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ABSTRACT

In order to extract the most capacity out of Li-ion battery (LIB) active materials, the optimization of the electrodes architectures at the mesoscale is essential. This
work focuses on the morphology of the inactive phase (carbon additives and binder) through a 3-D modeling approach based on stochastic generation of electrode
mesostructures with realistic LiNi; ,Mn, ,3Co,,30, particle size distributions. It was found that having the inactive phase as a film spread on the active material
results in poorer performance in part due to the loss of active surface area when compared to an agglomerate-like morphology.

In the Lithium Ion Battery (LIB) field, 3-D computational modeling
using continuum approaches supported on Finite Element or Volume
Methods has known exciting new developments in the recent years.
Whether it is the modeling of the dynamic mechanical stress during
discharge [1], or the tremendous progress in the spatial resolution of
imaging [2] that can later support simulations [3], 3-D modeling can
assist in the optimization of the electrodes architectures. 3D-modeling
can be also used to support the optimization of the electrodes manufac-
turing process through the simulation of the slurry , the drying [4] and
the calendering [5,6].Furthermore, 3D-modeling can be used to support
the optimization of the active material (AM) through its microstructure,
size or surface [7,8], and of the inactive phase through its morphology
and its part in the electrode formulation [9].

In the 3D-resolved computational models, the inactive phase (car-
bon additives and binder) is considered as a single phase as carbon and
binder domains (CBD) in order to simplify the description of the elec-
trode. In recent years, a growing interest has been observed on the un-
derstanding of how CBD impacts the electrode and/or cell performance.
,For instance, Danner et al. in late 2016 investigated the impact of a
poorly connected CBD region on the performance of a thick cell [10].
Then, in 2019 an article published by us was addressing the physics that
should be applied in a 3D-model to the CBD by comparing the impact
of different hypotheses for the Li* transport through them, on the dis-
charge performance of LiNi, ,3Mn; ,3C0; ;305 (NMC111) electrodes [11].
More recently, Lu et al. reported a 3-D model where the microstructure
of the CBD was explicitly resolved [3]. Furthermore, only Mistry et al.
focused on the morphology of the inactive phase through a screening
of different parameters to determine effective properties of stochasti-

cally generated 3-D structures and that were fed into a 1-D performance
model [12]. Their approach allowed them to build 2-D classification
graphs for the limitations of the system, but they used homogenized val-
ues for structural parameters and they could not capture the causal link
at the particle level. It transpires that with the recent development of
the field, it is necessary to investigate the influence of the CBD morphol-
ogy on the electrodes performance based on 3D-resolved computational
models.

To study the impact of the morphology of the CBD on the electro-
chemical behavior of an electrode, the systems studied in this work are
half-cells with NMC111-based electrodes versus lithium, with a homo-
geneous separator, as it can be seen in Fig. S1 in the Supporting Infor-
mation. The NMC111 electrodes are 40 x 40 x 60 um? in order to have
a large volume while keeping the computational cost at a reasonable
level. This is a volume in the same order of magnitude of the ones typ-
ically arising from nano-computer tomography characterizations. The
electrodes have a NMC:CBD weight ratio of 94:6, which is a composi-
tion relevant in battery industry. It is assumed that 50 % of the CBD
is composed of micropores where the Lit can migrate but not interca-
late at the interface with NMC [13]. The positive electrodes arose from
stochastic generation, as illustrated in Fig. 1a, using an in house library
of NMC particles obtained from tomography data to build the AM skele-
ton. Two different types of electrodes were generated: one with 33 %
of porosity (25 % in the bulk and 8 % in the CBD micropores) called
hereafter High Porosity -HP- electrode, and one with 25 % of porosity
(15 % in the bulk and 10 % in the CBD micropores) called hereafter
Low Porosity (LP) electrode. These two types of electrodes were gener-
ated twice for a total of four NMC skeletons (HP-1, HP-2, LP-1, LP-2)
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Abbreviations

AM active material

CBD carbon binder domains
DoD depth of discharge

LIB lithium-ion battery
NMC  LiNij/3Mny,5Coq 50,
SoL. state of lithiation

to take into account the stochastic nature of the generation. Moreover,
our INNOV algorithm that can control the morphology of the CBD was
used to add the CBD as a film or as an aggregate [14]. For instance,
for a given NMC skeleton HP-1, arose two electrodes with CBD as film
(HP-1gym.1, HP-1g;5.5) and two with CBD as aggregates (HP-1,4, 1, HP-
1,4g-2)- The difference between the two configurations can be seen in
Fig. 1(b,c) for a slice of HP-1gy, 1 and HP-1,50 1 regpectively. Finally, the

NMC Particles

(a)

(b)

CBD Addit

2 % 33 % porosity (HP)
2 % 25 % porosity (LP)
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electrode mesostructures were meshed using INNOV [14,15] (with all
the NMC particles individually identified), and fed into a Newman-based
[16,17] 3-D model developed in our previous studies [6,18], to simulate
a galvanostatic discharge at a rate of 3C. The associated equations were
solved in the software COMSOL Multiphysics®. The 3-D rendering of
all the mesostructures generated as well as the particle size distribution
of the four NMC skeletons generated are available, respectively in Figs.
S2 and S3, and the specific active surface area, the set of equations and
parameters, respectively in Tables S1-S3.

In Fig. 2a, the discharge curves obtained for the four different cases
are represented with the dispersion related to the stochastic nature of
the electrode generation. For a given condition, for instance HP,g,, the
results obtained with the electrode mesostructures with the same NMC
skeleton (i.e. HP-1,5,; with HP-1,..5, and HP-2,5, 1 with HP-2,.,5)
have been averaged so the light green region is the area between the two
discharge curves representing HP-1,., and HP-2,,, mesostructures. In
other words, the colored regions represent the impact of the NMC skele-

2 % Film

2 % Film

Simulati

2 % Aggregate 2 x Aggregate

Fig. 1. (a) The workflow of the study with the generation of the four NMC particles structures, two with high porosity (HP) and two with low porosity (LP), followed
by the stochastic addition of CBD twice as film and twice as aggregates and finally the 3-D electrochemical modeling. Slices of two electrodes with high porosity
sharing the same NMC particles but different CBD morphologies: (b) the film one and (c) the aggregate one.
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Fig. 2. (a) Discharge curves at a C-rate of 3C with the dispersion due to the NMC skeleton for each condition. The spatial distribution of the SoL at the end of

discharge with the CBD in gray is reported for (b) HP-1g;,,; and (c) HP-1
represented in (d) and (e).

agg-1>

ton on the behavior of the half-cell. It appears that differences from three
distinct origins can be observed. Firstly, the impact of the CBD through
the aggregates morphologies that perform better in terms of specific ca-
pacity with regards to the film configurations. Secondly, the significant
variations due to the NMC skeleton are visible from the colored areas:
for instance for the LPg;,, case the specific capacities range from 41 to
54 mAh.g ! yyc- It is noteworthy that the dispersion due to the CBD
addition (between HP-1,,.; and HP-1,g, 5 or LP-2;, 4 and LP-2gjn5
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and also at the particle level with the surface of contact with CBD in black wireframe

for instance) is almost negligible as illustrated in Fig. S4, which proves
that more repetitions of the CBD addition step in the electrode stochas-
tic generation are not necessary. Lastly, for the low porosity cases, for a
given CBD morphology the specific capacities are systematically lower
than the high porosity cases.

These macroscale discrepancies arose from lower scale differences,
and in that regard 3-D computational modeling is a powerful tool to
access observables (difficult to obtain experimentally) at any location
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Fig. 3. (a) Effective electronic conductivities () and tortuosity factors (@) of the electrolyte (bulk + CBD micropores) averaged for the different conditions. (b)
Normalized electrolyte concentration in Li* ([Li*] / [Li*],,) as a function of the distance from the current collector at the end of discharge for four conditions.
(c-h) The lithiation change, i.e. the difference in lithiation state between two depths of discharge (DoD) as a function of the distance from the current collector. The
color indicates the SoL of the particles at the intermediate DoD, i.e.37.5% and 87.5%, and the size of the disks is proportional to the volume of the NMC particles.

and time during the discharge process. The distribution of the state of
lithiation (SoL), i.e. [Lilyyc /[Lilymcmaxs iS represented in Fig. 2(b,c)
for HP-1 at the end of discharge for the film and aggregate-like CBD,
respectively. Despite having the same NMC particles, the SoL is not dis-
tributed in the same manner at the electrode level. However, the solid
diffusion is limiting in the two cases with the cores of the large NMC
particles being almost unutilized during the discharge.

The impact of the CBD morphology also translates at the particle
level by a heterogeneous distribution of the SoL as seen in Fig. 2(d,e).
For the film case (Fig. 2d), due to the loss of active surface area because
of NMC/CBD contacts (represented by the black wireframe), the Li* will
be intercalated at few “hotspots” leading to locally high SoL while for
the CBD as aggregates (Fig. 2e), the distribution is more homogeneous
because of the larger active surface area (surface area of contact with
the electrolyte) available. Videos of the lithiation process happening at
the electrode and particle scale for both CBD morphologies are available
in the Supporting Information.

As seen previously, the lower porosity has a poorer rate capability
than the higher porosity. Indeed, when the porosity is decreased, both
the electronic conductivity and the tortuosity factor in the electrolyte
will increase, the latter being detrimental to the performance of the bat-
tery cell. For a given AM and electrode composition, finding the opti-
mal porosity is a trade-off between the ionic and electronic transport
limitations. Here the effective electronic conductivity of the electrodes
have been characterized using GeoDict® and the tortuosity factors in
the electrolyte (taking into account the micropores in the CBD) have
been determined thanks to TauFactor (Fig. 3a) [19].
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The electrodes with CBD film-like morphology exhibit lower effec-
tive electronic conductivities than the electrodes with CBD-aggregate-
like morphology. The difference is particularly significant for the high
porosity electrodes, since the solid contact is improved as the porosity
gets lower. This trend is not in agreement with the findings of Mistry et
al. [12], who found that the film configuration had a higher effective
electronic conductivity. This discrepancy can be explained by the differ-
ence in the algorithm used for the stochastic generation of CBD. Indeed,
the present algorithm allows to have more pronounced differences at
the electrode scale while the one used by Mistry et al. [12] has a higher
impact at the microscale. In fact, the film configuration in Mistry et al.
[12] results in a better-connected inactive phase when compared to the
one in this work, which yields an improved effective conductivity of the
film versus the aggregates in their case. While in our study, the CBD
phase is more confined to the surface of the AM in the case of the film
morphology, which hinders the connectivity of the inactive phase.

Moreover, the tortuosity factor 7j;q is higher for the LP electrodes
(with CBD as film or as aggregate) and for the electrodes (HP or LP)
with CBD as a film. Even though there is not experimental validation,
one could postulate that due to the narrower space between NMC parti-
cles in the LP cases, the film configuration of the CBD results in a more
systematic clogging of those pores. While, with a higher porosity, there
are more pathways available for the Li* transport, and with CBD as ag-
gregates, even though some pores might be fully clogged, large pores
almost not clogged with CBD will remain to ensure a proper transport
of Li*. Yet, the difference of the profile of concentration of Li* at the
end of discharge along the thickness of the electrode is almost negli-
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Fig. 4. The average gradient of Li in the NMC particles at different DoD for the (a) HP and (b) LP structures. (c-f) The difference in the state of lithiation versus the
difference in relative active surface area (active surface area / (active surface area + NMC/CBD surface area)) for each of the particles in the electrode mesostructures

with CBD as agglomerate and film.

gible between HP-1,,, and HP-1g,, and between LP-1,,, and LP-1g,
according to Fig. 3b. The gradient of concentration is driven by the NMC
skeleton more than the CBD morphology, as LP-1 demonstrates a steeper
gradient of concentration in the electrolyte than HP-1

From Fig. 3(a,b), it comes that HP, ., has a satisfactory effective elec-
tronic conductivity and a mild [Li*]ejectrolyte gradient. The electrolyte
ionic conductivity kj,, is a function of the electrolyte concentration
[20] as seen in Fig. 85, and in the range of values of [Li*l¢jectrolytes Kion
is around 0.5 S.m™!. For HP,g,, the effective electronic conductivity of
the electrode k¢ ranges from 1.27 S.m~! to 3.78 S.m™1, hence a dual
limitation from the electronic and ionic transports. While for LP,,, kef
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and 7y are higher, hence a stronger ionic limitation (than the electronic
one) visible from the gradient of [Li*]ejecirolyte in Fig. 3b.

These observations will impact the lithiation process during the dis-
charge, as illustrated by the lithiation change, i.e. the difference in SoL,
between different depths of discharge (DoD) in Fig. 3(c-h). This ob-
servable highlights how fast NMC particles are lithiated during a given
period, here during the second and last quarters of the discharge. For
HP-1,4..; in Fig. 3(c,d), since both ionic and electronic limitations are
not negligible, we do not obtain a clear trend where the top or bot-
tom regions of the electrode are favored, instead the lithiation change
is more or less homogeneous.
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Now, if we take the example of an electrode with a more pronounced
ionic transport limitation, i.e. LP-1,4, 1, it is clear from Fig. 3e that dur-
ing the second quarter of discharge, the region closer to the separator
is getting lithiated faster than the rest of the electrode, regardless of the
size of the particles. The NMC particles in this region will reach a con-
centration close to the maximum one, entailing a decay of the lithiation
speed in the last quarter of discharge as evidenced in Fig. 3f. Interest-
ingly, LP-1gj, 1, that has the same NMC skeleton as LP-1,,,.;, hence a
similar [Li*]ejectrolyte gradient, demonstrates a milder gradient of lithi-
ation change (Fig. 3(g,h)). The lithiation process is more homogeneous
because the film configuration results in a lower k¢ (2.03 S.m™! vs
7.08 S.m™1), entailing a higher electronic limitation that will compete
with the ionic transport limitation.

As highlighted in Fig. 2(b-e), the CBD will not only impact in the
electronic percolation, but also through the loss of active surface area
where the Li* can react. Due to the limited surface area in the film cases,
the appearance of “hotspots” for the lithiation of the NMC was demon-
strated at the particle level. The resulting higher heterogeneity is also
noticeable at the electrode level with the average [Lilyyc gradient re-
ported as a function of the DoD in Fig. 4(a,b). At first the gradient is
increasing until DoD = 50% because the simulations start from a fully
delithiated NMC, so the lithiation of the surface of the particles will dras-
tically increase the gradient of concentration. Then, the average gradient
drops thanks to the solid diffusion softening the intra-particles gradient
and to the lithiation process happening at places less favorable because
of the higher SoL of the more favorable active surface regions. The av-
erage gradients for the LP cases (Fig. 4b) are systematically higher for a
given CBD morphology than the HP ones (Fig. 4a) because of a poorer
electrode utilization in the LP cases as illustrated by the lower specific
capacity in discharge (Fig. 2a). In their study, Mistry et al. [12] had also
identified the loss of active surface area as one of the main factor to the
drop of capacity in the electrode with CBD as film.

To go further in the analysis, it is possible with this computational
tool, for a given NMC skeleton, to compare between NMC particles for
electrodes with CBD as film or as aggregates. The difference in SoL as
a function of the difference in relative surface area (active surface area
/ (active surface area + NMC/CBD surface area)) is represented for HP-
lagga - HP-1gim in Fig. 4(e,d), and in Fig. 4(e,f) for LP-1,5,, - LP-
1gim.1- In both cases, there is a clear relationship between the differ-
ence in SoL and the difference in active surface area, almost linear for
DoD = 25% in Fig. 4(c,e). The more active surface area is available,
the higher will be the SoL of the particles. Moreover, this SoL differ-
ence increases during the discharge as seen in Fig. 4(d,f), with the slope
coefficient (based on a linear fitting) increasing in average by ca. 75%
between DoD = 25% and DoD = 100% as reported in Fig. S6.

For the LP-1 (Fig. 4f), it is noteworthy that between DoD = 25% and
DoD = 100%, most of the particles demonstrating the highest SoL dif-
ference for a given difference in active surface area are located close to
the current collector, while it was not the case for DoD = 25% (Fig. 4e).
This can be explained by the higher lithiation change this region will
undergo at the end of discharge due to ionic limitation as demonstrated
in Fig. 3(e=h).

This investigation allowed deconvoluting the influence of the NMC
skeleton from the impact of the CBD morphology on the electrochemical
behavior of the corresponding electrode. While the NMC skeleton has a
higher impact on the electrolyte concentration gradient, at high porosi-
ties the CBD morphology will drive the effective electronic conductivity
of the electrode. Furthermore, the CBD morphology will play a signif-
icant role on the lithiation process that will be more homogeneous in
the case of an aggregate-like configuration because of the larger AM ac-
tive surface area for the Li* to react. A heterogeneous lithiation process
entails a higher utilization of given regions of the electrode, thus a risk
of cracking due to the stress from the deep variations in SoL. It results
that having control at the experimental level over the CBD morphology
would be highly beneficial to the performance of a LIB cell, and this is
a subject not so much addressed in the experimental literature.
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