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Presented herein is a discussion of the forefront in research and development of advanced electrode
materials and electrolyte solutions for the next generation of lithium ion batteries. The main challenge
of the field today is in meeting the demands necessary to make the electric vehicle fully commercially
viable. This requires high energy and power densities with no compromise in safety. Three families of
advanced cathode materials (the limiting factor for energy density in the Li battery systems) are
discussed in detail: LiMn; sNig 504 high voltage spinel compounds, Li,MnO;-LiMO, high capacity
composite layered compounds, and LiMPO,, where M = Fe, Mn. Graphite, Si, Li, TO,, and MO
(conversion reactions) are discussed as anode materials. The electrolyte is a key component that
determines the ability to use high voltage cathodes and low voltage anodes in the same system.
Electrode-solution interactions and passivation phenomena on both electrodes in Li-ion batteries also
play significant roles in determining stability, cycle life and safety features. This presentation is aimed at
providing an overall picture of the road map necessary for the future development of advanced high

energy density Li-ion batteries for EV applications.

Introduction

One of the greatest challenges of modern society is to stabilize
a consistent energy supply that will meet our growing energy
demands. A consideration of the facts at hand related to the
energy sources on earth reveals that we are not encountering an
energy crisis related to a shortage in total resources. For instance
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the earth’s crust contains enough coal for the production of
electricity for hundreds of years.! However the continued
unbridled usage of this resource as it is currently employed may
potentially bring about catastrophic climatological effects. As far
as the availability of crude oil, however, it in fact appears that we
are already beyond ‘peak’ production.? As a result, increasing oil
shortages in the near future seem inevitable. Therefore it is of
critical importance to considerably decrease our use of oil for
propulsion by developing effective electric vehicles (EVs).
EV applications require high energy density energy storage
devices that can enable a reasonable driving range between
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charges and maintain acceptable speeds.* Other important
requirements are high power density and acceptable safety
features. The energy storage field faces a second critical chal-
lenge: namely, the development of rechargeable systems for load
leveling applications (e.g. storing solar and wind energy, and
reducing the massive wasted electricity from conventional fossil
fuel combustion plants).* Here the main requirements are a very
prolonged cycle life, components (i.e., relevant elements) abun-
dant in high quantities in the earth’s crust, and environmentally
friendly systems. Since it is not clear whether Li-ion battery
technology can contribute significantly to this application,
battery-centered solutions for this application are not discussed
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herein. In fact, even for electrical propulsion, the non-petroleum
power source with the highest energy density is the H,/O, fuel cell
(FC).5 However, despite impressive developments in recent years
in the field, there are intrinsic problems related to electrocatalysis
in the FCs and the storage of hydrogen® that will need many
years of R&D to solve. Hence, for the foreseeable future,
rechargeable batteries appear to be the most practically viable
power source for EVs. Among the available battery technologies
to date, only Li-ion batteries may possess the power and energy
densities necessary for EV applications.

The commonly used Li-ion batteries that power almost all
portable electronic equipment today are comprised of a graphite
anode and a LiCoO, cathode (3.6 V system) and can reach
a practical energy density of 150 W h kg~' in single cells. This
battery technology is not very useful for EV application due to its
limited cycle life (especially at elevated temperatures) and prob-
lematic safety features (especially for large, multi-cell modules).”
While there are ongoing developments in the hybrid EV field,
including practical ones in which only part of the propulsion of
the car is driven by an electrical motor and batteries,® the main
goal of the battery community is to be able to develop full EV
applications. This necessitates the development of Li-ion
batteries with much higher energy densities compared to the
practical state-of-the-art. The biggest challenge is that Li-ion
batteries are complicated devices whose components never reach
thermodynamic stability. The surface chemistry that occurs
within these systems is very complicated, as described briefly
below, and continues to be the main factor that determines their
performance.®
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All electrodes, excluding 1.5 V systems such as LiTiO, anodes,
are surface-film controlled (SFC) systems. At the anode side, all
conventional electrolyte systems can be reduced in the presence
of Li ions below 1.5 V, thus forming insoluble Li-ion salts that
comprise a passivating surface layer of particles referred to as the
solid electrolyte interphase (SEI).'® The cathode side is less
trivial. Alkyl carbonates can be oxidized at potentials below
4 V.M These reactions are inhibited on the passivated aluminium
current collectors (Al CC) and on the composite cathodes. There
is a rich surface chemistry on the cathode surface as well. In their
lithiated state, nucleophilic oxygen anions in the surface layer of
the cathode particles attack electrophilic RO(CO)OR solvents,
forming different combinations of surface components
(e.g. ROCO,Li, ROCO,M, ROLi, ROM etc.) depending on the
electrolytes used.'? The polymerization of solvent molecules such
as EC by cationic stimulation results in the formation of poly-
carbonates.” The dissolution of transition metal cations forms
surface inactive Li,MO, phases."* Their precipitation on the
anode side destroys the passivation of the negative electrodes.'®
Red-ox reactions with solution species form inactive LiIMO, with
the transition metal M at a lower oxidation state.* LiMO,
compounds are spontaneously delithiated in air due to reactions
with CO,.'* Acid-base reactions occur in the LiPFg solutions
(trace HF, water) that are commonly used in Li-ion batteries.
Finally, LiCoO; itself has a rich surface chemistry that influences
its performance:

4LiCo " 0,—Co V0,+Co "Co," 0,4+2Li,0 XL4LIF + 2H,0

Co™ compounds oxidize alkyl carbonates; CO, is one of the
products, Co™ — Co" — Co** dissolution.**

Interestingly, this process seems to be self-limiting, as the
presence of Co** ions in solution itself stabilizes the LiCoO,
electrodes,’” However, Co metal in turn appears to deposit on the
negative electrodes, destroying their passivation.

Hence the performance of many types of electrodes depends
on their surface chemistry. Unfortunately surface studies provide
more ambiguous results than bulk studies, therefore there are
still many open questions related to the surface chemistry of Li-
ion battery systems.

It is for these reasons that proper R&D of advanced materials
for Li-ion batteries has to include bulk structural and perfor-
mance studies, electrode-solution interactions, and possible
reflections between the anode and cathode. These studies require
the use of the most advanced electrochemical,'® structural (XRD,
HR microscopy), spectroscopic and surface sensitive analytical
techniques (SS NMR," FTIR,* XPS,?! Raman,? X-ray based
spectroscopies®®). This presentation provides a review of the
forefront of the study of advanced materials—electrolyte
systems, current collectors, anode materials, and finally
advanced cathodes materials used in Li-ion batteries, with the
emphasis on contributions from the authors’ group.

Experimental

Many of the materials reviewed were studied in this laboratory,
therefore the experimental details have been provided as follows.
The LiMO, compounds studied were prepared via self-combus-
tion reactions (SCRs).** Li[MnNiCo]O, and Li,MnOj;-Li/
MnNiCo]O, materials were produced in nano- and

submicrometric particles both produced by SCR with different
annealing stages (700 °C for 1 hour in air, 900 °C or 1000 °C for
22 hours in air, respectively). LiMn; sNiysO,4 spinel particles
were also synthesized using SCR. LiyT50;, nanoparticles were
obtained from NEI Inc., USA. Graphitic material was obtained
from Superior Graphite (USA), Timcal (Switzerland), and
Conoco-Philips. LiMnggFey,PO, was obtained from HPL
Switzerland. Standard electrolyte solutions (alkyl carbonates/
LiPFg), ready to use, were obtained from UBE, Japan. Ionic
liquids were obtained from Merck KGaA (Germany and Toyo
Gosie Ltd., (Japan)).

The surface chemistry of the various electrodes was charac-
terized by the following techniques: Fourier transform infrared
(FTIR) spectroscopy using a Magna 860 Spectrometer from
Nicolet Inc., placed in a homemade glove box purged with H,O
and CO, (Balson Inc. air purification system) and carried out in
diffuse reflectance mode; high-resolution transmission electron
microscopy (HR-TEM) and scanning electron microscopy
(SEM), using a JEOL-JEM-2011 (200kV) and JEOL-JSM-7000F
electron microscopes, respectively, both equipped with an energy
dispersive X-ray microanalysis system from Oxford Inc.; X-ray
photoelectron spectroscopy (XPS) using an HX Axis spectrom-
eter from Kratos, Inc. (England) with monochromic Al Ka
(1486.6eV) X-ray beam radiation; solid state ’Li magic angle
spinning (MAS) NMR performed at 194.34 MHz on a Bruker
Avance 500 MHz spectrometer in 3.2 mm rotors at spinning
speeds of 18-22 kHz; single pulse and rotor synchronized Hahn
echo sequences were used, and the spectra were referenced to 1 M
LiClI at 0 ppm; MicroRaman spectroscopy with a spectrometer
from Jobin-Yvon Inc., France. We also used Mossbauer spec-
troscopy for studying the stability of LiMPO, compounds
(conventional  constant-acceleration  spectrometer, room
temperature, 50 mC: 57Co:Rh source, the absorbers were put in
Perspex holders. In situ AFM measurements were carried out
using the system described in ref. 25.

The following electrochemical measurements were conducted.
Composite electrodes were prepared by spreading slurries
comprising the active mass, carbon powder and poly-vinylidene
difluoride (PVdF) binder (ratio of 75% : 15% : 10% by weight,
mixed into N-methyl pyrrolidone (NMP), and deposited onto
aluminium foil current collectors, followed by drying in
a vacuum oven. The average load was around 2.5 mg active mass
per cm?. These electrodes were tested in two-electrode, coin-type
cells (Model 2032 from NRC Canada) with Li foil serving as the
counter electrode, and various electrolyte solutions. Computer-
ized multi-channel battery analyzers from Maccor Inc. (USA)
and Arbin Inc. were used for galvanostatic measurements
(voltage vs. time/capacity, measured at constant currents).

Results and discussion
Our road map for materials development

Fig. 1 indicates a suggested road map for the direction of Li-ion
research. The axes are voltage and capacity, and a variety of
electrode materials are marked therein according to their
respective values. As is clear, the main limiting factor is the
cathode material (in voltage and capacity). The electrode mate-
rials currently used in today’s practical batteries allow for
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Fig. 1 The road map for R&D of new electrode materials, compared to today’s state-of-the-art. The y and x axes are voltage and specific capacity,

respectively.

a nominal voltage of below 4 V. The lower limit of the electro-
chemical window of the currently used electrolyte solutions
(alkyl carbonates/LiPFg) is approximately 1.5 V vs. Li?® (see later
discussion about the passivation phenomena that allow for the
operation of lower voltage electrodes, such as Li and
Li—graphite). The anodic limit of the electrochemical window of
the alkyl carbonate/LiPF¢ solutions has not been specifically
determined but practical accepted values are between 4.2 and 5V
vs. Li* (see further discussion). With some systems which will be
discussed later, meta-stability up to 4.9 V can be achieved in these
standard electrolyte solutions.

Electrolyte solutions

The anodic stability limits of electrolyte solutions for Li-ion
batteries (and those of polar aprotic solutions in general) demand
ongoing research in this subfield as well. It is hard to define the
onset of oxidation reactions of nonaqueous electrolyte solutions
because these strongly depend on the level of purity, the presence
of contaminants, and the types of electrodes used. Alkyl
carbonates are still the solutions of choice with little competition
(except by ionic liquids, as discussed below) because of the high
oxidation state of their central carbon (+4). Within this class of
compounds EC and DMC have the highest anodic stability, due
to their small alkyl groups. An additional benefit is that, as
discussed above, all kinds of negative electrodes, Li, Li-graphite,
Li-Si, etc., develop excellent passivation in these solutions at low
potentials.

The potentiodynamic behavior of polar aprotic solutions
based on alkyl carbonates and inert electrodes (Pt, glassy carbon,
Au) shows an impressive anodic stability and an irreversible
cathodic wave whose onset is ~1.5 vs. Li, which does not appear
in consequent cycles due to passivation of the anode surface by

the SEI. The onset of these oxidation reactions is not well defined
(>4/5 V vs. Li). An important discovery was the fact that in the
presence of Li salts, EC, one of the most reactive alkyl carbonates
(in terms of reduction), forms a variety of semi-organic Li-con-
taining salts that serve as passivation agents on Li, Li—carbon,
Li-Si, and inert metal electrodes polarized to low potentials.
Fig. 2 and Scheme 1 indicates the most significant reduction
schemes for EC, as elucidated through spectroscopic measure-
ments (FTIR, XPS, NMR, Raman).?” It is important to note
(as reflected in Scheme 1) that the nature of the Li salts present
greatly affects the electrode surface chemistry. When the pres-
ence of the salt does not induce the formation of acidic species in
solutions (e.g., LiClO4, LiN(SO,CF3),), alkyl carbonates are
reduced to ROCO,Li and ROLi compounds, as presented in
Fig. 2. In LiPF¢ solutions acidic species are formed: LiPF¢
decomposes thermally to LiF and PFs. The latter moiety is
a Lewis acid which further reacts with any protic contaminants
(e.g. unavoidably present traces of water) to form HF. The
presence of such acidic species in solution strongly affects the
surface chemistry in two ways. One way is that PFs interacts with

Electrochemical Windows

i esters kyl carbonates

Li salts ethers

Liions present
Li UPD eslters alkyl carbonates
ethers | L i nitriles
Li alloyi N~ A triles
o \A A Lini®

H,O'HF O,

Passivation solvent + e+Li*

Fig. 2 A schematic presentation of the CV behavior of inert (Pt) elec-
trodes in various families of polar aprotic solvents with Li salts.?
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the carbonyl group and channels the reduction process of EC to
form ethylene di-alkoxide species along with more complicated
alkoxy compounds such as binary and tertiary ethers, rather than
Li-ethylene dicarbonates (see schemes in Fig. 2); the other way is
that HF reacts with ROLi and ROCO,Li to form ROH,
ROCO,H (which further decomposes to ROH and CO,), and
surface LiF. Other species formed from the reduction of EC are
Li-oxalate and moieties with Li-C and C-F bonds
(see Scheme 1).27-3!

Efforts have been made to enhance the formation of the
passivation layer (on graphite electrodes in particular) in the
presence of these solutions through the use of surface-active
additives such as vinylene carbonate (VC) and lithium bi-oxalato
borate (LiBOB).?” At this point there are hundreds of publica-
tions and patents on various passivating agents, particularly for
graphite electrodes; their further discussion is beyond the scope
of this paper. Readers may instead be referred to the excellent
review by Xu3? on this subject.

Tonic liquids (ILs) have excellent qualities that could render
them very relevant for use in advanced Li-ion batteries, including
high anodic stability, low volatility and low flammability. Their
main drawbacks are their high viscosities, problems in wetting
particle pores in composite structures, and low ionic conductivity
at low temperatures. Recent years have seen increasing efforts to
test ILs as solvents or additives in Li-ion battery systems.??

Fig. 3 shows the cyclic voltammetric response (Pt working
electrodes) of imidazolium-, piperidinium-, and pyrrolidinium-
based ILs with N(SO,CF3),™ anions containing LiN(SO,CF3),
salt.** This figure reflects the very wide electrochemical window
and impressive anodic stability (>5 V) of piperidium- and pyr-
rolidium-based ILs. Imidazolium-based IL solutions have
a much lower cathodic stability than the above cyclic quaternary
ammonium cation-based IL solutions, as demonstrated in Fig. 3.
The cyclic voltammograms of several common electrode mate-
rials measured in IL-based solutions are also included in the
figure. It is clearly demonstrated that the Li, Li-Si, LiCoO,, and

LiMn, sNij 504 electrodes behave reversibly in piperidium- and
pyrrolidium-based ILs with N(SO,CF3),~ and LiN(SO,CFj3),
salts. This figure demonstrates the main advantage of the above
IL systems: namely, the wide electrochemical window with
exceptionally high anodic stability. It was demonstrated that
aluminium electrodes are fully passivated in solutions based on
derivatives of pyrrolidium with a N(SO,CF3),” anion and
LiN(SO,CF53),.3® Hence, in contrast to alkyl carbonate-based
solutions in which LiN(SO,CF3), has limited usefulness as a salt
due to the poor passivation of aluminium in its solutions in the
above IL-based systems, the use of N(SO,CF3),™ as the anion
doesn’t limit their anodic stability at all. In fact it was possible
to demonstrate prototype graphite/LiMn; sNipsO4 and Li/Li-
Mn; sNipsO4 cells operating even at 60 °C in solutions

lonic liquids for Li ion batteries
The electrochemical windows of 0.5M LiTFSlin MPPpTFSland 0 _IBF, in EMIBF

0.6
 N(SOLCF), ; LiNio.sMn, 504
& Li sici o, hitzot M
E o s j/f:’\/‘
Fil ) N(SO,CF,);
N,
CH; CH
0.6
0 2 4 6
0.7 E/V vs Li/Li*
N BF,
CH,4 g CyHs Licoo,  LiNigsMn, 0,

|
|

" "4
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Fig. 3 Steady-state CV response of a Pt electrode in three IL solutions,
as indicated. (See structure formulae presented therein.) The CV
presentations include insets of steady-state CVs of four electrodes, as
indicated: Ll, Llfsl, LiCOOZ, and LiMn1_5Ni0,504.34
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comprising alkyl piperidium-N(SO,CF3), as the IL solvent and
Li(SO,CF3), as the electrolyte.®*

Challenges remain in as far as the use of these IL-based
solutions with graphite electrodes.?® Fig. 4 shows the typical
steady state of the CV of graphite electrodes in the IL without Li
salts. The response in this graph reflects the reversible behavior of
these electrodes which involves the insertion of the IL cations
into the graphite lattice and their subsequent reduction at very
low potentials. However when the IL contains Li salt, the nature
of the reduction processes drastically changes. It was recently
found that in the presence of Li ions the N(SO,CF3),™ anion is
reduced to insoluble ionic compounds such as LiF, LiCFjs,
LiSO,CF3;, Li,S,04 etc., which passivate graphite electrodes to
different extents, depending on their morphology (Fig. 4).*
Fig. 4b shows a typical SEM image of a natural graphite (NG)
particle with a schematic view of its edge planes. Fig. 4c shows
the first CVs of composite electrodes comprising NG particles in
the Li(SO,CF3),/IL solution. These voltammograms reflect an
irreversible cathodic wave at the first cycle that belongs to the
reduction and passivation processes and their highly reversible
repeated Li insertion into the electrodes comprising NG.
Reversible capacities close to the theoretical ones have been
measured. Fig. 4d and e reflect the structure and behavior of
synthetic graphite flakes. The edge planes of these particles are
assumed to be much rougher than those of the NG particles, and

so their passivation in the same IL solutions is not reached easily.
Their voltammetric response reflects the co-insertion of the IL
cations (peaks at 0.5 V vs. Li) together with Li insertion at the
lower potentials (<0.3 V vs. Li). Passivation of this type of
graphite is obtained gradually upon repeated cycling (Fig. 4e),
and the steady-state capacity that can be obtained is much lower
than the theoretical one (372 mA h g™").

Hence it seems that using graphite particles with suitable
morphologies can enable their highly reversible and stable
operation in cyclic ammonium-based ILs. This would make it
possible to operate high voltage Li-ion batteries even at elevated
temperatures (e.g. 4.7-4.8 V graphite/LiMn, 5sNij 504 cells).’*
The main challenge in this field is to demonstrate the reasonable
performance of cells with IL-based electrolytes at high rates and
low temperatures. To this end, the use of different blends of ILs
may lead to future breakthroughs.

Current collectors

The current collectors used in Li-ion systems for the cathodes can
also affect the anodic stability of the electrolyte solutions. Many
common metals will dissolve in aprotic solutions in the potential
ranges used with advanced cathode materials (up to 5 V vs. Li).
Inert metals such as Pt and Au are also irrelevant due to cost
considerations. Aluminium, however, is both abundant and

A comparative study of the behavior of different kinds of graphite electrodes
in solutions based on ionic liquids
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Fig. 4 A collection of data related to the behavior of graphite electrodes in butyl, methyl piperidinium IL solutions.? (a) The behavior of natural
graphite electrodes in pure IL without Li salt (steady-state CV is presented). (b) The schematic morphology and a SEM image of natural graphite (NG)
flakes. (c) The CV response (3 first consecutive cycles) of NG electrodes in IL/0.5 lithium trifluoromethanesulfonimide (LiTFSI) solution. (d and e) Same

as (b and c) but for synthetic graphite flakes.
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cheap and functions very well as a current collector due to its
excellent passivation properties which allow it a high anodic
stability. The question remains as to what extent Al surfaces can
maintain the stability required for advanced cathode materials
(up to 5 V vs. Li), especially at elevated temperatures.

Fig. 5 presents the potentiodynamic response of Al electrodes
in various EC-DMC solutions, considered the alkyl carbonate
solvent mixture with the highest anodic stability, at 30 and 60
°C.*” The inset to this picture shows several images in which it is
demonstrated that Al surfaces are indeed active and develop
unique morphologies in the various solutions due to their
obvious anodic processes in solutions, some of which lead to
their effective passivation. The electrolyte used has a critical
impact on the anodic stability of the Al In general, LiPFq
solutions demonstrate the highest stability even at elevated
temperatures due to the formation of surface AlF; and even
Al(PFg);. Al CCs in EC-DMC/LiPFg4 solutions provide the
highest anodic stability possible for conventional electrode/
solution systems. This was demonstrated for Li/LiMn; sNij 504
spinel (4.8 V) cells, even at 60 °C.3¢ This was also confirmed using
bare Al electrodes polarized up to 5 V at 60 ° C; the anodic currents
were seen to decay to negligible values due to passivation, mostly by
surface AIF;.% Passivation can also be reached in Li(SO,CF3),
LiClO4 and LiBOB solutions (Fig. 5). Above 4 V (vs. Li), the
formation of a successful passivation layer on Al CCs is highly
dependent on the electrolyte formula used. The anodic stability of
EC-DMC/LiPF¢ solutions and Al current collectors may be
further enhanced by the use of additives, but a review of additives
in itself deserves an article of its own and for this readers are
again referred to the review by Xu.?? When discussing the topic of
current collectors for Li ion battery electrodes, it is important to
note the highly innovative work on (particularly anodic) current
collectors by Taberna et al. on nano-architectured Cu CCs*" and
Hu et al. who assembled CCs based on carbon nano-tubes for
flexible paper-like batteries,*® both of whom demonstrated suberb
rate capabilities.®
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Fig. 5 The potentiodynamic behavior of Al electrodes (current density
measured vs. E during linear potential scanning) in various solutions at
30 and 60 °C, as indicated. The inset shows SEM micrographs of
passivated Al surfaces by the anodic polarization to 5 V in the solutions
indicated therein.*’

Anodes

The anode section in Fig. 1 indicates four of the most promising
groups of materials whose Li-ion chemistry is elaborated as
follows:

1. Carbonaceous materials/graphite:

Lif+e + C6 - L1C6

2. Sn and Si-based alloys and composites:**-4!

Si(Sn) +xLi* + xe~ = Li,Si(Sn), Xpay = 4.4.

3. Metal oxides (i.e. conversion reactions):

nano-MO + 2Li* + 2e- = nano-MO + Li,O
(in a composite structure).*?

4. Li,TiO, electrodes (most importantly, the LisTisO» spinel
structure).®

LiyTisOp, + xLi* + xe- = Liy + xTisO1»
(where x is between 2 and 3).

Conversion reactions, while they demonstrate capacities much
higher than that of graphite, are, practically speaking, not very
well-suited for use as anodes in Li-ion batteries as they generally
take place below the thermodynamic limit of most developed
electrolyte solutions.*> In addition, as the reactions require
a nanostructuring of the materials, their stability at elevated
temperatures will necessarily be an issue because of the higher
reactivity (due to the 1000-fold increase in surface area). As per
the published research on this topic, only a limited meta-stability
has been demonstrated. Practically speaking, it does not seem
likely that Li batteries comprising nano-MO anodes will ever
reach the prolonged cycle life and stability required for EV
applications.

Tin and silicon behave similarly upon alloying with Li, with
similar stoichiometries and >300% volume changes upon lith-
iation,* but the latter remain more popular, as Si is much more
abundant than Sn, and Li-Si electrodes indicate a 4-fold higher
capacity. The main approaches for attaining a workable revers-
ibility in the Si(Sn)-Li alloying reactions have been through the
use of both nanoparticles (e.g., a Si-C nanocomposites*s) and
composite (Si/Sn-M1-M2 inter-metallic
compounds*), both of which can better accommodate these huge
volume changes. The type of binder used in composite electrodes
containing Si particles is very important. Extensive work has
been conducted to determine suitable binders for these systems
that can improve the stability and cycle life of composite silicon
electrodes.*® As the practical usage of these systems for EV
applications is far from maturity, these electrodes are not dis-
cussed in depth in this paper. However it is important to note
that there have been several recent demonstrations of how silica
wires and carpets of Si nano-rods can act as much improved
anode materials for Li battery systems in that they can serve as
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Fig. 6 A schematic presentation of the passivation formation on
graphite electrodes, due to the reduction of alkyl carbonates and the
precipitation of surface films comprising ROCO,Li compounds in which
the carbonate groups are bridged by Li ions.

stand alone, binder-free anodes, demonstrating more impressive
cycle lives.*

With a lithiation red-ox potential of ~1.5 V, almost within the
thermodynamic stability limits of standard electrolyte solutions,
LiyTisOp,, in the form of nanoparticles, demonstrates high
stability (zero stress upon reversible lithiation), and very fast
charge/discharge rates.** However, its limited capacity (~160 mA
h g~') makes this material almost irrelevant for the high energy
density batteries required for EV applications. Due to its other
excellent properties, though, such as high rate capabilities, cycle
life, stability, and safety features, this anode material may be
important for other applications (e.g., load leveling and low
temperature batteries—see later discussion). In addition, this
anode material can serve as an important probe counter elec-
trode (anode) for studies aimed at exploring the intrinsic
behavior of cathode materials without interference and reflection
from the anode side (as is the case for cells comprising graphite or
other low potential anodes). I is important to note also that LTO
anode materials can be further improved by doping, especially in
order to increase their electronic conductivity, hence augmenting
their potential future use as a fast electrode material *®

It is generally accepted by the battery community, including
the authors of this article, that graphite electrodes will remain the
most important and relevant anodes in Li-ion batteries for EV
application for some time to come, therefore these electrodes
deserve special discussion. An interesting feature of Li graphite
electrodes is their stability despite their fragile structure, and the
fact that their red-ox activity with Li ions, approximately 0.25—
0.05 V vs. Li, is well below the cathodic stability limit of all the
relevant electrolyte solutions. Li graphite electrodes are naturally
passivated in alkyl carbonate solutions; their reversible behavior
and stability in fact depend solely on these passivation
phenomena.?” The surface chemistry of graphite electrodes has
been thoroughly explored.*® Fig. 2 indicates the typical poten-
tiodynamic behavior of Li salt solutions in several families of
polar aprotic solvents cycled against inert Pt electrodes and
Scheme 1 describes the main reactions of EC at low poten-
tials.?*3! As the anodic stability of solvents is augmented due to

the presence of functional groups with high oxidation states, so
their cathodic stability is necessarily lower (more easily prone to
reduction). However the reduction of trace O, (<2 V vs. Li), H,O
(~1.5 V vs. Li), and solvents such as alkyl carbonate (<1.5 V
vs. Li) in the presence of Li ions leads to the precipitation of
insoluble ionic Li compounds: Li,O, LiOH, Li,CO;, ROCO,Li,
etc., the nature of which depend highly on the electrolyte salt
used. These products form surface layers that comprise the SEI.2¢

Fig. 6 illustrates one of the main scenarios of the passivation
process of graphite: when graphite electrodes are polarized to
potentials below 1.5 V (vs. Li) in alkyl carbonate solutions,
solvent reduction occurs and the charge transfer forms Li-ion-
stabilized radical anions which in turn decompose to ROCO,Li
and alkyl-containing moieties as suggested by spectroscopic
studies in ref. 27-31 and 46-50 (see Fig. 2). These products may
either precipitate on the electrodes as surface films, or continue to
react even further in the solution phase. The FTIR spectra of the
surface films formed on Li, Li-graphite and Li-Si electrodes in
alkyl carbonate solutions that are not contaminated by acidic
species reflect the formation of dimers and trimers of carbonate
moieties in which Li ions bridge between carbonate groups, and
between the carbonate groups and the negatively charged elec-
trode surfaces.*’ These interactions lead to a reasonable adhesion
and cohesion of the surface species which form stable, passiv-
ating surface films. The ionic structure of these films (carbonate
groups linked by Li ions) leads to their very good Li-ion mobility,
and as they reach a certain thickness, further electron transfer is
diminished. Thus, the electrodes reach meta-stability. In LiPF
solutions, surface alkoxide species such as LiOCH,CH,OLi
precipitate to form Li-ion conducting, passivating surface
films.?**° The main problem with the stability of Li-intercalated
graphite electrodes is the fact that this material is quite fragile,
making it vulnerable to cracking and exfoliation. There are two
main detrimental scenarios related to graphite electrodes:
co-intercalation into or between the particles, and the subsequent
reduction of those species. Co-intercalation with the Li ions of
the solvent molecules into graphite may occur at potentials
higher than those of Li intercalation, i.e. before full surface
passivation takes place. This insertion process of large solvated
ions may be enough to cause exfoliation. Upon further cathodic
polarization it is likely that the inserted solvent molecules are
subsequently reduced to form ionic compounds and gases that
have the potential to seriously damage the graphite particles.
Even in the absence of true solvent co-intercalation phenomena,
the edge planes of graphite particles contain many crevices. The
reduction of the solution species inside such crevices can also
create internal pressures, which can lead to a cracking of the
particles.’>*? Fig. 7 details these detrimental scenarios. This same
figure also shows in situ AFM images of cathodically polarized
graphite in which the formation of a crack was imaged. After the
initial cracking, the freshly cleaved surface was exposed to the
solution and reacted with additional solution species, which
finally partially filled the crack with solid reduction products.*?
When the first process is sufficiently fast, the reduction products
quickly form passivating surface films that hinder excessive
electron transfer to solution species, preventing the detrimental
reduction of solution species within the graphite particles. If the
solution reduction products cannot form the protecting surface
films quickly enough, then there is enough time for the
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The process of graphite exfoliation occuring in the absence of
effective passivation (e.g. in PC containing solutions)

— Graphite = 2e, 2Lit, 2PC
particle

CHLCH=CH, CH,EHOCOLi

gas creates internal pressure CH,OCO,Li g
Not a good passivation agent

Fig. 7 A schematic presentation of possible cracking of graphite elec-
trodes due to the reduction of solution species within the graphite
particles, and AFM images of a graphite surface measured in situ in which
cracking was observed (EC-PC/LiClO, solution®**?).

co-intercalation of solvent molecules and the consequent detri-
mental reduction processes within the particles.

This phenomenon can have potentially significant implica-
tions. For instance in the case of ethylene versus propylene
carbonate (EC vs. PC), common electrolyte solvents which differ
by only a methyl group and exhibit similar reduction processes
(e.g. the main products are Li alkylene di-carbonates or alkox-
ides and alkylene gas), nevertheless, have pronouncedly different
effects on the behavior of graphite electrodes in their presence. In
EC-containing systems (e.g., EC + dimethyl carbonate, DMC),
graphite electrodes are well-passivated and intercalate Li ions
reversibly, while in PC-based solutions the electrodes exfoliate
and do not demonstrate reversible insertion. One accepted
explanation for the difference is that the methyl group in the
reduction products of PC (e.g., CH;CH(OCO,Li)CH,OCO,Li
or CH;CH(OLi)CH,OLi) may interfere with a fast formation of
ordered surface films, while the reduction products of EC that
contain only the -CH,CH,— group may form ordered surface
films more quickly.

Even in the best solutions, graphite electrodes can never
develop unlimited meta-stability. The known volume change of
~10% upon Li insertion/deinsertion during prolonged cycling,
especially at elevated temperatures (e.g. 60 °C) causes the surface
films to stress and crack, thereby limiting their infinitely stable
passivation. Furthermore, upon very prolonged cycling graphite
electrodes develop increasing impedance as their working
potential must maintain a continuous driving force for further
surface reactions. This means the gradual thickening of the
surface films and an increase in the electrode’s impedance.?
However even in light of these limitations, graphite electrodes of
the right morphology and surface chemistry considerations may
still demonstrate sufficiently prolonged cycle lives, making them
the suitable choice for EV applications.

Advanced cathode materials

It is difficult to say with certainty exactly which cathode mate-
rials are the most promising for EV applications, particularly
with the consideration that they be developed within a realistic

time framework (a few years and less). However certain classes of
materials show significant promise. The frontier of this research
includes five main materials: Li-S, Li-air, LiIMPO4 (M = Mn,
Fe, CO), leMHO3Ll[MHNlCO]02 and LiMnl'SNi04504.

Li-S batteries have been studied by several groups, as well as
ours®*% but will not be discussed in depth here, as it is generally
found so far that the life span that can be obtained with the most
successful Li-S batteries (a few dozen cycles),* is nowhere near
what is needed for EV applications. However these limits too
may be superceded someday, as recent developments, for
example, of cathodes in which sulfur is encapsulated in hollow
carbon fibers,*” or in which Li,S functions as the starting pristine
cathode material instead of elementary sulfur®® appear to be
leading to the possible development of stable sulfur cathodes that
can undergo prolonged cycling. Another relatively novel system
not discussed here is that of Li-air batteries, which are in a very
basic and preliminary stage of research.’® There are intrinsic
problems of reversibility and compatibility in these systems, as
well as great challenges in electrocatalysis at the air (cathode)
side.5*¢!

To date, the three remaining categories of materials show the
best prospects for practical development. Studies being con-
ducted in our lab involve materials from each of the three cate-
gories; iLe. LiMnFe]PO4, Li,MnO;-LiiMnNiCo]O,, and
LiMn, sNij s0O4. The successful practical implementation of any
of these compounds as cathode materials could take Li-ion
technology well beyond its current limits.

A lot of work has been devoted by this group as well as many
others throughout the world to the LiMn; sNij 504 spinel which
has a redox potential of approximately 4.7-4.8 V due to inter-
actions of the Ni ions in the lattice (NF* + e~ = N&*; NP+ +
e~ = Ni").®»% Despite the high voltage, we demonstrated
Li/LiMn, sNig 504 cells on Al CC exhibiting prolonged cycling at
60 °C in EC-DMC/LiPFg. A stable capacity was also demon-
strated, even after prolonged aging at 70 °C.** The synthetic
method used in the creation of this material and the morphology
of the product both play an important role in its performance,
whose theoretical capacity is approximately 145 mA h g='. Most
publications demonstrate a capacity of less than 135 mA h g7,
though it has been demonstrated through the use of the spinel
structure to reach greater than 140 mA h g~' at high rates.®® A
review of the literature indicates that the best performance is
obtained with micrometric-sized particles whose facets are very
smooth.5>%* The morphology of this cathode material is critical for
its performance in connection to it surface chemistry: as the crys-
tals are smoother, the surface reactions of Li.Mn; sNiy 50, with
solution species are more moderate. Overly intensive surface
reactions of this material in solution lead to detrimental passivation
phenomena. Li,Mn| sNiy sO,4 spinel has been shown to be fully
compatible with standard electrolyte solutions (EC-DMC/
LiPF¢),%® hence the successful operation of the cells comprising
this cathode material and low potential anodes such as Li or Li—
graphite depend not on the intrinsic limitation of the cathode,
but rather mostly on peripheral aspects (e.g. reflective relation-
ship between the anode and that cathode, and the passivation of
the negative electrodes).

The subset of Li-rich layered TMOs of the (Li,MnO3),
(LiMO,), type were discovered and developed by groups at
the Argonne National Laboratory in the US.**” These
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Fig.8 Presentation of the behavior of Li,MnO;-LiMn;3Ni;3Co04/30, cathode material synthesized by SCR.%® Typical CVs before and after activation,
a typical HRTEM image of the pristine material and 7Li SS NMR spectra of the pristine material and the activated material at delithiated and fully

lithiated states (as indicated).

materials can reach capacities greater than 250 mA h g! and
continue to be extensively studied. Data collected by this
group involved xLi,MnO;-(1 — x)LiMn;;3Nij;3C0,30,,
where, x = 0.3, 0.5 and 0.7.°® When the appropriate ratios of
the transition metal cations in the synthesis mixture are used,
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the SCR procedure, followed by calcination at 900 °C,
produces composite structures with the desired stoichiometries
containing the monoclinic and rhombohedral phases
(Li,MnO; and Li[MnNiCo]O,) at a variety of ratios, and
well-mixed on the nano-metric level.
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Fig. 9 A collection of electrochemical data related to activated Li,MnO5; Li[MnNiCo]O, electrodes: cycling data, rate capability tests (cycling at
different rates), and voltage profiles at different rates in galvanostatic measurements, as indicated.
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Fig. 8 and 9 show representative data on 0.5Li,MnOj;-
0.5LiMn;3Ni;;3C0y30, cathode material; this particular
ratio of components was found to have the most promising
stoichiometry and structure among the various combinations
that were examined.®® Fig. 8 indicates schematically the concept
of these composite cathode materials. The atomic layering,
elucidated by the XRD (not shown; refer to original paper, ref. 67)
and electron diffraction (SAED) measurements, together with
rigorous imaging by HRTEM, show unambiguously the coex-
istence of the two phases and their mixing at the molecular
(nano) level. 7Li SS NMR spectra of the pristine material suggest
Li in at least two sites in the bulk, as marked in Fig. 8. In the
3-4.4 V cycling range, the CV exhibits a typical electrochemical
behavior of the LiMn;;3Ni;;3Coy;30, material with a specific
capacity around 80 mA h g~', expected for a material containing
only 50% active mass (whose specific capacity is 160-170 mA h
g ). Polarizing these electrodes to 4.9 V, however, activates the
active mass and completely changes their structure, a phenom-
enon that is clearly indicated in the 'Li NMR spectra (Fig. 8).
This is reflected in the CV as well, which also shows the change in
the electrochemical behavior as a result of this activation. The
resulting increase in the specific capacity is remarkable; the
activated material demonstrates extended redox behavior in the
2-4.5 V range with reversible capacity around 250 mA h g~', and
a voltammetric response which appears to reflect the lithiation—
delithiation processes suggestive of the formation of a solid
solution.

Fig. 9 shows the results of typical voltage profiles of prolonged
galvanostatic cycling (Fig. 9a) and rate capability tests (Fig. 9b
and c¢) at 30 °C. Our studies show that these electrodes can
produce capacities higher than 200 mA h g~' during prolonged
cycling at 60 °C (Fig. 9d) in standard electrolyte solutions.
Cycling at elevated temperatures not only does not impede, but
even stabilizes their cycling behavior. It is clear from our studies
that the structure of these composite materials before and after
activation is complicated and fragile. Their activation, which
involves the loss of oxygen from the bulk, forms a high capacity,
layered active Li,MO, material that includes a Li,O surface
layer, suggested by the 'Li NMR and HRTEM data. Since these
materials are electroactive within a wide voltage range, it is
impossible to determine a specific representative voltage, but
rather only a mean. Following these average voltages during
cycling often reveals gradual changes, which suggest continuous
structural changes in the material. The challenges remaining for
these materials include: stabilization during prolonged cycling,
improving their rate capabilities, and demonstrating acceptable
safety features. The best approaches seem to be to address both
their synthetic processes and the use of coatings. For example it
was found that coating Li,MO, cathode materials with
thin layers of Al,O3;, AIPO4 and MgO can increase their
stabilities.®*”* An additional approach is the consideration of
different electrolyte materials. Since these compounds are
considered high voltage systems, it remains unclear whether the
currently used standard electrolyte solutions are the most
appropriate for their use. Though much work needs to be done
towards addressing these issues, these materials could still be
considered the most promising cathode materials available to
date. One of the main strategies to improve the rate capability and
safety of Li.MO, cathode materials is to develop powders with

core—shell structures.: active mass particles coated with protective
layers that reduce detrimental reactions of the cathode material
with solution species, yet allow fast migration of Li ions through
them. Successful surface coatings make possible the use of nano-
particles in composite cathodes (with the core—shell structure). If
the surface reactivity of nano-particles can be properly attenuated,
this can significantly increase the rate capabilities obtainable with
practical composite cathodes. Though the use of nano-particles in
composite electrodes may create serious problems in terms of
mechanical and electronic integrity of the active mass, effective
methods have been reported that address these issues and can thus
enhance the integrity of such composite electrodes.™

The last of the cathode materials dealt with in this review is the
olivine LIMPO, family, where M can be Fe, Mn, Co, and Ni,
exhibiting the following redox potentials: 3.5, 4.1, 4.8 and 5.2 V
vs. Li, respectively. In order to facilitate their kinetics as Li-
insertion electrodes, as these compounds are intrinsically slow in
both electrons and Li-ion transport,” their successful usage has
been due to their assembly in nanoscale particles. Due to its
restrictively high redox potential, LiNiPO, is not realistically
considered as a relevant cathode material. LiCoPOy is considered
to be more relevant as its redox activity is less than 5 V, therefore
falling within the electrochemical window of standard electrolyte
solutions. Our work with this material indicates that extensive
efforts are still needed in order to develop a reliable synthesis for
LiCoPOQy, as well as to match it with electrolyte systems in which
it can operate stably. LiFePO, was introduced as a cathode
material 13 years ago by Goodenough er al™ Since then,
extensive work has been devoted to this material, which has since
been brought to a practical level of commercial usage. Compa-
nies such as Sud-Chemie produce LiFePO, that reaches
a capacity of approximately 165 mA h g! and demonstrates
excellent rate cyclability and safety features.”* Many of these
features, including its excellent low temperature performance,
could make it a promising cathode material for EV applications
as well.”>”¢ However its redox potential of ~3.5 V vs. Li means
that Li-ion batteries using this cathode material vs. graphite can
reach a potential of only 3.4 V, therefore modules for EV
comprising graphite/LiFePO, cells would possess energy densi-
ties below 100 W h kg '.”7 This level of battery performance
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would enable a full EV to drive no more than 150 km at
reasonable speeds (e.g. around 100 km h~') between charges.”
With the successes of LiFePO, in mind, researchers in this field
have turned their attentions to its Mn-containing analog,
LiMnPOy,, as the theoretical voltage potential of this material is
600 mV higher. Fig. 10 compares the voltage profiles of LiFePOy,
LiMnPO, and LiMn gFe( ,PO, electrodes and reflects both the
benefits and shortcomings of the Mn-based olivine cathodes.”™
The practical challenge remains to obtain similar performance
metrics for this material, as this breakthrough would significantly
increase the usable energy densities of Li-ion batteries with
LiMPO, cathodes.

It is important to note that since the oxygen atoms in LiIMPO,
are much less basic and nucleophilic than those of Li,MO,
compounds, the Li-olivine compounds are much less reactive
with solution species than Li,MO, compounds.”” This fact is
critical to their functionability as nano-materials. That is, the
decrease in Li-ion diffusion pathways in the smaller particles is
not offset by the typically noted associated increase in surface
film formation due to the huge increase in surface area. The
application of a thin carbon coating on the nano-LiM PO, particles

further facilitates electron transport as it enables better interpar-

ticle electrical contact. In fact, the use of thin carbon coating is
a critical component for LiMPO, species and is mandatory for
their operation as fast cathode materials, due to the poor intrinsic
transport properties of these powders. The carbon coating
increases the rate capability of many of the LiMPO, cathode
materials by several orders of magnitude. Fig. 10 shows the best
voltage profiles obtained for LiFePO, and LiMnPO,. While
LeFePQ, electrodes can nearly reach their theoretical capacity
(170 mA g™') in repeated Li-ion insertion/deinsertion cycling, the
state-of-the-art LiMnPO, can reach no more than 90% of its
theoretical capacity (up to 150 mA h g™'). LiMnPO, was studied
intensively by this group and could be considered the best choice
of the olivines according to its demonstrated capacities and rate
capabilities.” Tts redox potential of ~4.1 V vs. Li is well within
the anodic stability limits of aluminium current collectors and
alkyl carbonates (e.g., EC-DMC)/LiPF¢ solutions. Composite
LiMnPO,4/C electrodes can reach 100% cycling efficiencies,
demonstrating a capacity of 150 mA h g' in very prolonged
cycling experiments. Hundreds of cycles were performed at
60 °C, even in coin-type cells. The surface reactivity of this
material was found to be as low as that of LiFePOy,, and there-
fore it was possible to use it as nanoparticles and obtain even
better rate capabilities than that of LiNiysMng sO, and LiNiy g
Cog.15Alp 0502 (both of which are important due to their high
practical specific capacities which exceed 180 mA h g7').
However LiMnPO, remains inferior to LiFePO, in terms of both
capacity and rate capability. To date, the reason for that is not
clear. As demonstrated in Fig. 10, a replacement of 20% Mn by
Fe in LiMnPOQOy,, thus forming a LiMnggFey,PO4 compound,
demonstrates the properties of a highly interesting and important
cathode material whose practical capacity (165 mA g7') is close
to the theoretical one, similar to that of the state-of-the-art
LiFePO, material.® This compound is in fact a true solid solu-
tion of LiMnPO, and LiFePO,, as demonstrated by its voltage
profile, which nicely reflects the red-ox reaction of both Mn?*3*
and Fe**** with the expected proportional contributions. As seen
in Fig. 10, the solid solution leads to the combined influence of

2+4/3+ 3

the two redox centers (the red-ox voltage of the Mn**"* is slightly
lower, and that of Fe**** is significantly higher in LiiMnFe]PO,
compared to the mother LiIMPO,4 compounds). Fig. 11 provides
a collection of data from intensive work with LiMnggFeq,04
electrodes. Raman, Mossbauer and HR-TEM measurements of
carbon-coated nanoparticles after prolonged aging in standard
solutions at elevated temperatures confirmed the excellent
stability of this active mass (see Fig. 11a—c). FTIR and XPS
measurements of aged and cycled material (not presented in this
review) clearly indicate that its surface stability is much greater
than that of Li,MO, compounds.** The main phenomenon
detected after prolonged aging in LiPFg solutions was the
formation of surface LiF. The most important results were its
very high stability, which enabled the demonstration of the very
prolonged cycling of Li/LiMnggFey,PO,4 cells at elevated
temperatures, and its excellent rate capabilities. Fig. 11d and e
display the results of comparative experiments in which coin-type
cells containing different cathodes vs. Li metal anodes in
EC-DMC/LiPF¢ solution were cycled at different rates, as
indicated. Cathode capacity and energy density are seen to be
functions of the rates used. The energy density was calculated by
integrating the capacity and voltage of the electrodes
during discharge (lithiation). The superior rate capability of
LiMng gFe( ,PO, electrodes is clear from these charts and related
experiments. Therefore LiiMnFe]PO, can be considered a prac-
tically important novel cathode material for Li-ion batteries.
Finally, despite a recent publication on the apparent thermal
instability of delithiated Li,MnPQOg4,* our thermal studies show
that LiFePO,, LiMnPO, and Li[MnFe]PO, demonstrate very
similar good thermal behavior in contact with standard electro-
lyte solutions in both fully lithiated and delithiated states. The
three compounds are much more thermally stable than Li,MO,
cathode materials in both spinel and layered structures.

Temperature-related performance

Most commonly used electrodes can function well at elevated
temperatures (e.g. 60 °C in standard electrolyte solutions). Their
stability at elevated temperature can be enhanced by the use of
additives.’* The good performance of many electrodes at low
temperatures remains a bigger challenge. Therefore the focus
here will be on low temperature studies.

In terms of the electrolytes, neither the above-discussed
IL-based electrolyte systems nor EC-DMC/LiPF¢ solutions
succeed at low temperatures. The latter solutions, which
demonstrate so many advantages in terms of high anodic
stability and excellent passivation of low-potential anodes,
cannot function below —15 to —20 °C, as their conductivity
drops drastically due to the solidification of EC and the reduced
solubility of the Li salt. In order to obtain solutions that can
work at very low temperatures (with a reasonable criterion: ionic
conductivity greater than 1 mS cm™' at 40 °C), it is necessary to
add additional solvent components to the binary EC-DMC
solutions. A lot of work has been devoted to solutions of Li salts
in ternary and quaternary solvent mixtures that demonstrate
reasonable ionic conductivities at low temperatures.® However,
more components result in lower anodic stability and more
complicated electrode surface chemistry. This latter effect may
lead to poor anodic passivation. We found that adding ethyl
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Fig. 11 A collection of data related to LiMng gFeq,04 electrodes.® (a) Raman spectra of pristine and aged particles. (b) Fe Mdssbauer spectra of
pristine and aged material. (c) HRTEM of aged particles. Aging was carried out at 60 °C in an EC-DMC/LiPF¢ 1 M solution. (d) Capacity vs. rates of
various cathodes, as indicated, in galvanostatic measurements, 30 °C, EC-DMC/LiPF¢ 1 M solutions. (e) Energy density vs. rates of various cathodes
(indicated) in the same experiments (related to (d)). The energy density was calculated from the voltage profiles by integrating capacity over voltage.

methyl carbonate (EMC) as a fourth component to EC-DMC/
LiPFg solutions is enough to reach a reasonable conductivity at
—40 °C.® The benefit is that the addition of EMC still does not
drastically change the surface chemistry and therefore does not
the effect the very good passivation properties of electrodes in
EC-DMC-based solution alone. VC can be added as an additive
to enhance the passivation of both graphite anodes and Li,MO,,
(lithiated transition metal oxide (TMO)) cathodes.

For the most part, electrode performance also declines at low
temperatures. Fig. 12 presents the conductivity/temperature
relationship of an EC-DMC-EMC/LiPF¢ solution with an
optimized composition and the steady-state capacity of various
electrodes measured in this solution at low rates (C/20-C/10). As
demonstrated, the low temperature performance of both
graphite electrodes and lithiated TMO cathodes (Li(MnNi-
C0)O,, Li[NiCoAl]O,) is poor. As demonstrated in this figure for
graphite electrodes, the electrode’s surface area also plays a role
in the low temperature performance of Li insertion electrodes. A
higher specific surface area (~7 vs. 0.5 m? g7') leads to higher
capacity at low temperatures, though this relationship is not
linearly proportional.

—¢— EC.DMC:EMC (15:37:48) 1M LiPF, + 1% ve
—a— 1 Ti,O,,

—+— Graphite (8m’lg)

10d —v—Graphite (1.8 m’g) 1400
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Fig. 12 The ionic conductivity/temperature dependence of EC-DMC-

EMC (15: 37 : 48 by weight)/LiPFs 1 M + 1% (by weight) VC, and the
steady-state capacity of various electrodes (indicated) as a function of
temperature, upon galvanostatic cycling in the same solution at C/20
rates.®
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Fig. 13 XRD patterns (c and d) of nano- and submicrometric size LiMn;,3Ni;,3Co0,,30, particles synthesized by SCR and further calcinations in air
(700 °C/1h and 900 °C/22 h, respectively), and voltage profiles of electrodes comprising these materials measured at two different rates, as indicated
(galvanostatic measurements in EC-DMC/LiPFg 1 M solutions (a and b)). The insets show a SEM micrograph of the nanoparticles and element analysis

by EDS.*

The electrode materials that demonstrate the most success
under these conditions are LisTisO;» and LiFePO,; nano-
particles. As demonstrated in Fig. 12, they both demonstrate
reasonably good low temperature performance.®* Of all known
cathode materials, Li, TiO, and LIMPO,4 (M = Fe, Mn or both)
are among the few that can be used as nanoparticles at all, and
thus benefiting from the greatly shortened Li-diffusion lengths
which correspond to their achieving very fast cycling rates. This
functionability at the nanoscale is in fact because both families of
materials have a relatively low surface reactivity in standard
electrolyte solutions. The LTO materials red-ox potential is
sufficiently high, above the thermodynamic cathodic stability of
alkyl carbonate solutions (<1.5 V vs. Li). The red-ox potential of
LiFePO,4 and LiMn,04 (3.5 and 4.1 V vs. Li, respectively) are
below the onset of the oxidation of alkyl carbonates. However,
what is more important is that the oxygen atoms in the olivine
compounds, bound to P°* ions, are much less nucleophilic and
basic compared to the oxygen atoms of Li,MO,, (lithiated TMO).
This cycling capability at the nanoscale makes these materials
unique in their superb performance even at low temperatures.

On the use of nanoparticles

In the field of material science there is a general trend to intro-
duce nanomaterials to take advantage of their unique qualities.
In the past few years these forays have extended into the Li
battery field. The use of nanoscaled compounds as intercalations
materials have the obvious advantage of greatly decreased
lithium ion diffusion lengths and more highly facilitated

interfacial charge transfers due to the associated increase in
surface area. However due to the fact that in most Li—ion battery
systems neither anode nor cathode ever attain complete ther-
modynamic equilibrium while in contact with relevant electrolyte
solutions, so that the increases in surface areas then have the
effect of associated increases in surface reactivity, which in most
cases leads to an enhancement of side reactions between the
electrodes and the electrolyte, leading to a destabilization of the
active material as well as an increase in impeding passivation
phenomena. An example is given below.

The work done in this lab involved a SCR synthesis using
relevant metal nitrates (oxidizing agents) in aqueous media with
sucrose as fuel, varying the stoichiometry of the compounds.
These syntheses produce nanoparticles which can be subject to
further sintering to sub-micrometric and micronic-size particles,
the duration of which determines the average particle size.*
Hence, it was possible to compare both nano- and sub-micronic
size particles of different cathode materials synthesized from the
same batch of material, which makes their comparison signifi-
cant. Nanoparticles of LiiMnNi]O,, LiiMnNiCo]O, layered and
LiMn; 5sNig sO4 spinel compounds as cathode materials were
investigated. Fig. 13 shows the results of a typical comparison
study of nano- and sub-micron structured LiMn,;3Ni;;3Co0130,
cathodes.®* The XRD patterns in the figure and the SEM image
reflect the nano-size of the active mass thus prepared in which the
particle size calculated from the XRD peak width according to
the Debye Scherer equation is reflected by the SEM images.
Fig. 13 also shows typical voltage profiles of these materials
measured vs. Li in EC-DMC/LiPFg at two different rates. As is
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XPS spectra of particles after aging in EC-DMC/LiPFg solution. Lower part: HRTEM images of a pristine particle and a particle that was exposed

during several weeks to ambient air.*®

seen in the CV, the voltage profiles of the electrodes comprising
nanoparticles are less clean and reflect a lower rate capability as
compared to the sub-micronic particles. This inferior rate capa-
bility of electrodes comprising nanoparticles, compared to the
sub-micrometric active mess, is common to all cathodes
comprising Li,MO, as the active mass. In fact, normally sub-
micronic LiMny;3Ni;3Co,,30, materials show the highest rate
capability and quite prolonged cycling as compared to other
Li\MO,, cathode materials. The reason for poor performance of
the nanostructured analog is explained and illustrated in
Fig. 14.>12 The surface oxygens of lithiated TMOs are highly
basic and nucleophilic. They react readily with acidic species
(acid-base reactions) and with the electrophilic alkyl carbonate
molecules. The nucleophilic attack on the alkyl carbonates by the
surface oxygen anions likely initiate polymerization reactions
that form surface polycarbonate species. The higher surface area
of the 1000-fold smaller particles translates to a proportional
increase in surface reactivity, and hence, nanoparticles of
Li,MnO, develop a core-shell structure of active material sur-
rounded by a shell comprising both ionic and polymeric species
(e.g., LiF, ROLi, ROCO,Li, and polycarbonates). These surface
layers lead to high impedances due to a slowed Li-ion migration
through the surface films from solution to active mass. When
these surface layers are too thick they also can interfere with
interparticle electrical contact, worsening the electrical integrity
of the composite electrodes. Both of these phenomena, as they
relate primarily to the particle surfaces, are exacerbated in the
nanostructured materials.

Fig. 14 presents a schematic view of the surface behavior and
core—shell structure formation of Li,MO, particles. HRTEM
images of pristine and ambient-aged Li[MnNiCo]O, particles
quite clearly indicate surface film formation as a sharp interface
of the active mass at its surface is seen in the pristine material,
while the particles aged in air are clearly seen to have a surface
layer. The XPS data compare the Mn, Ni and Co spectra of
pristine and aged (60 °C, EC-DMC/LiPF¢ solution) particles. As
expected, the pristine data reflect the presence of the three
transition metal atoms on the particles’ surface in equal amounts.
Upon aging, only Ni is detected, suggesting that subsequent
surface reactions bury the Mn and Co, while Ni cations could
still be found as part of ionic compounds such as NiF, and
NiCOs. This difference in the involvement of the transition metal
cations in the surface reactions of LiiMnNiCo]O, particles
correlates with the fact that Li,NiO, is much more reactive
towards standard electrolyte solution components than Li,CoO,
and Li,MnO, compounds. Surface reactions of Li,MO, with
atmospheric CO, have also been demonstrated,®® forming
Li,COj; as product via the delithiation of the active material with
or without the involvement of atmospheric O, the latter reaction
resulting in a third material phase.

Conclusion and summary

In conclusion the advanced cathode materials which indicate the
most promise in bringing Li-ion battery technology one step
further towards meeting the challenge of powering EVs include:
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LiMHl.SNi0_504 spinel, LizMIlO3 . LiMn1/3Ni1/3C01/3OZ and
LiMng gFey ,PO,. Although significant work is still needed in
order to complete their R&D, these cathode materials are much
closer to meeting practical needs than any other advanced/novel
systems (e.g., Li—air, Li-S, LiCoPQy). Studies indicate that the
best electrolyte solution remains the standard alkyl carbonate
matrices, and the best performing current collector for these
materials remains aluminium. In addition, minimal successes
despite extensive work on alternative anode systems including
Sn- and Si-based composites, their intermetallic compounds and
nano-MO conversion reaction compounds reiterates the idea
that graphite remains the most successful anode material for
advanced Li-ion batteries. Surface modification of graphitic
materials (e.g., by surface reactive additives in solutions) enables
the enhancement of the stability of graphite anodes in prolonged
cycling. It is important to develop new electrolyte systems with
higher anodic stability than that of the standard electrolyte
solutions, in order to substantiate the practical use of the
advanced cathode materials described herein. Ionic liquids based
on derivatives of cyclic quaternary ammonium cations may be
considered as promising in this respect.
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