fectiveness of 12-crown-4 in suppressing PC cointer-
calation/decomposition is further demonstrated by
the cycling of the graphitic anode in electrolytes
based on neat PC.?*° Considering that the main
signals collected from the anode surface during the
experiment were at ~1661 cm™?, which is character-
istic of the carbonyl stretching in lithium alkyl
carbonate, the authors suggested that PC was forced
to be reduced on the surface via a single-electron
process. This seemed to be in good agreement with
the previous report that only within graphene struc-
tures would PC likely undergo reduction via a two-
electron process and result in exfoliation.

Despite the highly efficient performance of crown
ethers in reducing the irreversible capacity at the
anode side, especially when PC-based electrolytes
were used, the toxic nature of these compounds still
prevented their application in commercial lithium ion
cells.

A sulfur analogue of EC, ethylene sulfite (ES), was
proposed as an additive for PC-based electrolytes by
Winter and co-workers,3% apparently because of its
structural similarity to EC and its potential, under
reductive conditions, to release SO,, a known additive
that effectively suppresses PC decomposition.395:3% As
the voltammetry in Figure 39 shows, ES in only 5%
presence successfully eliminated the exfoliation of the
graphite anode, whereas 10% SO, failed. The ir-
reversible process corresponding to the reduction of
ES occurred at ~2.0 V, lower than that of SO, by
~0.80 V; however, the quantity of charge associated
was much lower. According to the authors, the above
apparent gap between the reduction potentials of ES
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and SO, actually excluded the self-suggesting as-
sumption that the SEI-forming ability of ES should
stem from its tendency to release SO,, which in turn
participates chemically in the buildup of SEI in a
mechanism suggested by Ein-Eli et al.3%>3% Further-
more, the reduction of SO, was reversible, whereas
the reduction of ES did not seem to be, as evidenced
by the absence of any anodic current in Figure 39.

On the other hand, the attempt to use ES as a bulk
solvent proved to be unsuccessful because of the high
irreversible capacity caused by the reduction of ES,
although it looked like the reversible capacity associ-
ated with lithium intercalation was not affected by
the irreversible process at 2.0 V. Considering that
these results were obtained in an anode half-cell
where lithium was the excess material, one should
realize that the irreversible reduction of ES would
cost the capacity of a full lithium ion cell. Therefore,
ES should only be used as an additive at small
concentrations.

The anodic stability of the electrolyte was not
negatively affected by the presence of ES in LiCIO,/
PC, as evidenced by the cyclic voltammetry carried
out on the LiMn,O, surface. The onset of major
electrolyte decomposition, seemingly contributed by
the oxidation of PC, occurs at ~4.8 V, which would
allow the safe use of most state-of-the-art cathode
materials based on LiCoO,, LiMn,QOy, or LiNiO,. The
first cycling of the cathode half-cell, Li/LiMn,O,, was
shown in the report, but without the extended cycling
of this cell or full lithium ion cells.3%°

Among the various additives tested, vinylene car-
bonate (VC) might be the most famous in the lithium
ion research and development community, although
the number of publications related to it seems to be
rather small. Its importance can be evidenced by the
number of companies that vied for the patent rights
for it_4007402

The reactivity of VC apparently arises from its
polymerizable vinyl functionality and its structure
of high strain, which is caused by the sp?-hybridized
carbons on the ring (Tables 9 and 10).%°® The small
concentration of VC can effectively reduce the ir-
reversible capacity associated with the 0.80 V process
in almost any PC-based electrolyte,*® and its pres-
ence, even in bulk concentrations, does not constitute
any instability on the charged surface of either anode
or cathode materials. In the latter case, an electrolyte
of 1.0 M LiPFg/PC/VC performed reversibly up to 4.3
V with a LiMn;O, cathode.*® In a recent report
Aurbach and co-workers thoroughly described the
effect of VC as additive in electrolytes for lithium ion
cells based on the graphitic anode and LiMn,O, or
LiNiO; cathode, using various techniques including
EIS, EQCM, FT-IR, and XPS.%* According to the
voltammetry results of their work, there was no
discernible characteristic reductive process in volta-
mmetry that could be unambiguously assigned to the
reduction of VC on the graphitic anode, in sharp
contrast to the cases of other additives that showed
distinctive reduction processes at high potentials. The
only difference between VC-containing and VC-free
electrolytes was the much-reduced irreversible ca-
pacity at 0.90—0.80 V. This visual absence of the VC
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reduction process could be attributed either to the
possibility that the passivation of the graphitic anode
by the decomposition products was so efficient that
the reduction of VC only occurred to a trace extent
or to the possibility that the scan rate employed in
the experiments (1.0 mV s™1) was too fast for any
qguasi-equilibrium to be established between the
additive VC and the anode surface, the result of
which was the total drowning of the VC reduction
peak by the main event occurring at the lower
potentials. According to a separate voltammetry
study carried out on inert electrodes (Au and GC),
VC could be reduced irreversibly at 1.4 V.24

EIS results indicated that the impedance on a
graphite surface was much lower in the presence of
VC; however, at elevated temperatures (60 °C), it
became higher than those of VC-free electrolytes.
EQCM using a gold-plated quartz crystal detected
that the mass accumulation in VC-containing elec-
trolytes was higher by 50% as compared with the
cases of VC-free electrolytes during voltammetric
scanning between 3.0 and 0.5 V, indicating that the
reactive VC might be profoundly involved in the
formation of the SEI. The comparison between the
FT-IR spectra collected on both gold mirror and
graphite electrodes for VC-free and VC-containing
electrolytes further confirmed the participation of VC
with characteristic absorptions at ~3000 cm™1, rep-
resenting the possible existence of polymeric moieties
in addition to the alkyl carbonates observed com-
monly on a graphitic anode that was cycled in
carbonate-based solvents.

The surface chemistry of VC on graphite was also
semiquantitatively investigated by C 1s and F 1s
spectra in XPS analyses,*** as shown by Figure 40.
Apparently, the presence of VC drastically reduced
the content of LiF in the SEI, as indicated by the LiF
signal at 685 eV, which only appeared as a shoulder
for that of PVdF (anode binder) at 687 eV while it
was the predominant species in VC-free electrolyte.
On the other hand, the abundance of lithium alkyl
carbonate in the SEI as represented by the signal at
289 eV was increased with VC concentration. This
improvement of the SEI chemistry with higher
lithium alkyl carbonate content and lower LiF con-
tent was reflected in the increased stability of a VC-
containing electrolyte, which demonstrated a more
stable performance in a lithium/graphite anode half-
cell at an elevated temperature of 60 °C, while the
identical cell based on VC-free electrolyte suffered
constant capacity loss.*%*

The possible impact of VC on the stability of an
electrolyte at a cathode surface was also investigated
and no obvious negative effect of VC on either LiNiO;
(Figure 41) or LiMn,O4 was observed at up to 4.2 V.
A slight kinetic improvement due to the presence of
VC, as indicated by the better resolved peaks and
higher current response, was observed in the slow
scan voltammetry, as shown in Figure 41.4% FT-IR
studies on the cycled cathode surface indicated the
formation of surface species that were probably
oligomeric VC, originating from the cationic polym-
erization on the delithiated cathode surfaces.
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Figure 40. XPS C 1s and F 1s spectra of graphitic anodes
cycled in 1.0 M LiAsFs/EC/DMC electrolyte. 5% VC was
used as additive in the left spectra. Note the different scales
for the two F 1s spectra. (Reproduced with permission from
ref 404 (Figure 10). Copyright 2002 Elsevier.)

In conclusion, many authors believed that VC was
a rather effective additive for chemical modification
of the anode SEI. It not only reduced the irreversible
capacity during the initial charging process of lithium
ion cells, but it also improved the stability of the SEI
at elevated temperatures. Because of VC participa-
tion, the new SEI chemistry contained polymeric
species that stemmed from the reductive polymeri-
zation of VC, which was characterized by a high
content of alkyl carbonate functionalities. Compara-
tive studies of this additive in commercial lithium
ion cells proved that VC presence improved cycle life
performance.405-407

It should be mentioned that the commercially
available VC usually contained a small percentage
(<2%) of prohibitors that stabilized the reactive VC
from polymerizing upon storage. These compounds
were usually radical scavengers such as 2,6-di-tert-
butyl-p-cresol (DBC) or butylated hydroxytoluene
(BHT). Recently, reports pointed out that the pres-
ence of these prohibitors actually had a negative
impact on the anodic stability of VC on various
cathode materials, and VC of high purity was of vital
importance in obtaining reproducible performance in
lithium ion cells.404408
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Figure 41. Cyclic voltammograms of a LiNiO; cathode in
VC-free and VC-containing 1.0 M LiAsF¢s/EC/DMC elec-
trolyte at scan rates of (a) 0.50 mV s~tand (b) 0.1 mV s
(Reproduced with permission from ref 404 (Figure 11).
Copyright 2002 Elsevier.)

Another highly efficient additive for the anode SEI
is catechole carbonate (CC), reported by Wang et al.,
which has a benzene ring fused with a functionality
structurally similar to EC (Tables 9 and 10).377409
Like VC, in small percentage (~2%), it suppresses
the irreversible capacity due to PC decomposition/
cointercalation at 0.80 V and supports extended
cycling of the graphitic anode in LiPFs/PC/DEC. A
study on the concentration-dependence of this ir-
reversible capacity indicated that the optimum con-
tent of CC lies between 0.5% and 2%. The authors
postulated that the mechanism through which CC
stabilized the graphitic anode against exfoliation by
PC should involve the direct participation of CC in
the formation of the SEI, since its small concentration
does not allow for preferential solvation as crown
ether does. They further proposed that in electrolyte
solutions CC served as a radical scavenger and
guenched PC radical anions so that the continued
reduction of PC via a two-electron process was
inhibited.

The anodic stability of the electrolyte containing
2% CC was tested on a LiCoO, cathode, and no
obvious oxidative decomposition was observed. It
must be noted, though, that the above conclusion was
based on a voltammetry experiment conducted with
a relatively high scanning rate (15 mV s™%). The
performance test of the electrolyte LiPF¢/PC/DEC
with 2% CC in a full lithium ion cell was shown to
deliver a slightly fading capacity when cycling be-
tween 2.75 and 4.10 V.
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The continued efforts in this area in recent years
generated a series of reactive compounds as potential
candidates, which include halogenated species such
as bromo-y-yBL,%° other yBL derivatives,*! com-
pounds containing vinyl groups,*?42 and compounds
that belong to the succinimide family®’” (Tables 9 and
10). Most of these additives were reported to be
effective in reducing the irreversible capacities in the
first charge process, while some also successfully
eliminated the cointercalation of PC and avoided the
exfoliation of graphitic anodes. Among these works,
one interesting mechanistic study was carried out by
Matsuo et al., who employed a 3C NMR technique
to investigate the effect of yBL derivatives on lithium
solvation and found that PC molecule was excluded
from the solvation sheath of lithium ions by these
additives.*!! Thus, these authors suggested that yBL
derivatives might suppress PC decomposition via a
mechanism that combines both preferential solvation
as crown ethers do and direct chemical participation
as most of the other additives do, although the
preferential solvation effect would be negligible when
the concentration of these additives is far below 1.0
M.

The work on SEIl-modification additives is cur-
rently carried out throughout the lithium ion re-
search community, and candidates of new structure
are being tested in large numbers. As a result, the
major lithium ion manufacturers have applied vari-
ous additives in their electrolyte formulations. How-
ever, the lack of information in the open literature
makes the in depth and comprehensive review of this
new branch of electrolyte chemistry difficult.

8.2.3. Cathode: Overcharge Protection

Unlike the anode-targeted additives discussed in
the preceding part, the additives intended for cathode
protection have a much longer history than lithium
ion technology itself and were originally developed
for rechargeable cells based on lithium metal anodes
and various 3.0 V class cathode materials.

It has been long recognized that the accidental
overcharge of lithium cells would lead to irreversible
decomposition of electrolyte components, which is
mainly the oxidative decomposition of solvents on a
cathode surface and whose reaction heat and gaseous
products are responsible for the hazardous thermal
runaway. Since the overwhelming majority of the
charging protocols are based on cell voltage as the
indicator for the end-of-charge, such accidents are
especially likely to occur for multicell battery packs
in which cells with mismatched capacities are put in
series. To avoid the cell degradation or hazards
related to overcharging, cells for battery packs must
be handpicked to match a nominal capacity or each
individual cell within the pack must be regulated
externally with electronic devices, such as positive
temperature coefficient (PTC) resistors or integrated
circuits (IC). However, both remedies add to the
manufacturing cost and lead to a lower energy
density of the cells.

As an alternative, Abraham and co-workers pro-
posed an electrochemical mechanism built in the
electrolyte that is able to shunt the excess charge
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Figure 42. Schematic representation of the shuttling
occurring in an overcharged cell that is based on electro-
lytes containing redox additive as protection.

injected into the cell when overcharge occurs.414415
The mechanism, intended to prevent the oxidative
decomposition of electrolyte solvents at the cathode
surface, was based on a redox additive that has an
oxidation potential slightly lower than that of the
electrolyte anodic decomposition and would serve as
a current shuttle under the condition of overcharge,
as Figure 42 shows. On an overcharged cathode
surface, the redox additive would be transformed into
its oxidized form [O], which, via diffusion across the
cell electrolyte, would be reduced back to its original
(reduced) state [R] on the surface of a negatively
charged anode. Thus, the reversible nature of the
redox couple [R]/[O] would maintain the above cycle
of “oxidation—diffusion—reduction—diffusion” indefi-
nitely and hence lock the cathode potential at the
oxidation potential of [R] until termination of the
charge. Ideally, no permanent damage would be done
to the cell capacity during the redox shuttling, since
the Faradaic current was only carried by the revers-
ible redox reactions, while, energetically, the excess
charge injected would be neither stored in the
cathode nor consumed in reversible decompositions
but rather dissipated in the form of heat associated
with the shuttling current. Therefore, the net result
of the above redox shuttling mechanism during
overcharging could be viewed as a controlled internal
short, and the effectiveness of a certain redox additive
could be evaluated in terms of the maximum over-
charge current it can shuttle.

Narayanan et al. conducted a theoretical analysis
on the cell parameters that determined this maxi-
mum shuttling current.*'6 By assuming that the mass
transport of the redox couple [R]/[O] is mainly real-
ized by means of diffusion—which is reasonable
because the low concentration of [R]/[O] at the
additive level makes the field-assisted migration
negligible—they applied the finite linear diffusion
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approximation to gain the diffusion-limited steady-
state overcharge current i as

_nrapc P\ RT

I Ec_Eg
1+ exp nF?

where F, A, D, I, C, E;, and E; are the Faraday
constant, electrode area, diffusion coefficient for [R]
or [O], interelectrode spacing, total concentration of
the additive ([R] + [O]), single electrode potential of
the cathode, and formal potential of the redox couple
[R)/[O], respectively.

Obviously, when no overcharging exists (i.e., E; —
E¢ < 0), the shuttle current is negligible, while the
redox reaction remains not activated.

On the other hand, when overcharge does occur,
eq 12 could be much simplified on the condition that
E:. — E{> RT/nF, and eq 12 is transformed into

i=NEARE - (13)

(12)

The applied condition represents a relatively large
positive deviation of the single-electrode potential for
a cathode from the oxidation potential of the redox
couple [R)/[Q]. For a single-electron reaction at room
temperature, the above criterion for the deviation E.
— Eg corresponds to RT/nF = 0.026 V, and one
would therefore expect the simplification that leads
to eq 13 to hold true for most of the overcharge
situations encountered in practical applications.

Thus, eq 13 expresses the limiting overcharge
current that can be sustained by a particular choice
of redox additive and electrochemical conditions, and
it suggests that this maximum diffusion current igq
is independent of the cell potential or the formal
potential of the redox couple but is solely determined
by its concentration and diffusion coefficient in the
electrolyte. In the case that the overcharge current
becomes too high for the redox couple to shuttle, as
would happen when a large terminal voltage is
mistakenly set during constant potential charge, any
excess current over the maximal limit specified by
eq 13 would continue to delithiate the cathode
material and cause irreversible decompositions, and
safety hazards would eventually be caused by this
overflowing charge.

To maximize the current limit that could be shunted
by redox additives so that the occurrence of such
irreversible processes due to overflowing current
could be more efficiently suppressed, the redox ad-
ditive apparently should be present in the electrolyte
at high concentrations, and both its oxidized and
reduced forms should be very mobile species. Where
the criteria for selecting potential redox additives are
concerned, these requirements can be translated into
higher solubility in nonaqueous media and lower
molecular weight. In addition to solubility and dif-
fusion coefficients, the following requirements should
also be met by the potential redox additives: (1) the
formal potential of the redox couple [R]/[O] should
be lower than the onset potential for major decom-
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position of electrolyte solvents but high enough to
ensure a full utilization of cathode active mass; (2)
the electrochemical reversibility of the redox reac-
tions should not degrade discernibly within the time
frame of cell life; (3) the additive should be inert
before and after activation by overcharging (i.e., both
oxidized and reduced forms of the additive must not
react with any electrolyte components).

During the past two decades, the redox shuttle
mechanism has been influencing researchers as the
most promising solution to the challenge of cathode
overcharge, and among the limited number of pub-
lications, most of the additives were selected based
on their redox potentials.

The cathode materials employed for the early
lithium-based systems were 3.0 V class oxides or
sulfides; thus, the redox potential for the additive
should be located in the neighborhood of 3.2—3.5 V.
Accordingly, the first generation redox additive pro-
posed by Abraham et al. was based on the iodine/
iodide couple,**®> which could be oxidatively activated
at the cathode surface at 3.20 V and then reduced at
the lithium surface.#14415417-420 For most of the ether-
based solvents such as THF or DME that were used
at the time, the oxidation potential of iodide or
triiodide occurred below that of their major decom-
positions, while the high diffusion coefficients of both
iodine and iodide in these electrolyte systems (~3 x
107% cm? s71) offered rapid kinetics to shuttle the
overcharge current. Similarly, bromides were also
proposed.*8-420 However, this class of halide-based
additives were deemed impractical due to the volatil-
ity and reactivity of their oxidized forms (halogen).

The well-known redox compounds based on the
metallocene family, which are much more amicable
than halide/halogen couples, were also first investi-
gated by Abraham and co-workers as redox shut-
tles.#21:422-426 These organometallic complexes consist
of a metal core—usually Fe or Co—coordinated by two
cyclopentadieneyl ligands, as Table 11 shows, and
they are able to undergo reversible redox reactions
in the neighborhood of 3.2—3.5 V.21 The electron
exchange occurs through the change of valence orders
of the metal core; however, the formal potential of
this redox process not only varies with the metal core
but also is sensitive to the substitution on the
cyclopentadieneyl rings.*?* The number as well as the
chemical nature of the substituents (electron-donat-
ing or -withdrawing) could affect the potential by as
much as +0.30 V.%?” Theoretically, this substitution-
sensitivity offers a convenient tool to tailor the redox
potential of these metallocenes for various cathode
materials.422:425

Abraham et al. tested the performance of an
n-butyl-substituted ferrocene in a lithium/TiS; cell,
where LiAsF¢/THF or LiAsFs/2MeTHF was used as
an electrolyte. They found that, under overcharge
conditions, the voltage of the cell containing ferrocene
as an additive leveled off at 3.25 V, corresponding
well to its redox potential of 3.18—3.50 V, while the
reference cell without additive was overcharged up
to 5.0 V, corresponding to the decomposition of
THF.#?? No capacity loss was observed in successive
cyclings after the overcharge test, thus confirming
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Table 11. Cathode Surface Layer Additives: Overcharge Protection

Additive Structures Host Electrolyte Type Eonsed/ V Ref.
System
I'/T, LiAsF¢/THF Redox 32~3.5 414,415, 417~420
:;. - Rodox 3.18 421,422, 423
@ n-butylferrocene
:;. ’ LiAsFYEC/2-Me-THF  Rodox ~3.0 416
"’°© 1,1’-dimethylferrocene
Fo R = H, Bu, COCH;, COCgHs, LiASF(J/EC/PC ROdOX 3.09~3.55 429
o, SERSTTAR
ferrocene derivatives
N_\ Lilm/PEO Rodox 3.1
<@>N 431
N Na* 1,2,4-Triazole, Na salt
/ N
4—9—) Liln/PEO Rodox 2.5 431
N Na* imidazole, Na salt
NC
@m Lilm/PEO Rodox 2.9 431
1,3,5-tricyanobenzene (TCB)
NC CN
>=<:>=< Lilm/PEO Rodox 35 431
NC CN
tetracyanoquinodimethane (TCNQ)
/@im i /@E“"! LiPF¢/PC/DMC Rodox 3.93~4.27 432,434
X OCH; oo oCH; HyCO X
X=F, Cl or Br
substituted benzenes
0 o]
R Gas/CID* >4.0 48b, 440
\O)ko)ko/R
pyrocarbonate
©_<:> Gas/CID >4.0 48b, 440
cyclohexylbenzene

CID: current interrupter device activated by internal pressure.

that the additive based on ferrocene had little del-
eterious effect on the stability of the cell components.
These promising results initiated a new round of
research activities based on structural modifications
on the cyclopentadieneyl rings.4?5-429

In a systematical study, Golovin et al. investigated
a series of metallocene derivatives in terms of their
redox potentials, mass transport properties, and
chemical and electrochemical stabilities in both elec-
trochemical test cells and commercial-size AA re-
chargeable cells.*?® Figure 43 shows the complete
voltammetric scan of the ferrocene-containing elec-

trolyte on a GC working electrode, where the peaks
indicated as O2 and O3 represent the oxidation of
cyclopentadieneyl rings and electrolyte solvents,
respectively, while R2 and R3 stand for the reductive
decomposition of electrolyte solvents and the deposi-
tion of lithium from solution. Obviously, on the anode
side, the limit was set by the lithium deposition, as
the reduction of solvents only occurs in the first
charging cycle in a lithium-based cell. The anodic
limit, on the other hand, was imposed by the O2. The
redox potential of the shuttle agent ferrocene was
indicated by a pair of closely located peaks [R1]/[O1]
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Figure 43. Cyclic voltammograms of 0.08 M ferrocene in
1.0 M LiAsF¢/EC/PC conducted at 20 mV s, (Reproduced
with permission from ref 429 (Figure 2). Copyright 1992
The Electrochemical Society.)
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Figure 44. Voltage profile of overcharged Li/LiyMnO, AA
cells containing different substituted ferrocenes as redox
additives in 1.0 M LiAsFs/EC/PC: (A) reference; (B) fer-
rocenyl ketone; (C) dimethylaminomethylferrocene; (D)
ferrocene; (E) n-butylferrocene. (Reproduced with permis-
sion from ref 429 (Figure 6). Copyright 1992 The Electro-
chemical Society.)

at ~3.25 V, which occurred reversibly. With various
substitutions on the cyclopentadieneyl rings (Table
11), the redox potential could be adjusted to occur in
the range 3.09—3.55 V. For cathode materials based
on LiyMnO,, whose potential at full charge is 3.50 V,
these substituted ferrocenes could make feasible
candidates as redox additives, since their redox
potentials can be adjusted to be between those of the
major oxidative decomposition of electrolytes (>4.0
V) and the cathode full utilization (3.50 V).

The effect of these ferrocene-based additives on
overcharge protection is shown in Figure 44, where
AA cells based on lithium, LixMnO,, and electrolytes
with or without additives were overcharged. In the
absence of these redox shuttles (A), the cell voltage
continues to rise, indicating the occurrence of major
irreversible decompositions within the cell whereas
the presence of shuttle agents (B—E) locks the cell
potential in the vicinity of their redox potentials
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indefinitely. The successive cyclings of these over-
charged cells showed that no adverse effect was
caused by these ferrocene additives on cycle life.
Furthermore, the reversibility of the redox reactions
and the long-term stability of them with respect to
other cell components were also tested. The authors
had observed over a hundred “turnovers” of these
ferrocene shuttles in the cell while demonstrating a
reversible shuttle effect, and prolonged cyclings of
these cells showed excellent cycle life, indicating the
good compatibility between ferrocene additives and
the bulk electrolytes.

The practical importance of overcharge protection
by these ferrocene additives was further confirmed
with a battery pack in which cells with mismatched
capacity were intentionally connected in series and
subjected to overcharge.*?” As expected, the added
ferrocene acted to prevent the cell with low capacity
from being overcharged as the other cell continued
to charge. At the end of the charge, all cells had
attained essentially the same state-of-charge, and
successive discharge and recharge showed excellent
cycling characteristics, despite the mismatched ca-
pacities in the pack. If no redox additives were used,
such mismatch in capacity would result in poor cycle
life or even hazards.

The ability of these ferrocenes as carriers for
shuttling current through the cell was determined
by charging the cell with a constant current at the
fully charged state (3.5 V). When the interelectrode
spacing was between 25 and 50 um, the limiting
shuttle current of these ferrocenes was found to be
as high as 2.0 mA cm=24°

One adverse effect of these additives on cell per-
formance seemed to be related to their blocking of
ionic paths on the surface of cathode materials, as
indicated by the reduced power capabilities in the
presence of ferrocenes. Analysis on the concentration
changes of ferrocene additives in the electrolyte
solutions before and after their exposure to cathode
materials established that an adsorption of ferrocene
species occurred on the cathode surface, 93% of which
would be covered when as low as 0.3 M ferrocenes
were present in the electrolyte solution.*?® This
surface deactivation resulted in the loss of both rate
capability and capacity.

Redox shuttles based on aromatic species were also
tested. Halpert et al. reported the use of tetracyano-
ethylene and tetramethylphenylenediamine as shuttle
additives to prevent overcharge in TiS,-based lithium
cells and stated that the concept of these built-in
overcharge prevention mechanisms was feasible.*3°
Richardson and Ross investigated a series of substi-
tuted aromatic or heterocyclic compounds as redox
shuttle additives (Table 11) for polymer electrolytes
that operated on a Li,Mn4,Og cathode at elevated
temperatures (85 °C).“3! The redox potentials of these
compounds ranged between 2.8 and 3.5 V, and like
ferrocene-based additives, they are only suitable for
cathode materials of low voltage.

Accompanying the commercialization of lithium ion
technology, the emergence of 4.0 V class cathode
materials based on spinel, LiCoO,, and LiNiO, pre-
sents a more stringent requirement for the selection
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of shuttle additives, since few redox couples could
undergo reversible turnover at such high potentials
near 4.0 V. Among those few were some organome-
tallic complex compounds with Fe, Ru, Ir, or Ce as
metal cores and phenanthroline or bipyridine as
ligands. Their redox potentials were found to be in
the vicinity of 4.0 V, and like ferrocenes, fine adjust-
ment in the redox potential could be realized by
varying the chemical nature, number, and relative
positions of the substituents on the aromatic rings.*3?
However, these complexes had very limited solubili-
ties (<50 mM) in nonaqueous media, which, in
combination with their large molecular weight and
size (hence, low diffusion coefficient), contributed to
a low shuttle current limit. Tests in a cathode half-
cell using LiPF¢/PC/DMC showed that under over-
charge the hike in cell voltage was only delayed, but
not locked, at the level of the redox potential, appar-
ently due to the low limiting diffusion current that
these organometallic redox additives can carry.*3?

Inspired by earlier reports that some substituted
aromatic compounds can be reversibly reduced and
oxidized in the neighborhood of 4.0 V,*33 Adachi et
al. focued their attention on a series of anisole-based
compounds, which have two methoxy substituents
and one halogen substituent on the benzene ring
(Table 11).432 The high solubility of this class of
organic compounds in carbonate-based electrolytes
makes them a family of more promising candidates
than the metal complexes. The cyclic voltammetry
of one of those potential redox additives, 4-fluoro-1,2-
dimethoxybenzene, was shown in Figure 45a. Of the
two electrochemical processes, as represented by the
two pairs of peaks located between 4.0 and 4.75 V,
the one on the positive side is similar to the charac-
teristic profile of a reversible redox couple as judged
by the separation of the anodic and cathodic peaks
as well as their shape. Similar behavior was also
observed for bromo-substituted counterparts with
higher shuttle voltage.

A correlation was found between the reversibility
of these redox couples and the relative positions of
the two methoxy groups. Among the various anisole
compounds investigated, only those with the two
methoxy groups at 1,2- (ortho-) and 1,4- (para-)
positions showed reversibility at the 4.0 V region,
while 1,3- (meta-) counterparts were oxidized ir-
reversibly, as indicated by the absence of the corre-
sponding reduction process in Figure 45b. The au-
thors proposed that the stabilization of the oxidized
product by methoxy substituents plays an important
role in determining whether the reaction is revers-
ible. Similar to the rationale for the aromatic elec-
trophilic substitution that is familiar to organic
chemists, the canonical structures of the possible
oxidized states with the largest contribution are used
to explain this stabilization effect by substitutes, as
shown in Scheme 28.

It was assumed that, during an oxidation of these
aromatic moieties, an electron would be removed
from the aromatic ring at the location where the
electron-donating methoxy is positioned. Whether
this oxidation is reversible critically depends on the
stability of the produced cationic product. On the
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Figure 45. Cyclic voltammetry of (a) 4-halo-1,2-dimethoxy-
benzenes (Reproduced with permission from ref 432 (Figure
8). Copyright 1999 The Electrochemical Society.) and (b)
1,3-dimethoxybenzenes in LiPFs/PC/DMC on Pt (Repro-
duced with permission from ref 432 (Figure 9). Copyright
1999 The Electrochemical Society.)

other hand, the stability of this cationic product relies
on the effectiveness of the delocalization of the formal
charge. Apparently, the lone pair of electrons on the
methoxy oxygen can effectively contribute to this
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Scheme 28. Effect of Methoxy Relative Position on the Stabilization of the Oxidized State of Anisole Redox
Additives: (a) 1,2-Methoxybenzene, Whose Oxidized Product Was Stabilized by the Neighboring Methoxy;
(b) 1,3-Methoxybenzene, in Which the Meta Methoxy Fails To Stabilize the Dianion
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delocalization if the methoxy is at either ortho-
(Scheme 28a) or para-positions (not shown in Scheme
28), while the methoxy at the meta-position (Scheme
28b) cannot. In this sense, the unstable oxidized
product from the meta-substituted compounds would
act like an intermediate and readily undergo further
side reactions, thus rendering the original oxidation
irreversible. The position of the halogen does not
seem to be important, as long as the two methoxy
groups are either para or ortho to each other;
however, its presence is critical, since 1,4-dimethoxy-
benzene itself shows no reversible redox behavior.
Thus, the role of the halogen in affecting the stability
of the cationic species remains unclear. Nevertheless,
the empirical structure—property relationship dis-
covered by the authors for the anisole family could
serve as a useful guideline for the future selection of
redox additives.

Overcharge tests were carried out in LiCoO; cath-
ode half-cells that contained these additives, and a
redox shuttle effect was observed between 4.20 and
4.30V, close to the redox potentials of these additives.
The same shuttling effect was observed even after 2
months of storage for these cells, indicating the
stability and redox reversibility of these additives.
A closer examination of the capacity retention re-
vealed that 4-bromo-1,2-dimethoxybenzene seemed
to have the best shuttle-voltage performance for the
4.0 V lithium cell used.**? The stability of these
additives against reductive decomposition was also
tested by the authors on metallic lithium as well as
on carbonaceous anodes, and no deterioration was
detected.

A convincing analysis carried out in this work
established a direct connection between the shuttle
current and the thermal effect in the cell, and it helps
us to understand energetically the mechanism by
which redox additives worked as shuttle carriers. As
Figure 46 shows, calorimetric measurement was
performed on cells that were being overcharged
simultaneously, while the voltage profiles and heat
flows were plotted together to reveal the correlation.
In the reference cell, where no additive was present,
there was no heat flow until the very end of the
charge, where electrochemical decomposition of the
electrolyte solvents and the thermal reaction between
cathode and electrolyte would occur. On the other
hand, the obvious thermal effect could be detected
for the test cell containing 4-bromo-1,2-dimethoxy-

®OCH,

OCH, Q
©\ - -

®OCH,

.

benzene as soon as the cell voltage leveled off because
redox shuttling started. This suggests that the cur-
rent supplied over 4.3 V (or after 60 h) is neither
stored in the cathode nor consumed by irreversible
decompositions. Rather, the shuttling redox couples
convert this part of the current into heat during their
repeated movement across the cell. In other words,
during the course of shuttling, no work is done by
the current to change the state-of-charge in the
cathode, and all of the current supplied is dissipated
by the diffusion of [O] and [R] species of the redox
additive.
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Figure 46. Correlation between the voltage profiles and
heat flow of a cell under overcharge: cells with 100 mM
4-bromo-1,2-dimethoxybenzene (solid lines) and reference
cell (dashed lines) (Reproduced with permission from ref
432 (Figure 17). Copyright 1999 The Electrochemical
Society.)

Following Adachi et al., aromatic compounds with
similar functionalities were proposed for polymer
electrolytes as redox shuttle additives, which in-
cluded bipyridyl and biphenyl carbonates and di-
fluoroanisoles.*8434 All these additives could protect
the cathode from overcharging in the vicinity of 4.1
V_434

Other less prominent types of additives, also in-
tended for overcharge protection, were termed “shut-
down additives” in the battery industry based on
their tendency at high potentials to release gas,
which in turn would activate a current interrupter
device (CID), or to polymerize and block the ion
passage in the electrolyte. The former included such
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compounds as pyrocarbonates,*®® biphenyl, 8435436
cyclohexylbenzene,*®® and phenyl-tert-butyl carbon-
ate,*¥” while the latter include biphenyl and other
substituted aromatic compounds.*3#43° Related pub-
lications on these additives have been absent except
for patent disclosures and conference presentations.
However, according to Yoshino et al., some of these
additives have been used in commercial lithium ion
cells for several years.*®44 The major difference
between these additives and the redox shuttles is
that, once activated by the cathode potential, the
gassing or polymerizing of these additives terminates
the cell permanently, while the operation of redox
additives is nondestructive, at least theoretically.
Since the redox additives have a maximal current
limit defined by their diffusion coefficient and con-
centration, the presence of the gassing- and polymer-
izing-type additives would serve as a more reliable
line of defense against catastrophic failure from
overcharging. Therefore, the integration of multiple
additives of different types into a single electrolyte
seems to be a feasible approach on the condition that
the destructive additives should have higher activa-
tion potential.

8.3. New Electrolyte Components

The modification of electrolytes via additives is
attractive to industry as an economical approach;
however, its impact on electrolyte performance is
mainly restricted to tuning interfacial-related prop-
erties because of their small concentration in the
electrolyte, while other challenges for the state-of-
the-art electrolytes such as temperature limits, ion
conductivity, and inflammability are still determined
by the physical properties of the bulk components.
Improvements in these bulk-related properties can
only be realized by replacing the bulk components of
the electrolytes with new solvents and salts, but such
efforts have been met with difficulty, since more often
than not the improvement in the individually tar-
geted properties is achieved at the expense of other
properties that are also of vital importance to the
performance of electrolytes. Such “collateral damage”
undermines the significance of the improvements
achieved and, in some cases, even renders the entire
effort unworthy.

Nevertheless, research activities in this arena
continue to be driven by the potential commercial
interest that might arise from any possible replace-
ment of the state-of-the-art electrolyte components.
Realizing that the probability of success is rather
limited with any radical change of the entire elec-
trolyte system, an increasing number of researchers
on novel electrolytes are adopting the current state-
of-the-art electrolytes as the platforms for innovation
and attempting to approach the targeted improve-
ments without serious sacrifices in the well-estab-
lished merits, which at least should include (1) facile
ion transport as characterized by ion conductivities
above 5 mS cm™! at room temperature, (2) electro-
chemical stability on both carbonaceous anode and
metal oxide cathode materials in the range 0—5 V,
(3) inertness to other cell parts such as packaging
materials and anode and cathode current collectors,
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(4) wettability toward porous separators as well as
electrode materials, (5) relatively low toxicity, and
(6) relatively low cost.

This section reviews these research efforts in the
past decade on developing new solvents and lithium
salts for nonaqueous electrolytes of lithium ion cells,
but the cosolvents or additives developed for non-
flammable electrolytes, most of which are phosphorus
or fluorinated molecules, are not included, since their
presence is intended for improvement in safety rather
than performance. They will be reviewed in section
8.5.

With few exceptions, these new electrolyte solvents
focus on possible improvements in low-temperature
performance, while new salts are intended to offer
higher thermal stability. This divided directions of
pursuit after the targeted improvements is appar-
ently created by the fact that solvent and salt,
respectively, impose the upper and lower tempera-
ture limits of the current state-of-the-art electrolytes.

8.3.1. Nonaqueous Solvents

The state-of-the-art electrolytes use mixtures of
cyclic and acyclic carbonates as solvents, whose
functions are to solvate lithium salts and to facilitate
lithium ion transport, respectively. The key cyclic
solvent, EC, is also responsible for forming a protec-
tive SEI on graphitic anodes and probably a similar
surface layer on metal oxide cathodes. However, this
indispensable solvent simultaneously sets the narrow
range of service temperature for these electrolytes
with its high melting point, while its replacement by
other low-melting solvents such as its structural
analogue PC is often rendered difficult by the re-
quirement for SEl-forming ability. The attempts at
solving this dilemma have been directed at the
structural modification of either EC or PC so that a
balance between low melting point and favorable
interfacial chemistry could be reached.

On the other hand, the linear carbonates used in
the state-of-the art electrolytes, DMC, DEC, and
EMC, serve as diluents to the high-melting and
viscous EC. They have been known to be unsuitable
as single solvents because of their inability to solvate
lithium salts as well as their instability on the
oxidizing surface of cathode materials, while the
gassing of lithium ion cells during long-term cycling
is also believed to arise from them. However, any
possible replacements for linear carbonates to serve
as cosolvents with EC or PC should at least possess
the major prerequisites of lower viscosity and lower
melting point.

Preferably, the new solvents are also expected to
possess better stability or ability in interfacial chem-
istry on both anode and cathode materials so that
the new electrolyte formulation can rely less on EC;
or they are expected to be less inflammable, as a
major shortcoming of the linear carbonates is their
low flash points (Ty) (Table 1). In the search for new
solvents, fluorination has been adopted as a favorable
approach to achieve improvements in these two
aspects because the presence of C—F bonds in organic
molecules is found to affect interfacial chemistry on
carbonaceous anodes in a positive manner,**-443 and
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Solvent Structures Remarks Ref.
O X=Cl, Halogen-substitution lowers m.p. and improves SEI-
)=o0 b . 446, 447, 449
CF3 formation ability;
X (Y . . 442, 452
. high self-discharge rate from CIEC;
cyclic carbonates 443. 453
toxicity remains unknown. ’
E>:o Unique match with LiBF,. 123, 208, 133, 458~460
o YBL
[o}
)k (CHy)H n=0-7 Better low-temperature performance. 406, 461~463
H(CHy)~ o~ T emT m=1-4
linear esters
[o]
)k n=1~7 Better low-temperature performance; 464, 465
X(CF,), 0/(CH2)mH m=1~2
" X=ForH better SEI-formation ability;
fluorinated esters lower inflammability.
o 1
R'= CH3, CH,CHj,
R )k _R? CH,CH,CHy, CH,CFy Better low-temperature performance; 466
o o 5 better SEI-formation ability;
R? = CH,CF3, CH(CF3),
lower inflammability.
fluorinated carbonates
o
g Reccrs Resistive SEI; 466
N o~ R CH(CF3), i
/ low capacity.
fluorinated carbamates
‘F:H
R PN
o~ (CH2InOl n Ez X R alkyl | Improved SEI chemistry; 441
. . X =F or Rg | increased safety under thermal abuse.
X G _MCHInOlCo X
C [} C
FH FH
fluorinated ethers
o\a /O\/\/o\B _o. . o
(I) |J Moderate ion conductivity; 467
o.
higher t;;
glycol borate ester (BEG) good anodic stability on Pt.
[e]
R1—!—Rz R'=Me High ion conductivity;
R?=Et, Pr, iBu, Ry good anodic stability on cathode materials; 75,314
sulfones alkyl fluorination improves SEI chemistry on
graphite.
R1 o] R3
\N ﬂ N/ R'™ = alkyls, alkoxyls, Moderate ion conductivity; 468
/ “ \ alkyoxyalkyls . .
R? R poor anodic stability on Pt.
sulfamides

many organofluorine compounds act as flame-retar-
dants.*#4445 Table 12 summarizes the novel electro-
lyte solvents according to their structural cyclicity.

8.3.1.1. Cyclic Solvents. Halogen substitution on
the carbonate ring of EC and PC is postulated to
serve the dual purpose of lowering melting temper-
ature by breaking the molecular symmetry and
improving the SEI-forming ability. Shu et al. used
chloroethylene carbonate (CIEC) as a cosolvent for
PC and found that an effective and protective SEI
could be formed on a graphitic anode, with the

Coulombic efficiency in the first charging cycle com-
parable to that of the commercial electrolytes for
lithium ion cells.46447 The potential plateau at 0.80
V, characteristic of the reductive decomposition of PC,
was completely eliminated due to the presence of
CIEC, while a new process was observed at 1.70 V.
When taking the irreversible capacity in the first
cycle as a metric, the optimum concentration of CIEC
was determined to be 30 vol %,*® although in a
ternary solvent system containing EC, its concentra-
tion could be minimized to 5%.%4” Further electro-
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chemical studies confirmed that CIEC forms a com-
pact and uniform SEI on the surface of the graphitic
anode that can prevent the cointercalation of PC and
the subsequent exfoliation of graphene even in PC-
rich electrolytes,*49450451 and the origin of this effec-
tive interfacial chemistry seems to be the reductive
decomposition of CIEC at 1.70 V, which generates
CO; as a major intermediate, as indicated by the
conspicuous absorption at 2341 cm™1 in in situ FT-
IR spectra.**® The fate of CO; is yet unclear, but a
strong possibility is its further reduction into lithium
alkyl carbonate as a major component of the new SEI.
Since this process occurs at a potential far above that
of PC cointercalation, graphitic materials could suc-
cessfully be used in CIEC/PC mixed solvents. Natu-
rally, such a formulation without EC should offer
much better performance at subzero temperatures.

The tests in full lithium ion cells, however, yielded
less than satisfactory results.**” Despite the stable
cell life observed during the test of >800 cycles, only
92% Coulombic efficiency was achieved, as compared
with the 98+% Coulombic efficiency for the corre-
sponding anode half-cells. Initial suspicion about the
anodic instability of CIEC was excluded, because this
less-than-ideal efficiency did not lead to obvious
capacity fading, and cyclic voltammetry carried at
high potentials up to 4.2 V showed no discernible
oxidation of CIEC, suggesting that CIEC is at least
as stable as EC on the cathode surface. Therefore,
the above loss in charge efficiency should come from
the combined presence of both anode and cathode
materials. Shu et al. thus proposed a shuttle-like
mechanism in which CIEC was reductively cleaved
on a carbonaceous anode, yielding the organic prod-
ucts related to alkyl carbonates and LiCl. Since LiCl
is weakly soluble in nonaqueous media, chloride
would diffuse to the cathode surface and be oxidized
into Cl,. This internal chemical shuttling process
between the anode and cathode surfaces consumes
charges, and its reversibility accounts for the con-
stantly low Coulombic efficiency during long-term
cycling tests. This internal self-discharge mechanism
is obviously undesirable and eventually rendered
CIEC an impractical cosolvent.

Considering the virtually zero solubility of LiF in
nonaqueous media, McMillan et al. synthesized the
fluorinated counterpart of CIEC.44? As expected, the
shuttle phenomenon was eliminated because of the
fluorination, as evidenced by the quantitative Cou-
lombic efficiency, while a similar SEI effect was
maintained, since FEC/PC mixed solvent can support
reversible lithiation/delithiation of the graphitic an-
ode materials. However, capacity was observed to
fade by 37% in 200 cycles. Follow-up work on this
solvent has been minimal.*%?

Similar structural modification was also performed
on PC. Trifluoropropylene carbonate (TFPC) was
synthesized in the hope that a novel electrolyte free
of linear carbonates could be formulated with im-
proved safety in the case of fire.#43453 Like CIEC and
FEC, it is liquid at room temperature with a high
flash point (134 °C), but its high viscosity results in
slower ion transport within the electrolytes, because
the maximum ion conductivity at room temperature

Xu

achieved by these cyclic-only electrolytes is 6.6 mS
cm™? (for LiPFs in TFPC/EC 1:3) and in neat TFPC
it is only ~3.0 mS cm™'. On the other hand, EIS
studies carried on anode half-cells found that the
CIEC/TFPC couple forms the least resistive SEI film.
While the electrochemical behavior of neat TFPC was
not described, the cathodic stability of the electrolytes
based on mixed solvents, TFPC/CIEC and TFPC/EC,
was tested with a graphitic anode, and no reductive
processes characteristic of TFPC were visible, in
addition to those of CIEC (1.70 V) and EC (0.60 V).
Similar to the cases of CIEC and FEC, its presence
did prevent PC cointercalation, but the irreversible
capacity associated with PC decomposition still ac-
counted for ~132 mA h g~* of the irreversible capacity
in the anode half-cell, which was ~40% of the total
charge. Spectroscopic means, including XPS and FT-
IR, were used to analyze the SEI chemistry on the
anode, and the presence of a C—F bond was identi-
fied, indicating the decomposition products of TFPC
do constitute part of the SEI. Cycling performance
of these electrolytes was tested in anode and cathode
half-cells, but no data on full lithium ion cells were
shown.*53

Among the limited choices of candidates intended
to replace cyclic carbonates, y-butyrolactone (yBL)
seemed to be the most promising and therefore
closest to practical application. yBL has long been
considered a possible component for electrolytes in
lithium/lithium ion cells due to its moderately high
dielectric constant, relatively low viscosity, EC-like
structure, and excellent solvating ability.*54-4%6 |ts
reductive behavior has been studied on inert elec-
trode surfaces,?%82% |ithium surfaces,???%” and graph-
ite surfaces.’?® Unfortunately, in the early era of
lithium ion technology, Aurbach and co-workers had
found that yBL/LiAsFs solution failed to perform
satisfactorily in lithium ion cells based on the graph-
ite anode unless under an atmosphere of CO,, thus
diminishing its possible application.? Detailed mecha-
nistic studies attributed the failure to metallic lithium
deposition on the carbonaceous anode surface and the
subsequent reaction with yBL, which was made
possible by the high resistance of the SEI formed in
yBL-based electrolytes.'’”

The publications related to the use of yBL as an
electrolyte solvent for lithium ion cells have been
scarce until recently, when a Japanese group from
Toshiba reported the electrolyte based on a solution
of LiBF, in yBL/EC mixtures for laminated thin
lithium ion cells.'334%8 This new formulation, when
used in combination with a graphitic carbon fiber,
exhibited stable cell performance with 94% Coulom-
bic efficiency in the first cycle. Most importantly, it
afforded much higher thermal stability than the
electrolytes based on LiPFg solutions, since storage
of the cell at full state-of-charge (4.20 V) at 85 °C only
led to negligible capacity loss. The low-temperature
performance was also much improved as compared
to the cases of state-of-the-art electrolytes, with 88%
of the nominal capacity retained at —20 °C at the
drain rate of 0.5 C. Since the new formulation is free
of linear carbonates, its tolerance against thermal
abuse should be superior to that of the current
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Figure 47. Voltage profile of graphitic anode in LiPFg and
LiBF, solutions in yBL/EC (1:1). (Reproduced with permis-
sion from ref 460 (Figure 1). Copyright 2003 The Electro-
chemical Society.)

commercial lithium ion cells. Preliminary results
showed that the gassing of this new electrolyte is
much less severe, and an independent study employ-
ing the in situ DEMS technique confirmed that the
dominant participation of yBL in SEI formation
reduced the gas evolution by forming a y-alkoxy-$-
keto ester:4%°

o L*o

Lio S/

The spectroscopic identification of the j-keto ester
and the reduction mechanism leading to it have been
previously described by Aurbach and co-workers
when studying the surface chemistry of yBL-based
electrolytes on various electrodes polarized to low
potentials.123.208,209

Interestingly, all the above improvements seemed
to be unexpectedly achieved from components (LiBF,4
and yBL) that were already tested individually and
considered inferior in performance to the commonly
used LiPFs and various carbonates. According to a
more recent publication, this unique match between
LiBF, and yBL originates from some interactions
between the two that are not yet understood.*6° For
example, among the five salts investigated that
included LiBF,, LiPFg, LiAsFg, Lilm, and LiClOy,
only LiBF, in yBL/EC supported reversible lithium
intercalation/deintercalation with capacities close to
the theoretical value, as Figure 47 shows. Other salts
seemed to suffer from a highly resistive surface film
on the graphite surface, which worsened with cycling
number. Although extensive characterizations were
carried out with techniques such as XRD, SEM, and
XPS, the nature of this interaction remains unclear.

8.3.1.2. Linear Solvents. For novel solvents that
are intended to replace linear carbonates, the em-
phasis was placed on such properties as melting
temperature, viscosity, and inflammability of the
solvents. As Table 12 shows, these solvents can be
roughly classified into four groups: (1) linear esters
or carbonates,*064617463 (2) fluorinated esters,*6445 (3)
fluorinated carbonates,*s® and (4) fluorinated ethers.**

Like linear carbonates, none of these linear esters
were used as single solvents but rather as cosolvents
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with cyclic components including EC and PC. Binary,
ternary, and even quaternary compositions were
formulated with these esters, and improvements of
low-temperature performance were described.*06:461-463
According to Herreyre et al., ternary compositions
based on ethyl acetate (EA) and methyl butyrate
(MB) demonstrated electrochemical stability up to
4.85 V on the cathode surface at 60 °C, while the
compositions containing lower molecular weight meth-
yl acetate (MA) deteriorated.*%® Similar conclusions
were drawn by Smart et al., who investigated a series
of linear esters and carbonates as low-temperature
electrolyte components and found that a desirable
SEI (i.e., less resistive and protective) could only be
formed when esters of higher molecular weight were
used, although esters of lower molecular weight could
afford higher bulk ion conductivity at low tempera-
tures because of their lower viscosities.*%? Judged on
the basis of the reversible capacity in the first charge
cycle achieved by a graphite anode in quaternary
electrolytes, LiPFs/EC/DEC/DMC/ester, the esters
with longer alkyl chains were obviously superior to
the ones of lower molecular weight:

ethyl propionate (EP, 340.75mA h g™ %) >
ethyl butyrate (EB, 309.46 mA hg %) >
MA (2365 mAhg ™) > EA(2142mAhg™)

The above cell performance order is almost the
reversal of that for the low-temperature ion conduc-
tivity, which clearly shows the decoupling of inter-
facial properties from bulk properties. Thus, Smart
et al. concluded that the nature of the SEI instead of
bulk ion conductivity plays the key role when new
solvents are selected.

To improve the thermal stability of electrolytes
against lithium metal electrodes, various fluorinated
organic solvents were tested as electrolyte solvents
(Table 12).441464-466 Eor example, Yamaki et al.
introduced a series of partially fluorinated esters in
which the fluorination was conducted on the carboxy-
lic acid section and used them as single solvents for
electrolytes,*®> while Smart et al. synthesized a series
of partially fluorinated carbonates for similar pur-
poses.*®® When compared with their nonfluorinated
counterparts, the presence of fluorination in these
molecules was reported to result in lower melting
points, higher anodic stability, increased safety, and
favorable SEI-forming characteristics on metallic
lithium or graphitic anodes. For fluorinated carbon-
ates a number of electrochemical techniques such as
Tafel polarization and micropolarization confirmed
that facile kinetics of lithium ion intercalation were
made possible because of the new SEI chemistry
imparted by those fluorinated solvents. In terms of
interfacial resistance and utilized capacity, fluori-
nated carbonates are generally superior to the flu-
orinated carbamates studied (Table 12).466

8.3.1.3. Other Novel Solvents. In addition to
molecules based on carboxylic and carbonic esters,
other types of organic polar compounds were also
explored as possible solvent candidates but with
limited success. Zhang and Angell synthesized a
dimeric glycol ester of boric ester (BEG, Table 12) in
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the hope that the electron-deficient boron of the
molecule would assist in dissociating lithium salts
and coordinating with anions.*6” The solvent, despite
its high viscosity, can dissolve various lithium salts
to appreciable concentrations, and it exhibited par-
ticular stabilization of metallic lithium at elevated
temperatures up to 100 °C. With EC as cosolvent,
the electrolytic solution of LiClO4 and Lilm showed
moderate ion conductivities on the level of 1073 S
cm~L. The anodic stability of the electrolytes based
on this borate ester was measured on a Pt electrode,
and a wide electrochemical stability window of ~5.8
V was reported. The cathodic stability of the borate
ester on graphitic anode material was also confirmed
by cycling an MCMB electrode in an electrolyte
LiClO, in BEG/EC, which vyielded stable cycles.
Considering the high viscosity of both solvent com-
ponents used in the study, the above cell test results
appear to be promising, but better results could be
achieved if conventional diluents such as linear
carbonate were used. However, no further work has
been reported on this interesting solvent.

Choquette et al. investigated the possibilities of
using a series of substituted sulfamides as possible
electrolyte solvents (Table 12).468 These compounds
are polar but viscous liquids at ambient temperature,
with viscosities and dielectric constants ranging
between 3 and 5 mPa s and 30 and 60, respectively,
depending on the alkyl substituents on amide nitro-
gens. The ion conductivities that could be achieved
from the neat solutions of Lilm in these sulfamides
are similar to that for BEG, that is, in the vicinity of
1073 S cm™L. Like BEG, it should be suitable as a
polar cosolvent used in a mixed solvent system,
though the less-than-satisfactory anodic stability of
the sulfamide family might become a drawback that
prevents their application as electrolyte solvents,
because usually the polar components in an electro-
lyte system are responsible for the stabilization of
the cathode material surface. As measured on a GC
electrode, the oxidative decomposition of these com-
pounds occurs around 4.3—4.6 V when 100 ¢A cm™2
was used as the cutoff criterion, far below that for
cyclic carbonate-based solvents.

Another class of organic compounds that could
make promising electrolyte solvents for lithium-based
rechargeable cells is based on alkyl sulfones. Since
most of these compounds are solids with melting
points above ambient temperature, interest was
rarely invested in them when possible candidates for
electrolyte solvents are considered. One exception is
the cyclic member, tetramethylene sulfone (also
known as sulfolane), whose melting temperature is
close to room temperature (27 °C) and whose dielec-
tric constant is close to that of PC (60 at 25 °C). The
electrolyte based on the salt solutions of this cyclic
sulfone remains liquid till subzero temperatures
because of the freezing-depression effect of the solute.
Matsuda et al.*6° and Morita et al.*’® have individu-
ally tested it as a cosolvent for lithium cells, and focus
was placed on the lithium cycling efficiencies. Gener-
ally decent ion conductivity could be achieved either
with sulfolane as a single solvent or with mixed
solvents based on it. For example, 15 mS cm™! at
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Figure 48. Anodic stability as measured on a spinel Liy-
Mn,0, cathode surface for EMS-based electrolytes: (a)
Lilm; (b) LiClQOy; (c) LiTf. In all cases, 1.0 m lithium salt
solutions were used, and slow scan voltammetry was
conducted at 0.1 mV s~1, with lithium as counter and
reference electrodes and spinel LixMn,0O, as working
electrode. (Reproduced with permission from ref 75 (Figure
3). Copyright 1998 The Electrochemical Society.)

room temperature has been measured for LiPFg in a
sulfolane/DME mixture, which should obviously be
attributed to the combined effect of the high dielectric
constant of sulfolane and the low viscosity of DME.
On the other hand, the higher melting temperatures
of the linear counterparts of sulfolane excluded them
from being considered as room-temperature electro-
lyte solvents. For example, the lithium cell based on
the simplest member of the linear sulfone family,
dimethyl sulfone (DMS, mp 110 °C), has to operate
at 150 °C, although, surprisingly, high Coulombic
efficiency and stable performance could be achieved
even at that high temperature.*’*

With the introduction of structural asymmetry, Xu
and Angell attempted to reduce the lattice energy of
the sulfone molecules so that the melting tempera-
ture of linear sulfones could be lowered to the level
that allowed room-temperature application.” They
synthesized five linear sulfones with asymmetric
alkyl substituents and found that all of these com-
pounds were liquids or solids that melt in the vicinity
of room temperature. They were able to dissolve
various lithium salts up to 3.0 M and yield moderate
ion conductivity, and the most interesting solvent
candidate from the family was the simplest member,
ethylmethyl sulfone (EMS), which has an extraordi-
narily high dielectric constant (95 at 20 °C, as
compared with 89 of EC).3* When tested on the
surface of a spinel-based composite cathode material,
this solvent showed an electrochemical stability
window of approximately 5.80 V, as Figure 48 shows.
This high anodic stability limit, which remains the
highest ever known on the surface of a composite
cathode material (versus an inert electrode), is sig-
nificant, since it would allow the various applications
of high potential requirements such as a energy
storage device with 5.0 V class cathode materials or
electrolytic and electroanalytic devices that need an
inert supporting medium. The usefulness of this
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Figure 49. Effect of cosolvent FPMS on the anodic
stability of the mixed solvents. Also shown for comparison
are the neat linear carbonates. In all cases, 1.0 m LiPFg
solutions were used, and slow scan voltammetry was
conducted at 0.1 mV s, with lithium as counter and
reference electrodes and spinel LixMn,O, as working
electrode. (Reproduced with permission from ref 314 (Fig-
ure 6). Copyright 2002 The Electrochemical Society.)

anodically stable solvent has been confirmed by the
various applications that followed the report of Xu
and Angell 316317472473 For example, Seel and Dahn
have successfully used EMS as the nonaqueous
electrolyte for an anion intercalation cell, which
enables the otherwise impossible staging of graphene
layers with PFg~ anions at 5.60 V;31¢ and the elec-
trolyte based on the same sulfone also supported the
complete delithiation of a new cathode material at
~5.4 V317

Unfortunately, EMS cannot form an effective SEI
on graphitic anode materials, thus undermining the
possibility of its use in lithium ion cells. In their
further work, Xu and Angell partially fluorinated the
alkyl of an asymmetric linear sulfone, inspired by the
reports that fluorinated alkyl could improve the SEI
chemistry on a graphitic anode.**~44 The fluorinated
sulfone, 3,3,3-trifluoropropylmethyl sulfone (FPMS),
has a melting point at 56 °C and could only be used
as cosolvent with other diluents such as DMC and
EMC.3* The anodic stability of sulfone compounds
seemed to be maintained, despite the presence of
fluorination and the mixing with linear carbonates,
as evidenced by the oxidative limits at ~5.70 V
observed in Figure 49 for the mixed solvents. The
SEIl-forming ability, however, was indeed improved
due to the fluorination, as shown by Figure 50,
wherein the electrolytes based on these mixed sol-
vents supported reversible lithium ion intercalation/
deintercalation of the graphite anodes. The cycling
tests in the longer term confirmed that the surface
of a graphitic anode was well protected because close-
to-unity Coulombic efficiency was obtained, and the
authors suggested that FPMS might be a promising
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Figure 50. Galvonostatic cycling of anode (Li/graphite)
and cathode (Li/LixMn,0O,) half-cells using 1.0 m LiPFg in
FPMS/EMC 1:1 and 1:2 mixture solvents, respectively.
i = 0.001 mA cm~2. (Reproduced with permission from ref
314 (Figure 8). Copyright 2002 The Electrochemical Soci-

ety.)

candidate for the lithium ion cell if the manufactur-
ing cost of it could be reduced.

8.3.2. Lithium Salts

The pursuit of new lithium salts has been driven
by the thermal instability of the current state-of-the-
art lithium salts that were based on perfluorinated
anions, and the thermal as well as chemical inertness
has been taken as the main metric to evaluate any
potential candidates to replace those salts, although,
similar to the new solvent efforts, often the improve-
ment in these properties comes at the price of other
properties that are equally important for the opera-
tion of a lithium ion cell.

8.3.2.1. Lithium Tris(trifluoromethanesulfon-
yl)methide (LiMe). Following the development of
Lilm, Dominey invented a new lithium salt based on
a carbanion that is stabilized by three perfluorinated
methanesulfonyl groups.#’* Because of the effective
delocalization of the formal charge on the anion, the
salt LiMe (Table 13) could be dissolved in various
nonaqueous media and showed better ion conductivi-
ties than Lilm.™8 Its stability at high temperature
is confirmed by TGA studies, which detected no sign
of decomposition before 340 °C, while accordingly the
electrolyte solution based on the salt remained stable
at 100 °C. The electrochemical stability of the salt
was studied in THF solution, and the cyclic voltam-
metry conducted on GC showed major anodic decom-
position process at ~4.0 V. Although, on the basis of
the previously published data this decomposition
seemed to be caused by the solvent THF rather than
by the salt anion,%*74177 the authors did not report
further electrochemical measurements in other more
stable solvents.'#® Initially the salt was reported to
be inert toward an Al current collector,'%1% but a
more detailed study later found that corrosion of Al
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Table 13. Novel Lithium Salts and Their Major Properties

Salt Structure M. Wt Tq/°C* E,/V® o /mSem™
(solvent -electrode) 0.7~1.0 M, 25 ° C/ Ref.
solvent)
LiMe N 417.9 340 4.4 (THF-GC) 7.1 (EC/DMC) 116, 146,
Ficon u 4.0 (EC/DMC-GC) 12 (EC/ME/DMC) 474
3 2
3.6 (PC-SS %, n=0 % 0.6 (PC, n=0)
‘: :‘ 233.4~ 250 (n=0) 3.7 (PC-Au, n=1) 5.6 (EC/DME, n=0) | 475~477,
305.4 4.1 (PC-Au, n=4) 0.77 (PC, n=1) 481
n=0,1,4 11.07 (DME, n=4)
1.22 (PC)
“: .:“ 334.1 320 3.75 (PC-Pt) 3.84 (PC/DME) 478, 482
1.39 (PC/EC)
4.0 (PC-SS, R'*=H)
290.0~ 260 (R'™=Cl) 4.4 (PC-Pt, R'>=Cl)
e(@ 4277 290 (R'*=H) 4.4 (PC-Pt,R'™=H) 477, 481
oo 310 R"™?=Cl) 4.3 (PC-Pt, R'*=Cl)
W enoen 320 (R'=CHs;) 4.1 (PC-Pt, R'=CH3)
aromatic Li ReHorcl
borates
: :8 386.1 478, 481
°=s—°\ o 293.9 4.6 (EC/DMC-Pt) 479
S
g—o
Li*
Ve 21 PC/DMC-Pt 4
@fﬁ@ 9.9 3.95 (PC/DMC-Pt) 30
“"” \9 0 681.9 280 5.4 (DME-Pt) 11.1 (DME) 483
nFm d \o 5.0 (PC-Pt)
=CF;
\@ o
; ~o 221.9 245 5.6 (DMSO) 113
non-aromatic
Li borates
\e o 3.1 (PC) 113, 155,
193.9 ~300 (d) 4.5 (PC-Pt) 9.0 (DME) 324,
7.5 (EC/DMC) 483~486,
LiBOB 488, 489
[o]
/\\\o L 0
R \9/0\{‘ RoocE. o, 46996679 100 4.5 (PC-Pt) 8.0 (PC/DMC) 493
/Y0 X X ccik, eCl,
R‘\“/O )/R,
o o
chelated Li e o 361.9 (n=0) 150 (n=0) 3.7 (PC-Ni, n=0) 3.89 (EC/THF, n=0) | 494 (n=0)
phosphates @'"“’ﬂiﬁ 3.95 (EC/DMC-Pt, n=1)
© cl) 577.9 (n=4) 43 (EC/DEC-Pt,n=4)  2.09 (EC/DEC,n=4) | 495 (n=4)
R¢' e
Li FAP T RS 451.9~433.9 5.0 (DME-Pt) 817(PC/EC/DMC 496
RF3”; \\\\ Folue 2= i-C3F;, R7=F) 498
Re i\! Re 5.0 (EC/DMC-Pt) 499
¢ 8.2 (EC/DMC, 500
R = perfluorinated alkyl R'™ = CoFs, R™=F)
orF
NC CN |
Li azolate Li* 124.9 501
o
N B
Li /_\Q 209.9 4.85 (DMC-Pt) 5.06 (EC/EMC) 502
imidazolide F;B/N\/N\BF3 Lt

Xu

a Thermal decomposition temperature determined by TGA. ® Anodic stability limit determined by cyclic voltammetry. ¢ Stainless
steel working electrode. ¢ Number of fluorine substituents on the aromatic ring.

does occur in various LiMe-based electrolytes at
potentials above 4.5 V, though somehow it is less

severe than that for the case of Lilm.*” Therefore,

its application in high-potential lithium ion cells

seems unlikely because Al is universally adopted as

the current collector for the cathode materials.
8.3.2.2. Lithium Borates with Aromatic Li-

gands. A new class of lithium salts was developed
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by Barthel et al. in the mid 1990s based on a borate
anion chelated by various aromatic ligands.475-480
Table 13 summarizes the representative members
from this class along with their selected physical and
electrochemical properties. The authors described the
synthesis and chemical or physical characterizations
of these salts in detail but only provided limited
electrochemical data. Generally speaking, this class
of salts is rather stable thermally and decomposes
only at very high temperatures without melting,
although moisture can still decompose them through
hydrolysis.*®! The solubilities of most of these salts
in nonagqueous media seemed to be dependent on the
substitution of aromatic ligands, and moderate to
good ion conductivities have been reported, ranging
from 0.6 to 11.1 mS cm~? depending on the solvents
used.

The stabilities of these salts against oxidation were
studied with cyclic voltammetry on various inert
electrodes, and an interesting correlation was estab-
lished between the number of electron-withdrawing
substituents on aromatic rings and the anodic sta-
bilities (i.e., higher oxidation potentials were found
for the better stabilized borate anions with more
electron-withdrawing groups). This correlation could
be well explained by the order of the HOMO energy
levels obtained by quantum chemical calculations.*”747°
Thus, the anodic decomposition potential ranges from
3.6 V for the unsubstituted borate*’ to 4.60 V for the
borate with fluorinated and sulfonated aromatic
ligands.*”® A similar relationship was reported by
Sasaki et al., who listed the following order of
oxidation potential limits according to the voltam-
metry results obtained on a Pt electrode, and re-
vealed the obvious dependence of the anodic stability
of these anions on the electron density of the aromatic
rings:#8t

(~44V) (~4.4V)
P
8 ﬁ\@@ @?of“\i
(4.3 V) 4.1V)

In addition to the above thermodynamic consider-
ation, kinetics also play an important role in deter-
mining the anodic stability of these salts. For ex-
ample, some salts whose decomposition products are
polymeric moieties were found to passivate the
electrode surface effectively.*’”® Therefore, although
the intrinsic oxidation potentials for these anions
were not as high (~4.0 V), they showed stability up
to 4.50 V in subsequent scans. It should be cautioned
here, though, as the passivation was only observed
on an inert electrode surface, whether similar pas-
sivations would occur on an actual cathode surface
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and act to extend the potential range of application
for these salts remains to be tested. Al was reported
to be stable in the electrolytes based on at least two
of these salts.#79:480

The cycling test for one of the salts was conducted
by Handa et al. in lithium cells using a low-potential
cathode material, V,05.482 OCV and initial discharg-
ing behavior similar to those of other nonaqueous
electrolytes were reported, although no data concern-
ing extended performance were given. The key prop-
erty that would decide whether these salts could be
used in lithium ion technology (i.e., the ability of
forming a protective SEI on the surface of graphitic
materials) has not been reported for any of these
salts.

8.3.2.3. Lithium Borates with Nonaromatic
Ligands. The presence of aromatic ligands in
Barthel's salts was believed to be responsible for the
high melting points and basicity of the borate anions,
which in turn translate into moderate or poor solu-
bilities and ion conductivities as well as low anodic
stabilities. To avoid use of these bulky aromatic
substituents, Xu and Angell synthesized a series of
borate anions that are chelated by various alkyl-
based bidentate ligands, which serve as electron-
withdrawing moieties by the presence of fluorine or
carbonyl functionalities.113483484 Table 13 lists the
selected members of this aromatic-free borate family.
Compared with their aromatic counterparts, these
novel salts showed much higher ion conductivity and
anodic stability, while maintaining comparable ther-
mal stability. Detailed studies of ionics indicated that
these salts could well dissociate in the media of
moderate dielectric constants and yield ion conduc-
tivities slightly lower than those for state-of-the-art
electrolyte solvents.*®546 As an example, in EC/DMC
solutions of lithium bis(oxalato)borate (LiBOB) and
LiPFs, the ion conductivities are 7.5 and 10 mS cm™2,
respectively. For at least one of these salts, the
lithium ion transport number seemed to be higher
than 0.50 because of the large anions size.*8548¢ The
dependence of ion conductivity on salt concentration
is also different from the familiar bell-shaped de-
pendences observed for LiPFs- or LiBF4-based solu-
tions: the isothermal ion conductivity of these lithium
borate solutions remains almost independent of salt
concentration in the range 0.5—1.0 M, which could
be advantageous for practical applications.

Among these new borates, particular attention
should be paid to a salt based on oxalato ligands,
which has aroused intense interest recently in the
lithium ion research and development community.
This salt was invented by Lischka et al.*®” and
independently synthesized and investigated by Xu
and Angell, who also gave it the popular name
LiBOB. Following these extensive physical charac-
terizations, a rather comprehensive electrochemical
evaluation was conducted on this salt by Xu et
al., 155324488489 Wwho found that the solutions of LiBOB
in mixed carbonate solvents met the complete set of
stringent requirements for electrolyte solute intended
for lithium ion cell applications: (1) it is anodically
stable on the surface of composite cathode materials
up to 4.3V, (2) it can form a protective SEI on the
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Figure 51. Cathodic and anodic stability of LiBOB-based
electrolytes on metal oxide cathode and graphitic anode
materials: Slow scan cyclic voltammetry of these electrode
materials in LIBOB/EC/EMC electrolyte. The scan humber
and Coulombic efficiency (CE) for each scan are indicated
in the graph. (Reproduced with permission from ref 155
(Figure 2). Copyright 2002 The Electrochemical Society.)
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Figure 52. Passivation of Al substrate in LiBOB-based
electrolytes: Time-decaying current observed on an Al
electrode at various potentials containing 1.0 M LiBOB in
EC/EMC. Inset: the dependence of steady-state current
density (at t = 10% s) on applied potential as obtained on
an Al electrode in electrolytes based on various salts in the
same mixed solvent. (Reproduced with permission from ref
155 (Figure 1). Copyright 2002 The Electrochemical Soci-

ety.)

surface of graphitic anode materials that supports
reversible lithium ion intercalation/deintercalation,
and (3) it stabilizes an Al current-collector at high
potentials up to 6.0 V. Figures 51 and 52 present a
brief summary of these qualifications, by all of which
LiBOB showed performances comparable with or
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Figure 53. Stabilization of graphite in PC by LiBOB.
Voltage profiles of lithium/graphite half-cells containing 1.0
m lithium salts in neat PC as electrolytes. Only for LiBOB/
PC was the complete lithiation/delithiation cycle achieved.
(Reproduced with permission from ref 324 (Figure 1).
Copyright 2002 The Electrochemical Society.)

even superior to those of LiBF,4, LiClO,4, and LiPFe.
Especially, compared with the industry standard,
LiPFg, this salt also offers the additional advantages
of being thermally stable, being economical in terms
of manufacturing cost, being more environmentally
friendly by decomposing into less corrosive products
in the presence of moisture. The combination of these
merits has not been found in other novel salts thus
far investigated and has certainly made LiBOB a
hopeful contender for lithium ion technology applica-
tions. The stable performance of LiBOB-based elec-
trolytes was confirmed by the extended cycling of the
full lithium ion cells using such electrolytes, where
no capacity fading was detected during the operation
of ~200 cycles.*

An unexpected but certainly welcomed discovery
on LiBOB is its peculiar cathodic chemistry.3?* As has
been pointed out in the preceding sections, the
cornerstone of lithium ion technology is the formation
of a protective SEI on the carbonaceous materials,
and the conventional wisdom in this technology is
that PC cannot be used in combination with graphitic
anode materials because of its strong tendency to
cointercalate and exfoliate the graphene structure.
Prior to LiBOB, the presence of electrolyte solutes
alone has never been able to challenge this wisdom,
as Figure 53 shows. As an exception, however, LiBOB
in neat PC solution successfully enables the revers-
ible lithium ion intercalation/deintercalation on vari-
ous graphitic anode materials, with capacity utiliza-
tion and Coulombic efficiencies comparable with
those of the state-of-the-art electrolytes. Considering
that similar stabilization of graphene structure in PC
was only able to be achieved by molecular additives
before, the authors postulated that the BOB anion
must have participated in the SEI formation during
the initial lithiation process of the graphite, most
likely through a single-electron reductive process.3?*
The durability of such a protective SEI was put to a
stringent test by cycling a full lithium ion cell based
on LiBOB/PC or other EC-free formulations as elec-
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trolytes. As the result, stable capacity and quantita-
tive Coulombic efficiency were obtained for up to 100
cycles, similar to the case of the state-of-art electro-
lytes.3?* Since these formulations are EC-free, the
lower temperature limit that has been plaguing EC-
centered electrolytes should be much improved.

Xu et al. emphasized that the significance of the
above serendipity lies not only in the fact that
PC-rich solvents could be used with graphitic anode
materials because of LiBOB but more in the perspec-
tive that the unofficial law governing the selection
of electrolyte solvents could be revised, and unprec-
edented flexibility is offered by LiBOB to the refor-
mulating of lithium ion electrolytes, where the dis-
placement of the high-melting-point component EC
is no longer restricted by the concern over the
stability of the graphitic anode.

In the subsequent investigations, these authors
adopted a preformation technique to differentiate the
steps for the formation of an effectively protective SEI
by LiBOB.“%8 They systematically interrupted the
lithiation of a graphite anode in LiBOB/PC at a series
of potentials and then tested the survivability of these
preformed anodes in LiPFs/PC, which would have
severely exfoliated the graphene structure had there
been no protective SEI present. The results confirmed
the critical role of BOB anion in the protection of
graphitic anodes and, perhaps more importantly,
found that an SEI sufficiently effective in protecting
graphite against PC cointercalation and exfoliation
was not completely formed till ~0.60 V. They thus
concluded that a 1.60 V reduction process that was
universally observed for all LiBOB-based electrolytes
might not have a direct relation with the formation
of this effective SEI.4%8

XPS analysis was also conducted by Xu et al. to
characterize the surface chemistry of a graphitic
anode resulted from LiBOB electrolyte, which yielded
an entirely different image of the SEI in terms of the
relative abundances of the chemical species, as
Figure 54 shows.*®® With BOB-anion participation,
the content of chemical species similar to lithium
alkyl carbonate became the major components of the
SEl, as evidenced by the prominent peak at ~289 eV.
The authors believed that these alkyl carbonate-like
species are originated from the oxalate moiety of the
BOB anion and are mainly responsible for the effec-
tive protection of graphitic anodes. A tentative mech-
anism was proposed accordingly in Scheme 29.48°
Qualitatively, the chemical species present in the SEI
formed by a LiBOB-based electrolyte seemed to be
identical to those formed by LiPFs counterparts, since
the comparison between the XPS C 1s spectra
indicated that essentially the same peak locations for
hydrocarbon, ether-containing species, and semi-
carbonates were found in both spectra (Figure 54).
This fact could suggest that similar active agents
originated from the state-of-the art electrolytes are
present in the LiBOB-originated SEI, despite the fact
that these species are much more populated due to
the involvement of BOB anion in SEI formation.

Further studies on LiBOB as a potential replace-

ment for LiPFg were carried out by Liu et al., who
reported that, due to the absence of HF and the much
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Figure 54. Peculiar surface chemistry of BOB anion on
graphitic anode material: XPS C 1s spectra for a graphitic
anode surface cycled in LiBOB- and LiPF6-based electro-
lytes. The peaks were resolved into three major contribu-
tions representing (1) hydrocarbon at 284.5 eV, (2) oligo-
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at 289.37 eV, respectively. (Reproduced with permission
from ref 489 (Figure 3). Copyright 2003 The Electrochemi-
cal Society.)

Scheme 29. Proposed Mechanism for BOB
Reductive Decomposition on a Graphitic Surface
at Low Potentials
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weakened acidity of the LiBOB electrolyte, cathode
materials based on spinel LiMn,O,4 were well stabi-
lized, and the dissolution of Mn?* species, which had
been considered a main cause of the capacity fading
of this class of cathode materials, was nearly elimi-
nated.**® The thermal safety of LiBOB-based elec-
trolytes against reductive decompositions was also
compared with that of the LiPFs counterpart by Jiang
and Dahn, who concluded that LiBOB is a much safer
electrolyte solute as compared with LiPFs on a
graphitic anode because its exothermic reaction with
the fully lithiated MCMB was delayed by 90 °C due
to the presence of LiBOB.%°! However, considering
the conclusions by Maleki et al.®6! and especially
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MacNeil and Dahn,*! whether the LiBOB-based
electrolytes are safer against thermal runaway would
still depend on their interaction with the cathode
materials.

On the basis of the findings on LiBOB performance
in nonaqueous solvents and other advances made to
improve the low-temperature performance of lithium
ion electrolytes, Jow and co-workers proposed that
an electrolyte with a much wider temperature range
could be formulated using LiBOB alone or in combi-
nation with other salts.*®? The following section (8.4)
will be dedicated to this topic.

Another series of lithium borates with nonchelating
alkyl ligands were briefly reported by Yamaguchi et
al. recently, where perhalogenated carbonyls were
used to make the ligands electron-withdrawing.4%
Their solubilities in linear carbonates are obviously
superior to that of LiBOB, as solutions of these salts
could be made in neat DMC or DEC with concentra-
tions higher than 1.0 m. The anodic stabilities of the
electrolytes based on these salts were measured on
Pt and found to be comparable with those of electro-
lytes based on LiBOB, while Al substrates were not
corroded in these electrolytes at potentials up to 4.8
V. However, the thermal stability of these salts
seemed to be inferior to that of the chelated borates
with either aromatic or alkyl ligands, although their
decomposition temperatures, ranging between 94 and
135 °C, were still higher than that of LiPFs. Among
these salts, the one with the perfluorinated carbonyl
ligands was considered to be the best-performing, and
the cycling of a graphitic anode half-cell containing
a solution of this salt in EC/EMC showed that stable
capacity could be obtained during 50 cycles. With the
exceptions of the initial cycles, quantitative Coulom-
bic efficiency was observed, indicating this salt is
stable against cathodic reductions on graphitic anode
materials. However, no data of full lithium ion cells
were reported.

8.3.2.4. Lithium Chelatophosphates. If the work
of Barthel et al. and Angell et al. on various borate-
based salts could be viewed as the structural modi-
fication of a perhalogenated borate salt (LiBF,) that
was already used in commercial lithium ion cells,
then similar modifications were also carried out on
the more popular salt LiPFg, the industry standard
of lithium ion cell electrolytes.

Handa et al. reported the synthesis of a phosphorus
equivalent of Barthel’s salts in which the hexavalent
phosphorus(V) was coordinated by three bidentate
ligands, 1,2-benzenediolato-O,0'.#%* Its thermal sta-
bility is similar to that of its boron counterparts, and
moderate ion conductivity was achieved in nonaque-
ous media. The authors attributed the less-than-
satisfactory ion conduction to the large size of the
anions, which increased the viscosity of the resultant
electrolyte solutions. The anodic stability limit, as
measured by voltammetry on a Ni electrode, was
below 3.7 V. A preliminary test of this salt in EC/
THF was conducted in a lithium cell using the low
potential cathode, V,0s, and the authors believed
that this salt could be a superior electrolyte solute,
judging from the utilized cell capacity that was close
to the theoretical value.
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On the basis of their previous experiences with
lithium borates coordinated by substituted ligands,
Barthel and co-workers modified the chelatophos-
phate anion by placing various numbers of fluorines
on the aromatic ligands.*®> Table 13 lists these
modified salts and their major physical properties.
As expected, the introduction of the electron-with-
drawing fluorines did promote the salt dissociation
and reduce the basicity of phosphate anion, resulting
in increased ion conductivity and anodic stability.
The phosphate with the perfluorinated aromatic
ligands showed an anodic decomposition limit of 4.3
V on Pt in EC/DEC solution. So far, these modified
lithium phosphates have attracted only academic
interest, and their future in lithium ion cell applica-
tions remains to be determined by more detailed
studies.

8.3.2.5. Lithium Fluoroalkyl Phosphates
(LiFAP). Since the P—F bonds in PFs~ anion are
labile toward the attack of moisture and other
nucleophiles such as the organic solvents with high
electron-donicity, they are believed to be the source
for the instability of the state-of-the-art electrolytes.
Recent structural modification of PFg~ anion was
conducted by Satori et al. via the partial replacement
of fluorine substituents with perfluoroalkyls in the
hope that chemical as well as thermal stability of the
resultant salts (LiFAP) could be improved due to the
inert nature of the P—C bonds.*?64%7 Since the new
substituents are also strong electron-withdrawing
groups, the main merits of LiPFs such as good
solubility and ion conductivity, are expected to be
maintained.

In their patent disclosure, Satori et al. described
eight such salts with different perfluorinated alkyls,*”
the representatives of which are listed in Table 13
along with the main physical and electrochemical
properties. Among these salts, the most thoroughly
investigated is the lithium salt based on an anion
with three pentafluoroethyl groups. Hydrolysis stud-
ies confirmed that, due to the replacement of fluorine
by the much bulkier perfluorinated alkyls, the sen-
sitivity of the anion toward moisture is much re-
duced, as evidenced by the almost negligible amount
of H,O consumption during 70 h of storage (Figure
55) and, correspondingly, the negligible HF level in
the electrolyte.*®® The much lower reactivity of LiFAP
should be the result of the combined effects of the
lower chemical activity of the P—C bond and the
spatial hindrance to the attack of H,O. lon conduc-
tivities of LIFAP in mixed carbonate solvents were
slightly lower as compared with LiPFg, obviously due
to the larger anion size; however, comparable anodic
stability was observed for LiFAP in the voltammetry
scan conducted on a Pt electrode; that is, the major
oxidative event occurred at ~5.0 V, although a higher
background current level at potentials above 4.0 V
was observed. Preliminary cycling tests were con-
ducted in cathode half-cells based on LiMn,O, using
LiFAP/EC/DMC as electrolyte, and higher capacity
was obtained than with LiPFg despite the fact that
the capacity of the cells based on both electrolytes
faded in a similar manner.
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Figure 55. Presence of fluoroalkyls enhancing the anion
stability against moisture. Consumption of H,O and the
generation of HF in 1.0 M salt solutions of EC/DMC with
added H,O at 500 ppm (for LiPFg) and 1000 ppm (for
LiFAP), respectively: triangle, H,O concentration; circle,
HF concentration. (Reproduced with permission from ref
498 (Figure 2). Copyright 2001 Elsevier.)

More stringent electrochemical characterizations
were carried by Aurbach and co-workers, who com-
paratively investigated the interfacial properties of
the electrolytes based on LiFAP on anode and cath-
ode materials against the benchmark salts LiPFs and
LiBeti through various instrumental means, includ-
ing voltammetry, EIS, FT-IR, and XPS.49:50 They
found that, while on both the graphitic anode and
the spinel cathode the LiFAP-based electrolyte showed
higher capacity utilization and better capacity reten-
tion, slower kinetics for lithium ion intercalation/
deintercalation were found in both cases. The cause
for the slow Kinetics seemed to be related to the
resistive SEI and surface films on each electrode,
which was unexpected because there should have
been little LiF present in the SEI, due to the stability
of LiFAP, and it was concluded that LiF was mainly
responsible for the high-impedance interfaces on
either the anode or the cathode with LiPFg as the
electrolyte solute. FT-IR and XPS indicated that
LiFAP-based electrolytes generated higher amounts
of lithium alkyl carbonate on the inert electrode (Pt
and Au) surfaces that were cathodically polarized to
simulate the surface chemistry on a cycled graphitic
anode, but these spectroscopic means failed to iden-
tify any direct involvement of FAP anion in SEI
formation. Nevertheless, it is apparent that in LiFAP-
based electrolytes the surface species are mainly
reduction products from solvents, while in LiPFe-
based electrolytes the anion is apparently more
involved in the reductive decompositions, as evi-
denced by the XPS C 1s and F 1s spectra.“®® The
higher stability of LiFAP is shown clearly by Figure
56, wherein two sets of CV were measured for LiFAP-
and LiPFg-based electrolytes after stabilization of the
electrode and after 1 week of cyclings, respectively.
In all the voltammetric profiles, four distinct stages
of lithium intercalation are visible, but a very sig-
nificant difference exists between LiFAP and LiPFe:
nearly identical current responses for LiFAP but an
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Figure 56. Slow scan (10 uV s™!) voltammetry on a
graphite working electrode: (a) 1.0 M LiFAP in EC/DEC/
DMC; (b) LiPFs in EC/DEC/DMC. Solid line: pristine
graphite. Dashed line: after 1 week of cycling. (Reproduced
with permission from ref 499a (Figure 4). Copyright 2003
The Electrochemical Society.)

obvious gap for LiPFg in the anodic section were
observed. In other words, there were long-term
secondary processes in the LiPFg-based electrolyte
that affected the electrode kinetics, while the gra-
phitic anode in the LiFAP-based electrolyte was
under better protection from such undesirable pro-
cesses.

Therefore, the authors concluded that, although
direct identification was not available through spec-
troscopic means, the FAP anion must have partici-
pated in the formation of surface layers, which served
as protection against sustained decompositions on
one hand but were also responsible for the high
impedance across the interfaces on the other. These
robust surface films might exist on both anode and
cathode surfaces and consist mainly of lithium alkyl
carbonates because of the low level of HF in the
solution.

The thermal stability of LiFAP was also studied
by Aurbach and co-workers in EC/DEC/DMC solution
using ARC. As compared with LiPFg, LIFAP delayed
the onset thermal decomposition of the electrolyte by
~10 °C; however, the self-heating became much more
severe once the reactions started.>% The above ARC
was conducted in the absence of electrode materials.

In brief summary, LiIFAP as a potential replace-
ment for LiPF¢ would result in a stable performance
in lithium ion cells with possibly increased thermal
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stability, but the power rate of such cells would
probably be inferior to that of the state-of-the-art
electrolytes. If the manufacturing cost of producing
these perfluorinated anions could be reduced, LiFAP
or its derivatives might be a competitive electrolyte
solute for lithium ion electrolytes.

8.3.2.6. Lithium Salts Based on Heterocyclic
Anions. Lithium salts based on organic anions where
the formal charge is delocalized throughout substi-
tuted heterocyclic moieties were also reported spo-
radically, which included, for example, lithium 4,5-
dicyano-1,2,3-triazolate®! and lithium bis(trifluoro-
borane)imidazolide (Lild).>°> The former was devel-
oped as a salt to be used for polymer electrolytes such
as PEO, and no detailed data with respect to elec-
trochemistry were provided, while the latter, which
could be viewed as a Lewis acid—base adduct be-
tween LiBF, and a weak organic base, was intended
for lithium ion applications (Table 13).

Because of the organic presence in these anions,
the corresponding lithium salts are highly soluble in
media of low or medium dielectric constants and
could provide ion conductivities comparable to those
of LiPFs. Lild was reported to have high anodic
stability as compared with LiPFg although the
background current of the electrolytes based on it was
higher than those for LiPFg counterparts at poten-
tials above 4.0 V, as measured by cyclic voltammetry
on Pt. The compatibility of this salt with LiNigg-
Co00.,0, cathode material was investigated by testing
the corresponding half-cells, and performances com-
parable with or better than those of LiPFs-based
electrolytes were reported. However, in the case of
MCMB, it took longer for Lild-based electrolyte to
reach full utilization of the capacity, and it was only
after ~10 cycles when the difference between Lild
and LiPFg vanished. A higher irreversible capacity
was also associated with Lild in the first cycle, where
the Coulombic efficiency was 10.2% versus 6.2% for
LiPFe, suggesting that more charges were consumed
in building up an SEI when Lild was the electrolyte
solute. On the other hand, the authors argued that
this capacity loss was negligible in terms of the total
capacity. Considering the presence of B—F bonds in
the anion of Lild, its thermal and chemical stability
should be similar to that of LiBF,, and its potential
applications to replace LiPFg remain to be confirmed
by further studies.

8.4. Novel Electrolytes with a Wide Temperature
Range

8.4.1. Low-Temperature Performance

Following its rapid rise to dominance in the con-
sumer cell market intended for portable electronics,
lithium ion technology was actively considered for
special applications such as those in military and
space missions.503-505 However, the poor performance
of the state-of-the-art lithium ion cells at tempera-
tures below —20 °C remained a major obstacle to
enabling the normal operations in harsh environ-
ments that are frequently encountered in those
missions. For example, according to a comprehensive
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survey of the commercial lithium ion cells made by
major manufacturers in the late 1990s, the power
rate and energy density that can be delivered at —40
°C averaged only 1.25% and 5% of those achievable
at room temperatures, respectively.’%® A similar
survey conducted a few years later showed that
significant progress had been made, where as much
as 30% of the rated capacity was deliverable at —40
°C by the best cells tested.>°” However, the deterio-
rated performance still plagued the reliable opera-
tions of this technology. Despite the sharp differences
among the cells from various manufacturers, a com-
mon observation concerning their low-temperature
behavior is that the major deterioration in perfor-
mance occurs below —20 °C, while above this thres-
hold temperature at least 80% of the rated capacity
is deliverable.505:507

This sharp decline in cell output at subzero tem-
peratures is the combined consequence of the de-
creased capacity utilization and depressed cell po-
tential at a given drain rate, and the possible causes
have been attributed so far, under various conditions,
to the retarded ion transport in bulk electrolyte
solutions,%93:5085509.510 the jncreased resistance of the
surface films at either the cathode/electrolyte inter-
face®06507 or the anode/electrolyte interface,*61.504511
the resistance associated with charge-transfer pro-
cesses at both cathode and anode interfaces,'34135512
and the retarded diffusion coefficients of lithium ion
in lithiated graphite anodes.'6>%13 The efforts by
different research teams have targeted those indi-
vidual electrolyte-related properties to widen the
temperature range of service for lithium ion cells.

8.4.1.1. Solvent Approach. Since the high-melt-
ing EC constitutes 30—50% of the bulk electrolyte in
most of the commercial lithium ion cells, it has been
the primary blame for the poor performances of such
electrolytes at low temperatures, and its mixing with
other lower melting cosolvents has been the most
favorable approach so far adopted by the researchers
with the aim to develop an electrolyte for subambient
applications. As a pioneering attempt to develop a
low temperature for lithium ion chemistry, Ein-Eli
et al. used methyl formate (MF, mp —99 °C) and
reported the ion conductivity at —40 °C for LiMe in
EC/MF (1:3) to be 5.4 mS cm 1102 The authors
concluded that the depression effect of MF rendered
the electrolyte liquid at such low temperatures.
However, the performance of the anode half-cell was
not improved ideally as expected, since only 50%
deliverable capacity was achieved at —2 °C, which
far exceeded the extent by which the bulk ion
conductivity dropped. The possible origin for this
discrepancy might arise from the elimination of
supercooling at temperatures below —20 °C due to
the presence of electrode particles in the anode half-
cell, which are absent in conductivity cells, but more
likely, it indicates that the bulk ion conductivity may
not dictate the performance of the electrolytes in an
actual lithium ion device. Since electrolytes based on
neat MF failed to form an effective SEI on graphite
and the stability of a graphite anode in the above EC/
MF mixture solvents was clearly dependent on the
EC presence, it appears that reductive decomposition
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Figure 57. lon conductivity of electrolytes containing 1.0
M LiPFg in (1) EC/DMC (3:7), (2) EC/DEC (3:7), and (3)
EC/DMC/DEC (1:1:1). (Reproduced with permission from
ref 508 (Figure 1). Copyright 1999 The Electrochemical
Society.)

of MF made it an unfavorable candidate despite its
low melting temperature.

An important contribution to the search for a low-
temperature electrolyte was made by Smart et al. in
late 1990s, apparently driven by the needs of NASA
for the application of lithium ion devices in space
missions,#61:462,466,508,515 The pasic strategy of the team
was to minimize the concentration of EC in the
ternary or quaternary electrolyte formulations so that
a synergistic effect could be reached by the various
components based on either linear carbonates or
esters. In an ideal scenario of role assignment, less
than 30% EC would suffice for the effective solvation
of lithium salts and ensure the formation of an
effective SEI on electrode surfaces, while the majority
components such as the low-melting DEC and the
less viscous DMC would confer upon the mixture
solvents a low liquidus temperature and facile ion
transport at low temperatures. Figure 57 shows this
synergistic effect achieved in a ternary electrolyte
through the comparison of the temperature-depen-
dence of ion conductivities against the corresponding
binary electrolytes.5%® The discharge characteristics
of the cells based on these electrolytes were also
compared at —20 °C, as Figure 58 shows. An appar-
ent gap exists among the electrolytes in terms of the
delivered cell capacity, although at room temperature
all of the electrolyte compositions behave similarly.
In an extensive characterization of the irreversible
capacity during the initial cycle, the durability and
resistance of the SEI, the self-discharge rate, and so
forth, the ternary electrolyte was shown to possess a
series of intermediary qualities as compared with the
binary baselines. The authors believed that it was
these well-balanced properties of the ternary com-
position that made it an excellent candidate for
subzero applications.

An important conclusion that these authors drew
based on their polarization and EIS studies is that
the properties of the SEI film on a graphite anode
surface play a far more decisive role in determining
the kinetics of the lithiation/delithiation at low tem-
peratures than does the bulk ion conductivity, al-
though it is necessary for the latter to achieve a
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Figure 58. Comparison of the discharge profiles of graphite-
based AA-size lithium ion cells at —20 °C among the
various electrolytes. (Reproduced with permission from ref
508 (Figure 7). Copyright 1999 The Electrochemical Soci-

ety.)

thresdhold value.*61462 |n other words, the reformula-
tion of these low-temperature electrolytes has to
consider the surface chemistry of the new cosolvents
in addition to their positive effects on ion conductiv-
ity. This conclusion, now well accepted as a basic
guideline, has been confirmed by the numerous
examples found later, where the most conductive
electrolytes do not necessarily provide the best im-
provement at low temperatures.134168511.512
Following the initial work by Smart et al., similar
efforts were reported based on various binary and
ternary compositions, such as EC/DMC/EMC
(1:1:1),508505.509  EC/DMC/DEC (2:2:1),5%° EC/EMC
(1:3),595 EC/DMC/methylpropyl carbonate (MPC) and
EC/DMClisopropyl carbonate (iPC) at a series of
varying compositions.>* Unfortunately, below —30 °C
the above compositions still failed to function well.5%5
In view of the limited improvements, Smart et al.
sought to use linear alkyl esters, which are lower
melting than the common alkyl carbonates by an
average of 20—30 °C (Table 1). On the basis of the
experience that MF was incompatible with graphitic
anodes, they chose alkyl esters of higher carboxylic
acids so that carboxylate connected with an alkyl
instead of H as in MF. Thus, acetates such as MA
and EA and higher carboxylates such as EP and EB
were used to formulate quaternary electrolytes on the
basis of the ternary compositions EC/DMC/DEC
(T).461.462 As expected, due to the introduction of these
esters, the ion conductivity was obviously improved,
while both anodic and cathodic stability as measured
on a Pt surface were negatively affected. In terms of
compatibility with a graphite anode, there exists an
apparent distinction between the acetates (MA and
EA) and the esters of higher carboxylic acids (EP and
EB), since the reversible capacities that can be
utilized by the electrolytes containing the acetates
are much lower, and EP— or EB-based electrolytes
yield comparable performances with the ternary
baseline. Therefore, the authors speculated that the
SEI formed in the presence of low molecular weight
esters appeared to be resistive and inadequately
protective, whereas, in the presence of esters of
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Figure 59. Effect of ester-containing quaternary electro-
lytes on the discharge capacity of AA-size lithium ion cells
(0.4—0.5 A h) at —40 °C under the drain rate of 25 mA.
The electrolytes are (1) 1.0 M LiPFs/EC/DEC/DMC
(1:1:1), (2) 0.75 M LiPF¢/EC/DEC/DMC/MA (1:1:1:1), (3)
0.75 M LiPF¢/EC/DEC/DMC/EA (1:1:1:1), and (4) 0.75 M
LiPF¢/EC/DMC/MA (1:1:1). (Reproduced with permission
from ref 462 (Figure 12). Copyright 2002 The Electrochemi-
cal Society.)

higher molecular weight, the SEI could be formed
with more desirable attributes. Combining the ob-
servations of Ein-Eli et al.,’%2 Smart et al.,*61462 and
Herreyre et al.,*%¢ it could be tentatively concluded
that longer alkyl chains in the carboxylic acid section
of the esters play a critical role in determining the
cathodic stability of this component on a graphite
anode. The tests in AA-size full lithium ion cells were
only reported for EA- and MA-based quaternary
electrolytes, and Figure 59 shows the discharging
profiles of these cells at —40 °C. Despite their
negative effect on anode capacity utilization at room
temperature, MA and EA still improved the capacity
significantly.

On the other hand, the presence of these esters in
the electrolyte solutions raised concern over the long-
term performance at room temperatures, because EIS
studies indicated that the resistance associated with
the SEI film increased at a much higher rate for
ester-based electrolytes as compared with the com-
positions that were merely based on carbonates. The
authors attributed this rising cell impedance to the
reactivity of these esters toward the electrode active
material, which resulted in the continued growth of
the SEI film in the long term and suggested that
alkyl esters, especially those of acetic acid, might not
be appropriate cosolvents for low-temperature ap-
plication electrolytes.*61

The work of Herreyre et al., however, took a much
more optimistic tone on the use of linear esters EA
and MB.*%® In LiCoO,/graphite cells, the ternary
electrolyte compositions such as 1.0 M LiPFs in EC/
DMC/EA, EC/DMC/MB, and PC/EC/MB were re-
ported to be able to deliver as much as 88—95% of
the rated capacity at —30 °C with a C/2 rate or 81—
87% at —40 °C, while at room temperature the
capacity fading rate (0.05% per cycle for MB and
0.09% per cycle for EA) and capacity retention with
high-temperature storage (60 °C, 14 days at full
state-of-charge) of these cells were comparable with
those of the state-of-the-art electrolytes (0.05% per
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Figure 60. Discharge capacities of LiNiCoO,/MCMB
lithium ion cells at —20 °C with different carbonate-based
electrolytes. Cells are charged at room temperature and
discharged using a C/15 rate. (Reproduced with permission

from ref 515 (Figure 4). Copyright 2003 Elsevier.)

cycle). Thus, the authors concluded that these new
electrolytes could be used as cosolvents for low-
temperature electrolytes. Considering that Smart et
al. and Herreyre et al. used entirely different cells
as their testing vehicles, the above discrepancy might
not be too incomprehensible, since similar discrep-
ancies had been encountered when the trends ob-
served in anode half-cells did not correlate well with
that of prototype cells with a different cell design.*6?
It actually indicated the complexity in the operation
of lithium ion chemistry, during which various factors
including chemistry as well as engineering exert their
influences.

Besides the Coulombic capacity, Herreyre et al.
also pointed out that the depression in cell voltage
at low temperatures could be mitigated by EA and
MB as cosolvents because of the reduced resistance
in both bulk electrolyte and electrolyte/electrode
interfaces. Moreover, they found that this cell voltage
depression was also related to the salt concentration;
using 1.5 M instead of 1.0 M LiPFg in the electrolyte
enabled the increase of the cell working range from
—30 to —40 °C, as, in most cases, the cell cycling is
regulated by a preset cutoff potential.

Out of the belief that the alkyl esters are reactive
in a lithium ion cell during the long-term operation,
Smart et al. proposed a “carbonate-only” guideline
and formulated a series of quaternary compositions
consisting of EC/DEC/DMC/EMC, in which the EC
concentration remained under 25%.5'® The solution
of 1.0 M LiPFg in EC/DEC/DMC/EMC (1:1:1:3) was
reported to be the best composition, whose ion
conductivity at —40 °C was 1.32 mS cm™?, and its
cycling in LiNiCoO,/MCMB lithium ion cells was
comparable to that of the baseline electrolyte 1.0 M
LiPFe in EC/DMC (3:7) or (1:1) at room temperatures.
At —20 °C, the superiority of these quaternary
electrolytes became pronounced, as compared with
the ternary and binary baselines shown in Figure 60.

More importantly, these electrolytes also allowed
the lithium ion cells based on them to be charged at
low temperatures at reasonable rates, as shown by
Figure 61, which had been impossible for most of the
lithium ion cells because the high impedance of the
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Figure 61. Discharge capacities of LiNiCoO,/MCMB
lithium ion cells at —40 °C with different carbonate-based
electrolytes. Cells are charged at —40 °C and discharged
using a C/4 rate. (Reproduced with permission from ref 515
(Figure 6). Copyright 2003 Elsevier.)

cells at a discharged state would result in lithium
deposition on a graphite surface due to the high
overpotential.5*® Using a three-electrode cell, Smart
et al. monitored the potential of the cathode and
anode of a LiNiCoO,/MCMB lithium ion cell during
its cycling at —20 °C, and they confirmed that,
although the potential of the graphite anode was
indeed driven to negative regions in the charge
process, no lithium deposition occurred, as evidenced
by the absence of a potential plateau at 0.0 V
corresponding to lithium stripping in the following
discharge process, which had been observed previ-
ously in a similar cell using LiPF¢/EC/EMC (1:3) as
the electrolyte.'%® They attributed this to the facile
kinetics of lithium ions in the bulk electrolyte as well
as in the SEI film on the graphite anode. The cycling
tests of SAFT prototype lithium ion cells carried out
in a wide temperature range between —70 and 40 °C
confirmed that the above quaternary composition is
an excellent low-temperature electrolyte. As illus-
trated in Figure 62, when the cell is continuously
cycled at —20 °C using a C/10 charge rate and a C/5
discharge rate, stable capacity retention can be
obtained with 80% of the rated capacity delivered.
Using lower rates (C/15 charge and C/10 discharge),
70% of the rated capacity can be accessed even when
cycled at —40 °C.

Fluorinated carbonates were also used by Smart
et al. as low-temperature cosolvents (Table 12), in the
hope that better low-temperature performances could
be imparted by their lower melting points and favor-
able effects on SEI chemistry.*%® Cycling tests with
anode half-cells showed that, compared with the
ternary composition with nonfluorinated carbonates,
these fluorinated solvents showed comparable and
slightly better capacity utilizations at room temper-
ature or —20 °C, if the cells were charged at room
temperature; however, pronounced differences in
discharge (delithiation) capacity could be observed if
the cells were charged (lithiated) at —20 °C, where
one of these solvents, ethyl-2,2,2-trifluoroethyl car-
bonate (ETFEC), allowed the cell to deliver far
superior capacity, as Figure 63 shows. Only 50% of
the capacity deliverable at room temperature was

Chemical Reviews, 2004, Vol. 104, No. 10 4393

14
SAFT DD-Size Lithium lon Cell
1.0 M LiPF, EC+DECsDMC+EMC (1:1:1:3)
12 + Gen Il JPL Electrolyte)
= 23°c
£ +
< 10
b “l‘—-_“ o
S 84 . -20°C
§ e e et - 40°C ( 4.1 V1)
P

3] - v °

6+ -40°C(4.0V)
g : .
=
£
< 4+
2 4 Tamp = 23 C (C/5 Charge - G/5 Discharge)
o 4 Temp = - 20C {C/10 Charge - C/5 Discharge)

2+ » Temp = - 40C (G/15 Chamge-4.1 V Charge - G/10 Discharge)

+ Temp = - 40C (C/15 Charge-4.0 ¥ Charge - G/10 Discharge)
0 - - - 1 i
0 25 50 75 100 125 150

Cycle Number

Figure 62. Cycle life performance of SAFT DD-size
lithium ion cells containing 1.0 M LiPFs/EC/DEC/DMC/
EMC (1:1:1:3) at various temperatures. Cutoff voltages for
low-temperature charge were indicated in the graph.
(Reproduced with permission from ref 515 (Figure 11).
Copyright 2003 Elsevier.)

2.50
1 * LOMLIiPF6 EC+DEC+DMC (1:1:1)
2+ 0.75M LiPFé6 EC+DEC+DMC+ETFEC (1:1:1:1)
2.00 4 3 0.75 M LiPF6 EC+DEC +DMC+EHFPC (1:1:1:1)
4+ 0.75M LiPF6 EC+DEC +DMC+TFECm (1:1:1:1)
1 Lithium-Carbon thee electrode cell 2
Q 1.50 4+ MCMEB Carbon Cathode
< 4 Li Metal Anode
-4 3 Li Metal Feference
3 .
> 1001 2nd Lithium De-intercalation
3 at Low Temperature
p -20°C
1 AanT
0.50 i‘*" oco»u.'
ouovnonou..nnnuu.uo-u“’
’C‘
0.00

0.000 0050 0100 0150 0200 0250 0300 0350
Charge Capacity (Ah)

Figure 63. Delithiation capacity of an MCMB anode at

—20 °C in various electrolytes following charge (lithiation)

at —20 °C. The drain rate is 50 mA (~C/12). (Reproduced

with permission from ref 466 (Figure 4). Copyright 2003
Elsevier.)

achieved in the best case, however. EIS and polariza-
tion studies on the interface between the electrolyte
and the graphitic anode showed that these fluori-
nated cosolvents in general created less resistive
surface films and more rapid charge-transfer kinetics
when compared with nonfluorinated carbonates, and
the difference increased with decreasing tempera-
ture. Full lithium ion cells based on LiNixCo;-O, and
MCMB were also assembled with one of these novel
solvents, and good reversibility was observed, al-
though no data on subzero temperature tests were
reported.

According to the authors, additional merits of such
fluorinated carbonates would include their lower
flammability and higher stability against storage at
elevated temperatures as compared with their non-
fluorinated counterparts; therefore, the incorporation
of these novel solvents into the current commercial
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lithium ion cells seems promising if the manufactur-
ing costs and environmental requirements do not
constitute any obstacle.

In addition to linear carbonates, PC was also
considered as a cosolvent that could help to improve
the low-temperature performance of the electrolytes,
mainly due to its wide liquid range and solvation
ability to lithium salts. This latter property seems
to be a merit relative to the linear carbonates, whose
dielectric constants are generally below 10 and whose
displacement of EC usually causes the solubility of
lithium salts to decrease in such mixed solvents,
especially at low temperatures.

To characterize the effect of PC addition on the
related properties of the electrolytes, Zhang et al.
carried out a comparative study on PC/EC/EMC
(1:1:3) and EC/EMC (3:7).1¢8 They found that, because
of the higher viscosity of PC, the ion conductivity of
the former formulation was lower at subzero tem-
peratures, and its declination accelerated with de-
creasing temperature. Nevertheless, due to the large
portion of linear carbonates in the formulation, the
compromise in ion conductivity was marginal. Dis-
charge tests in LiNiOz/graphite lithium ion cells were
carried out down to —30 °C, and PC-containing
electrolytes was found to outperform the baseline.
According to the authors, this improvement could not
be attributed to the bulk ion conductivity of the PC-
based electrolyte but to the lower cell impedances
associated with the films on both cathode and anode
surfaces. No cycling tests below —20 °C were de-
scribed. Considering that PC would induce higher
irreversible capacities in the initial cycles and even-
tually result in lower capacity in cathode-limit lithium
ion cells, the use of it as a low-temperature electrolyte
cosolvent is possible only if one of the following
measures is adopted to suppress the cointercalation
and decomposition of PC: (1) the use of SEI-modify-
ing additives, (2) the use of special salts that can help
form a more protective SEI (such as LiBOB), or (3)
the surface modification of the graphite anode.

8.4.1.2. Salt Approach. Another less expected
approach aimed at low-temperature electrolytes was
also proposed by Zhang et al., who reported that the
replacement of LiPFs by LiBF; would result in
improved discharge capacity of lithium ion cells. 34135

LiBF, had been considered an inferior electrolyte
solute to LiPFg due to its lower ion conductivity in
nonaqueous solvents and the less protective SEI
formed by these electrolytes, and its application in
commercial lithium ion cells seemed to be possible
only in the unique solutions containing yBL. As
Figure 64 shows, in the entire temperature range
from 60 to —60 °C, LiBF, exhibited a lower ion
conductivity than LiPFs in PC/EC/EMC (1:1:3) solu-
tions,'3* while a similar trend was found for EC/DMC/
DEC solutions as well.*® However, all the LiBF,-
containing lithium ion cells obviously outperformed
their LiPFg counterparts in discharge capacity at
temperatures below 0 °C, and as Figure 65 shows,
at —40 °C, its PC/EC/EMC solution was still able to
deliver up to 86% of the rated capacity, while the
LiPFs counterpart could only access 72%. These
results once again confirmed that ion conductivity in
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the bulk electrolytes does not dictate low-temperature
performance.

By EIS analysis of the corresponding lithium ion
cells, Zhang et al. showed that the impact of SEI
resistance on total cell impedance was rather negli-
gible, and hence, they attributed the superior low-
temperature behavior of LiBF,-based electrolytes to
the lower resistance associated with the so-called
“charge-transfer processes”, which are usually rep-
resented in impedance spectra by the semicircle at
the lower frequency region.5'® This suggestion could
be viewed as a further extension of the conclusion
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measured for the fully charged lithium ion cells at —30 °C
in which the inset shows the magnified view of the high-
frequency part. Electrolytes are 1.0 m LiPFg (hollow) and
LiBF, (solid) in PC/EC/EMC (1:1:3). Note that the semi-
circles in the inset are almost invisible in the scale of the
whole spectra. (Reproduced with permission from ref 134
(Figure 4). Copyright 2002 Elsevier.)

drawn by Smart et al., who had identified Rsg as the
limiting resistance in the lithium cell operation at
low temperatures.*62 In fact, Smart et al. had already
realized the effect of R.: on low-temperature behavior,
since they also used an effective exchange current
density to represent the lithium ion intercalation
kinetics. This latter quantity should reflect the
overall effect of Rsg; and R.#62:508

Thus, by comparing the impedance spectra of the
lithium ion cells, Zhang et al. showed that the
resistance corresponding to the charge-transfer pro-
cess (R¢) dominates the total cell resistance at low
temperatures. For example, at —30 °C (Figure 66),
the semicircle and the interception corresponding to
Rt and R, have to be magnified in the inset to be
visible. Considering the huge difference between the
magnitudes of R, or Rs and Ry, the authors concluded
that the poor low-temperature performance of lithium
ion cells is caused by the slow kinetics of charge-
transfer at these temperatures. The decoupling of the
bulk resistance (R, related to the ion conductivity
in the bulk electrolytes) from the charge-transfer
process and film resistances (R and Ry, related to
the ion transport in the surface film and the Faradaic
process, respectively) can also be clearly seen in
Figure 66 (at —30 °C): that is, although the cell based
on LiBF, has higher R, (the inset), its R¢ is much
lower than that of the cell with LiPFs.*3* Similar
observations were also made with EC/DMC/DEC
formulations.*3 It should be noted that, since full
lithium ion cells were used in these EIS studies, Rt
and Rt mentioned above should reflect the combina-
tion of these corresponding processes on both anode/
electrolyte and cathode/electrolyte interfaces.

In another work unrelated to the low-temperature
electrolytes, Mohamedi et al. characterized the spray-
deposited thin film of spinel cathode material by
means of EIS and studied the correlation between
electrolyte composition and the impedance compo-
nents. Among the three lithium salts investigated,
the lowest R.; and Ry were obtained in a LiBF,-based
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electrolyte.5*” This observation indirectly corrobo-
rated the conclusions of Zhang et al. and seemed to
indicate that LiBF, possessed certain qualities of an
electrolyte solute for low-temperature-oriented ap-
plications. In combination with the advances ob-
tained in the solvents approach, further improvement
in the performance at extreme temperatures might
be a probable perspective.

8.4.1.3. Limiting Factors for Low-Tempera-
ture Operation. One controversial topic that has
raised wide attention relates to the limiting factors
of the low temperature of lithium ion cells. The
researchers not only debated about whether the
anode or cathode controls the overall low-tempera-
ture performance of a full lithium ion cell but also
disagree upon the rate-determining steps that govern
the low-temperature kinetics of lithium ion intercala-
tion at the graphitic anode.

Due to the contributions from Smart et al.,*6? the
emphasis of low-temperature study on electrolytes
has been placed on the anode side, and the SEI film
on the graphitic surface has generally been recog-
nized as the most resistive component in the journey
of the lithium ions during the cell operation, which
must travel across the electrolyte and intercalate into
or deintercalate from the bulk graphite structure.
This hypothesis was mainly established on the basis
of two observations made in the EIS studies of the
lithium/graphite half-cells: (1) the resistance corre-
sponding to the surface film component (Rsg)) far
outweighs the component representing electrolyte
bulk resistance, and (2) the steep temperature-
dependence of Rsg in the low-temperature ranges
below —20 °C matches the rapid deterioration of the
half-cell performance, while the ion conductivities do
not suffer any dramatic drop in this range.164168
These two phenomena have been repeatedly observed
in various electrolyte systems in which novel cosol-
vents were added to depress the liquidus temperature
and to improve solution transport properties,
and complementary evidence was also obtained
from various electrochemical polarization tech-
niques_466,511,512

The above hypothesis was questioned by Huang et
al., who suggested that the critical factor that limits
the anode capacity accessible at the low temperatures
is the kinetics of the lithium ion in the bulk carbon-
aceous anode instead of the surface film.5'2 Their
argument was based on the universally observed
asymmetric behavior of graphitic anodes toward
lithiation and delithiation at low temperatures; that
is, while the fully charged graphite can release the
intercalated lithium ions at temperatures below —20
°C with relative readiness, the attempt to lithiate a
fully discharged graphite anode at the same temper-
ature is severely hampered by the high resistance at
the surface. Considering the electrolyte nature of the
SEI, which serves as an electronic insulator but an
ionic conductor, the authors pointed out that it should
neither behave like a diode that only impedes lithium
insertion but allows extraction nor vary in its resis-
tance depending on the state-of-charge of the graph-
ite. Therefore, the above asymmetric behavior should
not be attributed to the SEI, whose resistance should
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capacity at various temperatures. (Reproduced with per-
mission from ref 513 (Figure 8). Copyright 2000 The
Electrochemical Society.)

be independent of the lithiation degree in the graph-
ite, but rather to the lithium ion diffusion within the
carbonaceous anode structure, which has direction-
ality due to the concentration polarization. Thus, the
diffusion coefficient of lithium ion within the carbon-
aceous anode (Dy;) would always be higher for lithium
deintercalation but lower for intercalation, and the
gap between the two processes becomes more promi-
nent as temperature goes down.513

To further support their argument that low-tem-
perature lithium ion intercalation is governed by
lithium diffusion instead of the SEI, the authors
investigated the effect of carbon particle size on its
specific capacity by choosing two carbonaceous an-
odes of the same capacity at room temperature but
different particle sizes (6 and 25 um). They found
that, when cycling at temperatures below —20 °C, the
anode with fine particles outperformed the one with
coarse particles in the charge capacity, as Figure 67
shows. The authors believed that this particle size
effect was consistent with their contention that
lithium diffusion is the rate-determining step that
limits the low-temperature performance of carbon-
aceous anodes, because the large diameter of the 25
um particle would require longer lithium diffusion
lengths and, consequently, a lower lithiation degree
would be realized in this case, with the assumption
that Dy; is the same for both anode materials.

Combining the above evidences, Huang et al.
further concluded that the improvement in the low-
temperature performances of lithium ion cells would
eventually rely on the effort to develop anode materi-
als of high lithium diffusion coefficients instead of
the electrolytes and SEI that were less resistant.

The conclusion of Huang et al. was supported by
Lin et al., who used a three-electrode cell design to
monitor the voltage profile of both the anode and
cathode in a full lithium ion cell during cycling at
low temperatures and found that these cyclings
resulted in the deposition of metallic lithium on the
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graphite surface and the subsequent permanent
capacity loss when an unusual cycling regulation was
applied to deal with the reduced capacity accessible
at low temperatures.'> These authors attributed the
lithium deposition to the excessive concentration
polarization on the graphite surface.

However, more recent work by Wang et al.5!* and
Zhang et al.?'? seemed to present convincing evidence
challenging the suggestion by Huang et al. that
electrolyte and the SEI resistances do not affect the
low-temperature performance of graphitic anodes.
The former authors used the combination of the
galvanostatic intermittent titration (GITT) technique
and EIS to analyze the individual impedance com-
ponents that simulate graphite in the quaternary
electrolyte composition LiPFs/EC/PC/DMC/EMC
(4:1:3:2). Since the reaction resistance as measured
by GITT is the sum of the electrolyte bulk resistance,
Rsei, Ret, stage transformation, and the resistance
that corresponds to lithium diffusion in graphite, it
is possible to distinguish the impact of their temper-
ature-dependences on the overall electrode Kinetics.
They found that, during the low-temperature cy-
clings, the diffusional resistances were similar during
charge and discharge, thus contradicting the hypoth-
esis by Huang et al. that the concentration-depen-
dence of lithium diffusion would result in higher
concentration polarization to lithiation than to delithi-
ation. Furthermore, in a quantitative manner, they
also found that the magnitude of Rsg; makes it the
dominating component at the low temperatures when
compared with the other impedance components and,
hence, concluded that at —30 °C the limiting factor
for the lithium intercalation is Rsgy.

The latter authors used anode and cathode sym-
metrical cells in EIS analysis in order to simplify the
complication that often arises from asymmetrical
half-cells so that the contributions from anode/
electrolyte and cathode/electrolyte interfaces could be
isolated, and consequently, the temperature-depend-
ences of these components could be established. This
is an extension of their earlier work, in which the
overall impedances of full lithium ion cells were
studied and R, was identified as the controlling
factor.134135 As Figure 68 shows, for each of the two
interfaces, R, dominates the overall impedance in the
symmetrical cells as in a full lithium ion cell, indicat-
ing that, even at room temperature, the electrodic
reaction kinetics at both the cathode and anode
surfaces dictate the overall lithium ion chemistry. At
lower temperature, this determining role of R
becomes more pronounced, as Figure 69c shows, in
which “relative resistance”, defined as the ratio of a
certain resistance at a specific temperature to that
at 20 °C, is used to compare the temperature-
dependences of bulk resistance (Rp), surface layer
resistance (Rg), and Rg. For the convenience of
comparison, the temperature-dependence of the ion
conductivity measured for the bulk electrolyte is also
included in Figure 69 as a benchmark. Apparently,
both Ry, and R vary with temperature at a similar
pace to what ion conductivity adopts, as expected, but
a significant deviation was observed in the temper-
ature dependence of R below —10 °C. Thus, one
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Copyright 2003 Elsevier.)

could conclude that the rate-determining factor that
limits the capacity utilization of the graphitic anode
as well as the cathode should most likely be Rq.

Perhaps a more important finding by these authors
is the “concentration-dependence” of Ry. As Huang
et al. has pointed out, Rsg, should be independent of
state-of-charge,®*® and the authors proved that Rsg,
remains relatively constant on both charged and
discharged anode and cathode surfaces, as shown by
the insets of Figure 70. However, R showed a strong
dependence on the lithiation degree of both the anode
and cathode. Two extreme situations were simulated
in Figure 70, which correspond to a fully charged
lithium ion cell, wherein the cathode is delithiated
and the anode is lithiated, and a fully discharged
lithium ion cell, wherein the cathode is lithiated and
the anode is delithiated. Apparently, in the former
case, R¢: on both the anode and cathode is substan-
tially high, indicating a high polarization for the
lithiation of the anode and delithiation of the cathode,
while the reverse processes for each electrode are
much easier in a fully charged lithium ion cell. Hence,
these authors proposed that the asymmetrical be-
havior of lithium ion cells at low temperature most
likely originated from the concentration-dependence
of Rt instead of the directionality of lithium diffusion
within the bulk graphite anode.?'? Since in numerous
reports R has been shown to be closely related to
SEI or surface film properties, although its physical
significance remains ambiguous,®® a fact beyond
doubt is that this rate-determining component is
under the influence of electrolyte composition, as
evidenced by Smart et al.’s success.5> On the other
hand, the suggestion by Huang et al. that the
electrolyte and SEI do not control the low-tempera-
ture performance of lithium ion cells seems to be
challenged in these electrode/electrolyte systems.

It must be noted here that the observation made
by Zhang et al. about the dominating magnitude of
Rct could be electrode-specific because R is not
always higher than Rsg, in all systems and at all
temperatures. At least in the works by Smart et
al.*61462 and Wang et al.,’! Ry in magnitude is
comparable with or even smaller than Rsg,. Certainly,
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Elsevier.)

as long as the temperature-dependence and “concen-
tration-dependence” of R remain unchanged, the
relative magnitude of R versus Rsg should not
reverse the conclusion by Zhang et al. Nevertheless,
in such situations it seems to be necessary to define
a new quantity that would more accurately describe
the overall Kinetics of lithium ion intercalation/
deintercalation in the surface film. The interface
exchange current derived from various polarization
techniques that has been used by Smart et al. could
be such a quantity, because both Rsg; and R are
taken into account.

In most of the situations discussed above, the
graphite anode was investigated as the single and
isolated component, while no or little consideration
was given to the other components where simulta-
neous electrochemical processes occurred. In a full
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lithium ion cell, which integrates all of those com-
ponents, including electrolyte, separator, cathode,
and anode, the identification of the limiting factor
for low-temperature performance becomes more com-
plicated, and conflicting conclusions have been re-
ported from various authors. Clearly, these conclu-
sions are highly conditional and most likely system-
specific; therefore, caution should always be taken
when interpreting the results of these studies.

Conceptually, besides SEI and charge-transfer
resistance in the interfaces as well as lithium diffu-
sion coefficients in the electrodes, the possible limit-
ing factors that might affect the kinetics of lithium
ion chemistry could also be electrode surface area and
porosity, electrode density and loading, affinity of
binder toward electrolyte, and separator porosity and
lipophilicity. Any material or engineering flaw could
make any of these factors the rate-determining step
of the kinetics; hence, it is not strange that different
limiting factors have been identified for different
lithium ion systems when low-temperature perfor-
mance was investigated.

Ozawa was perhaps the first author who tried to
determine whether the anode or cathode acts as the
kinetic bottleneck in a full lithium ion cell, although
the purpose at the time was not intended for low-
temperature considerations.'®” In interpreting the

Xu

Nyquist plots obtained in the EIS analysis of the first
generation of Sony 18650 cells, he assigned the larger
semicircle at lower frequency to the anode/electrolyte
interface and the smaller at medium frequency to the
cathode/electrolyte interface on the basis that the
diameter of the former relies on the state-of-charge
of the anode, while the latter becomes larger in
diameter when the surface area of the LiCo00O,
cathode decreases. Thus, he concluded that the
charge-transfer process occurring at the anode/
electrolyte interface is the slowest step for the whole
cell chemistry. However, since the EIS study was
conducted on the lithium ion cell without an inde-
pendent reference electrode, the attempt to separate
the contribution from each individual electrode to the
overall cell impedance is deemed unreliable. His way
of assigning the two semicircles to individual elec-
trodes was also questionable, since it is well accepted
that these semicircles correspond to different pro-
cesses rather than different electrode interfaces.34462
As has been shown in Figure 68, since the time
constants for these two electrochemical components,
Rser and Ry, are comparable at anode/electrolyte and
cathode/electrolyte interfaces, respectively, the im-
pedance spectra of a full lithium ion could have
similar features in which the higher frequency semi-
circle corresponds to the surface films on both the
anode and the cathode, and the other at lower
frequency corresponds to the charge-transfer pro-
cesses occurring at both the anode and the cathode .52

By incorporating an independent lithium reference
electrode in a commercial lithium ion cell from A&T,
Nagasubramanian managed to separate the contri-
butions from the anode and cathode to cell impedance
and established their individual temperature pro-
files.5% He found that the increase in cell impedance
with decreasing temperature mostly came from the
cathode/electrolyte interface, while the contributions
from the anode/electrolyte interface or the bulk
resistance were negligible. Similar impedance be-
havior was also observed in commercial cells from
Moli and Panasonic.5% Thus, he concluded that the
interfacial resistance at the cathode, which should
include both Rsg, and R, is mainly responsible for
the poor cell performance at low temperatures. This
conclusion was supported by Chen et al., who inves-
tigated the 18650 lithium ion cell assembled by
Polystor using EIS and identified charge-transfer
resistance at the LiNiygCo0,0, cathode/electrolyte
interface as the main contributor of overall cell
impedance, although the study was only carried out
at room temperatures.>'® An indirect evidence for this
conclusion came from the XPS studies conducted by
Andersson et al. on the cathode and anode surface
from the same lithium ion cell, which showed that
the surface film on the cathode is much thicker
compared with the anode SEI.2%*

The opposite conclusion was reported by Lin et
al.,'%® who used a three-electrode configuration to
study the electrode polarization of the MCMB anode
and LiCoO; cathode under galvanostatic conditions.
They found that in all cases the polarization at the
MCMB anode surface far outweighs that at the
cathode to such an extent that the potential profile
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trodes in 1.0 M LiPF¢/EC/DEC/DMC/EMC (1:1:1:3). (Re-
produced with permission from ref 515 (Figure 8). Copy-
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of the full lithium ion cell actually mirrors that of
the anode. This dominance of anode polarization
becomes even more severe at low temperatures, and
the logical conclusion should be that the kinetics at
the graphitic anode are the rate-determining step.

In a more recent survey of the commercial lithium
ion cells, Fan believed that the resistance of the
cathode surface layer was the factor limiting the low-
temperature performance of the cell chemistry.50’
Unlike the previous researchers who also believed
that the cathode acted as the limiting factor,*62:506.512
Fan specifically excluded the role of R when he
made the identification, and his major arguments
were based on the summary and interpretation of the
previously published data on lithium diffusion coef-
ficients in both the cathode and anode and the fact
that the surface area of the cathode is normally only
a fraction of the anode. Without data from direct
measurement, the above speculation seems to be
premature; hence, further experimental confirmation
is needed.

With the aim of gaining insight into the Kinetics
of lithium intercalation/deintercalation of both an-
odes and cathodes in novel low-temperature electro-
lytes, Smart et al. carried out the Tafel polarization
experiments on MCMB and LiNiCoO; electrodes as
a function of temperature in a three-electrode cell,
and the results are summarized in Figure 71. In the
temperature range from ambient to —40 °C, the
limiting current densities observed on the anode
remained higher than those observed on the cathode.
In other words, under the condition of galvanostatic
cycling at low temperatures, the cathode would be
preferentially polarized and very likely serves as the
bottleneck for the kinetics of lithium ion chemistry.
As pointed out earlier, these polarization current
densities reflect the resistances of both the surface
film and charge-transfer on anodes and cathodes,
respectively. Interestingly, the temperature-depend-
ences established for the limiting current densities
on anodes and cathodes showed that, as temperature
decreases, the gap between the polarizations at
anode/electrolyte and cathode/electrolyte interfaces
rapidly closes (Figure 71), predicting a switch of rate-
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determining step in the temperature ranges below
—40 °C if other factors such as the precipitation of
bulk electrolyte components do not intervene.

The EIS studies using symmetrical cells by Zhang
et al. presented a third answer to the question about
whether the cathode or the anode is the limiting
factor.5'? They showed that the controlling factor for
each electrode, Ry, is comparable in magnitude at
room temperature for a graphite as well as a LiNiO;
electrode (Figure 68); and with decreasing tempera-
tures down to —20 °C, these charge-transfer quanti-
ties also decline following a matching profile (Figure
69c). Therefore, merely on the basis of the impedance
measurement, it would be difficult to tell which
interface is rate-determining. Thus, the authors
concluded that charge-transfer processes in both the
anode and the cathode limit the capacity utilization
at subambient temperatures.

8.4.2. High-Temperature Performance

Compared with the efforts spent on the low-
temperature performance, less attention has been
paid to the applications of lithium ion technology at
elevated temperatures, with perhaps storage stability
as the only exception. Cycling tests at temperatures
above 50 °C have been rarely reported in the litera-
ture, most likely owing to the chemical instability of
LiPFs in the organic solvents at elevated temperature
and the difficulty of replacing it with new lithium
salts.

Using the thermally stable salt LiBOB, Xu et al.
showed that a full lithium ion cell can operate at
temperatures up to 70 °C with limited capacity
fading, while LiPF¢-based cells suffer obvious per-
manent capacity loss, as shown in Figure 72.155:492
The authors believed that the chemical stability of
BOB anion and the absence of reactive decomposition
products such as HF and PFs confer upon the
electrolyte stable performance at elevated tempera-
tures. Liu et al. also reported the improved cycling
performance of lithium ion cells based on the spinel
cathode and LiBOB-containing electrolyte at elevated
temperatures.*®® Since Mn?*-dissolution caused by
the HF from LiPFs has resulted in a severe capacity
fading problem for spinel-based cathode materials,
especially at elevated temperatures, the application
of this promising cathode material has been pre-
vented; therefore, the thermal and chemical stability
of it in the presence of LiBOB might have special
significance.

Another salt that is less sensitive to moisture than
LiPFe, LiBF,4, was also tested as an electrolyte solute
intended for high-temperature applications. Zhang
et al. reported that electrolytes based on this salt
could allow the lithium ion cells to cycle at temper-
atures up to 70 °C.** Irreversible reactions occurred
at temperatures above 80 °C, and the cells lost
capacity rapidly, which was accompanied by the rise
of cell impedance simultaneously.

As the structurally modified version of LiPFs,
LiFAP has also been reported to be less chemically
sensitive due to the partial replacement of fluorine
with the more stable perfluorinated alkyls.4%6497
Aurbach and co-workers investigated the stability of
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Figure 72. Capacity and capacity retention of the full
lithium ion cells based on graphite as anode, LiNiO; as
cathode, and LiPFs or LiBOB in EC/EMC as electrolytes:
(a) room temperature; (b) elevated temperatures. (Repro-
duced with permission from ref 155 (Figure 5). Copyright
2002 The Electrochemical Society.)

the electrolytes based on this salt at elevated tem-
peratures in anode half-cells.?° To ensure the com-
plete formation of the SEI on the graphitic anode,
all cells subjected to high-temperature testing were
preconditioned by cycling at room temperature. As
the inset of Figure 73 shows, the half-cell containing
baseline electrolyte with LiPFs as salt suffers an
immediate capacity loss at 60 °C, while the half-cells
based on LiFAP solutions could be cycled at this
temperature for 50 times before deterioration hap-
pened. Surprisingly, the most stable behavior was
demonstrated by the electrolyte based on the mixed
salt 0.50 M LiFAP/0.50 M LiPFs, which not only
delivered stable performance at 60 °C (Figure 73) but
also showed higher capacity and lower fading rate
even at 80 °C. As a rationale for the mixed salt effect,
these authors in their more recent work proposed
that some possible bulk reactions occurred between
the two salts, one of which is the nucleophilic
substitution of the fluorinated alkyl by F~, forming
new P—F bonds and HCF,CF;.4%% Since the FAP~
anion in this reaction actually serves as HF-scaven-
ger, it should have a positive effect on both the
performance of the Li—graphite electrodes and the
thermal behavior of the solutions.
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Figure 73. Cycling of graphite anode half-cells at 60 °C
after extended cycling at room temperatures. 1.0 M LiFAP,
0.50 M LiFAP/0.50 M LiPFg, and 1.0 M LiPFg (inset) in
EC/DEC/DMC (2:1:2) were used as electrolytes. (Repro-
duced with permission from ref 499a (Figure 6). Copyright
2003 The Electrochemical Society.)

8.5. Electrolytes of Low Flammability

As diluents of low viscosity for the electrolyte
solutions, the linear carbonates or esters were used
at high concentrations along with EC, and their high
flammability, as indicated by the low flash points
(Tables 1 and 2), has imparted the state-of-the-art
electrolyte systems with potential fire hazards in the
situations of various types of accidents and abuses.
Hence, these organic solvents serve as fuel for the
various combustion processes, whether in open air
when cells are ruptured and accidental sparks ignite
their vapors®®! or under hermetic conditions where
overcharge or overheating trigger thermal run-
away_340,341,360

The efforts aiming to improve the thermal safety
of electrolytes under these abuse conditions have
intensified in recent years, partially driven by the
more stringent safety requirements for large industry
lithium ion cells intended for electric vehicle (EV) or
hybrid electric vehicle (HEV) applications. Unlike
consumer-size lithium ion cells with capacities below
2 A h, the battery packs for the above applications
are usually based on individual cells of 10 A h or
higher in capacity, and the dangerous combination
of flammable solvents with the highly energetic
electrodes in such scaled-up systems would be se-
verely magnified by the amount of materials con-
tained in the cell. For example, a recent test, which
was designed as a close simulation of a car accident
in real life, showed that violent fire and explosion
ensued from the ignition of electrolyte vapors by an
externally generated spark when a fully charged
lithium ion cell vented.5'®

Since any compromise in cell energy density for the
sake of safety would be undesired, most of the
research efforts were concentrated on the reformula-
tion of the electrolytes by using a flame-retarding
additive or cosolvent, with the goal that its presence,
kept at a minimum, could result in nonflammability
or at least retarded flammability of the whole elec-
trolyte system.
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The early patent disclosures have claimed the
application of a wide spectrum of gas-evolving ingre-
dients and phosphorus-based organic molecules as
flame retarding additives in the electrolytes.5?°
Pyrocarbonates and phosphate esters were typical
examples of such compounds. The former have a
strong tendency to release CO,, which hopefully could
serve as both flame suppressant and SEI formation
additive, while the latter represent the major candi-
dates that have been well-known to the polymer
material and fireproofing industries.>?1522 The elec-
trochemical properties of these flame retardants in
lithium ion environments were not described in these
disclosures, but a close correlation was established
between the low flammability and low reactivity
toward metallic lithium electrodes for some of these
compounds. Further research published later con-
firmed that any reduction of flammability almost
always leads to an improvement in thermal stability
on a graphitic anode or metal oxide cathode.

Prakash and co-workers described the first ap-
plication of a flame retardant additive in an electro-
lyte solution that has been commonly used for lithium
ion technology.5?® By using a substituted cyclic phos-
phorimide, hexamethoxycyclophosphazene (HMPN),
at additive levels (<10%), they investigated the
improvement in thermal stability of the baseline
electrolyte LiPF¢/EC/DMC by means of DSC and
ARC, respectively. As Figure 74a shows, the presence
of HMPN at concentrations below 2% resulted in a
dramatic reduction in the thermal reactivity of the
electrolyte toward the fully lithiated graphite anode,
as indicated by the much lower heat generation as
well as the much delayed onset temperature of the
major exothermic process. The improved stability was
also found in the self-heating of the electrolyte under
adiabatic conditions in the presence of metallic
lithium, as Figure 74b shows. The maximum SHR
of the baseline electrolyte at 178 °C was apparently
triggered by the melting of lithium (mp 180 °C),
which induced a high rate of self-heating at 0.68 °C
min~?, while the presence of 10% HMPN effectively
suppressed this self-heating process, with a maxi-
mum SHR of 0.16 °C min~! at 170 °C. The authors
attributed these improvements in thermal stability

to the nonflammability of HMPN with a mechanism
of passivating the surface of lithium. Because of its
small presence, HMPN does not show any negative
impact on the electrochemical stabilities of the base-
line electrolyte, as indicated by the cyclic voltamme-
try experiments as well as the preliminary cycling
results in a cathode half-cell based on LiNiggC0g205.

Similar improvements in thermal stability were
also made with a series of partially fluorinated esters
by Yamaki et al.,*%® who used these fluorinated esters
shown in Table 12 as the single solvents for electro-
lytes intended for the application of rechargeable
metallic lithium cells. Compared with their nonflu-
orinated counterparts, the thermal stability of these
electrolytes against both metallic lithium and LiCoO,
cathode materials was significantly improved, and in
both cases, the onset temperatures for the major
exothermic reactions were postponed to above 300 °C.
The authors believed that the higher stability of the
fluorinated esters against metallic lithium was re-
lated to their chemical reactivity at room tempera-
ture with lithium, the reaction products of which
coated the surface of lithium with a thick SEI film
that delayed the reaction of the molten lithium at
higher temperatures. On the other hand, since the
intrinsic decomposition of LiCoO, cathode materials
occurred at ~300 °C, the authors attributed the
thermal event observed in the temperature range
between 300 and 350 °C to the combination of the
individual thermal decompositions of LiCoO, and
electrolyte. The cycling efficiencies of metallic lithium
in those fluorinated esters were also studied, based
on which the authors proposed that rechargeable
cells using metallic lithium as anode might be practi-
cal due to the stabilization effects of those solvents
on both the lithium anode and LiCoO, cathode. No
data were reported on the reduction behavior of those
solvents on graphitic anodes; therefore, the applica-
tion of these novel solvents in lithium ion cells
remains to be investigated.

Following the pioneering work by Prakash and co-
workers,*? the researchers of the electrolytes for
lithium ion cells started to concentrate their attention
on the organophosphorus(V) compounds, and a num-
ber of publications since 2001 marked this renewed
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Table 14. Flame-Retarding Additives or Solvents

Xu

Solvent Structures Tw/ °C Tw °C £(20°C) Remarks Ref.
HiCO_ \  PCHs Solid with m.p. at 49 °C;
HiCO™ F|’|/ \f\ocug miscible with carbonates; 523
NN 49 > 250 improve  thermal stability with 526
Mo’ NocH; HMPN graphite or Li (DSC, ARC) at additive
level.
(R]N3=CH3) -46 197 20.7 Viscous liquids; 524, 525
R30"'P\0Rz (R"*=C,Hs) -56.4 215 13 miscible with carbonates;
R'0 (R'~;=CF3) , -19.6 178 10.5 render nonflammability at 20% 526~530
1~2_ _ : . .
alkyl phosphates (Rl =CF;, 53—CH3) -22.5 203 12 !f fluorinated; N
(R'=CF;, R""=C,H5s) 210 15 improve SEI stability on anode.
(R"*=C¢Hs) 531
(R"*=C4Ho)
o_ 0 .. .
< p< Used as additive with TMP; 532
OCHs EEP improves SEI stability on anode.
F, F, Used with EMC as co-solvent;
Fic /c\c /4:,\0 _CHy -135 no flash point; 534, 535
F2 MFE improves thermal stability.

interest in nonflammability of electrolytes.>?47532 The
overwhelming choice of these compounds has cer-
tainly originated from the in-depth knowledge about
the combustion of organic materials accumulated in
the polymer industry, where halogenated and
organophosphorus compounds have been identified
as the most effective flame retardants.5?1522533 Tra-
ditionally, two major models have been proposed to
explain the flame retardation achieved by these
compounds: (1) char-formation, which builds up a
thermal barrier between the condensed and gaseous
phases, and (2) radical-scavenging, by which the
chain reaction is inhibited in the gaseous phase due
to the radical traps formed by the decomposition
products of these additives.53

Wang et al. seemed to favor the second mechanism
when the effectiveness of organophosphate in flame
retardation was discussed in their work.5* Using
trimethyl phosphate (TMP, R'=3 = CH3 in Table 14)
as the flame retardant additive/cosolvent, they con-
firmed that when TMP content was higher than a
certain threshold value, which depends on the flam-
mability of the baseline solvents, the electrolyte could
be rendered nonflammable. On the basis of the
previous findings that the radical species containing
phosphate have been detected in the MS, they
proposed that such radicals act like a trap to scav-
enge the main active agent for flame propagation, H*
radicals. To estimate the minimum amount (Njimit)
of TMP needed in any binary electrolyte composition
to achieve nonflammability, they even derived an
empirical equation:

CoTy,

(14)

The unitless quantity in eq 14, CeT/CyTp, is the so-
called “nonflammability index” defined by the authors
using the atom content of H or P in the two electro-
lyte components and their boiling points, respectively.
Qualitatively, this equation is of general significance

in that the effectiveness of a certain flame retardant
is proportional to the percentage of P in its molecule
and inversely to its bp, while, for the baseline
components, their flammability is proportional to
their bp and inversely to the H content in their
molecule. The lower flammability of the electrolyte
formulated with TMP was also confirmed to yield
higher thermal stability by calorimetry tests, in
which the thermal reaction between LiPF¢/EC/DEC
and the LiCoO; cathode was apparently suppressed
due to the presence of 20% TMP.

Unfortunately, TMP was found to be cathodically
unstable on a graphitic anode surface, where, in a
manner very similar to PC, it cointercalated into the
graphene structure at 1.20 V and then decomposed
to exfoliate the latter, although its anodic stability
did not seem to be a problem. For this reason, TMP
has to be used in amounts less than 10% with EC
and other carbonates in high concentration in order
to achieve decent performance in lithium ion cells.
However, capacity fading caused by the increase of
cell impedance cast doubt on the application of this
flame retardant in a lithium ion cell.5?* To avoid the
poor cathodic stability of TMP on graphitic anodes,
the possibility of using it with other amorphous
carbon electrodes was also explored by the authors.5%®

The above flame retardants, HMPN and TMP,
along with another commercially available alkyl
phosphate, triethyl phosphate (TEP), were system-
atically characterized by Xu et al.5?® To quantify the
flammability of the electrolytes so that the effective-
ness of these flame retardants could be compared on
a more reliable basis, these authors modified a
standard test UL 94 HB, intended for solid polymer
samples, and measured the self-extinguishing time
(SET) instead of the universally used flame propaga-
tion rate.52%2 Compared with the UL 94 HB, this new
guantity is more appropriate for the evaluation of the
electrolytes of low flammability, since the electrolytes
that are determined to be “retarded” or “nonflam-
mable” by this method all showed zero flame propa-
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Figure 75. Flammability of the electrolytes containing
various phosphorus-based flame retardants (FR). All elec-
trolytes are composed of these flame retardants in 1.0 m
LiPF¢/EC/EMC. (Reproduced with permission from ref 529
(Figure 1). Copyright 2003 The Electrochemical Society.)

gation rate. Since the SET thus obtained could be
normalized against the amount of electrolytes, the
reproducibility of flammability data was also im-
proved, and comparison between these different
flame retardants was made possible.

Figure 75 shows the dependence of the normalized
SET on the concentration of different additives/
cosolvents in a baseline electrolyte 1.0 M LiPFs/EC/
EMC (1:1). Apparently, the flammability decreases
steadily with the concentration of TMP, TEP, and
HMPN, but even in high concentrations, they fail to
render the electrolytes completely nonflammable.

In their further work, Xu et al. combined the effects
of the two different groups of flame retardants,
halogens and phosphates, into one molecule in the
hope that the integration would result in the im-
provement of flame retarding efficiency.5?7-53% For
this purpose, they synthesized a series of organo-
phosphates with partially fluorinated alkyls, which
included TFP, BMP, and TDP.

0 o o
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F3CH,C c\»/ 1 /0/ T i \c|>
3CH F3CH,C
CH,CF,CH,CFy  ° 2 LH, CH,CF;  F3CH,C \csz CaHs
TFP BMP TDP

A brief summary of their physical properties is
provided in Table 14. Their effects on the flammabil-
ity of the baseline electrolyte are also compared in
Figure 75. Apparently, the combination of fluorina-
tion with phosphate structure has brought the ex-
pected higher efficiency in suppressing burning. For
example, with 20% TFP the electrolyte was rendered
nonflammable.

While all these phosphate-based cosolvents were
shown to be rather stable on various cathode materi-
als, Xu et al. concentrated the evaluation effort on
the reduction behavior of these flame retardants at
the surface of graphitic anode materials. Figure 76
shows the results obtained with electrolytes contain-
ing high concentrations of TMP, TEP, and HMPN.
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Figure 76. Cathodic stability on graphitic anode: Dif-
ferential capacity vs voltage plots for anode and cathode
half-cells containing different concentrations of (a) TMP,
(b) TEP, and (c) HMPN. Only the first cycles are shown.
Concentrations are indicated in the graph with the Cou-
lombic efficiency for each cycle in the parentheses. (Repro-
duced with permission from ref 526 (Figure 2). Copyright
2002 The Electrochemical Society.)

While confirming the results reported by Wang et al.
that TMP is cathodically instable, the authors also
showed that longer alkyl substituents (as in TEP)
improved cathodic stability, although, in long-term
cycling or storage at elevated temperatures, the
reductive decomposition of TEP still caused poor cell
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performances. Among the three nonfluorinated co-
solvents, HMPN was the only exception: its presence
up to 40% did not have any negative impact on the
cathodic stability of the electrolyte on the graphitic
anode. Whether it also participated in the formation
of the SEI remained to be investigated.

The fluorinated phosphates, on the other hand,
showed generally improved cathodic stability, the
extent of which seemed to be proportional to the
content of fluorine in the molecule. The stability was
further confirmed by the storage test of these elec-
trolytes in a fully charged lithium ion cell at 60 °C.
The cycling of the lithium ion cells with these
electrolytes containing up to 40% TFP and BMP
showed little difference from the baseline electrolyte
at room temperature and at moderate drain rate,
while the extended cycling up to 300 times delivered
stable capacity with negligible fading. Like HMPN,
these flame retardants also seemed to be involved in
the formation of a more effective SEI on carbonaceous
anode materials because higher concentrations of
them always resulted in higher capacity retention in
the extended cycle life tests.

However, as Figure 77 shows, the presence of TFP
did render the lithium ion cells with lower rate
capability, although reformulation of the baseline
electrolyte with a higher content of the low viscosity
solvent could alleviate the loss in rate performance.
A similar trend was found with HMPN, which was
more viscous than TFP. Studies on ion conductivity
and EIS corresponded well with the above findings;
that is, the resistances associated with the ion
transport in both bulk electrolyte®?® and the electrode/
electrolyte interfaces®° increased with the presence
of these flame retardants. In other words, even with
the electrochemically stable TFP and HMPN, the
improvement in low flammability has to be realized
at the expense of cell performance because the
flammability of a system is mainly a bulk property
and the reduction of it requires the use of flame
retardants in high concentrations. On the other hand,
if the stringent standard of “nonflammability” set by
Xu et al. is abandoned and thermal stability with
respect to electrode materials as measured by DSC
or ARC is adopted as the criterion, then these flame
retardants could be used at much lower concentra-
tions, that is, as additives instead of cosolvents. This
difference has been shown by the work of Wang et
al. and Xu et al.

While the consideration of nonflammability and
SEI stability favors a high concentration of these
organophosphorus compounds in electrolytes, the
capacity utilization, rate capabilities, and low-tem-
perature operation require that they be used at
minimal concentrations. A compromise would be
reached between 15 and 20% TFP or BMP in a binary
1.0 M LiPFg in EC/EMC (1:1) system or at higher
than 30% in a ternary 1.0 M LiPFs in PC/EC/EMC
(1:1:3) system. Such electrolytes are completely or at
least nearly nonflammable. To further alleviate the
above tradeoff, Xu et al. suggested that new cosol-
vents of higher flame retarding ability should be
tailor-made.>3°
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Figure 77. Effect of TFP concentration in different
baseline electrolytes on the rate performance of the lithium
ion cells: (a) 1.0 m LiPF¢/EC/EMC (1:1); (b) 1.0 m LiPFg/
PC/EC/EMC (3:3:4). (Reproduced with permission from ref
530 (Figure 5). Copyright 2003 The Electrochemical Soci-

ety.)

Amine and co-workers reported similar organo-
phosphates with larger alkyl (TBP) or aromatic (TPP)
substituents, as Table 14 shows.53! They adopted an
improved UL 94 vertical burning technique to evalu-
ate the efficiency of these flame retardants in the
baseline 1.0 M LiPF¢/EC/DEC (1:1) and tried to
correlate the flammability of the resultant electro-
lytes with their thermal stability against a lithiated
graphite anode under adiabatic conditions. They
found that the flame propagation rate was signifi-
cantly reduced even with only 1% TPP, while the
optimum content of it was 5%. The exothermic
reactions of the electrolytes with the fully lithiated
graphite were effectively suppressed, as indicated by
the lower SHR, lower heat generation, and higher
onset temperature, similar to the observations of
Prakash et al. and Wang et al. These authors
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believed that the char-formation mechanism was
responsible for the delayed thermal decomposition.

Like all the phosphates investigated as cosolvents,
TBP and TPP showed higher anodic stability, as
confirmed by their cycling in lithium ion cells based
on a LiNiggCo20; cathode up to 4.2 V, and separate
cyclic voltammetry tests also showed that they would
not decompose anodically below 5.0 V on an inert
working electrode. Little capacity fading was detected
during the extended tests of TPP or TBP in full
lithium ion cells up to 150 cycles.

In view of the poor cathodic stability of TMP on a
graphitic anode, Ota et al. recently described a cyclic
phosphate ethylene ethyl phosphate (EEP) (Table 14)
to be used with TMP as the additive for the modifica-
tion of the SEI.5%2 They found that 5% EEP could
render the electrolyte 1.0 M LiPFs/EC/DEC/TMP (6:
2:2) stable on the graphite surface down to low
potentials and support the reversible intercalation/
deintercalation of lithium ions, while the electrolyte
1.0 M LiPF¢EC/DEC/TMP (6:2:2) without EEP
steadily decomposed at 0.40 V in a manner similar
to that for PC. The decomposition plateau at a much
lower potential as compared with the case of neat
TMP solution, as reported by Wang et al.,>>* should
be attributed to the high EC content used by Ota et
al. in their electrolyte composition. The evidence from
XPS and FT-IR seemed to confirm that EEP was
directly involved in the formation of the SEI, as both
spectra detected the signature stretching of P—O
bonds that did not exist in EEP-free electrolyte. The
authors suggested that EEP underwent a ring-
opening decomposition while participating in the
surface chemistry on the graphite surface during
charge. In temperature-programmed decomposition
mass spectra (TPD-MS), such an SEI was shown to
be more thermally stable even than the SEI formed
by the baseline electrolyte 1.0 M LiPF¢/EC/DEC (1:
1): the former decomposes at 125 °C and the latter
at 110 °C. The authors summarized that EEP should
be a promising additive for lithium ion electrolyte
because it showed the simultaneous merits of being
flame retardant and an SEI modifier.

Another non-phosphorus cosolvent was recently
described as the bulk component for a nonflammable
electrolyte by Arai, who used a partially fluorinated
ether, methyl nonafluorobutyl ether (MFE), to form
a binary mixture solvent with the linear carbonate
EMC and reported the complete elimination of the
flash point of the electrolyte thus-based (Table
14).534535 The 18650 lithium ion cells using graphite/
LiCoO; and 1.0 M LiBeti/MFE/EMC (8:2) delivered
the same capacity at low drain rates (0.1 C) as the
baseline electrolyte 1.0 M LiPFs/EC/EMC (3:7) but
showed no thermal runaway under the abusive
conditions of nail-penetration of an overcharged cell;
however, the rate capability of this nonflammable
electrolyte is very low. Galvanostatic and EIS studies
on the corresponding cathode and anode half-cells
identified that the highly resistive anode/electrolyte
interface was the source for this problem. With 0.5
M EC and 0.1 M LiPFg salt as additives in the MFE-
based bulk electrolyte, the polarization was signifi-
cantly reduced, as shown in Figure 78. The presence
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Figure 78. Rate capability of graphite/LiCoO; lithium ion
cells using nonflammable MFE-based electrolytes and EC/
EMC baseline. (Reproduced with permission from ref 534
(Figure 6). Copyright 2003 The Electrochemical Society.)

of EC and LiPFs led to the significant reductions in
not only R¢ but also Rsg, while XPS and FT-IR
confirmed that an increase in the amount of lithium
alkyl carbonate was simultaneously observed on the
graphite surface. In other words, the newly formu-
lated nonflammable electrolyte based on MFE re-
mained dependent on the use of EC and LiPFg. This
probably showed from another angle why EC and
LiPFs are indispensable components in the state-of-
the-art electrolytes.

One surprise in Arai’s results is perhaps the anodic
stability of the ether-based solvent MFE, which
remained stable anodically at up to 4.2 V on the
LiCoO; surface. Considering the numerous previous
reports that the ether linkage is oxidatively decom-
posed near 4.0 V,’475789 gne might attribute this
additional stability of MFE to the fluorination of the
molecule.

The MFE-based nonflammable electrolyte was also
tested in lithium ion cells using a spinel cathode.>3®
The effects of EC and LiPFs seemed to be distin-
guished: while the presence of EC improved the rate
capability of these lithium ion cells, longer cycle life
with higher capacity retention could only be achieved
by further addition of LiPFs. On the basis of the
above results, the authors believed that MFE-based
bulk electrolyte provided a better baseline in terms
of safety and nonflammability, although further
optimization should be carried out on this new
baseline.

8.6. Polymer and Polymer Gel Electrolytes

Polymer electrolytes intended for applications in
lithium-based cells could be roughly divided into two
major classifications: (1) those based on neat high
polymers, which serve as both solvent to dissolve
lithium salts and mechanical matrix to support
processability,337540 and (2) those based on polymers
gelled by conventional electrolyte solutions, wherein
the small organic molecules serve as the major
solvents, while the low percentage of high polymer,
fully swollen by these solvents, acts only to provide
dimensional stability.>*542 In recent literature the
former is usually referred to as solid polymer elec-
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trolytes (SPEs), and the latter as gel polymer elec-
trolytes (GPEs). Due to the poor ion conductivities,
SPEs remain materials of mere academic interest,
with only remote prospects for their applications. On
the other hand, GPEs have shown much higher
feasibility, and second generation lithium ion cells
from the major manufacturers have incorporated
these novel electrolytes. Apparently the proximity of
GPEs to the conventional nonaqueous electrolytic
solutions, in physical chemistry and electrochemistry,
is the main reason.

The current section does not intend to comprehen-
sively review SPE and GPE materials, as the preced-
ing sections do to liquid electrolytes, mainly because
of the fact that a number of recent reviews have
covered this field thoroughly 3148536542 the |latest of
which was published in 2003, and also the fact that
the most promising systems, that is, GPEs, are
similar in many ways to the conventional liquid
electrolytes, including their electrochemical stabili-
ties on various electrodes and the corresponding
interfacial chemistries. Rather, a more general over-
view will be given on both systems with little detailed
discussion on any individual electrolyte, although
exceptions apply to a few selected systems that are
of special significance.

8.6.1. Solid Polymer Electrolyte

While Wright and co-workers were the first group
of researchers to discover that the ether-based poly-
mer poly(ethylene oxide) (PEO) was able to dissolve
inorganic salts and exhibit ion conduction at room
temperature,>? it was the suggestion from Armand
et al. that placed these novel materials at the center
stage of lithium electrolyte research for more than a
decade.>* The number of comprehensive reviews on
this subject could serve as an indicator of the general
enthusiasm for these materials during the
period_41,47,536—542

At the time, the targeted device was the recharge-
able cell using a metallic lithium anode, and the
worldwide interest was mainly stimulated by the
following projected advantages that these polymer
electrolytes could potentially offer when compared to
their liquid counterparts: (1) excellent processability
and flexibility that could enable the fabrication of
ultrathin lithium cells of various geometric shapes
so that high energy and power density could be
achieved for versatile applications, (2) higher safety
due to the absence of flammable organic solvents and
the much lower reactivity of macromolecules toward
lithium, (3) the possible prevention of the growth of
lithium dendrite crystals upon cycling, and (4) the
high dimensional stability that could lead to the
elimination of a separator, so further improvement
in both energy density and manufacturing cost could
be achieved due to the simplified cell configuration
and enhanced packing efficiency.

Despite the initial misinterpretation in the ion
conduction mechanism, it was soon realized that the
ion conduction in PEO and other similar polyether-
based media mainly occurred in the amorphous
phases. Increasing evidences were obtained that ionic
motion in these polymer ion conductors was closely
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associated with certain local structural relaxations
related to the glass transition of the polymer.5%8 A
generally accepted model described a microscopic
sequence in which lithium ions were coordinated by
the ether oxygen atoms on the segments of a poly-
meric chain in a similar way to their complexation
by crown ethers or other oligoether-based solvents.
A continuous segmental rearrangement accompanied
by the gradual replacement of the ligands in the
solvation sheath of lithium ions, hence, resulted in
the long-range net displacement of lithium ions, as
Scheme 30 shows.5% Thus, these polymer-salt com-
plexes may exhibit mechanical properties which are
similar in most ways to those of true solids due to
chain entanglement of the polymer host, while the
microscopic environment that a lithium ion sees
remains liquidlike and the ion conductivity is “coupled”
to the local segmental motion of the polymer. The
latter property is often characterized by the glass
transition temperature (Tg) of the polymer, which to
a great extent determines the mechanical strength
and hence processability of a polymer material.

The above coupling between ion transport and
mechanical properties has created a perpetual di-
lemma concerning the prospect of using these poly-
mer ion conductors, since the efforts to improve their
ion conductivities—typically between 0.01 and 0.001
mS cm™! at room temperatures and far short of
supporting normal operation in lithium (ion) cells—
were always met by sacrificing dimensional stability.
Various new host polymers with low T4 were inves-
tigated, which included the more flexible polypropy-
lene oxide (PPO) hosts that remain completely amor-
phousatroomtemperatures, the siloxane-or phosphazene-
based polymers whose low T4 renders the polymer
host more flexible and facilitates faster ion conduc-
tion, the comb-type polyethers in which ether link-
ages are attached as side-chains to the backbone so
that more flexible segmental motion is possible, the
polymer composite electrolytes that have incorpo-
rated inorganic additives to eliminate the crystallin-
ity of polyether segments, and so forth. However,
almost always before the ion conductivities reach the
coveted goal of the “liquidlike” level (i.e., >1.0 mS
cm™1), the mechanical strength of these polymers
approaches “liquidlike” state, thus conflicting with
the fundamental reason polymer electrolytes are
desired. The introduction of chemical cross-linking
or the preparation of various interpenetrating net-
works (IPNs) indeed improves the dimensional sta-
bility of polymer electrolytes, but the ion conductivity
swings back to levels < 0.01 mS cm™.

During the two decades following the initial pro-
posal by Armand, essentially little progress was made
concerning the actual application of SPEs, where the
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poor ion conduction exists as a seemingly insurmount-
able barrier. Due to the low level ion conductivity,
little has been known about the electrochemical
stability of these polymer electrolytes on various
intercalation-type electrode materials, and even less
about their cycling in actual lithium and lithium ion
cells. On the basis of a general survey of the most
solid polymer electrolyte systems developed so far,
an upper limit in ambient-temperature ion conduc-
tivity seems to exist at 0.1 mS cm~* for any polymer
host whose mechanical strength could afford the
formation of a free-standing film.538-541 Applications
at high temperature seem to be a solution to the poor
ion conductivities, but a high rate of degradation
often deters the efforts, as indicated by the fading
capacities of such cells.

Various attempts have been made to break the
coupling of ion transport from the polymeric segmen-
tal relaxation. Combining the projected merits of
SPEs and superionic glass electrolytes that have been
the subject of intensive study in solid-state ionics
since the late 1970s, Angell and co-workers proposed
an innovative approach of “polymer-in-salt” to bypass
the poor ion conductivity of the “salt-in-polymer”
SPEs.5* In the proposed “ionic rubber”, a polymer
material of high molecular weight is used only at
additive levels as a sheer provider of mechanical
strength and filming processability, whereas the bulk
of the electrolytes consist of the highly conductive
ionic liquid. Ideally, these materials should have a
Ty low enough to remain rubbery at room tempera-
ture while preserving the lithium ion conductivities
similar to those of the typical ionic liquid systems
because most of the ions would be free of coordination
with polymer segments due to the small presence of
the latter. Unfortunately, although the initial results
with simple lithium salts confirmed the conceptual
feasibility of the approach, exceeding difficulties were
encountered in the attempts to formulate a practical
system, which should be based on an ionic liquid or
such mixtures that not only have low melting and
glass-transition temperatures but also are inert to
the polymer additives at these temperatures as well
as retain electrochemical stability in a wide potential
range.546:547

More recently, Ingram et al.>*8 and Wright et al.5*°
independently tried to develop new polymer hosts
with secondary structures similar to that of a liquid
crystalline state, so that ion transport could occur
with a higher degree of freedom in the highly oriented
environments and become at least partially decoupled
from the polymer segmental relaxations. lon conduc-
tivities approaching “liquidlike” values have been
obtained on the condition that the liquid crystalline
state could be maintained.>*° However, the incorpora-
tion of these novel polymer materials in electrochemi-
cal devices remains to be tested.

On the other hand, ion conductivity is not the only
obstacle that prevents the application of SPEs. In
1994, Anderman published a review highly critical
of the prospects for the application of SPEs in
electrochemical devices, in which he questioned
almost all of the previously projected advantages
from the viewpoint of cell design and engineering.>®
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He argued that (1) the flexibility that a polymer
electrolyte could offer presents no true advantage to
cell design, since the current cell components (i.e.,
electrodes coated on substrates and a separator based
on polyolefin films) already possess sufficient flex-
ibility, and limitations on the geometric shapes of
lithium cells do not come from the rigidity of elec-
trolytes but rather from the terminals/connectors as
well as economical considerations; (2) the low reactiv-
ity of a polymer toward an electrode would very likely
be counteracted by the micrometer thickness of such
polymer materials, since the chances of an internal
short increase significantly (the necessity for thin
films arises from the poor ion conductivities of such
electrolyte materials and the need to provide suf-
ficient ion flux for the normal cell operation); (3) the
safety of polymer electrolyte-based cells would be
further challenged by technical difficulties, since it
would be almost impossible to manufacture a poly-
mer film of micrometer thickness in large scale and
pinhole free; and (4) there would be hardly any
improvement in the tolerance against mechanical
abuse for the polymer electrolytes, since they do not
offer superior mechanical strength to that of the
presently used polyolefin separators.

In addition to the criticisms from Anderman, a
further challenge to the application of SPEs comes
from their interfacial contact with the electrode
materials, which presents a far more severe problem
to the ion transport than the bulk ion conduction
does. In liquid electrolytes, the electrodes are well
wetted and soaked, so that the electrode/electrolyte
interface is well extended into the porosity structure
of the electrode; hence, the ion path is little affected
by the tortuosity of the electrode materials. However,
the solid nature of the polymer would make it
impossible to fill these voids with SPEs that would
have been accessible to the liquid electrolytes, even
if the polymer film is cast on the electrode surface
from a solution. Hence, the actual area of the
interface could be close to the geometric area of the
electrode, that is, only a fraction of the actual surface
area. The high interfacial impedance frequently
encountered in the electrochemical characterization
of SPEs should originate at least partially from this
reduced surface contact between electrode and elec-
trolyte. Since the porous structure is present in both
electrodes in a lithium ion cell, the effect of interfacial
impedances associated with SPEs would become
more pronounced as compared with the case of
lithium cells in which only the cathode material is
porous.

Even after all the above issues, that is, mechanical
strength, ion conductivity, and interfacial resistance,
have been resolved, SPEs still have to face the crucial
issue of surface chemistry on each electrode if the
application is intended for lithium ion technology,
and there is no reason to be optimistic about their
prospects.

Despite the wide variety of polymer hosts that have
been synthesized and tested, the fundamental chemi-
cal structures adopted for SPEs remain strictly ether-
based and are variations of the original oligo(ethylene
oxide) structure, primarily due to the fact that no
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other chemical linkages are able to possess sufficient
solvation power for inorganic salts while remaining
amorphous and flexible at room temperature. The
inability of ether-based solvents, such as DME and
DEE, to form an effective SEI on carbonaceous
anodes has been reported in numerous reports, where
porous and highly resistive SEls originating from
these solvents have been described. Moreover, the
anodic stability of these ethers on cathode materials
does not offer relief, since their oxidative decomposi-
tion potentials have been reported to be well below
4.0 V, which falls in the reversible lithiation/delithia-
tion range for most of the metal oxide cathode
materials and far below the oxidation limits of ~5.5
V set by carbonate-based solvents. Although the
reduction in the reactivity of ether linkages could be
expected because of the giant molecular size of the
polymer solvent, the long-term stability of such
polyether materials sandwiched between a graphite
anode and a metal oxide cathode does raise concern.
This concern is indirectly supported by the fact that,
among the few rare publications wherein the cycling
behavior of SPEs was tested under either galvano-
static or voltammertic conditions, decent cycle life
was obtained only when low-potential cathodes such
as V,0s, TiS,, or polymeric electroactive materials
were used, while the industry standard LiCoO; or
other 4.0 V class cathode materials always rendered
poor cycling performances.

In a brief summary, although the studies on SPEs
remain of academic interest in the areas of materials
science and solid state ionics, their immediate ap-
plication in any commercial electrochemical devices,
especially in the state-of-the-art lithium ion industry,
seems to be remote. Considering the multilateral
challenges that SPE materials are facing, any iso-
lated breakthrough in an individual property might
not be sufficient to justify replacement of the current
electrolytes used in lithium ion cells. However, it
must be cautioned that the above judgment is strictly
based on the status quo of lithium ion technology,
which could change with the improvement of elec-
trode materials. Hence, one should not draw prema-
ture conclusions about the fate of SPEs because, after
all, science development is full of unexpected. Recent
advances made by Scrosati and co-workers have shed
a light of hope on the SPE applications in lithium/
lithium ion cells intended for elevated-temperature
environments, where the disadvantage of low ion
conductivity could be avoided.501.551-55

8.6.2. Gel Polymer Electrolyte

Compared with SPEs, GPEs are much closer to
actual applications because they inherited the major
properties from the bulk liquid electrolytes, including
ion conduction, electrochemical stability on both
carbonaceous anode and various metal oxide cathode
materials, safety, and tolerance against mechanical
and electric abuses. Moreover, since the polymer at
additive levels only serves as the skeleton providing
dimensional integrity, the ether linkage is no longer
the sole choice of building block for its chemical
structure, thus eliminating potential concerns over
the electrochemical stability that might arise from

Xu

the oxidative or reductive degradations of polymer
segments in a lithium or lithium ion cell environ-
ment. Certainly, the concomitant consequence of the
low polymer presence in GPEs is the poorer mechan-
ical strength as compared with the cases of the pure
SPEs, and either chemical or physical cross-linking
is frequently necessary for the dimensional stability
of such gel materials.

The recent advances of GPE materials have been
exhaustively covered in two general review articles
up to 2000.541542 Especially in the review by Song et
al., a rather systematical coverage was given on the
most popular GPE systems that were based on PEO,
poly(acrylonitrile) (PAN), poly(methyl methacrylate)
(PMMA), and poly(vinylidene fluoride) (PVdF), along
with an excellent discussion of the fundamental
aspects concerning the formation, morphological
structure, and physical stability of GPE.>*! Because
of the wide variety of polymer and copolymer hosts
available in the market, the number of new GPE
systems reported in the literature is ever increasing,
especially in recent years, while the bulk electrolyte
compositions and hence the fundamental electro-
chemistry associated remain relatively constant. It
is not the objective of the current section to review
those individual systems in detail.

On the application front, GPE technology has been
used by most of the major manufacturers of lithium
ion cells following the third generation lithium ion
cells of Sony, and an energy density of 180 W h K
gt was reported.? The specific polymer hosts used
in commercial lithium ion cells were seldom reported
in the open literature for obvious reasons. It should
be mentioned here that, in marketing terms, these
cells are often confusingly referred to as “polymer
lithium ion cells”, giving the wrong impression that
solvent-free SPEs are in use.

The only commercial GPE cell that had been
described in the open literature was perhaps the
Bellcore/Telcordia technology based on a fluorinated
polymer, PVdF, from which one could readily sense
that the key factor controlling the success of certain
polymer hosts in lithium ion cells is no longer
material chemistry only, and that more often than
not the processing and fabrication of the GPE plays
the decisive role.5%¢

As pointed out by Song et al.,>! the significance of
the Bellcore technology rested with its technical
innovation rather than scientific discovery because
PVdF-based polymers as a host for GPE had been
investigated by Feuillade et al.%®” and Tsuchida et
al 558559 gs early as two decades ago. However, what
distinguished Bellcore technology not only from those
early studies but more generally from all of the
previous research in polymer electrolytes was that
the traditional approach of preparing a homogeneous
GPE film was abandoned and replaced by a two-step
process, in which PVdF—hexafluoropropylene (HFP)
copolymer was first processed into a microporous film
that could be assembled with cathode and anode films
in an ambient atmosphere, and then the whole cell
assembly could be activated by liquid electrolytes in
a similar manner, where the traditional polyolefin
separator was wetted by liquid electrolyte. After
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activation, the liquid electrolyte swells the originally
microporous film and eventually forms a GPE. Since
the only step that must be conducted in a moisture-
controlled environment is the electrolyte injection,
the advantages of this technology in terms of manu-
facturing cost and operational ease are apparent.

Perhaps more important than cost is the solution
to the crucial problem of interfacial contacts that
always plagues homogeneous GPE films prepared
from traditional approaches. Since both cathode and
anode composite materials are coated on their sub-
strates with the same PVdF—HFP copolymer as the
binder, the “in situ gellification” following the elec-
trolyte activation effectively fuses the three cell
components into an integrated multilayer wafer
without physical boundaries, so that the interfaces
between anode and electrolyte or cathode and elec-
trolyte are well extended into the porous structures
of these electrodes, with close similarity to the
interfaces that a liquid electrolyte would access.

Another important merit of the “in situ gellifica-
tion”, rarely mentioned by various authors in the
literature, is that the limitation on electrolyte com-
position can be relaxed. In the traditional process of
making a GPE, the liquid electrolyte has to be heated
with the polymer host to form the gel, during which
the thermal instability of the lithium salt (LiPFg or
LiBF,) and the volatility of the solvents (DMC, EMC,
etc) could possibly cause the resultant GPE to deviate
from the desired composition or even to degrade. It
is for this reason that in most of the literature on
GPE the liquid electrolytes have to be based on Lilm,
LiBeti as salts, and EC/PC as solvents. In Bellcore
technology, on the contrary, the state-of-the-art
electrolytes, the typical of which is LiPFs/EC/DMC,
could be used, since gellification occurs only after the
cells are assembled.>%¢

According to Tarascon and co-workers, the swelling
of PVdF—HFP by liquid electrolytes was never com-
plete due to the semicrystalline nature of the copoly-
mer, which tends to microphase-separate after the
activation by electrolyte. On the other hand, it is
those crystalline domains in the gelled PVdF—HFP
that provide mechanical integrity for the resultant
GPE.%%6 Thus, a dual phase structure was proposed
for the Bellcore GPE by some authors, wherein the
amorphous domain swollen by a liquid electrolyte
serves as the ion conduction phase, while tiny crys-
tallites act as dimensional stabilizer.

Apparently, the formation of the microporous struc-
ture within the PVdF—HFP copolymer was of critical
importance to the success of Bellcore technology, and
the ion conductivity was proportional to the uptake
of the liquid electrolyte. To achieve the desired
porosity of PVdF film, Bellcore researchers prepared
the initial polymer blend of PVdF with a plasticizer
dibutylphthalate (DBP), which was then extracted by
low boiling solvents after film formation. Thus, a
pore-memory would be left by the voids that were
previously occupied by DBP. However, due to the
incomplete dissolution of such high-melting DBP
during the extraction process, the pore-memory could
never be restored at 100% efficiency.5%6:55° Beside the
total volume of pores thus created by the plasticizer,
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Figure 79. SEM of methanol-extracted separators pre-
pared in the weight ratio of plasticizer/PVdF-HFP/SiO, of
5:3:2. The extracted plasticizer in parts a and c is DBP,
and that in part b is an oligomer with molecular weight
450. Note that the scale in parts a and b is 5.0 um and
that in part ¢ is 100 nm. (Reproduced with permission from
ref 561 (Figure 2). Copyright 2000 The Electrochemical
Society.)

the distribution of pore sizes, their interconnectivity,
and the affinity of the inner wall of pores toward
liquid electrolytes would all influence the final uptake
of electrolytes.560.561

Improvements based on Bellcore technology were
reported recently by Wunder and co-workers.561.562
Using PEO oligomers instead of DBP, they obtained
the PVdF—HFP microporous films with the pore size
increased from nanoscale to microscale, as shown in
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Figure 80. Cycle life of 2 A h cells (A and B) and a 25 A

h cell (C) at 100% depth-of-charge at ambient temperature.

(Reproduced with permission from ref 563 (Figure 7).
Copyright 2001 Elsevier.)

Figure 79. As a result, the ion conductivity rose by
~70% from 0.2 mS cm~! of DBP-extracted GPE to
1.2 mS cm™? of the oligomer-extracted counterpart.
The cycling tests in a lithium ion cell based on
MCMBI/LiCoO, showed an improvement in capacity
by 40% and in rate capability by 70%. In their further
work, Wunder and co-workers used polystyrene (PS)
to form a blend with PVdF—HFP copolymer, which,
via a “phase-inversion” technique, yielded a mi-
croporous film that could possess an ion conductivity
as high as 4.0 mS cm~1.562 Characterization using
various analytic means led the authors to conclude
that the presence of PS increases pore volume,
wherein the liquid electrolyte forms a highly conduc-
tive path, while the swollen PVdF—HFP region is
relatively resistive, corresponding to the low ion
conductivities found in the GPE based on homoge-
neous PVdF by previous investigators.557-559 At this
stage, the demarcation between GPE and the tradi-
tional microporous separators based on polyolefin
materials becomes quite ambiguous.

The Bellcore GPE technology, bearing the brand
name of “plastic lithium ion cells” or “PLion cells”,
has been licensed worldwide to various battery
manufacturers, and a recent report by Han et al.
described the adaptation of it to large lithium ion
cells designed as traction power in electric vehicle
applications.®3 Figure 80 shows the cycle life of such
cells at room temperatures, while tests of an im-
proved 28 A h cell carried out between 60 and —20
°C vyielded 95% and 60% of the rated capacity,
respectively. These cells also passed all the safety
tests, including external short circuit, high current
charge, impact, nail-penetration, and heating, with
the exception of overcharge, where the cells became
swollen and burst into flames between 105% and
150% of overcharged capacities. Since there is always
a concern over the stability of the C—F bond in PVdF
polymers with respect to the fully lithiated carbon-
aceous anode,33 there is doubt once again about the
appropriateness of fluorinated polymers as GPE
hosts for lithium-based cell applications. However,
it should be kept in mind that the lithium ion cells
based on liquid electrolytes behave similarly under
the same abusive conditions. A more likely situation
is that the reaction of the fluorinated polymers with
carbonaceous anodes occurs at much higher temper-
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atures so that it is not responsible for the thermal
runaway induced by overcharge. According to the
investigations by Maleki et al.’%°361 and Dahn et
al.,®69-371 cathode/electrolyte interaction, instead of
anode/electrolyte interaction, should be the main
source of the hazard to safe operation.

9. Concluding Remarks

The traditional role of electrolytes in batteries is
of less consequence than the electrode materials.
While the recent understandings about electrolytes
in lithium-based rechargeable cells revealed that the
chemical composition of electrolytes profoundly af-
fects the cell performance in many aspects—from
lithium cycling efficiency to rate capability, and from
capacity retention at various temperatures to toler-
ance against abuses—the fact remains that the choice
of electrolyte components is dictated by the electrode
materials in use. Thus, the current state-of-the-art
electrolyte systems in lithium ion cells are tailor-
made for the specific cell chemistry in which the
various electrolyte components yield ad hoc surface
chemistries on metal oxide cathodes and especially
on graphitic anodes. Radical change in electrolyte
composition is not expected to be likely, as long as
the cell chemistry remains the reversible shuttling
of lithium ions between those metal oxides and
graphitic carbons, but innovations will continue to
be carried out concerning the rate performance,
temperature range of service, safety of scaled-up cells,
and “solidification” of the electrolyte.

On the other hand, the emergence of new cell
chemistries would call for reformulation of the elec-
trolytes, as has always been the case during the
history of lithium battery development. There have
been numerous such efforts in seeking more energetic
or safer cathode materials, which include the novel
5.0 V class mixed metal oxides and the more recent
olivine iron phosphate family, while metallic lithium
remains a main attraction as a potential anode
considering its tremendous energy density. In the
latter case, electrolyte reformulation has been used
as a main factor in controlling the undesired forma-
tion of dendritic lithium during the long-term cy-
clings, an example of which is the work of Aurbach
et al., who found ad hoc surface chemistry on metallic
lithium provided by an ether-based electrolyte similar
to that of a carbonaceous anode.'*1® Polymer-based
electrolytes are also expected to be effective in
regulating the surface morphology of metallic lithium.
Upon the successful solution of the safety issue of the
lithium electrode, the revival of the lithium cell is a
possibility, along with new electrolyte formulations
that cater to the new cell chemistries.
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