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Abstract

Thermal gravimetric analysis (TGA) and differential thermal analysis (DTA) involving air oxidation of fluid coke, coal-tar pitch
delayed coke and needle coke suggested that active sites are present which can be correlated to the crystallographic parameters, L, and
L., and the d(002) spacing. This finding was extended to determine the relationship between active sites on carbon and their role in
catalyzing electrolyte decomposition leading to irreversible capacity loss (ICL) in Li-ion batteries. Electrochemical data from this study
with graphitizable carbons and from published literature were analyzed to determine the relationship between the physical properties of
carbon and the ICL during the first charge/discharge cycle. Based on this analysis, we conclude that the active surface area, and not the
total BET surface area, has an influence on the ICL of carbons for Li-ion batteries. This conclusion suggests that the carbon surface
structure plays a significant role in catalyzing electrolyte decomposition. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Nonaqueous €electrolytes react on the surface of carbon
electrodes for Li-ion batteries during the initial
charge/discharge cycles. The decomposition reactions re-
sult in the irreversible consumption of Li ions and the
formation of the so-called SEI (solid electrolyte interface)
layer. The formation of the SEI layer is associated with
electrochemical reactions that contribute to the irreversible
capacity loss (ICL). Numerous studies [1-9] have reported
a relationship between the ICL and surface area, i.e,
higher ICL is obtained with carbons of higher surface area.
The correlation between the surface area and ICL suggests
that both the basal plane sites and edge sites on the carbon
surface are effective sites for eectrolyte decomposition.
Barsoukov et al. [6] suggested that the electrochemically
active area of carbon is the geometric surface area of the
particle. In essence, this corresponds to the total surface
area of the nonporous carbon particles. However, a study
on single-crystal graphite by Tran and Kinoshita [10]
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clearly showed that the current density for intercalation/
deintercalation of Li* ions on the basal planes was consid-
erably lower than that on the edge planes, which agrees
with the earlier study of Yamamoto et al. [11]. Unfortu-
nately, the ICL was not readily discernible from the cyclic
voltammograms. The conclusion from these studies is that
the edge and basal plane sites have a large difference in
reactivity for the intercalation/deintercalation reactions
involving Li* ions. Bar-Tow et al. [12] observed by X-ray
photoelectron spectroscopy that the SEI layer was thinner
on the basal-plane surface of HOPG than that on the edge
plane. The thin SEI layer on the basal plane is likely
associated with electrochemical reactions on the edge or
defect sites that are present on the inactive surface.
Winter et al. [5] presented an excellent summary of
background information on the origin of the SEI layer and
the ICL. It is evident that there are many factors contribut-
ing to the formation of the SEI layer on carbon, including
the electrolyte composition, impurities, carbon structure
and surface complexes. The latter two of these factors have
some relationship to the active surface area. For example,
a highly graphitic carbon is likely to have a crystal struc-
ture that contains a significant fraction of basal plane sites
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at the surface and a small fraction of surface complexes.
On the other hand, amorphous carbons can have a signifi-
cant fraction of surface edge sites and an appreciable
amount of surface complexes, which are located at the
edge sites. The net result is that the edge sites and surface
complexes are expected to influence the ICL by acting as
the active sites for electrolyte decomposition. The concept
that certain sites (i.e., prismatic surface sites) contribute to
the ICL was recognized by Winter et a. [5], and they
further noted that the basal plane sites were relatively
inactive. More recently, Chung et al. [7] reached a similar
conclusion that the edge and basal plane sites on carbon
showed different activities toward electrolyte decomposi-
tion. Finally, it should be noted that even as far back as the
1970s, several research groups [13,14] recognized the sig-
nificance of catalysis on the reactivity of graphite surfaces
for Li intercalation.

An interesting analysis was presented by Shiota et al.
[15] that described the results of a correlation between the
contact heat of wetting of benzene (Bz) and hexane (Hx)
and the ICL on mesocarbon microbeads (MCMBs). An
empirical parameter ( X) was derived

X =Bz/(Bz + Hx) (1)

that exhibited a relationship to the ICL, i.e., ICL increased
when X — 1. Shiota further concluded that the heat of
wetting was associated with the magnitude of the active
surface area of the MCMBSs. Thus, the ICL is a function of
the active surface area.

The results obtained by therma measurements indicate
that the surface area and crystallographic structure play an
important role in the oxidation rate and ignition tempera-
ture of carbonaceous materias in air [16—19]. The edge
sites and defect sites are believed to be active sites for the
oxidation reactions of carbon. Thermal analysis of the
oxidation behavior of carbon blacks showed that the tem-
perature at which 15% carbon weight loss is attained (T,5)
decreased with an increase in the surface area of the
carbon [16]. However, the active surface area and not the
total surface area (TSA) is the important parameter con-
trolling the oxidation rate of carbons [20]. TGA measure-
ments [19] showed that the ignition temperature (T,) of
ball-milled graphite and active carbons decreased with
more ball milling. These results indicate that the disor-
dered carbons, which formed by ball milling, have more
active sites that oxidized more rapidly. DTA studies [18]
reveded that the maximum temperature (T,,) in the
exotherm during air oxidation increased with an increase
in the crystallite dimension perpendicular to the graphite
layer planes, L., and a decrease in the d(002) spacing. The
studies by Radovic et al. [20] suggested that the magnitude
of the crystallite dimension parallel to the graphite layer
planes, L,, isagood measure of the fraction of active sites
associated with carbons. The relative fraction of active
sites on carbon decreases as L, increases.

The thermal oxidation studies of carbon [20] suggest
that the edge sites are catalytically more active than the
basal plane sites, which raises the question, ‘‘ Are the edge
sites on carbon, active sites for electrolyte decomposition?”’
The studies mentioned above [1-9] provide an insight into
the relationship between surface area and ICL of graphite
and other carbonaceous materials. In our studies, we would
like to develop a more specific correlation between the
ICL and the active surface area of various types of car-
bons, ranging from graphitic to amorphous materials.

Based on the observations described above, we decided
to utilize thermal analysis to obtain information on the
active sites on carbons, and to utilize these findings to
develop a correlation with the ICL on the same carbons in
nonaqueous electrolytes for Li-ion batteries. The results of
a study on the thermal analysis of air oxidation of soft
carbons (fluid coke, needle coke and coal-tar pitch coke)
were presented in Part 1 [21]. The aim of this paper is to
analyze the connection between the ICL and the relative
amount of active sites on carbon.

2. Experimental details

Details on the properties and processing of the petroleum
(fluid and needle coke) and coal-tar pitch cokes used in
this study are described in Part 1 [21]. The cokes were
obtained from Superior Graphite (Chicago, IL) and the
as-received carbons are typical produced at a temperature
of around 1400°C. The physicochemical properties of the
coke were modified by heat treatment at temperatures up
to 2800°C in an inert environment. Other artificial (CPC)
and natural graphites (BG-34, BG-35, CN-39 and CN-39A)
were also obtained from Superior Graphite for investiga
tion.

The crystallographic structure of the carbonaceous ma-
terials were studied by conventional powder X-ray diffrac-
tion (XRD) using a Siemens 500 diffractometer with CuK
radiation, 40-kV anodic voltage and 30-mA current. The
average crystallite dimensions, L, in the graphite lattice
plane (a-axis direction) and L., perpendicular to the
graphite plane (c-axis direction), were estimated from the
half widths of the (110) and (002) diffraction peaks,
respectively. The following equations from the X-ray
diffraction patterns were used to determine the crystallite
dimensions:

L.(002) = 0.892 /( BygyCOS Bp; ) (2)
L.(110) = 1.84A/( By4(COS 611) (3)

where A is the wavelength of CuK_ (A = 0.15418 nm),
B0 ad By, are the width at half-maximum of the (110)
and (002) diffraction peaks, and 6,,, and 6, are the
corresponding Bragg diffraction angles.
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Two electrode fabrication and electrochemical proce-
dures were used to measure the reversible capacity and
ICL of the various carbonaceous materials. In brief, the
electrodes containing coke powders (typically 90%) were
prepared according to a procedure that uses pyrolyzed
phenolic resin as the binder [22,23]. In experiments with
other carbons, thin-film electrodes were prepared from
slurries of carbon powder (85.8 wt.%), Shawinigan acety-
lene black (8.6 wt.%), and an elastomer binder (5.6 wt.%),
ethylene propylene diene monomer (EPDM) in xylene.
The mixture was micronized to form an ink-slurry that was
applied to a copper-foil current collector with precise
thickness control to obtain a highly uniform coating. After
coating, the film electrodes were dried overnight at 100°C
in a vacuum-oven antechamber of a dry box. The elec-
trodes were hot pressed in a dry box (< 1 ppm moisture,
oxygen and nitrogen) to obtain good adhesion and a glassy
smooth surface. The typical electrode loading was about
20 mg/cm? and the electrode thickness was close to 120
pm.

The electrochemical performance of the carbon elec-
trodes was determined in various electrolytes. Solvents
used were ethylene carbonate (EC, FLUKA), diethyl car-
bonate (DEC, FLUKA), dimethyl carbonate (DMC,
FLUKA) and propylene carbonate (PC, FLUKA). Differ-
ent combinations of electrolytes were prepared by adding
1 M lithium hexafluorophosphate (LiPF,, Hashimoto)
or 0.5 M trifluoromethane sulfonimide (LiN(CF;SO,),
(tradename HQ115, 3M) to mixtures of the carbonate
solvents. The electrochemical experiments were conducted
in a three-electrode cell with lithium foils as both counter
and reference electrodes or two-electrode cells with a
lithium foil counter electrode. Charge and discharge tests
were typically done at C/24 rate.

3. Results and discussion

As mentioned above, several studies indicate that the
ICL increases approximately linearly with an increase in
the surface area of the carbon. This relationship suggests
that the carbon surface has no clearly dominant specific
sites which are catalytically active for electrolyte decom-
position, or in other words, the fraction of active sites
remains constant, independent of the surface area. A sur-
vey of recent publications and data generated in the pre-
sent study were evaluated to better understand the relation-
ship between the surface area and crystallite parameters of
carbon and the ICL. Table 1 summarizes the source of the
data used in the evaluation. It is apparent from the list in
Table 1 that a variety of carbonaceous materials, ranging
from highly graphitic carbons to highly disordered hard
carbons, and different electrolytes were considered. In
addition, different procedures were used to obtain the
reversible and irreversible capacities.

3.1. Relationship between ICL and surface area

Fig. 1 shows a plot of the specific ICL activity (i.e.,
ICL /BET surface area) vs. the BET surface area for data
obtained with graphitizable carbons in this study. These
carbons consist of heat-treated petroleum (fluid and needle
coke) and coal-tar pitch cokes, as well as artificiad and
natural graphites. Furthermore, two different electrolytes
were used in the experiments. Despite the differences in
the types of graphitizable carbons, electrolytes and experi-
mental conditions, the plot in Fig. 1 shows that the specific
ICL activity changes as a function of the surface area. The
specific ICL activity decreases from > 30 mA h/m? at

Table 1

Summary of carbon and electrolytes used in analysis

Carbon samples and /or precursors Electrolyte Reference

Petroleum and pitch cokes 1 M LiN(SO,CF;)/EC-DMC (1:1) This study

Natural and artificial graphites 1M LiPF;/EC-DEC (1:2)

Natura and artificial graphites 1 M LiN(SO,CF;)/EC-DMC (1:2) Winter et al. [5]

Natural and artificial graphites, MCMB 1M LiPR;/EC-DEC Chung et al. [7]
1M LiPF;/EC-DEC-PC

Carbonized organic polymers 1M LiPF;/EC-DEC (2:1) Jung et al. [9]

Petroleum pitch, PVC, PVDF, PPS 1M LiPF;/EC-DEC (3:7) Zheng et a. [24]

Epoxy novolac resin

Carbonized sucrose 1M LiPF;/EC-DEC (1:2) Buiel et al. [25]

CVD on carbonized sucrose

Natural and artificial graphites, carbon black
Pitch and petroleum cokes

Natural graphite, pitch coke, MCMB

Pitch and PAN carbon fibers

Carbonized phenolic resins

MCMB

PAN-based hard carbon

Graphitized carbon fibers

Carbonized phenolic resins

1M LiPFR;/EC-DEC (1:2)

1M LiPR;/EC

1M LiPR;/PC

1M LiCIQ, in various solvents

1.5 M LiPFR; in various solvents
1M LiPR;/EC-DMC (2:1)
1M LiClO,/EC-DEC (1:1)
1M LiClO,/EC-DEC (3:7)

Buiel and Dahn [26]
Fujimoto et al. [27]

lijimaet al. [28]

Ohtaet al. [29]
Jung et al. [30]
Tatsumi et al. [31]
Xiang et a. [32]
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Fig. 1. Specific activity of various carbons for electrolyte decomposition plotted vs. BET surface area. Line indicates trend of the data.

low BET surface area (i.e, <5 m?/g) to around 10 mA
h/m? at higher surface areas (e.g., > 10 m?/g). The
results suggest that the carbon surface is not uniformly
active for electrolyte decomposition, otherwise the specific
activity would be constant, independent of the surface
area.

Published data on the ICL of carbons were analyzed to
determine if our observations could be extended to other
studies. A brief description of the different carbons and
electrolytes, and the source of the data are summarized in
Table 1. The composite results for the specific ICL activity
and the BET surface area are presented in Fig. 2. Because

of the broad range of specific activities and surface areas, a
log—log plot is presented. The results in Fig. 2 show a
linear trend in which the specific ICL activity decreases as
the BET surface area increases, which is consistent with
the data presented in Fig. 1. The range of the specific ICL
activities and BET surface areas is surprisingly large, both
varying by more than two orders-of-magnitude. The car-
bons with the highest surface area, which are hard carbons,
have the lowest specific ICL activity. On the other hand,
graphitizable or soft carbons that have a low fraction of
active surface area after heat treatment exhibit the highest
specific ICL activity. The trend of the specific ICL activi-
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Fig. 2. Composite results for the specific activity of various carbons for electrolyte decomposition plotted vs. BET surface area. See Table 1 for source of

the data. Line indicates trend of the data.
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ties as a function of the total surface areais consistent with
the earlier conclusions by Winter et al. [5], Chung et al. [7]
and Shiota et a. [15], and from the data in Fig. 1. In the
present paper, we extend the analysis by these research
groups and others to illustrate the role of the carbon active
sites on electrolyte decomposition and the ICL.

The electrolyte-wetted surface area is assumed to corre-
spond to the measured BET surface area. The ratio of the
wetted surface and the measured BET surface area is
expected to be close to one for lower surface area, rela-
tively nonporous carbons (<5 m?/g). Even though the
fraction of the wetted surface is unknown and difficult to
estimate for high-surface-area carbons, it is unlikely that
this plays a significant role because of the continuously
trend that is observed in the data. Therefore, we believe
that the trends in the data that are presented here are not
artifacts associated with variations in the relative fraction
of the wetted surface area.

In Part 1 [21], experimental results were presented that
showed an empirical correlation exists between the thermal
parameters and the crystallographic parameters. From that
analysis we further indicated that the fraction of active
sites was an important factor influencing the ignition tem-
perature (T,), maximum temperature (T,) and the tempera-
ture at 15% weight loss (T;5). If the ICL is related to the
amount of active sites, then ICL should show a relation-
ship to these thermal parameters. A plot of T, vs. ICL is
presented in Fig. 3 for the petroleum (fluid and needle
coke) and coal-tar pitch cokes. The trend of the data
suggests that ICL decreases as T, increases. This relation-
ship is consistent with the observation that ICL changesin
concert with the concentration of active sites.

3.2. Dependence of ICL on crystallographic parameter L,

Yamamoto et al. [11] conducted electrochemical experi-
ments with graphite pellets that demonstrate the impor-
tance of edge sites as active sites for electrolyte decompo-
sition in propylene carbonate. Natural graphite flakes were
compressed at high pressure (40 MPa) to form a pellet
with the upper and lower faces consisting of oriented basal
planes and the circumference consisted of edge sites. Cyclic
voltammetry demonstrated that no electrochemical reaction
was evident on the basal plane surface, but was clearly
present on the edge sites. These experiments demonstrate
that the surface structure of the carbon is an important
factor for electrolyte decomposition and the ICL.

Matsumura et al. [33] also noted the role of active sites
in contributing to electrolyte decomposition. They con-
cluded that active sites were present on the surface and in
the bulk of the carbon particle, and furthermore, that
functional groups such as —OH and carbon radicals are the
active sites. On the other hand, Fujimoto et al. [27] con-
cluded that functional groups have a minor influence on
the ICL. Finally, it should be noted that Peled et al. [34]
concluded that the SEI layer formed at the edge sites on
graphite.

If specific sites, such as the edge sites, exist on the
carbon surface, and which are responsible for electrolyte
decomposition, then there should be a relationship between
the fraction of edge sites and the ICL for the various
carbons. In the present study, a model is proposed to show
a correlation between the active surface area and the ICL.
Radovic et al. [20] suggested a connection between the
crystallite diameter, L,, and the active surface areg; i.e.,
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Fig. 3. Plot of T, vs. ICL for petroleum (fluid and needle coke) and coal-tar pitch cokesin 0.5 M LiN(CF;SO,), in 50:50 EC-DMC. Line indicates trend

of the data.
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concentration of active sites decreases with an increase in
L,. If L, isassociated with the active sites, and if ICL isa
function of the active surface area, then it should be
possible to draw a correlation between L, and ICL. The
following anaysis presents a simple model for such a
correlation.

In this analysis electrolyte decomposition associated
with the ICL is assumed to occur on the active sites on
carbon, which are considered to be edge sites. It is further
assumed that the amount of active edge sites is a function
of the crystallite parameters, L, and L,. Recently, Chung
et a. [7] determined the ICL on a variety of carbons (e.g.,
natural and artificial graphite, mesocarbon microbeads, and
carbon fibers), and they concluded that the rate of elec-
trolyte decomposition on the basal plane was about 1/6
that on the edge sites. The conclusions by Winter et al. [5]
and Chung et al. [7] are consistent with the assumption that
the edge plane sites are the dominant active sites for
electrolyte decomposition.

A schematic representation for a simple prismatic struc-
ture of a carbon crystallite that consists of basal and edge
sites, and the corresponding crystallite parameters, L, and
L., are presented in Fig. 4. A structure in which the
dimensions of the basal plane is given by L, X L, vastly
simplifies the analysis. A carbon particle is assumed to be
a collection of crystallites, which is illustrated by the array
(ax b x c) shown in Fig. 4. In the schematic representa-
tion presented in Fig. 4, a=6, and b=c=2. A larger

(l<La>|
2/

basal,

—edge— edge;

|— —|

crystallite

\

particle

| <«——————axL |
L :

)i

Fig. 4. Schematic representation of a model for carbon crystalite and
particle.

particle is obtained by simply adding more crystallites to
the structure (increasing a, b and ¢), and the shape of the
particle is determined by the arrangement of the crystal-
lites (vary the relative values of a, b and ¢). The depiction
by Spain [35] of a particle of turbostratic graphite suggests
that the graphite crystallites are stacked in some regular
arrangement but the individual crystallite may be tilted
with respect to each other. Because the stacking arrange-
ment allows for voids between the crystallites, the density
is lower than that corresponding to perfect graphite. The
arrangement of crystalites illustrated in Fig. 4 assumes
that there are no pores present in the particle. This is a
gross simplification because the typical carbon particle has
a density less than the theoretical value (2.25 g/cm®),
which suggests that some open and/or closed pores are
present. The open pores will contribute to a higher surface
area than that expected for a solid carbon particle of
theoretical density. Furthermore, defects that expose addi-
tional surface sites are not considered in the model.

As a practical illustration of the crystallite dimension,
the L, of some natura graphites are large, i.e., about 1
mm [35]. Artificial graphites such as highly oriented py-
rolytic graphite (HOPG) are also produced with L. of 0.1
pmand L, of =1 um, and L, may be as large as 4-10
wm [35]. The graphitizable carbons and graphite powders
used in the present study have much smaller crystalite
dimensions than that of HOPG.

The volume (V,) of the crystallite depicted in Fig. 4 is
given by
V, = L2L, (4)
Fujimoto et al. [36,37] examined the crystallite dimension
of prismatic graphite and obtained
V, = (3V3 /8) AL, (5)
for the volume of a hexagonal crystallite, which is not too
different from the expression in Eq. (4). The volume of the

particle in Fig. 4 is the sum of the total number of
crystallites,

V=abcl?L, (6)
The mass of the particle (M) is simply
M=Vp=abcliL,p (7)

where p is the density of the carbon. This model is more
appropriate for soft carbons (i.e., graphitic carbons) which
have low porosity, but is not a good representation for hard
carbons that usually have high porosity. The active surface
area (s,,) is equa to the total area of the edge sites (s,)
that is present, or

S =S =2cL,L(a+Db) (8)

The specific active surface area, S, (area/weight), is

given by

St = Sa/M=2cL,L(a+h)/(abcliL,p)
=2(a+b)/(abL,p) (9)
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From this relationship, it is apparent that the specific active
surface area increases as the crystalite dimension L,
decreases, assuming that the number of crystallites and
density are constant. Closer examination of the effect of
the crystallite parameters in Fig. 4 on the active surface
area leads to the same conclusion. Take for example the
situation where L, < L. In this case the area of the basal
plane (L, X L,) is much smaller than that of the active
sites (L, X L,), and the net result is a higher relative
fraction of active surface area. Alternatively, when L, >
L., the fraction of active surface area of the crystallite is
lower. This simple analogy illustrates the significant role
of L, and L, on the active surface area of carbon crystal-
lites.

Assuming that ICL is proportional to the active surface
area, we can derive the following relationship

ICL(mAh/g) as,/Vpa 2cL,L (a+b)/(abcliL, p)
(10)

and

ICL(mAh/g) =K'(a+b)/(abL,) =K/L, (11)

where K is proportionality constant that is a function of
the reactivity of the edge sites and the number of crystal-
lites in the particle. The morphology of needle cokes is
approximated by a particle shape where alL, > bL,, alL,
> cL., and correspondingly, the fluid and pitch cokes
may have a morphology that is closer to an arrangement of
crystalliteswhere aL, = bL, = cL.. In either case, Eq. (10)
simplifies to a relationship where ICL is inversely propor-
tional to L,. This analysis predicts that ICL is a function
of the active surface area, and a linear relationship should
be obtained when ICL is plotted as a function of 1/L,.

3.3. Data analysis

The experimental studies presented in Figs. 1 and 2
were conducted with a variety of electrodes and elec-
trolytes, consequently it complicates rationalizing these
results. If the specific ICL activity of a carbon is uniform
over its surface, then a horizontal curve should be obtained
as a function of surface area in Fig. 1. Because of the
varying specific activity that is observed, it is apparent that
different surface sites are present where the activity is not
the same. However, the physical meaning of the trend in
terms of the structural properties of carbon and the role of
different electrolytes in the observed results is still not
clearly understood.

The validity of Eg. (11) was examined by analyzing
experimental results for ICL and physical properties (i.e.,
crystallographic parameters, BET surface area) of various
carbons. The types of carbons, electrolytes and references
to the experimental data are listed in Table 1. Both hard
and soft carbons are included in the study, as well as
different electrolytes.

The data compiled for ICL is plotted as a function of
1/L, in Fig. 5. The scétter in the plot is large, which we
attribute to the use of data for both hard and soft carbons,
as well as the different conditions used to obtained the ICL
results. Despite this scatter, we believe that the trend
shows that ICL is inversely proportional to L,. This
relationship is consistent with the predicted result from Eq.
(11). As discussed above, the proportionality constant K is
expected to vary with the different types of carbons used
in the analysis because the density of the different carbons
is not the same and the regular particle geometry shown in
Fig. 4 is unlikely to exist. For example, the density in-
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creases with the increasing heat-treatment temperature of
graphitizable carbons [30], and the parameters a, b and c
change with particle size and morphology. Therefore, it is
not too surprising to observe large scatter in the plot in
Fig. 5. Despite these shortcomings, the trend observed in
Fig. 5 suggests agreement with the prediction of Eq. (11).

The crystallite parameters, L, and L., and the d(002)
spacing change with heat treatment of graphitizable car-
bons. The crystallite parameters increase, and the d(002)

spacing decreases, with increasing heat-treatment tempera-
ture. As noted in Part 1 [21], the change of these parame-
ters with heat treatment will vary with the carbon precur-
sor. The increase in L, and decrease in d(002) spacing
will also reduce the relative amount of active sites present
in the graphitizable carbon and this should be reflected in
the relationship with ICL. Figs. 6 and 7 show plots of ICL
vs. L, and d(002) spacing, respectively. The trend of ICL
is consistent with the prediction that the amount of active
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Fig. 7. Composite plot of ICL vs. d(002) spacing. See Table 1 for source of the data. Line indicates trend of the data.
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Sites decreases with an increase in L, and a decrease in
d(002) spacing. The ICL decreases with an increase in L,
and a decrease in d(002) spacing.

Interpreting the relationship between the ICL of carbons
for Li storage and the physical structure of carbons is not
straightforward for severa reasons. First, the crystallo-
graphic parameters, d(002) spacing, L, and L., are highly
variable. These parameters vary with the surface area,
particle size and processing conditions of the carbon.
Second, these parameters cannot be independently varied.
Heat treatment of carbon will affect each of these parame-
ters in a predictable but mainly uncontrolled manner that
also depends on the carbon precursor. For example, heat
treatment of soft carbons at high temperatures (> 2000°C)
will decrease the d(002) spacing and increase L, and L.
On the other hand, hard carbons do not necessarily show
the same trends upon heat treatment. The BET surface area
is one parameter that has been correlated to the electro-
chemical performance of carbons for Li-ion batteries. Mat-
sumura et a. [38] reported that the reversible capacity of
disordered carbon increases linearly with the parameter
[1/(L./d(002) + 1)], which they consider to be propor-
tional to the surface area of the crystallite. Unfortunately
their studies indicated that this relationship was not valid
for graphitic materias (i.e, L,> 100 A). In the present
paper, we have extended the earlier analysis by consider-
ing the significance of the crystallographic parameters, L,
and L, of carbon on the ICL. The analysis concludes that
L, and L, are parameters that relate to the active surface
area of carbon, and it is this surface area and not the tota
surface area that determines the ICL of carbons in Li-ion
batteries.

4. Concluding remarks

The importance of carbon active sites on the ICL is
deduced from an analysis of crystallographic parameters.
The results obtained by therma analysis and measure-
ments of crystallographic parameters, L, and L., and the
d(002) spacing, are used to illustrate the relationship be-
tween the ICL and the active sites on carbon. Based on an
analysis of the results from this study and published data,
we conclude that the active surface area and not the total
BET surface area is the important factor contributing to the
magnitude of the ICL on carbons for Li-ion batteries. This
conclusion suggests that the carbon surface structure is an
important factor in catalyzing electrolyte decomposition.
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