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Particle Compression and Conductivity in Li-Ion Anodes
with Graphite Additives
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We performed coupled theoretical/experimental studies on Li-ion cells to quantify reductions in anode resistivity and/or contact
resistance between the matrix and the current collector with the addition of amorphous carbon coatings and anode compression.
We also aimed to identify microstructural changes in constituent particles due to anode compression, using models of permeable-
impermeable coatings of graphite particles. We studied three anode materials, SL-20, GDR-6~6 wt % amorphous carbon coating!,
and GDR-14~14 wt % amorphous carbon coating!. Four compression conditions~0, 100, 200, and 300 kg/cm2! were examined.
Experimental results indicated that electrical resistivities for unpressed materials were reduced with addition of amorphous carbon
coating~for unpressed materials:rSL-20 . rGDR-6 . rGDR-14). Contact resistances were reduced for SL-20 anodes by the appli-
cation of pressure. Overall, the two-dimensional~2D! impermeable particle mathematical model provided reasonable agreement
with the experiments for SL-20 and GDR-6 materials, indicating that coatings remain intact for these materials even at moderate
pressures~100 and 200 kg/cm2!. Conductivities of SL-20 and GDR-6 anodes exposed to the highest pressure~300 kg/cm2! fell
short of model predictions, suggesting particle breakage. For the GDR-14 graphite, both 2D models underestimated conductivity
for all processing conditions. We conclude that the 2D simulation approach is useful in determining the state of coating.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1783909# All rights reserved.
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The use of lithium metal, a powerful reducing element, wi
strong oxidant~e.g., V2O5 , MnO2 , LiNiO2 , or LiCoO2), allows the
realization of high voltage, high energy density cells. But safety
cycle life problems due to the dendritic morphology of the cha
deposited lithium metal have restricted the use of Li as a comp
matrix. Recent research has thus focused on improving energy
sity and cycle life of lithium-ion cells by using graphite, carb
coated graphite, tin oxide, and intermetallic compounds as Li i
calative host materials.1-3

Specifically, high electronic conductivity is critically importa
in Li intercalative host materials.4-6 But the high electrical resistivit
of graphite matrix materials relative to Li metal in the anode ne
sitates the use of additives to improve conductivity. Recently
group has studied improvement of conductivity through the add
of conductive particles.7 This approach was guided by class
work on effective and percolative properties of systems of high
pect ratio particles.8-11 Specifically, we have demonstrated that m
erate increases in the particle aspect ratio~particle length/particl
diameter,L/d) for low-density materials provide significant im
provements in electrical conductivity,7 due to the dramatic reductio
in the percolation point.12

The use of percolation models allows the prediction of both
mal and electrical conductivityvs. density and particle shape. Hi
thermal conductivities of both anodes and cathodes have
shown to be important in preventing thermal runaway, when
are operated at high temperature. Recently, Maleki and co-work13

studied the thermal conductivity of anodes comprised of synt
graphites of various particle sizes, various fractions of po
nylidene difluoride~PVDF! binder, and carbon black. Several lev
of compression were also used. They found that the highest th
conductivity was achieved using the largest graphite particles~75
mm!, the lowest carbon black content~5%!, and the highest pressu
~566 kg/cm2!. They also observed a doubling of thermal conduc
ity at room temperature~27°C! with an increase of pressure fro
250 to 575 kg/cm2. Their results are generally consistent with
percolation model predictions; higher conductivity can be achi
with higher volume fractions of particles, produced by compres
of the electrode.

However, high compressive loads can induce high local
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chanical loads in active material particles, and ultimately be d
mental to cell performance. For example, Gnanaraj
co-workers14 studied the effect of compression of anodes~com-
prised of KS-6 graphite and 10 wt % PVDF binder! and LiCoO2
cathodes, using voltammetry, electrochemical impedance spe
copy ~EIS!, andex situatomic force microscopy~AFM!. Electrode
were compressed at 5000 kg/cm2, using a rolling machine or h
draulic press. The specific capacities were obtained from stud
cyclic voltammograms, in the order of highest to lowest, in
pressed, hydraulically pressed, and rolled electrodes. Higher a
pedance was associated with low kinetic response. Reduced
particle distance may inhibit Li-ion diffusion among particles
electrolyte and lead to higher ac impedance. Thus, the effo
Maleki et al.13 and Gnanarajet al.14 suggest that there may be o
timal levels of compression, balancing conductive and mecha
properties.

The structure of carbon matrices in the anode also strong
fects electrochemical performance.4 Both highly disordered ha
carbons and highly ordered graphitized carbons have been sho
produce high capacity. But they both suffer some degree of irre
ible capacity loss~ICL!, which is putatively related to the surfa
structure of carbonaceous materials and electrolyte systems
most commonly used high-permittivity electrolyte solvents inc
propylene carbonate~PC! and ethylene carbonate~EC!. Each ha
inherent difficulties. EC-based electrolytes are believed to in
exfoliation in Li-ion cells with well-crystallized graphitic anod
however, this phenomenon has not been observed for all typ
graphite.4 One well-known disadvantage of EC electrolytes is
they cannot be used at operating temperatures below220°C, due to
their relatively high freezing point~38°C!15,16 and rapid dropoff in
ionic conductivity at low temperatures.16

Ternary or even quanternary mixtures of solvents, such as
ture of EC, dimethyl carbonate~DMC!, and PC systems, are co
monly used to circumvent these problems.15,16 However, decompo
sition of PC-based electrolytes on graphitic surfaces poses a
impediment to their usage. PC reduction produces severe gas
tion, creating high, localized particle surface pressures. Solven
colation in the resulting particle surfaces results in insulatio
large portions of the active mass.17 Thus, suppression of decomp
sition of PC-based electrolytes is highly desirable. Recently,
shell types of graphite18-20 have been used to exploit the turbostr
structure of the carbon coating as illustrated in Fig. 1 to reduc
cointercalation of Li-ion, and to reduce ICL.
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Uniformity of coating is another key parameter affecting b
conductivity and electrochemical performance. Wang and Yo
and Tsumura and co-workers19,21 used charge-discharge curves
natural graphite, and carbon-coated graphite anodes in a PC-
based electrolyte to identify possible coating imperfections ind
by electrode pressing. They determined that anodes proces
high pressure exhibited the behavior of natural graphite, with a
teau at 0.7 V due to decomposition of the PC. By contrast pro
ing at low pressure resulted in plateaux near 0.2 V.

These workers assumed that coatings~amorphous carbon and/
binder! were uniformly distributed on core particles of natu
graphite~Fig. 2a!. However, imperfect coatings~Fig. 2b! would be
expected to alter the percolation onset, and thus conductivity. M
over, exposure of the graphite due to coating imperfections w
allow electrolyte cointercalation with the Li ion, potentially allo
ing graphite exfoliation and increased ICL. Also, contact resist
at the particle interfaces would be enhanced for uncoated par

Clearly, both material selection and reduction in porosity of
odes are important in assuring good electrochemical perform

Figure 1. ~a! Schematic of core-shell structured graphite and~b! inhibition
of electrolyte intercalation into graphene layers.

Figure 2. Schematic of possible coating scenarios, including~a! even and
~b! uneven coating of binder and amorphous carbon on core particles
-
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-

.

.

Also, the structure of conductive particles and their permea
relative to one another determine their mechanical and condu
properties, which in turn affect electrochemical performance.
mechanical properties of coated particles, for example, dete
whether the outer layers break or deform when particles are f
into close contact. Interparticle permeability~Fig. 2! also strongly
affects percolation onset, and thus conductivity.

In the present paper, we investigate the effect of particle coa
permeability, shape and arrangement on experimental and sim
systems of conductive carbon additives. Our objectives were
fold: ~i! quantify reductions in anode resistivity and/or contact re
tance between matrix and current collector, with the additio
amorphous carbon coatings to conductive carbons used in a
( i i ) quantify reductions in anode resistivity and/or contact resist
with anode compression; (i i i ) identify microstructural changes
constituent particles due to anode compression; and (iv) correlate
electrical conductivity in real and simulated materials, using pe
able coating and impermeable particle models of anodes, to
mine the likely connectivity of coated carbon-infused matrix m
rials.

We also computed standard deviations for all parameters
sured, because variability of behavior is a useful parameter in
ring material construction; high variability in resistivity, for e
ample, suggests localized particle agglomeration or damage.

We studied anodes comprised of three different types of na
graphite, pressed to a range of anode densities. These includ
rified natural graphite from Superior Graphite~SL-20!, and two
other natural graphites from Mitsui Mining, having 6 wt %~GDR-6!
and 14 wt %~GDR-14! coatings of amorphous carbon as descr
in Ref. 19. Thus, three distinct amorphous fractions were stu
We also conducted a parallel computational study of anode res
ity, involving two-dimensional stochastic models of transport in
dom arrays of particles. Geometric parameters for these simul
were obtained using image analyses of the materials studied.
trochemical performance, including voltage profile, ICL, and cy
bility of the three types of graphite is discussed in a compa
paper.22

Approach

Experimental.—Anode preparation and imaging.—Anodes wer
produced by mixing natural graphite powders with 10 wt % PV
binder in anN-methyl pyrrolidinone~NMP! slurry, and then castin
the mixture onto 25mm Cu foil. Loadings of 2–11 mg activ
material/cm2 were used. Anodes were dried under vacuum at 1
for 12 h and compressed using a benchtop press with smooth
at pressures of 100, 200, or 300 kg/cm2.

Images of the anode were taken using Hitachi S3200N sca
electron microscope~SEM!. Sixteen different images at vario
magnifications ranging from 200 to 1000 times for each gra
with different pressing pressures of 0, 100, 200, or 300 kg/cm2 were
taken at eight locations, including both transverse and horiz
planes of each specimen as indicated in Fig. 3. The SEM imag
Fig. 4 illustrate the effect of the application of pressure during e
trode preparation on electrode’s morphologies at the transvers
tion and horizontal plane. Image analysis software~NIH Image,23!
was used to obtain particle center points, orientations, and siz
each image. These data were later used in simulations. Mos
ticles imaged were approximately elliptical, and thus both majo
minor axis lengths were recorded for each particle during im
analysis.

Measurement of electrical conductivity.—A four-point probe tech
nique, with method and data reduction discussed previously,7 was
used to determine both top-layer resistivities and contact resist
~between matrix and current collector! in the anodes. Briefly, spec
mens were placed on a flat, insulating Plexiglas stage, and a
tron BTS-600 charge-discharge unit was used to supply a
current to an outer probe. The current exited the opposite
probe, and voltage differences between the second and third~inner!
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probes were measured using an HP-34401 multimeter. This pr
was repeated for different probe spacings~1.4 and 2.8 mm!. The two
voltage readings were used to calculate the contact resistanc
matrix resistivity by assuming the matrix resistivity was unifo
Depending on the size of the specimen, two or three sets of p
data were taken for each specimen, at different locations. Li
tions suggested by Schroder24 were followed, in which the ratio o
sample width to probe spacing was kept larger than 20, and the
probes~probe 1 or 4! placed a distance at least three times la
than probe spacing from the specimen edge. As previo
reported,7 uncertainties in each measurement were calculated
are reported here.

Theoretical modeling.— Generation of model domains.—Two
models for coatings were used in simulations; the permeable co
and the impermeable particle models, shown schematically in F
Interparticle contact resistance was ignored, since the binder-c
graphite particles were assumed to have good surface contact~as in
Fig. 5a!; the effects of departure from this ideal are discussed
later section.

For the permeable models, systems of particles were gene
using statistical codes developed to convert data from image a
sis to computational realizations.7,12,25 Uniform statistical distribu
tions were assumed for particle orientations~0 to 2p radians!, andx
andy centerpoint locations within the unit cells simulated. Nor
distributions were used to define particle aspect ratios (L/D) with
means and standard deviations listed in Table I. Thus, for the
meable coating model domains, data from image analysis were
directly, and sizes and locations of overlapping regions were si
outcomes of the centerpoint locations and particle sizes.

The approach for generating arrays was significantly differen
impermeable particle simulations, though aspect ratios were
assumed to be normally distributed, with means and standard d
tions listed in Table I. Centerpoint locations were determined u
dynamic particle collision simulations, in which particles were

tially randomly placed, as shown in Fig. 6a. To avoid introducin
scale effect, each ellipse’s minor axis length size was kept to
than one-tenth of the unit cell size. Particles were assigned ide

se 5
@3sP~2sac 1

@~2sP 1 sg!~2sa

Figure 3. Schematic of the eight locations on specimens where SEM im
were taken. At each location, two images with different magnifications
used. Magnifications of 200–300 times were used at locations 1–3; m
fications of 500–1000 times were used at locations 4–8.
s

d

e

.
d

d
-

-
d

-
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initial linear velocities~1/s! and angular velocities~20 rad/s!, but
randomized directions, as summarized in Table II. At each time
~0.001 s!, linear and angular velocities were recalculated, base
collisions among particles, assuming fully elastic collisions of
fectly rigid particles; this process is illustrated in Fig. 6a-c. A
2000 time steps, networks were considered to be at steady stat
number of iterations was found to be a practical value from
authors’ related work,10,11,25assuring that systems of noninters
ing, or impermeable particles would be achieved for all of the
tems studied here. The minimum number of iterations require
reach this state depends, of course, upon volume fraction, pa
size, and time step; in this work we did not attempt to optim
simulations for the shortest duration, but instead ran each simu
for the same numbers of time steps and iterations.

After generation of an impermeable realization, the par
shell-core geometries were assigned, as illustrated at Fig. 6
mentioned previously, only the cores of the particles were us
generating arrays; the fully permeable shells were added after
ing the arrays. The sum of the binder and amorphous carbon m
each case was used to determine the average thickness of th
layers; for SL-20 anodes, then, coatings were comprised on
binder. Because of the systematic underrepresentation of she
terial due to overlap, continuous adjustments were made in co
thicknesses to assure that final volume fractions were identical
volume fractions present in the real materials. Periodic boun
conditions were then enforced on each realization, and extra
~i.e., unconnected! particles were removed, based on the directio
which the voltage was to be applied to the unit cell, as shown in
6e. For each material analyzed, simulations were performe
twenty realizations for each volume fraction examined.

Conductivity modeling, numerical approach.—Ansoft’s Maxwell
two-dimensional~2D! finite element software was used to ana
the 2D arrays of both permeable and impermeable particle sys
Electrical resistivities of ellipses and void spaces within the unit
were set to 1 and 0, respectively, given the relatively neglig
conductivity of materials other than graphite in the anode.
The experimental results of matrix electrical conductivity were
malized by the effective conductivity of the multiphase materia
derived classically by Maxwell in Ref. 26. Maxwell solved for el
trical potential in fields of inclusions~the Laplace equation!. Enforc-
ing continuity, potentials, and current on either side of the interf
of inclusion and matrix are equated. Effective conductivity is
obtained by equating the total potential in a multiphase domain
an equivalent domain having a single conductivity. Effective
ductivity se is thus expressed as a function of conductivity o
continuous mediumsm , and the conductivitysdi , and volume frac
tion f i of each additive phase, as

se 2 sm

2se 1 sm
5 (

i

~sdi
2 sc! f i

~2sdi
1 sc!

@1#

Each material studied contained, at most, three additive ph
natural graphite with conductivitysg , amorphous carbon coati
with conductivity sac, and PVDF binder with conductivitysP.
Graphite is assumed to be the continuous phase, and thusm

5 sg in Eq. 1. Air is considered to be a fourth inclusion phase~of
zero conductivity but finite volume fraction! and so Eq. 1 becom

Electrical resistivities of the constituents were determined b
on composition and processing conditions of the carbons st
here. Because the amorphous carbons used were produced v

1 ~2sP 1 sg!~2sac 1 sg! f g 1 3sac~2sP 1 sg! f ac#

g!~3 2 2 f g! 2 6sP~2sac 1 sg! f P 2 6sac~2sP 1 sg! f ac#
sg @2#
sg! f P

c 1 s
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mal vapor deposition at 1000°C,18 an empirical approach27 relating
electrical conductivity to processing conditions was used. This
pression

Figure 4. Sequential SEM images of anode particles and interfaces af
anodes;~e!-~h! are for GDR-6 anodes;~i!-~l! are for GDR-14 anodes.
s 5 s0 expF2S T0

T D 1/4G 5 100 expF2S 0.1

T D 1/4G @3#

plication of 0, 100, 200 and 300 kg/cm2 pressure. Images in~a!-~d! are for SL-20
ter ap
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relates conductivity to two material parameters,s0 and T0 , and
processing temperatureT. Values are 100~1/V cm!, 0.1 ~K1/4!, 300
~K! for s0 , T0 , and T, respectively, reported for fitting electric
conductivity of anthracene chars in Table V of Ref. 27. For o
constituents, such empirical relations were not found, so we se
estimates from the literature; all values are summarized in T
III. 28,29

Results

Effect of carbon coatings on resistivity/contact resistance.—The
roughly equal unpressed porosities in the three materials~;59%!
allowed examination of the effect of amorphous carbon additive
resistivity, independent of the effects of pressing. As shown b
data of Table IV, the electrical resistivities for unpressed mate
were reduced with additional amorphous carbon coating~for un-
pressed materials:rSL-20 . rGDR-6 . rGDR-14). The coefficient o
variation ~standard deviation/average!, CV, of graphite matrix elec
trical resistivity for unpressed materials was approximately 12%
both SL-20 and GDR-6 graphite matrices, but was much large
the GDR-14~;78%!, indicating that electrical resistivity of graph
matrix was more consistent throughout the specimens for SL-2
GDR-6.

Figure 5. Schematic of~a! the impermeable particle model, wherein o
shells are penetrable to one another, and~b! the permeable coating mod
wherein both cores and shells are penetrable to one another. The lower
in each case was an equivalent domain developed for simulations.

Table I. Mass density, particle sizes and distributions, and porosity

Graphite
type

Applied
pressure
~kg/cm2!

Active
material
thicknes
s ~mm!

Material
density
~g/cm3!

Porosity
~%! Average

SL-20 0 0.154 0.84 59.36 23.2
100 0.104 1.45 32.65 24.2
200 0.09 1.73 17.31 22.6
300 0.084 1.98 9.93 22.4

GDR-6 0 0.125 0.95 55.19 31.4
100 0.1 1.22 42.35 30.82
200 0.078 1.44 32.27 31.3
300 0.08 1.71 19.27 31.2

GDR-14 0 0.116 0.84 59.54 29.4
100 0.096 1.25 40.20 28.4
200 0.092 1.38 33.56 27.0
300 0.087 1.43 31.25 25.0
d

To investigate the effect of addition of amorphous carbon
contact resistance, unpressed material properties were again
pared. As shown in the data of Table IV, average contact resis
Rc, decreased with additional carbon coating~i.e., RSL-20

c

. RGDR-6
c . RGDR-14

c ). But the CV of contact resistance was s
nificantly higher in the material of highest amorphous carbon w
fraction. We found this value to be roughly 21% for SL-20 and 1
for GDR-6, but approximately 49% for GDR-14.

Effect of anode compression on resistivity/contact resistan.—
Figure 7a-c allow comparisons among experimental elec
resistivities,r, of unpressed and pressed materials. Densities
conductivities, predictably, increased with higher processing
sure. Variabilities in these measurements decreased signifi
with increasing compression for the SL-20 and GDR-6 anodes
less so for the GDR-14 anodes. The reduction ratios in resistivi
the highest compression (runpressed/r300 kg/cm2) were, in order o
highest to lowest, SL-20 (runpressed/r300 kg/cm25 7.91), GDR-6
(runpressed/r300 kg/cm25 3.92), and GDR-14 (runpressed/r300 kg/cm2

5 1.41).

e

e SL-20, GDR-6, and GDR-14 anodes, before and after compression

le length~mm! Particle diameter~mm!

Aspect
ratio

tandard
viation

Coefficient
variation

~%! Average
Standard
deviation

Coefficient
variation

~%!

8.25 35.51 16.64 5.75 34.56 1
7.4 30.52 16.96 4.34 25.59 1
6.05 26.73 16.70 4.43 26.53 1
6.05 26.97 16.07 3.36 20.91 1

9.82 31.20 21.83 5.81 26.61 1
8.36 27.13 22.2 5.50 24.77 1.
8.42 26.86 23.26 5.84 25.11 1
8.83 26.68 22.84 5.66 24.78 1

7.74 26.27 20.82 5.07 24.35 1
7.52 26.42 20.72 5.01 24.18 1
7.81 28.88 19.69 5.82 29.56 1
5.68 22.72 17.46 3.79 21.71 1

Figure 6. Schematic of the process used in building impermeable m
geometries. First, an initial array with overlapping regions was generate~a!;
after initial particle velocities were initialized, 100 time steps were s
lated, resulting in a partially separated system~b!; after 2000 time step
particles were completely separated~c!. Then, a shell portion was added
each ellipse~d!; finally, periodic boundary conditions were enforced~e!. In
this example, a reduced volume fraction of 82% was generated.
for th
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As shown by the data of Table IV, contact resistances wer
duced for SL-20 anodes by the application of pressure, but ac
increased for both the GDR-6 and GDR-14 anodes. Coefficien
variation for contact resistance fluctuated for SL-20 graphite an
with increasing pressure, dropping from 20 to 6.6% and the
creasing to 17%. Coefficients of variation in the GDR series an
were somewhat higher, falling between 13 to 54% for GDR-6,
between 16 to 87% for GDR-14.

Effect of compression on particle microstructure.—Matrix mass
density increased monotonically with increasing pressure o
electrodes. These densities are reported in Table IV. Howeve
degrees of change in porosity were different for the anode type
order of highest to lowest, these were, SL-20 (funpressed/f300 kg/cm2

5 5.98), GDR-6 (funpressed/f300 kg/cm25 2.86), GDR-14
(funpressed/f300 kg/cm25 1.91), corresponding to increased am
phous carbon content.

Analysis of SEM images~Fig. 4a-l! showed that smaller partic
sizes were present in SL-20 than either the GDR-6 or GDR-1
odes; data from image analysis are reported in Table I. Particle
listed at Table I were obtained from top-layer images, as show
Fig. 3, locations 4–8. As shown in the sample images of Fi
individual particle boundaries in SL-20 and GDR-6 were less
tinguishable at low porosity~or after compression! than in GDR-14
anodes at the top surface. Also, a compacted zone develope
the interface of the current collector and graphite matrix, as sh
in the transverse plane views of sectioned electrode, in the le
ages of each subfigure of Fig. 4. This inhomogeneous deform
was more pronounced at higher pressures.

The SL-20 anodes showed the greatest relative thickness c
due to pressurization. This can be readily seen by examinati
data in Table I and Table IV. Though SL-20 anodes were of in
thicknesses 0.154 mm~as compared with 0.125 and 0.116 mm,
GDR-6 and GDR-14, respectively!, at the highest pressure test
the anodes were of approximately equal thickness~0.08–0.09 mm!.
Thus, the porosity of the SL-20 anodes at the highest compre

Table II. Kinetic parameters assigned for ellipses, used in colli-
sion simulations for generation of impermeable particle geom-
etries.

Iteration
number

Time step
~s!

Initial linear velocity
~s21!

Initial angular velocity
~rad/s!

2000 0.001 1.0 20.0

Table IV. Measured resistivities and contact resistances for anode

Graphite
type

Applied
pressure
~kg/cm2!

Porosity
~%!

Resistivity ~mV cm

Average
Standard
deviation

SL-20 0 59.36 1.51 3 106 1.87 3 105

100 32.65 3.81 3 105 4.32 3 104

200 17.31 1.88 3 105 3.41 3 104

300 9.93 1.91 3 105 1.78 3 104

GDR-6 0 55.19 2.64 3 105 3.17 3 104

100 42.35 1.62 3 105 3.30 3 104

200 32.27 6.39 3 104 1.91 3 104

300 19.27 6.73 3 104 3.20 3 104

GDR-14 0 59.54 3.95 3 104 3.09 3 104

100 40.20 1.71 3 104 7.01 3 103

200 33.56 3.50 3 104 2.19 3 104

300 31.25 2.81 3 104 1.62 3 104
s

ar

e
f

was significantly lower than either the GDR-6 or GDR-14 ano
~9.93%vs.19.27% and 31.25%, respectively!.

Comparison of simulations and experiments: material con
tivity.—Comparisons among simulations and experimental re
are presented in Fig. 8. 2D impermeable particle and perm
coating model results are included in each comparison.

Agreement between models and experiments showed s
trends for SL-20 and GDR-6 anodes, as reported in Fig. 8a a
2D models underestimated conductivity in unpressed anode
both materials, but provided good agreement with experimenta
for pressed materials. The 2D impermeable particle model pro
better agreement than the permeable coating model for both m
als. Normalized experimental conductivities of anodes process
moderate pressures~100 and 200 kg/cm2! fell between prediction
of the two models. Conductivities of SL-20 and GDR-6 anodes
posed to the highest pressure~300 kg/cm2! fell short of both models
predictions.

For the GDR-14 graphites, both of the 2D models under
mated conductivity for all processing conditions, as show
Fig. 8c. The best agreements found between simulated and
conductivities were for the 2D permeable coating model at
pressures.

Discussion

Effect of carbon coatings on resistivity/contact resistanc.—
Electrical resistivity is closely related to reaction kinetics. As
ported, electrical resistivity and contact resistance at the interfa
the current collector and graphite matrix improved with increa
carbon coating content for unpressed materials. Use of an
phous coating, without pressing, improves this important prop
The trends in coefficients of variation in these measurements
allow some inference as to distribution of particles. Specifically
relatively higher CVs in resistivities of the GDR-14,vs. the SL-20

Table III. Assumed resistivities for constituents of anodes.

Material types Resistivity~mV cm!

Natural graphite 6.003 103

Cu foil 1.71
PVDF 1.003 1021

rials, for each of the pressures studied.

Contact resistance~mV cm2!

Uncertainty
~%!

efficient
riation
~%! Average

Standard
deviation

Coefficient
variation

12.38 3.59 3 106 7.36 3 105 20.50 15.93
11.34 1.54 3 106 1.11 3 105 7.21 16.00
18.14 1.50 3 106 9.84 3 104 6.56 16.03
9.32 1.10 3 106 1.95 3 105 17.73 16.02

12.01 1.18 3 104 1.48 3 103 12.54 25.04
20.37 1.44 3 104 7.72 3 103 53.61 22.58
29.89 2.22 3 104 2.16 3 102 0.97 15.43
47.55 3.29 3 104 7.91 3 103 24.04 15.62

78.23 2.96 3 103 1.46 3 103 49.32 16.47
40.99 2.91 3 103 1.88 3 103 64.60 15.11
62.57 3.52 3 103 3.06 3 103 86.93 15.38
57.65 5.40 3 103 8.68 3 102 16.07 19.43
mate

!
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and GDR-6 anodes, suggest that these latter two types had a
uniform distribution of conductive mass, or that coatings in
GDR-14 electrode themselves were nonuniform. This last possi
is discussed in later sections.

Effect of anode compression on resistivity/contact resistanc.—
Contact resistance at the interface can serve as an indication o
of contact between particles and the current collector, since co
resistance is inversely proportional to the contact area. As pe
terial compositions listed in Table I, the constituent particle
SL-20 anodes were found to be much smaller than those in the
series anodes. Comparison of data in Tables I and IV confirms
the SL-20 anodes did exhibit the lowest contact resistance. On
SL-20 anodes showed reduction in contact resistance with inc
ing pressure, though all materials showed reductions in overal
trix resistivity.

The higher CV in measured resistivity in pressed and unpre
GDR-14 anodes is consistent with particle damage or agglome
at particles near the interface, though this effect was not observ
the lower weight-fraction amorphous carbon-coated material~GDR-
6!. In both of the other anode types~SL-20 and GDR-6!, CV in
measured resistivities dropped with increasing pressure~Fig. 7a and
b!. This would be expected based on prior simulations and ana
at higher volume fractions systems of identical particles ex
lower, more deterministic percolation thresholds.25 These lower per
colation thresholds result in higher conductivities, with lower v
ances. Thus, the high variability observed in the GDR-14 an
may reflect a criticality in coating vis-a`-vis mechanical stress. E
cessively thick coatings may be more susceptible to damage in
eral ~as seen by resistivity measurements! and at interfaces in pa
ticular ~as seen by contact resistance measurements!. Breakdown o

Figure 7. Experimental results of electrical resistivityvs.material densitie
e

te
t
-

t

-

:

-

the coatings under mechanical load, especially at the interfac
tween matrix and current collector, merits further attention.

Effect of compression on particle microstructure.—As shown in
the sample SEM images of Fig. 4 and the data of Table I, com
sion did affect particle structure, especially in the transverse d
tion. In all cases, particles became preferentially compacted ne
current collector interface; this effect was more pronounced
increasing pressure.

Particle cracking and exposure of graphite cores to solvents
be avoided in pressurization of coated anodes. As mentioned e
optimality in coating design requires the determination of cri
loads that produce such cracking. Thus, the nonuniformity of
paction merits further study, especially since it appeared to be
pronounced in the coated, GDR electrodes.

The higher relative densities produced in compressed SL-2
odes, relative to the other anode types, implies that particles
polydisperse and/or aligning in the plane of the anode. Image a
sis data do not support the former hypothesis: CVs in both pa
diameters and lengths decreased with increasing pressure
SL-20 anodes, and neither average dimension changed signifi
To investigate the latter hypothesis, on realignment of particle
compare the densities of electrodes with the theoretically maxi
densities of the systems at the highest pressure.

It is well known ~see representative volume element of Fig.!
that the packing limit for monodisperse spheres@for either hexago
nal close-packed~hcp! or face-centered cubic~fcc! packed planes# is
74% in terms of volume fraction. For regular arrays of ellips
with aligned axes, Fig. 9b, we can derive the maximum pac
fraction as follows. Beginning with an fcc unit cell containing f

! SL-20, ~b! GDR-6, and~c! GDR-14 anodes.
s, for~a
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spheres, we have immediately the inclusion volume (16/3)pR3,
whereR is the radius of the sphere. The length of the cell sid

Figure 8. Comparisons between normalized experimental data and the
for ~a! SL-20, ~b! GDR-6, and~c! GDR-14 anodes.

Figure 9. Close packing configurations for~a! spheres and~b! axially
aligned ellipsoids.~c! Common cross-sectional profile for both~a! and ~b!.
4R/A2, and therefore the cell volume is 32R3/A2. The volume
fraction is thus a ratio of these two values, namely,A2p/6
' 74.05%.

If we elongate the cell and all interior spheres by a factor ofa, b,
andc along the three axes of the coordinate system, the total vo
of the ellipsoids becomes (16/3)pabc, and the cell volume
32abc/A2, resulting in an identical volume fraction as for the
packed spheres. Thus, the maximum packing fraction for mon
perse, axially aligned ellipsoids is identical to the hcp or fcc limi
spheres. We further note that the maximum packing fraction
arrays of both spheres and ellipsoids has been studied~e.g., Ref. 30!,
but that all of these fractions contain some assumptions as to p
interaction, which have not yet been determined for these gra
systems. Thus, we compare particle densities to the ideal cas
benchmark.

Clearly, the densities achieved via the highest pressures
here do not exceed the theoretical limit for axially aligned parti
even though our systems were polydispersed. We would exp
see somewhat higher limits for maximum packing fractions for
tems containing wider distributions of size. Thus, there is little b
for assuming that particles were fractured at any of the vo
fractions studied, based only on densities. Further examinati
particle deformation must be studied using alternative types o
age analysis and more detailed mechanical modeling of the sys

Comparison of simulations and experiments: material con
tivity.—For unpressed, high porosity anodes, simulations sev
underpredicted conductivity. The percolation threshold for part
of aspect ratio 1.410,11 is ;66% ~i.e., 34% porosity! for 2D mode

al predications assuming 2D impermeable particles and permeable co
oretic
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but is ;28% ~i.e., 72% porosity! for 3D model, just below th
unpressed porosities of the three materials studied. Most of the
putational realizations thus resulted in unpercolated systems a
porosity, and thus zero-conductivity domains. This is a weakne
the use of such models for porous materials, rather than comp
having matrices of finite conductivity. Simulations of systems
particles having a porosity or density near the percolation poin
play highly probabilistic transport properties, since finite trans
properties require percolation. However, real processes assu
such systems are percolated, since unpercolated systems sim
not form matrices; sufficient mass in physical systems is simp
first requirement in materials manufacture.

At moderate pressures~100–200 kg/cm2!, simulated conductiv
ties for the two models used bounded experimental conducti
for SL-20 and GDR-6 anodes. The state of coating~whether perme
able or impermeable!, however, did not strongly affect predict
conductivities with the amorphous carbon-coated materials. On
the binder-only material, the SL-20, did these predictions differ
nificantly ~compare two models’ predictions for conductivity in F
8avs.Fig. 8b and c!. Specifically, at the highest pressure~i.e., high-
est material density! examined for the SL-20 anodes, fully perm
able coatings produced an approximately threefold improveme
predicted conductivity over impermeable coatings~Fig. 8a, 90%
volume fraction!. This is a result of the high resistivity of bind
relative to that of amorphous carbon; mixtures of amorphous ca
and binder are much closer in conductivity to natural graphite,
so the state of coating permeability has less effect on material
tivity, in general. Furthermore, high permeability of coatings
results in higher densities at the same pressures, in general.
findings support the selection of binder materials and proce
conditions which produce permeable coatings on graphite, bo
mechanical stability and for high conductivity.

As mentioned earlier for the GDR-14 anodes, both of the
models severely underestimated conductivity, at all pressure
shown in Fig. 8c. This lack of agreement has several pos
sources. First, the inhomogeneous compaction of the ma
shown in Fig. 4j-k, may have required that 3D simulations be u
which could lead to errors in reduction of experimental data.
ond, the application of pressure may have altered the particle
distributions throughout the anodes. Distributions reported
were only for surface particles~limited by SEM capability!. Distri-
butions of particle sizes throughout the specimen would be req
to determine whether or not particle breakage occurred. Still
high conductivities suggest rearrangement of amorphous carb
produce highly conductive regions closer to the current colle
The study of graded properties in highly compacted anodes is
ited if these prove electrochemically attractive.

Dimensionality in simulation.—Our previous simulation
showed that 2D models were applicable to systems of par
wherein the ratio of specimen thickness to particle size falls with
to 5.25 This ratio for the materials studied here ranged from 5.
9.25 for SL-20, 3.35–5.73 for GDR-6, and 4.98–5.57 for GDR
for pressures of 300 kg/cm2, and zero, respectively. Thus, use o
2D model for compressed materials is reasonable, especially f
GDR-6 and GDR-14. However, a 3D model may be much m
suitable for SL-20 materials. The closeness of the volume fracti
GDR-14 processed at 300 kg/cm2 to the 2D percolation threshold
;66% volume fraction, assures underprediction of model resu
experiments, which must be considered.

The collision model used in generating 2D systems of poly
perse, impermeable particles was much simpler than would b
quired in generating 3D systems. Although some effort has
dedicated to modeling maximum packing fractions in random
materials,30 the maximum packing density for polydisperse sph
or circles is still unknown. Examination of 3D systems may
required for thicker anodes~i.e., high energy rather than high pow
systems!, but development of packing algorithms for these will
nontrivial.
-
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Conclusions

Overall, as shown by the data of Table IV, for the condit
studied, application of pressure to anodes was less effective th
addition of carbon coating in improving anode electrical condu
ity. Improvements in electrical conductivities from unpressed va
of factors of 8, 4, and 1.4, respectively SL-20, GDR-6, and GDR
were observed at the highest compressions. However, factors
provement of 5.7 and 38 were obtained with addition of 6 and
carbon coating.

Additionally, application of high pressure has the potentia
induce particle damage, as supported here by high observed C
contact resistance. Greater exposure of graphite in fractured
ticles is a major concern, and so determination of optimal pres
is critical and merits further study.

The simulations presented here provided a systematic w
investigate the state of coating of particles. For the three na
graphite-based materials studied here, the experimental data
compression was within the predictions of 2D impermeable an
permeable model, except for GDR-14 electrodes, which is cons
with the disruption of coating. Further electrochemical testin
these systems will help determine the coating state.

Adding capability to model contact resistance among part
will be required to improve the understanding of the state of coa
3D models will also be investigated, based on the thickness
interest in anodes. Recently, we have developed analytic appro
tions, in the form of integral expressions and series expansio
percolation points in monodisperse 2D10 and 3D11 systems; thes
will form a basis for determining transport properties of multiph
polydisperse systems.
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List of Symbols

A area
CV coefficient of variation~standard deviation/mean!

D particle diameter in minor axis direction
f i volume fraction ofith phase
G electrical conductance
L particle diameter in major axis direction

Rc contact resistance at the interface of matrix and current collector
T working environment temperature

T0 heat-treatment temperature
Z ac impedance
f porosity
r i electrical resistivity ofith ~SL-20, GDR-6, or GDR-14! type of compressio

condition
sac electrical conductivity of amorphous carbon phase
sdi electrical conductivity ofith inclusion phase material
se effective conductivity of multiphase material
sm conductivity of matrix-phase medium
sP electrical conductivity of PVDF phase
sg electrical conductivity of graphite phase
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