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Narrowing the gap between theoretical and actual capacity in key Li-based battery systems can be
achieved through improvements in both electronic and ionic conductivities of materials, via addition
of conductive species. Additives do, however, penalize both volumetric and gravimetric properties, and
also limit liquid transport and high rate performance. In this work, we developed a technique to design
and optimize cathode system based directly on the relationships among ionic and electronic conductiv-
i-ion battery
attery design and optimization
attery modeling
lectronic and ionic conductivity

ities and specific energy, for a range of commercially viable cathode electrochemistries and additives.
Our results quantify trade-offs among ionic and electronic conductivity, and conductivity and specific
energy. We also provide quantitative relationships for improved utilization and specific power, with
higher specific energy. Finally, we provide quantitative guidance for the design of high energy density
Li(Ni1/3Co1/3Mn1/3)O2 cells using conductive additives, and also provide guidelines for the design of cath-
ode systems, based directly on solid and liquid phase transport limitations. Future work will focus on

ce, a
higher rates of performan

. Introduction

A key culprit in limiting performance of Li-ion cells is inad-
quate conductivity, both electronic and ionic. Presently, the
ap between theoretical and actual capacities at 1C rate in
eading Li-based technologies are 32.3%, 31.9% and 38.1% in
iFePO4, Li(Ni0.8Co0.15Al0.05)O2 and Li(Ni1/3Co1/3Mn1/3)O2, respec-
ively [1–3]. The relationship between electronic and ionic
onductivity is also problematic, absent mathematical optimiza-
ion, because an increase in one generally penalizes the other.
orous electrodes, used in numerous industrial applications due
o high achievable reaction rates, including Li batteries [4], must
alance these needs.

Individually, various parameters have been examined for

mproving cell performance. Adjustments in form factor [5–7],
athode particle size [8–12], porosity and thickness of the cathode
lectrode and separator [13], electrolyte concentration [13], load-
ng schema for conductive additives [14–18], and cathode particle
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nd will be based on analyses here.
© 2009 Published by Elsevier B.V.

arrangement [19] have all been shown to improve performance.
Among these, improvements in transport properties, ionic and
electronic conductivity, have been empirically shown to have the
greatest effect. To date, however, no comprehensive numerical
study has been reported which studies the optimization of these
parameters via addition of conductive materials.

Continuum, porous electrode models [13,20–22], equivalent cir-
cuit models [23–25], atomistic [26,27], and molecular dynamics
models [28,29], have been widely used to model cells. However, the
variation of electrode material properties due to structural com-
plexities has not, to date, been addressed. Thus, these scales of
simulations do not directly inform engineering of cathode archi-
tecture designs via selection of additives. Few consider ion and
electron transport [12,21], and none correlate conductivities to bat-
tery performance. Cathode design requires mesoscale simulations
with various loading schema, but to date, there is little work in this
area [19].

Optimization of battery design will undoubtedly replace
sequential testing of various cathodic electrochemistries (i.e. those
in Table 1 [1–3,30–33]). This is the preferred path in better match-
ing theoretical and actual capacity, by selecting combinations of

high power and energy density materials. In this study, a numerical,
finite element model at the particle scale was applied to simu-
late porous effective ionic and electronic conductivities in cathodes
with additives. Those effective properties were introduced to
porous electrode model to simulate the battery performance. An

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:cyenhung@umich.edu
mailto:amsastry@umich.edu
dx.doi.org/10.1016/j.jpowsour.2009.11.044
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Table 1
Theoretical capacity and actual discharge capacity of different cathode materials.

Cathode material General properties Theoretical
capacity (mAh g−1)

Discharge capacity
(mAh g−1)

Utilization Rate Additives Reference

LiCoO2 Easy to prepare 274 180 0.66 C/10 Coated with
Al2O3

7% CB

[30]

LiNi1−xCoxO2 High capacity
Low cost

274
x = 0.2

176 0.64 C/10 10% CB [31]

LiMn2O4 Low capacity
High rate
Low cost

148 135 0.91 C/24 32% CB [32]
122 0.90 C/5
120 0.81 1C 10% CB [33]

LiFePO4 High energy density
Low electronic conductivity
Low cost

170 155 0.91 C/25 6% CB
6% graphite

[1]

115 0.68 1C

Li(Ni0.8Co0.15Al0.05)O2 High specific energy
High power

279 190 0.68 1C 3% CB [2]

Li(Ni1/3Co1/3Mn1/3)O2 High energy 278 185 0.67 C/10 40% teflonized [3]
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ptimization approach, similar to Ref. [12], was applied to sim-
lify numerical computation and to make analysis and optimization
easible. The current study focuses on numerical study for the cath-
de design for plug-in hybrid electrical vehicle (HEV) applications.
pecific operating conditions will be selected and experimental
omparison of battery performance will be neglected in the paper.
ur objectives of this study were as follows:

1) To demonstrate predictive methods of both ionic and electronic
conductivity, and to validate predictions of electronic conduc-
tivity.

2) To map relationship between the ionic and electronic conduc-
tivities with additives.

3) To correlate conductivities to battery performance.
4) To identify optimal schema for high energy

Li(Ni1/3Co1/3Mn1/3)O2 cells for plug-in HEV application.

. Methods

From our previous research [18], we have successfully cre-
ted the random particulate structure with cathode particles and
dditives via elastic collision model, and allowing the effective
lectronic conductivity can be predicted via the multi-phase finite
odel. In our previous findings, the porosity and the material types

nd shapes of conductive additives used, as well as connectivity,
trongly influence effective electronic conductivity in a cathode
ystem. The ionic conductivity can also be modeled by the same
echnique. To date, however, there have been no systematic stud-
es published which identify the optimal amount of the conductive

dditives, considering ionic conductivity as well as quantitative
odels of morphology. Indeed, addition of excess conductive addi-

ives not only penalizes gravimetric properties, but also reduces
onic conductivity. In our current paper, we investigated both cath-
de (electronic) and electrolytic (ionic) conductivities based on

able 2
aterial properties of cathode system, electrolyte, and anode.

Parameter Cathode system

Li(Ni1/3Co1/3Mn1/3)O2
a Graphitea

Particle size (�m) 11.04 7.45
Mass density (g cm−3) 4.75 1.95
Bulk conductivity (S m−1) 1.06 × 10−3 1.67 × 104

Diffusion coefficient (m2 s−1) – –
Reference [18] [34]

a Material.
acetylene black2 0.62 1C

our prediction technique [18], and the 1D/2D multi-physics finite
model was used to simulate battery performance with predicted
conductivities as inputs. After these simulations, optimization
approach was used to further analyze and optimize combinations
of materials.

Table 2 lists the material properties of electrodes and elec-
trolyte [18,34–36] studied. In this research, Li(Ni1/3Co1/3Mn1/3)O2
was selected as the active material with PVDF as binder. Graphite
and carbon black were used as conductive additives. The mixture of
PVDF and carbon black (PVDF/C) was simulated as a coating around
the active material and graphite particles, as in prior work [18].
Open spaces were presumed to be filled with electrolyte, i.e. LiPF6
in ethylene carbonate–diethyl carbonate (EC/DEC 1:1, v/v). Cath-
ode compression experiments were used to validate the conduction
modeling; validated conductivities were then used in battery per-
formance simulations.

2.1. Experiments

2.1.1. Materials and compression of cathode system
Cathode electrode was constructed by combining 81.6 wt%

Li(Ni1/3Co1/3Mn1/3)O2 (Seimi Chemical), 4 wt% SFG-6 graphite
(Timcal), 6.4 wt% acetylene black (Denkon), and 8 wt% PVDF binder
(Kureha); fabrication was accomplished in several steps, includ-
ing a compression and drying sequence. They were fabricated at
Lawrence Berkeley National Laboratory by Drs. Battaglia and Gao.
Table 3 shows cathode thicknesses and the volume fractions of
each constituent phase during compression. To construct the cath-
ode, a conductive glue was first made via mixture of acetylene

black and PVDF, with a weight ratio of 4:5. The mixture was agi-
tated for 30 min at 70% power using a Branson 450 Sonicator, to
improve carbon black dispersion. The conductive glue was blended
with Li(Ni1/3Co1/3Mn1/3)O2 and graphite using Polytron PT10-3S
Homogenizer at 3000–5000 rpm for 5 min. The slurry was poured

Electrolyte Anode

PVDF/Ca LiPF6 (1 M) in EC/DEC (1:1)a Lia

– – –
1.86 1.23 0.53
760 0.52 1.20 × 107

– 1.2 × 10−9 –
[18] [35,36] [34]
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Table 3
Cathode thickness and volume fraction of active material, graphite, PVDF, and carbon black during compression at different porosities.

Porosity (%) Active material (%) Graphite (%) Carbon black (%) PVDF (%) Thickness (�m)

6.1 8.3 200.0
7.3 10.0 166.7
8.5 11.6 142.9
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50 31.8 3.8
40 38.2 4.6
30 44.5 5.3

gainst a Mitutoyo doctor blade holder, and spread evenly across
he blade. The blade was set at a height of 250 �m for casting. Trace
MP solvent was spread on the perforated glass table top of the
asting machine; then an Al foil was overlaid on the material, to
erve as a current collector. The Al foil was then held to the glass
y vacuum and the trace NMP. The ratio of the height of the blade
nd the final electrode thickness was set to approximately 3:1 of the
nal target thickness. The laminate was then dried at 120 ◦C for 12 h
nder high vacuum. The cathode was then compressed by rolling
nd cathode electrodes with assigned porosity were obtained by
ontrolling final cathode thickness.

.1.2. Measurement of electronic conductivity
The conductivity of the prepared cathode electrode was mea-

ured using an inline four-point-probe technique [37]. The same
rocedure indicated in Ref. [37] was adopted here. In summary, the
onstant current source was provided from the outer two probes
y a Maccor battery test system Series 4000; the voltage differ-
nce was measured from the inner two probes by an HP 34401A
ultimeter, and two different probe spacing distances were used.

n each sample, five random points were picked for conductivity
easurement.

.1.3. Microstructure of cathode system
FEI Quanta 3D scanning electron microscopy (SEM) was used

o observe the microstructure of the cathode system. SEM pictures
ere taken in two different directions of view angles as Fig. 1 shows.

pecimens for side view were frozen in liquid nitrogen and a razor
lade was then used to provide a clean cut surface for which to
xamine the internal microstructure of the material, with minimal
hearing.

.2. Simulations

.2.1. Packing architecture and conduction modeling
The simulations were performed as described in Ref. [18]. The

imulations were used to estimate effective conductivity, effective
onic conductivity, and effective diffusion coefficient. Briefly, the

rchitecture of the composite cathode, comprised of active mate-
ial, graphite, carbon black, and PVDF, was generated via elastic
ollision modeling. Periodic boundary conditions were assigned
o x-, y-, and z-directions to achieve computational efficiency.
he radius of active materials was set to 0.15 of the representa-

Fig. 2. SEM picture and schematic figure of multi
Fig. 1. Schematic illustration of direction of view angle for SEM.

tive volume; the semi-axes of graphite were dependent upon the
size of active materials. The graphite was assumed as a disk-like
ellipsoid with aspect ratios a/b, a/c and b/c (a, b, and c are the
length of three semi-axes) set to 1, 7.4 and 7.4, respectively. Finite
element meshing was performed using a voxelation method, to pre-
vent mesh-induced singularities. Voxels of 100 × 100 × 100 were
assigned to the representative volume. A cubic element with each
side of 1 unit length enclosing the voxel was generated, with an
assigned material property. ABAQUS/STANDARD [38] was used for
steady state conduction and diffusion analysis. Effective proper-
ties of conduction and diffusion of the representative volume were
then calculated by applying potential difference in the z-direction.
Porous regions were assumed to be fully occupied by the electrolyte
phase. Simulation results of solid phase were later compared with
experimental results to validate the conductivity simulations. Five
simulation realizations were generated for each permutation of
conditions studied.

Two types of simulations were performed. In the first type, uni-
form structures were assumed. In the second type, cathodes were
assumed to be comprised of multiple layers, with conductivities

in each layer based upon their density. This second group of sim-
ulations was performed based on the interrogation of materials
structure, and the non-uniformity in packing, in real materials, as
shown via scanning electron microscopy (SEM).

-layer cathode electrode with 40% porosity.
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In Fig. 2, the left-hand side is the SEM picture from exper-
iment with total porosity of 40% controlled by compression.
The right-hand side is the schematic illustration of layer struc-
ture with different local porosity distributions. Though the total
porosity was 40%, local porosity varied, in all likelihood due to
nonaffine deformation induced by electrode compression. The
schematic on the left illustrates that a cathode with an over-
all porosity of 40% can be modeled as a multi-layered electrode
with porosities of 30%, 40% and 50%; the fractions of each poros-
ity can be determined based on the image analysis of several
SEM images. A cathode of 50% porosity was modeled as manu-
factured; at this porosity, the cathode was uncompressed. Hence,
a multi-layer model for this cathode was not needed, or imple-
mented.

2.2.2. Battery performance modeling
A model Li|Li(Ni1/3Co1/3Mn1/3)O2 system with electrolyte

EC/DEC (1:1, v/v) and LiPF6 salt was used to evaluate battery per-
formance for various cathode designs. Li metal was selected as
anode electrode to eliminate limited reaction rate in anode. The
theoretical capacity of the lithium metal is much higher than the
one for Li(Ni1/3Co1/3Mn1/3)O2. In real applications, excess lithium
is used to assure full utilization of the cathode, and to compensate
for consumption of the active mass by side reactions in electrolyte.
Side reactions were neglected in the current study. In the current
work, the anode thickness was calculated based on the theoreti-
cal capacity provided by the cathode, and the capacity ratio of the
anode-to-cathode is one. The separator was not modeled as a dis-
crete layer, since the cathode alone was optimized. The electrolyte
was assumed to have a thickness of 50 �m. The electrode area was
2.4 × 10−3 m2.

Li-ion battery is significantly affected by discharge condi-
tions such as current rate and cutoff voltage. In our objectives,
we would like to identify optimal schema for high energy
Li(Ni1/3Co1/3Mn1/3)O2 cells for HEV application. Therefore, a 3C
discharge rate was used to meet the plug-in HEV battery goals
from United States Council for Automotive Research [39]. 3.0 V was
selected as cutoff voltage, which is a common and reasonable value.
However, our simulation and optimization technique is not limited
to any specific operating condition. In our technique, different cath-
ode designs as well as different operating conditions can be selected
to meet different applications.

This model was modified from 1D porous electrode model cou-
pled with 2D spherical particle diffusion modeling [21]. Effective
material properties calculated from the previous section were
introduced in this model. The model includes solid phase elec-
trical conduction using current balance based on Ohm’s law,
ionic conduction in electrolyte phase, ionic diffusion in electrolyte
phase in 1D domain, and ionic diffusion in cathode spherical
particles in 2D domain. The governing equations of each region
are summarized in Table 4, where subscript 1 denotes the solid
phase, subscript 2 denotes the electrolyte phase, subscript eff
denotes the effective material property, subscript neg denotes the
material properties of negative electrode, � is conductivity, � is
potential, Sa is the specific surface area, jloc is the local current
density, R is the gas constant, T is the temperature, F is Fara-
day’s constant, f is the ionic activity factor, D is the diffusion
coefficient, t+ is the cationic transport number, c is the cationic
concentration, and r is the radius of the particle. 0.4 is used for
cationic transport number in the simulation. The diffusion coef-
ficient used for the Li in Lix(Ni1/3Co1/3Mn1/3)O2 was an averaged

value from the diffusion coefficient of Lix(Co0.5(NiMn)0.25)O2 and
Lix(Li0.08Co0.16(NiMn)0.38)O2 [40].

The initial conditions and the boundary conditions are shown
in Tables 5 and 6, respectively, where i app is the assigned current
density. From Table 5, initial state of charge is 0.28. Bulter–Volmer
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Table 5
Initial conditions of each simulated domain: 1D porous electrodes and 2D spherical particle.

Description Region

1D domain 2D domain

Anode Separator Cathode Cathode spherical particle

Electrical conduction in solid phase �1 = 0 (1-1) – �1 = 4.4 (2-1) –

Current balance in electrolyte phase – �2 = 0 (3-1) �2 = 0 (4-1) –

Mass balance in electrolyte phase – c2 = 2000 (5-1) c2 = 2000 (6-1) –

Ionic diffusion in solid phase – – – c1 = 14, 870 (7-1)

Table 6
Boundary conditions of each simulated domain: 1D porous electrodes and 2D spherical particle.

Description Boundary

Boundary node in 1D domain Boundary line in 2D domain

1 2 3 4 Cathode surface Other surface

Electrical
conduction in
solid phase

�1 = 0 (8) −ng∇(−�1,eff∇�1) = 0 (9) −ng∇(−�1,eff∇�1) = 0 (10) −ng∇(−�1,eff∇�1) = −i app (11) – –

Current balance
in electrolyte
phase

–

−ng∇
{

−�2,eff∇�2 + 2RT�2,eff

F

[
1 + ∂

∂c2
ln f

]

× [1 − t+]∇(ln c2)

}
= i app (12)

–

−ng∇
{

−�2,eff∇�2 + 2RT�2,eff

F

[
1 + ∂

∂c2
ln f

]

× [1 − t+]∇(ln c2)

}
= 0 (13)

– –

Mass balance in
electrolyte
phase

– −ng∇{−D2,eff∇c2} = i app
F

(14) – ∇{−D2,eff∇c2} = 0 (15) – –

Ionic diffusion in
solid phase

– – – – ∇{−D1∇c1} = jloc

F
(16) ∇{−D1∇c1} = 0 (17)
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Table 7
Upper bound and lower bound of each variable.

Variables Bound
Lower bound Upper bound

Active material (vf.%) 30 45

e
e

j

F
v

maximum surface concentration. The function of Eref is estimated
Graphite (vf.%) 0 7.5
PVDF/C (vf.%) 10 30
Cathode thickness (�m) 50 400
lectrode kinetics were applied at the interfaces of electrode and
lectrolyte:

loc = i0

{
exp

(
�F

RT

)
− exp

(−�F

RT

)}
(18)

ig. 3. SEM pictures of cathode electrodes at (a) 50% porosity side view, (b) 50% porosity t
iew and (f) 30% porosity top view.
ources 195 (2010) 2851–2862

with

� = �1 − �2 − Eref(c1,surf) (19)

and

i0 = k0

√
c2(c1,max − c1,surf)c1,surf (20)

where i0 is the exchange current density, Eref is the open-circuit
potential of the electrode particle, which is a function of c1 at the
surface (c1,surf), k0 is the reaction-rate constant, and c1,max is the
op view, (c) 40% porosity side view, (d) 40% porosity top view, (e) 30% porosity side

from discharge-capability plot at 0.09C [41].
In the battery performance simulation, four design variables

with common design of upper and lower bounds were selected as
shown in Table 7.
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.3. Optimization of conductivities and battery performance

An optimization approach was introduced to design the cath-
de system. The cathode thickness was excluded in the variables for
onduction modeling because the conduction model only simulates
he unit cell of the cathode system, which is independent of cath-
de thickness. Numerical simulations (conduction modeling and
attery performance modeling) were conducted at selected points.
lectronic and ionic conductivities of cathode electrode, specific
nergy, and utilization of simulated battery were included in the
bjective functions.

. Results

Fig. 3 includes the experimental results of SEM pictures of
athode electrode in side view and top view, with different
orosities controlled by compression, where the active material
omprises lighter particles surrounded by the darker PVDF/C phase.

decrease in porosity can be observed from the side views in
igs. 3(a), (c) and (e), corresponding to porosities of 50%, 40%,
nd 30%, respectively. These SEM pictures also show clearly that
hese are inhomogeneous structures. Further, the distribution of
VDF/C and cathode particles is less uniform with decreased poros-
ty. Finally, as porosity decreases, active particles are apparently
ushed into the PVDF matrix. The presence of distinct, active
aterial particles, rather than active particles embedded in PVDF,

ecomes less pronounced at low porosity (per Fig. 3(b), (d), and
f)).

Experimental electrical cathode conductivities were 77 ± 41,
1 ± 25 and 105 ± 63 S m−1 for 50%, 40%, and 30% porosities,
espectively (Fig. 4). Simulation results based on the single-layer
ssumption were 59 ± 5, 90 ± 1.4 and 150 ± 9 S m−1 for 50%, 40%,
nd 30% porosities, respectively. Simulation results based on the
ulti-layered assumption resulted in predicted cathode electri-

al conductivities of 70 ± 30 and 120 ± 65 S m−1 for 40% and 30%
orosities, respectively.

Fig. 5 illustrates the composition of the simulated struc-
ure of the complementary solid phase and electrolyte phase

btained via our voxelated finite element conduction model.
he solid phase was composed of cathode active material,
raphite, and PVDF/carbon black coating. The porous region
as assumed to be filled with electrolyte. Figs. 6–9 show

he simulated structure of active material, PVDF/carbon coat-

Fig. 5. Illustration of composition of cathode electrode:
Fig. 4. Effective electronic conductivity of cathode electrode at different porosities
from compression experiments and simulations.

ing, graphite, and electrolyte phase, respectively, at varying
porosities.

Fig. 10 gives the simulation results for electronic and ionic con-
ductivities, based on a single-layer cathode assumption at different
porosities. These results demonstrate the trade-off of electronic
and ionic conductivities for various cathode porosities. The value
of electronic conductivity was increased by 2.5-fold, from 59 to
150 S m−1 for 50% to 30% porosities; however, the ionic conductiv-
ity dropped from 0.18 S m−1 with 50% porosity to 0.07 S m−1 with
30% porosity.

Fig. 11 shows specific energy as a function of concentration
saturation within particles at different cathode thicknesses. The
difference between concentration saturation within particles and
initial concentration (2000 mol m−3 in Table 5, which is equivalent
to state of charge 0.28) represents the utilization. Compositions
represented by each point were taken from multiple selections
within ranges shown in Table 7. For cathode thicknesses larger than

100 �m, specific energy increased from 10 to 320 Wh kg−1; utiliza-
tion increased from 0.02 to 0.62. For cathode thicknesses ranging
from 50 to 100 �m, specific energy and utilization were also pos-
itively related, but the results comprise another group, of lower
specific energy and higher utilization. Utilization increased from

complementary solid phase and electrolyte phase.
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Fig. 6. Simulated random structure of cathode material partic

Fig. 7. Simulated random structure of PVDF/C at dif
les at different porosities: (a) 50%, (b) 40% and (c) 30%.

ferent porosities: (a) 50%, (b) 40% and (c) 30%.
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Fig. 8. Simulated random structure of graphite at dif

Fig. 9. Simulated random structure of electrolyte at d
ferent porosities: (a) 50%, (b) 40% and (c) 30%.

ifferent porosities: (a) 50%, (b) 40% and (c) 30%.
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Fig. 10. Simulation results of electronic and ionic conductivities of single-layer
cathode electrode at different porosities.
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ig. 11. Optimization results of specific energy as a function of utilization at different
athode thicknesses.

.55 to a maximum of 0.62 with an increase in cathode thickness

rom 50 to 134 �m. Utilization decreased to 0.03 with a decrease
n thickness to 400 �m. Fig. 12 illustrates some cases of discharge
oltage versus utilization.

ig. 12. Discharge curve generated from battery performance simulation of cath-
de electrode with 0% graphite, 10% PVDF/C and (a) 30% active material and 50 �m
hickness, (b) 30% active material and 400 �m thickness, (c) 45% active material and
0 �m thickness, and (d) 45% active material and 400 �m thickness.
ources 195 (2010) 2851–2862

4. Discussion

As SEM pictures show in Fig. 3, the cathode system is not a per-
fectly homogeneous structure. Electrode compression, a common
practice in production of cells, results in some degree of unavoid-
able, nonaffine deformation. Specifically, compressed cathodes, as
do many compressed porous structures, show continuously vary-
ing porosity, rather than uniform, lower porosity, after undergoing
deformation. Though direct modeling of this continuous grading is
one means of studying this effect, in this case, discretized porosities
in the thickness direction were used in order to simplify and reduce
the cost of simulations. The gradation in porosity results in differ-
ent (lower) overall conductivities than would occur with a more
uniform, porous structure.

Theoretically, electronic conductivity should increase with
increasing volume fraction of cathode for both single-layer and
multi-layer simulation results, though there is a large discrep-
ancy in standard deviations between these two models. Both
single-layer and multi-layer simulation results show an increas-
ing trend in conductivity with a decrease in porosity. Increase in
solid phase connectivity by compression enhances electronic con-
ductivity. However, multi-layer simulation results showed wider
deviations, compared with single-layer simulation results. Simu-
lated single-layer structures based on well-randomized collision
realizations, with perfectly coated particles, produced smaller devi-
ations in predicted conductivities. On the other hand, multi-layer
cathodes showed a much wider range of deviation in conductivities
due to non-uniform layered structure, which varied the amount of
percolated paths for electrons and resulted in larger differences in
conductivities.

Single-layer simulation results provided predictions of homo-
geneous cathode structure for an essentially ideal manufacturing
process. Thus, these results may be thought of as the best-
achievable in a real process, possibly attainable by reducing strain
rate in compression. One needs to be cautious in manufacturing
technique in order to prevent non-uniformity, which leads to unex-
pected results such as in the case of 40% porosity.

There is a trade-off between ionic and electronic conductivity;
neither best ionic nor best electronic conductivity ensures the high-
est specific energy. Simulated structural results demonstrate the
complementarity of solid and liquid phases. With reductions in
porosity, more active material or conductive additives can be added
in the solid phase, which results in higher electronic conductivity.
However, cathodes with less porosity have intrinsically slower ion
transport, which limits the reaction and lowers specific energy.

It is sufficient to use highly conductive surface coatings only,
versus using both larger graphite particle and coating, to obtain
high specific energy. In the studied variable ranges, cathode
systems with 36.2% active material, 0% graphite, 10% PVDF/C
and 192.5 �m thickness result in the highest specific energy of
323.5 Wh kg−1. As our previous study shows [18], the PVDF/C coat-
ing phase creates a percolation base on active material spherical
particulate system, which boosts its effective conductivity. It is pos-
sible to use graphite to further increase conductivity, but this will
not contribute to higher specific energy.

Clearly, optimal design is needed to determine cathode thick-
ness and volume fraction of active material. Ion transport, cathode
capacity, and mass balance effect of active material are important
factors on utilization. For thicker cathode electrode (250–400 �m),
long ion transporting distance limits reaction rate, resulting in
lower utilization. In order to improve utilization in thicker elec-

trode, selection of low volume fraction active material to obtain
more porosity is a better strategy. On the other hand, cathode
capacity and mass balance effect of active material explain lower
utilization in thinner electrode (50–100 �m). Fig. 13 shows the
upper bound and lower bound of weight ratio of active material to
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ig. 13. Upper bound and lower bound of weight ratio of active material to whole
attery in studied cases.

hole battery, where the weight ratio decreases with decrease in
athode electrode thickness. Therefore, even though ion has shorter
ransporting distance in thinner cathode, relatively lower capacity
ue to mass balance effect of active material also results in lower
tilization. In thinner electrodes, more active material is required,
ather than porosity, to improve specific energy since liquid limi-
ation is not the dominant issue.

. Conclusions and future work

A method was presented to investigate relationships between
onic and electronic conductivity in the Li-ion battery cathode sys-
em, and correlate the conductivity to specific energy for best
athode design. Cathode electrode was optimized for best spe-
ific conductivity at 3C rate and the highest specific energy of
23.5 Wh kg−1 was obtained by selection of 36.2% active material,
% graphite, 10% PVDF/C, and 192.5 �m cathode thickness.

One key finding is that there is a trade-off between ionic
nd electronic conductivity, and neither best electronic nor ionic
onductivity can achieve best specific energy. Monotonically
ncreasing electronic conductivity by adding more conductive addi-
ive particles is not necessary since highly conductive surface
oatings provide sufficient percolated path. Also, compressing the
athode system in order to obtain higher electronic conductivity
nd theoretical capacity density does not seem desirable in terms
f specific energy for the ranges of materials studied.

Generally, design of cathode electrode for higher specific energy
lso creates higher utilization and specific power. To improve per-
ormance, it is important to consider the effect of cathode thickness
nd volume fraction of active material with regard to the ion
ransportation, cathode capacity, and mass balance effect of active

aterial. Even though specific energy was set as the only objec-
ive function for current research, high utilization of 0.6 and high
pecific power of 1614 W kg−1 could be achieved.

We demonstrated the importance of cathode design and pro-
ided a baseline to optimize cathode composition with additives
o obtain the best specific energy. We also compared the simu-
ated result of electronic conductivity with experimental results.
his comparison can be the baseline of our ionic conductivity pre-
iction. A good battery design also relies on the optimization of
lectrolyte and anode in both geometry and material. Operation

ondition is another major factor for battery performance. In our
ext step, more design variables such as material and geometry
f each cell component, and operating condition will be included
s the future work, as well as battery performance comparison
etween simulation and experiment.
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