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ing Volume Change Effects in All-Solid-State Batteries

Florian Strauss,*' Lea de Biasi,’ A-Young Kim, Jonas Hertle,* Simon Schweidler, Jiirgen Janek, "+
Pascal Hartmann,* 18 and Torsten Brezesinski* '

TBattery and Electrochemistry Laboratory, Institute of Nanotechnology, Karlsruhe Institute of Technology (KIT), Her-
mann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany

Institute of Physical Chemistry & Center for Materials Science, Justus-Liebig-University Giessen, Heinrich-Buff-Ring
17, 35392 Giessen, Germany

SBASF SE, Carl-Bosch-Strasse 38, 67056 Ludwigshafen, Germany

ABSTRACT: Measures to improve the cycling performance and stability of bulk-type all-solid-state batteries (SSBs) are
currently being developed with the goal of substituting conventional Li-ion battery (LIB) technology. As known from liquid
electrolyte-based LIBs, layered oxide cathode materials undergo volume changes upon (de)lithiation, causing mechanical
degradation because of particle fracture, among others. Unlike solid electrolytes, liquid electrolytes are somewhat capable
of accommodating morphological changes. In SSBs, the rigidity of the materials used typically leads to adverse contact loss
at the interfaces of cathode material and solid electrolyte during cycling. Hence, designing zero- or low-strain electrode
materials for application in next-generation SSBs is desirable. In the present work, we report on novel Co-rich NCMs,
NCM361 (60% Co) and NCM271 (70% Co), showing minor volume changes up to 4.5 V versus Li*/Li, as determined by
operando X-ray diffraction and pressure measurements of LIB pouch and pelletized SSB cells, respectively. Both cathode
materials exhibit good cycling performance when incorporated into SSB cells using argyrodite LigPSsCl solid electrolyte,

albeit their morphology and secondary particle size have not yet been optimized.

Solidifying LIBs by substituting the liquid organic electro-
lyte by a solid Li-ion conductor is considered a promising
approach toward inherently safe batteries with enhanced
energy and power densities.*> Implementation of layered
oxides at the cathode side, such as Li.x(Ni.-,Co,Mn,),-<O,
(referred to as NCM or NMC), seems necessary to be able
to compete with state-of-the-art LIBs.3> However, bulk-
type SSB cells usually exhibit lower performance than con-
ventional LIB cells for the same NCM. This is due in part
to interfacial instability between the cathode active mate-
rial (CAM) and the solid electrolyte (SE) during cycling and
in part to chemomechanical degradation because of NCM
“breathing” upon (de)lithiation (referring to unit cell vol-
ume changes).> Note that for the same cutoff voltage on
charge, the absolute relative volume change increases with
increasing Ni content.59 While the lattice contraction and
expansion of especially Ni-rich NCMs have been shown to
contribute to capacity fading in liquid electrolyte-based
LIBs,* such intrinsic volume effects are much more detri-
mental to the performance of SSBs [because of the rigidity
(hardness) of the materials used]."*> Hence, application of
electrode materials showing negligible volume changes
with cycling would certainly be favorable. However, ra-
tional design of reduced-strain NCM CAMs remains elu-
sive so far. Nonetheless, there is a theoretical study pro-
posing prototype materials of general formula LiM.O,,
with M being a mixture of Mn, Mg, and Cr, exhibiting zero-
or low-strain properties.’

In order to provide fundamental design principles for quasi
zero-strain layered oxide CAMs, the molar ratio of
Co/(Ni+Co) versus the relative change in unit cell volume
for different cutoff voltages of 4.3, 4.4, and 4.6 V with re-
spect to Li*/Li has been plotted and analyzed (Figures 1
and S1). Because Mn can be considered electrochemically

inactive, it has not been taken into account.'4’s As can be
seen, the relative volume changes vary—depending on the
cutoff voltage—from about -7% to +2% for Ni- and Co-
rich phases, respectively.

Next, linear curve fitting has been done to the available
data points to reveal the Co content that may lead to zero-
strain behavior. The shaded area around 0% relative vol-
ume change in Figure 1 indicates that the molar ratio of
Co/(Ni+Co) should be about 70% for a cutoff voltage of 4.4
V versus Li*/Li. Based on this insight, two Co-rich CAMs,
namely NCM361 (60% Co) and NCM271 (70% Co), have
been synthesized for application in SSB cells.
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Figure 1. Molar ratio of Co/(Ni+Co) versus the relative
change in unit cell volume for various layered oxide cath-
ode active materials (from operando X-ray diffraction of
LIB pouch cells charged to 4.4 V vs Li*/Li). The dashed line
is a linear fit to the experimental data. Note that LCO refers
to LiCoO,.
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Figure 2. Rietveld refinement analysis of ex situ X-ray dif-
fraction data obtained on pristine (a) NCM361 and (b)
NCM271. Measured patterns are in dark and pale blue, cal-
culated patterns in orange, with Ry, being 3.73 and 3.29,
respectively, and difference profiles in black. Insets are
low-magnification scanning electron microscopy images.

They adopt the a-NaFeO, structure (R-3m space group),
characteristic of layered NCMs, and the micrometer-sized
secondary particles are of spherical shape according to
scanning electron microscopy imaging (Figure 2).¢ They
also seem to be fairly stable under ambient (laboratory)
conditions, which may facilitate storage and handling. Lat-
tice parameters from Rietveld refinement analysis of ex situ
X-ray diffraction data are provided in Table 1. An increase
in lattice parameter a with increasing Ni content is noticed
because of the larger ionic radii of Ni** (0.69 A) and Ni3*
(0.56 A) than Co3* (0.55 A) and Mn#* (0.53 A). Likewise, the
lattice parameter c increases, but there is apparently no
clear trend with ion size that can account for this result.5*¢

Table 1. Lattice parameters a and ¢ and oxygen z position
for pristine NCM361 and NCM271.

Sample a/A c/A z
NCM361 2.8411(7) | 14.1464(1) | 0.2397(9)
NCM271 | 2.8346(2) | 14.1307(6) | 0.2388(9)

First, both CAMs have been tested electrochemically in lig-
uid electrolyte-based LIB coin cells (details in Supporting
Information). As is evident from Figure S2, they deliver
similar specific discharge capacities at a C/5 rate, which in-
crease from about 160 to 210 mAh/gnem when increasing
the cutoff voltage from 4.3 to 4.6 V versus Li*/Li. This in-
crease is quite significant and rather comparable to that of
LCO than of NCM8u (Figure S3). However, as known for
layered oxide CAMs, the upper cutoff voltage must be cho-
sen carefully as irreversible structural changes may occur
when the battery cell is operated at high states of charge,
eventually leading to performance decay.5*
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Figure 3. Relative changes in unit cell volume for various
layered oxide cathode active materials (from operando X-
ray diffraction of LIB pouch cells).

In order to determine the most favorable voltage range for
NCM361 and NCM271 in terms of structural stability and
relative volume change, operando X-ray diffraction has
been conducted on LIB pouch cells, following an initial for-
mation procedure (details in Supporting Information). As
opposed to LCO and NCM8u, both CAMs show relative
changes in unit cell volume of less than 1% during charge
up to 4.5 V versus Li*/Li (Figure 3). However, they exhibit
non-negligible volume contraction for higher voltages.
Note that the anisotropic changes in lattice parameters—
that is, the expansion and contraction along the c- and a-
axis, respectively, up to x(Li) = 0.45 and then vice versa
with further delithiation—largely balance out, so that the
net relative volume changes are virtually zero (Figure 4).
This is also why these materials are referred to as “quasi
zero-strain” in the present work. Moreover, the lattice
changes during cycling have been found by X-ray diffrac-
tion to be reversible (see contour plots and line patterns
for NCM361 and NCM271 in Figures S4 and Ss, respec-
tively).
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Figure 4. Changes in lattice parameters a and c of (a)

NCM361 and (b) NCM271 (from operando X-ray diffraction

of LIB pouch cells charged to 4.6 V vs Li*/Li).

Subsequently, their cyclability in pelletized SSB cells using
argyrodite LisPS;Cl as the SE has been examined. To this
end, cathode and anode composites comprising either
NCM361 or NCM271 and Li,TisO.. (LTO), respectively, were
prepared by ball milling. Prior to their use, a 1 wt.% LiNbO,
protective surface coating was applied to both CAMs by
following an established preparation procedure.”” The elec-
trochemical cycling has been done in customized cells un-
der a steady pressure of 55 MPa (details in Supporting In-
formation) and in the voltage range between 1.35 and 2.85
V with respect to LiTis0./Li;Ti;O. (corresponding to
about 2.9-4.4 V vs Li*/Li). The initial voltage profiles at a
C/10 rate are shown in Figure 5a. First cycle specific charge
and discharge capacities of around 170 and 140 mAh/gnem
(~1.5 mAh/em?), respectively, were achieved, correspond-
ing to Coulombic efficiencies of 82%, compared to 96% for
liquid electrolyte-based LIB cells. The origin of the reduced
initial Coulombic efficiency presumably lies in side reac-
tions at the CAM/SE interfaces, indicating that the effect
of the LiNbO; coating is limited. However, SE
decomposition at the interfaces with the carbon black ad-
ditive cannot be ruled out. Besides, the presence of electri-
cally isolated CAM particles and/or electrode sections may
help explain the lower attainable specific capacities (note
that electrochemical testing has been performed on rela-
tively simple pelletized cells).'®"
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Figure 5. Room-temperature cycling performance of
NCM361 and NCM271 in SSB cells. (a) Initial voltage pro-
files, (b) specific charge capacities for different C-rates, and
(c) Coulombic efficiencies over 30 cycles.

As can be also seen from Figure 5a, NCM361 exhibits a
lower mean charge/discharge voltage than NCM271, which
seems to be due to the slightly lower operating voltage of
Ni redox (compared to Co redox). With further cycling, the
capacity decay slows down (Figure 5b), and the Cou-
lombic efficiency increases to 98% over the first 5 cycles
(Figure 5¢). After 30 cycles, the SBB cells are still capable
of delivering specific capacities of about 110 mAh/gnewm,
with the Coulombic efficiency approaching 99%. The
fading is certainly in part because of the ill-defined nature
and non-uniformity of the sol-gel-derived coating, leading
to continuous SE decomposition, that is, during the later
cycles as well, albeit less severe. For the same reason, the
coating is also not expected to have any effect on the
CAMs’ bulk properties.>°

In recent years, it has been shown that the interfacial
degradation processes involve chemical changes, such as
S-S, S-0, and P-S-P bond formation (independent of the
CAM composition). Likewise, PO, species have been ob-
served by X-ray photoelectron spectroscopy and time-of-
flight secondary-ion mass spectrometry.>>*  SE
decomposition also negatively affects the interfacial charge
transfer kinetics, as is evident from the low cell capacities
achieved at a 1C rate. However, considering that the
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electrode materials themselves and the coating chemistry
have not yet been optimized, the cycling performance,
which is virtually identical for both CAMs, is promising.®
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Figure 6. Background-corrected net stress of SSB cells us-
ing (a) NCM361 and (b) NCM271 and the corresponding
voltages profiles.

As mentioned above, mechanical separation between the
CAM and SE particles may give rise to performance
degradation. One way to track down such problems is to
monitor the pressure (stress) evolution.? Here, pressure
changes in operating SSB cells using NCM361 or NCM271
have been measured in situ using a customized setup
(details in Supporting Information). The corresponding
time-resolved and background-corrected data are shown
in Figure 6, indicating no significant changes in linear
elastic stress (o0,) during the course of cycling [i.e., there is
virtually no x(Li) dependence]. This result is in agreement
with the relative volume changes (AV/V, << 1%)
determined by comparing the (estimated) degree of
delithiation of NCM361 and NCM271 in SSB cells with that
achieved in LIB pouch cells (Figure $6).9 It is also
important to note that the absolute relative volume
changes of NCM811 and LCO are much larger for the same
degree of delithiation. However, although the net stress
data are rather featureless, chemomechanically driven
phase separation cannot be fully ruled out because of the
anisotropic changes in lattice parameters.?*

In summary, we have successfully designed—in a rational
manner—novel Co-rich NCMs for application in SSBs.
These cathode active materials showed minor volume
changes upon (de)lithiation, as confirmed by operando X-
ray diffraction and pressure measurements. For SSBs, in
particular, the use of zero- or low-strain (active) materials
is favorable to prevent gap formation between the solid
electrolyte and ion storage particles during operation.
Notably, bulk-type cells using electrodes of practical
loading exhibited good cycling performance at room
temperature, despite the fact that the secondary particle

size and electrode composition have not yet been
optimized. Nonetheless, the question remains whether
such quasi zero-strain Co-rich NCMs are superior to state-
of-the-art Ni-rich NCMs in terms of cyclability and
stability.

Taken together, this study presents a unique strategy to
tailor layered oxide cathode active materials for SSB
applications by considering volume change effects on both
the atomic (unit cell level) and macro (electrode level)
scales.
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