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ABSTRACT 

Lithium ion rechargeable batteries are predicted to replace NdCd as the workhorse 
consumer battery. The pace of development of this battery system is determined in large 
part by the availability of materials and the understanding of interfacial reactions between 
materials. Lithium ion technology is based on the use of two lithium intercalating 
electrodes. Carbon is the most commonly used anode material, while the cathode 
materials of choice have been layered lithium metal chalcogenides ( L i i z )  and lithium 
spinel-type compounds. Electrolytes may be either organic liquids or polymers. Although 
the first practical use of graphite intercalation compounds as battery anodes was reported 
in 1981 for molten salt cells and in 1983 for ambient temperature systems, it >was not until 
Sony Energytech announced a new lithium ion intercalating carbon anode-in 1990, that 
interest peaked. The reason for this heightened interest is that these electrochemical cells 
have the high energy density, high voltage and light weight of metallic lithium, but without 
the disadvantages of dendrite formation on charge, improving their safety and cycle life. 

This publication will review recent developments in the field and materials needs that will 
enhance hture prospects for this important electrochemical system. 
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1. INTRODUCTION 

The annual market in 1993 for all types of batteries exceeds $5B/yr. in the US and is over 
$2OB/yr. (1) worldwide. While battery technology has always been driven by market needs, 
the recent revolution in miniature, portable electronics and the desire for affordable electric 
vehicles have substantially increased the demand for high performance batteries. The 
performance of electronic devices such as portable computers, cellular phones and electric 
vehicles will be determined in large part by the performance of the power source. There are 
many types of batteries that use various electrochemical couples that are commerciallf 
available and could be used for these applications. A comparison of several rechargeable 
battery technologies and their applicability for use in various applications is given in Table 1 
(see ref 2). An important comparison of these technologies is their cost per watt-hour. 
Lithium ion rechargeable battery technology is projected to meet the performance 
requirements of most applications and also to be as inexpensive as leadacid batteries. This 
projection and the recent success of Japanese manufacturers are in part responsible for the 
aggressive growth predicted (20% per year) for rechargeable lithium ion batteries. (1) 

Rechargeable lithium batteries are produced in two major types: those with lithium metal 
anodes (“lithium rechargeable batteries”) and those with an anode composed of a host.(such 
as carbon) that reversible binds lithium (e.8. by the formation of LiC6). The latter are termed 
“liihium ion rechargeable batteries” since under normal operation lithium is present in the 
ionic form and lithium metal is never formed. Thus, lithium ion rechargeable batteries 
function by repeatedly cycling Li’ between two host materials with different chemical 
potentials (hence the name “rocking chair batteries”). Using a host for lithium reduces the 
energy density of the electrochemical cell. For example, the energy density of lithium metal 
is 3862 Ahkg which is ten times the energy density of LiC6,372 Ah/kg. However, the safety 
and cycle life of the two systems are markedly different. The lithium rechargeable batteries 
have been shown to have extremely poor cycle life (in most circumstances it is limited to 
~ 2 0 0  cycles) and poor safety compared to lithium ion rechargeable batteries that have been 
cycled over 1200 times in commercial cells. The difference in performance is a result of the 
method of lithium removal and deposition at the battery anode. Stripping and plating of 
lithium metal produces dendrites that increase the Li surface area from <2%m2/g to over 20 
m2/g in less than ten cycles (3). The formation of dendrites has been implicated in electrical 
shorting of cells (decreasing useful cycle life) as well as serious safety problems due to its 
reactivity with the electrolyte solution at elevated temperatures. 

Other components of a lithium ion rechargeable batteries are the cathode, electrolyte, 
separator and associated other inert materials such as current collectors and various 
packaging materials. This article will discuss the carbon anodes, lithiated transition metal 
oxide cathodes and liquid electrolytes. It is beyond the scope of this paper to include 
discussion of the inert cell components or other types of electrolytes such as polymer or 
inorganic electrolytes. While all these materials are interesting and their performance can 
dramatically influence the performance, the limitations in space and time preclude their 
inclusion. 

Advanced battery designs that attempt to meet the demanding needs of new applications 
drive the materials properties of the constituent materials. Table 2 relates battery 
performance criteria to improved material requirements for lithium ion rechargeable batteries. 
The following sections on anodes, cathodes, electrolytes and interfaces will show how 
materials design and engineering can enable improvements in battery perfoynance. A recent 
publication by Xie et al. (4) provides additional details on this topic. 
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Table I. 
PERFORMANCE - COST/APPLlCATlONS - "AA" SIZE (from ref. 2) 

CHARACTERIS'TIC 
VALUE: 
* Performance - Capacity(Ahlcel1) - Working Voltage (V) - WHlCycle - No. of Cycles** - WHlAll Cycles 

Retail Price ($/Cell) 
Value 
- $/WH - Ratio 

Photoflash 
. Radio 

* Cassette 
Toys 
Tools 
Camcorders 
Metershstruments 
SLI, EV, UPS etc. 

m OEMIGOVERNMENT: 
Laptop : 
Cordless Phones 
Medical 
Contracts 

I CONSUMERIINDUSTRIAL: 

SYSTEM 
PRIMARY LEAD SECONDARY NICKEL NICKEL LlTHlU M LITHIUM 
ALKALlNE 85;Ip. Ll!dAuE CADMIUM HYDRiDEMANGANESE ION 

2.2 0.3 0.75 0.70 1 .o 0.6 0.5 
1.25 2.0 1.25 1.20 1.20 2.5 3.0 
2.75 0.6 0.94 0.84 1.20 1.50 1.50 
I 400 30 400 500 200 800 

0.75 1 .OO'*' I .40 2.50 5.00 7.00 5.00 
2.75 240 28 336 600 300 1200 

I 27.27 0.41 5.00 I74 .83 2.33 .42 
1 0.015 0.183 0.027 0.030 0.085 0.01 5 

Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
No 

Yes 
No 
No 
No 
Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
Yes 
Yes 
No 
Yes 
Yes 
No 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

(Yes) 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
(Yes) 

Yes 
No" 
No 
No 
No 
No 
Yes 
No 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

No Yes No Yes Yes Yes Yes 
No Yes No Yes Yes No Yes 
No 2 I Yes No No Yes No Yes 
No Yes No No Yes Yes Yes 

* Safety problems 
** Conservative estimate 
*** Estimated (cells size not commercially available) 



Table 2. 
Relationship of Battery Performance Criteria 

to Material Requirements 

Battery Performan 
High capacity 

High rate charge 
and discharge 

Long life 

Long cycle life 

Safety 

Low cost 

Convenience 

Low 
environmental 
impact 

D 
Y Materia1 Requirements 
high capacity electrode material 
high (and constant) voltage 
low irreversibility 
efficient volume utilization 
minimize non-active material 

(e.g., current collectors) 

electrolyte with high ionic conductivity 
electrolyte with transference number for 
Li' 
high Li" diffusion in electrode materials 
thin electrolyte and separator 

low self discharge 
low corrosion and decomposition of 

constituent materials 

highly reversible electrochemical reactions 
stable capacity over many (-1000) cycles 
no phase transitions 
minimize dimensional changes 

''safe" materials combinations 
"fail-safe" designs 
overcharge and overdischarge protection 

inexpensive materials 
inexpensive processing techniques 

Comments 
anode with > LiC6 

compatibility of materials 
high density electrodes 

(avoid high surface area 
powders) 

1 
2.6 

immobile anions 

suggests small particle 
size 

wide voltage stability 
limits (up to 5 volts vs. 
L&i? 

operation near room temperature 
good performance at temperature 

extremes (-40°C, +85"C) 

minimize toxic materials 
easily recyclable 

.5  

i I 

avoid lithium metal 

presence of chemical 
shuttle- reactions 

commercially available 
assemble in discharged 

state (less reactive 
materials) 
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2. CARBON ANODES 

Carbon has emerged as the anode material of choice in lithium ion rechargeable batteries 
( 5 )  Lithium ions are reversibly bound in the carbon host by intercalation and by other 
mechanisms. Intercalation of lithium between layers of graphite is well studied and 
described in the literature (6). The do02 interlayer spacing in highly graphitized carbon 
increases from approximately 0.335 nm to approximately 0.37 nm upon intercalation of 
lithium to form a stoichiometric compound, LiC6. This compound has a theoretical 
capacity of 372 Ah/kg, which has been achieved by recent workers (7). 

4: 
h 

The first generation lithium ion rechargeable batteries used petroleum coke anodes that 
have a usable capacity of approximately 180 Ah/kg. While this is less than half of the 
capacity of graphite, under certain conditions (namely high-rate discharge), petroleum 
coke can deliver equivalent capacity. This effect is shown in Figure 1 (&om ref 4) where 
the celI capacity at high current density of the cell with the petroleum coke anode exceed 
the cell with the graphite anode. This effect is due to solvent conductivity (vide inpa). 
Material incompatibilities prohibit the use of the more conductive electrolyte (e.g. PC - 
based solvents) with graphite. Thus, the desired properties of the carbon anode can 
dictate material requirements that can be conflicting. Balancing the materials 
characteristics to achieve optimum performance is a challenging task There are many 
opportunities for innovative materials R&D in this arena, particularly those carbon 
processing schemes that can independently control physical and chemical properties. 

Discharge Cutoff Voltage: 2.0 V loo -.. Charge Conditions: 

0 -e-: 
1 

4.0 V Constant Potential Charge""'; 
with 1.0 mMcm Current Limit .....i 2 

1 1 I 1 1 1 1 1  J I i i l l i l  1 1 1 I ( t i  

2 3 4 5 6 7 8 '  2 3 4 5 6 7 8  ' 2 3 4 5 6 7 8 '  10 
2 0.0 1 0.1 1 

Discharge Current Density: W c m  

Ambient 

Figure 1. 
Petroleum Coke Anodes (from ref 4). 

Comparison of LiNiO;! / Carbon AA-Cell Rate capabilities with Graphite vs. 
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One of the newest topics of investigation is the preparation of very high capacity carbons 
(defined as >LiC6 or as >372 M g ,  see ref. 8 & 9). These carbons typically are fired at 
lower temperatures (below 1000°C) and use polymeric precursors (e.g. poly(para- 
phenylene)). Their structure is highly disordered, leading to multiple interpretations 
about the mechanism of reversible lithium binding. The mechanism of Li’ intercalation, 
while it may account for a sizable portion of the capacity, certainly cannot be responsible 
for all of the “excess” capacity (i.e. >LiCs ). Therefore, the term “intercalation” should 
be used with great caution regarding these materials. The interpretations must account 

Postulated theories include two lithium binding mechanisms; intercalation in graphitized 
regions combined with a) incorporation of lithium dimers (8) in the carbon structure, b) 
reversible binding of Li’ with surface hydrogen atoms (lo), c) nonspecific Li” binding to 
unorganized regions in the carbon structure (ll), or d) as lithium clusters (12). 

for the fact that the discharge potential varies over 1 volt fiom the lithium potential. q 

Other aspects of carbon anode performance have also been studied. Lithium diffusion 
constants in carbon fibers have been measured (7). Upon lithiation of the carbon fibers to 
form Li,C6, lithium diffusion constants decrease by over one order of magnitude when 
loading the carbon from x = 0 to 0.5. Typical values range fiom to lo-’ cm2/s at 
25OC. More highly graphitized carbons exhibited higher diffusion constants. 

Doping of carbons has been studied by several groups. Electron donors (e.g., 
phosphorous) have been reported (13) to increase reversible lithium loading capacity. 
Electron acceptors (e.g., boron) have the effect of increasing the discharge voltage, also 
resulting in increased capacity (14). Finally, other heteratoms such as silicon (15) 
likewise increase the capacity but also increase the irreversible capacity. There is no 
uniform theory to help interpret these seemingly contradictory trends. 

One of the most crucial aspects of the anode is its compatibility with the electrolyte and 
binder system. This topic will be discussed in a later section. 

3. INTERCALATION CATHODES 

Of the available cathode materials that intercalate lithium, only three appear suitable for 
high voltage rechargeable systems. They are lithiated cobalt, nickel and manganese 
oxides. Table 3 summarizes their important physical and electrochemical properties.(4) 
A review article by Thackeray (16) provides more specific information on these materials 
as well as vanadium oxide. His article details how crystal chemistry and structural 
properties of the lithiated oxides dictate the stability of the cathode upon charge and 
discharge cycling. 

Lithium ion rechargeable commercial cells (Sony) use LiC002, but the expense of this 
material prohibits its use in more competitive markets. Due to the lower cost and benign 
environmental impact, LiMn204 has received substantial attention in the literature. Even 
with its lbwer capacity, LMn204 appears to be an attractive alternative. Since the phase 
diagram is substantially more complicated than the other materials, synthesis is more 
difficult. Lithiation and delithiation occur in two major steps. The “4-volt” plateau has a 
normal spinel structure and the “3-volt” plateau accompanies a conversion of the spinel to 
a rocksalt structure. Tarascon notes that the “4 volt” plateau is well behaved and can 
deliver a reasonable number of cycles (ZOO) at high capacity (- 120”.;AMcg) if the 
preparation process incorporates a slow cool (1 7) which maintains oxygen stoichiometry. 
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Thackeray emphasizes the point that tetragonal distortion and other sources of geometric 
lattice expansion and contraction (during lithiation and delithiation) limit cycle life. Bito 
(18) noted that doping reduced the lattice expansion during lithiation and also resulted in 
better cycle life. Workers at Sandia have developed an ab-initio calculation to help 
explain the effects of doping on the crystal structure of L i M n 2 0 4  (19). We have 
performed caIculations at various lithium compositions to simulate lithium intercalation 
that compare favorably with experiment as shown in Figure 2. This work has been 
extended to include the effect of dopants with the goal of developing improved 
understanding of the findmental properties that control lattice changes and capacity -3 
effects in this class of materials. 

Table 3. 
Comparison of Various Cathode Materials for Lithium Ion 

Rechargeable Batteries (from ref. 4). 

Theoretical Specific Capacity 274 274 f 148 

Density of Cathode (g/cc) 5.16 4.78 ! . ......................... 4.28 

Nominal Average Voltage (vs. t i )  f 4.0 3.7 f ......................... 4.0 ................................................................... ........,.......I.... ............................... * A  ................................. ir 

Operating Voltage Range (V) i 3.0-4.3 2.8-4.1 i 3.54.3 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ............................... *.; ................................. i ......................... 

Practical Specific Capacity (mAh/g) ............................ > 140 i. ................................. >140 i ......................... -110 .............................................................................. .....i... .....; & 

.............................................................................. ..,..I ................................... ..+........... 2. 
Cycleability 

Synthesis ! Easy ! Difficult ! Difficult ................................................................................... i .................................... +,e ............................... 4 ........................ 
Environmental i Containstoxic i. ContainsNi i Green 

............................................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ............................... .....< ........................... ......p ........................ 

.................................................................. '..~....~.,.......~.......~.,,..,.,.,..,............,..~..~.,.~.,..............,,.,~.....~~,.,,,,,,,,,..,.,,...,., 

L.............*.................................................:....................................A ................................. A,....... ................. ................. (m ANg) 

#..I*.. ............................................................................ :. .................................. *a ................................. (. 

! Gocd i Good ......................... Good . ................... 

-. 
c o  t (EPAreview) i 

Commercial Availability Yes N O  j No 
cost Very high f Moderate ' b w  

.- 



h 5 8.6 CALCULATED 
Minimized Shell Model 
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Bito et a/. (1993) 
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x in Li,Mn,O, 

A: 
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Figure 2. Calculated lattice parameter of energy-minimized structures of Li,MnZO~ with 
varying amounts of Li'. The relative difference between theory and observation are 
provided for the end-member compositions (tiom ref. 19). 

4 .  ELECTROLYTES 

Electrolytes for any lithium electrochemical cell, including lithium ion rechargeable 
batteries, are selected on the basis of meeting hnctional requirements which depend on 
several fimdamental principles. This review will only consider nonaqueous electrolytes 
since the advantage of the lithium ion rechargeable battery concept relies on high voltage 
design that can not be achieved using aqueous electrolytes. A recent detailed discussion 
of this topic has been published (20). Table 4 (20) gives several hndamental properties 
of most solvents that are commonly used for lithium ion rechargeable batteries. Organic 
solvents are listed in part A and inorganic solvents are listed in part €3. Note the 
correlations between the dipole moment and the dielectric constant and the viscosity. 
These correlations are due to the physical effects of the dipole moment of the molecule. 
The correlation with dielectric constant is clearly due to the permanent dipole moments 
of the molecules. The correlation with viscosity is less strong, and can be described as 
due to the tendency of molecules with large dipole moments to orient themselves in large 
arrays of dipoles that increases the resistance to fluid flow. Other properties of interest 
are the donor number @N) and acceptor number (AN) of the solvent. These properties 
refer to the ability of the solvent to donate electrons to a Lewis acid or accept electrons . 
from a Lewis base, respectively. Since cations are Lewis acids, DN is correlated to the 
solvatlon of the cation. Conversely, anions are Lewis bases and thus AN is a measure of 
the solvation of anions in the various solvents. While these concepts are important, they 
do not consider the entire range of interactions that determine solubility (such as lattice 
energy) and therefore should be used as a Fide and starting point. 



Table 4. 

4 

Physical properties of solvents' at 25°C (unless noted)(from ref. 20) 

D i p k *  
Dielcaric Viscostty Density moment 

Slvcnt  m.p. ("C) b.p. ("C) constant (CP) (gcm-') (&bye) DNb ANb - 
A. Organic solwnrs 

Ethylene Carbonatc (EC) 39-40 
3-Mcthyl-2-oxazolidinom (3-Me-20Xr 15.9 

tA8 - 
Propylcnc carbonate (PC) 
Dinicthylsulfoxidc (DMSO)' 
Sulfolane 
Ethylene glycol sulfite CEGS)' 
y-Butyrolactonc (GBL) 
Dimct hylformamidc (OM F) 
Acetonitrile (ACN)' 
Nitromethane (NM)' 
N-Mcthylpyrrolidhonc (NMP)' 
Dimethylsulfite (DMS)' 
Mcthylformatc (MF) 
Tetrahydrofuran (THF) 
1,2-Dimcthoxycthanc (DME) 
Dioxolanc 
2-Mcthyltctrahydrofuran (MTHW 
Dicthykthcr (DEE)' 

B. Inorganic solwnrs 

Sulfur Dioxide (S6,) 
Pl~usphoryl chloride (FOCI,)* 
Tliionyl chloride (!XK.J 
Sulfuryl chloride (SO,Cl,) 

- 49 24 1 
18.55 189.0 
28.86 287-3d 
- 1 1  I 73 
e43 202 
61 I58 

- 45.7 81.6 
-28.6 101.2 - 14 M4 - 141 I26 
-99 31.50' 
- 108.5' 65.0 - 58 83-84 - 95 78 -- 80 

116.2 34-60 

-75.46 - 1 0 9 2  

- 104*5 75.8 
-54.1 694 

I 108 

89.6 (409 
77.5 
(3 -4 
46.45' 
43.16(30") 
39.6 
39.1 
36.7 I 
35.95 
35.94 
32.0 
22.5 (23.3") 

8.5 (ZOO) 
7.39 
7.20 
7.13 
6.24 
4.265 

I -85 (40") 
2.4% 
2.53 
1.991' 

10.284 (30") 
2-056 
I -75 
0.7% 
0.3409 
0.694 
1 a 6 6 6  
0-7715(30') 
0.3298 
046 
0.455 
0589' 
0.457 
0.224 

1-3218 (39') 4.80 (B)' 
1.1702 - 
1.19 5.71 (B)* 
I 4955' 3*% 
1-2619 (30') 4.7 
1-4158 - 
1-13 4*12(By 
0.944 3 3-86 
0.7768 3.94' 
1.1312 3 . w  
I ~0279 3.75 (0' 
I -2073 2*90(By 
0.974 I I -77 (B) 
0.880 1-71 
0.859 1 -07 (R)* 
1~o6O0(20") - 
0.848 
0.70768 1*18* 

16.4 

15.1 18.3 
29.8 19.3 
14.8 19.2 
15.3 - 
26.6 16.0 
14.1 18.9 
2.7 20.5 

27.3 13.3 

- - 
19.2 3 *9 

- - 14.1 (20") 0.291 I a3695 1 *60 
13*9(22') 1*15(20') 1*460(20") 2.40 11.7 - 
9.25 (203 0.603 (20") I -629 (20') 1 -38 (B) 0.4 
9.15 (Eo) 0.674 1.6570 1 -795 - 

'Data from Kroncnhcrl: and B l o m m n  (1981) unlcu notcd: 'Gutmann (1978): CHullinan and Scan (1972): 'Janz and Tomkins (1972): 'Seas and 
O'lhicn (19W;'Flich0lls d 41. (1968): 'Gordon and Ford (1972). measured $11 gas phax u n k  nirrkcd for ( 8 )  hcnzcne or. (C') cyclohcxanc: *LandolI- 
Hornslctn (1951): 'lhknstcin (1973): 'Rlddck 2nd B u n p r  (1970): 'C'asa~yl and sCarslIV74): 'Onikhl ei  a/. (19x0). 



Lithium salts are commonly used as the solute. Table 5 (20) gives common lithium salts 
used in lithium batteries. Solventholute combinations that are commonly used for lithium 
ion rechargeable batteries are composed of various combinations of solvent mixtures and 
one of the electrolytes listed. A series of mixing rules for dipolar aprotic solvents of 
interest in lithium batteries have also been published (21). Popular combinations are 1.0 
M LiPF6 in PCDME (50:50), 1.0 M LiPF6 in ECLDMC or DEC (dimethyl carbonate or 
diethyl carbonate, respectively), and 1.0 M LiN(CF3SO2)2 in PCLDh4E (5050). 
Improved conductivity is still desired, particularly for electrolyte systems that have higher 
lithium transference number. A: 

L 

Halides LiCl, LBr, LiI 
Complex Fluorides LiBF4, LiPF6, LiASF6, LiSbF6 
Complex Chlorides LiAlCh, LiGaCb 

Oxo Ions LiC104, LiCF3SO3, LiN(CF3 S 02)2, 

LiC(CF3SO& LiCF3CO2 

5. INTERFACES 

Stability at voltage extremes is of crucial concern since the proposed electrochemical 
systems have operating voltages over 4 volts. Chemical and electrochemical reactions of 
active (and passive) cell components dictate the interface composition. If undesired 
reaction products accumulate at the interface of an electrode and electrolyte, irreversible 
losses occur that may degrade the cycle efficiency and cell capacity. If undesirable 
reactions are not controlled, premature cell failure occurs. In fact, it can be argued that 
the ultimate commercial success of any rechargeable battery will depend on the stability 
of interfaces that are formed early in the life of the cell. 

It is an unusual property of lithium batteries that, even though almost no sohentholute 
combination is stable at the lithium potential, many solvents exhibit kinetic stability after a 
first small reaction occurs to form‘ a passivating solid electrolyte interphase (SEI) layer 
between the lithium metal and the electrolyte (22). This attribute is-responsible for the 
ability of LiAiquid cathode primary battery systems (e.g., Li/SOC12) to function. 

While much is known about the Li metaVelectrolyte SEI, comparatively little is known of 
the lithiated carbodSEI layer. A recent paper by Peled (23) notes that in carbon anodes, 
as in lithium metal anodes, the SEI layer serves the function of a) separation of the 
negative electrode fiom the electrolyte, b) elimination (or drastic reduction) of the 
transfer of electrons from the electrode to solvent molecules and c) reduction of the 
transfer of solvent molecules and salt anions to the electrodes. Additionally, the SEI layer 
must be highly conductive to lithium ions. The morphology of the SEI layer largely 
determined by the first few charging cycles that expose the carbon anode tb the lithium 



potential. These cycles invariably have irreversible losses. Figure 3 shows a cyclic 
voltammogram (CV) of a disordered carbon.(24) Note the large anodic peaks at 
approximately 0.6 and 0.4 volts are only observed on the first cycIe. Subsequent CV 
cycles are much more similar, indicating substantial improvement in efficiency (Qoul/Qh s 
1) after the first cycle. The charge consumed in the irreversible process forms the SEI 
layer on the carbon. Carbon surface area and surface chemistry are important in the 
formation of the SEI layer. While low surface area carbon powders would seem 
desirable, surface area reductions are not always accompanied by reduced irreversible 
passivation (25). This layer is very complex and its morphology changes with time, 
electrolyte composition, temperature, and other factors. Its morphology has important 
effects on electrode performance. For example, co-intercalation of PC solvent occurs 
with graphitized carbon anodes and causes exfoliation and subsequent destruction of the 
anode, whereas disordered carbon electrodes are relatively unaffected. Figure 4 lists the 
complexity of factors that contribute to the formation of the SEI. Clearly, this is an area 
that merits additional investigation. 

Graphite-based electrodes have been studied by Aurbach et al. (26). Using in-situ and 
ex-situ spectroscopic methods, he concludes that the SEI layers are similar on graphite 
and lithium metal. Moreover, Aurbach identified (CH2OCO2Li)2 species on the surface of 
graphite (a decomposition product of EC somewhat above the lithium potential) that 
forms an effective passivating layer. Additionally, addition of C02 promotes the 
formation of Li2CO3 that hrther enhances the passivating SEI layer. Studies of this type 
will be of key importance to the success of lithium ion rechargeable batteries. 
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-0.002 

0.000 
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0.004 

0.006 

0.008 ,- 

0.01 0 I 
0 1 2 

Potential (V vs. Li/Li ) 
+ 
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Figure 3. Cyclic voltammograms from a disordered carbon from cycles 1,2,3 and 10, 
showing two irreversible anodic processes at 0.6 and 0.4 volts on the first cycle (from ref 
24). .) 
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Graphite 
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Figure 4. The complexity of the first intercalation process (first charge of lithium ion 
battery) (fiom ref 23). 

6 .  SUMMARY 

This paper relates the current status in materials that comprise the active components in 
one of the most investigated new electrochemical systems, lithium ion rechargeable 
batteries. Research needs are identified in each of the four areas presented, namely higher 
performance carbon anodes, more stable cathodes in the LiMn204 system, improved 
electrolytes and, finally, improved understanding of the interfacial chemistry of these 
reactive materials to allow more stable interfaces and longer cycle life. Active R&D 
programs abroad, primarily in Japan, have resulted in the commercial introduction of 
lithium icn rechargeable batteries elsewhere. While all major US battery manufacturers 
have development programs, there are no US sources for lithium ion rechargeable 
batteries. Without continued investments and rapid progress, the technology to produce 
this attractive rechargeable power source will remain abroad. 
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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product. process, or service by trade name. trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 


