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HIGHLIGHTS

o Randomly aligned fiber LLZO with hexagonal LCO slightly reduces induced stresses.
o Contact with specific hexagonal LCO facets strongly affects stress distribution.

o The alignment of LLZO fibers plays a critical role in determining the stress state.

o Anisotropic expansion—contraction behavior of LCO contributes to stress mitigation.
o Randomly oriented spherical LCO leads to the highest mechanical stress.

ARTICLE INFO ABSTRACT

Keywords: All-solid-state batteries (ASSBs) are gaining attraction as a safer and more efficient alternative to traditional
A11‘§°11d'3tate lithium batteries liquid lithium-ion batteries due to their use of solid electrolytes. However, the advancement of ASSBs is hindered
Grain morphology by challenges such as mechanical stress induced by volume changes in the cathode active material (CAM) during

Garnet electrolyte
Cathode active material
Microstructural design parameters

cycling. This study investigates the impact of composite cathode grain morphology on the induced mechanical
stress within the composite cathode, specifically focusing on the configurations involving spherical and hexag-
onal LiCoO; (LCO) paired with spherical and fiber-shaped garnet-type LiyLazZr,O12 (LLZO) electrolytes. Four
distinct systems are analyzed: spherical LCO-spherical LLZO, spherical LCO-fiber LLZO, hexagonal LCO-spherical
LLZO, and hexagonal LCO-fiber LLZO. By generating modeled microstructures, we investigate the effects of the
solid volume fraction of LCO and porosity on the induced chemo-thermal mechanical stress, reflecting real-life
scenarios considering induced stresses after sintering. Our findings reveal that fiber LLZO in conjunction with
textured hexagonal LCO reduces the induced mechanical stress in both components by 11.0 % for LCO and 9.0 %
for LLZO. In contrast, the use of randomly oriented spherical LCO in the composite leads to higher induced
mechanical stresses in both LCO and LLZO. The alignment of fiber LLZO critically influences the stress type
within the system due to facet-specific contact interfaces, underscoring the importance of grain morphology in
optimizing the mechanical performance of ASSBs.

1. Introduction attention as a promising alternative to conventional liquid lithium-ion
batteries (LIBs). Due to the use of solid electrolytes replacing liquid
All-solid-state batteries (ASSBs) have attracted considerable research electrolytes, ASSBs offer enhanced safety and higher energy density
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[1-3] by enabling the coupling of high-capacity electrode materials like
Li metal, they contribute to higher energy densities. However, the
advancement of ASSBs is still impeded by critical challenges, including
the formation of detrimental chemical reactions at the interface between
the cathode active material and the solid electrolyte [4-6]. Moreover,
the formation of dendrites under high current continues to pose a sig-
nificant and persistent challenge for researchers. [7-10]. The significant
degradation observed during cycling, attributed to mechanical fatigue
[11-13], also remains an unresolved challenge.

The cathode plays a critical role in determining the areal capacity
and energy density in ASSBs. To achieve high energy ASSBs, a thick
composite cathode is utilized, consisting of intertwined solid electrolyte
and cathode active material (CAM) particles. This configuration ensures
percolating pathways for efficient ion and electron transport. However,
the application of stiff solid electrolytes introduces a significant draw-
back, as their rigidity constrains the volume changes of the active ma-
terial during cycling, which is the primary cause of mechanical stress
within the composite cathode, potentially inducing microcracks propa-
gating throughout the entire cell [14-16], which in turn leads to ca-
pacity fade.

Researchers have applied various strategies to mitigate induced
mechanical stresses, emphasizing the development of CAMs. The
introduction of so-called ‘“zero-strain” CAMs (NCM271 and NCM361) is
one such approach. However, these materials do not keep a constant
volume and are anisotropic during the delithiation process. [17-19].
While the mixing of CAMs with opposite strain signs (e.g., LCO with
NCM) achieves a net zero strain at the component level, it continues to
induce stresses at the grain level. [20]. The scope of efforts has broad-
ened to include the incorporation of additives as an additional approach.
Researchers have found that integrating elastomer binders into the
composite cathode can reduce induced mechanical stresses, but this
reduction is accompanied by a decrease in capacity, which limits the use
of elastomer binders to low concentrations [21,22]. He, YaoLong et al.
reported a capacity fade of the graphite and silicon anodes ascribed to
stresses within the solid electrolyte interphase [23].

LiCoOy (LCO) is particularly noted for its remarkable stability and
high capacity among CAMs composed of layered transition metal oxides
[24-28]. It exhibits a hexagonal layered a-NaFeO; structure where the
layers of octahedra CoOg are aligned perpendicular to the c-axis, cor-
responding to the {001} facets. In contrast, the hexagonal crystal’s
six-sided facets, indexed as {010} facets, are oriented perpendicular to
the {001} planes (Fig. 1). Nevertheless, LCO is associated with several

Before sintering
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negative aspects, including toxicity and high materials costs. Further-
more, its inherent structural instability detrimentally impacts its elec-
trochemical performance, resulting in a practical capacity that is only
approximately 50 % of its theoretical potential [29,30].

Garnet-type LiyLagZr,0O15 (LLZO) with different dopants such as Al
and Ta has garnered considerable attention from researchers within the
broad spectrum of solid lithium-ion conductors. This material is distin-
guished by its high ionic conductivity, which can exceed 1 mS/cm at
room temperature, and its inherently low electronic conductivity.
Furthermore, LLZO possesses a broad electrochemical stability window
and exhibits exceptional chemical and electrochemical stability when
interfaced with lithium metal [31-35].

The thermodynamic stability of LLZO/CAM mixtures is driven by the
necessity of high-temperature co-sintering of the solid electrolyte (SE)
and cathode active material (CAM) at temperatures above 1000 °C. This
high-temperature requirement poses significant challenges, primarily
due to material compatibility issues and formation of interdiffusion
layers as a result of undesirable side reactions among interface between
LLZO and LCO which might lead to degradation of the cell’s electro-
chemical performance ascribed to hindering of the de-/lithiation pro-
cess. Which have been widely studied by various research groups
[36-38].

Among the various CAMs used in LIBs, LCO has demonstrated ther-
modynamic stability when combined with LLZO at elevated tempera-
tures. In contrast, other CAMs such as NCM, LiNiygCog.15Alp.0502
(NCA), LiMn504 (LMO) and LiFePO4 (LFP) react with LLZO at moderate
temperatures between 400 °C and 800 °C.

Grain morphologies have been the focus of limited research. Jeon
et al. concluded that the shape and facet design of CAMs significantly
influence solid-solid ion migration, suggesting that single-crystalline
octahedral NCM particles enhance Li-ion diffusion at the interface be-
tween the solid electrode and solid electrolyte in ASSBs [39]. Mean-
while, Wu et al. found that LCO flakes exhibit high specific capacity,
excellent rate performance, and remarkable cycling stability over a wide
range of operating temperatures [40].

Despite various studies investigating the effect of fiber LLZO in the
solid electrolyte [41-45], none of the previous researches has addressed
the impact of component grain morphologies on the induced mechanical
stress in ASSBs.

In this research, we investigate the effect of composite cathode grain
morphology on the induced mechanical stress within the composite
cathode. Model microstructures were generated, incorporating spherical

i Spherical LCO-Spherical LLZO

ii Spherical LCO-Fiber LLZO

iii Hexagonal LCO-Spherical LLZO

iv Hexagonal LCO-Fiber LLZO
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Fig. 1. Generated modeled microstructure utilizing different LCO and LLZO morphologies: (i) spherical LCO-spherical LLZO, (ii) spherical LCO-fiber LLZO, (iii)
hexagonal LCO-spherical LLZO, and (iv) hexagonal LCO-fiber LLZO. The assigned lattice facets of hexagonal LCO are indicated. The initial average grain sizes of LCO
and LLZO 2.00 pm and 1.41 pm, respectively. Fiber LLZO length and diameters 3 pm and 0.5 pm respectively, SVF co = 69.4 % and p = 93.14 %.
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and hexagonal shapes of LCO alongside spherical and fiber-shaped
LLZO. This approach leads to the formation of four distinct systems:
spherical LCO-spherical LLZO, spherical LCO-fiber LLZO, hexagonal
LCO-spherical LLZO, and hexagonal LCO-fiber LLZO. For each configu-
ration, we analyze the effects of the solid volume fraction of LCO and the
porosity on the induced chemo-thermal mechanical stress, which accu-
rately reflects real-life scenarios, as it considers the mechanical stress
induced by cooling down to room temperature after sintering. Addi-
tionally, we examine the impact of the random orientation of spherical
LCO and the alignment of fiber LLZO on the type and magnitude of the
induced mechanical stress. Notably, this research excludes the effects of
grain sizes for both the CAM and SE, since our previous study demon-
strated that the induced mechanical stress is independent from the grain
size of the microstructural components [46].

2. Methods
2.1. Synthesis and acquisition of experimental structure

The composite cathode, consisting of LiCoO5 (LCO) and Ta, Al-doped
LLZO (abbreviated as LLZO, Lig 45Alg osLasZry ¢Tag 4012) in a mass ratio
of 2:1, was synthesized through a modified solid-state reaction (SSR)
method, as described previously [47,48]. Subsequently, focused ion
beam (FIB) SEM stack images of the cross section were acquired,
yielding an isotropic voxel size of 50 nm. These images were then sub-
jected to a sequence of computational methods to generate a model of
the experimental structure. The processing details are thoroughly
explained in Ref. [49].

2.2. Characteristics of the microstructure

Solid volume fraction of LCO (SVF;co) can be defined as the ratio of
LCO to the relative density p ,which is defined as the sum of volume ratio
of LCO (Vo) with the volume fraction of LLZO (Vy;z0) in the composite
cathode.

vV
SVFyoo =—=2 ¢8)
p
p=Vico + Vizo 2
- nVico
Vieo = 3
reo VTotal
— my
Viizo =0 )
VTutal

Where n and m are the number of LCO and LLZO grains respectively,
while vico and vypzo are the volume of each grain of LCO and LLZO
respectively.

2.3. Generation of model microstructure

The composite cathode microstructure was generated using GeoDict
software, utilizing a Python script, as described in Ref. [46]. Initially,
populating a domain of 400 x 200 x 300 voxels (voxel length = 50 nm)
with LCO and LLZO grains. The initial solid volume fraction of LCO was
set at 69.4 %. In the generated systems utilizing hexagonal-shaped LCO,
the hexagonal grains were horizontally aligned (parallel to the
XY-plane) (Fig. 1) within the modeled sample to align with experimental
observations [49]. The average grain diameters and fiber dimensions are
listed in Fig. 1. Thereafter, a distribution step was implemented to
ensure a homogeneous distribution of the microstructural components
within the system. In order to ensure the representativeness of the
generated structure, regions exhibiting inhomogeneity in either solid
components or pores were eliminated. Followed by sintering process
utilizing the Voronoi tessellation algorithm in GeoDict [50] to achieve
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the targeted density value of 93.14 %. The initial values of the solid
volume fraction of LCO and relative density may be readjusted to ensure
that the resulting values for both parameters exhibit a maximum devi-
ation of 0.25 % from the target values. Fig. 1 shows the generated
structures.

2.4. Materials parameters

To capture realistic behavior, our mechanical calculations were
based on the induced chemo-thermal strains. These strains result from
the superposition of thermal strains, generated after sintering due to the
mismatch in the thermal expansion coefficients between LCO and LLZO
[51] and electrochemically-induced strains. Furthermore, the calcula-
tions considered the input parameters of LiyCO with half lithium con-
centration (x = 0.5).

Theoretical DFT calculations by Yamakawa et al. [52] of the stiffness
matrix of half delithiated LCO were adopted for our calculations due to
the absence of experimental data. The stiffness matrix of Lip 5C0o0s, as
well as the Young’s modulus and Poisson’s ratios for LLZO, are sum-
marized in Table 1.

From chemo-thermal strain calculations, the layered structure of
LCO exhibits an expansion along c-axis, while contracting in both a and
b-axes. Meanwhile, LLZO undergoes uniform contraction in all di-
rections. The chemo-thermal strain values for Liyp5CO and LLZO are
listed in Table 2.

The average principal stress S, and the standard deviation AS,
which represents the distribution’s width, were calculated through a
MATLAB script specifically developed to process output data from the
ElastoDict FeelMath-LD module within GeoDict, developed by Math2-
Market GmbH. [56,57]. Symmetric (Dirichlet) boundary conditions
were imposed in all directions. The calculations assumed small defor-
mation, as all observed deformations are less than 5 %. Furthermore, we
assumed a homogenous charging (low C-rate), which in turn leads to a
homogenous stress distribution across the microstructure. The geo-
metric microstructures are found to be representative with a margin of
error 2 % for LCO and 5 % for LLZO (Fig. S1).

2.5. Varying microstructural design parameters

To investigate the effect of grain morphology on the induced me-
chanical stress in the composite cathode, it is crucial to analyze how
each modeled structure with different grain morphologies behaves while
varying the environment of the structure specifically in this case, the
solid volume fraction of LCO and the relative density. A similar approach
was employed in Ref. [46], where one parameter of interest was varied
while fixing the other, followed by mechanical characterization for each
variation set. This method clearly reveals the effect of the investigated
parameter by isolating the impact of the fixed parameters. The reference
for our comparison in this research is the hexagonal LCO-spherical LLZO
configuration, as it represents the experimentally achieved microstruc-
ture. The solid volume fraction of LCO lies between 20 and 95 % (Fig. 2),
while relative density is within 40-95 % (Fig. 3). Worth mentioning is
that the practical range of solid volume fraction for CAM in experimental
cells generally falls between 33 % and 66 %. While through optimized
and pressure-assisted sintering, relative density values are typically
achieved within the range of 80 %-95 %. In case of unoptimized free
sintering, the relative density values typically range from 45 % to 70 %.
this comparison shows how simulation can enlarge the range of inves-
tigated parameters.

2.6. Mathematical formula of induced mechanical stress

The main contributor to induced mechanical stress in composite
cathodes of ASSBs is the volume change which occurs during the cooling
phase after sintering for both LCO and LLZO, as well as during the de-/
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Table 1
Anisotropic stiffness matrix C, Young’s modulus E, and Poisson ratio v for Ly 5Co0» and LLZO.
Material Elastic parameter Ref
Lip.5C00> 303.86 101.71 32.58 0 7.31 0 [52]
318.93 28.66 0 —-3.93 0
98.93 0 7.03 0
¢= sym. 1802 0  —246 | GF@
15.73 0
101.94
LLZO E = 146 GPa, [53-55]
v=0.26

Table 2
Crystallographic chemo-thermal strains for Ly sCoO, in a-and c-axes and for
LLZO.

Material ¢chemo—thermal Ref

Lip.5C002 € =—-1.76 x 1072 [46]
€ =238x10"*

LLZO ~1.42x 1072 [46]

lithiation phase for LCO. In both instances, the volume change in LCO is
constrained by the neighboring LLZO, leaving the components of the
microstructure to suffer from induced mechanical stress. Consequently,
strain values are critical in determining the volume changes of the
composite cathode components.

The total strain of LCO (e1¢o) in given direction (a, b and c-axes) can
be expressed as:

(exc0); = (€1co); + (€160); + (€fco); (i=a,b,¢) )

Where, €t el ) and €fL, are the lithiation, thermal and elastic strains
of LCO.

In contrast, no volume change is observed in LLZO during cycling.
Thus, the total strain of LLZO (er1z0) in given direction (a, b and c-axes)
can be expressed as:

(e1020); = (€1170); + (€l1z0); (©)

SVF_co=50%
a)

Spherical LCO-Spherical LLZO

Hexagonal LCO-Spherical LLZO

Spherical LCO-Fiber LLZO

Hexagonal LCO-Fiber LLZO

Where eIt and !, , are the thermal and elastic strains of LLZO phases,
respectively.

The elastic strains of LCO and LLZO are related to the stresses ac-
cording to Hooke’s law:

JiLco = Zcij (EEICO)j @
Jj

0y70=E (efizo) i (€))

In this research, we did not consider any interface zones between CAM/
SE due to lack of intrinsic mechanical parameters of formed interface
zone.

3. Result and discussion
3.1. Effect of grain morphology with varying solid volume fraction of LCO

3.1.1. Spherical vs. hexagonal LCO-spherical LLZO

Increasing the solid volume fraction of LCO reduces the presence of
LLZO grains in the microstructure, which are then replaced by LCO
grains. The primary advantage of increasing the LCO solid volume
fraction is the reduction of mechanical stress in the LCO, as fewer con-
straints from the LLZO grains allow the LCO to undergo volume changes
more freely. On the other hand, the remained LLZO grain content suffers
from an induced tensile mechanical stress [46]. However, when spher-
ical LCO particles are randomly oriented, the induced mechanical stress
of LCO is entirely reversed, that is, it increases in parallel with the rise in

SVF c0=70% SVF, ¢0=90%

b) c)

Material Information:
w D 00: Air [invis.]
wiD 01: L0.5CO
wlD 02: LLZ

Fig. 2. Variation of SVF; o only (50, 70 and 90 %), a-c) spherical LCO-spherical LLZO d-f) hexagonal LCO-spherical LLZO g-i) spherical LCO-fiber LZO j-1) hexagonal
LCO-fiber LLZO. The fixed parameter values were as follow: p = 93.14%, average grain size of LCO and LLZO 2.00 pm and 1.43 pm, respectively, fiber LLZO length
and diameters 3 pm and 0.5 pm, respectively.
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p=60%

Spherical LCO-Spherical LLZO

Hexagonal LCO-Spherical LLZO

Spherical LCO-Fiber LLZO

Hexagonal LCO-Fiber LLZO
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p=80% p=95%

c)

Material Information:
w 1D 00: Air [invis.]
wiD 01: L0.5CO
wlD 02: LLZ

Fig. 3. Variation of p only (60, 80 and 95 %), a-c) spherical LCO-spherical LLZO. d-f) hexagonal LCO-spherical LLZO. g-i) spherical LCO-fiber LZO. j-1) hexagonal
LCO-fiber LLZO. The fixed parameter values were as follow: SVF o = 69.4 %, average grain size of LCO and LLZO 2.00 pm and 1.43 pm, respectively, fiber LLZO

length and diameters 3 ym and 0.5 pm, respectively.

SVFLCO (Fig. 4.).

The orientation of spherical LCO grains cannot be precisely
controlled. Fig. 5b shows the orientation of spherical LCO grains from
the x-axis, closely reflecting real-life conditions, while Fig. 5a depicts a
similar structure with aligned orientations of spherical LCO grains. It is
worth noting that the LLZO grains are aligned at 0° with respect to the x-
axis, due to their isotropic structure. We investigated the mechanical
stress induced in both configurations. In the case of aligned LCO spheres,
the LCO grains can expand freely as the solid volume fraction increases,
which lowers the induced compressive mechanical stress in LCO, while
the remaining LLZO grains experience higher tensile stress (Fig. 5c).
However, in randomly oriented spherical LCO grains, the axes of
neighboring LCO grains may conflict (e.g., the c-axis of one LCO grain
may oppose the a- or b-axis of another LCO grain), restricting LCO’s
ability to expand. As a result, LCO grains will suffer from an induced
compressive mechanical stress (Fig. 5d). The induced compressive me-
chanical stress in LCO grains continues to increases with rising solid
volume fraction of LCO since the LCO grains which substitute the LLZO
ones have similar shrinking behavior of LLZO (Fig. 4). Furthermore, the
compressive mechanical stress induced in LCO due to random LCO grain
orientations is higher than that induced by LLZO, which is attributed to

the larger strain values along the a- and b-axes of LCO compared to
LLZO.

On the other hand, the behavior of the induced mechanical stress in
LLZO follows the trend influenced by the increasing solid volume frac-
tion of LCO. As spherical LLZO grains are gradually replaced by
randomly oriented spherical LCO grains, the remaining LLZO grains
exhibit an induced tensile mechanical stress, which intensifies as the
LCO volume fraction increases (Fig. 4). When aligned spherical LCO is
used, LLZO grains are surrounded by LCO grains. Parts of LLZO grains
are in contact with the c-axis of neighboring LCO, which is expanding,
thereby inducing tensile mechanical stress in the LLZO. Meanwhile,
other parts of the LLZO grains contact to a surface parallel to a- or b-axis
of LCO, which are under contraction, inducing compressive mechanical
stress that counteracts the tensile stress (Fig. 5c). In contrast, when
randomly oriented spherical LCO is present, the LLZO grains are in
contact the expanding surface parallel to c-axis of LCO, leading to
amplified tensile stress in LLZO (Fig. 5d).

When LCO grains with textured hexagonal planar structures are
used, most LCO grains exhibit similar orientations where {001} facets
are perpendicular to the c-axis. This sufficiently reduce the effect of
random grain orientations on the induced mechanical stress. As a result,

a) b)
T T T T T —= T T T T
W S, -As(LCO) = tfzoo
S, + AS (LLZO)
06+ 5 S;)"I;rica:LCO-)Spherical LLZO = Hm 0.6 [J Spherical LCO-Spherical LLZO u L i
Q_Hexagonal LCO-Spherical LLZO| gy L PY ® wl ]
= %4 g © 1 E = a"
o [} l ® - - -
S, ® ] 7 -
@ 9044 ] ]
[ —_
5 001 o 0 * o =4 e oo
g °®| 3 $ 3
-3
g -0.2 ° ® | E . °
c e *°® | ® ° ]
L4 @ ] PY
®
w{ B ®H ® m g @ g — °
0.0 T T T T T T T T

20 30 40 5 60 70 8 90
s‘/FLC() [%]

20 30 40 50 60 70 80 90
SVFLCO [%]

Fig. 4. a) Chemo-thermal principal stress as a function of the solid volume fraction of LCO (SVF,¢o) for random oriented spherical LCO-spherical LLZO and textured
hexagonal LCO-spherical LLZO. b) The standard deviation, which represents the width of the distribution.
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Principal stress [GPa]

-1.0 Z
-1.5 Y X

Fig. 5. a and b) Distribution of the angle to x-axis of LCO and LLZO grains for aligned spherical LCO-spherical LLZO and random oriented spherical LCO-spherical
LLZO respectively. ¢ and d) distribution of principal stress of tailored spherical LCO-spherical LLZO and random oriented spherical LCO-spherical LLZO respectively.

LCO can undergo volume changes freely, without constraints from
neighboring grains, as the solid volume fraction of LCO increases.
Consequently, the expected reduction in the induced compressive me-
chanical stress in LCO grains is observed (Fig. 4). However, the
remaining LLZO grains experience higher induced tensile mechanical
stress as the LCO volume fraction increases (Fig. 4).

Compared to the random oriented spherical LCO-spherical LLZO
structure, the textured hexagonal LCO-spherical LLZO system exhibits
lower induced mechanical stress, which is attributed to the absence of
the impact of the random orientation of spherical LCO grains. It is worth
mentioning that the key distinction between spherical and hexagonal
LCO grains lies not in their shape but in the ability of flat hexagonal
particles to be aligned during fabrication. If both grain types could be
texturally aligned, they would exhibit similar mechanical results.

3.1.2. Effect of fiber LLZO

In this section, we investigated the influence of incorporating fiber
LLZO on the induced mechanical stress in the system, considering var-
iations in the LCO grain shape between random oriented spherical and
textured hexagonal forms.

As the solid volume fraction of LCO increases in both the hexagonal
LCO-spherical LLZO and hexagonal LCO-fiber LLZO systems, the me-
chanical stresses induced in LCO decreases while those in LLZO increase.
Nevertheless, the hexagonal-fiber system exhibits reduced induced me-
chanical stresses for both LCO and LLZO compared to the hexagonal-
spherical system (Fig. 6).

LCO exhibits anisotropic lattice change and is in textured alignment.

Hence, an effect of the alignment of fiber LLZO on the mechanical
stresses can be expected. Therefore, we generated a series of hexagonal-
LCO-fiber LLZO microstructures, maintaining the hexagonal LCO grains
in a textured orientation while systematically varying the alignment of
the LLZO fibers at 0°, 45°, and 90° relative to the x-axis Fig. 7a and b and
c respectively.

For each set, we analyzed the effect of increasing the solid volume
fraction of LCO on the induced mechanical stresses in both LCO and
LLZO. When the fiber LLZO was aligned horizontally, parallel to the x-
axis, LCO exhibited higher induced tensile mechanical stress, while
LLZO experienced higher induced compressive mechanical stress
compared to the system which utilizes fiber LLZO with random orien-
tation (Fig. 8a—e), indicating a stress inversion compared to the system
with randomly aligned fibers. In this case, the fiber LLZO has greater
contact with the {001} facets of hexagonal LCO, where the a- and b-axes
undergo significant contractions with higher strain compared to LLZO.
As a result, LLZO impedes the contraction of LCO, leading to induced
tensile mechanical stress in LCO and compressive mechanical stress in
LLZO. Conversely, fewer fiber’s bases contact the {010} facets of hex-
agonal LCO grains, where the c-axis expands more actively, resulting in
lower induced compressive mechanical stress in LCO and correspond-
ingly lower tensile mechanical stress in LLZO.

A completely inverted behavior, with higher induced mechanical
stresses, was observed when the fiber LLZO was aligned vertically,
parallel to the z-axis. In this configuration, the LLZO fibers primarily
contact the {010} facets of the hexagonal LCO grains, where the c-axis
expansion is active, inducing compressive mechanical stress in LCO and

a) b)
T T T T T T T T T T T T T T T T
e® B Lco
0.4 - ' ' ™ | | M Lzo0
' O Hexagonal LCO-Fiber LLZO
] ] O Hexagonal LCO-Spherical LLZO |
04 Py
= . e © o®
T o2 @
g o = ® [ J
n W 5,,- 5 (LCO) & ’ °
2 W s, +AS (LLZO) = ®
I , 0
% 004 [0 Hexagonal LCO-Fiber LLZO 2 ® ®
5 QO Hexagonal LCO-Spherical LLZO - P
2 s [ 202 i
7] =
c ' 7] l
& 021 '
R L
] &
T

20 30 4 5 60 70 80 90
SVF o [%]

0.0 T T T T T T T T
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Material Information:
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Fig. 7. Generated modeled microstructure utilizing textured hexagonal LCO and fiber LLZO while varying the alignment angles to the x-axis of fibers. a) 0°, b) 45°, c)
90°. SVF1co = 69.4 %, initial average grain size of LCO and LLZO 2.00 pm, the length and the diameter of fiber LLZO 3 pm and 0.5 pm respectively, and p = 93.14 %.
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randomly aligned. e) Bar chart illustrating the induced mechanical stress in LCO (red) and LLZO (green) as a function of fiber orientation (0°, 45°, 90° and random)
and LLZO morphology (fibers vs. spherical). The results highlight the influence of fiber alignment and LLZO morphology on the induced mechanical stress within the
composite cathode. SVF; o = 69.4 %, initial average grain size of LCO and LLZO 2.00 pm and 1.43 pm respectively, fiber LLZO length and diameters 3 ym and 0.5 pm
respectively, and p = 93.14 %. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

tensile mechanical stress in LLZO (Fig. 8b-e). Conversely, fewer LLZO
fiber bases come into contact with the {001} facets of the hexagonal LCO
grains, resulting in lower induced tensile mechanical stress in LCO and
lower compressive mechanical stress in LLZO.

The system in which LLZO fibers are aligned 45° from x-axis, exhibits
a similar behavior to the system in which the LLZO fibers are vertically
aligned. However, in this case, more fiber bases are in contact with the
{001} facets of the hexagonal LCO, leading to higher induced tensile
mechanical stress in LCO and compressive mechanical stress in LLZO in
both a and b-axes. This, in turn, contributes to a reduction in the higher
induced compressive and tensile mechanical stresses in both LCO and
LLZO, particularly along the c-axis attributed to increased contact be-
tween the fibers and the {010} facets of the hexagonal LCO grains,

where c-axis expansion is active. Consequently, this leads to lower net
induced compressive and tensile mechanical stresses in both LCO and
LLZO, respectively (Fig. 8c—e).

In the previous three sets, although a similar number of hexagonal
LCO and fiber LLZO grains were utilized, each configuration exhibited
not only different behavior but also varying levels of induced mechan-
ical stresses in both LCO and LLZO. Consequently, the facet-specific
interface between LCO and LLZO grains is a key factor controlling the
mechanical stresses observed in the system containing fiber LLZO. When
LLZO fibers engage with the {001} facets of the hexagonal LCO grains,
tensile mechanical stress in LCO and compressive mechanical stress in
LLZO are induced. This configuration helps to reduce the induced
compressive and tensile mechanical stresses of LCO and LLZO,
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respectively.

While utilizing textured hexagonal LCO grains, fiber LLZO with
random alignment exhibits lower induced mechanical stresses for both
LCO and LLZO by 11.0 % and 9.0 % respectively, compared to the sys-
tem utilizing spherical LLZO (Figs. 6 and 8e). This behavior can be
attributed to the lower number of spherical grains that can come into
contact with the {001} facets of hexagonal LCO. Consequently, this re-
sults in less reduction of the induced compressive and tensile mechanical
stresses in both LCO and LLZO, which are mainly driven by the higher
contact with the {010} facets of the hexagonal LCO grains. Furthermore,
it is important to note that the results from the system where LLZO fibers
are aligned at 45° from the x-axis are matching those of the spherical
LLZO system (Fig. 8e), suggesting that these two systems exhibit
equivalent mechanical behavior.

Despite the benefits of utilizing fiber LLZO, the orientation of LCO
grains also plays a crucial role in limiting or even negating these ad-
vantages. This effect is more pronounced in systems using fiber LLZO
combined with randomly oriented spherical LCO. In such cases, fiber
LLZO predominantly contacts the regions of LCO where the c-axis is
actively expanding, with fewer opportunities to engage with areas
where the a- or b-axes are shrinking. As a result, the potential for
reducing the induced mechanical stresses in the system is reduced,
leading to higher induced tensile stress in LLZO as the solid volume
fraction of LCO increases. On other hand, LCO grains exhibit higher
induced mechanical stresses while increasing SVFico (Fig. 9). The
induced compressive mechanical stresses in LCO exhibit a behavior
similar to that of the previously discussed system utilizing spherical LCO
and spherical LLZO. Therefore, a similar explanation for this behavior is
applicable.

3.2. Grain morphology behavior with varying the relative density

The induced mechanical stress in both LCO and LLZO is exhibiting
the convenient trend of varying the values of relative density [46]. In
which the induced mechanical stress in LCO and LLZO are directly
proportional to p, ascribed to the higher coordination number
(Figs. S2-S3).

In systems utilizing tailored hexagonal LCO, the induced mechanical
stress in LCO is lower than that in LLZO (Figure S2 a,b), which can be
attributed to the low volume fraction of LLZO in the system. On the other
hand, systems which utilize random oriented spherical LCO exhibit
higher induced stresses in both LCO and LLZO compared to those with
tailored hexagonal LCO (Figs. S2 and S3), a result of the previously
discussed effect of random orientation in LCO. Due to this effect, the
sensitivity of mechanical stress in LCO to the variation of p is higher than
the one in LLZO. Which in turn leads to higher induced mechanical stress
in LCO than in LLZO (Figure S3 a,b) despite low volume fraction of LLZO
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in the system. Furthermore, while utilizing randomly oriented spherical
LCO, the stress values in both LCO and LLZO are slightly higher for fiber
LLZO compared to spherical LLZO, ascribed to the higher surface area of
fiber LLZO.

4. Conclusions

In this study, we investigated the effect of the grain morphology in a
composite cathode on the induced mechanical stress. Our finding shows
that utilizing LLZO fiber with random alignments combined with
textured hexagonal LCO reduced the induced mechanical stress in both
LCO and LLZO by 11.0 % and 9.0 % respectively, compared to the sys-
tems utilizing spherical LLZO. The alignment of LLZO fibers significantly
impacted the stress type in the system, due to the facet-specific contact
interface between the LLZO and LCO grains. When fiber LLZO are in
contact with the {001} facets of textured hexagonal LCO, tensile and
compressive mechanical stresses in LCO and LLZO, respectively, are
expected. On other hand, stresses are inverted when the LLZO fiber is in
contact with the {010} facets of hexagonal LCO. Furthermore, we
showed the preferable anisotropic expansion-contraction behavior in
the CAM, which could be utilized to lower the induced mechanical stress
in the system. This was more pronounced by utilizing fiber LLZO.
However, the advantages which could gained by utilizing the impact of
facet-specific contact interface between the solid electrolyte and the
cathode active material grains are limited by the behavior of the cathode
active material. Furthermore, it is not favorable to utilize spherical LCO,
since its orientation cannot be guaranteed. The randomly oriented
spherical LCO-spherical LLZO exhibits the highest induced mechanical
stresses compared to the other investigated systems. Currently, all stress
values presented in this study are obtained through theoretical calcu-
lations. A comprehensive experimental validation of the modeling
methodology is underway using synchrotron measurements at the Eu-
ropean Synchrotron Radiation Facility (ESRF) in Grenoble, France;
however, the process remains highly challenging. Moreover, the
experimental validation of the stiffness tensors, is not yet achievable.
Accurate representation of microstructural features, including voxel size
and interface resolution, plays a critical role in ensuring the reliability of
property simulations. A detailed discussion of these aspects is provided
in our previous work [46]. The impact of the morphology of the com-
ponent’s grains on the electronic and ionic conductivities of LCO and
LLZO respectively will be the topic of investigation in the future work.
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