Solid-state cathode heterogeneity impact on utilization and fracture dynamics
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Abstract

Structural heterogeneity in solid-state batteries can impact material utilization and fracture mechanisms.
Dense crystallographically oriented lithium cobalt oxide cathodes serve as a model electrode system for
exploring how density variability contributes to stress relief and build up during cycling. Real- and
reciprocal-space operando and ex-situ synchrotron based experiments are utilized to understand structural
changes across multiple length scales contribute to stress generation and fracture. Nanotomography
uncovers a depth-dependent porosity variation in the pristine electrode and highlights preferential fracture
in regions of lower porosity during delithiation. Energy-dispersive X-ray diffraction and 3D X-ray
absorption near-edge spectroscopy (XANES) reveal the underutilization of cathode material in these
regions. 3D XANES also confirms preferential delithiation near the sub-grain boundaries. Chemo-
mechanical modeling coupled with site-specific mechanical characterization demonstrate how stress
accumulation in dense regions of the electrode leads to fracture and underutilization of active material. Our
findings reveal the importance of materials design to alleviate stress in small-volume changing cathodes.

https://doi.org/10.26434/chemrxiv-2024-0hdbp ORCID: https://orcid.org/0000-0002-5222-7288 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0hdbp
https://orcid.org/0000-0002-5222-7288
https://creativecommons.org/licenses/by-nc-nd/4.0/

Main

Solid-state batteries (SSBs) offer both high energy density and enhanced safety for next generation energy
storage systems' . Maintaining contact between the solid ion conducting phase and solid active material
phase is critical for achieving rate performance and suppressing a range of degradation modes*>. Active
material volume change occurs during lithiation and delithiation of the cathode and anode active material.
The magnitude of volume change is often unequal between each electrode. Li metal anodes can experience
100% or infinite volume changes (reservoir-free)* and layered oxide cathodes can experience <3% volume
changes'®. Extensive efforts focus on how high-volume change anode materials can accelerate reaction
heterogeneity, drive filament formation, and cause electrical shorting and fracture*'""'2. The impact of small
volume changes in the cathode active material has drawn less attention and most studies focus on single
particle dynamics in composite solid-state cathodes*'*!* Unraveling the relationship between structural
heterogeneity and chemo-mechanics is critical for understanding degradation mechanisms and optimizing
solid-state battery architectures for long cycle lifetime.

Composite solid-state cathodes combine a solid-state ion conductor with a cathode active material (Figure
1a). This composite structure is composed of a complex three-dimensional networks of solid-solid contact
sites between the solid electrolyte phase and cathode active material phase. Structural heterogeneity exists
across multiple length scales and can influence active material utilization and fracture progression. At the
particle level polycrystalline active material consists of grains and at the electrode level porosity, contact
area, and variable composition can all influence electrochemical and degradation processes. Heterogeneity
in cathodes can drive interfacial delamination, side reaction, and non-uniform ion transport4’13’14. It is
challenging to directly interrogate how cathode structural heterogeneity influences utilization and fracture
progression. Consequently, a suitable model system should be devised to minimize the complex three-
dimensional solid-solid interfaces to intensively explore the impact of electrode’s structural heterogeneity.
Also, due to the intricate coupling between electrochemical reaction and chemo-mechanical interactions,
conventional electrochemical and ex-situ materials characterization techniques have limitations in fully
elucidating the effects of structural heterogeneity.

To minimize effects born from cathode active material delamination from the solid electrolyte in a
composite cathode, we studied a dense electroplated and crystallographically oriented lithium cobalt oxide
(LCO). These electroplated cathodes have (003) basal planes nearly perpendicular to the current collector
to facilitates rapid Li ion diffusion across the thickness of the electrode. Using crystalloraphically oriented
cathodes eliminates the need for a solid ion conducting phases in the cathode and enable direct investigation
of chemo-mechanical transformation in the cathode active materials phase in a solid-state battery (Figure
1b-d). ' We combine multiple techniques, including operando and ex-situ synchrotron-based
characterizations to uncover the relationship between structural heterogeneity and reaction dynamics.
Operando energy dispersive X-ray diffraction (EDXRD) and ex-situ 3D XANES identify spatially resolved
electrochemical reaction heterogeneity and X-ray nanotomography probes nano-scale morphological
transformations and fracture dynamics. The results demonstrates that preferential fracture and loss of
accessible capacity originates from highly dense region of the cathode active material. Combining real and
reciprocal-space techniques with electrochemical-transport and chemo-mechanical modeling unravels the
role intrinsic porosity plays on stress relief. Local porosity variability can result in local changes to fracture
toughness. Exquisite control over pores in solid-state cathodes can potentially aid in suppressing fracture
in thick cathodes.
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Figure 1| (a) Depiction of a composite solid-state cathode with complex 3-dimensional solid-solid
contacts and (b) electroplated dense cathode. ¢, d, SEM images of electroplated dense LCO showing the
(¢) top view and (d) cross-sectional view. e, Schematic representation of the operando EDXRD setup.
f,g, Galvanostatic charge and discharge voltage profiles and corresponding local Li content (x in
LixCo0») for (f) 1 and (g) 3 mAh cm™ LCO. Graphs above the contour map represent local Li content
variation through the depth after charge to 3.6 V with current density of 0.1 C (0.1 and 0.3 mA ¢cm™ for
1 and 3 mAh cm? LCO, respectively). (h) Local Li content maps after charge to 3.6 V obtained by
electrochemical-transport modeling.

Reaction heterogeneity throughout the thickness of textured LCO

Operando EDXRD can spatially resolve d-spacing changes through the thickness of a cathode with a spatial
resolution up to 5 um'®'’. Monitoring the d-spacing during galvanostatic cycling experiments sheds light
on active material utilization in thick monolithic electrode materials (Figure le). This enables tracking
dynamics from the cathode-solid electrolyte interface (Layer 1) to current collector-cathode interface (Layer
4 or 8, Figure le). The dense electroplated cathodes are absent of any binder and additive and thus the
thickness of the cathode scales with the capacity of 1 mAh cm™ (17 £ 3 pm) and 3 mAh cm? (50 £ 5 um).
It is possible to monitor 4 distinct locations across the thickness of 1 mAh cm™ cathode and 8 distinct
locations across the 3 mAh cm? cathode due to the beamline resolution (~5 um). This technique can
directly monitor the degree of lithiation or delithiation during charging (decrease in lithium content) and
discharging (increase in lithium content). Changes in the unit cell volume are used to estimate the Li
content'®. The unit cell volume changes are greatest in the region near the solid electrolyte interface (Layers
1-3) for the 1 mAh cm™ (17 um) LCO cathode. The unit cell volume increases by ~ 2% (Figure S1a) during
the first 8 hours of charging. The rate of volume increase decreases (0.1%) between 8 and 9 hours of
charging. These unit cell volume changes are consistent with previous reports'®'**’. The degree of lithiation
and delithiation is uniform across the thickness of the 1 mAh cm™ (17 um) LCO cathode and demonstrates
only minor underutilization in the region adjacent to the current collector (layer 4) (Figure 1f). The 1 mAh
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cm? (17 um) LCO cathode delithiates to Li contents around 0.57-0.58 in layers 1-3 (x in LixC00O»).
Incomplete delithiation around the current collector (layer 4) results in Li content of 0.64. As seen in earlier
studies investigating reaction dynamics in solid-state sulfur and NMC cathode through neutron imaging
and EDXRD, insufficient effective ion transport leads to local reaction rate heterogeneity within solid-state
battery cathodes®'*%. Limited ion transport makes the reaction front propagate from the solid electrolyte
side to current collector. This reaction heterogeneity induces a Li concentration gradient along the thickness
of the electrode. When ion transport is sufficient with respect to the applied current, reaction can be
homogeneous within the electrode enabling the uniform Li concentration during the reaction.

The lithium content is relatively uniform across the thickness of the 1 mAh cm? LCO electrode during
charge and discharge (Figure 1g). The high capacity, thick LCO cathode 3 mAh cm? (~50um) demonstrates
a greater Li content gradients throughout the cathode thickness (Figure 1f). After the first charging period,
the cathode material near the solid electrolyte (layer 1) has the lowest Li contents of 0.64, while the cathode
material near the current collector (layer 8) has the highest Li contents of 0.73. The 3 mAh cm™ LCO
cathode experiences a gradient in delithiation moving through the thickness of the cathode from the solid
electrolyte to the current collector region which is due to the limitation in Li diffusion within the cathode?'**.
Incomplete delithiation of this cathode leads to a low cell level capacity.

A coupled electrochemical-transport model sheds light on reaction and transport interactions in the
electroplated LCO cathodes (Figure lh, S2). All details regarding the mathematical formulation and
associated parameters are provided in the Method section. The model solves for the ionic transport in the
solid electrolyte, reaction kinetics at LCO|solid electrolyte interface and solid-state lithium diffusion with
the LCO cathode. 2D image slices of 1 and 3 mAh cm? LCO obtained through synchrotron
nanotomography provide a surface profile of the electrodes for modeling (Figure S3). 1 mAh cm? LCO
demonstrates uniform Li contents across the entire cathode at the end of charging. In contrast, significant
Li concentration gradients develop in 3 mAh cm? LCO. The higher areal current density and longer Li
diffusion pathways for Li in 3 mAh cm™ LCO induce transport limitations, leading to large Li concentration
gradients >***, While the model correctly captures the overall trend in the diffusion behavior and delithiation
dynamics, the EDXRD results reveal some distinct characteristics of underutilization in the layer adjacent
to the current collector (layer 4). Underutilization of certain regions of the cathode is a result of porosity
variation throughout the thickness of the cathodes and is investigated in the next section.

Microstructure-dependent reaction heterogeneity in LCO electrode

Three-dimensional X-ray absorption near edge spectroscopy (3D XANES) enables simultaneous
visualization of lithiation gradients and LCO cathode nanostructural features (morphological
heterogeneities). Co K-edge XANES spectra of each voxel are collected via assessing the X-ray absorption
of the sample under different energy levels (Figure 2a). White line energy which exhibits the highest X-ray
absorption intensity is an indicator of increase in Co oxidation state (i.e., the delithiation state)*. Higher
energies represent a high degree of delithiation and lower energies represent a low degree of delithiation.
3D XANES over the entire thickness of the charged 1 mAh cm™ electrode demonstrates electrode thickness-
dependent delithiation and preferential delithiation along core region of grain (Figure 2b). 3D XANES also
confirms the uniform utilization throughout the thickness of LCO electrode but underutilization near the
current collector which is consistent with EDXRD results. The white line energy is uniform in bulk region
>3 um from the current collector. Energies range from 7730.5 to 7730.6 eV and decrease progressively
near the current collector to 7730.2 eV (Figure 2¢). Sliced images from 3-D tomographys confirms the
presence of a lower white line energy region near the current collector side of LCO (white dashed box in
Figure 2e).

https://doi.org/10.26434/chemrxiv-2024-0hdbp ORCID: https://orcid.org/0000-0002-5222-7288 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0hdbp
https://orcid.org/0000-0002-5222-7288
https://creativecommons.org/licenses/by-nc-nd/4.0/

Tomogrpahy images from
different energy levels

Matjc
be :
8. 153 keva/-n LowE =— HighE

LCO electrode

synchrotron source " lll
sample holder

detector Each voxel's XANES spectra

rotate

White line energy

Absorbance

Energy

o© T 14 T
= = )
S 5 12 1 & 7731 eV
3] b < <
T T 2 qof . &
o 38 <
°© = 8 | uniform -
2 g_ é utilization QE)
© 3 sef . £
§ 4f ] S
"g % 8 2F under-
E g % utilization
38 B o ’
O 77300 77305 7731.0 | R

White line energy (eV)

x

AL

f by . i Slice 1
\ //

Figure 2 | 3D XANES mapping of LCO after charge.

a. Schematic illustration of ex-situ 3D XANES setup. b, 3D Co white line energy distribution for charged
LCO. ¢, Variation of white line energy as a function of distance from the current collector. White line
energy is the average white line energy of each XY plane with thickness of 0.8 um. d, Reconstructed YZ
plane 2D tomography image slice. e, Corresponding white line energy distribution. f, TEM image of
LCO prepared via FIB. g, 3D white line energy distribution of LCO particle delaminated from the
electrode h, 2D image slices of the YZ plane.
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Transmission electron microscopy (TEM) analysis on cross section of the LCO shows microstructure where
branch-like sub-grains extend on both side from central core (Figure 2f). We speculate a screw dislocation
growth during electroplating, where the central core (darker region) grows in <110> direction (pink arrow
in Figure 2f) and grain grows in <003> direction (white arrow in Figure 2f)*°, may create the observed
microstructure’’. The growth directions were confirmed through high resolution TEM analysis®. The
<110> growth direction provides fast Li ion diffusion pathways****. 3D XANES on the entire thickness of
LCO confirms the preferential delithiation near the central cores which traverse the entire thickness of the
electrode from the solid electrolyte to the current collector (Figure 2d,e, yellow dashed). Internal grains
demonstrate lower levels of delithiation. Fast Li diffusion following the <110> direction causes the
preferential delithiation. 3D XANES on a particle delaminated from the charged LCO electrode reveals
more pronounced preferential delithiation following the sub-grain boundaries than 3D XANES on entire
thickness of electrode (Figure 2g, h). This clearer observation might be due to the smaller sample size. The
particle is composed of a few single crystal grains (Figure S4). The preferential delithiation following the
central core crossing the grain is apparent (white arrows in Figure 2h). Also, the particle has more delithiated
branch-like regions which most likely correspond to sub-grain boundaries (yellow dashed circle in Figure
2h). These preferential delithiation features might be the result of the enhanced Li ion diffusion at sub-grain
boundaries®*.

Morphological heterogeneity and structure changes of LCO

Ex-situ synchrotron X-ray nanotomography of a pristine, charged and discharged 1 mAh cm? LCO
electrode reveals the nanostructural origin of the reaction heterogeneity. Intensity contrast between the LCO
cathode and void allows for clear segmentation within electrode (Figure 3a, b). The rough surface of
electrode (in contact with the solid electrolyte) and pores extending from the surface toward current
collector are consistent with the FIB-SEM (Figure 1c, d) and with other electroplated lithium and sodium
transition metal oxides 2**'"**, The pristine electrode demonstrates structural heterogeneity throughout the
thickness of the electrodes (Figure 3c, d, S5).

Grains and pores extend across the entire thickness of the cathode. The region near the current collector
demonstrates a higher density (lower porosity) than the rest of the electrode and the presence of isolated
pores (< 1 um). 2D image slices of reconstructed tomography also reveal networks of connected pores that
extend from the electrode surface to around 2 pm away from the current collector (Figure S6). Other regions
in pristine LCO also exhibit similar trends (Figure S7). The porosity of the electrode is approximately 6.5%
near the surface and 1% in the 2 pm region near the current collector. The electrode microstructure
undergoes changes during delithiation (Figure 3e,f). The electrode material near the current collector shows
porosity increase from 1% to around 4.5% (Figure 3f, S8-10). The electrode microstructure in the region
away from the current collector demonstrates less of a change. The porosity in the bulk region (>5 pm from
the current collector) only decreased by about 1% after delithiation. The porosity increases by about 1%
across all electrode regions after lithiation to 1.9V (Figure 3g,h). Charging (delithiation) and discharging
(lithiation) dynamics result in irreversible pore generation in the electrode region adjacent to the current
collector (Figure S11-13).

The reversible volume expansion and contraction of LCO unit cell during delithiation and lithiation (~
2%)" can drive fracture dynamics which create the void or pore region. The relatively high porosity of the
bulk region can accommodate volume changes and alleviate stress accumulation. Therefore, the bulk region
demonstrates reversible porosity changes during the initial cycle. However, the absence of enough pores
near the current collector leads to stress buildup during the charging, which can cause fracture and increase
porosity. The fractures near the current collector side interrupt the Li diffusion pathway and limit the full
active material utilization at this region as observed through operando EDXRD analysis (Figure 1e)'***.
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The 3 mAh cm™ LCO also exhibits similar structural heterogeneity with a higher density of active material
at the current collector (lower porosity) and a lower density (higher porosity) through the electrode
thickness. The region near the current collector (<10 um from the current collector) is almost perfectly
dense with less than 1% calculated porosity (Figure S14). The porosity gradually increases, to around 10.6%
in the region 40 um from the current collector. Charging the cathode results in an increase in porosity near
the current collector like the thin LCO cathodes (I mAh cm™ LCO) (Figure S15). However, the magnitude
of the porosity changes are greater for the 3 mAh cm™ LCO cathode. The porosity near the current collector
increases from below 1% to around 4.5% for the 1 mAh cm™ LCO and to around 8.5% for the 3 mAh cm™
LCO. Significant fractures with thicknesses exceeding 2 um traverse the entire electrode after charging
(Figure S16). The 3 mAh cm™? LCO cathodes have lower active material utilization, lower volume
expansion, and more severe fracturing than the 1 mAh cm™ LCO cathodes. The differences in fracture
propagation may be linked with the dense region near the current collector. The highly dense region near
the current collector is around 2 and 10 pm for 1 and 3 mAh cm™ LCO, respectively. Thick dense regions
impede stress relief toward the surface side. Consequently, greater stress buildup in dense areas leads to
more significant fracturing.
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Figure 3 | Structural heterogeneity analysis using synchrotron nanotomography.

Reconstructed 2D image slice of LCO electrode. b. Segmented 2D image slice of corresponding LCO.
3D reconstruction of pores was carried out for the electrode region from the Al current collector surface
to a distance of 10 um. ¢,e,g, Reconstructed 3D image of pores in the LCO electrode for (¢) pristine, (e)
charged to 3.6 V, and (g) discharged to 1.9 V. d,f,h, Porosity variation along the z-axis in LCO electrode
(d) pristine, (f) charged, and (h) discharged LCO, with position 0 at the current collector surface.
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Fracture toughness variability

Fracture toughness serves as a key material parameter for predicting crack stability and its propensity for
propagation under stress. To understand how structural heterogeneity contributes to the mechanical property
landscape, we performed nanoindentations on a cross-sectional LCO sample using a Berkovich indenter tip
in a G200 nanoindenter (Agilent, Inc.) at four different locations across the electrode thickness (Figure 4a).
Figure 4b reveals the residual indentation marks, which radial and lateral cracks emanating from the sharp
corners that serve as sufficiently high stress concentrations for crack initiation (Figure 4b). We find that in
its pristine state, the electrode displays a similar fracture toughness along its height, with the average
toughness ranging from 0.73 to 0.75 MPa m®’, with the layer adjacent to the current collector having a
higher fracture toughness of 1.00 + 0.16 MPa m®? (Figure 4c). The lower porosity near the current collector

can explain the greater fracture toughness in that location compared to the rest of the electrode (Figure
3 d)35’36.

After delithiation to 3.6 V vs. Liln (4.2 V vs. Li), fracture toughness around the current collector decreases
to 0.8 MPa m®, a 20% decrease compared to pristine LCO (Figure 4d). The fracture toughnesses measured
along the electrode cross-section, at distances of 5, 9, and 13 um from the current collector, are tightly
distributed in the range of 0.74 to 0.70 MPa m®, a 5.6 % decrease from the pristine LCO. Studies of Li
transition metal oxides have observed a similar reduction in fracture toughness near the current collector
and attributed it to charging-induced Li depletion, residual stress, and micro-crack generation®’**. The bulk
region (layer 1-3 in Figure 1f and 5-13 um in Figure 4c,d) has the greatest delithiation and active material
utilization (Figure 1f) and the smallest change in fracture toughness (Figure 4c, d). Our results indicate that
the material in the vicinity of the current collector experiences the largest change in fracture toughness of
20% and lowest active material utilization (minimal delithiation), which suggests that Li depletion is
unlikely to be the root cause for the fracture toughness variation. Most probably, it is the creation of pores,
nano-cracks, and voids that drive fracture toughness reduction. This is consistent with our observation that
the fracture toughness becomes more uniform throughout the remaining thickness of the LCO electrode,
following the porosity gradient (Figure 3e, f).
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Figure 4 | Fracture toughness measurement across the thickness of an electrode.
SEM images of a, the LCO electrode cross-section after nanoindentation. The residual indents are
marked as red triangles. b, a typical individual indent mark. ¢, d, Fracture toughness, calculated from
displacement bursts (pop-ins) in load-displacement data corresponding with crack formation, as function
of distance away from current collector for (¢) pristine and (d) charged LCO.
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Pore stability prediction through mechanics modeling

The electrochemical-transport model developed in this work is coupled with the mechanics model to
understand chemo-mechanical coupling in the LCO electrodes. Here, the time-dependent concentration
field obtained using the electrochemical transport model is systematically fed into the mechanics model to
determine the stress evolution within the system. The details about the chemo-mechanical modeling are
provided in the Method section. Segmented 2D images provide structural information for modeling. In 2D
images, pores that are interconnected frequently appear as separate entities. Thus, we selected the 2D image
slice that demonstrates high pore connectivity as the representative image for modeling (Figure 5a).
Furthermore, to assess the stress applied to isolated pores near the current collector side, we integrate pores
into the image slice at 1 pm apart from the current collector. Given the electrode’s crystal orientation with
(003) basal planes mostly perpendicular to the current collector, anisotropic expansion of LCO parallel to
the current collector was assumed in the model.

As LCO delithiates, the accompanied volume change significantly affects the stress dynamics resulting in
both compressive and tensile stresses (Figure 5b-d). The electrode experiences high compressive stress (~10
GPa) near the current collector and low stress (~1GPa) at the solid electrolyte-cathode interface (Y>4 um)
when charged for 8 hours when the volume expansion is maximum (Figure S1a). Pores in the electrode can
accommodate the LCO volume expansion and mitigate stress accumulation. The relatively high porosity
(~6.5%) in the bulk region (Y>4 um) can accommodate LCO volume expansion, thereby reducing stress
accumulation. Whereas lack of pores near the current collector (~1%) results in significant compressive
stress accumulation.

To elucidate pore stability under these stress circumstances, we closely observe the stress locally applied to
pore tips. Although compressive stress predominates in most regions of the electrode, pore tips experience
tensile stresses and their magnitudes increase with the charging time (Figure 5b-d). These tensile stress
hotspots can potentially lead to crack onset and propagation within the electrode. Three representative pores
located at regions marked as A, B, and C (Figure 5d) exhibits stark difference in stress applied on pore tips
(Figure 5e). Both pore tips located near the current collector (region A,B) experience a high tensile stress
over 2 GPa. In contrast, the pore tip located 6 um from the current collector (region C) experiences much
lower tensile stress (<0.1 GPa). The comparison between maximum tensile stress at each pore tip (as marked
in Figure 5a) and the corresponding limiting stress required for the pore opening can predict the pore
stability during the initial charging process (Figure 5f). The following equation calculates the limiting
stress:®

1 K
O'f = e
yJr/2Va

Here, K. is the measured fracture toughness of LCO at a pristine state (Figure 4c) and a is the length of
crack estimated from the 2D image slice. y is a geometric correction factor that depends on the geometry
of the crack and loading conditions. y value is calculated based on the height of the electrode and pore
length.*’ Pore tips near the current collector (Y<4 um) experience tensile stress greater than the limiting
stress, leading to pore opening. On the other hand, most pore tips located near to the solid electrolyte (Y>4
um) experience stress less than limiting stress, preventing pore growth during charging. Also, the
comparison with limiting stress calculated based on the fracture toughness of charged LCO exhibits the
same results (Figure S17). Consequently, the fracture in the regions near the current collector leads to an

(1)
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increase in the porosity, which in turn impedes effective Li ion diffusion and limits active material
utilization. Conversely, the rest of the electrode can be fully utilized, exhibiting reversible porosity changes.
Overall, this pore stability prediction through chemo-mechanical modeling highlights the importance of
morphological heterogeneity in governing stress distribution, fracture dynamics, and concomitant transport
limitations within the LCO electrode.
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Figure 5 | Analysis of crack propagation in LCO electrode via chemo-mechanical modeling.

a. Segmented 2D image slice of the pristine LCO electrode for stress modeling. The y-axis position 0
represents the current collector surface b-d. Corresponding stress distribution maps during charging at a
current density of 0.1 C. Stress distribution maps are presented for the area delineated by a dashed black
box in a. Positive and negative values indicate tensile and compressive stress, respectively. ¢, Magnified
views of stress map in selected regions (marked as a dashed red box in a and d). f, Comparison of the
maximum stress applied at each pore tip marked in a and corresponding limiting stress for crack growth.

Conclusions

Using electroplated and crystallographically textured LCO, we show the impact of morphological
heterogeneity on active material utilization and chemo-mechanical interactions within an electrode which
drive fracture. The absence of solid electrolyte within the electrode enables us to exclusively focus on the
interaction originated from the morphological heterogeneity. Operando EDXRD and ex-situ 3D XANES
analysis provide spatially resolved reaction heterogeneity both in entire electrode and single particle scale.
EDXRD reveals variation throughout the electrode depth. 3D XANES confirms the EDXRD results of
underutilization near the current collector in 1 mAh cm™ LCO and also detects preferential delithiation
along sub-grain boundaries. Both 1 and 3 mAh cm? LCO exhibits reaction heterogeneity but demonstrate
pronounced difference. The Li contents gradient through the entire thickness of electrode in charged 3 mAh
em? LCO is attributed primarily to Li diffusion limitation within the electrode. In contrast, the limited
charging solely near the current collector in 1 mAh cm™? LCO originated from the morphological
heterogeneity.
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The depth-dependent structural heterogeneity and the morphology changes during the reaction are
characterized by ex-situ synchrotron X-ray nanotomography. Electrodes exhibit high density near the
current collector with less than 1% porosity, transitioning to higher porosity away from the current collector.
The pores within the electrode function to accommodate the volume expansion of the LCO unit cell during
charging. The lower porosity near the current collector leads to stress accumulation, resulting in fractures,
whereas the relatively higher porosity in the rest of the electrode alleviates stress. Consequently, the current
collector side suffers irreversible porosity increases, while all the other electrode regions exhibit reversible
porosity changes which originated from the volume change of the LCO unit cell. Fractures near the current
collector impede facile Li diffusion and limit the full utilization. This heterogeneous fracture mechanism is
confirmed by combining fracture toughness measurement and chemo-mechanical modeling. Higher tensile
stresses at the pore tips near the current collector lead to pore opening. These results extend our fundamental
understanding of the effects of structural heterogeneity on mechano-electrochemical reactions and
illuminate strategies to mitigate stress-induced fractures in designing electrode architecture.
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Methods
1. Chemical and materials

Electroplated faceted LCO electrodes with two different loadings (1 and 3 mAh cm™) were supplied by
Xerion Advanced Battery Corp (Kettering, Ohio). The electrodes were fabricated according to the process
detailed in a previous study™. The electroplating bath was formulated by blending KOH and LiOH in a 5:1
weight ratio within an Ar-filled glove box and then heated to 260 °C to achieve a transparent molten salt
mixture. Subsequently, 2 wt% CoO was added, resulting in a blue solution from the Co(OH)s*  complex. A
Co wire was used for the reference electrode, a Ni plate acted as the counter electrode, and Al foil was
employed as the working electrode and used as a current collector for the electrodeposition. The mass
loading corresponding to 1 and 3 mAh cm™ are approximately 7.8 and 23.4 mg cm™, respectively.

LigPSsCl1 (LPSCI) solid electrolyte powder was purchased from NEI corporation (Somerset, New Jersey)
and used as received. LizInCls (LIC) and LizYCls (LYC) were synthesized via mechano-chemical solid-
state method according to the process described in an earlier study®. Lithium chloride (LiCl, from Sigma
Aldrich) was combined and ground by hand with either yttrium chloride (YCls, from Alfa Aesar) to create
a LYC blend or indium chloride (InCl3, from Alfa Aesar) for a LIC blend, following the molar ratio. During
the manual grinding of LYC, an additional 10 wt% of YCl3 or InCl; was included to compensate for any
material lost through adherence to the milling equipment. The synthesis of the final solid electrolyte was
carried out using a high-energy ball mill (SPEX 8000 Mixer/Mill), employing a stainless-steel container
filled with steel balls of varying sizes (6.5 mm and 9.5 mm in diameter), maintaining a ball-to-powder ratio
of about 10. LYC was milled in one-hour intervals for a total mill time of 3 hours, and periodically removing
material adhered to the reactor walls after every interval to promote homogenous milling. The LIC blend
was milled for 3 continuous hours. All preparation and milling processes were carried out under an argon
atmosphere to maintain an oxygen- and moisture-free environment.

2. Electrochemical Experiments

LIC powder was hand pressed in the 6mm PEEK mold between two Ti rods to produce a semi-pelletized
layer, then LYC powder was added, and hand pressed to form a bi-layer separator. A 4 mm diameter LCO
electrode was interfaced with the LIC side of the separator and pressed to 380 MPa using a hydraulic press.
Next, a 6mm Cu backed In foil was interfaced with the LYC side of the separator. The cell was cycled under
30 Mpa of stack pressure. The current at 1C corresponds to 140 mAg"' based on the weight of cathode
active material. The cells were stopped at selected SOCs and disassembled inside an Ar filled glovebox to
extract the cycled LCO for ex-situ characterization. Figure S18 shows a schematic representation of the
workflow.

3. Operando EDXRD analysis

Energy dispersive X-ray diffraction (EDXRD) experiments were carried out at 6-BM-A beamline of
Advanced Photon Source (APS) at Argonne National Laboratory. A germanium detector was fixed at angle
of 20 = 2.35° to measure the diffracted beam. The incident white beam had an energy range of 20-200keV.
The X-ray beam penetrated the cell, allowing the characterization of the cell within the PEEK cell container
during cycling. The EDXRD gauge had dimensions of 2 x 4 x 0.005 mm?®. The detector channel number
was calibrated to inverse d-spacing using a LaBs standard.

To prepare the cell for EDXRD analysis, LYC solid electrolyte and LCO electrode were pressed together
under pressure of 300 MPa and indium foil was attached to another side of the pellet. The assembled cell
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was cycled with a constant current of 0.1 C between 1.9 and 3.6V (vs Li-In alloy) under the pressure of 30
Mpa. The data acquisition time was 60 seconds. The lattice parameters of the LCO were calculated using
the least square fit. The unit cell volume was calculated using UnitCell program based on the LCO lattice
parameters of (003), (101), (012) and (104) reflection*'. The unit cell volume was correlated to the amount
of Li in the LCO, using a previously published study'’.

4. Nanotomography and 3D XANES analysis

Nanotomography and 3D XANES analysis were performed at the FXI beamline (18-ID) of the National
Synchrotron Light Source II at the Brookhaven National Lab. For sample preparation, electrodes were
carefully delaminated from the solid electrolyte pellet, configured into wedges, and sealed in a polyimide
tube in Ar filled glove box. The sample was positioned on the stage for analysis, and the X-ray was directed
at the tip of the wedge-shaped sample. For nanotomography, a monochromatic beam with energy of 7.725
keV was utilized to obtain clear contrast. The sample was rotated 180 degrees, with each tomographic scan
lasting about one minute. The resulting spatial resolution was 20 nm. For the 3D XANES analysis,
tomographic scans were carried out at each energy level, ranging from 7.588 keV to 8.153 keV over 60
steps. The spatial resolution for 3D XANES was 40 nm. For reconstructing both nanotomography and 3D
XANES data, the Python-based TXM-Sandbox software was used*>*. Image processing and segmentation
were conducted using Imagel] and AVIZO. To mitigate the influence of the surface roughness for
quantifying the porosity inside the electrode, pores located within 10 um from the current collector were
reconstructed and analyzed.

5. Mechanical test

To prepare a smooth plan on the cross-section of LCO sample for nanoindentation test, focused ion beam
(FIB) milling (FEI™; Versa 3D™ DualBeam™) was used to polish an area of around 200*15 um. The ion
beam direction was perpendicular to the LCO surface with an accelerating voltage of 30keV. 50nA, 10nA,
and 5nA ion beam currents were applied sequentially to reduce the roughness.

In-situ nanoindentation test on the FIB milled cross section was conducted with a Berkovich diamond tip
inside the SEM system. The indentation positions were set in lines perpendicular to the sample’s surface,
with 4 points in each line at different layers (Figure 4). The point spacing in a line was 4pm, and the lines
were separated by more than 10pum. Load was applied with a rate of 100 pN/s till the limit depth (400nm)
was achieved. A typical load vs. displacement curve is shown in Figure S19. Several displacement bursts,
or pop-in events, were observed in the curve, corresponding to cracks that developed during the
nanoindentation test** .

Elastic modulus and hardness of different layers were collected at an indentation depth of 50nm to avoid
influence form cracks that occurred during nanoindentation. These cracks can lead to lower modulus and
hardness result with increasing indentation depth*®*’. Continuous stiffness measurement (CSM) was
applied to measure the elastic modulus. Elastic modulus (£) was calculated according to Equation (2) and

3).

S T
Br =25 a0 @
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Ey E Ej G)

Here E, was the reduced modulus that represents elastic deformation in both sample and tip. S was the
dynamic material stiffness directly measured via CSM and B was a geometry constant, f=1.034 for
Berkovich tip. The projected area of contact A was computed from the area function of our Berkovich tip
and the calculated contact depth /.. E; and v; were Young’s modulus and Poisson’s ratio of the tip. For the
diamond tip we used, Ei = 1070 GPa, v; = 0.07. Poisson’s ratio of LCO was assumed to be v =0.3. Hardness
(H) was defined as Equation 4, where P is the indentation load.

P
H= A(he) )

The fracture toughness (K) can be determined via the indentation-induced pop-ins***’, and this pop-in

method has been used to measure K. of LCO electrodes***°. Crack length ¢ was calculated based on the
displacement burst as

¢ =VZhy + QE —V2)h, (5)

Here h,, was the real displacement with pop-ins and /. was the extra displacement caused by the entry of
the tip into the crack. Definition of 4, and 4, is illustrated in Figure 1. The red dot line represents the
polynomial fit of load-displacement curve before the first pop-in. The indentation load P used to determine
hn and &, was in the range of 600-6000 uN, before the second pop-in was observed. Q is a unitless constant
of 4.55 according to Field’s work®. Fracture toughness of different layers was then calculated as
ELl p

Kie = k()2 =7 (©)

Research has shown that the constant k¥ mainly depends on the geometry of the indenter***. Following

Jang’s work™, we estimated k = 0.028 from Equation (7), where P is the half opening angle of the indenter
(Berkovich tip ¥ = 65.3°).

_0.0352

= (cos‘P)g @)

k

6. Computational methods
Electrochemical-transport model
The model developed includes the following mechanisms:

(a) Ion transport within the solid electrolyte separator

(b) Reaction kinetics at the LCO-solid electrolyte interface

(c) Solid-state lithium diffusion within the LCO electrode

(d) Electron transport within the LCO electrode

Ion transport within the solid electrolyte is solved based on the charge conservation equation as follows:

V. (ksgVosg) = 0 8)

Here, kg and ¢ are the ionic conductivity and electric potential for the solid electrolyte, respectively.
Constant applied current is given as the boundary condition at the anode-solid electrolyte interface. Whereas
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Butler-Volmer reaction kinetics is given as the boundary condition at the LCO-solid electrolyte interface as
follows:

. . F _F
igy = i, (exp <m (Prco — dse — Ueq)) — exp <ﬁ (Prco — bse — UeQ))) ©)

Here, F is the Faraday constant, R is the universal gas constant, T is the operating temperature, Uy, is the
equilibrium potential which is adopted from reference®', and ¢, o and ¢ are the electric potentials in
LCO and solid electrolyte respectively. The exchange current density, i,, can be mathematically expressed
as follows:

_ 05
lp = Fkr(ce)o's (Cs,max - Cs) (CS)O'S (10)

where, k, is the reaction rate constant, c, is the lithium-ion concentration in solid electrolyte which is
assumed to be constant at 1200 mol/m’, ¢, is the local lithium concentration in LCO and Csmax 18 the
maximum lithium concentration. Next, the solid-state lithium diffusion within the LCO electrode is solved
using the following equation:

dc
a_ts =V.(D.Vcy) (11)

where, D is the solid-state lithium diffusivity in LCO. Lastly, the electron transport within the LCO is solved
based on the charge conservation equation as follows:

V. (01coVdrco) =0 (12)
Here, 0, is the electronic conductivity of the LCO electrode.
Mechanics model

To model the stress evolution during the electrochemical operation, quasi-static mechanical equilibrium is
considered for which the governing equation can be given as follows:

V.o=0 (13)

where the total strain can be mathematically expressed by the constitutive stress-strain relationship
including the electrochemically induced strain:

1 0
Ei]' = E [(1 + U)O'ij - UO'kk(Sij] + ?61] (14)

Here, E is the Young’s modulus, v is the Poisson’s ratio, 0;; is the stress tensor, §;; denotes the Kronecker

delta function, (1 is the partial molar volume and ¢ is the difference in the lithium concentration from its
reference value. All the parameters used in the modeling framework are given in Table S1.

Table S1. Parameters used in the modeling framework.

Parameters Values Units

R Gas constant 8.314 Jmol! K!
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F Faraday constant 96,487 C mol”!

Csrmax Maximum lithium concentration 5155502 mol m™

D Solid-state diffusivity of LCO 1.5x 10713 m’ s’

k, Reaction rate constant 6.6 x 1071201 m?*® mol®® 5!

Ksg Ionic conductivity of solid electrolyte 0.065 Sm

OLco Electronic conductivity of LCO 9.52 x 10721 Sm

Trer Reference temperature 298 K

Eico Young’s modulus of LCO 19154 GPa

Vico Poisson’s ratio of LCO 0.24054 -

Grco Shear modulus of LCO 804! GPa

Q Partial molar volume —1.947 x 107652 m® mol!
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Figure S1. Variation of unit cell volume for (a) 1 and (b) 3 mAh cm™ LCO.
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Figure S2. Modeled voltage profile for a charging of 1 and 3 mAh cm™ LCO.
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Figure S3. Reconstructed 2D image slices of LCO electrode for (a) 1 and (b) 3 mAh cm? LCO. Image
slices were used for Li diffusion modeling.
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Figure S4. Reconstructed 2D image slices of LCO powder delaminated from the charged 1 mAh cm? LCO.
The image corresponds to 3D XANES slice 2 in Figure 2h.
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Figure S5. a, Reconstructed 3D image of pores in the pristine LCO displayed in Figure 3¢ with various
perspectives views. b, Corresponding XY planes with different distances from the current collector.
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Figure S6. a, Schematic illustration of image slice locations. b, Reconstructed 2D image slices of the

pristine LCO. Each slice apart each other for 2 pm.
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Figure S7. a,c, Reconstructed 3D image of pores in the pristine LCO at different locations. b,d,
Corresponding XY planes with different distances from the current collector.
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Figure S8. a, Schematic illustration of image slice locations. b, Reconstructed 2D image slices of the LCO
charged to 3.6 V. Each slice apart each other for 2 um. Pores formed at the current collector side are marked

as dashed yellow circle.
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Figure S9. a, Reconstructed 3D image of pores in the charged LCO displayed in Figure 3e with various
perspectives views. b, Corresponding XY planes with different distances from the current collector.
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Figure S10. a,c, Reconstructed 3D image of pores in the charged LCO at different locations. b,d,
Corresponding XY planes with different distances from the current collector.
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Figure S11. a, Schematic illustration of image slice locations. b, Reconstructed 2D image slices of the LCO
discharged to 1.9 V. Each slice apart each other for 2 um. Pores formed at the current collector side are
marked as dashed yellow circle.
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Figure S12. a, Reconstructed 3D image of pores in the discharged LCO displayed in Figure 3g with various
perspectives views. b, Corresponding XY planes with different distances from the current collector.
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XY plane

Figure S13. a,c, Reconstructed 3D image of pores in the discharged LCO at different locations. b,d,
Corresponding XY planes with different distances from the current collector.
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Figure S14. a, b, Reconstructed 3D image of pores in the 3 mAh cm? LCO electrode. Since the thickness
of 3 mAh cm™ LCO electrode is larger than observation range of analysis, the electrode was observed by
taking tomogram in two regions. a for solid electrolyte side and b for current collector side. ¢, Porosity
variation along the z-axis in LCO electrode.
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Figure S15. a, b, Reconstructed 3D image of pores in the 3 mAh cm™ LCO electrode after charging. a for
solid electrolyte side and b for current collector side. ¢, Porosity variation along the z-axis in LCO electrode.
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Figure S16. a, Schematic illustration of image slice locations. b, Reconstructed 2D image slices of the 3
mAh cm™ LCO charged to 3.6 V. Each slice apart each other for 2 um.
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Figure S17. Comparison of the maximum stress applied at each pore tip and corresponding limiting stress
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Figure S18. Schematic representation of workflow for ex-sifu nanotomography analysis sample

preparation.
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Figure S19. a. Typical load-displacement data of nanoindentation test on LCO cross-section, with pop-ins

corresponding with cracks. Red dot line stands for the polynomial fitting before the first pop-in. b.
Definition of the real displacement with pop-ins /,, and the extra displacement caused by the crack 4.
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