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Starting from three-dimensional X-ray tomography data of a commercial LiMn;Oy4 battery electrode, the effect of microstructure
on the electrochemical and chemo-mechanical response of lithium-ion batteries is analyzed. Simulations show that particle size
polydispersity impact the local chemical and electrical behavior of a porous electrode, while particle-particle mechanical interactions
favor intercalation induced stress accumulation, resulting in a mechanically unreliable electrode microstructure. Simulations based
on computer-generated electrode microstructures demonstrate that broad particle size distributions deliver up to two times higher
energy density than monodisperse-sized particles based electrodes for low C-rates. However, monodisperse particle size distribution
electrodes deliver the highest energy and power density for high discharge rates due to a higher surface area of reactive material
per unit volume. Calculations show that the surface roughness in experimentally determined electrodes is 2.5 times higher than
the one delivered by perfectly smooth spherical particles in computer generated electrodes, and provide high instantaneous power
performance, but accelerate side reactions that impact negatively on power performance. The combined experimental and modeling
approach demonstrates that porous electrodes with spatially uniform microstructural features improve electrochemical performance
and mechanical reliability, especially for high power density applications.
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Advances in materials chemistry, processing techniques, and elec-
trode microstructure have delivered great advances in rechargeable
lithium-ion battery technology. These accomplishments enable the
possibility to substitute or complement conventional gasoline-based
technologies with hybrid and full electric vehicles.! However, tech-
nological challenges such as poor cycle life and low power perfor-
mance arise from material limitations and the absence of advanced mi-
crostructural engineering.? Traditionally, in commercially used elec-
trodes, microstructural properties such as porosity, average particle
size, and electrode thickness have been used to specify the microstruc-
tural characteristics to minimize the macroscopic power density limi-
tations. Recent work, however, has demonstrated that by engineering
the electrode microstructure, significant performance enhancement
can be achieved.*® In particular, advanced particle morphological
engineering,’ particle packing and polydispersity and its impact on
the local tortuosity,'” and particle surface chemistry and roughness, !
have demonstrated its importance to maximize charge capacity and
device reliability.

Experimentally, Shearing, Kehrwald, Brandon, and Harris pi-
oneered the use of X-ray tomography to characterize the poros-
ity and tortuosity uniformity of graphite composite electrode
microstructures.'>'* Wheeler and coworkers used focused ion beam-
scanning electron microscopy (FIB-SEM) to extract microstructural
cross sections of LiCoO; electrodes and predict the macroscopic trans-
port properties.'® Ender, Hutzenlaub, and coworkers further employed
FIB-SEM to three-dimensionally reconstruct battery electrodes and
calculate its porosity, specific surface area, and pore connectivity.'!”
In addition, Wilson and Harris combined FIB-SEM and EBSD to im-
age the crack and multi-grained particles in LiCoO, electrodes.'® Most
recently, Chung, Ebner, Garcia, and Wood utilized X-ray tomography
to identify individual particles and correlate macroscopic microstruc-
tural properties to processing variables such as electrode compression
and carbon black weight percent, and found that particle packing
inhomogeneities lead to an undesired increase in tortuosity.'""!°

In contrast, modeling and simulation approaches pioneered by
Doyle, Newman, and many others incorporated mean-field descrip-
tions that utilize averaged microstructural features to provide quantita-
tive insight on lithium-ion battery cell design.?*-> Garcia and cowork-
ers integrated SEM and Finite Element simulations to spatially resolve
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the effects microstructure on the local electrochemical kinetics.>333*

Sastry et al. showed that particle packing and morphology impact the
average transport behavior and macroscopic mechanical deformation
in porous electrodes.’>-3” Recently, Zhu, Kee et al. employed mean-
field descriptions and applied them to simulate the electrochemical
performance of battery electrode in three-dimensional reconstructed
microstructures.*%

In spite of the great deal of work, understanding of the microstruc-
tural characteristics has focused on the average performance of battery
electrodes with an emphasis on the impact of porosity on the tortu-
osity inhomogeneities in the electrodes. While such work is key to
understanding the impact of processing on important parameters, it
fails to capture its effect on the local electrochemical interactions and
its associated inhomogeneities.

In this paper, starting from X-ray tomography data of a
LiMn, Oy electrode microstructure (see Figure 1), the effect of particle
size polydispersity and surface roughness are quantified and assessed
in the context of realizing dramatically improved designs. In particu-
lar, effect of particle size polydispersity on the local electrochemical
interactions in lithium-ion battery electrodes are rationalized through
the use of computer-generated electrode microstructures. Here, the in-
fluence of the particle size distribution for both low and high discharge
rates is numerically quantified to rationalize the results obtained by us-
ing three-dimensional, experimentally determined sections. Optimal
particle size distributions as a function of C-rate are proposed.

Theoretical Framework

Electrochemical kinetics.— For a lithium-ion battery system com-
posed of active material and electrolyte, mass and charge transport is
described by the set of partial differential equations:*°

a‘
;;:V-DVc—i-V‘LVd) (1]
ap
a:V.cv<|>+V~LvC [2]

as proposed and throughly validated by Garcia and others. >34 ¢

is the local concentration of lithium, D is the lithium diffusivity, p is
the electrical charge accumulation, o is the electrical conductivity, ¢
is the electrostatic potential, and ¢ is time. L is the electromigration
coefficient, L = DzFc/RT, where z is the valence charge of lithium,
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Figure 1. (a) (b) Three-dimensional rendering of X-ray tomography reconstructed LiMn; Oy electrode from a commercial lithium-ion battery. The reconstructed,
60 pm x 360 pm x 270 pum, electrode exhibits a porosity of € = 0.4. Large spatial variations of porosity are observed in the experimental electrode. (c) Individual
tomogram, 60 pm x 60 wm x 90 wm, sections (O: € = 0.29; ¢: € = 0.45; A: € = 0.40) used for electrochemical and chemo-mechanical analysis demonstrate
that local variations in roughness, particle size, and packing impact the macroscopic electrochemical response.

F is Faraday’s constant, R is the gas constant, and 7 is the abso-
lute temperature. Equation 1 corresponds to a modified expression of
Fick’s first and second law and Equation 2 corresponds to Kirchoff’s
law in its differential form. Equations 1 and 2 reduce to the classical
diffusion and charge continuity equations in the limit of z = 0.
Lithium intercalation occurs at the electrode-electrolyte interface,
i.e.,Li" + e~ = Li. The rate of reaction is controlled by the local
overpotential, 1, as given by the Butler-Volmer relation:*

N . g Fy _ckn
A =i (e kT —e AT ) 3]

~!

The first term on the right side of Equation 3 corresponds to the
forward rate of the anodic process and the second term corresponds
to the backward rate of the reaction. Here, a, and a, are the forward
and reversed intercalation empirical constants. The surface reaction is
further dependent on the exchange current density, i,, which has the
form:

i, = Fk.(c; — c)*c™ (4]
k, is the electrochemical reaction rate constant and ¢, is the lithium

solubility limit.

Mechanical equilibrium.— During galvanostatic cycling, interca-
lation compounds experience significant volumetric changes, and me-
chanical stress distribution develops in the battery. The equilibrium
stress state is resolved through the mechanical equilibrium equation:

V. 5=0 [5]

To describe the chemo-mechanical state of the system, Hooke’s law
is recast as: 343

0;j = Cijkl[ﬁ;z — Bulc — Co)] [6]

where C;jy, is the elastic stiffness tensor, By is the Vegard tensor, ¢,
is the stress free concentration and €, is the total geometrical strain.

Average microstructural properties.— Macroscopically, the reac-
tivity of the active material is determined by the available surface area
per unit volume. A higher area density corresponds to a greater in-
stantaneous power performance because the active material layer can
intercalate more lithium ions per unit volume in the absence of active
material transport limitations. Fundamentally, the theoretical descrip-
tion of the effect of area density on battery electrodes is summarized
through the well established porous electrode theory.?! For an elec-
trode composed of perfectly spherical active material particles, the
area density, a, is given by a = 3(1 — €)/7, where € is the porosity of
the electrode and 7 is the average particle radius. In practice, particle
surface roughness allows an electrode layer to achieve a higher area
density,'! i.e.,

3(1 —€)Ss
a=———
7

(71

where S, is the average surface roughness of the electrode. Here, S, is
defined as the surface area ratio of a representative roughened particle
to the surface area of a perfectly smooth and spherical particle. Thus,
for an electrode composed of perfectly smooth particles, S4 = 1, and
Sa > 1 as the surface roughness increases.

Experimental

The LiMn, 0, electrode was supplied by E1 Moli where fragments
of the electrode were easily separated from the aluminum foil without
the requirement for chemical dissolution (as described by Shearing
et al. in Ref. 12). The X-ray diffraction of the electrode structure is
matched by the ICDD database to LiMn,Oy.

Micro-XRM experiments have been conducted using the 150 kV
Xradia MicroXCT-200 at the Henry Moseley X-ray Imaging Facil-
ity at the University of Manchester, UK. Using a white X-ray beam,
images were captured across a —91 to 91 degree angular range with
20 second exposure. The resulting transmission images were recon-
structed using the Xradia XRM Reconstructor software suite, resulting
in an imaged volume > 1 x 107 wm? with corresponding voxel sizes of
597nm. Image analysis and binarization of the resulting tomographic
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Table I. Discrete Element Method Simulation parameters.3*>> A

Hooke’s law contact model with a damping contribution was used
to describe both the normal and tangential contact mechanics of
particles during compaction.

Name Value Units
Damping coefficient 1.81 x 1077 -
Density of active particles 4750 kg/m?
Dynamic coefficient of friction 0.15 -
Poisson ratio of active particles 0.3 -
Static coefficient of friction 0.25 -
Young’s modulus of active particles 200 GPa
Young’s modulus of compaction wall 180 GPa

volume has been carried out using the Avizo Fire software package
(see Shearing et al. in Ref. 13).

It is noteworthy that higher resolution scans of the same electrode
material have also been conducted using laboratory and synchrotron
nano-CT instruments: as may be expected the higher resolution scans
revealed an increase in volume specific surface area, however the
porosity and pore connectivity were observed to be approximately
constant between the different techniques. This suggests that the res-
olution requirement to characterize the bulk pore structure is not as
stringent as for surface area studies and in this case, lower resolution

(2)

Figure 2. Example computer-generated microstructures produced through
Discrete Element Modeling.*> (a) corresponds to monodisperse distribution,
o, = 0, and (b) corresponds to a polydisperse distribution, o, = 7. The
porosity is € = 0.35. Physical dimensions of simulated electrodes are 60 pm
X 60 pm x 90 pm.
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can be tolerated without sacrificing data quality while simultaneously
leveraging the statistical advantages of larger analysis volumes.

Numerical Setup

Numerical representations of porous electrode microstructures
were generated by inserting spherical particles with defined radii
drawn from a size distribution with a polydispersity, o,, into a simu-
lation domain. The electrode was compacted to a specified porosity
through a Discrete Element Method (DEM) package, ESyS-Particle,*
where the normal and rotational particle contact mechanics were de-
fined through Hooke’s law with a damping factor model. Utilized
DEM simulation parameters are summarized in Table 1.

Figure 2 shows a set of example DEM-generated electrodes. Here,
calculations were performed with a fixed porosity of, € = 0.35. The
particle size was set to match a Gaussian distribution with an average
particle radius of # =3 pm, and a polydispersity of o, = 0 for
monodisperse electrodes and o, = 7 for polydisperse electrodes.

The local electrochemical response for both experimentally recon-
structed and computer-generated electrodes was simulated by imple-
menting Equations 1 to 6 in Batts3D.*® A 12 pum separator layer
was added to the side of the electrode facing the +x axis. Meshes
on the order of 120 x 100 x 150 elements resulted in linear systems
of equations with approximately 1.8 x 10° degrees of freedom. Uti-
lized material properties and simulation parameters are summarized in
Table II. Meshes were fragmented into individual domains, each of
them embodying a single material phase. A constant current density
was applied at the current collector on the face parallel to the —x plane
of the simulation domain. The separator at the +x face was electri-
cally grounded. Chemically, a fixed concentration boundary condi-
tion, ¢ = 0.1c¢,, was applied at the separator face. Mechanically, the
three-dimensional simulation domain was free from applied external
forces, i.e., not subjected to external constraints. The resultant system
of equations were solved using a relative tolerance of 1 x 10~*. Each
electrochemical simulation used on the order to 80 GB of memory and
took approximately 50 hours of wall time on an eight core, 128 GB
random access memory (RAM), 2.4 GHz Linux Ubuntu 10.04 server.

Table II. Physical Properties used in LiMn;O4 battery half cell
simulations.+5%54

Symbol Name Value Units

D. Lithium diffusivity in 1x10~13 m?/s
LiMn;O4

D, Lithium diffusivity in 1x107° m?/s
electrolyte

E. Young’s modulus of 200 GPa
LiMn;04

E, Young’s modulus of 1 MPa
electrolyte

R, Electrode contact resistance 1.5x1073 Q

ke Reaction rate constant at 1.1x10710 m/s
LiMn, Oy | electrolyte
interface

cr Normalization concentration 2.29%10% mol/m3
value for lithium

¢ Normalized initial 0.1 -
concentration of lithium
in cathode

r Average particle radius 3x1076 m

o Anodic empirical constant 0.5 -

og Cathodic empirical constant 0.5 -

B Vegard coefficient of 0.016 -
LiMn;04

[ Electrical conductivity 3.8 S/m
of LiMn; 04

Ce Electrical conductivity of 2.53 S/m

electrolyte/carbon mixture

Downloaded on 2014-01-17 to IP 128.46.207.74 address. Redistribution subject to ECS license or copyright; see ecsdl.org/site/terms_use


http://ecsdl.org/site/terms_use
http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 161 (3) A422-A430 (2014)

The chemo-mechanical simulations required on the order of 30 GB of
RAM and 30 hours of wall time to converge.

The volume fraction populations of active material that has been
utilized during the discharge sequence was summarized in terms of
a frequency plot (histogram), where each position-dependent con-
centration value displays a time-dependent likelihood of occurring.
The bin size, k, was selected to be 300, in agreement with the non-
parametric density estimation method proposed by Izeman where
k=1/206N"Y3 & 30047

Results and Discussion

Experimentally reconstructed microstructures.— Upon recon-
struction, the experimentally obtained LiMn,O;, electrode exhibits
significant particle size, porosity, and spatial homogeneity varia-
tions (see Figure 1). The electrode exhibits a macroscopic porosity
of € = 0.4, an average particle size of 7 =7 wm, and a surface rough-
ness of S4 = 2.49. Because the intercalation kinetics and parasitic
reactions in lithium-ion batteries are highly sensitive to the available
surface area density, deviations from S, = 1 suggest that adjustments
need to be made on porous electrode theory to accommodate the
effect of particle morphology on the performance and reliability of
battery electrodes. Moreover, for the microstructure analyzed herein,
the surface roughness enhances the instantaneous power density of the
electrode. However, its local inhomogeneities also impact on power
density reliability and will ultimately lead to poor material utilization,
as discussed below.

Yy
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Figure 3. (a) Microstructure cross section of a three-dimensional tomogram
section, O), as shown in Figure 1(c). The concentration (b) and voltage (c) at the
end of a 1C galvanostatic discharge demonstrate significant local performance
inhomogeneities that correlate to microstructural properties.
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Individual sections in Figure 1(c) further demonstrate variations
in local microstructural properties of the reconstructed electrode. For
the extracted sections, porosity ranges from € = 0.29 to € = 0.45, and
surface roughness ranges from S, = 2.26 to S, = 3.33. In particu-
lar, Figure 3(a) shows interconnected particles which in turn induce a
set of connected mesoporous channels. The naturally occurring poly-
dispersity of the particles results in spatial nonuniformity in active
material packing, mainly integrated of clusters of small particles.

Figure 3(b) shows the normalized lithium concentration distribu-
tion at the end of a 1C discharge, and shows that local mesoporous
channels facilitate lithium intercalation.*® Moreover, regions popu-
lated with small particle clusters show a great degree of lithium ac-
cumulation. In contrast, the slow solid state diffusion and low surface
area density from regions occupied by large particles display a signif-
icantly lower lithium concentration accumulation.

Figure 3(c) shows the corresponding voltage field at the end of
discharge. Similar to the concentration, voltage is highly inhomoge-
neous due to the spatial variation in particle packing and particle size
across the electrode. Regions rich with small particle clusters favor
faster capacity utilization while regions with larger particles favor
low utilization of charge due to its low available exposed area to the
electrolyte per unit volume.

Figure 4 shows the spatial distribution of the discharge and charg-
ing stresses after a 1C galvanostatic cycle. The intensity of the
intercalation induced stress is quantified through the first stress in-
variant, i.e., the hydrostatic stress. Here, the mechanical displacement

-250MPa

250MPa

Figure 4. (a) Microstructure cross section of a tomogram section (). Spatially
resolved first stress invariant at the end of a 1C discharge (b) and a recharge (c)
process demonstrate interlocking of particles prevents the stress distribution to
relax, resulting in mechanical failure of active material.
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Figure S. Lithium concentration distribution histogram of the reconstructed
microstructure at the end of (a) 1/5C, (b) 1C, and (c) 5C discharge. The
concentration distribution shows that a significant fraction of the theoretical
charge capacity is not utilized at high C-rates due to an unoptimized active
material size polydispersity.

caused by the electrode filler, i.e., polymer binder, is negligible be-
cause of its associated small elastic moduli, thus only the active mate-
rial volumetric changes contribute toward the elastic stress and enables
additional mechanical relaxation during galvanostatic cycling. During
discharge, the volume occupied by small particle clusters exhibits a
compressive stress while larger particles experience a tensile stress as
a result of the steep concentration gradients that develop on those re-
gions that are electrochemically isolated. The mechanical stress state
is reversed during a recharge process. In addition, surface roughness
and closed porosity further intensify the local stress. In particular, high
surface roughness leads to a higher degree of stress from the increased
local electrochemically active surface area. In contrast, closed poros-
ity simultaneously favors mechanical fracture and capacity losses in
lithium-ion battery electrodes because dense electrochemically iso-
lated regions tend to be in a tensile state during discharge, which in
turn become favorable locations for crack propagation because the
isolated porosity area acts as stress concentrators.*->! Current results

Volume Percent

090607 08 09 1
Normalized Concentration

(c)

Figure 6. Heterogeneous lithium accumulation populations visualization. In-
sets (a) through (e) show regions of active material with increasing lithium
concentration. Each white area highlights the microstructural feature that con-
tributes to concentration distribution subpopulation in the histogram.

demonstrate that interparticle connectivity in the simulated recon-
structed microstructures prevents stress relaxation thus favoring me-
chanical failure. Hence, particle adhesion and interlocking suppress
the reliability and will accelerate mechanical failure.’> However, if
interparticle shearing or grain boundary sliding occurred, the local
stress intensity would be reduced.

The effect of discharge rate on the local lithium concentration ac-
cumulation is quantified in Figure 5. For low discharge rates, e.g.,
1/5C, the microstructure has no appreciable effect on the local lithium
accumulation, as expected. At moderate discharge rates, e.g., 1C, the
local microstructure inhomogeneities split the lithium concentration
into multiple microstructural populations. Each lithium concentration
population is a result of specific microstructural features and result in
different electrochemical states (see Figure 6). Furthermore, the large
particle size polydispersity of the commercial battery microstructure
suggests that a significant fraction of active material becomes unuti-
lized as the discharge rate increases. For high discharge rates, e.g., 5C,
the inhomogeneous lithium distribution leads to a dramatic broadening
in the concentration histogram (see Figure 5(c)). Specifically, regions
that accumulate a greater amount of lithium correspond to locations
in the electrode with a greater exposed area per unit volume, namely
clusters of small particles, where lithium can be rapidly replenished,
such as those internal pores that directly connect to the separator.
Regions with low lithium concentration correspond to the core of
particles, or electrochemically shielded regions.

Figure 7 shows the macroscopic voltage of the half-cell system as
a function of utilized charge of the three selected electrode sections,
shown in Figure 1. Simulations demonstrate a higher useful capacity
with decreasing porosity. Here, section () surpasses the delivered
capacity of section A by over 60% while its porosity is only 37%
lower. Moreover, the used capacity of section ¢ exceeds the capacity of
section A by 10% even though the electrode porosity is lower by 13%.
While this further supports results such as those reported by Smith
et al.> on the effect of microstructural properties, it also highlights
that particle size polydispersity, and local electrode reactivity play a
critical role in specifying the macroscopic energy density.
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Figure 7. 1C voltage vs. capacity curves for electrode for different porosity
values, € (O:€=0.29; 0: € =0.45; A: € = 0.40). The large difference in utilized
capacity between sections A and ¢ suggests that particle size polydispersity
and the associated microstructural inhomogeneities are responsible for the
unutilized capacity. In contrast, the galvanostatic response delivered by O
suggests an advantageous design as a result of a higher total available active
material, in spite of the lower porosity.

Computer-generated microstructures.— In order to systematically
quantify the impact of the identified microstructural inhomogeneities
on the delivered power and energy density, electrochemical simula-
tions based on DEM generated porous electrodes were performed to
complement the microstructural analysis. Figure 8 shows the normal-
ized area density, a7 /Sy, of the reconstructed electrode sections and
computer-generated electrodes for different degrees of particle size
polydispersity. Calculations show that the area density, i.e., the instan-
taneous reactivity per unit volume of a battery electrode, approaches
the theoretical limit as the polydispersity decreases to zero. In partic-
ular, microstructures composed of monodisperse particles allow elec-
trodes to reach the maximal area density of a7 /S, = m/+/2 ~ 2.2 for
€ =1 — 1/34/2 ~ 0.26, only amplified by the effect of roughness.
The area density calculated from the reconstructed microstructures
indicates that the experimental electrode possesses an area density

2.5: T T T
afl's':b‘
E]'il

0 L

02 04 06 08 1

Figure 8. Normalized active surface area per unit volume as a function of
porosity. For reconstructed electrode, & corresponds to the area density of
the entire reconstructed electrode, O, ¢, and A corresponds to the area den-
sity of individual tomogram sections. For computer-generated electrodes, @
correspond to monodisperse, randomly distributed electrode particles, A to
o, = 0.47, and B to o, = 7. The solid line corresponds to the theoretical area
density limit. The dash line corresponds to the porosity limit of a crystalline
close-packed electrode, € = 1 — 1/3+/2 & 0.26. The maximum area density
is af /Sy = m/+/2 ~ 2.2 for an electrode composed of spherical particles
exhibiting close-packed configuration.
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Figure 9. Electrochemical behavior for computer-generated cathode mi-
crostructures based on a monodisperse particle size distribution, o, = 0, for a
1C discharge. (a) Lithium concentration histogram, (b) concentration distribu-
tion and (c) voltage fields demonstrate that a uniform microstructure results in
a uniform electrochemical response. (d) highlights those regions where faster
lithium intercalation is favored.

comparable to perfectly spherical particle based electrodes with a
polydispersity of o, = 0.47. The area density, however, varies from
one section to the next and has a direct impact on the useful capacity.

Figure 9 shows the local electrochemical response of a monodis-
perse particle size distribution electrode at the end of a 1C discharge.

Downloaded on 2014-01-17 to IP 128.46.207.74 address. Redistribution subject to ECS license or copyright; see ecsdl.org/site/terms_use


http://ecsdl.org/site/terms_use
http://ecsdl.org/site/terms_use

A428

10 () ——————
a
= 8} ]
3
i“) 6} .
o]
g 4t -
=
) .
0

02 04 06 08 1
Normalized Concentration

Figure 10. Electrochemical behavior for a computer-generated cathode mi-
crostructure based on a polydisperse particle size distribution, o, = 7, for a
1C discharge. (a) Lithium concentration histogram, (b) concentration distri-
bution and (c) voltage fields show that polydispersity and disorder particle
packing result in significant variation in the spatial electrochemical behavior.
(d) highlights regions where faster lithium intercalation is favored, and particle
packing disorder induces local electrochemical shielding.

The electrode microstructure exhibits a uniform porosity distribution
and particle packing. In agreement with the analysis on the exper-
imental microstructure performed herein, microstructurally uniform
porous electrodes result in an homogeneous lithium concentration
intercalation and voltage distribution.

Figure 10 shows the electrochemical state of an electrode of a
polydisperse distribution of particle radii, whose standard deviation is
o, = 7. The resultant chemical and electrical state is shown at the end
of a 1C discharge. In contrast to the monodisperse electrode, the poly-
disperse electrode exhibits microstructural dependent concentration

Journal of The Electrochemical Society, 161 (3) A422-A430 (2014)
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Figure 11. Electrochemical performance of an electrode comprised of a
monodisperse distribution of particles, o, = 0, for a very high C-rate, 20C.
(a) Macroscopic lithium concentration distribution, (b) spatial concentration,
and (c) voltage distributions demonstrate uniform utilization of active material
in monodisperse electrodes. (d) highlights the evenly utilized surface of the
active material.

and voltage distribution similar to the one exhibited by the recon-
structed experimental microstructure. The local variation in porosity
distribution and particle size polydispersity induces local lithium con-
centration and voltage inhomogeneities. In addition, electrodes that
possess a high degree of particle size polydispersity exhibit electro-
chemical shielding, particularly in those regions that exhibit large
particles interacting with smaller ones.

Figure 11 shows that for very high discharge rates, e.g., 20C,
the macroscopic power density of an electrode is strongly controlled
by the available area density. In this case, a monodisperse particle
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Figure 12. Electrochemical performance of a polydisperse distribution of par-
ticles, o, = 7, for a very high C-rate, 20C. (a) Macroscopic lithium concentra-
tion distribution, (b) spatial concentration, and (c) voltage distributions show
the electrochemical performance is highly nonuniform, and a significant frac-
tion of the active material is unused. (d) highlights that smaller particles exhibit
a faster intercalation rate with respect to larger particles, and shield the larger
ones from contributing to performing electrical work.

size electrode microstructure displays a uniform concentration and
voltage distribution. Thus, in agreement with area density calculations,
Figure 11(d) demonstrates that the surface of active material is highly
utilized in the monodisperse electrode.
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Figure 13. Power density response (Ragone plot) for electrode microstruc-
tures for varying degrees of particle size polydispersity. @ correspond to a
monodisperse particle size distribution, A corresponds to o, = 0.47, and B to
o, = 7. O corresponds to section of experimentally reconstructed electrode.
Polydisperse particle size distribution provides a factor of two higher energy
density for low and moderate C-rates while the power performance of monodis-
perse particle size distribution exceeds the performance of a polydisperse size
distribution up to a factor of five for high C-rates applications.

Unlike electrode microstructures with a monodisperse distribution
of particles, a porous electrode with a degree of polydispersity, o = 7,
results in greater spatial inhomogeneities in electric fields, and smaller
amounts of utilized active material. In particular, the core of the largest
particles remain delithiated at the end of the discharge, see Figure 12.
Moreover, result shows that small particles dominate the electrochem-
ical performance for a high C-rate discharge, leaving larger particles
unutilized.

Figures 13 summarizes the macroscopic power density response as
afunction of energy density for electrodes of different degrees of parti-
cle size polydispersity. Results show that for polydisperse particle size
distributions and low C-rates, a greater energy density is delivered in
comparison to monodisperse particle size distributions. Locally, small
particles lithiate faster than large particles, thus provide useful instan-
taneous power while large particles exhibit slower reaction kinetics
and a low state of charge. These local particle size differences lead
to electrochemical potential gradients between the particles that are
annealed out by inducing mass fluxes from the large particles to the
neighboring smaller particles which ultimately result in a larger en-
ergy density. In contrast, electrodes exhibiting a monodisperse particle
size distribution lithiate uniformly and result in a uniform decline in
spatial voltage.

At very high discharge rates, however, the power density delivered
by a monodisperse particle size distribution electrode performs up to
factor of five better than a polydisperse distribution electrode because
of the factor of two increase of reaction area per unit volume avail-
able for intercalation, in agreement with existing accounts reported
literature.’> Broad particle size distributions impose localized large
diffusion distances in the largest particles, and thus result in smaller
amounts of utilized charge.

A comparison against the three-dimensionally reconstructed mi-
crostructure demonstrates that the particle surface inhomogeneities
are detrimental to power density. Here, as the C-rate increases, the
different particle size subpopulations become activated and its local
electrochemical kinetics are suppressed as a result of the inhomo-
geneities on particle roughness. Furthermore, in combination with the
polarization losses that result from the tortuosity inhomogeneities in-
troduced during electrode compaction,'! the macroscopic power den-
sity of the reconstructed electrode decreases faster than the computer-
generated equivalent electrode integrated by a polydisperse particle
size distribution.
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Conclusions

By using three-dimensional X-ray tomography data of a
LiMn, Oy, battery electrode and computer-generated microstructures,
the impact of particle size polydispersity, and surface area density on
the electrochemical performance of battery electrodes was assessed.
Electrochemical simulations show that the reconstructed electrode
contains clusters of small particles which induce mesoporous chan-
nels that facilitate lithium intercalation. In contrast, regions populated
with large particles exhibit a lower lithium intercalation. Results also
demonstrate that electrode regions exhibiting a different degree of
particle size polydispersity will deliver different amounts of useful
charge capacity. Experimentally reconstructed electrodes were found
to exhibit a surface area density 2.5 times higher than electrodes made
out of perfectly smooth and spherical particles, as assumed by porous
electrode theory. The large surface roughness provides a larger instan-
taneous power density, but also favor an increase in the occurrence
of parasitic reactions. Furthermore, mechanical analysis reveals that
processing methods that result in interconnected particles will lower
the mechanical reliability of the electrode.

Electrochemical simulations show that a factor of two energy den-
sity enhancement can be achieved by using polydisperse particle size
electrodes for low C-rate applications. Monodisperse electrodes de-
liver a factor of five higher power density for high discharge rates,
due to a higher surface area per volume ratio. Overall, the performed
analysis demonstrates that advanced battery designs can be realized
by first engineering the particle size polydispersity by customizing it
to meet a high power (monodisperse) or high energy density (polydis-
perse) applications.
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