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The understanding of lithium-ion batteries requires imaging capabilities able to
provide information at a fine resolution over statistically relevant volume. With
plasma focused ion beam-scanning electron microscopy (PFIB-SEM), the whole
electrode can be resolved in 3D with a resolution of few nm. Here, this technology
is applied to a thick positive electrode to investigate the degradation mechanism
during the cycling of the cell. Coupled with modeling, it provides quantitative
insights on the evolution of the structure of the thick electrode.
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Coupling of multiscale imaging analysis
and computational modeling for understanding
thick cathode degradation mechanisms

Minghao Zhang,"® Mehdi Chouchane,?*¢ S. Ali Shojaee,” Bartlomiej Winiarski,* Zhao Liu,* Letian Li,*
Rengarajan Pelapur,* Abbos Shodiev,”* Weiliang Yao,' Jean-Marie Doux,' Shen Wang, Yixuan Li,’
Chaoyue Liu,%® Herman Lemmens,* Alejandro A. Franco,”>>%* and Ying Shirley Meng' /.7

SUMMARY

Using a thick NMC811 (LiNipgMng1Cop 10,) electrode as an
example, we present a macro- to nanoscale 2D and 3D imaging
analysis approach coupled with 4D (space + time) computational
modeling to probe its degradation mechanism in a lithium-ion bat-
tery cell. Particle cracking increases and contact loss between parti-
cles and carbon-binder domain are observed to correlate with the
cell degradation. This study unravels that the reaction heterogene-
ity within the thick cathode caused by the unbalanced electron con-
duction is the main cause of the battery degradation over cycling.
The increased heterogeneity in the system will entail more cathode
regions where the degree of active material utilization is uneven,
leading to higher probabilities of particle cracking. These findings
shed light on the crucial role of the electronic and ionic transporta-
tion networks in the performance deterioration of the thick cathode.
They also provide guidance for cathode architecture optimization
and performance improvement.

INTRODUCTION

Li-ion batteries (LIBs) have dominated today’s battery technologies for application in
portable electronic devices due to their high specific energy density, wide working
temperature, and long cycle life. A surge in LIBs production over the last 10 years has
driven down the prices to the point that utility-scale storage (in kilowatt-hours
magnitude) such as electric vehicles and residential systems became commercially
viable. At present, the energy density of the mass-produced LIBs system is around
200-250 Wh/kg at the cell level (650-800 Wh/kg at the cathode material level). How-
ever, the energy density of current LIB cells will not be able to meet the ever-growing
demand of electric vehicle energy-storage market in the future. The short term
expectation of the automotive field is 350 Wh/kg while the long-term goal is as
high as 500 Wh/kg at the cell level with a life cycle over 1,000 times." Among all
the practical approaches to build the highest specific energy cells, increasing the
active material loading amount and the composite electrode thickness is a prom-
ising option, which in turn reduces the contents of the inactive components (current
collectors, separators, and packaging) per stack volume and provides reduced cell
manufacturing costs. As shown in Figure S1, the cell specific energy can be further
optimized to over 350 Wh/kg by increasing the cathode thickness to ca. 100 um
with similar porosity. However, when the cathode thickness is larger than 50 pm, es-
tablishing an efficient transport pathway for both lithium-ion and electrons becomes

CONTEXT & SCALE

The lithium-ion battery is a
complex system whose electrode
thickness ranges from a few tens
to several hundred micrometers
and consists of components that
can be nanosized. This makes it
difficult to capture both the
structure of the nanosized
particles and the volume of the
electrode significant enough for
statistical purposes. Classical
methods such as computed
tomography or focused ion beam-
scanning electron microscopy
(FIB-SEM) lack either the volume
resolved or the resolution.

Plasma focused ion beam-
scanning electron microscopy
(PFIB-SEM) enables fast-milling,
hence a larger resolved volume
compared with FIB-SEM. This
method is applied to a thick
positive electrode, allowing to
resolve the 3D structure of the
whole thickness. The electrodes
before and after cycling are
compared to highlight the
structural evolution and
degradation mechanisms. The
experimental observations are
complemented with modeling
insights built from the resolved
electrode.
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more challenging.”* The induced kinetic limitations in the composite thick electrode
can retard the reaction in some regions of the electrode, which leads to electrode
degradation due to operation inhomogeneity.”*

To systematically study and quantify the structural and chemical evolution of
composite electrodes during electrochemical cycling, a multiscale imaging and
analysis approach is highly desirable.” This is because the degradation process of the
thick electrode is closely associated with structural and chemical complexities at
different length scales. Full 3D characterization is required when evaluating complex
morphologies and interconnectedness nature of different components in thick
electrodes including pores, active material, carbon additive, and binder. Detailed
3D structural and chemical information about the thick electrode is also critical to
quantify and model the inhomogeneity. Non-destructive techniques such as X-ray
computed tomography (CT) and nuclear magnetic resonance imaging (MRI) offer 3D
imaging capabilities. For instance, Lu et al. revealed how the performance of LIBs can
be affected by microstructural heterogeneities under high-rate conditions using a
nano-CT dual-scan superimposition technique.® These techniques are limited in
either spatial resolution or imaging contrast to differentiate carbon-binder domain
(CBD) from pores.”® Consequently, imaging across multiple length scales often relies

on electron microscopy to provide 3D information at microscale and nanoscale.”"°

Focused ion beam-scanning electron microscopy (FIB-SEM) is an analytical method
that combines an ion beam for materials processing and an electron column for im-
aging."" It enables both 2D and 3D imaging capabilities with nm spatial resolution,
which is an effective analytical approach for the LIB electrode structure. To date,
conventional Ga™ FIB-SEM has been widely employed for battery materials
including interface/interphase characterization, 3D quantification, and computa-
tional simulation-based analysis.'*'* However, Ga* FIB material’s removal efficiency
limits its capability to access representative areas and volumes in some battery
components, e.g., electrodes with thicknesses of hundreds of microns."’

The emerging plasma FIB-SEM (PFIB-SEM) technology has recently been developed
with different ion sources and high removal efficiency.'*'® Compared with Ga*, the
liquid metal ion source suffers from spherical aberration at high current range, which
is not suitable for large area and volume millings,"" while the plasma ion source is
broader but collimated, making the attainment of currents in the pA range
possible.'* Thus, PFIB-SEM technique promises great potential for battery materials
characterization, due to accessing representative 2D areas and 3D volumes via ~40
times faster milling rate than the Ga™ systems (Figure 1A). In addition, PFIB-SEM
enables Ga*-free sample preparation on advanced battery systems through non-
reactive ion sources (Xe* and Ar™ ion).

Recently, PFIB-SEM has been applied in the battery field to study interphase stability
between the electrode and the solid/liquid electrolyte.'*"'® Gong et al. applied PFIB
cutting coupled with secondary ion mass spectroscopy to confirm the formation of a
fluoride-rich interphase after adding a fluoroethylene carbonate additive in the
organic electrolyte, which yields a denser Li metal structure during the electrochem-
ical deposition process.'® PFIB-SEM was also used in solid-state batteries to demon-
strate the interphase stability between the solid electrolyte and deposited lithium
metal after long-term cycling.'” Both prior works lack of quantitative analyses on
the interphase stability during the electrochemical cycling. To date, PFIB-SEM's
full capabilities and applications, especially for 3D imaging and quantification,
have not yet been reported in the archival literature for battery research.
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Figure 1. 3D quantitative analysis of NMC811 thick electrode via PFIB

(A) Schematic image of the emerging PFIB technology developed with different ion sources and high removal efficiency.

(B) 3D reconstruction of pristine NMCB811 thick electrode using the sliced images collected via PFIB.

(C and D) The quantified volume fraction of different components in the reconstructed volume after pore-back correction and segmentation (C) and the
spatial distribution of each component along the electrode thickness direction (D).

(E) The SEM image and energy-dispersive X-ray spectroscopy (EDX) mapping on a 2D cross-section of NMC811 thick electrode.

The aim of this work is to investigate the mechanism of thick electrode degradation
by a multiscale imaging approach. A cell made of a high Nilayered NMC811 (LiNig g
Mng.1Cog 105)-based cathode (~80 pum in thickness, ~6 mAh/cm? in areal capacity)
and a Li metal anode was selected in this study as a representative example of the
ongoing research target (more than 400 Wh/kg energy density at the cell level) in
the battery community.'” PFIB-SEM was applied to access large representative 3D
volumes (>100 x 35 x 70 um?) to assess the microstructure evolution of the thick
NMC811 cathode under different electrochemical cycling conditions. In order to
gain insights on the reaction heterogeneity along the thickness direction at the
nanoscale, lamellas from both the top and bottom locations of the NMC811 elec-
trodes were prepared by the FIB lift-out process for scanning transmission electron
microscopy (STEM) down to atomic resolution. The micro and nano structural char-
acteristics extracted from this multiscale imaging approach were used to build a 4D
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(space + time) computational model based on the 3D PFIB data collected at the
electrode scale, accounting for the explicit location of active material, CBD, and
pores. Furthermore, this model allows assessing the impact of the cathode electro-
lyte interphase (CEIl) formation on the transport properties, as well as identifying
spatial operation heterogeneities inside the thick electrode. This study, supported
on an experimental/modeling synergy, reveals the crucial role of CBD in defining
the electronic and ionic transportation networks of the thick cathode. These net-
works greatly affect the operation heterogeneity and electrode performance under
high voltage cycling conditions. Building on these insights, we demonstrate a high
voltage LNMO (LiNigsMnq 5O4)-based cathode (~80 um in thickness) that can
deliver stable cycling performance thanks to a CBD percolation network optimized
through the dry electrode coating process.

RESULTS AND DISCUSSION

Three-dimensional imaging and quantification of thick electrode via PFIB-SEM
Figure 1B shows the 3D rendering volume (108 x 33 x 72 um?) of the pristine
NMCB811 using the sliced images collected via PFIB. The following image segmen-
tation and reconstruction for all the samples were performed in this size to exclude
the current collector and other unrelated regions in the image. The final volume
fractions of each component in the pristine sample after pore-back correction are
29% pores space, 9% CBD, 58% NMC particles, and 4% cracks within the NMC
particles. These results are in line with the expected pores volume percentage
from the sample production (20-30 vol %).

Ideal thick electrode processing should produce smooth lamination with uniform
distribution of each component along the thickness direction to prevent local
deviations from the target state of charge/discharge (SOC/SOD). The large, recon-
structed 3D volume obtained from PFIB technique provides an opportunity to quan-
titively evaluate the quality of the pristine thick electrode sample, which in turn will
offer feedback on parameters optimization of the manufacturing process. As shown
in Figure 1D, CBD distributes evenly along the thickness direction, enabling an intact
transport network for both Li* ions and electrons. The even distribution of CBD is
further confirmed by energy-dispersive X-ray spectroscopy (EDX) mapping (Fig-
ure 1E) on one serial section obtained from PFIB cutting. No major segregation of
carbon additive and fluorinated polymer binder is observed in C and F element map-
ping, respectively. The thin carbon-rich layer on top of Al current collector is de-
signed to facilitate electron transport at the electrode/current collector interphase
for an improved rate capability.

Unlike the uniformly distributed CBD phase, the volume fraction of NMC particles
deviates from the average value at ~50 pm from the current collector. The opposite
distribution trend for the particles and pores component indicates that the density of
the active materials varies along the thickness direction. It is important to note that
the intergranular cracking within the secondary particles can be introduced even
from the pristine state by the electrode calendering process. To confirm the calen-
dering effect, the PFIB cutting and 3D analysis were also performed on the raw
NMC811 powders. The cross-sections (Figure S2) were segmented using a three-
component watershed segmentation since no CBD was involved in the powder sam-
ple. Following the similar imaging segmentation process, the crack vol % within raw
powders were estimated to be less than 1% (~0.12%). To avoid particle density vari-
ance from different samples, the quantified volume fraction of cracking is normalized
by the volume of secondary particles for each sample when comparing the effects of
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Figure 2. Microstructure degradation quantification of NMC811 thick electrode during electrochemical cycling

(A and B) Voltage profiles and cycling performance of NMC811 thick electrode in half-cell with different voltage cutoffs, between 4.4 and 2.8 V (A),
between 4.7 and 2.5V (B).

(C) The reconstructed 3D volume and quantified cracking volume percentage of NMC811 thick electrode after cycling between 4.4 and 2.8 V (left),
between 4.7 and 2.5V (right) (green, cracks; red, NMC particles).

(D) The reconstructed and quantified contact surface areas between NMC particles and CBD component after cycling between 4.4 and 2.8 V (left),
between 4.7 and 2.5V (right). To avoid particle density variance from different samples, the quantified number in (C) and (D) is normalized by the total
volume or surface area of the particles.

cycling in the following text. Although the calendering is necessary to increase the
volumetric energy density, the comparison between the powder and pristine elec-
trode indicates a large amount of particle cracking can be introduced during the
calendering process via uniaxial pressure.

Electrode structure degradation revealed by multiscale imaging

The pristine NMC811 thick electrode was then paired with the Li metal anode to
study the electrode structure evolution under different cycling conditions. By
applying unlimited Li inventory with flooded amount of carbonate electrolyte in
the electrochemical testing, the cell performance degradation can be reasonably
correlated with the cathode structure changes. As shown in Figures 2A and 2B,
the NMC811 half-cell cycled with charging voltage up to 4.4 V delivers a capacity
retention of 96% after 15 cycles. Although the cell with higher cutoff voltage (4.7
V) shows a larger initial capacity at both C-rates (209 versus 192 mAh/g at the
C/10-rate, 187 versus 178 mAh/g at the C/3-rate), nearly 10% of the capacity loss
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is observed within the first 15 cycles. High-voltage-induced capacity degradation in
layered oxide cathode is well documented in previous studies. Surface reconstruc-
tions to spinel/rock-salt-type structure have been widely observed in NMC cathodes
after electrochemical cycling,”**" which can impede 2D diffusion pathway of Li ions
in the phase transformation regions. In addition, the upper stable operating voltage
for carbonate-based organic electrolyte is generally limited to 4.5 V versus Li*/Li.??
When the voltage increases further, electrolytes decompose and fail to form an
effective passivating layer on the cathode particle surface, which deteriorates the

battery cycling stability.”*

Mechanical degradation has been qualitatively observed in NMC materials using
SEM and TEM,”* including cracks within secondary particles similar to those
observed in the pristine electrode. Due to Ga™ ion FIB cutting limitations, the inter-
granular cracks can be only revealed in several particles, which is insufficient to pro-
vide a statistically significant comparison between the cathode sample at the cycled
and pristine state. More importantly, quantitative analysis of mechanical degrada-
tion in NMC materials based on large volumes has not yet been achieved using con-
ventional Ga™ FIB-SEM. In our work, the intergranular cracking volume percentage in
the NMCB811 thick electrode after cycling under different conditions can be well
quantified using the large, reconstructed 3D volume, as shown in Figures 2C and
S3. After 15 cycles under lower voltage cutoff, the cracking volume percentage in-
creases relatively by 9%. While for the cathode exposed to 4.7 V, the cracking rela-
tive increase is nearly three times larger, by 24% compared with the pristine state.
This difference is not surprising considering the larger anisotropic volume expansion
of the primary grains at higher SOC.?* As cracks keep developing, the electrolyte
penetrates deeper to damage the interior grains through the corrosion effect under
the high voltage condition, which can finally lead to dead grains with loss of elec-
tronic contact. This quantification on cracking volume evolution manifests one of
the electrode degradation mechanisms, and highlights that this phenomenon will
be amplified under high voltage cycling conditions. It should be noted that exten-
sive cracking has been observed in NMC811 cathodes cycled with the carbonate
electrolyte after hundreds of cycles,”® and the intergranular cracking between pri-
mary grains can be suppressed or delayed by employing suitable additives or
electrolytes.?

Recently, gradual failure of the fluorinated polymer binder has been reported owing
to its incompatibility with high voltage operation, resulting in the contact loss at both
the electrode/current collector interface and surface of the cathode particles.”’ In
this work, the contact surface area changes between NMC particles and CBD were
also quantified for different samples (Figure 2D). Compared with the pristine
electrode, the surface contact area decreases relatively by 10% and 20% for the
low-voltage and high-voltage cycling, respectively. This gradual loss of conductive
networks and mechanical strength in the thick electrode due to less contact area
between NMC particles and CBD can be detrimental for long-term cycling stability,
which is neglected in previous characterization studies. The physical performances
of different binders®® have a significant impact on the adhesion of different compo-
nents inside the electrode and this impact is undoubtedly amplified under the con-
dition of high voltage operation.?’ For high voltage cycling, itis critical to choose the
proper binder and conductive agent to prevent electrode delamination and enable
favorable transport properties.

With the PFIB data analysis at the macroscale, no clear trend of microstructural
evolution along the thickness direction is observed in the reconstructed volume
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Figure 3. Thick electrode degradation analysis at the nanoscale via analytical cryogenic TEM

(A) Cross-section images of top and bottom locations from the thick NMC811 electrode for FIB lift-out process.

(B) TEM images of the top and bottom lamella sample from pristine NMC811 electrode.

(C) HRTEM images of the top and bottom lamella sample from NMC811 electrode after cycling between 4.7 and 2.5 V.

(D) Atomic resolution HAADF images of the top and bottom lamella sample for single particle bulk and surface region after cycling between 4.7 and
2.5V (images with red frame, top lamella; images with green frame, bottom lamella).

for the cycled NMC811 electrodes (Figure S4). In order to study the impact of kinetic
limitations on the thick electrode performance, further analysis at the nanoscale is
thus performed. Lamellas from both the top and bottom locations of the thick elec-
trode were prepared by the FIB lift-out process, as shown in Figure 3A. The prepared
lamellas were then thinned down to ~100-nm thick for (S)TEM-EDX characteriza-
tions, and the morphology of the lamella is shown in Figure 3A. To protect the
thin surface layer from electron dose damage, all the high resolution TEM
(HRTEM) images were recorded under cryogenic temperature, following our sample
transfer and imaging protocols.?” As shown in Figure 3B, the primary grains in the
pristine electrode are in close contact and exhibit clear grain boundaries with the
crystalline phase contrast. No obvious difference is noticed for the primary grains
from different locations of the thick electrode.

After electrochemical cycling under high voltage, a larger separation among the pri-
mary grains appears in the top lamella sample compared with the bottom location of
the thick electrode (Figure 3C). An ununiform amorphous layer is identified on the
surface of the primary grains. This amorphous layer is around 20-nm thick and is
located on the grains near the separator (top lamella), which is four times thicker
than that from the bottom location. EDX phosphorus mapping results in Figure S5
clearly indicate that the amorphous layer contains electrolyte decomposition prod-
ucts, which can be referred as CEl. The thicker CEl formation on the grains near the
separator can result from the excess electrolyte amount stored in the large pores of
the separator. Under the high-voltage condition, the electrochemical corrosion
attack is intensified by the electrolyte deprotonation reactions,”” especially on the
grains near the separator. The impact of this gradient of CEl thickness on the electro-
chemical behavior of the thick electrode will be discussed in detail in the following
section with the support of computational modeling.

Atomic resolution high-angle annular dark-field imaging (HAADF) was also applied
for the cycled lamellas to investigate the phase transformations of primary grains.
Although the bulk structure of the bottom grain (close to the current collector) main-
tains the layered phase after electrochemical cycling, the surface (~2 nm layer in
thickness) is transformed to a rock-salt structure as highlighted by the yellow dashed
line in Figure 3D. Transition metal ions in bright contrast were found in the Li layer
(dark column in HAADF imaging mode) in this surface region, forming the antisite
defect layer. In contrast, the whole surface and subsurface regions of the top grain
transform to the rock-salt structure, which indicates a low-transition metal out of
plane migration barrier. These findings are consistent with a recent report postu-
lating that electrode degradation originates from the cathode surface where point
defects and corrosion reactions are abundant.”’ This observed reaction heterogene-
ity calls for a computational modeling effort to explain the underlying mechanism,
which is discussed in the following.

Gradient of CEl thickness and ununiform SOD in thick electrode via
computational modeling

From a computational modeling point of view, few reported studies investigated
the impact of the CEIl. This phenomenon is mainly addressed at the atomic scale
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Figure 4. Analysis of CEl impact on SOD in thick electrode via computational modeling

(A) Sub-volume used in the computational model with CEl variation along the electrode thickness
direction.

(B) The simulated discharges curves with cutoff voltage at 3.5 V for different CEl thickness and
extent of pores clogging.

(C) Distribution of lithiation state along the thickness direction for the NMC811 electrode with a
cutoff voltage at 3.5V for different CEl thickness and extent of pores clogging.

(D and E) 3D distribution of lithiation state with cutoff voltage at 3.5V for NMC811 electrode
without CEl consideration and with thick CEl, respectively.

through density functional theory or molecular dynamics, allowing to unravel the
composition of this layer at small time and length scales.?*?* Recently, an imped-
ance transmission line model was proposed by Scipioni et al. to quantify the resis-
tance due to the CEl based on FIB-SEM images.** However, not a single continuum
model describing the formation of this layer at the electrode scale is reported in the
literature to the authors’ knowledge because of the complexity and the lack of solid
theory around this phenomenon.

The modeling effort reported in this work does not focus on the Simulation of the CEl
formation, but rather on the investigation of its impact at the electrode scale. In our
modeling approch the CEl is assumed to have a resistance impacting the overall over-
potential (see Table S2). The influence of different CEIl formation scenarios on the
behavior of the thick electrode were studied during lithiation, starting from a fully deli-
thiated NMC. The contribution of the CEl was captured through a 4D (space + time)
electrochemical model already reported by us®> accounting for an electrode micro-
structure based on the 3D PFIB-SEM data of the pristine NMC electrode presented
earlier in Figure 1B. Then, a sub-volume of 33 x 33 x 70 um® was extracted from these
data to be used in the simulations as illustrated in Figure Sé. After running an electrolyte
impregnation Lattice Boltzmann method model on the sub-volume to assess possible
partial wetting due to the low porosity of the electrode (Figure S7), it was found that the
electrolyte would wet almost the entirety of the electrode within 40 s after electrolyte
injection. In consequence, the void from the PFIB-SEM images was considered to be
fully occupied by the electrolyte in the 4D electrochemical model. As mentioned
before, different scenarios are compared with a pristine case where the CEl is not
considered. The two first cases are the ones with the heterogeneous CEl (called here-
after “CEI") and thick heterogeneous CEl (called hereafter “thick CEI"”) where its thick-
ness has been doubled. The CEl case represents the electrode after 15 cycles as the
electrode presented in the (S)TEM section, while the thick CEl case represents an elec-
trode after a larger number of cycles, as the CEl continues to grow. To capture the
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heterogeneity observed experimentally with TEM (Figure 3C), the CEl distribution on
Figure 4A was applied to be consistent with the observed heterogeneity at both the
electrode and particle levels (more details are available in Figure S8).

Then, as the electrolyte decomposition requires electrons, the reaction is more
favorable to occur at the surface of the carbon, which has an electronic conductivity
several orders of magnitude higher than the NMC. In the model, the carbon was
merged with the binder into the CBD phase to keep the computational cost reason-
able. This inactive phase has a microporosity’” assumed to be fully filled with elec-
trolyte through which the Li* ion is free to migrate to reach the surface of the active
material to react. If the electrolyte decomposes preferentially on or within the CBD,
the formed CEl could clog the pores of the CBD, hindering the ionic transport. To
explore this "CBD clogging” scenario, in addition to the CEl layer, the transport of
Li* ion was blocked through the CBD. Finally, the last hypothesis is that the CEl not
only clogs the pores of the CBD but also the narrow gaps between the NMC parti-
cles, leading to an increase in the overall tortuosity factor in the electrolyte phase.
The "full clogging” hypothesis adds to the CBD clogging one an arbitrarily chosen
increase of the tortuosity by a factor of 2, entailing a lower effective diffusion
coefficient of Li* ions in the electrolyte.

The discharge curves of the 5 different cases at a C/2 rate are represented in Fig-
ure 4B with the pristine case displaying the highest specific capacity (120 mAh/g)
versus the thick CEl case, which has the lowest specific capacity (92.7 mAh/g) at
the cutoff voltage. Interestingly, the CEl, “CEl + CBD clogging” and “CEl + full clog-
ging” cases share a similar discharge capacity around 100 mAh/g. It suggests that
the hindered ionic transport does not significantly reduce the performance at this
rate for a single discharge. It is noteworthy to mention that the average overpoten-
tial between the thick CEl and the "pristine” cases is twice as much as those between
the CEl and the pristine cases (79.4 versus 43.8 mV). This overpotential difference
can be linked to the additional resistance from the CEl layer, which is two times
thicker in the thick CEl hypothesis. However, it is hard to extract more information
from this macroscopic observable and that is when the strength of the 3D-resolved
modeling comes into play through the access to mesoscale observables. In Fig-
ure 4C, the average concentration of lithium in the cross-section plane is plotted
as a function of the distance to the current collector at the end of discharge. Once
again, the clogging hypotheses do not induce a significant difference when
compared with the CEl case, since they have comparable concentration gradients.
The steepest gradient is observed for the thick CEl case, while the mildest one is
attributed to the pristine case, whose SOD in the upper half (close to the separator)
of the electrode is significantly higher. As highlighted in a previous work for solid
electrolyte interphase modeling,® this accentuated gradient is due to the distribu-
tion of the CEl thickness that will favor an intercalation at the bottom (close to the
current collector) of the electrode where the CEl is the thinnest. This effect
strengthens the electronic insulating nature of the CEl layer, where thicker CEl re-
sults in larger charge transfer resistance on the particle surface. As a result, the
cell potential for the CEl cases will reach the cutoff voltage faster than the pristine
case. In consequence, the system will never reach the point where it becomes
more favorable for lithium to intercalate where the CEl is the thickest (near the
separator) because the SOD is too high where the CEl is the thinnest (near the cur-
rent collector). This behavior can be observed through the calculated 3D distribution
of the SOD at the end of discharge represented for the pristine and thick CEl cases,
respectively, in Figures 4D and 4E. Indeed, in Figure 4D, a milder SOD gradient can
be observed along the thickness of the electrode for the pristine hypothesis
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compared with the thick CEl in Figure 4E. As reported in Figure 4C, the region with
the most difference is the top part, which is poorly utilized in Figure 4E. Moreover, in
both cases, strong intraparticle gradients take place in large particles where the solid
lithium diffusion is too slow to homogenize the concentration at this rate of interca-
lation. Moreover, the gradient of concentration along the thickness of the electrode
will be exacerbated as the electrode gets thicker. Thanks to discharge simulations at
C/3-rate with different electrodes thicknesses, it is shown that even when neglecting
the CEIl contribution, from a certain thickness a severe drop in performance is
observed (Figure S9). All electrodes were stochastically generated and selected
based on their transport properties to represent the optimal case for each thickness.
Despite these optimal properties, the 240-pum-thick electrode displays a specific ca-
pacity ca. 30% lower than the 160- and 80-pum-thick electrodes. It suggests that from
a given thickness threshold around 240 um, these gradients will have a greatly detri-
mental impact on the performance.

From these simulation results, it transpires that the thickness of the CEl has an impact
on the local SOD during the lithiation process. An obvious lithium concentration
gradient is expected to occur after the initial charge process once the CEl is formed.
This reaction heterogeneity will be exaggerated at higher voltage cutoff when the
electrolyte-decomposition-induced CEl becomes thicker. After the discharge, the
active material particles with thicker CEl will have lower lithium concentration or
equivalently more lithium site vacancies in the structure. Transition metal migration
will thus be facilitated when lithium vacancies are present to form spinel/rock-salt-
type structure. This hypothesis can well explain the structure transformation hetero-
geneity at the nanoscale captured through the atomic resolution STEM imaging.
Surprisingly, the extent of the clogging of the pores does not appear to have a sig-
nificant effect on the distribution of the state of lithiation and on the discharge
curves. Nonetheless, those hypotheses also impact the discharge of the cell through
the ionic transport, i.e., Li” ion migration in the electrolyte.

Tortuosity and transport properties in thick electrode via modeling

Flow tortuosity is a key parameter of porous materials that provides a description of
the porous structure that can be later utilized in computational models. Accurate
characterization of the porous structure is crucial for modeling and predicting the
transport properties of the battery materials. PFIB-SEM images capture a larger
area, thus providing a more accurate representation of the flow tortuosity of the
porous material. In this work, the tortuosity was measured based on the flow velocity
vector field, and the process is described in the section of experimental procedures.
Table S1 illustrates the computed flow tortuosity based on the reconstructed large
volume. The flow tortuosity for the pristine electrode is around 1.5 and does not
significantly vary after cycling with different charging cutoff voltage. To visualize
the flow tortuosity impact on the transport properties of Li* ions, the electrolyte wet-
ting process was simulated for the pristine electrode. As shown in Video S1 and Fig-
ure S7, it takes less than 40 s for the electrolyte to wet more than 97% of the pores in
the reconstructed volume. Considering the relatively even distribution of the pores
in the pristine electrode, this simulation result implies the lithium concentration is
invariant along the thickness direction.

The Li* ion concentration along the thickness of the electrode for the different CEl
cases (and pristine scenario) discussed above was then analyzed to evaluate the
transport properties. The cases without pores clogging share a similar Li* ion con-
centration distribution with ca. 8% of difference between the top and bottom of
the electrode, while the hypotheses with clogging show stronger gradients along
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Figure 5. Transport properties analysis in thick electrode via computational modeling

(A) Distribution of lithiation concentration along the thickness direction for NMC811 electrode with
cutoff voltage at 3.5 V for different CEl thickness and extent of pores clogging.

(B-D) 3D distribution of lithiation concentration with cutoff voltage at 3.5V for NMC811 electrode
without CEl consideration (B), with CEl and CBD clogging (C), and with CEl and full pores
clogging (D).

the thickness, as illustrated in Figure 5A. Indeed, in the CBD clogging case, the dif-
ference in Li* ion concentration between the separator and the current collector is
15%, while it is around 50% for the full clogging scenario. When comparing the pris-
tine (Figure 5B) to the CBD clogging case (Figure 5C), the latter has regions with very
low Li* ion concentration. These regions were used to be provided with ions through
the CBD microporosity, so when these pores are clogged, Li* ion from the bulk
cannot feed these regions anymore, and due to the Li* ion consumption during
intercalation, the concentration drops. The active surface area in these regions will
then be lost, entailing a decrease in the specific capacity along cycling. Finally,
the full clogging hypothesis in Figure 5D displays the same loss of regions con-
nected to the bulk electrolyte through the CBD, in addition to a stronger gradient
along the thickness because of a lower effective diffusion coefficient in the bulk.
Despite similar discharge curves after one discharge compared with the CEl case,
the clogging of the pores will have an impact on the long-term cyclability of the elec-
trode. Even in the homogeneous sub-volume used in this modeling study, the strong
gradient of concentration in the electrolyte will increase along cycling, leading to a
higher polarization over time.

The modeling results based on the electrode structure from 3D PFIB data highlight
the heterogeneity of the state of lithiation in the thick electrode through an addi-
tional charge transfer resistance owing to electronic transport limitations of the
CEl. As the CEl will continue to grow along cycling, the electrolyte decomposition
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Figure 6. Optimization of CBD network in thick electrode for high voltage cycling stability

(A-H) SEM cross-section image of pristine LNMO thick electrode coated by slurry-based method (A) or dry process (B). The area delimited by the dash
line represents the sub-area used in the phase segmentation in (C) and (D). Components segmentation calculated using the PFIB-SEM data for the
pristine LNMO thick electrode coated by slurry-based method (C) or dry process (D). The active material is in red, the CBD is in dark blue, and the pores
arein light blue. Map of the connected CBD aggregates in the sub-area of the collected PFIB-SEM data for the pristine LNMO thick electrode coated by
slurry-based method (E) or dry process (F). Different colors represent different aggregates of connected CBD in both samples. Voltage profiles and
cycling CE of LNMO thick electrode coated by slurry-based method (G) or dry process (H) in full cell with graphite as the anode.

could clog the pores of the CBD, eventually hindering Li* ion transport. Such reac-
tion heterogeneity will in turn lead to cracks in particles and contact loss between
particles and CBD. It also transpires that the architecture of the CBD will play a
role in how fast they will be clogged if the CBD is indeed the place where the CEl
formation is the most favorable. Therefore, there should be an optimal condition
in terms of CBD connectivity to ensure an efficient percolating network for electrons,
while keeping the surface area of CBD small enough to prevent electrolyte
decomposition.

Optimized CBD percolation network in thick electrode for high voltage cycling
stability

Based on the modeling and experimental results above, we employed a dry coating
process for thick electrode fabrication for high voltage cycling stability. This dry
coating process can enable improved CBD percolation mainly due to the removal
of the solvent drying step in the conventional slurry-based coating. Aggregation
of CBD can occur during the solvent drying in the slurry-based coating because of
convective and capillary force developed in the process.’” In addition, polytetra-
fluoroethylene (PTFE) is a widely used binder in the dry electrode, which undergoes
a fibrillation process to closely connect both conductive carbon and active materials,
while the polyvinylidene fluoride (PVDF) is chosen for the slurry electrode. The CBD
morphology in the two cases will be very different with a fiber shape for the dry elec-
trode and an aggregate arrangement for the slurry one. We picked the high-voltage
LNMO as the active material to demonstrate the crucial role of CBD in thick elec-
trode since the main obstacle of LNMO commercialization is the instability of
CEL.*° The high operating voltage of LNMO (~4.7 V versus Li*/Li) exceeds the upper
stable voltage limit of the currently commercialized electrolyte, which results in the
failure to form an effective passivating layer on the cathode. Consequently, a high
areal cathode loading for this type of active material triggers excessive parasitic re-
actions. Hence, there is a lack of designs reported in the literature to achieve long-
term cycling stability for the LNMO thick cathode.

As shown in Figures 6A and 6B, LNMO electrodes (~80 um in thickness) were fabri-
cated by both conventional slurry-based and dry coating methods. To investigate
the CBD percolation network, high magnification PFIB-SEM images were acquired
for both electrodes. Based on the PFIB-SEM data, the component segmentation
was performed (Figures 6C and 6D), and then, the CBD connectivity maps were built,
where each CBD aggregate is in a distinct color (Figures 6E and 6F). From the latter,
it transpires that the slurry-based method (Figure 6E) yields more disconnected CBD
aggregates, represented by individual colors, with the largest aggregate accounting
for only 23.6% of the total amount of CBD. In contrast, in the dry-coated electrode
(Figure 6F), the CBD is mainly connected to one large red aggregate representing
57% of the total amount of CBD. The PFIB-SEM images clearly reveal an improved
CBD percolation network in the dry-coated LNMO thick electrode owing to the opti-
mized CBD morphology and that the removal of the drying process in the conven-
tional slurry-based coating. To avoid the significant impact from dendrite growth
in Li metal anode, graphite anode was used in the full cell to evaluate the cycling
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stability of LNMO thick electrodes prepared by both methods. Both electrodes can
deliver a high utilization of the active material (~120 mAh/g discharge capacity) ata
rate of C/10. When the rate is increased to C/3, the dry-LNMO full cell can achieve
94% capacity retention after 100 cycles, while slurry-based LNMO full cell can only
deliver a capacity retention of 84% (Figures 6G and 6H). In addition, the dry-
LNMO full cell enables a higher average Coulombic efficiency (CE) (99.7% versus
99.6%) during the cycling at the C/3 rate, which indicates that less parasitic reactions
for the CEl formation occur in the dry-coated LNMO electrode. The overpotential as
a gauge of cell-level resistance increases obviously in the full cell with slurry-based
LNMO electrode along the cycling, which manifests the kinetic limitations of this
electrode. These electrochemical performances demonstrate the significance of
CBD morphology and percolation network to avoid parasitic reactions and transport
limitations in thick electrodes for high voltage cycling stability.

Conclusions

In summary, through a multiscale imaging approach, this study reveals the thick
cathode degradation process during electrochemical cycling. This work illustrates
the ability of the PFIB-SEM-(S)TEM methods for monitoring microstructure and
nanostructure transformations of composite electrodes over large volumes. Such im-
aging of representative volumes provides the data required for relevant statistical
analyses and computational models. It reveals the different root causes of the thick
positive electrode degradation over time in a quantitative manner.

Firstis the cracking of the NMC particles along cycling, with the cracks volume expe-
riencing a relative increase of 24% after 15 cycles, which leads to more electrolyte
decomposition to form CEl on the newly exposed surface. In turn, the cracking in-
duces a relative loss of contact between the NMC and the CBD of 20%, weakening
the mechanical properties of the electrode and the efficiency of its electronic perco-
lation network.

Second, the CEl contributes to the performance decay, owing to a capacity loss of
roughly 10% according to our modeling calculations. The heterogeneity of the CEIl
is amplified under a high-voltage condition, with the layer being four times thicker
near the separator than near the current collector (20 versus 5 nm). Consequently,
the lithiation process will also be heterogeneous, favoring the surface area where
the CEl is the thinnest. It entails that some regions of the electrode will be submitted
to a wider range of lithiation state, leading to higher cracking probabilities. Also, in
the hypothesis where the CEl will preferentially be formed at the surface of the carbon
additives due to its high electronic conductivity, the micropores of CBD could get
clogged. Indeed, the simulations shed light on stronger concentration gradients in
the electrolyte and on the loss of active surface area due to more sluggish ionic trans-
port in regions where Li* ions used to migrate through the CBD micropores.

This mechanistic understanding of the thick cathode degradation process pinpoints
the importance of CBD, which greatly affect the transport networks and cycling sta-
bility. The knowledge learned from the thick electrode based on the coupling of mul-
tiscale imaging analysis with computational modeling is then applied to thick LNMO
electrodes. A dry-coated LNMO cathode with the CBD morphology less prone to
clogging is compared with a slurry-based one. The dry-coated LNMO electrode
coupled with a graphite anode demonstrates a capacity retention of 94% with a cut-
off voltage at 4.85 V, compared with 84% for the slurry-based after 100 cycles. This
further proves the validity and value of the conclusions drawn in this work, which can
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be used to design better electrode architectures for both current and future gener-
ation battery technologies.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Ying Shirley Meng (shirleymeng@uchicago.edu).

Materials availability
This study did not generate new, unique reagents.

Data and code availability

Request for the data and analysis codes utilized in this work will be handled by the
lead contact, Ying Shirley Meng (shirleymeng@uchicago.edu). Requests about the
electrochemical modeling code utilized in this work will be handled by Alejandro
A. Franco (alejandro.franco@u-picardie.fr)

Half-cell electrochemical measurements

The commercially available NMC811 cathode is obtained from the Battery500 Con-
sortium and is composed of 95 wt % active material, 2.5 wt % conductive carbon, and
2.5 wt % binder. The cathode laminates were punched into 14-mm diameter discs
with mass loading of ~30 mg/cm?. Lithium metal was used as the counter electrode,
Celgard 2325 was used as the separator, and 1 M LiPF, dissolved in ethylene carbon-
ate (EC)-ethyl methyl carbonate (EMC) with 2 wt % vinylene carbonate (VC) as elec-
trolyte (Gotion, USA). The coin-type cells with 30-pL electrolyte were assembled in
an Ar-filled glove box (H,O < 0.1 ppm). The galvanostatic charge/discharge test
was carried out at C/10-rate (1 C = 280 mAh/g) for the initial two cycles in the voltage
range of 2.8-4.4 and 2.5-4.7 V, respectively. The cells were then charged and dis-
charged at C/3-rate for the rest of the cycles. All the tests were performed at
room temperature. After cycling, the cells were dissembled in the Ar-filled glove
box and the cathode were rinsed with DMC solvent to remove salt residues. After
drying at room temperature, the cycled cathode materials were stored in the glove
box for further characterizations.

Full cell electrochemical measurements

The dry electrode was fabricated via the following procedure. LNMO (from Haldor
Topsoe), PTFE binder (from Chemours), and vapor-grown carbon fiber (VGCF,
from Sigma Aldrich) were weighed at a mass ratio of 93:2:5. The mixture was then
heated to 100°C, followed by a 10-min grinding to obtain a free-standing film.
The film was placed on the hotplate and flattened by a stainless-steel cylindrical
die at 100°C. Later, the films were hot calendared at 100°C on a 20-um etched Al
foil (from Tob New Energy). The slurry-based LNMO electrode with the same
mass ratio for comparison was fabricated following the procedure reported in our
previous work.?” FEI Apreo SEM was used to capture the electrode cross-sections
with an acceleration voltage of 5 kV. Electrodes with 12.7 mm diameter were
punched and dried in vacuum oven at 100°C for 24 h. Graphite anodes provided
by Ningbo Institute of Materials Technology & Engineering (NIMTE) were applied
to build the coin-type full cells with the negative to positive electrode capacity ratio
(N/P ratio) of 1.1-1.15. Celgard 2325 was used as the separator, and 1-M LiPF in
EC:EMC = 3:7 wt % from Gotion was used in the full cell testing. In full cell cycling
protocols, 1 C is defined as 147 mA/g with a voltage range from 3.3 to 4.85 V. A
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rate of C/10 was performed as formation in the first two cycles, followed by C/3 for
the rest of the cycles.

Ex situ PFIB-SEM characterization

The PFIB-SEM images were captured by Thermo Scientific Helios UXe PFIB-SEM. As
shown in Video S2 and Figure S10, the pristine NMC811 thick electrode with ~85 um
in thickness (~30 mg/cm? loading) and 25% porosity after calendering was analyzed
using 30 kV Xe" ions at a current of 60 nA. The cutting width was 130 um, and slices
were cut every 25 nm. Auto Slice & View 4 (ASV4) software was utilized for automated
serial sectioning. The cutting conditions was rocking mill at +3°. The signal was then
collected in backscattering mode using a retractable circular backscatter detector
(CBS) with 2 kV voltage and 200 pA current and active inner rings (a and b rings).
The dwelling time for image collection was 1 ps. The original image size was
8,192 x 8,192 voxels (with voxel size of ~ 15.2 x 15.2 nm?), corresponding to
approximately 125 um horizontal field width. The imaging time was ~84 s for each
slice. The imaging was done every 4™ slice, giving image the slice thickness of
100 nm, and a total of 330 slices were collected.

The image analysis was performed using Thermo Scientific Avizo software versions
2019.3, 2020.1, and 2020.2. For the results presented here, the analysis was per-
formed on the whole 3D volume. There are four components that are of interest in
the sliced image: NMC secondary particles, cracks within the particles, CBD, and
pores. Different components were segmented based on a combination of their rela-
tive intensity and top-hat segmentation method after a careful denoizing process.
Note that pore-back artifacts can cause a portion of pores to appear brighter than
the rest and lead to false detection of these regions as CBD.*' This can undermine
the accuracy of the segmentation results, especially in porous materials such as
the NMC cathode in this study. A new methodology is applied to correct for pore-
back artifacts, which is based on developing an adaptive background mixture model
to track and identify voxels that remain relatively unchanged from one slice to the
other in a certain axis.

The image-based simulation of tortuosity was performed using XLabSuite extension
in the Avizo software. The image-based flow tortuosity simulation requires cubic
voxel sizes. Therefore, the images were resampled from 15.2 x 15.2 x 100 nm? to
100 x 100 x 100 nm?*, and the analysis was run on the full volume. At the first
step, the absolute permeability of the three different samples were measured using
the “absolute permeability simulation” module in Avizo. In the next step, the flow
velocity vector field that is also generated from the absolute permeability measure-
ment was used to calculate the flow tortuosity. The flow tortuosity is computed using
the following formula:

2 Vi

T = =
v Z V,
where | V| is the absolute value of local flow velocity and the V; is the i-component of
the velocity in the direction of mean flow.*?

Ex situ (S)TEM-EDX characterization

FEI Scios DualBeam FIB was used to prepare the lamella samples for STEM imaging.
A platinum protecting layer was deposited on the particle before the milling. A gal-
lium ion beam source was used to mill and thin the sample. The operating voltage of
the ion beam source was 30 kV. Different emission currents of ion beam were chosen
for various purposes, i.e., 5 nA for pattern milling, 10 pA for imaging by ion beam,
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and 0.3 nA for cross-section cleaning. The lower operating voltages of the ion beam
at 16 and 8 kV were used to thin and clean the lamella. The loading and transfer of
the lamella samples to TEM were carefully controlled to prevent air exposure.
HRTEM-EDX was recorded on a field emission gun JEOL-2800 at 200 kV with Gatan
OneView Camera (full 4 K x 4 K resolution). STEM was performed on JEOL JEM-
ARMB3O00CF at 300 kV, equipped with spherical aberration correctors. To minimize
possible electron beam irradiation effects, (S)TEM-EDX results presented in this
work were acquired under cryogenic temperature. The particle sizes and morphol-
ogies were prechecked using the FEI Apreo SEM at an acceleration voltage of 5 kV.

Modeling methodology

The sub-volume used for the computational modeling has a cross-section area of
33 x 33 um? and the full thickness of the segmented volume, i.e., 71.5 pm. The
3D representation for the modeling is available in Figure S6 as well as the compo-
nent distribution to highlight its homogeneity. The sub-volume was imported into
COMSOL Multiphysics as a mesh of ca. 2.3 M of elements using the software
INNOV**** to apply our 4D (space + time) Newman-based electrochemical model
with the mathematical equations describing Li* ion migration in the electrolyte,
Li* ion insertion driven by Butler-Volmer kinetics, lithium diffusion through the active
material and electronic transport in both active material and CBD, similarly to the
works previously reported by us.***® A comprehensive description of model param-
eters and justification for parameters chosen can be found in Tables S2 and S3.

To match with the experimental observations, a heterogeneous CEl thickness (both
at the electrode and particle scales) was assumed to exist in the electrode micro-
structure, ranging from 3 to 28 nm as illustrated in Figure S8. A Gaussian distribution
with a mean value that increases along the thickness of the electrode was used to
determine the thickness of the CEl layer (additional details are provided in Figure S8).
Accounting for the heterogeneity of the CEl layer is of importance, as it has been
shown for the anode interphase case that a heterogeneous layer could impact the
lithiation process.*®

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.
2022.12.001.
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