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Lithium-ion batteries (LIBs) have been pivotal in advancing electric transportation but still
face significant challenges in achieving higher energy densities, faster charging times, and
longer cycle life. Addressing these challenges requires a comprehensive analysis of the factors
affecting battery performance. To this end, a microelectrode modeling framework is proposed.
This framework enables a thorough analysis of the complex electrochemical and mechanical
interactions by considering each component within the composite electrode. The model
identifies three primary mechanisms that impact battery performance: reduced reaction area,
increased diffusion length, and insufficient electrolyte volume. To mitigate these issues, a
design incorporating excessive electrolyte is proposed. Simulations indicate that this design not
only significantly enhances rate capability but also exhibits excellent mechanical properties.
Furthermore, the model provides valuable insights into degradation mechanisms by examining

the roles of conductive and binder materials and the plasticity of the polymer binder.
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Abstract o1 0ot e
Cell-level battery models, most of which rely on the successful porous electrode theories,
effectively estimate cell performance. However, pinpointing the contributions of individual
components of an electrode remains challenging. In contrast, particle-level models based on
real microstructures describe active material characteristics but do not accurately reflect
performance under cell-level operating conditions. To bridge this modeling gap, we propose a
microelectrode modeling framework that considers each component of a composite electrode.
This framework enables us to analyze the complex electrochemo-mechanical relationships
within the composite electrode. The realistic 3D microstructure of the LiNiy;Mng ;5Cog 150,
composite electrode is reconstructed from focused ion beam-scanning electron microscopy
images. By applying the intrinsic properties of every component, the composite microelectrode
model achieves more than 98% accuracy in terms of the voltage profile compared to the
measurement on coin cells. This model allows us to identify three important mechanisms that

contribute to the discrepancy between cell and particle levels, i.e., reduced reaction area,

increased diffusion length, and insufficient amount of electrolyte. Simulations under an

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

excessive electrolyte condition reveal a significant improvement in rate capability with 94%
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capacity retention at 4C. In addition, the model considers the role of conductive materials and

(cc)

binders as well as the plasticity of the polymeric binder, enabling the study of degradation

mechanisms involving the stability of the binder-particle connection.
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Lithium-ion batteries (LIBs) have been at the forefront of electrifying transportation, yet they
confront significant hurdles in achieving higher energy density, faster charging times, and
longer lifespan. Addressing these challenges requires a thorough analysis of factors impacting
battery performance. LIBs function by transferring electrons from a current collector through
conductive materials and active materials, alongside the movement of lithium ions from one
active material to the other active material via electrolytes. Therefore, the performance of
lithium secondary batteries hinges on the efficient mobility of electrons and lithium ions, a
process heavily influenced by the structural characteristics of the composite electrode. An
illustrative case of enhancing this mechanism is LiFePO, (LFP), widely adopted in
transportation electrification due to its cost-effectiveness and extended cycle life. Initially, LFP
encountered limitations such as low specific capacities (100 — 110 mAh g-1) owing to its low
electrical conductivity and diffusion coefficients!. However, innovations in particle-level
structural design, such as reducing particle size and applying carbon coatings to the particle
surface, have enabled its successful commercialization? 3.

From this perspective, extensive research has focused on analyzing the electrochemo-
mechanical properties of active materials at the particle level. Techniques such as single particle
measurement, scanning transmission X-ray microscopy (STXM), Bragg coherent diffractive
imaging (BCDI), and nanoindentation have been employed for these investigations*”.
Moreover, to overcome experimental constraints, modeling approaches for operando
electrochemo-mechanical analysis have been developed, including phase field modeling and
3D reconstruction-based modeling that implement a realistic particle®!!. These models assess
the feasibility of fast charging and address critical factors such as cracks, critical factors
affecting the degradation of high-nickel particles. However, particle-level studies often
overlook the structural attributes of the composite electrode beyond the active material,

complicating accurate predictions of overall cell behavior.
3
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In contrast, cell-level modeling can directly measure cell performance but is too large,in Seafe s onie

to accurately reflect the characteristics of all components. The battery electrodes are composed
of millions to hundreds of billions of particles: a coin cell (~1 Ah) includes millions, a
cylindrical cell (~5 Ah) contains tens of billions, and an EV pouch cell (~100 Ah) contains
hundreds of billions. Thus, the preferred approach involves pseudo-2-dimensional (P2D)
modeling based on the Doyle-Fuller-Newman model'? 13, which visually represents particles.
To estimate the temperature effects and behavior of the cell, a P2D model is integrated with a
3D heat transfer modeling framework to develop a thermal-electrochemical model. This model
calculates heat generation within the P2D framework and simulates heat transfer throughout
the 3D framework!4 13, While these multiphysics models effectively predict cell performance
under various scenarios through parameter adjustments, their virtual construction that ignores
the microstructure of the electrodes limits the ability to analyze the specific characteristics of
each battery component individually.

Binders are a component that is often overlooked in cell-level modeling. It binds the active
materials, preventing delamination, and enhances the electrical conductivity of the composite
electrode by combining it with conductive materials. During battery operation, binders undergo
cyclic mechanical loads due to the continuous volume expansion and contraction of the active
materials. These cyclic loads can potentially cause fatigue of the binder materials and the failure
of the binder-particle interface, greatly shortening the battery lifespan.

Microelectrode-level modeling allows for the individual implementation of tens to hundreds
of particles, conductive and binder materials (CBM), pores, and current collectors, bridging the
gap between particle-level and cell-level modeling. Integration of advanced imaging
technologies such as focused ion beam-scanning electron microscopy (FIB-SEM), X-ray
microscopy (XRM), or nano-computed tomography (nano-CT) enables realistic representations
of active materials, CBM, pores, and current collectors. This approach facilitates the analysis

of structure-influenced electrochemical properties, including changes in effective exchange
4
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current density due to alterations in active surface area and effective diffusivity influeneed By< s onne

E

particle deformation during cycling!¢-!%. One of the fundamental challenges of furthering
microelectrode-revolved models lies in the complex coupling between electrochemistry and
mechanics. Most of the existing successful models are developed for small deformation, limited
in simulating the physical contraction and expansion of active materials during cycling. This
significantly affects both electrochemical and mechanical properties and reduces prediction
accuracy. Also, these models only consider elastic deformation when analyzing CBM
mechanical characteristics, neglecting the plasticity observed in real cells.

To address these challenges, we acquired hundreds of FIB/SEM images of the
LiNig7Mng 15C0¢ 150, (NMC711) composite electrode, capturing the detailed structure of active
materials, CBM, pores, and current collectors. Leveraging these reconstructions, we developed
an electrochemo-mechanical model at the microelectrode level capable of simulating structural
changes within the composite electrode during cycling. Our investigation meticulously
examines how these changes impact both electrochemical performance and mechanical
characteristics. Furthermore, our model simulates the inelastic deformation within composite

electrodes and predicts mechanical degradation in CBM based on plastic deformation.
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RESULTS AND DISCUSSION View Article Online

DOI: 10.1039/D4EE04856C

Development of a microelectrode-level electrochemo-mechanical model

A composite electrode includes many components: active materials, conductive materials,
binders, and a current collector. For an accurate model, it is crucial to assign appropriate
electrochemical and mechanical characteristics to each constituent. Cell-level models adopt
homogenization, and the effective or equivalent properties are typically applied to each
component!®->2. While these homogenized properties may be adequate for simulating the
overall trends of cell performance, they can introduce significant errors in models requiring
advanced analyses, such as fast charging and cell degradation®®. This discrepancy underscores
the necessity of applying individual properties to each component. For this purpose, methods
allowing separate experimentation on active materials and CBM must be employed.

One of the effective ways to measure the properties of active materials is through particle-
level experiments. In this study, we used the reported electrochemical and mechanical

parameters of single NMC711 particles, measured through single particle measurements and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

nanoindentation (Fig. 1A), and applied these properties to the active material structures’ (Table

1). On the other hand, we manufacture coin cells and directly investigate the electrochemical

Open Access Article. Published on 20 February 2025. Downloaded on 2/22/2025 5:53:26 AM.

properties of the whole cell. These measurements can be compared with the model predictions
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to verify the parameters of each component of the composite electrode. To this end, we
fabricated a cathode composite electrode with a weight ratio of NMC711: PVdF: Super-P = 96:
2: 2 and conducted rate capability evaluations at 1C, 2C, 4C, and 8C rates using a half cell (Fig.
1B). By comparing the rate capabilities at both the particle and cell levels, we aim to understand
the factors influencing the performance of the composite electrode.

A critical step in developing a composite microelectrode model is accurately representing the
structure of the components. This involves generating the structures of all components,

including the active material, conductive additives, binders, and current collectors, and
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appropriately applying their electrochemical and mechanical properties. We reconstructed.&3Ds s onne

E

structure using 540 tomography images taken by FIB/SEM with a resolution of 43 nm (Fig.
1C). In the SEM images, the active materials, current collector, and pores are distinguishable.
After image preprocessing, we set a threshold for grey values to form these structures.
Nevertheless, due to the limitations of equipment precision and computational resources, it is
almost impossible to accurately capture the exact shapes and distribution of conductive
materials that range from sub-nano to tens of nanometers. Consequently, we combined the
conductive materials and binders in the model and applied electrochemical and mechanical
parameters to the combined CBM domain.

The mechanical properties of binder film have only been reported by a few experimental
studies®* 2°. Our study utilized the reported stress-strain curve at different strain rates (0.00003
s —0.003 s™") to derive Young's modulus of 1.05 GPa and yield strength of 19.36 MPa (Fig.
1D). It is worth noting that these values are measured using dried binder film, so they do not
accurately reflect the change in mechanical properties influenced by the electrolyte. Among
various electrolyte effects, the most important is probably the binder swelling induced by
electrolyte impregnation. We observed this phenomenon during the first tens of hours after cell
manufacturing. The essential electrochemical property of CBM for model development is
electronic conductivity, as there is no electrochemical reaction but current flow through the
CBM. Although some studies have measured the electronic conductivity of CBM, the swelling
caused by electrolyte impregnation and structural deformation during cycling alter the
electronic conductivity. Due to the lack of additional physical measurements, this effect has not
been included in our model. We applied an average measured value for CBM's electronic
conductivity (Table 2).

Compared with cell-level models, the microstructure-resolved model enhances the accuracy
by directly defining the governing equations on each component (Fig. 1E), avoiding

homogenization and approximations. Conventional cell-level models commonly approximate
7
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porosity, tortuosity, and active surface area using effective values, which hinders the aceugates- oo
prediction of electrochemo-mechanical properties during cycling. Our model fundamentally
eliminates the necessity for these approximations and can account for structural changes that

occur during cycling. More detailed information is available in the Modeling Methodology

section.

Structural, electrochemical, and mechanical analysis by the electrochemo-mechanical
model of the microstructure

Active materials undergo expansion and contraction due to lithium intercalation and
deintercalation, widely recognized as a major cause of electrode degradation®’-?°. The volume
changes in the active material result in alterations in both electrochemical and mechanical
properties. For example, when the active material expands, the increased active surface area
can induce more reactions between the electrolyte and the active material. On the other hand,
this expansion can also increase the diffusion length within the active material, resulting in high

overpotential. Additionally, the alternating expansion and contraction of the active material

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

during cycles generate stress between active materials, between the active material and the

binder, and between the binder and the current collector. This stress can cause particle cracks,

Open Access Article. Published on 20 February 2025. Downloaded on 2/22/2025 5:53:26 AM.

particle delamination, and even electrode delamination. Therefore, it is essential to thoroughly

(cc)

analyze the electrochemo-mechanical characteristics resulting from structural changes within
the electrode. It is difficult to experimentally analyze these structural characteristics on the
nanometer to tens of micrometer scale in real-time. Our microelectrode-resolved electrochemo-
mechanical model sheds light on encompassing characteristics from the particle to cell level by

virtually implementing the structure of dozens of particles, pores, and CBM using FIB/SEM.

Comparison of experimentally measured characteristics at the particle and cell levels and

interpretation of the results using structural analysis
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One of the main motivations of our model is to bridge the gap between single-particleiand s onre

cell-level measurement. To investigate the performance discrepancy between these two levels,
we compared the rate capabilities of the coin cell with the single particle measurement results
and equilibrium potentials at 1C, 2C, 4C, and 8C rates (Fig. 2A-2F)°. At the beginning of
discharge (x = 0.24 in LixNijy;7Mng 15C00,150;) at 1C rate (60 minutes), the particles showed an
overpotential of only 0.0089 V (equilibrium potential - cell voltage), whereas the coin cells
exhibited a 15-fold higher overpotential (0.1383 V). However, the slopes in the voltage profiles
of the particle, coin cell, and equilibrium potential were similar until x = 0.8 in
LixNiy7Mng 15Cog 150,, indicating that the voltage difference was primarily due to the initially
generated overpotential. After reaching the cut-off voltage (3 V), the overpotentials were
0.3577 for the particle and 0.6169 for the coin cell.

When the C-rates were increased to 2C (30 minutes), 4C (15 minutes), and 8C (7.5 minutes),
the particle showed overpotentials of 0.0142 V, 0.0244 V, and 0.0405 V, respectively, at x =
0.24 in LixNij7Mng 15C0¢ 150,, while the coin cell exhibited 18-20 times higher overpotentials
of 0.2538 V, 0.4505 V, and 0.8234 V, respectively. The capacities of the coin cell were
decreased by 23.89%, 89.23%, and 96.95% compared to the equilibrium potential at 2C, 4C,
and 8C, respectively. This demonstrates the difficulty in fully charging within 15 minutes at the
cell level, although the particle results indicate the possibility of fast charging. Therefore, to
achieve fast charging at the cell level, we need to closely analyze and bridge the gap between
particle and cell performance. In coin cells, the overpotentials are significantly affected by both
the anode and the cathode. In this study, since lithium metal is used as the anode and its
overvoltage is assumed to be constant, the analysis is focused on the cathode.

In this regard, we used microelectrode modeling of the cathode to determine the factors
affecting fast charging and conducted an in-depth analysis. From a structural perspective, the
higher initial overpotential of the coin cell compared to the particle can be attributed to

differences in the electron pathways of the active material and the active surface area which is
9
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the contact area between the electrolyte and the active material. The specific actiye, sprefages onne
areas (surface area / volume) for the particles and the microelectrode are 2,476,784 m? m- and
1,720,752 m? m3, respectively, a difference of 30.52%.

For the composite electrode of the coin cell, both the CBM and current collector must be
considered. Given that CBM contains 12% electrolyte, we assumed that 12 % of the interfaces
between active materials and CBM are active surface area and the remaining 88% of the
interfaces (8.30 x 10 m?) are non-reactive. Also, the interfaces of active materials and the
current collector (7.71 x 10-'° m?) are non-reactive. By subtracting these non-reactive surface
areas from the total area of active materials (7.62 x 10-® m?), the specific active surface area of
the microelectrode is 1,538,340 m? m-3, which is only 62.11% of the particle’s specific surface
area. Additionally, since the active material surfaces positioned at the sides of the composite
electrode are not in contact with the electrolyte, the specific active surface area of the
microelectrode is 1,529,744 m? m=3, which is 61.76% of the particle’s specific active surface

arca.

Since the experiment was conducted under constant current conditions, assuming that the

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

ohmic overpotential remains constant, the increase in overpotential as the discharge progresses

Open Access Article. Published on 20 February 2025. Downloaded on 2/22/2025 5:53:26 AM.

can be attributed to concentration overpotential. Although some literature reports that

(cc)

concentration within a particle can be analyzed using experimental methods, these methods

have limitations®°. In the following of the paper, we will use our model to investigate this aspect.

Electrochemical analysis of the composite microelectrode

The electrochemical model of the microelectrode was developed based on Fick’s law of
diffusion, Ohm’s law, and the Butler-Volmer equation (see Modeling Methodology). The
boundary conditions are illustrated in Fig. S1. For model development, we utilized the fitted
parameters from particle-level studies for the cathode active materials without additional fitting,

while the overpotentials for the anode were measured based on lithium metal three-electrode

10
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experiments (Fig. S2). The developed model was simulated at 1C, 2C, and 4C rates'sgd - onne

validated with an average accuracy of 99.23%, 99.51%, and 98.95%, respectively, compared to
the rate capability of the coin cell (Fig. S3A-S3C). The errors for each voltage profile are
depicted in Fig. S3D-S3F.

At the particle level, all particle surfaces are surrounded by electrolytes, ensuring sufficient
reaction sites. However, at the cell level, contact areas between active materials, between active
materials and CBM, and between active materials and the current collector reduce the effective
active surface area. Insufficient electrolyte further exacerbates the issue, creating a gradient of
lithium-ion concentration within the electrolyte, leading to significant overpotential®!. From
this perspective, we compared the rate capabilities and overpotentials at 1C, 2C, and 4C under
realistic electrode conditions and excessive electrolyte conditions (Fig. 3A and 3B). The
realistic electrode condition is when the electrolyte does not cover the electrode side, and the
excessive electrolyte condition is when the electrolyte surrounds the entire electrode as shown
in Fig. S1A and S1D. So, the difference between the realistic electrode condition and the
excessive electrolyte condition is whether the electrolyte is in contact with the sides. Under
excessive electrolyte conditions, capacities were maintained at 100%, 96.72%, and 94.01% at
1C, 2C, and 4C, respectively, despite the relatively higher overpotential at the initial stage of
charge compared to the overpotential at the late stage of charge. This was attributed to sufficient
reaction sites and electrolytes mitigating the initial overpotential. In contrast, under the realistic
electrode condition where sufficient reaction area and electrolyte volume were not ensured,
charging capacities dropped significantly to 90.5%, 81.58%, and 26.5% at 1C, 2C, and 4C,
respectively, much lower than those under excessive electrolyte conditions. In these realistic
electrode conditions, smooth delithiation did not occur due to inadequate reaction area and
electrolyte, leading to concentration gradients of lithium ions in both the electrolyte and

electrode during charging.

11
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These findings highlight the challenge of achieving high rate charging above 2C (30 min{gtex) - onire

with currently commercialized batteries, influenced by both cathode and anode rate capabilities.
To gain insight into fast charging, we employed our model's advanced analysis technique, 3D
operando analysis, which was conducted at 25%, 50%, 75% charge, and cutoff voltages at 1C,
2C, and 4C under both realistic electrode and excessive electrolyte conditions. This analysis
included evaluation of lithium-ion concentration in the active materials (Fig. 3C and 3G, and
Fig. S4-S6), CBM (Fig. 3D and 3H, and Fig. S7-S9), electrolyte (Fig. 3E and 31, and Fig. S10-
S12), and overpotential of the active material (Fig. 3F and 3J, and Fig. S13-S15).

In the realistic electrode condition at 25% charge at 4C, despite some electrolyte penetrating
the electrode and facilitating simultaneous reactions on the electrode surface and within, a larger
quantity of lithium ions is deintercalated near the electrode surface compared to near the
interface of the active materials and the current collector, creating a significant concentration
gradient of lithium ions (Fig. 3C). Analysis of the lithium-ion concentration in the CBM and
electrolyte reveals a gradient where concentrations are higher near the current collector and
lower near the electrode surface, as lithium ions struggle to diffuse sufficiently into the bulk
electrolyte (Fig. 3D and 3E). Furthermore, due to the migration of lithium ions towards lithium
metal, the lithium-ion concentration in the bulk electrolyte is much lower than in the electrolyte
impregnated within the electrode pores and CBM, resulting in a pronounced concentration
gradient of lithium ions and consequently a high overpotential near the current collector (Fig.
3F).

On the other hand, under the excessive electrolyte condition at 25% charge at 4C, lithium-
ion concentration near the electrode surface and current collector remains uniform (Fig. 3G).
The surplus electrolyte ensures sufficient lithium ions, resulting in even distribution within the
CBM and electrolyte, leading to uniform lithium-ion concentrations (Fig. 3H and 31) and low
overpotential throughout the electrode (Fig. 3J). These findings suggest the potential for

enhanced performance through various patterns etched onto composite electrodes, which
12
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increase specific active surface area and promote rapid lithium-ion diffusion from, actiy
materials to the reaction surface near the current collector®?-34, Moreover, they indicate the
feasibility of supporting charging rates of 4C or higher in a 70 um-thick composite electrode,
albeit with a trade-off between improving rate capability and energy density through patterning.
Particle size is another factor influencing fast charging. Larger particles exhibit slower
diffusion between the center and surface, resulting in reduced rate capability due to increased
diffusion lengths within the particle. Our results also demonstrate less delithiation in larger
particles under both excessive electrolyte and realistic electrode conditions (Fig. 3C and 3G).
Previous literature investigating lithium-ion diffusion in active materials during charging and
discharging confirms that particle size significantly impacts rate capability, as effective lithium
diffusion across the composite electrode depends on particle size optimization®>-37. However,
particle size must balance with mechanical robustness, as smaller particles are more prone to
cracking3®. Therefore, achieving optimal rate capability hinges on effectively managing the

trade-offs between energy density and mechanical durability.

Structural analysis of the composite microelectrode

Published literature indicates that the structural characteristics of electrodes significantly
influence their electrochemical properties® 4°. However, accurately analyzing structural
changes poses a challenge due to the deformation of active materials during cycling. Therefore,
our model incorporates a dynamic microstructure that adjusts to reflect active material
deformation depending on lithium-ion concentration. We simulated structural deformations,
including the plasticity of CBM, at 1C, 2C, and 4C rates in realistic electrode conditions (Fig.
4, Fig. S16-S18, and Video S1). Initially, there was little deformation observed during charging.
However, upon analyzing the structural changes in the cross-section of the composite electrode,
we observed numerous deformations inside the electrode (Video S1). The deformation

increases rapidly between 3.7 V and 3.9 V. The onset voltage of significant volume changes

13
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varies with each rate due to differences in overpotential, illustrated by gray circles (Fig, 4A):" onne
Upon completion of charging at 4.3V, volume reductions of 2.37%, 1.71%, and 0.34% were
observed, accompanied by respective increases in specific surface area of 0.81%, 0.57%, and
0.08% at 1C, 2C, and 4C (Fig. 4A and 4B).

The volume changes in active materials during cycling can lead to deformation of CBM and
potential detachment of the composite electrode from the current collector. However, to achieve
high energy density, composite electrodes minimize the fraction of CBM and emphasize
uniform distribution for mechanical robustness*!. Less discussed in literature is CBM's impact
not only on mechanical strength but also on electronic conductivity within composite electrodes.
Specifically, CBM greatly enhances effective electrical conductivity due to its electronic
conductivity (3.75 x 10° S cm!), which is billions of times higher than that of the active material
(107 — 102 S cm!) 26 42 Therefore, CBM deformation by active material changes can
significantly alter current density within the electrode.

We analyzed current densities inside the electrode, revealing averages of 16.29 A m=2, 35.20

A m?2, and 96.60 A m™ in active materials, and 222.10 A m2, 431.01 A m2, and 1012.92 A m-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

2in CBM at 1C, 2C, and 4C rates, respectively (Fig. 4C and 4D). CBM exhibited over 1000%

Open Access Article. Published on 20 February 2025. Downloaded on 2/22/2025 5:53:26 AM.

higher current density than active materials, resulting in effective current densities (averages of

(cc)

active material and CBM) of 38.78 A m2, 78.39 A m2, and 196.40 A m, approximately 200%
higher than that of the active material, despite CBM comprising only 4 wt% (Fig. 4C). This
indicates that current flow from the current collector to the electrode surface predominantly
occurs through CBM rather than active materials. However, the volume change and specific
surface area do not proportionally correspond to the current density, as the overpotential
increases sharply. Consequently, the current density decreases, as shown in Fig. S15-17, after
the gray circle in Fig. 4. This finding was corroborated by operando analysis, which revealed
high current density areas predominantly within CBM dispersed throughout the electrode at 25%

charge by 4C in both 3D and 2D views (Fig. 4E-4J, and Fig. S16-S18).
14
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High current density areas are sporadically observed within CBM, while active matefialg e e

show high current density only at surfaces in contact with CBM, diminishing towards the
particle center (Fig. 4F and 4I). Within CBM, the current density is high from the current
collector to two-thirds of the composite electrode but low near the electrode surface. This is due
to binder boiling during electrode drying at 130°C after slurry production, which creates voids
and reducing CBM connectivity near the electrode surface (Fig. 4G and 4J). Consequently,
CBM near the electrode surface exhibits current densities similar to those of active materials,

primarily facilitating current flow between particles rather than from the current collector.

Mechanical analysis of the composite microstructure

Analyzing the mechanical integrity of electrode materials, particularly those based on high-
nickel compositions, is essential for ensuring long-term electrode stability. The deformation
behavior of these materials significantly influences the mechanical integrity of composite
electrodes. Therefore, evaluating the volumetric strain in high-nickel active materials involves
a detailed analysis of the lattice parameters along the a-axis and c-axis at the unit cell level
during the processes of charging and discharging®. High-nickel active materials exhibit
anisotropic deformation due to varying strains along the a-axis and c-axis during lithiation and
delithiation. During manufacturing, many NMC primary particles are sintered to form
secondary particles. Therefore, the anisotropic expansion/contraction behavior is homogenized.
In addition, our computational model consists of a large number of secondary particles, and
therefore, it is safe to assume isotropic expansion. To reflect the realistic electrode condition,
an initial pressure equivalent to the reported initial pressure at the electrode surface was applied,
resulting in greater stress and strain compared to scenarios without initial pressure. Specifically,
a constant initial pressure of 20 N generated by the coin cell spring was applied** 4.

Using these assumptions, the stress evolution in the electrode was predicted by applying

hygroscopic swelling theory for the active materials and large-deformation -elasto-

15
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viscoplasticity for the CBM. Mechanical properties were evaluated under excessivg electrolyte: s onne
conditions, demonstrating superior characteristics despite higher stress levels (Fig. 5, Fig. S19-
S30, and Videos S3 and S4). Furthermore, overpotential was lower in excessive electrolyte
conditions compared to the realistic electrode condition (Fig. 3F and 3J), enabling a broader x
range in LixNip;Mng 15C0g 150, utilization, which resulted in higher average and maximum
stresses at the end of charge (Fig. 5SA and 5B). Consequently, superior mechanical integrity was
observed in excessive electrolyte conditions when compared at similar x in
Li,Nig7Mng 15C0.150,. 3D operando analyses of stress and strain were conducted under both
excessive electrolyte and realistic electrode conditions. Under the realistic electrode condition
at 25% charge by 4C, stress concentrated near the electrode surface with significant strain in
active materials (Fig. 5C and 5D). Conversely, the excessive electrolyte condition at 25%
charge by 4C exhibited relatively uniform deformation throughout the electrode, resulting in
uniform stress distribution (Fig. 5G and 5H). Stress and deformation in CBM were concentrated

near the surface in the realistic electrode condition (Fig. SE and 5F), while they were evenly

distributed in the excessive electrolyte condition (Fig. 51 and 5J), similar to the behavior

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

observed in active materials. However, in both excessive electrolyte conditions and realistic

Open Access Article. Published on 20 February 2025. Downloaded on 2/22/2025 5:53:26 AM.

electrode conditions, significant stress was observed in CBM near the current collector. Upon

(cc)

completion of charging (94% charge) in the excessive electrolyte condition (Fig. 5SK-5N), the
maximum stress near the current collector increased to 314 MPa (Fig. 5B). This high stress in
active materials translated to high stress and strain in CBM (Fig. SM and 5N), eventually
leading to plastic deformation in CBM (Fig. S29). Although plastic deformation in CBM may
not cause immediate mechanical degradation in composite electrodes within a single cycle,
hardening evolution over repeated cycles can lead to mechanical degradation in CBM and

potentially result in electrode delamination from the current collector.

Mechanical degradation of conductive and binder materials: Cycle simulation

16
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The mechanical degradation and stress-strain evolution in the CBM were analyzed ysitg-d
elastic-viscoplastic framework, as detailed in the Modeling methodology section. A tensile test
model, mirroring experimental conditions, was developed to simulate tensile tests at strain rates
of 0.00003 s'!, 0.0003 s, and 0.003 s°'. The strength and viscoplastic rate coefficients of the
Perzyna model were calibrated at these strain rates (Fig. 6A), yielding accuracies of 89.21%,
93.75%, and 97.11%, respectively (Fig. 6B).

Using these well-fitted parameters, mechanical degradation was predicted under the
assumption that the volume change of the active materials remains constant over cycles.
Specifically, the model was run for 5 cycles at 1C in the realistic electrode condition, with the
strain evolution quantified at each cycle. The average strain over 5 cycles ranged from 0 to
0.00316, remaining nearly constant within each cycle (Fig. 6C). The average yield strength
increased by 0.01% after 5 cycles (Fig. 6D), indicating minimal hardening of CBM. Therefore,
the overall strain in CBM is insufficient to induce significant plastic deformation during cycling
in the NMC composite electrode containing 2 wt % PVdF. Nevertheless, analyzing the
maximum strain is crucial as partial degradation of CBM can lead to a significant decline in
cell performance. Literature reports indicate that after hundreds of cycles, particles may detach
from the surface of the composite electrode, with these separated particles observed on the
separator surface in post-mortem analyses' 4% 47, Furthermore, if the CBM bonded to the
current collector degrades, the entire composite electrode may separate, resulting in dramatic
deterioration in cell performance*s.

To further elucidate the mechanical behavior, we analyzed the maximum strain occurring
near the current collector in our microelectrode model (Fig. 6E). Unlike the average strain
behavior, the maximum strain decreases with each cycle, indicating plastic deformation in the
CBM. This plastic strain drives the increase in the yield stress, reflected in the hardening of the
CBM. However, since the maximum strain is insufficient to cause fracture or failure, the

increase in yield stress diminishes over cycles and stabilizes at 42 MPa, as calculated by linear
17
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extrapolation (Fig. 6F). Given that the fracture strength of PVdF is 45 MPa at a slgw, loadirg - nne
rate of 0.00003 s*! (Fig. 6B), it is evident that the PVAF material in the NMC active material
composite structure ensures mechanical integrity. This finding underscores the widespread use
of PVdF in batteries.

Despite the development of an advanced CBM model, its limitations are evident. This model
predicts the mechanical degradation of CBM solely based on the hardening due to plastic
deformation. To achieve more accurate simulations of CBM degradation, such as electrode

separation from the current collector or particle peeling, a sophisticated fracture model

incorporating precise CBM mechanical properties is required.
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The motivation for this study stemmed from the observation that the high-rate capability
demonstrated at the particle level significantly diminishes when applied at the cell level.
Therefore, we aimed to understand the structural, electrochemical, and mechanical complexities
when extending from the particle level to the cell level, with a particular focus on fast charging.
To achieve this, we compared particle-level electrochemical characteristics with those at the
cell level. Our findings revealed that achieving a full charge in less than 15 minutes is
challenging for an electrode with a thickness of 70 pum, a loading level of 23.15 mg cm™2, and a
density of 3.3 g cm, which are conditions similar to those of commercialized electrodes'.

To thoroughly analyze and understand the experimental findings, we developed an
electrochemo-mechanical model at the microelectrode level using 3D reconstruction that
accurately reflects the active materials, pores, and CBM in a domain of tens of micrometers.
Our results indicate that the amount of electrolyte, specific surface area, and electrode thickness
significantly influence both electrochemical and mechanical characteristics by generating
lithium-ion concentration gradients in the active materials, CBM, and electrolyte. Additionally,
we analyzed the impact of CBM, which is not considered at the particle level. CBM, being a
material through which current predominantly flows inside a composite electrode, significantly
affects electrochemical performance by increasing effective electrical conductivity. Uneven
binder distribution in the composite electrode interferes with current flow, causing
overpotential, and this uneven distribution becomes more frequent as the electrode thickens.

From a mechanical perspective, the degradation of the composite electrode is closely related
to the plastic deformation of the CBM. We applied an elastic-viscoplastic model to estimate the
large deformation of CBM over cycles. Our results show that PVAF can withstand the stress
generated by the deformation from nickel-based active materials during cycling, as the yield
stress saturates before reaching the fracture stress. Therefore, PVdF is one of the most stable

materials that has been widely used for NMC composite electrodes. At the same time, it is worth
19
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noting that due to computational limitations, this model has not considered the, long-terfii nne
degradation effects such as particle fatigue crack, SEI growth, Li plating, and gas generation.

In reality, as the cycle number increases, these effects will become prominent, and the plastic
deformation of PVdF binder is expected to accumulate.

Despite the development of this advanced analytics platform, several challenges remain to be
addressed: 1) During the battery manufacturing stage, it is crucial to account for the expansion
of the composite electrode due to electrolyte impregnation, as CBM impregnated with
electrolyte exhibits poorer mechanical properties than dried CBM. Therefore, the properties of
CBM impregnated with electrolyte must be accurately measured and applied to the model.
Although several studies have attempted to analyze the mechanical properties of binders,
ensuring their reliability is challenging due to the inconsistency in the reported properties of
PVdF?# 2549 2) For a more accurate simulation of current flow, the conductive materials and
binder materials should be separately reconstructed. However, this presents a significant

challenge due to the disparity in scale: conductive materials are only tens of nanometers in size,

while particles are several to tens of micrometers. Focusing on the conductive materials and

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

performing 3D reconstruction at high resolution would result in a very heavy simulation, as the

Open Access Article. Published on 20 February 2025. Downloaded on 2/22/2025 5:53:26 AM.

entire electrode would need to include tens of billions of voxels. 3) For long cycle estimation,

(cc)

it is crucial to consider electrochemo-mechanical degradation phenomena such as particle
cracking, nickel dissolution, and SEI cracking/formation. Additionally, to accurately simulate
the separation of electrodes or particles, the general model framework should incorporate a
fracture model. 4) Since our model used a separator with a significantly high porosity, the effect
of the separator was not considered. However, the influence of the separator cannot be ignored
in general batteries. Since the technology to 3D reconstruct separators using Cryo-FIB-SEM
has been developed, it is possible to develop a microstructure model of the separator, reflecting

this will enable the development of a more sophisticated model.
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Fabrication of the LiNiy,;Mng5C0 50, composite electrode

We prepared a mixture consisting of 96 wt% NMC711, 2 wt% polyvinylidene fluoride (PVdF,
KF-1300, Mw 350k, Kureha, Japan) binder, and 2 wt% conductive carbon (Super P Li, Imerys,
Belgium). The resulting slurry was then coated onto an aluminum current collector (15 pm,
Sam-A Aluminum, Korea), dried at 160°C for 1 hour, and roll-pressed to achieve a thickness
of 70 um and a density of 3.3 g/cm?. Then, coin cells were fabricated using a 20 pm-thick
separator (Tonen, Japan) and lithium metal as the counter electrode. For the electrolyte
(Enchem, Korea), we used 1 M lithium hexafluorophosphate (LiPF6) in a mixture of ethylene

carbonate (EC) and ethyl methyl carbonate (EMC) in a 3:7 volume ratio.

Microelectrode structure formation of NMC711 composite electrode

A FIB/SEM system (NB 5000, Hitachi, Japan) was used to cut the NMC711 composite
electrode at 65 nm intervals. Tomography was performed 540 times with a pixel size of 43.78
nm at a resolution of 2048 x 1536. The structures of the active materials, CBM, pores, and
current collector were formed by performing image synthesis. To obtain a digital representation
of the observed structures, we firstly utilized the Meta Segment Anything Model (SAM)*° to
obtain the total area of active materials, CBM, pores, and current collector, and eliminate the
background from the tomography images, where background refer to the space outside the
electrodes. SAM is a cutting-edge deep learning-based segmentation tool that allows for precise
and automatic segmentation of objects in the image. Its ability to segment “anything” enables
accurate background removal without extensive manual annotation. The interfaces between the
active materials and the current collector are also identified using SAM. Subsequently, we
further segment the image to classify pixels into three phases: active materials, CBM, and pores.
Specifically, we applied median filters to remove random noise and differentiate the three

phases based on their greyscale values. The obtained 3-phase 2D images were converted to a
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3D representation of the electrode structure by stacking them in the third dimensign, The3D< e onine
representation is formatted as voxel meshes. Considering the computational time required for
simulations, the resolution of the synthesized 3D structures was reduced to 600 nm / voxel.
Each voxel was then converted to an 8-node solid element (Fig. 1C). The synthesized 3D
structures were validated by comparing the volume fraction of each phase in a cropped volume

of 30 x 70.8 x 30 um with the original tomography images in the same domain range, as detailed

in Table 1. A good match can be observed between the reconstructed and the true structures.

Electrochemo-mechanical parameters of the LiNiy;Mng15C0¢ 150, composite electrode

The electrochemo-mechanical parameters applied to the active material were obtained through
single particle measurement, nanoindentation, and model fitting’ (Table 2). For conductive
materials and binders, since they cannot be isolated separately in the structure, we applied the
parameters in CBM level, representing the combination of the conductive materials and binders.
The electrochemo-mechanical parameters for the CBM are shown in Table 3. For the
electrolytes and current collectors, we used the values provided by COMSOL Multiphysics 6.0

(Tables 4 and 5).
Modeling methodology

Mass conservation
Mass conservation in active materials in composite electrode is described by Fick’s law of

diffusion as follows:

dcg
2=V (DserrVes), )

.- —J
Boundary condition: Vcg|surface = Dy ocF? and ¢g|center = Cs,init-

D, ofr (m? s7!) is effective diffusion coefficient in the composite electrode, which determines

rate of lithium-ion intercalation or deintercalation. In our model, D¢ .¢s = D can be applied as
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intrinsic properties that does not changed with cell design because active materials afeonne

replicated completely by 3D reconstruction. So, Equation 1 is simplified as follows:

Jcs

2=V (DVey). 2)

In this way, the realistic structures of each component can contribute to the development of
more accurate models by fundamentally removing structural parameters and preventing

overfitting. Therefore, we were able to apply the Dy in a way that depends on the lithium-ion

concentration as follows:

Dy = Dyjmic X exp( —6 x (=2 — 0.1)5), 3)

Cs, max
where Dg jnic = 3 X 10714 m2 s~ 1.
As for the electrolyte, mass conservation equation is following:

dce
€ ot

€

“4)

20 RT
—0Oe, effV(pe"'(%ﬁ)(l—t_k)V In Ce)
F

=V ( — DeeffVee + t 4
Boundary condition: CelElectrolyte|CC surface = Ce,init-

In the electrolyte, we can apply €,= 1, D¢ eff = De, and 0 off = 0 because realistic structures
include all electrolyte structure in the composite electrode. So, Equation 4 is changed as follows:

—0 Vet (zazRT) (1-t,)VIn ce)

F

dce
at: '(—DeVCe+t+

(&)

However, in the CBM, €, D¢ off, and g, o are determined by the amount of electrolyte that
penetrates the CBM. In this paper, PVdF was used for binders, so the €, is 0.16, which is the
volume expansion rate of PVAF due to electrolyte penetration’* and with the Bruggeman

5

relation, Dg off = €l°D, and Oeeff = €l>0, are used as effective value. So, Equation 4 can be

written for CBM as follows:

dce
€ ot

€

(6)

1.5
—63'509V¢e+(w) (1-t4)VIn ce>

=V- (— €D Ve, + t, E

Charge conservation

the charge conservation in active materials and CBM is described by Ohm’s law as follows:
23
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V' (0seVPs) = asj, poI: 10 1456 AEE04856C.
Boundary condition: V - (05,et¥0:) lcurrent flow surface = 5> 1 V - (0 erV0s) |am surface = 0-

In the active materials, the o = 05 was applied thanks to the realistic structures (Fig. 1).
Equation 7 can be written as following:

V- (05Ves) = agj. )

The charge conservation equation in liquid phases of electrolyte and CBM is as follows:

V- (= 00, etV + (22eT) (1 4 210 )(1 —t,)VInc,) = ag. )

Likewise, in the electrolyte, we can apply o off = 0 S0, Equation 9 is changed as follows:

V- (=090 + (22RT) (1 + ot )1 —t)VInc,) = ay. (10)

Boundary condition: q)elElectrolyte|CC surface = 0.
However, Equation 10 cannot be applied for CBM because electrolyte is combined with CBM.

So 00 can be determined by Bruggeman relation as follows:

V- ( €lSa Vo, + (@)(1 + jllnf)(l —t4)VIn ce) =agj. (11)

Reaction Kinetics
The variables, concentrations and potentials in active materials, electrolyte, and CBM in mass
and charge conservation equations, are coupled by the Butler-Volmer equation described as

follows:

j= Lo(exp( 2 n) exp (%‘f")) (12)

ip (A m?) refers to the exchange current density, which signifies the point at which the
oxidation and reduction currents are equal, reflecting the rate at which the reaction occurs. The
exchange current density is therefore determined by the concentration of the electrode and

electrolyte, the temperature, the nature of the electrode-electrolyte interphase, and any
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impurities that may be present on the surface. In this study, temperature effects were ignored;c onne

and the exchange current density is expressed as function of lithium-ion concentration in

Arrhenius form as follows?®:

. . Cs 2 . —2
[p = lp,init X €Xp ( —7 X ( — 0.1) ), where igjnit = 26 Am™—=. (13)

Cs, max

The current density j in Equation 12 is driven by overpotential defined as follows:

nN=@Qs— Qe — Ueq- (14)

Mechanical model formulation

The formulation for the mechanical model considers the elastic — hygroscopic response of the
NMC711 active material and the elastic — viscoplastic response of the CBM, under the
assumption of infinitesimal deformations. Hence, for a deformable domain (), the kinematic

strain-displacement relationship is expressed as:

g(u)
= %(Vu + (Vu)T) , in Q. (15)

Here, € and u denote the strain and displacement tensor fields within the domain () respectively.
Also, a Dirichlet boundary condition is imposed on the displacement field over the domain,
expressed as:
u=1u,on{,,
(16)
where i represents the prescribed displacement on the Dirichlet boundary condition (,,.
The conservation of linear momentum gives us the force equilibrium condition:
V-c+b=0,inQ,
(17)
where o is the second order stress tensor and b is the body force per unit volume. We also

impose the Neumann boundary condition over the domain expressed as:
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o'n= E’ on DOI: 10.103@%2&5222?5
(18)
where n denotes the outward normal to the boundary(),, and t is the prescribed traction vector
on the Neumann boundary. Furthermore, we can express the general form of the constitutive
relationship as:
o = 0o(g€),

(19)
where € is the strain rate tensor. Consequently, under the small deformation assumption, the
strain tensor is additively decomposed into three parts: the elastic strain €., the viscoplastic
strain €, and the hygroscopic strain &; :

E=¢€. + & T+ & (20)
The Cauchy stress is determined by:

o=C:¢g, (21)
where C is the fourth-order elastic modulus tensor.
NMC711 active material has been well documented to show brittle mechanical behavior3!: 32,
Hence its strain tensor formulation excludes consideration of viscoplastic strains and is limited
to elastic and hygroscopic strains.

€E=¢. + &,

(22)
An isotropic volumetric change is assumed to occur based on the lithium-ion concentration,
allowing for the application of hygroscopic theory to simulate the lithium-induced strain as
outlined in previous studies’? >4:

€ = BLMm(Cs — Cs, init),

(23)
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The lithium-induced strain, &; dependent on the lithium-ion concentration are reported in 3536 onine

the molar mass (My,), and lithium-ion concentration change (cs — cg, init) are calculated (Fig.
S32A-S32C). So, we reversely derived the lithium-induced strain coefficient, B (Fig. S32D).
In the CBM, both elastic and viscoplastic deformations are observed, typical of such polymeric
materials. These deformations are induced by the deformation of the active material. Thus,
Equation 20 reduces to the following formulation:

E=¢&,

+ Eyp- (24)
The Perzyna model is used to describe the viscoplastic strain evolution®’. This model, originally
formulated for the viscoplastic response of metals at high temperatures has been successfully
applied to model the inelastic rate-dependent response of polymeric materials® 3. The model

equation for the viscoplastic strain rate is:

by = A ow) (25)
where f is the yield function of the material defined as:
f(0,&yp) =0—0y, (26)
and o is the equivalent stress expressed in the form:
o
2
= |3 S:S, (27)

where s = 0 — 1/3tr(o) is the deviatoric stress tensor. From Equation 26, o, is the yield stress
that follows an isotropic hardening Ludwick law expressed as:
oy = 0,0 + K(Ep)",
(28)
where Kk is the strength coefficient, n is the hardening exponent and &,,, is the accumulated

equivalent viscoplastic strain expressed in the form:
27
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.
= f 3evpeup ds, (29)
0

where e is the deviatoric viscoplastic strain. Furthermore, the viscoplastic multiplier A in the

associated flow rule (Equation 25) according to the Perzyna model is expressed as:

. f(o,évp)>b
A=Al——) . (30)

o

y
A is the viscoplastic rate coefficient, b is the stress exponent typically set to be unity for Perzyna

type models and ( - ) is the Macauley bracket,

z f(0,8yp)
<@)= 5 fz0 (31)

y
Y 0, f<o.

All parameters for the model are described in Table 2, 3, 4, and 5.

Tool for developing electrochemo-mechanical model.

The ECM model was developed using COMSOL Multiphysics 6.0 with modules of lithium-ion
battery, transport of diluted species, solid mechanics, and deformed geometry. Specifically, the
modules of lithium-ion battery and transport of diluted species are used to calculate
electrochemical performance and the calculated lithium-ion concentration in active materials is
used to calculate the lithium-induced strain in solid mechanics and deformed geometry module.
This deformed structure affects the simulation of electrochemical performance in the modules
of lithium-ion battery and transport of diluted species.

The numerical calculations were performed on a workstation featuring an AMD Ryzen
Threadripper PRO 3995WX processor (64 cores, 2.70-4.20 GHz) and 1TB of SK Hynix PC4-
3200AA-L 3200MHz ECC server RAM (4 x 256GB). The simulation required approximately

two weeks to compute a single discharge curve.

28
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