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All-solid-state lithium batteries (ASSBs) are gaining significant attention worldwide as one of the most
promising alternatives to lithium-ion batteries due to their superior safety and potentially higher energy
density. However, one of the main problems of known ASSBs remains rapid capacity degradation, which
needs to be addressed before their large-scale market introduction. One important degradation
mechanism is the mechanical fatigue of the cathode layer due to the volume change of the cathode
active material (CAM) during cycling. Quasi-zero-strain CAMs such as LiyNig3C006Mng 10, (NCM361)
and LiyNig2Cog7Mng 10, (NCM 271) could solve this problem, but their use in ASSBs has not been
investigated yet. We theoretically investigate the suitability of these CAMs in composite cathodes with
various solid electrolytes such as poly(ethylene oxide) (PEO), LizPS4 (LPS), Lii3Alg3Ti17(PO4)s (LATP) and
Li;LasZr,0q, (LLZO) with respect to the mechanical stresses occurring at microscopic grain level and
compare them with LiyNig 9C0g.05MNg 0502 (NCM955) and LiCoO, (LCO). Although the quasi-zero-strain
materials develop stresses in the GPa range during cycling, they still exhibit the lowest stresses of all the
CAMs studied and could be of particular interest when using stiff electrolytes such as LATP or LLZO.
High-capacity NCMs such as NCM955 exhibit a large volume change and should preferably be used
together with electrolytes with bulk modulus less than 25 GPa such as PEO and LPS. While for soft
electrolytes such as PEO and LPS the difference between the lattice strains along the different axes of
the active material determines the stresses, for stiff electrolytes such as LATP and LLZO the total volume
change is more important. Finally, a method is introduced to determine the stresses quickly from the
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Introduction

All-solid-state batteries (ASSB) are gaining a lot of attention
worldwide as one of the most promising alternatives to lithium-
ion batteries (LIBs) due to an expected improvement in cell
properties in terms of safety, energy density and operating
temperature range. Various solid electrolytes are currently
being considered for ASSB fabrication, mostly of the oxide,
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free macroscopic strain mismatch without stress simulations.

sulfide, halide or polymer type, each with its advantages and
disadvantages. Although important breakthroughs have been
reached in various systems, such as an exceptional ionic
conductivity of sulfide electrolytes or high current densities
with Li metal anodes obtained with oxide electrolytes, the
performance of liquid-free ASSB still lags behind that of LIBs. In
particular, the fabrication of cathodes with high energy density
and high cycling stability remains one of the most pressing
problems of known ASSBs, which needs to be solved before
large-scale market introduction.

To achieve competitive energy and power densities, the
cathode layers should contain a large amount of high energy
density cathode active material distributed in the solid elec-
trolyte, similar to the three-dimensional composite cathode
architecture in LIBs. Layered oxides of the quasi-ternary phase
diagram LiC0O,-LiNiO,-LiMnO, (Li,Ni;_,_,Co,Mn,0,, NCM)
are state-of-the-art cathode active materials to achieve high
energy densities and enable high currents. However, all these
oxides suffer from degradation during cycling, and the fracture
of cathode particles due to non-negligible volume changes
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during lithiation and delithiation plays a crucial role.**° Nickel-
rich NCMs such as Li,Niy ¢C0g osMng 450, (NCM955) are very
attractive cathode active materials because they yield very good
energy density and avoid cobalt for economic, security, and
ethical reasons. However, this comes with a drawback of
a rather high chemical lattice strain of up-to —4%. Attempts
have been undertaken to develop quasi-zero-strain NCM mate-
rials with minimised volume change, such as
Li,Nip3C09sMny 10, (NCM361) and LiNip,Coo,Mn, 0,
(NCM271),"* which have a capacity of ~160 mA h gycy ' at4.3 V
and 210 mA h gycm © at 4.6 V. However, significant lattice
strains also occur in these materials during lithiation and
delithiation (e, = —1.1% and ¢. = +1.3% for NCM361). It should
be noted that it is not the final stress but the maximum
accompanying stress that governs the degree of mechanical
degradation. The maximum stresses occur at about x = 0.5 and
decrease again at x = 0.2 (compare Fig. 4 of ref. 11).

Mechanical degradation is exacerbated when solid electro-
lytes are used instead of liquid electrolytes in the composite
cathodes, and is considered by many researchers to be the main
reason for the capacity loss of ASSBs during cycling.'” Due to the
rigid structure of solid electrolytes, their ability to absorb and
distribute stresses deteriorates, resulting in large local stresses
throughout the entire cathode architecture and mechanical
failure of various interfaces. The stress development is affected
by the anisotropy of the cathode active material lattice and the
particle distribution, as well as by the type of solid
electrolyte.”*™¢ Different solid electrolytes in composite cath-
odes exhibit a strong variation of mechanical properties and
thus significantly affect the overall stress state. Li;LazZr,O;,
(LLZO) is an intensively investigated oxide ceramic with good
electrochemical stability against various CAMs,"”*® and is so far
the only ceramic electrolyte that is (electro-)chemically stable
toward Li metal anodes.” It exhibits a rather high (isotropic)
mechanical stiffness of approximately 145 GPa. The NASICON-
type solid electrolyte Li; 3Aly3Tiy ,(PO4); (LATP) exhibits
a comparable stiffness, but with pronounced rhombohedral
anisotropy. In addition to the oxides, the sulphides form
another main group of ceramic electrolytes, among which the
thio-phosphates have the highest conductivity.>® They exhibit
a rather low stiffness (20-30 GPa)** and offer good mechanical
ductility. We analysed LizPS, (LPS) from this group as an
example to compare it with the other electrolytes. Furthermore,
polymers are another very important group of solid electrolytes
for all-solid-state battery. One candidate is poly(ethylene oxide)
(PEO) with extremely low stiffness (0.1 GPa) and high strain
tolerance, which has already been used in composite LCO/PEO
cathodes.””

The models for predicting stresses are important for the
development of ASSBs as they allow the screening of various
material composition and electrode architectures without
extensive experimental studies. In our previous work, we
developed a theoretical approach to study the anisotropic stress
distributions in a LCO/LLZO composite cathode.” Using
computer-generated microstructures, we further showed that
for low C rates (equilibrium Li concentration) the grain size has
no significant effect on the mechanical stresses whereas the
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LCO:LZZO ratio exhibited a significant linear effect, keeping
the difference in the stress levels of the two phases constant,
and the porosity showed a non-linear effect.® In the present
work, we use an experimental and four computer-generated
microstructures to investigate other prospective cathode active
materials and solid electrolytes to explore their potential to
reduce the mechanical stresses in the microstructure. We
theoretically investigate the suitability of quasi-zero-strain
cathode active materials such as NCM361 and NCM271 in
composite cathodes with important solid electrolytes such as
PEO, LPS, LATP and LLZO with respect to the mechanical
stresses occurring at grain level and compare them with
NCM955 and LCO. To study only the effect of material param-
eters, the same microstructure applicable for all cases was used
to model the mechanical behaviour of all materials based on the
experimental microstructure of LCO-LLZO cathodes, the results
were confirmed by three more computer-generated micro-
structures with different CAM content and porosity and one
reference computer-generated structure. Unknown anisotropic
elastic stiffness matrices for some of cathode materials during
charge/discharge (LipsNCM271, LiysNCM955, LipNCM955,
Lip5C00,) were calculated using density functional theory
(DFT). The material parameters that lead to the stresses were
analysed to find the origin of the stresses and to find a common
relationship between all stresses. Based on this we present an
approach which allows the stress determination without
complex simulations which can be useful in future material
screenings.

Results and discussion

First we focus on the experimental microstructure, at the end we
compare some results with the computer-generated structures.
Without any electrolyte material in the cathode, the pure LCO
and NCM networks develop mechanical stresses during deli-
thiation because of their anisotropic electro-chemical strains
and the random orientation of the connecting grains (Fig. 1a-
d). The different crystallographic orientations lead to
a mismatch of chemical strains of adjacent grains along the
same macroscopic direction. It should be noted that compres-
sive stresses of the observed order will not cause failure in oxide
materials as under compression the fracture strength is
extremely high. Tensile stresses are more serious. However, in
the absence of stress concentrators (typically large pores of tens
or hundreds of microns, cracks, etc.) at the microscopic level the
tensile strength of single crystals and whiskers in the micro-
metre range is also very high (in the GPa range, typically at least
one order of magnitude lager than the tensile strength
measured macroscopically for a polycrystalline ceramic). Out of
this reason, well-sintered composite cathodes with low porosity
prepared e.g. by field assisted sintering®* might be more stress
tolerant than traditionally sintered electrodes that show
a residual porosity and cracks after cycling."

The corresponding stress histograms indicate the most
narrow stress distribution with the smallest stresses for
NCM271, followed by NCM361 and LCO (Fig. 2a-d).
Li, sNCM955 showed the broadest distribution with

This journal is © The Royal Society of Chemistry 2023
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Fig.1 Stress maps (principle stress with maximum absolute value) of a cross section of the delithiated porous/composite cathode with different
cathode active materials and electrolyte materials for the configuration with the max. stresses: Li = 0.1 for (k), (o) and (s) and Li = 0.5 for all others.

(a—d) Pure cathode active materials, (e—h) with PEO, (i-1) with LPS, (m-

microscopic tensile stresses well above 1.5 GPa due to its high
stiffness and strain anisotropy (the stress distribution of
LipsNCM955 is shown in Fig. S1t). As the cathodes are free-
standing and can expand freely macroscopically, high chem-
ical strains alone do not lead to high stresses in pure cathode
active polycrystalline materials, but the strain difference
between the two different chemical lattice strains, namely & c,,
— &achy control the stress state together with the materials’
stiffness. Plotting the width of the stress distribution vs. the
mere strain difference of the different materials a common
trend to higher stress values for higher strain differences is
observed (Fig. 2u). Li;;NCM955 shows the smallest stress
values because of the small difference in the strain components
&,ch — €ach. However, in order to obtain this high degree of
delithiation, Li, sNCM955 with a lower Li content has to be
reached beforehand which is accompanied with the highest
stresses because of the large difference in the strain compo-
nents. The points (A.) still scatter significantly. This scattering
becomes slightly smaller considering the absolute value of the
developing stresses Xa = |ecch — fa,ch|/(611_1 + ¢33~ ') according
to an iso-strain model of two adjacent grains with a perpendic-
ular orientation leading to maximum strain difference. The
remaining scattering shows that the real situation with arbitrary
grain boundary angles and non-uniform stress states is more
complex.

This journal is © The Royal Society of Chemistry 2023

p) with LATP, (g—t) with LLZO as electrolyte material.

In the following, the stress results of composite cathodes
with various electrolyte materials in ascending order of their
stiffness are presented. PEO exhibits an extremely small
Young's modulus (approx. 3 orders of magnitude lower than the
cathode active material); in consequence it can compensate
almost all stresses by deformation when acting as electrolyte in
a composite cathode (Fig. 2e-h), the stresses inside PEO are
practically zero. Furthermore, no change in the stress state in
the cathode active material was observed with or without PEO
(Fig. 1a-h, compare Fig. 2e-h with Fig. 2a-d).

Using LPS as electrolyte material in the composite cathode
introduces a slight shift of the stress distribution inside the
cathode active materials (Fig. 2i-1). This shift is smallest for
NCM271 and NCM361, followed by LCO, and very significant for
NCM955 (0.49 GPa). The stress distributions of LCO/LPS are
shifted in the opposite direction than the distributions of the
other three combinations as LCO is the only material that
expands during delithiation. Also the shape of the distributions
changed: the sharp maxima at zero stress were reduced and
widened as the cathode active material directly in contact with
the electrolyte material cannot expand freely anymore but is
significantly constrained. The width of the distributions
remained unchanged except for the case of NCM955. In this
case Lip{NCM955 with a smaller stress distribution width was
considered as it introduces the largest stresses in the electrolyte

J. Mater. Chem. A, 2023, 11, 18801-18810 | 18803


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta01729j

Open Access Article. Published on 07 August 2023. Downloaded on 12/5/2023 6:08:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

View Article Online

Paper

2A=|£<:,ch'ga,ch|/(1 /C1 1+1 /033) [G Pa]

3 2 1 3 2 1 0 1

T 4 a) NCM271 [1NCMm271]T b) NCM361 NCM361
& 3 o + u) 9 00.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0
=2 0.00£047 GPa ¢ 0.00£0.67 GPa w1.8[ 1
o 1.8
S 1 & A Ach
3 9 . ‘ L0 O.16¢t - Lig sNCM955 A
o 1
& 5[ e Nemoss d)LCO £14f A ]
z 5 T 3 1.2 LCO J
= + [ =
£ m“ 0.00£1.08 GPa .% 1.0F A~ _
o
0 208l 1
3 -2 10 1 2 3 3 2 1 0 1 2 3 Boe A NCM361
o V.or
w i " \ " — 204+ A :
& 41 e) NCM271 \NCM271"’f) NCM361 NCM361 8 NCM271
0.00£0.01 GP 17 000£0.01GPa| | Eo02f 1
g g a PEO PEO w 0 0 1 LI01INCM955I 1 1 1 1
g1 0004047 GPa | /W‘” GPa 0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 45
g Q Ach:lgc,ch'ga,chl [%]
8 4T g) NCM955 ' h) LCO ~jLco v 45 . . .
= 2 0.0140.01 GPa |[PEO |1 0.00£0.01 GPa |PEO ] Lip NCM955
[ 1 & o5} e 0
£y 0.00£1.46 GPa | /W@ja S oot
o [ON §
0 % -0.5F Lco
3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3 >_q0F _Ncm271
. o o L @ _1'5 i NCM361
& 41i) NCM271 NCM271]] j) NCM361 NCM361 =20 UoiNCMoss
O 3} -0.11+0.13 GPa LPS T -0.11+0.18 GPa I LPS c-25f - |cath. electrolyte mater.
32 T +0.04£0.65 GP ©30f . ° withLPS
g’. ) +0.04£0.45 GPa | 040, a =" a5l & a o with LATP
S - . : :
R k) NCM955 [ NCM95][T 1) LCO LCO 1o > 0 °
o = 9
= 31-1.3240.57 GPa '* Volume change, Av = 2&;+¢; [%]
22 { +0.2120.30 GPa
£ 4 +0.49:0.98 GPa | _0.08+1.10 GPa —— " . : :
a 3 W) Stress in cathode g
052 0 1 2 3 3 2 -1 0 1 2 3 active material
— 2f 1
Q 31 0272032 GPa [LATP__ [T _02810.44 GPa LATP % 1 — A
=2 0.10£0.47 GPaf +0.10£0.66 GPa 2
g 1 2 or .
(13) 2 + + + + + + + + + +
8 4[0) NCM955 NCM958|T p)LCO Lco Al |
<3 LATP | LATP
22 T +0.52+0.81 GPa 2 ; i ; : : :
'E 1}-3.2242.03GPa  *+1.19£1.69 GPa -_o_% 2 x) Stress in electrolyte material 1
0 e — S L ]
32 10123 32101 2 3 1 k\e
. . ——————r ——r . . w0 1 L
& 4 g)NCM271 NCM271|T ) NCM361 NCM361]1 51l ]
O 3} 272032 GPa LLzo |1 -0.28+0.44 GPa zo |4 = T
= o [V-270. ——
=2 +0.10£0.47 GPal +0.10+0.66 GPa | 821 o Nomast 1
21 & -3t NCM955 (Liy ;) i
] 2 .\ NCMI55 (Liys),
8 4I's) NCM955 NCM955|T t) LCO ~LCo | T -4r | e—Lco 1
=3 LLZO |t LLZO| 4 5| [ Linearfit 1
9’__ 2 1 +0.53£0.80 GPa | . L L - . :
£ 1[-320+1.99GPa +1224171GPa [ -020+1.19 GPa 04 -02 00 02 04 06 08 10
0 Free strain mismatch, Ae=e,,c,—€%acro [%]

0 1 2 3 2 3
Al principle stresses, Sg)| [GPa]  All principle stresses, Sg|| [GPa]

Fig. 2 (a—d) Histograms of all principal stresses inside different pure polycrystalline cathode active materials with random crystallographic grain
orientation, (e—h) with PEO electrolyte material, (i—1) with LPS electrolyte material, (m—p) with LATP as electrolyte material, (q—t) with LLZO as
electrolyte material. (c and g) Lig sNMC955, (k, 0 and s) Lip ;NMC955. The mean value and the width (standard deviation) of distributions are given.
(u) Width of the stress distribution of (a)—(d) as a function of the electro-chemical crystallographic strain difference (A.) and the corresponding
stresses (X,). (v) Mean stress values of the cathode active and electrolyte material of the composite cathode as a function of the volume change
for different electrolytes (LLZO would behave very similar to LATP). (w and x) Stress in cathode active material (w) and electrolyte material (x) of
composite cathodes as a function of the free strain mismatch for various cathode active materials. The error bars indicate the width (standard

deviation) of the stress distribution.

(the stress distribution of Li, sNCM955 is given in Fig. Sict).
NCM955 shows a significant general increase of the stress levels
(Fig. 1g and k) which is caused by the very high absolute values
of the chemical strains of NCM955 against LPS with non-
negligible stiffness. Typically, cell stacks with LPS based cells
are compressed e.g. with 250 MPa during operation. The final

18804 | J Mater. Chem. A, 2023, 11, 18801-18810

stress results with compression are given in Fig. S2,7 they do not
differ significantly from the calculations without compression.

Whereas only the difference of the anisotropic strains
component mattered for the pure cathode active materials the
value of the total volume change becomes more important once
a more or less rigid electrolyte phase is introduced in the

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Average principal stresses inside composite cathodes with different cathode active materials (a—d) as a function of the bulk modulus of
the electrolyte material. The error bars indicate the width (standard deviation) of the stress distribution.

Table 1 Slopes of the stress-free strain difference curves of (Fig. 2w
and x) and of more modelled microstructures (Fig. S4-S7, ESI). Exp./
mod. = experimental/modelled microstructure. The volume ratio
between CAM : electrolyte material (ELC) and the porosity (%) are given

Exp./Mod. CAM:ELC Por., % ocam/Ae, GPa/%  ogpc/Ae, GPa/%
Exp. 2:1 7 +1.5 £ 0.2 —3.5+ 04
Mod. 2:1 7 +1.3 £ 0.2 —2.8+ 0.3
Mod. 1:1 7 +1.2 £ 0.2 —1.2 £ 0.2
Mod. 1:2 7 +1.5 + 0.3 —0.7 £ 0.2
Mod. 2:1 20 +0.8 £ 0.1 —1.8 £ 0.2

composite cathode. The mean principle stress value (omean)
inside the cathode material is proportional to the relative
volume change (Av) of the cathode active material (Fig. 2v, more
details in Fig. S31). The absolute value of the proportionality
factor (omean/AV) increases non-linearly with increasing elec-
trolyte stiffness (Fig. S3ct). Due to the stiffness of LPS the
stresses inside the electrolyte material are not negligible
anymore, but also grow with the chemical strains of the cathode
material and its stiffness. The highest value is reached in
combination with Liy ;NCM955.

With LATP as electrolyte material, the shift of the stress
distributions of the cathode active materials becomes more
significant as for LPS as electrolyte material whereas the order
of the cathode active materials from high to low shift levels
remains the same (Fig. 2m-p). The maximum value, 1.19 GPa,
was reached with NCM955/LATP. For LCO and in particular for

This journal is © The Royal Society of Chemistry 2023

NCM955 the width of the distribution widened significantly due
to higher overall stress levels (Fig. 20 and p).

When LLZO is used as electrolyte material, the stress states
(Fig. 2g-t) are almost identical to the stress states with LATP as
the average stiffness is similar. The stiffness anisotropy of LATP
does not change the effective principle stresses.

In order to get an overview about the mean stress values, all
values together with their distribution width are plotted as
a function of the bulk modulus of the electrolyte in Fig. 3. This
modulus governs the stiffness of the rigid electrolyte framework
against which the cathode active material has to expand or
shrink. The absolute mean stresses inside the cathode active
material and the electrolyte material of the composite cathode
first grow quickly with increasing bulk modulus of the electro-
lyte material. This increase slows down for bulk moduli bigger
than 24 GPa. Therefore a soft electrolyte with a bulk modulus
smaller than approx. 25 GPa is preferable in particular for large
strain cathode active materials. The quasi-zero-strain NCM
materials (NCM271, NCM361) develop the smallest stresses
considering also the width of the distribution. The magnitude
of the stress level inside the active material is comparable to
that for LCO. The stresses inside the electrolyte material are
much smaller in composite cathodes with NCM271 and
NCM361 compared to cathodes with LCO.

A common relationship for the stress values of all combi-
nations analysed is found when plotting the strain vs. the
difference of the average macroscopic strain with and without

J. Mater. Chem. A, 2023, 11, 18801-18810 | 18805
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electrolyte material (Fig. 2w and x). The expansion of the pure
cathode active material, ¢%acro, can be calculated and the
expansion of the composite cathode, &myacro, can be measured.
Then, the mean values of the stresses can be obtained easily.
Table S11 shows that for not too low CAM content (CAM : elec-
trolyte material = 1 : 1) the known mean lattice strains (2¢, + )/
3 can be used for eJ,.cro. The slope of a linear fit is (+1.5 + 0.1)
GPa/% for the stress inside the cathode active material, and
(—3.5 £ 0.4) GPa/% for the stress inside the electrolyte material.
Once the dependency of these slopes on the microstructure is
found, a very general model for the stresses inside composite
cathodes can be given without the necessity of stress simula-
tions. Table 1 summarises the slopes also for four modelled
microstructures with different cathode active material contents
and porosity. The difference in both slopes (6cam/Ae and og;c/
A¢) between the experimental and the same modelled micro-
structure is mainly that the point of Li, ;NCM955/LPS deviates
in the opposite direction of the proportionality fit line. However,
considering the margin of error the slopes are in agreement.
Whereas the CAM content did not change the slope gcam/Ac it
significantly affects oy c/Ae. The porosity changes both slopes.

Conclusions

There are four reasons for the mechanical stresses in all solid
composite cathodes occurring during electrochemical cycling:
(1) The difference of anisotropic lattice expansion in pure
cathode active materials. This introduces already stresses in
pure active materials with sintered randomly oriented poly-
crystals. (2) With a rigid and stiff electrolyte the overall volume
change of cathode active material becomes more important, the
mean values of the stresses are proportional to the volume
change. (3) In particular the stiffness (bulk modulus) of the
electrolyte material. It determines the proportionality factor
between mean stress and volume change. (4) The stiffness of the
active material (they differ not much, however).

Applied to the materials screened it follows: the quasi-zero-
strain NCM materials (NCM271 and NCM361) still develop
stresses in the GPa range on the grain level over the course of
delithiation, but exhibit the smallest stresses among all mate-
rials investigated. This might be of particular interest when stiff
electrolytes like LATP or LLZO are used. However, NCM271 and
NCM361 still consist of a remarkable amount of cobalt (60%
and 70% of that of LCO, respectively) which might reduce their
attractiveness for large scale application. For high-strain
NCM955 cathode material a bulk modulus of the electrolyte
material of 25 GPa or less is preferable (LPS or PEO electrolyte).
Alternatively, a hybrid-electrolyte approach could be of interest,
combining low and high bulk modulus materials to reduce the
overall induced stresses.

Finally, all stresses depend proportionally on the free strain
mismatch. This will also be the case for constrained composite
cathodes layers e.g. on a thick separator. This measure can be
used to predict the stresses easily. An initial general dependency
of the corresponding proportionality factors on the micro-
structural parameters has been presented.
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Experimental and simulation methods
Microstructure

The three dimensional microstructure of a sintered LLZO/LCO
composite cathode was acquired by FIB-SEM and cropped to
26.5 X 16.5 x 16.5 pm (530 x 330 x 330 voxels) with a voxel size
of 50 nm (Fig. 4a). The LLZO:LCO volume ratio was 2:1.
Details can be found elsewhere.”® The same microstructure was
used for different electrolyte or cathode active materials during
the screening, in order to obtain the impact of the materials
only. The microstructure used for modelling the mechanical
behaviour in our work is very typical for composite cathodes
fabricated from powders slurries by conventional methods. This
microstructure was observed experimentally for the ceramic
LCO-LLZO composite cathodes fabricated by various methods,
e.g., screen-printed cathodes® or tape-cast free-standing cath-
odes.>**” Similar to LCO, NCM is also a hexagonal layered oxide
with comparable size and shape of the commercial powders, so
replacing LCO with NCM powders should not significantly
affect the microstructure of composite cathodes. This was
confirmed by a very similar microstructure of screen-printed
NCM-LLZO cathodes, which have comparable relative density
and porosity to the LCO-LZO cathodes.”® If PEO is infiltrated in
a sintered porous cathode active network, then it will resemble
the sintered LLZO phase of this study. The grains were
segmented using the watershed method (GrainFind module of
GeoDict, Math2Market GmbH, Kaiserslautern, Germany) and
the crystallographic orientation was chosen randomly by
appropriate Euler angles (¢, 6, ¥) to obtain a uniform distri-
bution of the coordinate axes on the unit sphere (Fig. 4b). All
calculations have been repeated on four computer-generated
microstructures taken from ref. 23 with varying CAM content

o (%)
360

270

180 [

Fig. 4 (a) Slice of the reconstructed 3D microstructure, (b) distribution
of the Euler angle ¢ of the randomly oriented grains after
segmentation.
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and porosity in order to find the microstructure dependent
slopes similar that of Fig. 2w and x for different microstructure
parameters summarised in Table 1.

Calculation of the strains and stiffness matrix of cathode
active materials

Spin-polarized DFT calculations were performed using the
projector augmented wave (PAW) potential method* imple-
mented in the Vienna Ab Initio Simulation Package (VASP)
code.*® Generalized gradient approximation (GGA) within the
scheme of Perdew-Burke-Ernzerhof (PBE)** was chosen as the
exchange—-correlation functional. To perform electrostatic energy
analysis as well as DFT calculations we modelled
Li,Niy ,C0p ;Mn, 10, (Li,NCM271) and Li,Niy¢C0g osMng 050,
(Li,NCM955) structure (space group: R3m) using a 2 x 2 x 1 and
4 x 4 x 1 unit cell, respectively. To perform DFT calculations
gamma-centred k-point meshes of 4 x 4 x 1 and 2 X 2 x 2 were
applied for Li,NCM271 and Li,NCM955 structures respectively.
An energy cut off of 800 eV as well as electronic and force
convergence criteria of 107 eV and 107> eV A™*, respectively,
were considered. For the calculation of elastic constants Cy, we
kept fixed the magnetic moment and atomic coordinates to the
optimised ones for the equilibrium lattice parameters. C; matrix
was computed using the strain values of 0, £0.5%, and +1%.
After computing Cj;, we obtained the mechanical properties such
as Young's, bulk and shear modulus as well as Poisson's ratio by
using the Voigt-Reuss-Hill (VRH) homogenisation scheme.*> To
find the position of TM (Ni, Co, and Mn) and Li ions in
Li; (NCM271 (modelled by Li;,Ni,CosMn;0,,) and Li; (NCM955
(modelled by Li,gNiz4C0o,Mn,0g6) we first modelled and calcu-
lated the Coulomb energy (E¢) of all possible structures and then
performed DFT on minimum energy ones. Total Coulomb
energy calculations were carried out using the so-called supercell
code.*

Li,Niy ,C0¢ ;Mn, ;0,(Li,NCM271). We computed E; for
12! 10! . . .
110! X Tiol = 660 possible structures with 1 Mn, 2Ni, and 9 Co
ions in 12 TM sites to find the position of TM ions in
Li; oNig ,C0¢ 7Mn ;0,. Afterwards, we kept fixed the position of
TM ions in the determined lowest E; structure among 660
configurations and obtained the position of Li ions for
12!
ol6l = 924 struc-
tures with 6 Li ions in 12 Li sites. The following charges were
considered for Li, TM (Ni, Co and Mn), and O ions, respectively:
1", 3" (3.5" for half delithiation), and 2. Finally, by performing
DFT-PBE calculation on 5 distinguishable topmost favourable
structures from electrostatic analysis on Liy sNig ,C0o7Mng 10,
we obtained the lowest total energy structure.

Li,Nij 9C0g osMng 950, (Li,NCM955). We computed E; for
48! 46! . . .
—— X —— =1.17 X 10° structures with 2 Mn, 2 Co and 44 Ni
2146! 2144!
ions in 48 TM sites to find the position of TM ions in Li; o
Nig.0C0¢.05Mng ¢50,. Then, we carried out DFT-PBE calculations
on 2 configurations with lowest energies: (i) Mn and Co at the
same layer and (ii) Mn and Co at different layers. The second
configuration was found to be more favourable. Finding

Lig 5Nip»,C00.7;Mn, 10, by calculating Ec for
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position of Li ions in Liy sNiy.9C0g.05Mng 950, is (computation-
ally) a formidable task due to the large number of possible
configurations with 24 Li ions in 48 Li sites. For this reason, we
considered the arrangement of Li ions in Liy sNip ,C0g ;Mng 10,
for Lip 5Nig.9C0¢.0sM1g.0505-

Material parameters

The maximum strain over the course of delithiation is crucial
for the effect of mechanical fatigue. This occurs in all consid-
ered cathode active materials approximately at the point of half
lithiation (x = 0.5), except for NCM955. For this material the
largest strains are found for higher states of charge (x < 0.5), we
selected x = 0.1. Notwithstanding, the largest difference in the
anisotropic lattice strains is observed for x = 0.5 also for
NMC955. As has been shown, depending on the electrolyte
stiffness, one or the other state of charge leads to the maximum
stress. Hence, both cases have been considered and the results
with the maximum stress are given in the main article and the
other case in the ESI.{

The stiffness matrices for the anisotropic materials and the
Young's moduli and Poisson ratios for the isotropic materials
are summarised together with chemical strains of the cathode
active materials in Table 2. As no values for LATP were available,
the calculated values for the similar LiTi,(PO,); have been used.

Simulation setup and boundary conditions

The charging rate was assumed to be low enough that the
resulting Li concentration gradients inside the cathode were
negligible. This is typically the case for C rates not larger than
0.1 (sometimes 1, for low CAM content and small grain sizes).
Thus, comparable benchmark stresses are calculated emerging
in a perfectly working battery (no isolated CAM regions are
present).

The constitutive equation of the linear elastic chemo-
mechanical calculations are given in the ESI, p. S1-S2.T We
calculated the stresses of composite cathodes of different
compositions at these given state of charge (Table 2) and
compared the different material combinations. According to
the Pugh criterion, the materials with the given elastic
constants do not express a significant ductility, but were
assumed to behave elastically until fracture. The fracture
process itself was not part of the model. Until now, there are no
strength data available to conclude the exact point of failure.
Still, the analyses of the resulting stresses can serve as a guide-
line for lowering mechanical stresses in composite cathodes of
all-solid-state batteries avoiding stress concentrations detri-
mental to the fracture strength of the composite. Furthermore,
a reliable battery should not show crack formation at all, but
exhibit low stresses; the material combination which show
these can be found with our screening approach. Since we study
the effect of the mere delithiation in this work, no thermal
mismatch stresses of the manufacturing processes were taken
into account. These thermo-elastic stresses arising during
cooling from the sintering temperature to room temperature
simply add to the electrochemically induced stresses.
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Table 2 Elastic parameters (anisotropic stiffness matrix C, Young's
modulus E, Poisson ratio v, and bulk modulus B) and chemical strains
for different cathode active materials and electrolyte materials. Values
without references were calculated with DFT. VHR values denote the
Voigt—Reuss—Hill approximation from the stiffness matrix**-3’

Chemical
Elastic parameters strains
Li sNCM271
€, = —0.83%,
2422 874 1360 0 0 0 o *0.79%
2422 1360 0 0 0 (ref. 11)
1880 0 0 0
¢= sym. 462 o o | ©Fa
1462 0
774
(Bvir = 221 GPa, vyur = 0.26, Bypg = 155 GPa)
Lio sNCM361
Same as Li, sNCM271 &, = —1.08%,
. = +1.26%
(ref. 11)
Liy sNCMO955
&a = —1.23%,
279.1 1178 1077 0 0 0 €e = +2.81%
2791 1077 0 0 0
186 0 0 0
¢= sym. 752 0 o | S
752 0
80.6
(Eyir = 195 GPa, vypg = 0.29, Byyg = 153 GPa)
Li, ;NCM955
£, = —3.95%,
2780 915 1142 0 0 0 €e = —3.09%
2780 1142 0 0 0
1587 0 0 0
¢= sym. 706 o o | 6P
706 0
93.2
(Eviir = 188 GPa, vyyr = 0.29, Byug = 146 GPa)
Liy.5C00,
a = —0.23%,
3086 783 849 0 0 0 o 15‘338;@
3086 849 0 0 0 (re 1
o 1879 0 0 0 | 0 043
B sym. 641 0 0
641 0
115.2
(Bvig = 212 GPa, yug = 0.25, Bypg = 141 GPa)
PEO
E=0.1GPa,» = 0.4, B=0.167 GPa &= 0%
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Table 2 (Contd.)
Chemical
Elastic parameters strains
LPS
e =0%
321 109 197 0 0 0
381 174 0 0 0
518 0 0 0
€= sym. 105 o o |6
95 0
13.7
(ref. 21)
(Evru = 31.2 GPa, vygy = 0.28, Bypg = 23.3 GPa)
LATP
&= 0%
2260 867 439 79 0 0
2260 439 79 0 0
1163 0 0 0
€= sym. 486 o o |OM
486 7.9
69.6
value for LiTi,(PO,); (ref. 21)
(Evgu = 146 GPa,
vyry = 0.24,
Bynr = 95.1 GPa)
LLZO
E = 146 GPa, v = 0.26, B = 101 GPa e=0%

The 3D microstructure acquired by FIB-SEM and the
computer-generated microstructures served as representative
volume elements (RVE). Thus they represent a bulk cathode of
infinitive extent using symmetric (Dirichlet) boundary condi-
tions in all directions. The composite cathode was considered
as free-standing, hence no constrains were applied. The stress
calculations were carried out using the ElastoDict FeelMath-LD
module of the GeoDict software with a conjugate gradient voxel
based solver.*>** The geometry was discretised with a regular vo
xel grid skipping the necessity of complex meshing required by
finite element solvers. As all deformations were small the small
deformation theory was used.

Stress representation

Stress histograms served as the main type for stress represen-
tation in this work. They show the differential relative frequency
as a function of the stress value. The differential relative
frequency 7i; was determined from the absolute frequency Ny of
the stress S inside the stress interval [Sk, Si+[ by:

Ny
(St = Sk) 22N

which is independent from the interval size chosen. An interval
size of Sy+q — S = 8 MPa was used. In this work, the frequencies

ny =
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for all three principal stresses were summed up to represent the
overall stress state.
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