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Controlling Binder Adhesion to Impact Electrode
Mesostructure and Transport

Ishan Srivastava,” Dan S. Bolintineanu, Jeremy B. Lechman, and Scott A.
Roberts*

Sandia National Laboratories, Albuquerque, New Mexico 87185 USA

E-mail: isriva@sandia.gov; sarober@sandia.gov

Abstract

The complex three-phase composition of
lithium-ion battery electrodes — containing
an ion-conducting pore phase, a nanoporous
electron-conducting carbon binder domain
(CBD) phase, and an active material (AM)
phase — provides several avenues of mesostruc-
tural engineering to enhance battery perfor-
mance. We demonstrate a promising strat-
egy for engineering electrode mesostructures
by controlling the strength of adhesion between
the AM and CBD phases. Using high-fidelity,
physics-based colloidal and granular dynam-
ics simulations, we predict that this strategy
can provide significant control over electro-
chemical transport-relevant properties such as
ionic conductivity, electronic conductivity, and
available AM surface area. Importantly, the
proposed strategy could be experimentally re-
alized through surface functionalization of the
AM and CBD phases and would be compat-
ible with traditional electrode manufacturing
methods.
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1 Introduction

Lithium-ion batteries (LIB) are the lead-
ing energy storage technology and are ever-
increasingly adopted in electric vehicles and
personal electronics.! Although LIBs have
higher energy density and lower cost compared
to other battery systems, there is a persis-
tent demand for even higher energy density.
Significant research towards this goal is fo-
cused on developing new material chemistries
that intrinsically offer high energy density.?
However, a more tractable approach involves
mesostructural engineering of existing Li-ion
material chemistries. Several approaches have
been considered towards this goal, such as
fabricating denser and/or thicker electrodes,?
controlling electrode topology by fabricating
ordered porous structures,? engineering hier-
archical pore size distributions,® and inducing
pore space alignment.® The obvious approach
of increasing electrode thickness and/or density
guarantees higher energy density; however, it
often results in poorer power density due to
restricted ionic transport.” Other approaches
involving pore space engineering produce low
ionic tortuosity electrodes with high energy
density; however, the manufacturing methods
involved in their fabrication are expensive and
often not compatible with conventional slurry-
based LIB manufacturing methods.

LIB electrodes contain four dominant mate-
rials: (1) active material (AM) typically com-
posed of micron-sized particles of an electro-



active material; (2) electron-conducting car-
bon black nanoparticles;® (3) polymeric binder
that provides mechanical strength to the elec-
trode; and (4) ion-conducting electrolyte that
infiltrates a topologically tortuous pore space.
Recent experiments have indicated that car-
bon black nanoparticles and polymeric binder
aggregate during electrode manufacturing into
a nanoporous carbon binder domain (CBD)
phase with a typical length scale of 100nm.%!*
The industrial battery manufacturing process
involves mixing AM particles, carbon black
nanoparticles, and polymeric binder into a non-
aqueous solvent (such as N-methyl pyrrolidone)
to form a slurry, which is then coated onto a
current collector, dried to remove the solvent,
and calendered into high density electrodes,
which are eventually filled with a liquid elec-
trolyte.'? The slurry-based manufacturing pro-
cess is low-cost and highly scalable; as a re-
sult, it is the method of choice for large-scale
industrial battery manufacturing. Therefore,
any technique that enables tailoring electrode
mesostructure to enhance its electrochemical
performance — and is also compatible with con-
ventional slurry-based manufacturing processes
— would be significantly impactful.

In this paper, we demonstrate a potential
route for controlling electrode mesostructure
and its electrochemical performance through si-
multaneous control of two key material param-
eters in the conventional battery manufactur-
ing process: cohesion within the CBD phase
and adhesion between AM particles and the
CBD phase. We recognize that the precursor
slurry of electrode material is composed of large
micron-sized AM particles that are suspended
in a carbon black and binder colloid.® Using
physics-based granular and colloidal modeling
techniques on a large scale, we simulate slurry
fabrication, drying, and eventual calendering
into low-porosity electrodes. We elucidate the
role of AM-CBD adhesion and CBD-CBD co-
hesion on the electrode mesostructure and key
transport-relevant properties. In practice, co-
hesion and adhesion between AM and CBD
phases can be controlled by either adding deple-
tants,® modifying the solvent salt concentra-
tion,'* or by modifying particle surface rough-

ness which has the equivalent effect of modify-
ing the effective attraction between two mate-
rials. ' Such techniques for controlling cohesion
and adhesion in granular and colloidal materials
are well-described in the literature,'® and could
be adapted to battery manufacturing. Several
prior studies have reported chemical modifica-
tions to the binder for increased binder adhe-
sion with the active material that result in im-
proved battery cyclability.!” This study focuses
on the effect of cohesion and adhesion on elec-
trode mesostructure and electrochemical trans-
port.

Imaging the material phases within a bat-
tery electrode is a challenging task and requires
a combination of techniques to reliably repro-
duce the electrode mesostructure. Significant
advances in X-ray micro-tomography (XCT)
have revealed a particulate nature of the AM
phase along with its spatial arrangement within
an electrode. 82! However, XCT can not eas-
ily differentiate the pore and CBD phases, as
both of these phases are relatively transparent
to the high-energy X-rays used for AM phase
identification. Advanced imaging techniques
such as the combination of focused ion beam
(FIB) milling and scanning electron microscopy
(SEM) 10:19:2022 can he used in conjunction with
XCT to resolve the CBD and pore phases at the
nanoscale. Recently, another technique involv-
ing infiltrating the CBD with iron nanoparti-
cles was used in conjunction with XCT to re-
solve CBD and pore phase at the nanoscale.!!
However, the imaged sample volume in these
techniques is small and is not descriptive of
their topological arrangement within the elec-
trode. Additionally, the FIB-SEM technique is
destructive and can alter the mesostructure in
unpredictable ways.

Consequently, several computational tech-
niques have been developed to reconstruct
the pore and CBD phases around the
experimentally-imaged AM phase.??3 26 How-
ever, these techniques lack a strong physical
basis and do not provide any prediction of elec-
trode mesostructure based on material prop-
erties of its constituents, even though they
predict the sensitivity of electrochemical prop-
erties on CBD morphology. 2324 Alternatively,



particle-based methods such as discrete element
method,?” % and coarse-grained molecular dy-
namics®*3* with parameterized force fields?®
have been used to simulate the actual physics
of electrode processing and provide predictive
correlations between electrode mesostructure
and material properties. However, these meth-
ods are computationally expensive;?%37 as a
result, they have predominantly been applied
to idealized electrode materials of small sizes.

The novelty of simulation methods and en-
closed results in this paper are: (i) we have
simulated the fabrication (i.e., drying and cal-
endering) of LIB electrodes at experimentally-
relevant length scales of 100 um; (ii) we have
used realistic size distribution of AM par-
ticles obtained from experimental data and
experimentally-relevant weight ratios of AM
and CBD phases in the simulations; (iii) using
a combination of granular and colloidal simu-
lations along with finite element analyses, we
have described a robust computational frame-
work for studying process-structure-property
relationships in LIB electrodes in a physically
meaningful way; and (iv) by systematically
varying the strength of CBD cohesion and AM-
CBD adhesion, we have highlighted the remark-
able effects of controlling these material param-
eters on the mesostructure and transport prop-
erties of LIB electrodes. We demonstrate that
our predictions of transport properties compare
well with previously reported experiments3®
and computer-generated electrode mesostruc-
tures with a reconstructed CBD phase, 2324 thus
implicating a strong dependence of transport
properties on the CBD morphology.

2 Methods

2.1 Electrode Dynamics and

Composition

Here we provide a brief description of the col-
loidal and granular dynamics simulations em-
ployed in this study. The reader is directed
to the Supporting Information for a more de-
tailed description. The AM of interest is 2500
poly-disperse, spherical particles, whose size

distribution is matched to the experimentally
measured particle size distribution reported
by Ebner et al.'® for LiNi; ;3Mn; ;3Co01 30
(NMC333) particles and is restricted to a min-
imum and maximum diameter of 2 and 20 gum
respectively. The CBD phase within the elec-
trode is represented by uniformly sized coarse-
grained spheres of 500 nm diameter, where
each sphere is assumed to be composed of
50% polyvinylidene fluoride (PVDF) binder
and 50% carbon black by weight. Our choice
of CBD diameter is supported by experimen-
tal imaging of the CBD, ! and rheological mea-
surements of CBD in LIB slurry.® Four different
weight loading ratios of AM:CBD ranging from
90:10 to 96:4 were analyzed,resulting in approx-
imately one to two million CBD spheres for the
2500 AM spheres in each simulation. The large
number of coarse-grained CBD particles em-
ployed in this study provide a nearly-continuum
representation of the CBD phase within the
electrode, thus enabling a high-fidelity analysis
of electrode mesostructure and electrochemical
transport.

The AM and CBD spheres are assumed to
be suspended in an implicit background solvent
that provides a mean-field viscous drag to the
particle motion. Any long-ranged hydrodynam-
ics effects of the solvent are ignored. A recent
study has highlighted that long-ranged hydro-
dynamics play a negligible role in the structure
of dense colloids,®® which is the case here.

The AM particles—as a result of their large
size—are treated as non-Brownian, elastic and
frictional granular spheres that are suspended
within the solvent; as such, their interac-
tions upon contact are suitably described by
the Hertz-Mindlin frictional contact mechan-
ics model.*® The sub-micron sized CBD par-
ticles are colloidal in nature, and they can dif-
fuse through the solvent by Brownian motion
with a diffusivity that depends on their size and
the solvent viscosity. The interaction between
two contacting CBD particles are described by
the cohesive Johnson-Kendall-Roberts (JKR)
contact mechanics model,' with a tunable
strength of cohesive surface energy that is an
important ingredient in the present simula-
tions. Similarly, the interaction between a CBD



and an AM particle is also described by the
JKR contact mechanics model, with a tunable
strength of adhesive surface energy. Although
the JKR contact mechanics model only approx-
imately predicts the interfacial stress of two
contacting spheres with prescribed surface ener-
gies, the analytical form of this model*! is com-
putationally efficient for a particle-based simu-
lation method, and has been used and validated
previously in simulations of solvent-free battery
electrodes.?” In all the results that follow, the
strength of cohesion and adhesion is normalized
by the thermal energy KT of the system. The
reader is directed to the Supporting Informa-
tion for a detailed description of JKR contact
mechanics model.

The motion of the AM and CBD particles
within the solvent is simulated using a combi-
nation of discrete element and colloidal dynam-
ics methods that resolves particle trajectories in
time via explicit time integration of the equa-
tions of motion. The open-source molecular dy-
namics software LAMMPS is used to simulate
colloidal and granular dynamics.4? The reader
is directed to the Supporting Information for a
detailed description of the particles’ equations
of motion.

A detailed micromechanical description of
interfacial contacts between AM and CBD
phases is unknown, with the exception of nano-
indentation studies that have characterized the
effective mechanical strength of the LIB elec-
trodes?® and surface tension measurements of
the surface energy of various component of an
electrode.*® While a particle-based representa-
tion of the AM phase is reasonable, a particle-
based representation of the CBD phase and
the assumption of Hertz-Mindlin and JKR con-
tact mechanics between these phases is approx-
imate. However, this study demonstrates that
the mesostructure and transport properties of
LIB electrodes is strongly related to the mi-
cromechanics of AM and CBD phases, and the
simulations described here explore these rela-
tionships in a physically meaningful way:.

2.2 Electrode Fabrication Simu-
lations

Initially, the AM and CBD particles are ran-
domly dispersed in the solvent at a total solid
volume fraction of 10%, as shown in Fig-
ure 1(Ia), representing the initial state of the
electrode. The simulation box is periodic in
all directions, with lateral dimensions of 110
pm and an initial height of ~ 700 pm. The
first stage of electrode fabrication, slurry dry-
ing, is simulated by compressing the simulation
box from the top—while the lateral dimensions
are kept unchanged—until the system is densi-
fied to a total solid volume fraction of 50%, as
shown in Figure 1(Ib). The box compression
effectively represents solvent drying from the
top surface of the slurry, while neglecting any
evaporation-induced hydrodynamics. The com-
pression is performed sufficiently slowly (within
computational limits) to enable substantial dif-
fusion of the CBD particles within the slurry.
While the rate of solvent drying has been shown
to significantly impact the electrode mesostruc-
ture,**> an examination of these effects is be-
yond the scope of this study. Furthermore,
in slurry processing of electrodes, it has been
demonstrated that only a fraction of the dis-
solved binder adsorbs on the active material
particle surface.#® In this study, we assume
that all of the binder agglomerates with carbon
nanoparticles in the slurry to form the CBD.
At the end of drying, the solvent is assumed
to have completely evaporated, and any further
diffusion of CBD particles is prohibited by re-
moving all solvent effects. The next stage of
the simulation corresponds to electrode calen-
dering, in which the dried 50% porous electrode
is uniaxially compressed at a constant strain
rate to a final porosity of 30%, while the lateral
dimensions are maintained at 110 pm, as shown
in Figure 1(Ic). Upon calendering, the electrode
thickness along the direction of compression—
which is also the direction of electrochemical
transport—varies from ~ 80 to 90 um depend-
ing on the AM weight loading. Although at
high levels of calendering compression, the ac-
tive material particles have been demonstrated
to fracture into smaller constituent particles,*
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Figure 1: Simulation methodology: (I) (a-¢) The manufacturing of three-phase electrodes, from
slurry drying to calendering, is simulated using granular and colloidal dynamics. The AM particles
(red) are poly-disperse granular particles, and the CBD phase is represented by coarse-grained
colloidal particles (blue) of a uniform size. Cross sections in the middle of the electrode are displayed
after slurry drying and calendering. The white region around AM and CBD particles represents
the pore space. (II) The simulated electrode in (I) is first swelled to introduce 50% nanoporosity,
and then mapped onto a regular lattice to provide a spatial distribution of AM (red), CBD (blue),
and pore (white) phases. (III) The effective transport properties are calculated using finite element
analyses, with the spatial distribution of current density shown. All images are from the same
mesostructure realization.



a recent study highlighted that such fracture oc-
curs when the electrodes are calendered to less
than 30% porosity.*® Because the lowest poros-
ity considered in this study is 30%, we do not
simulate AM particle breakage. Furthermore,
calendering has also been demonstrated to in-
duce morphological changes of the adsorbed
binder depending on the binder chemistry.*’
Such effects are also ignored in the present
study.

2.3 CBD Swelling for Nanoporos-
ity

Prior imaging of LIB electrodes using a com-
bination of FIB-SEM and XCT techniques
has demonstrated a two-scale hierarchy of the
electrolyte-filled pore space.!??® At the micron
scale, LIB electrodes are porous. The present
simulations naturally account for such mi-
croscale porosity. However, FIB-SEM imaging
has shown that CBD is also ~ 50% porous with
pores of tens of nanometers in size.'%®! Addi-
tionally, recent experiments on CBD thin films
demonstrated that the CBD mesostructure con-
tained ~ 50% porous regions.®® In the present
simulations, we account for this nanoporosity
by swelling the CBD particles, such that the
volume occupied by the CBD phase is dou-
bled.?* The CBD swelling is achieved by level-
set methods that also modifies the discrete
sphere-like nature of the CBD phase into a more
homogeneous morphology, thus providing fur-
ther resemblance to the imaged CBD phase in
experiments. The coarse-grained swelled CBD
phase is assigned an intrinsic nanoporosity of
50%. Figure 1(II) depicts an image of the elec-
trode in Figure 1(Ic) after CBD swelling.

2.4 Transport Calculations

LIB electrode mesostructures after CBD expan-
sion are analyzed for their geometric morpho-
logical characteristics and transport-relevant
properties. For the former, the three-phase
mesostructure is mapped onto a regular lat-
tice with a resolution of 100nm per grid point,
as shown in Figure 1(II). For transport analy-
ses, the mesostructure is discretized in an un-

structured mesh using the conformal decompo-
sition finite element method,?® and the elec-
tronic and ionic transport conservation equa-
tions are solved to extract effective ionic tor-
tuosity and electronic conductivity. A repre-
sentative finite element solution depicting local
current density obtained upon solving the elec-
tronic transport conservation equation on the
same mesostructure in Figure 1(II) is shown in
Figure 1(III). The reader is referred to Support-
ing Information for further details on these cal-
culation methods.

3 Results

We have simulated electrode fabrication and
analyzed their mesostructural and transport
properties for four ratios of AM and CBD
weight loading, four cohesion strengths of the
CBD phase, four adhesion strengths between
AM and CBD phase, and five different porosi-
ties. For each set of material parameters, three
different realizations were simulated to ana-
lyze statistical variations in mesostructural and
transport properties. Table 1 describes the pa-
rameter space explored in this study. Although
the main text includes results for the highest
and lowest ratio of AM and CBD weight load-
ing, we have included the data from mesostruc-
tural and transport analyses for intermediate
weight loading ratios in Table S1 in the Sup-
porting Information.

3.1 Electrode Morphology

CBD cohesion and AM-CBD adhesion play a
crucial role in the morphology of the electrode.
The four panels in Figure 2 depict the cross sec-
tions in the middle of four electrodes with the
same AM weight loading (90%) and porosity

Table 1: Parameter space explored in this
study.
Property Values
AM:CBD weight loading ratio | 90:10, 92:8, 94:6, 96:4
CBD cohesion strength [k7] 0.1, 1, 10, 100
AM-CBD adhesion strength [kT] 0.1, 1, 10, 100
Electrode Porosity [%] 50, 45, 40, 35, 30




(50%) after solvent drying, but with different
strengths of cohesion and adhesion. Although a
direct comparison of the simulated mesostruc-
tures with real electrodes is not possible due
to experimental challenges in binder imaging
at the length scales of interest, the reader is
referred to previous studies®?3?* for compari-
son with hybrid experimental and synthetically
generated electrode mesostructures containing
both AM and CBD phases.

When CBD cohesion and AM-CBD adhesion
is small, the CBD and pore phases are homo-
geneously well-dispersed around the AM parti-
cles (see panel (c)), and there is no well-defined
structure of the CBD phase. Upon increas-
ing CBD cohesion, while keeping the AM-CBD
cohesion small, the CBD morphology becomes
more connected at long distances, possessing
a string-like rather than a spatially-uniform
structure (see panel (d)). Such string-like
aggregates have also been previously demon-
strated in experiments on dense attractive col-
loids. 53

AM-CBD adhesion has an even more dra-
matic effect on the electrode morphology.
When CBD cohesion is low but AM-CBD adhe-
sion is high, large volumes of CBD diffuses to-
wards and sticks on the surface of AM particles,
thus providing a uniform CBD coating around
AM particles and creating large porous regions
within the electrode (see panel (a)). However,
this effect is somewhat mitigated when the
CBD cohesion is also equivalently high. In this
scenario, the diffusion of CBD towards AM sur-
face is hindered by large CBD cohesion which
creates a gel-like structurally strong CBD net-
work within the pore space, thus preventing
any further CBD migration (see panel (b)).
As a result, the electrode mesostructure bears
a closer resemblance to the case where CBD
cohesion is high but the AM-CBD adhesion is
low. The competing effects of CBD cohesion
and AM-CBD adhesion on the mesostructure
of the electrodes provides a powerful knob to
design CBD morphology within the electrodes.
In the next sections, we describe their effects
on electrode transport properties.

The effects of CBD cohesion and AM-CBD
adhesion are apparent even in electrodes with

increasing AM-CBD adhesion

increasing CBD-CBD cohesion

Figure 2: Cross sections (130x110 pm) of simu-
lated electrode structures with 90% AM weight
loading and a porosity of 50%. The AM, CBD,
and pore phases are colored as red, blue, and
white respectively. The four images correspond
to the highest (100 £7") and lowest (0.1 KT") val-
ues of AM-CBD adhesion and the highest (100
ET') and lowest (0.1 £T") values of CBD cohesion
used in the simulations. Zoomed-in images of
CBD morphology around AM particles is dis-
played within black squares at the top corner

in (a)-(d).

higher AM weight loadings containing lower
fractions of the CBD (see Supporting Informa-
tion for cross sections of simulated electrode
structures with 96% AM weight loading). Par-
ticularly, when the AM-CBD adhesion is high
and CBD cohesion is low, most of the CBD
diffuses towards the AM surface, resulting in
very small fractions of the CBD within the pore
phase. The effect of increasing CBD cohesion,
however, is not as strong as in 90% AM weight
loading, because the low fraction of the CBD
phase is unable to form long-ranged gel-like con-
nected mesostructure. Consequently, the CBD
aggregates into disconnected string-like mor-
phology that are oriented orthogonal to the di-



rection of slurry drying.

Upon calendering the electrodes towards
lower porosities, the effect of CBD cohesion
on the electrode mesostructure is reduced, as
the CBD phase is compressed to a more ho-
mogeneous structure, resulting from the break-
down of the string-like aggregates that exist
at higher porosities for high CBD cohesion
(see Supporting Information for cross sections
of simulated electrode structures with 90%
AM weight loading at 30% porosity). Some
CBD within the porous region still retains its
string-like structure, but a majority of the CBD
that is compressed within small gaps between
AM particles exhibits a more densely-packed
mesostructure. However, for higher AM weight
loadings (see Supporting Information for cross
sections of simulated electrode structures with
96% AM weight loading at 30% porosity), this
modification of the CBD morphology is not as
significant, because the CBD still have enough
volume within the pore phase to aggregate
into string-like morphology, which is also in-
creasingly oriented orthogonal to the direction
of calendering. Therefore, it is apparent that
the volume fraction of CBD within the pore
phase is an important mesostructural metric
that strongly influences its morphology upon
varying its strength of cohesion. For the case
of high AM-CBD adhesion and low CBD cohe-
sion, dominant mesostructural characteristics
are still maintained upon calendering, which
only brings the uniformly CBD-coated AM
particles closer together, but does not alter the
coating morphology. The effects of calendering
on the mesostructure of the electrodes can not
be captured in stochastic methods for generat-
ing the CBD phase around the experimentally-
imaged AM phase.

3.2 Pore Size Distribution

The apparent visual differences within the pore
space upon changing CBD cohesion and AM-
CBD adhesion, as shown in Figure 2, can be
quantified by measuring the pore size distri-
bution (PSD). Here we report PSD calculated
along the medial axis® of the pore phase in
the electrodes. For a given PSD p(r), the value

of p(r)dr indicates the probability of finding
a point on the medial axis of the pore phase
located at a distance between r and r + or
from any solid (i.e., AM or CBD) boundary.
As shown in Figure 3(a) for electrodes with
90% AM weight loading, 50% porosity, and
large CBD cohesion, AM-CBD adhesion does
not have a significant effect on the PSD. In ad-
dition to PSD, we also compute the mean pore
size as a function of the total volume fraction of
CBD in the CBD+pore phase.? In Figure 3(c),
the mean pore size reduces with increasing CBD
fraction, but its value is insensitive to AM-CBD
adhesion. When CBD cohesion is small, AM-
CBD adhesion has a more pronounced effect
on the PSD, as seen in Figure 3(b). Upon in-
creasing adhesion, the PSD becomes heavier-
tailed. This indicates the presence of several
large porous regions within the electrode, which
can also be visually observed in Figure 2. In
addition to the PSD, the mean pore size also
increases significantly—up to 2.5 times—when
the AM-CBD adhesion is large, especially at
low CBD fractions, as shown in Figure 3(d).
Controlling adhesion and cohesion during bat-
tery processing can remarkably transform the
pore space within LIB electrodes, even for the
same electrode composition.

At high fractions of the CBD in the pore
phase, the effect of AM-CBD adhesion is sig-
nificantly reduced even for small CBD cohe-
sion, as shown in Figure 3(d). Thus, there ex-
ists a critical CBD volume fraction in the pore
phase beyond which the effects of controlling
adhesion and cohesion are diminished, as also
discussed in the previous section. This criti-
cal fraction is strongly dependent on the total
AM surface area, and therefore dependent on
AM weight loading and AM particle size dis-
tribution. This is because once a thin layer of
CBD coats the highly adhesive AM surface, the
remaining CBD dispersed in the pore phase is
screened from the strong adhesive forces and
will not preferentially stick on the AM surface.

In addition to PSD, we also calculated the
spatial homogeneity of pore sizes within the
electrode. In Figures 3(e-f), the local pore size
is color coded at various locations within the
pore space. When the CBD cohesion is large,
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Figure 3: (a-b) Pore size distribution (PSD), (c-d) mean pore size, and (e-f) spatial pore size
distribution for high CBD cohesion (100 £7") in (a,c,e) and low CBD cohesion (0.1 £7") in (b,d,f).
PSD in (a,b) correspond to 90% AM weight loading and 50% porosity for various AM-CBD adhesion
in kT (see legend in (a)). Mean pore size in (c¢,d) correspond to 90% AM weight loading averaged
over all porosities for various AM-CBD adhesion in k7" (see legend in (c)). The horizontal error
bars in (c,d) represent one standard deviation in the data. Spatial pore size distribution in (e)
corresponds to low AM-CBD adhesion (0.1 £77), and in (f) corresponds to high AM-CBD adhesion
(100 £T') for 90% AM weight loading and 50% porosity. AM and CBD phases are colored as gray and
black respectively, and the pore phase is colored by its local pore size shown in the accompanying
color map. The pore size in (a-f) is normalized by the CBD coarse-graining length of 500 nm.
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Figure 4: (a-b) AM-electrolyte interface area for various AM-CBD adhesion (see legend in (b)),
and (c-d) three orthogonal slices highlighting local CBD and pore space morphology around an AM
particle for low CBD cohesion (0.1 £7") in (a,c) and high CBD cohesion (100 £7') in (b,d). The
error bars represent one standard deviation in the data. AM-CBD adhesion is fixed at 100 k7T in
(c,d). AM, CBD and pore phases are colored as gray, black and white respectively in (c,d). The
solid blue and dashed green ellipses in (a) group data points for all porosities for 96% and 90% AM
weight loadings respectively.
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the local pore size is homogeneously distributed
within the pore space, as shown by the spatial
pore size distribution in Figure 3(e). However
for large AM-CBD adhesion at small CBD co-
hesion, the local pore space is highly spatially
heterogeneous, as shown in Figure 3(f). This
heterogeneity can have significant consequences
for ion transport within the electrolyte-filled
pores; large spatial heterogeneity of the pore
phase would create regions of high ionic con-
centration rather than uniform ionic distribu-
tion, thus resulting in large transport hetero-
geneity and detrimental effects on battery per-
formance. >3-

3.3 Active Material-Electrolyte
Interface Area

During LIB operation, electrochemical reac-
tions occur at the interfacial area between the
electrolyte and the AM surface. These inter-
faces are primarily present within the mesoscale
pore space, but they also exist within the
nanoporous CBD that is in contact with the
AM surface. Ferraro et al.®” suggests that the
nanoporous space within the CBD is as acces-
sible for ionic conduction as the mesoscale pore
space. The availability of AM-electrolyte inter-
facial area is crucial to battery functioning and
performance. In Figures 4(a-b), the fraction
A of AM surface area exposed to electrolyte-
filled pores is shown as a function of CBD frac-
tion in the CBD+pore phase. Both the surface
area and CBD fraction calculations include 50%
nanoporosity within the CBD, i.e., 50% of AM
and CBD interface area is considered exposed
to the electrolyte.

AM-CBD adhesion and CBD cohesion signif-
icantly effect the AM-electrolyte interface area.
As shown previously, large AM-CBD adhesion
causes the CBD material to preferentially dif-
fuse towards and irreversibly stick to the AM
particle surface; as a result, the available inter-
facial area between AM and electrolyte is sub-
stantially reduced, as confirmed in Figure 4(a)
and also visually seen by the CBD and pore
phase morphology in the cross section images in
Figure 4(c). This effect is partially ameliorated
by the presence of nanoporosity within the
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CBD, which still allows some AM-electrolyte
contact despite the CBD crowding around AM
particles.

CBD cohesion also significantly controls the
AM-electrolyte interface area. When the co-
hesion is high, CBD crowding around an AM
particle is substantially suppressed with CBD
preferentially forming a network-spanning gel.
As a result, larger interfacial AM-electrolyte
area is available, as shown in Figure 4(b) and
also visually by the CBD phase morphology in
Figure 4(d). Furthermore, for low CBD co-
hesion and high AM-CBD adhesion, the AM
weight loading also significantly impacts the
AM-electrolyte interface area. When the CBD
fraction is high (corresponding to 90% AM
weight loading in Figure 4(a); see dashed green
ellipse), AM-electrolyte interface area is less
than the case of lower CBD fraction (corre-
sponding to 96% AM weight loading in Fig-
ure 4(a); see solid blue ellipse), because not
enough CBD is available to crowd the AM par-
ticles. As a result, the available AM-electrolyte
area at low CBD cohesion and high AM-CBD
adhesion depends both on porosity and AM
weight loading. However, when the CBD is
highly cohesive, this effect is suppressed and the
available AM-electrolyte area depends only on
the porosity of the electrode, irrespective of the
AM weight loading.

Our predictions of the AM-electrolyte area
correspond well with the X-ray and SEM to-
mography characterization of similar real NMC
electrodes at 92% AM weight loading, which
highlighted that 87% of the AM surface area
is contacted by the electrolyte.?° More impor-
tantly, our simulations highlight that CBD co-
hesion and AM-CBD adhesion significantly af-
fect the AM-electrolyte area.

3.4 Ionic Tortuosity

The significant differences observed in the pore
phase topology upon modifying CBD cohesion
and AM-CBD adhesion indicate that the effec-
tive ionic tortuosity must also vary significantly
with these material properties. Ionic tortuosity
is estimated from the effective ionic diffusivity
in the electrode D.g through the relation 7 =
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Figure 5: Top row: Ionic tortuosity 7 as a function of porosity € for (a) low CBD cohesion (0.1
kT) and (b) high CBD cohesion (100 £T") for various AM-CBD adhesion (see legend next to (b)).
Closed and open symbols correspond to 90% and 96% AM weight loadings respectively. Dashed
lines indicate best fit to the equation: 7 = ae’. The dotted line shows the original Bruggeman
equation. Black symbols denote data from experiments on NMC electrodes with 90% AM weight
loading (reprinted with permission from ref.3® Copyright 2018 IOP Publishing). Bottom row:
Effective electronic conductivity oeg/ocpa as a function of CBD volume fraction eq,q for (c) low
AM-CBD adhesion (0.1 £7") and (d) high AM-CBD adhesion (100 £7") for various CBD cohesion
(see legend next to (d)). Closed and open symbols correspond to 90% and 96% AM weight loadings
respectively. Dotted line shows Bruggeman effective medium approximation. Black symbols denote

data from XCT images and CBD bridge reconstruction for two AM weight loadings (see legend).
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Dqg€/Deg, where Dy is the bulk ionic diffusiv-
ity in the electrolyte and € is the total porosity
of the electrode, including CBD nanoporosity.
The effective ionic diffusivity D.g is calculated
by solving the diffusion equation on electrode
mesostructures using the finite element method.
Ionic diffusion can occur through CBD as well,
with an effective ionic diffusivity that is 5% of
the ionic diffusivity of pure electrolyte.!%-2451
Although the importance of ionic conduction
through CBD has been recently highlighted in
electrochemical modeling of NMC electrodes,?’
the ion transport is dominated by diffusion
through the mesoporous phase and is largely
unaffected by diffusion through the CBD.

When the CBD is not cohesive, AM-CBD ad-
hesion significantly affects the ionic tortuosity,
with up to 30% higher ionic tortuosity for the
highest AM-CBD adhesion compared to lowest
adhesion at 30% electrode porosity, as shown
in Figure 5(a). Although the electrodes with
the largest AM-CBD adhesion (and low CBD
cohesion) exhibit large pore sizes, as described
in Section 4.2, the ionic tortuosity is counter-
intuitively higher than the electrodes with small
adhesion for the same porosity. This counter-
intuitive effect occurs because the spatial ar-
rangement of AM particles in mesostructures
with large AM-CBD adhesion and small CBD
cohesion is highly heterogeneous (see Figure 2),
resulting in co-existing regions of close-packed
CBD-coated AM particles and regions of high
porosity. The regions of close-packed AM par-
ticles is highly constrictive to the diffusion of
ions, thus resulting in increased ionic tortuos-
ity. Upon increasing the AM weight loading,
the ionic tortuosity is significantly reduced at
all porosities as shown in Figures 5(a) and (b),
although the effect of AM-CBD adhesion still
persists.

For a highly cohesive CBD phase, the effect
of AM-CBD adhesion is not so pronounced, as
shown in Figure 5(b). Furthermore, the ionic
tortuosity is lower in the case of highly cohesive
CBD when the AM-CBD adhesion is high. As
described previously, high cohesion in the CBD
phase restricts the dramatic effects of AM-CBD
adhesion on the mesostructure, thus resulting
in a more uniform spatial distribution of the

13

AM particles that do not contain close-packed
regions of high ionic constriction. When the
AM-CBD adhesion is low, CBD cohesion does
not affect the ionic tortuosity significantly.

Our predictions of ionic tortuosity correspond
well with experiments on a similar electrode
system containing 90% AM weight loading of
NMC532 AM particles,®® as shown by black
symbols in Figures 5(a) and (b). Although a
one-to-one correspondence between experimen-
tal data and numerical predictions is always
challenging from a lack of the knowledge of spa-
tial material topology within experimental elec-
trodes, our numerical results importantly high-
light that a careful control of AM-CBD adhe-
sion and CBD cohesion can significantly modify
ionic tortuosity by up to ~ 30%.

The numerical predictions of ionic tortuosity
was also compared to the classical Bruggeman
effective medium equation, 7 = €%5, which has
historically been used to predict ionic transport
in tortuous battery electrodes.’® We find that
the Bruggeman equation significantly under-
predicts ionic tortuosity, which is consistent
with prior experimental®® and numerical re-
sults,?*% and the deviations from Bruggeman
equation are more pronounced for lower AM
weight loadings, as shown in Figures 5(a) and
(b). However, all the data is well-fitted by a
generalized equation for effective ionic tortuos-
ity, 7 = ae’, where a and b are the fitting pa-
rameters. 3

3.5 Effective Electronic Conduc-
tivity

The AM phase in the cathode of LIB has poor
electronic conductivity, and electronic con-
duction primarily occurs through the carbon-
containing CBD phase. As a result the CBD
phase morphology has a significant effect on the
effective electronic conductivity o.g of the LIB
cathodes. The effective electronic conductivity
is calculated by solving the electronic current
conservation equation, where the CBD phase
conductivity is set to opq = 15.9 S m~1, AM
phase conductivity is set to 0.18 S m~1, and
the electrolyte is non-conducting. 560

As the volume fraction of the CBD phase is in-



creased, the electronic conductivity expectedly
increases, as shown by the variation of ratio
Oeft/Ocba, With the CBD volume fraction €q,q in
Figures 5(c) and (d). When the AM-CBD ad-
hesion is low, the effective electronic conductiv-
ity decreases moderately with increasing CBD
cohesion, as shown in Figure 5(c). The highly
cohesive CBD phase aggregates to form a gel-
like network, which is preferentially oriented or-
thogonal to the direction of drying and calen-
dering. As a result, the out-of-plane conductiv-
ity measured here decreases for the highly cohe-
sive CBD, and this effect is magnified at lower
porosities, i.e., higher €;,q. When the AM-
CBD adhesion is high, the low CBD cohesion
electrode is ~ 20% more conducting than the
high CBD cohesion electrode, as shown in Fig-
ure 5(d). This happens because low CBD co-
hesion results in long-ranged clusters of closed-
packed CBD-coated AM particles, thereby pro-
viding several potentially percolating pathways
for electronic conduction.

The variation of o.g with CBD cohesion is
much less significant at higher AM weight load-
ings, as shown in Figures 5(c) and (d). The
volume of available CBD in these electrodes is
low, and the CBD phase is unable to form long-
ranged gel-like mesostructures, as described in
Section 2. Consequently, the morphological dif-
ferences between low and high cohesion CBD
are small, which reflects in their effective elec-
tronic conductivities.

The predictions of effective electronic conduc-
tivity correspond well with data obtained from
numerically generated electrodes from XCT im-
ages of AM particles'® and bridge-based recon-
struction of the CBD phase,?* for both high
and low AM weight loading, as shown by black
symbols in Figures 5(c) and (d). Particularly,
the data corresponds well with electrodes pos-
sessing high AM-CBD adhesion and low CBD
cohesion resulting in a long-ranged connected
CBD phase, which is consistent with the CBD
morphology obtained from bridge-based CBD
reconstruction rules.?*

Unlike ionic tortuosity of the electrodes, the
effective electronic conductivity corresponds
well with predictions from Bruggeman effective
medium theory: 6162 Ocbd€iny, as shown

Oeff
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by the dotted lines in Figures 5(c) and (d). Tra-
ditionally, the Bruggeman effective theory has
been shown to incorrectly predict the effective
electronic conductivity of the electrodes, %264
following the commonly adopted assumption
that electronic conduction occurs equivalently
through the entire solid (AM and CBD) phase.
The present results demonstrate that if the rel-
ative contributions of AM and CBD phases
towards electronic conduction are taken into
account, Bruggeman effective medium theory
offers reasonable predictions of the effective
electronic conductivity. Conversely, effective
electronic conductivity—which is often easy to
measure in real electrodes®—can provide rea-
sonably accurate estimates of the CBD volume
fraction that is quite challenging to measure di-
rectly in experiments.

(a) 90% AM weight; 50% porosity (b) 90% AM weight; 30% porosity
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Figure 6: Variation of electrode figure of merit
M with AM-CBD adhesion and CBD cohesion
for electrodes for two AM weight loadings and
two porosities (see top of each panel). The top
and bottom color maps denote the range of M
in (a,b) and (c,d) respectively.

3.6 Electrode Performance

The performance of a battery electrode during
operation (charging and discharging) is primar-
ily governed simultaneously by the efficiency of
ionic diffusion, the efficiency of electronic con-
duction, and the available area of AM particles



to the electrolyte for electrochemical reactions.
These transport phenomena were characterized
in the previous sections by ionic tortuosity T,
effective electronic conductivity o.g, and the
available AM-electrolyte area A respectively.

We describe the combined transport perfor-
mance of a battery electrode using a figure of
merit M defined as M = (£)(Z4). This di-
mensionless number provides a first-order de-
scription of electrochemical transport efficiency
within battery electrodes. Note that like A and
7, the ratio (L) is a purely mesostructural
quantity and does not depend on the intrin-
sic CBD electronic conductivity. Consequently,
the parameter M estimates transport efficiency
entirely as a result of electrode mesostructure
rather than intrinsic material properties. The
parameter M was calculated from the results
of the previous sections for electrodes at var-
ious AM weight loadings, electrode porosities,
CBD cohesions and AM-CBD adhesions. Fig-
ure 6 displays the variation of M with AM-CBD
adhesion and CBD cohesion for two AM weight
loadings and two porosities.

The variation of M with AM-CBD cohesion
and CBD adhesion is highly non-trivial. For
90% AM weight loading and 50% electrode
porosity, the most transport-efficient electrodes
are equivalently found when the AM-CBD ad-
hesion is low and CBD cohesion is moderate,
and when CBD cohesion is low and AM-CBD
adhesion is high, as shown in Fig 6(a). For the
former case, transport efficiency is maximized
through a combination of low ionic tortuosity
and large AM-electrolyte area, whereas for the
latter case, transport efficiency is maximized
entirely through increased electronic conductiv-
ity. The trends in M remain consistent upon
calendering the electrodes to 30% porosity, even
though the electrodes become more transport
efficient through increased electronic conductiv-
ity within the dense CBD phase, as shown in
Fig 6(b). Furthermore, the variation of M with
AM-CBD adhesion and CBD cohesion is similar
for electrodes with 96% AM weight loading (see
Figs 6(c) and (d)), even though the electrodes
on average are only one-third as efficient as elec-
trodes with 90% AM weight loading, resulting
from significantly lower electronic conductivity.
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The case of high CBD cohesion and high AM-
CBD adhesion is consistently the least efficient
in transport, resulting from simultaneous high
ionic tortuosity, low electronic conductivity and
low AM-electrolyte interface area.

These results highlight the intricate inter-
dependence of transport phenomena in LIB
electrodes with AM-CBD adhesion and CBD
cohesion. Additionally, these results also
demonstrate that through a careful control of
adhesion in LIB electrode components, it is pos-
sible to achieve significant transport enhance-
ment. Although the figure of merit introduced
in this study provides a simple surrogate for
electrochemical efficiency, a detailed electro-
chemical model such as described in Ferraro et
al.,,?” along with advanced simulation methods
for characterizing ionic diffusion, %% will pro-
vide further insights into the role of AM-CBD
adhesion and CBD cohesion on battery perfor-
mance. Such analyses constitute an important
part of our future work.

4 Conclusion and Outlook

We have presented a comprehensive computa-
tional study that describes a promising strat-
egy to engineer LIB electrode mesostructures
for enhanced electrochemical transport: con-
trolling the CBD phase cohesion and adhesion
between AM particles and CBD phase. Impor-
tantly, this strategy is compatible with tradi-
tional electrode manufacturing methods. Us-
ing a combination of granular and colloidal dy-
namics simulations involving thousands of AM
particles and millions of CBD coarse-grained
particles for several AM weight loadings and
electrode porosities, we have shown the dom-
inant effect of these material parameters on
the mesostructure and transport in LIB elec-
trodes and how they can be carefully con-
trolled to maximize electrode performance for
a given composition of the electrode. The sim-
ulations presented in this study are large in
scale, effectively representing the electrode at
experimentally-relevant length scales of 100um.
Furthermore, these simulations examine the ef-
fects of calendering on the mesostructure of the



electrodes, which is not possible in stochastic
computational methods for simulating the CBD
phase.

The cohesion of the CBD phase and adhesion
between AM-CBD phases significantly control
the CBD and pore phase morphology. Large
CBD cohesion causes the CBD to form discon-
nected string-like networks, instead of a homo-
geneous distribution. Large AM-CBD adhesion
causes CBD particles to diffuse towards and
stick to AM particles, resulting in significantly
larger pore size distributions, and significantly
lower AM-electrolyte interface area. However,
large CBD cohesion was shown to counteract
some of these effects, by providing a dynamical
competition between CBD clustering and AM-
CBD coating.

The analysis of transport-relevant parameters
such as ionic tortuosity, electronic conductivity
and AM-electrolyte interface area reveal that
cohesion and adhesion can significantly modu-
late electrochemical transport. High AM-CBD
adhesion results in reduced AM-electrolyte area
and increased ionic tortuosity, while simultane-
ously also increasing the electronic conductiv-
ity. CBD cohesion has a less dominating ef-
fect on various transport properties, but can
counter-balance some of the effects induced by
large AM-CBD adhesion. AM weight loading
was also shown to play a crucial role: the ef-
fect of cohesion and adhesion is significantly
minimized for higher AM weight loadings. To
put all the transport analysis into perspec-
tive, we formulated a figure of merit describ-
ing the complete electrochemical performance
of an electrode to the first order. We showed
that through the controlling of cohesion and ad-
hesion, electrode performance can be doubled,
thus providing opportunities for material prop-
erty optimization.

This work could open up avenues for ratio-
nal electrode design based on simulations that
incorporate realistic material properties and
also provide predictions of material properties
towards optimizing electrochemical transport.
Because the simulations are physics-based, they
can be extended to optimize other important
properties of LIB electrodes relevant to their
production or operation, such as its mechanical
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strength and the rheology (or manufacturabil-
ity) of its precursor slurry. These constitute an
important part of our future work.

Supporting Information Avail-
able

Electrode dynamics simulations; transport cal-
culations; cross sections of simulated electrode
structures for intermediate AM:CBD weight
loadings at 30% and 50% porosities (Figures S1-
S5); mesostructural and transport properties of
simulated electrodes for intermediate AM:CBD
weight loadings (Table S1)
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