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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, @®R% amorphous carbon coating

and GDR-14(14 wt % amorphous carbon coatingrour compression conditiorf®, 100, 200, and 300 kg/cnwere examined.
Experimental results indicated that electrical resistivities for unpressed materials were reduced with addition of amorphous carbon
coating(for unpressed materialgis; oo > pcepr-6 > Pcepr-14- Contact resistances were reduced for SL-20 anodes by the appli-
cation of pressure. Overall, the two-dimensiof@D) 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
pressure100 and 200 kg/cR. Conductivities of SL-20 and GDR-6 anodes exposed to the highest pré8&arég/cn?) 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: 10.1149/1.178390%ll rights reserved.

Manuscript received August 6, 2003. Available electronically August 18, 2004.

The use of lithium metal, a powerful reducing element, with a chanical loads in active material particles, and ultimately be detri-
strong oxidante.g, V,0s, MnO,, LiNiO,, or LiCoQ,), allowsthe ~ mental to cell performance. For example, Gnanaraj and
realization of high voltage, high energy density cells. But safety andco-workers* studied the effect of compression of anodesm-
cycle life problems due to the dendritic morphology of the charge-prised of KS-6 graphite and 10 wt % PVDF bingend LiCoGQ
deposited lithium metal have restricted the use of Li as a compositeathodes, using voltammetry, electrochemical impedance spectros-
matrix. Recent research has thus focused on improving energy dereopy (EIS), andex situatomic force microscopyAFM). Electrodes
sity and cycle life of lithium-ion cells by using graphite, carbon- were compressed at 5000 kgfnusing a rolling machine or hy-
coated graphite, tin oxide, and intermetallic compounds as Li inter-draulic press. The specific capacities were obtained from studies of
calative host materiafs® cyclic voltammograms, in the order of highest to lowest, in un-

Specifically, high electronic conductivity is critically important pressed, hydraulically pressed, and rolled electrodes. Higher ac im-
in Li intercalative host materiafs® But the high electrical resistivity  pedance was associated with low kinetic response. Reduced inter-
of graphite matrix materials relative to Li metal in the anode neces-particle distance may inhibit Li-ion diffusion among particles and
sitates the use of additives to improve conductivity. Recently, ourelectrolyte and lead to higher ac impedance. Thus, the efforts of
group has studied improvement of conductivity through the additionMaleki et al'® and Gnanaragt all* suggest that there may be op-
of conductive particle$. This approach was guided by classical timal levels of compression, balancing conductive and mechanical
work on effective and percolative properties of systems of high as-properties.
pect ratio particle§:*! Specifically, we have demonstrated that mod-  The structure of carbon matrices in the anode also strongly af-
erate increases in the particle aspect réfiarticle length/particle  fects electrochemical performanteBoth highly disordered hard
diameter,L/d) for low-density materials provide significant im- carbons and highly ordered graphitized carbons have been shown to
provements in electrical conductivifydue to the dramatic reduction  produce high capacity. But they both suffer some degree of irrevers-
in the percolation point? ible capacity losqICL), which is putatively related to the surface

The use of percolation models allows the prediction of both ther-structure of carbonaceous materials and electrolyte systems. The

mal and electrical conductivitys. density and particle shape. High most commonly used high-permittivity electrolyte solvents include
thermal conductivities of both anodes and cathodes have beepropylene carbonatéPC) and ethylene carbonat&C). Each has
shown to be important in preventing thermal runaway, when cellsinherent difficulties. EC-based electrolytes are believed to inhibit
are operated at high temperature. Recently, Maleki and co-wdtkers exfoliation in Li-ion cells with well-crystallized graphitic anodes;
studied the thermal conductivity of anodes comprised of synthetichowever, this phenomenon has not been observed for all types of
graphites of various particle sizes, various fractions of polyvi- graphite? One well-known disadvantage of EC electrolytes is that
nylidene difluoride(PVDF) binder, and carbon black. Several levels they cannot be used at operating temperatures bela@C, due to
of compression were also used. They found that the highest thermaheir relatively high freezing point38°C)*>¢ and rapid dropoff in
conductivity was achieved using the largest graphite particl&s  ionic conductivity at low temperaturés§.
pm), the lowest carbon black contef®@%), and the highest pressure Ternary or even quanternary mixtures of solvents, such as mix-
(566 kg/cn?). They also observed a doubling of thermal conductiv- ture of EC, dimethyl carbonatéMC), and PC systems, are com-
ity at room temperaturé27°C) with an increase of pressure from monly used to circumvent these problefi<® However, decompo-
250 to 575 kg/crh Their results are generally consistent with the sition of PC-based electrolytes on graphitic surfaces poses a major
percolation model predictions; higher conductivity can be achievedimpediment to their usage. PC reduction produces severe gas forma-
with higher volume fractions of particles, produced by compressiontion, creating high, localized particle surface pressures. Solvent per-
of the electrode. colation in the resulting particle surfaces results in insulation of

However, high compressive loads can induce high local me-large portions of the active massThus, suppression of decompo-

sition of PC-based electrolytes is highly desirable. Recently, core-
shell types of graphit&2°have been used to exploit the turbostratic
* Electrochemical Society Active Member. structure of the carbon coating as illustrated in Fig. 1 to reduce PC
Z E-mail: sastry@umich.edu cointercalation of Li-ion, and to reduce ICL.
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Also, the structure of conductive particles and their permeability
relative to one another determine their mechanical and conductive
properties, which in turn affect electrochemical performance. The
mechanical properties of coated particles, for example, determine
whether the outer layers break or deform when particles are forced
into close contact. Interparticle permeabilitiyig. 2) also strongly
affects percolation onset, and thus conductivity.

In the present paper, we investigate the effect of particle coating,
permeability, shape and arrangement on experimental and simulated
systems of conductive carbon additives. Our objectives were four-

(a) fold: (i) quantify reduptions in anode resistivity ar_wd/or contac_t.resis-

tance between matrix and current collector, with the addition of
- 30 & amorphous carbon coatings to conductive carbons used in anodes;
] EENan

graphite-crystal structure of

graphite core turbostratic structured

of carbon shell

+ Li-ion (i) quantify reductions in anode resistivity and/or contact resistance

@ solvent with anode compressionji{) identify microstructural changes in
constituent particles due to anode compression; anyl ¢orrelate
electrical conductivity in real and simulated materials, using perme-
able coating and impermeable particle models of anodes, to deter-
mine the likely connectivity of coated carbon-infused matrix mate-

L)
>
>

doo o

rials.
We also computed standard deviations for all parameters mea-
(b) sured, because variability of behavior is a useful parameter in infer-

ring material construction; high variability in resistivity, for ex-
Figure 1. (a) _SChemati(_: Of_COre-She” structured graphite @oidinhibition amp|e, suggests localized particle agglomeration or damage.
of electrolyte intercalation into graphene layers. We studied anodes comprised of three different types of natural
graphite, pressed to a range of anode densities. These included pu-
rified natural graphite from Superior Graphit€L-20), and two
Uniformity of coating is another key parameter affecting both other natural graphites from Mitsui Mining, having 6 wt(@DR-6)
conductivity and electrochemical performance. Wang and Yoshioand 14 wt %(GDR-14) coatings of amorphous carbon as described
and Tsumura and co-workéP€! used charge-discharge curves of in Ref. 19. Thus, three distinct amorphous fractions were studied.
natural graphite, and carbon-coated graphite anodes in a PC-DMCWe also conducted a parallel computational study of anode resistiv-
based electrolyte to identify possible coating imperfections inducedty, involving two-dimensional stochastic models of transport in ran-
by electrode pressing. They determined that anodes processed dom arrays of particles. Geometric parameters for these simulations
high pressure exhibited the behavior of natural graphite, with a pla-were obtained using image analyses of the materials studied. Elec-
teau at 0.7 V due to decomposition of the PC. By contrast processtrochemical performance, including voltage profile, ICL, and cycla-
ing at low pressure resulted in plateaux near 0.2 V. bility of the three types of graphite is discussed in a companion
These workers assumed that coatit@sorphous carbon and/or paper??
binden were uniformly distributed on core particles of natural
graphite(Fig. 2a. However, imperfect coatingd-ig. 2b would be
expected to alter the percolation onset, and thus conductivity. More-
over, exposure of the graphite due to coating imperfections would Experimental.—Anode preparation and imagigAnodes were
allow electrolyte cointercalation with the Li ion, potentially allow- produced by mixing natural graphite powders with 10 wt % PVDF
ing graphite exfoliation and increased ICL. Also, contact resistancebinder in anN-methyl pyrrolidinone(NMP) slurry, and then casting
at the particle interfaces would be enhanced for uncoated particlesthe mixture onto 25um Cu foil. Loadings of 2—11 mg active
Clearly, both material selection and reduction in porosity of an- material/cn? were used. Anodes were dried under vacuum at 120°C
odes are important in assuring good electrochemical performancefor 12 h and compressed using a benchtop press with smooth plates,
at pressures of 100, 200, or 300 kgfcm
Images of the anode were taken using Hitachi S3200N scanning

Approach

. electron microscopdSEM). Sixteen different images at various
D binder + amorphous carbon magnifications ranging from 200 to 1000 times for each graphite
. graphite with different pressing pressures of 0, 100, 200, or 300 kgivere

taken at eight locations, including both transverse and horizontal
planes of each specimen as indicated in Fig. 3. The SEM images of
Fig. 4 illustrate the effect of the application of pressure during elec-
trode preparation on electrode’s morphologies at the transverse sec-
tion and horizontal plane. Image analysis softwé¥éH Image?)

was used to obtain particle center points, orientations, and sizes in
each image. These data were later used in simulations. Most par-
ticles imaged were approximately elliptical, and thus both major and
minor axis lengths were recorded for each particle during image
analysis.

Measurement of electrical conductivittA four-point probe tech-
nique, with method and data reduction discussed previdusiys
used to determine both top-layer resistivities and contact resistances
(between matrix and current collectan the anodes. Briefly, speci-
(a) (b) mens were placed on a flat, insulating Plexiglas stage, and a Diga-
tron BTS-600 charge-discharge unit was used to supply a small
Figure 2. Schematic of possible coating scenarios, includiageven and ~ current to an outer probe. The current exited the opposite outer
(b) uneven coating of binder and amorphous carbon on core particles. probe, and voltage differences between the second and(thireln
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initial linear velocities(1/s) and angular velocitie$20 rad/$, but
randomized directions, as summarized in Table Il. At each time step
(0.001 3, linear and angular velocities were recalculated, based on
collisions among particles, assuming fully elastic collisions of per-
fectly rigid particles; this process is illustrated in Fig. 6a-c. After
2000 time steps, networks were considered to be at steady state. This
number of iterations was found to be a practical value from the
authors’ related work?1'2assuring that systems of nonintersect-
ing, or impermeable particles would be achieved for all of the sys-
tems studied here. The minimum number of iterations required to
reach this state depends, of course, upon volume fraction, particle
size, and time step; in this work we did not attempt to optimize
simulations for the shortest duration, but instead ran each simulation
for the same numbers of time steps and iterations.

After generation of an impermeable realization, the particle
shell-core geometries were assigned, as illustrated at Fig. 6d. As
mentioned previously, only the cores of the particles were used in
Figure 3. Schematic of the eight locations on specimens where SEM imagesgenerating arrays; the fully permeable shells were added after defin-
were taken. At each location, two images with different magnifications wereing the arrays. The sum of the binder and amorphous carbon mass in
used. Magnifications of 200—300 times were used at locations 1-3; magnieach case was used to determine the average thickness of the shell
fications of 500—1000 times were used at locations 4—8. layers; for SL-20 anodes, then, coatings were comprised only of

binder. Because of the systematic underrepresentation of shell ma-

terial due to overlap, continuous adjustments were made in coating
probes were measured using an HP-34401 multimeter. This procedbicknesses to assure that final volume fractions were identical to the
was repeated for different probe spacinigygl and 2.8 mm The two volume fractions present in the real materials. Periodic boundary
voltage readings were used to calculate the contact resistance ambnditions were then enforced on each realization, and extraneous
matrix resistivity by assuming the matrix resistivity was uniform. (i.e., unconnectedparticles were removed, based on the direction in
Depending on the size of the specimen, two or three sets of pairevhich the voltage was to be applied to the unit cell, as shown in Fig.
data were taken for each specimen, at different locations. Limita-6e. For each material analyzed, simulations were performed on
tions suggested by Schrodéwere followed, in which the ratio of  twenty realizations for each volume fraction examined.

sample width to probe spacing was kept larger than 20, and the edg@onductivity modeling, numerical approaehAnsoft's Maxwell

probes(probe 1 or 4 placed a distance at least three times larger o _gimensional(2D) finite element software was used to analyze

than p&gbe spacing from t';]e specimen edge. Asl plreV|gust he 2D arrays of both permeable and impermeable particle systems.
reported, uncertainties In each measurement were calculated ant g yrica| resistivities of ellipses and void spaces within the unit cell

are reported here. were set to 1 and 0, respectively, given the relatively negligible
conductivity of materials other than graphite in the anode.

Theoretical modeling.— Generation of model domairBwvo ) : . L
models for coatings were used in simulations; the permeable coatin%inrhe_ experimental results of matrix electrical conductivity were nor-
and the impermeable particle models, shown schematically in Fig. 5/alized by the effective conductivity of the multiphase material, as
Interparticle contact resistance was ignored, since the binder-coated€rived classically by Maxwell in Ref. 26. Maxwell solved for elec-

graphite particles were assumed to have good surface cqagut _trical poten_tial in field_s of inclusionghe Lap_lace e_quatiOnEn_forc-
Fig. 5a; the effects of departure from this ideal are discussed in ain9 continuity, potentials, and current on either side of the interfaces
later se’ction. of inclusion and matrix are equated. Effective conductivity is then

For the permeable models, systems of particles were generateﬁbtai”ed by equating the total potential in a multiphase domain with

using statistical codes developed to convert data from image analy2" €duivalent domain having a single conductivity. Effective con-

sis to computational realizatiofi$22% Uniform statistical distribu-  ductivity o is thus expressed as a function of conductivity of a

tions were assumed for particle orientatiéfso 2r radiang, andx ~ continuous mediuno,,, and the conductivity ;, and volume frac-

andy centerpoint locations within the unit cells simulated. Normal tion f; of each additive phase, as

distributions were used to define particle aspect ratld®{ with Oe— O (0gq = 0fi

means and standard deviations listed in Table I. Thus, for the per- = [1]

meable coating model domains, data from image analysis were used 200+ O T (204 + 00)

directly, and sizes and locations of overlapping regions were simply

outcomes of the centerpoint locations and particle sizes. Each material studied contained, at most, three additive phases,
The approach for generating arrays was significantly different fornatural graphite with conductivity,, amorphous carbon coating

impermeable particle simulations, though aspect ratios were agaimwith conductivity o,., and PVDF binder with conductivityrp.

assumed to be normally distributed, with means and standard deviaGraphite is assumed to be the continuous phase, and ¢hus

tions listed in Table I. Centerpoint locations were determined using= o4 in Eq. 1. Air is considered to be a fourth inclusion phése

dynamic particle collision simulations, in which particles were ini- zero conductivity but finite volume fractioprand so Eq. 1 becomes

B [B30p(204c+ 0g)fp + (20p + 0g)(20,c+ 0g)fyg + 30,d20p + 0g)fad
T [(20p + 0g) (20, + 0g)(3 — 2fy) — 60p(20, + 0g)fp — 60,{20p + 0g)f,]

Oe

Og (2]

tially randomly placed, as shown in Fig. 6a. To avoid introducing a  Electrical resistivities of the constituents were determined based
scale effect, each ellipse’s minor axis length size was kept to les®n composition and processing conditions of the carbons studied
than one-tenth of the unit cell size. Particles were assigned identicahere. Because the amorphous carbons used were produced via ther-
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Figure 4. Sequential SEM images of anode particles and interfaces after application of 0, 100, 200 and 38(tegsare. Images if@)-(d) are for SL-20
anodesje)-(h) are for GDR-6 anodegj)-(I) are for GDR-14 anodes.

(3]

electrical conductivity to processing conditions was used. This ex-

mal vapor deposition at 1000%8,an empirical approaéh relating To| ¥4 0.1\ 4
o = opex —( ) = 100 ex —(—)
pression
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\ coating
\ = graphite

(a) (b)

Figure 5. Schematic of(a) the impermeable particle model, wherein only . ] L . . :
shells are penetrable to one another, éndthe permeable coating modei geometries. First, an initial array with overlapping regions was genetated

wherein both cores and shells are penetrable to one another. The lower imagféter initial partlple veIoc_|t|es were initialized, 100 time steps were simu-
in each case was an equivalent domain developed for simulations. ate(_j, resulting in a partially separated system after 2.000 time steps,
particles were completely separat@). Then, a shell portion was added to
each ellipsgd); finally, periodic boundary conditions were enford@l In

this example, a reduced volume fraction of 82% was generated.

Figure 6. Schematic of the process used in building impermeable model

relates conductivity to two material parametess, and TQ' and
processing temperatufe Values are 10G1/Q cm), 0.1 (K¥%, 300

(K) for oo, To, and T, respectively, reported for fitting electrical To investigate the effect of addition of amorphous carbon on
conductivity of anthracene chars in Table V of Ref. 27. For other contact resistance, unpressed material properties were again com-
constituents, such empirical relations were not found, so we selectegiared. As shown in the data of Table 1V, average contact resistance,

est;rng%tes from the literature; all values are summarized in Tablege  jecreased with additional carbon coatinge, RS
.= > R&pr.s > R&pr.14- BuUt the CV of contact resistance was sig-
Results nificantly higher in the material of highest amorphous carbon weight

fraction. We found this value to be roughly 21% for SL-20 and 13%
Effect of carbon coatings on resistivity/contact resistar€€he for GDR-6, but approximately 49% for GDR-14.

roughly equal unpressed porosities in the three matefia&9%) ] o )
allowed examination of the effect of amorphous carbon additives on_ Effect of anode compression on resistivity/contact resistance
resistivity, independent of the effects of pressing. As shown by theFigure 7a-c allow comparisons among experimental electrical
data of Table 1V, the electrical resistivities for unpressed materialsresistivities, p, of unpressed and pressed materials. Densities and
were reduced with additional amorphous carbon coatiog un- ~ conductivities, predictably, increased with higher processing pres-
pressed materialgis, -0 > peprs > Popr.1d. The coefficient of — SUre. Vanab_llltles in thes_e measurements decreased significantly
variation (standard deviation/averageV, of graphite matrix elec-  With increasing compression for the SL-20 and GDR-6 anodes, but
trical resistivity for unpressed materials was approximately 12% for €SS so for the GDR-14 anodes. The reduction ratios in resistivity for
both SL-20 and GDR-6 graphite matrices, but was much larger forthe highest compressionp fnpressedp3o0 kgemd Were, in order of
the GDR-14(~78%), indicating that electrical resistivity of graphite highest to lowest, SL-20 p(npressedP300 kgiem2 = 7-91), GDR-6
matrix was more consistent throughout the specimens for SL-20 andp unpressedP300 kgiemz = 3.92), and GDR-14 ;npressedP 300 kgicm?2
GDR-6. = 1.41).

Table I. Mass density, particle sizes and distributions, and porosity for the SL-20, GDR-6, and GDR-14 anodes, before and after compression.

. Particle length(pm) Particle diametefum)
Active
Applied material  Material Coefficient Coefficient
Graphite pressure thicknes  density  Porosity Standard  variation Standard  variation Aspect
type (kglcnr) s (mm) (g/cn?) (%) Average deviation (%) Average  deviation (%) ratio
SL-20 0 0.154 0.84 59.36 23.23 8.25 35.51 16.64 5.75 34.56 1.41
100 0.104 1.45 32.65 24.25 7.4 30.52 16.96 4.34 25.59 1.44
200 0.09 1.73 17.31 22.63 6.05 26.73 16.70 4.43 26.53 1.38
300 0.084 1.98 9.93 22.43 6.05 26.97 16.07 3.36 20.91 1.40
GDR-6 0 0.125 0.95 55.19 31.47 9.82 31.20 21.83 581 26.61 1.46
100 0.1 1.22 42.35 30.82 8.36 27.13 22.2 5.50 24.77 1.40
200 0.078 1.44 32.27 31.35 8.42 26.86 23.26 5.84 25.11 1.36
300 0.08 1.71 19.27 31.22 8.83 26.68 22.84 5.66 24.78 1.38
GDR-14 0 0.116 0.84 59.54 29.46 7.74 26.27 20.82 5.07 24.35 1.43
100 0.096 1.25 40.20 28.46 7.52 26.42 20.72 5.01 24.18 1.38
200 0.092 1.38 33.56 27.04 7.81 28.88 19.69 5.82 29.56 1.39

300 0.087 1.43 31.25 25.00 5.68 22.72 17.46 3.79 21.71 1.46
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Table Il. Kinetic parameters assigned for ellipses, used in colli- Table Ill. Assumed resistivities for constituents of anodes.
sion simulations for generation of impermeable particle geom-
etries. Material types Resistivity.) cm)
lteration Time step Initial linear velocity Initial angular velocity Natural graphite 6.00% 10°
number (s) (sh (rad/9 Cu foil 171

PVDF 1.00x 10%
2000 0.001 1.0 20.0

As shown by the data of Table IV, contact resistances were reWas significantly lower than either the GDR-6 or GDR-14 anodes
duced for SL-20 anodes by the application of pressure, but actually9-93%Vs.19.27% and 31.25%, respectively
increased for both the GDR-6 and GDR-14 anodes. Coefficients of
variation for contact resistance fluctuated for SL-20 graphite anodes C . f simulati d . ts: terial s
with increasing pressure, dropping from 20 to 6.6% and then in- omparison of simufations and experiments. materia’ connec

creasing to 17%. Coefficients of variation in the GDR series anodeSE'V'ty'_COrm:)ansonS among simulations and experimental results

; : o ) are presented in Fig. 8. 2D impermeable particle and permeable
g:&zezzmleﬁgag?;/gor}ﬁp cf;aggfglgetween 13 to 54% for GDR-6, andcoating model results are included in each comparison.

Agreement between models and experiments showed similar

Effect of compression on particle microstructureMatrix mass  trends for SL-20 and GDR-6 anodes, as reported in Fig. 8a and b.
density increased monotonically with increasing pressure on all2D models underestimated conductivity in unpressed anodes for
electrodes. These densities are reported in Table IV. However, th&oth materials, but provided good agreement with experimental data
degrees of change in porosity were different for the anode types. Irfor pressed materials. The 2D impermeable particle model provideo_l
order of highest to lowest, these were, SL-280,{;ressedd 300 kgiem2 better agreement than. the permeable coating model for both materi-
= 5.98), GDR-6 (ynpressedd300kgemz= 2.86), GDR-14 als. Normalized experimental conductivities of anodes processed at

= 1.91), corresponding to increased amor- moderate pressurg400 and 200 kg/c) fell between predictions
éﬁgﬁ:sé;édb)g?‘oé%mént_ ) P g of the two models. Conductivities of SL-20 and GDR-6 anodes ex-

Analysis of SEM image$Fig. 4a-) showed that smaller particle posed to the highest pressy890 kg/cn?) fell short of both models’
sizes were present in SL-20 than either the GDR-6 or GDR-14 anPredictions. , .
odes; data from image analysis are reported in Table I. Particle sizes FOr the GDR-14 graphites, both of the 2D models underesti-

listed at Table | were obtained from top-layer images, as shown inmated conductivity for all processing conditions, as shown in
Fig. 3, locations 4—8. As shown in the sample images of Fig. 4 Fig. 8c. The best agreements found between simulated and actual

individual particle boundaries in SL-20 and GDR-6 were less dis- conductivities were for the 2D permeable coating model at high
tinguishable at low porosityor after compressiorthan in GDR-14 ~ Pressures.
anodes at the top surface. Also, a compacted zone developed near
the interface of the current collector and graphite matrix, as shown
in the transverse plane views of sectioned electrode, in the left im-
ages of each subfigure of Fig. 4. This inhomogeneous deformation Effect of carbon coatings on resistivity/contact resistanee
was more pronounced at higher pressures. Electrical resistivity is closely related to reaction kinetics. As re-
The SL-20 anodes showed the greatest relative thickness changmorted, electrical resistivity and contact resistance at the interface of
due to pressurization. This can be readily seen by examination ofhe current collector and graphite matrix improved with increasing
data in Table | and Table IV. Though SL-20 anodes were of initial carbon coating content for unpressed materials. Use of an amor-
thicknesses 0.154 mifas compared with 0.125 and 0.116 mm, for phous coating, without pressing, improves this important property.
GDR-6 and GDR-14, respectivelyat the highest pressure tested, The trends in coefficients of variation in these measurements also
the anodes were of approximately equal thickn@88—-0.09 mm allow some inference as to distribution of particles. Specifically, the
Thus, the porosity of the SL-20 anodes at the highest compressiorelatively higher CVs in resistivities of the GDR-1¥s. the SL-20

Discussion

Table IV. Measured resistivities and contact resistances for anode materials, for each of the pressures studied.

Resistivity (n{) cm) Contact resistancg.Q) cn?)
Applied Coefficient
Graphite pressure  Porosity Standard variation Standard Coefficient Uncertainty
type (kg/cm?) (%) Average deviation (%) Average deviation variation (%)
SL-20 0 59.36 1.51 x 10° 1.87 X 1C° 12.38 3.59 x 10° 7.36 X 10° 20.50 15.93
100 32.65 3.81 X 10° 432 x 10¢ 11.34 1.54 x 10° 1.11 X 10° 7.21 16.00
200 17.31 1.88 x 10° 3.41 x 10* 18.14 1.50 x 1¢° 9.84 x 10* 6.56 16.03
300 9.93 191 X 10° 1.78 x 10 9.32 1.10 x 1¢° 1.95 x 10° 17.73 16.02
GDR-6 0 55.19 2.64 X 10° 3.17 x 10* 12.01 1.18 x 10 1.48 x 1C° 12.54 25.04
100 42.35 1.62 X 10° 3.30 x 10* 20.37 1.44 x 10* 7.72 x 10° 53.61 22.58
200 32.27 6.39 x 10* 1.91 x 10 29.89 2.22 x 10* 2.16 X 107 0.97 15.43
300 19.27 6.73 x 10* 3.20 x 10* 47.55 3.29 x 10* 7.91 x 10° 24.04 15.62
GDR-14 0 59.54 3.95 x 10* 3.09 x 10* 78.23 2.96 X 10° 1.46 x 10° 49.32 16.47
100 40.20 1.71 x 100  7.01 x 1C° 40.99 2.91 x 10° 1.88 x 10° 64.60 15.11
200 33.56 3.50 x 10* 2.19 x 10* 62.57 3.52 X 10° 3.06 X 10° 86.93 15.38

300 31.25 2.81 x 10* 1.62 x 10 57.65 5.40 X 10° 8.68 X 107 16.07 19.43
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Figure 7. Experimental results of electrical resistivitg. material densities, fofa) SL-20, (b) GDR-6, and(c) GDR-14 anodes.

and GDR-6 anodes, suggest that these latter two types had a mothe coatings under mechanical load, especially at the interface be-
uniform distribution of conductive mass, or that coatings in the tween matrix and current collector, merits further attention.

GDR-14 electrode themselves were nonuniform. This last possibility ) ) . .
is discussed in later sections. Effect of compression on particle microstructureAs shown in

the sample SEM images of Fig. 4 and the data of Table I, compres-
Effect of anode compression on resistivity/contact resistance sjon did affect particle structure, especially in the transverse direc-
Contact resistance at the interface can serve as an indication of staigyn. In all cases, particles became preferentially compacted near the
of contact between particles and the current collector, since contactrrent collector interface; this effect was more pronounced with
resistance is inversely proportional to the contact area. As per Mamcreasing pressure.
terial compositions listed in Table |, the constituent particles of  pariicle cracking and exposure of graphite cores to solvents must
SL-20 anodes were found to be much smaller than those in the GDRy 5y 0ided in pressurization of coated anodes. As mentioned earlier,
series anodes. Comparison of data in Tables | and IV confirms thap ity in coating design requires the determination of critical

the SL-20 anodes did exhibit the lowest contact resistance. Only thg - i< 1ot produce such cracking. Thus, the nonuniformity of com-
SL-20 anodes showed reduction in contact resistance with increas- : y

; ) . ; paction merits further study, especially since it appeared to be more
ing pressure, though all materials showed reductions in overall ma: ;
trix resistivity. pronounqed in the _coated, (_3_DR electrode_s.

The higher CV in measured resistivity in pressed and unpressed The hlgher relative densities produced_ in c_ompressed .SL'ZO an-
GDR-14 anodes is consistent with particle damage or agglomeratior?des'_ relative to the qthe_r aF‘Ode types, implies that pariicles were
at particles near the interface, though this effect was not observed iRO!ydisperse and/or aligning in the plane of the anode. Image analy-
the lower weight-fraction amorphous carbon-coated matéBaIR- sis data do not support the former hypothess: QVS in both partlcle
6). In both of the other anode typdSL-20 and GDR-§ CV in diameters and lengths decreased with increasing pressure in the
measured resistivities dropped with increasing presige 7a and ~ SL-20 anodes, and neither average dimension changed significantly.
b). This would be expected based on prior simulations and analysisT0 investigate the latter hypothesis, on realignment of particles, we
at higher volume fractions systems of identical particles exhibit compare the densities of electrodes with the theoretically maximum
lower, more deterministic percolation threshofddhese lower per- ~ densities of the systems at the highest pressure.
colation thresholds result in higher conductivities, with lower vari- It is well known (see representative volume element of Fig. 9a
ances. Thus, the high variability observed in the GDR-14 anodeghat the packing limit for monodisperse spheffs either hexago-
may reflect a criticality in coating vis-gis mechanical stress. Ex- nal close-packe¢hcp) or face-centered cubidcc) packed plangss
cessively thick coatings may be more susceptible to damage in genf4% in terms of volume fraction. For regular arrays of ellipsoids
eral (as seen by resistivity measuremerdasd at interfaces in par- with aligned axes, Fig. 9b, we can derive the maximum packing
ticular (as seen by contact resistance measuremeBitsakdown of  fraction as follows. Beginning with an fcc unit cell containing four
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Figure 8. Comparisons between normalized experimental data and theoretical predications assuming 2D impermeable particles and permeable coating models

for (a) SL-20, (b) GDR-6, and(c) GDR-14 anodes.

spheres, we have immediately the inclusion volume (16,
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4R/\/2, and therefore the cell volume is R¥\2. The volume

whereR is the radius of the sphere. The length of the cell side is fraction is thus a ratio of these two values, name@ﬂ-/ﬁ

Figure 9. Close packing configurations fofa) spheres andb) axially
aligned ellipsoids(c) Common cross-sectional profile for bot® and (b).

~ 74.05%.

If we elongate the cell and all interior spheres by a factaa, df,
andc along the three axes of the coordinate system, the total volume
of the ellipsoids becomes (16/abc, and the cell volume is
32abc/\/2, resulting in an identical volume fraction as for the fcc
packed spheres. Thus, the maximum packing fraction for monodis-
perse, axially aligned ellipsoids is identical to the hcp or fcc limit for
spheres. We further note that the maximum packing fractions of
arrays of both spheres and ellipsoids has been stidigdRef. 30,
but that all of these fractions contain some assumptions as to particle
interaction, which have not yet been determined for these graphite
systems. Thus, we compare particle densities to the ideal case as a
benchmark.

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

Comparison of simulations and experiments: material connec-
tivity.—For unpressed, high porosity anodes, simulations severely
underpredicted conductivity. The percolation threshold for particles
of aspect ratio 14 is ~66% (i.e., 34% porosity for 2D model
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but is ~28% (i.e., 72% porosity for 3D model, just below the Conclusions

unpressed porosities of the three materials studied. Most of the com- o211 as shown by the data of Table IV, for the conditions

putatipnal realizations thus resu_ltgd in unpercola_teql systems at higgtudied, application of pressure to anodes was less effective than the
porosity, and thus zero-conductivity domains. This is a weakness inyqgition of carbon coating in improving anode electrical conductiv-
the use of such models for porous materials, rather than compositeg, |mprovements in electrical conductivities from unpressed values
haw_ng matrices of flnltt_e conductlylty. Simulations of_syster_ns qf of factors of 8, 4, and 1.4, respectively SL-20, GDR-6, and GDR-14
particles having a porosity or density near the percolation point disyyere observed at the highest compressions. However, factors of im-
play highly probabilistic transport properties, since finite transport yrovement of 5.7 and 38 were obtained with addition of 6 and 14%
properties require percolation. However, real processes assure thahrhon coating.
such systems are percolated, since unpercolated systems simply do Additionally, application of high pressure has the potential to
not form matrices; sufficient mass in physical systems is simply ainduce particle damage, as supported here by high observed CVs for
first requirement in materials manufacture. contact resistance. Greater exposure of graphite in fractured par-
At moderate pressuré400—200 kg/crf), simulated conductivi-  ticles is a major concern, and so determination of optimal pressures
ties for the two models used bounded experimental conductivitiess critical and merits further study.
for SL-20 and GDR-6 anodes. The state of coatinbether perme- The simulations presented here provided a systematic way to
able or impermeabje however, did not strongly affect predicted investigate the state of coating of particles. For the three natural
conductivities with the amorphous carbon-coated materials. Only ingraphite-based materials studied here, the experimental data after
the binder-only material, the SL-20, did these predictions differ sig- compression was within the predictions of 2D impermeable and 2D
nificantly (compare two models’ predictions for conductivity in Fig. permeable model, except for GDR-14 electrodes, which is consistent
8avs.Fig. 8b and ¢ Specifically, at the highest pressuie., high- with the disruption of coating. Further electrochemical testing of
est material densijyexamined for the SL-20 anodes, fully perme- these systems will help determine the coating state.
able coatings produced an approximately threefold improvement in  Adding capability to model contact resistance among particles
predicted conductivity over impermeable coatingsg. 8a, 90%  will be required to improve the understanding of the state of coating.
volume fraction. This is a result of the high resistivity of binder 3D models will also be investigated, based on the thicknesses of
relative to that of amorphous carbon; mixtures of amorphous carborinterest in anodes. Recently, we have developed analytic approxima-
and binder are much closer in conductivity to natural graphite, andtions, in the form of integral expressions and series expansions, of
so the state of coating permeability has less effect on material resispercolation points in monodisperse 2Dand 30 systems; these
tivity, in general. Furthermore, high permeability of coatings also Will form a basis for determining transport properties of multiphase,
results in higher densities at the same pressures, in general. The§®lydisperse systems.
findings support the selection of binder materials and processing
conditions which produce permeable coatings on graphite, both for Acknowledgments
mechanical stability and for high conductivity. This work was generously supported by the Department of En-
As mentioned earlier for the GDR-14 anodes, both of the 2D ergy BATT Program, and the Synthetic Multifunctional Materials
models severely underestimated conductivity, at all pressures, aBrogram of DARPA(Dr. Leo Christodoulou, Program Director,
shown in Fig. 8c. This lack of agreement has several possibleDARPA; Dr. Steve Fishman, Program Director, ONRdditional
sources. First, the inhomogeneous compaction of the materialsupport was provided by an NSF PECASE Aw&hdM.S.). Mate-
shown in Fig. 4j-k, may have required that 3D simulations be used/ials and technical advice were provided by the Lawrence Berkeley
which could lead to errors in reduction of experimental data. Sec-LaboratoriesDr. Frank McClarnoi and the Institut de Recherche
ond, the application of pressure may have altered the particle siz€’Hydro-Quebec(Dr. Karim Zaghih. We gratefully acknowledge
distributions throughout the anodes. Distributions reported herethese sponsors and colleagues.
were only for S_urfac_e particlegimited by SEM capability. Distri- . University of Michigan assisted in meeting the publication costs of this
butions of particle sizes throughout the specimen would be requiregyticle.
to determine whether or not particle breakage occurred. Still, the
high conductivities suggest rearrangement of amorphous carbons to
produce highly conductive regions closer to the current collector.

List of Symbols

A area

The study of graded properties in highly compacted anodes is mer-

L . . cv
ited if these prove electrochemically attractive. D

fi

Dimensionality in simulatior—Our previous simulations G
showed that 2D models were applicable to systems of particles L
wherein the ratio of specimen thickness to particle size falls within 1 R°

to 52° This ratio for the materials studied here ranged from 5.23— T
9.25 for SL-20, 3.35-5.73 for GDR-6, and 4.98-5.57 for GDR-14, 2
for pressures of 300 kg/cihand zero, respectively. Thus, use of a ¢

2D model for compressed materials is reasonable, especially for the pi
GDR-6 and GDR-14. However, a 3D model may be much more
suitable for SL-20 materials. The closeness of the volume fraction of ‘;a?
GDR-14 processed at 300 kg/éito the 2D percolation threshold is o,
~66% volume fraction, assures underprediction of model results to o,
experiments, which must be considered. op

The collision model used in generating 2D systems of polydis-
perse, impermeable particles was much simpler than would be re-
quired in generating 3D systems. Although some effort has been
dedicated to modeling maximum packing fractions in random, 3D 5’
materials:® the maximum packing density for polydisperse spheres 3.
or circles is still unknown. Examination of 3D systems may be
required for thicker anoddse., high energy rather than high power
systemg, but development of packing algorithms for these will be
nontrivial.

Og

4.

coefficient of variationstandard deviation/megan

particle diameter in minor axis direction

volume fraction ofith phase

electrical conductance

particle diameter in major axis direction

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

heat-treatment temperature

ac impedance

porosity

electrical resistivity ofith (SL-20, GDR-6, or GDR-14type of compression
condition

electrical conductivity of amorphous carbon phase

electrical conductivity ofth inclusion phase material

effective conductivity of multiphase material

conductivity of matrix-phase medium

electrical conductivity of PVDF phase

electrical conductivity of graphite phase
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