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ABSTRACT: The ever-increasing demand for safety has thrust all-solid-state batteries (ASSBs) into the forefront of next-generation
energy storage technologies. However, the atomic mechanisms underlying the failure of layered cathodes in ASSBs, as opposed to
their counterparts in liquid electrolyte-based lithium-ion batteries (LIBs), have remained elusive. Here, leveraging artificial
intelligence-enhanced super-resolution electron microscopy, we unravel the atomic origins dictating the chemomechanical
degradation of technologically crucial high-Ni layered oxide cathodes in ASSBs. We reveal that the coupling of surface frustration
and interlayer-shear-induced phase transformation exacerbates the chemomechanical breakdown of layered cathodes. Surface
frustration, a phenomenon previously unobserved in liquid electrolyte-based LIBs, emerges through electrochemical processes
involving surface nanocrystallization coupled with rock salt transformation. Simultaneously, delithiation-induced interlayer shear
yields the formation of chunky Ol phases and intricate interfaces/transition motifs, distinct from scenarios observed in liquid
electrolyte-based LIBs. Bridging the knowledge gap between the failure mechanisms of layered cathodes in solid-state electrolytes
and conventional liquid electrolytes, our study provides unprecedented atomic-scale insights into the degradation pathways of
layered cathodes in ASSBs.
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B INTRODUCTION

All-solid-state batteries (ASSBs) have emerged as one of the
most promising next-generation battery technologies, driven by
the ever-increasing demand for safer and more efficient energy
storage solutions.'~* ASSBs, by replacing traditional flammable

unavoidably aggravates the chemomechanical failure
layered cathodes originated from the SSE/cathode interface in
ASSBs. As the chemomechanical failure of cathode materials
significantly impacts the performance, capacity, and lifespan of
ASSBs, understanding the mechanisms driving the degradation

liquid electrolytes with solid-state electrolytes (SSEs), offer
significantly improved safety and thermal stability, which are
key to various applications ranging from portable electronics to
electric vehicles and grid-scale energy storage. However,
despite the considerable progress made in the development
of ASSBs, key challenges such as the electrode/electrolyte
interfacial instabilities” ® as well as the underlying failure
mechanisms remain to be understood. Among all, one critical
issue which limits the performance stability of ASSBs is the
electrochemically driven degradation of the layered cathode
materials paired with SSEs. In particular, in the pursuit of
increasing Ni contents in layered cathodes to achieve higher
energy density,”'® the intrinsic instability of high-Ni layered
oxides''™'" arising from the ever-increasing Ni content

© 2024 American Chemical Society

7 ACS Publications

of layered cathodes in ASSBs**~* is of paramount importance
for the advancement of next-generation battery technology.
However, in stark contrast to the extensive research conducted
over the last few decades on the degradation of layered
cathodes in liquid electrolyte-based lithium-ion batteries
(LIBs),”*~** the deep atomic origin underlying the chemo-
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Figure 1. Electrochemically triggered atomic-scale degradation of high-Ni cathodes in ASSBs. The high-Ni cathodes paired with LPSCI degrade
through violent surface oxygen loss and nanocrystallization (surface frustration) coupled with subsurface interlayer-shear-induced phase

transformation as well as complex interfaces/transition motifs.

mechanical failure of layered cathodes in ASSBs remains a
mystery yet to be fully resolved. Unraveling the atomic-scale
processes responsible for the degradation will not only deepen
our understanding of the fundamental physics involved but
also provide crucial insights for the design and development of
more robust and durable ASSB systems.

Here, to bridge this gap in knowledge, by combining
artificial intelligence (AI)-aided super-resolution imaging and
phase segmentation techniques, we first uncovered the atomic
origin of the chemomechanical failure mechanism of
technologically important high-Ni layered oxide cathodes in
sulfide electrolyte-based ASSBs. We reveal that oxygen-loss-
induced surface structural frustration and deintercalation-
induced interlayer shear collectively destabilize and drive the
violent electrochemical breakdown of layered oxides (Figure
1). The surface frustration, which is first identified in layered
cathodes, involves the formation of nanosized rock salt
polycrystals triggered by severe interfacial oxygen loss.
Moreover, new interlayer-shear transition modalities and
chunky Ol phases distinct from conventional scenarios in
liquid electrolyte-based LIBs are also uncovered. The
integration of Al-driven imaging analysis provides unprece-
dented insights into the intricate processes occurring at the
atomic level, shedding light on the degradation pathways and
failure mechanisms of layered cathodes in ASSBs. By extending
our understanding from liquid electrolyte-based LIBs to solid
electrolyte systems, our work addresses a critical knowledge
gap in the field of ASSBs, which may pave the way for the
development of novel strategies to enhance the durability and
performance of layered cathodes in ASSBs.

B RESULTS AND DISCUSSION

In this work, a model ASSB is constructed by pairing a model
high-Ni layered oxide cathode NMC-811 (see the micro-
structure of NMC-811 in Figures S1 and S2 with sulfide solid
electrolyte LPSCI (see synthesis details in Methods). Figure 2a
shows a representative annular dark-field scanning transmission
electron microscopy (ADF-STEM) image (taken along the
[100] zone axis) of a pristine NMC-811 particle, which
exhibits a perfect layered structure (space group: R3m) with
alternate packing of Li layers and transition metal (TM) layers
(see an atomic model in the inset). Figure 2b presents the
charge—discharge curves of NMC-811/LPSCl ASSBs, show-
casing a notable low Coulombic efficiency in the initial cycle
followed by rapid capacity decay. Notably, the capacity

retention is approximately 83% after just six cycles, after
which the battery ceases to function. Figure 2c presents a
representative atomic-resolution ADF-STEM image (see
Fourier transforms of different regions in Figure 2d) showing
the formation of a chunky O1 phase near the particle surface
(the O1/03 phase boundary is indicated by a dashed line)
during delithiation. The ABAB oxygen packing pattern in the
O1 phase is clearly identified in the inset of Figure 2,
representing the first experimental evidence of the ABAB
oxygen packing in the O1 phase. Figure 2e shows a magnified
super-resolution image (obtained by AtomSegNet processing
of the ADF-STEM image in Figure 2c) of the large-sized O1
phase formed on the surface of the O3-type layered oxide. In
addition, a newly developed Al-aided atom-by-atom phase
segmentation technique was also applied to automatically
distinguish the O1 phase within the O3 matrix based on the
super-resolution images (Figure 2f,g highlights a phase map
showing the atomically resolved chunky O1 phase on the
particle surface. Note that a slight misorientation [see fast
Fourier transform (FFTs) in Figure S3] is identified between
the O1 phase and the O3 matrix.

Aside from a large chunk of the O1 phase, solid-state
delithiation also leads to the formation of complex O1-03
mixtures near the particle surface, which consequently results
in complex local structures and transition motifs (Figure 3, and
see raw images in Figure S4). With the aid of the Al-aided
super-resolution technique, the fine atomic structures of the
O1-03 mixtures are precisely resolved and comprehensively
analyzed. For example, similar to what is observed in liquid
electrolyte-based LIBs, transition motifs such as abrupt/
continuous O1—03 interfaces (the abrupt and continuous
O1-03 interfaces are indicated by magenta structural units
and arrows, respectively) and twin-like domains (TDs,
highlighted in green) are also observed in their counterparts
in ASSBs (Figure 3a). However, distinct from the scenario in
liquid-electrolyte-based LIBs, where only single-layer TDs
form, multilayer TDs (e.g., the double-layer TD, as shown in
Figure 3b) are also identified for the first time in layered
cathodes of ASSBs. The formation of energetically unfavorable
multilayer TDs involving consecutive O3 reversal as well as
high-density single-layer TDs (see an example in a large-field-
of-view image of a delithiated cathode in Figure 3c) implies
that more severe structural damage occurred compared with
that in liquid-electrolyte LIBs. Meanwhile, the local nature of
the universally formed TDs results in the formation of
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Figure 2. Severe shear phase transformation in delithiated high-Ni cathodes in ASSBs. (a) Atomic-resolution ADF-STEM image and the atomic
model of pristine NMC-811, which has a perfect layered structure (space group R3m). (b) Charge—discharge curves of NMC-811/LPSCI/Li
ASSBs operated at 0.1 C rate. The cell died after six cycles. (c) Representative ADF-STEM image of a charged (second cycle, cutoff voltage of 4.2
V) NMC-811 particle taken along the [100] zone axis. Inset shows a representative bright-field (BF)-STEM image of the O1 phase, which has an
ABAB oxygen stacking. (d) FFTs corresponding to the boxed regions in (c—e). The super-resolution image highlights a chunky O1 domain
adjacent to the O3 matrix in the particle in (c). Note that some atomic columns are not effectively identified due to large sample thickness
variation. (f,g) Atomic column localization (left panel) and automated segmentation (right panel) of the O1 phase and the O3 matrix.

constrained twin/matrix interfaces (also termed as O3'/03
interfaces, where O3’ represents a reversed O3 stacking) and,
surprisingly, a new structural unit—triangle structural unit
(TSU)—is found to form at the O3’/O3 interface in order to
accommodate the interfacial misfit.

In addition to the interlayer-shear-induced phase trans-
formation, we also identified severe oxygen loss-triggered
surface degradation in delithiated cathodes through both
spectroscopic and atomic imaging characterizations. Figure 4a
shows representative relatively low-magnification energy-
dispersive spectroscopy (EDS) maps of an interface between
the LPSCI and NMC-811, where a relatively sharp boundary
was identified, while line scan analysis (Figure SS) shows that
sulfur (S) and phosphorus (P) are likely involved in the
formation of the degraded layers, evidenced by their increased
content near the surface, with sulfur being more prominent.

High spatial-resolution electron energy loss spectroscopy
(EELS) analysis across the cathode/electrolyte interface
shows that the Ni K-edge shifts to lower energy from the
interior to the surface of the cathode, indicating an evident
reduction of Ni at the electrolyte/cathode interface.
Furthermore, atomic-resolution imaging was performed to
understand the surface structural degradations triggered by the
chemomechanical reaction at the cathode/electrolyte interface.
The result shows that a thin layer with a disrupted lattice
(approximately 10 nm thick; the boundary between the
frustrated layer and the subsurface O1 or O3 phase is denoted
by the yellow dashed line) formed on the outer surface of the
particle. It is worth noting that the deteriorated crystallinity
makes it hard for ADF-STEM to resolve the atomic packing of
this structurally frustrated layer; therefore, BF-STEM was
further employed to image its atomic structure (the middle of
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Figure 3. Atomically resolved complex interfaces in delithiated Ni-
rich cathode of ASSBs. (a) Representative super-resolution images
showing the formation of abrupt and continuous O1—0O3 interfaces as
well as twin-like domains (TDs). The abrupt structural units (ASUs)
at the 01/03 and O1/TD interfaces are highlighted in magenta. (b)
Super-resolution image of another delithiated particle showing the
formation of single-layer (left side) and double-layer (right side) TDs.
ASUgs are identified at the interface between O1 and TD. (c) Larger
field-of-view super-resolution image of a delithiated NMC-811
cathode, which shows the formation of continuous (C-type) and
abrupt (A-type) O1—03 interfaces as well as TDs. (d) Enlarged
super-resolution image corresponding to the boxed region in (c).
TSUs (yellow symbols) are identified at the interface between the TD
(reversed O3) and the original O3 matrix.

Figure 4c). As shown in the right panel of Figure 4c
(corresponding to the boxed region in the middle panel),
the structurally frustrated layer is found to be composed of
ultrasmall nanocrystalline domains (denoted by dashed
circles). Based on FFT analysis (inset in the right panel in
Figure 4c), the nanocrystals are determined to be composed of
electrochemically inactive NiO phases (see another example in
Figure S6). This finding indicates that severe oxygen loss was
promoted at the cathode/electrolyte interface. That is to say,
surface frustration is more likely to develop in primary particles
directly interfacing with solid electrolytes, albeit in smaller
quantities, than in those situated within the interior of a
secondary particle. This may partly explain why surface
frustration may not have been previously captured. Conversely,
at the chemically contacted cathode/electrolyte interface, we
did not observe fragmented rock salt phase or O1 phase (see
representative results in Figure S7), indicating that both the
concurrent oxygen loss-triggered surface frustration and
interlayer-shear-induced phase transformation are chemo-
mechanically driven, rather than chemically driven.

The O1 phase is an interlayer-shear-induced detrimental
phase recently found to be extremely vulnerable to oxygen loss
and structural degradation. As the tendency of O3 — O1 phase
transformation increases with increased Ni content, large
chunks of the O1 phase have been recently observed in pure
LiNiO, and ultrahigh-Ni cathodes. 1632 While, in contrast, for
NMC-811, due to its relatively lower Ni content and thereby
higher stability (compared to LiNiO,), only random O1
stacking faults (one layer or a few layers thick) have been
observed in liquid-electrolyte-based LIBs. 11,33 Surprisingly, we

discovered for the first time that by charging NMC-811 to
similar or even lower state-of-charge in ASSBs with LPSCI as
the SSE, chunky O1 phase domains, comparable in size to
those in pure LiNiO,, were universally observed. This suggests
that the tendency for interlayer shear within the same cathode
is significantly intensified by interfacial electrochemical
reactions in ASSBs. Note that the absence of the Ol phase
in some previous studies®”** may be attributed to the extended
cycling conditions employed as this extended cycling regime
may have largely depleted the already-formed O1 phase,
converting it into the rock salt phase (our previous indicates
that the O1 phase is more vulnerable to oxygen loss and cation
mixing compared to the O3 phase'®). Moreover, due to the
higher tendency of O1 phase transformation, new interfaces
and transition motifs, which have never been revealed in the
same cathode in liquid electrolyte-based LIBs, were universally
revealed. Particularly, the formation of metastable multilayer
TDs and O3'/03 interfaces further confirms the exacerbated
chemomechanical degradation of the layered cathode in ASSBs
compared to that in conventional liquid-electrolyte-based LIBs.

The surface structural frustration observed in ASSBs differs
significantly from the surface rock salt formation seen in
conventional liquid-electrolyte-based LIBs. In the case of
ternary layered cathodes that exhibit relatively high stability,
such as NMC-811, the rock salt transformation typically occurs
by forming a coherent rock salt layer (comprising one to a few
atomic layers during the early stage of electrochemical cycling)
on the particle surface. In previously reported cases in liquid
electrolytes, since the transformation from the O3 phase —
rock salt only requires TM ion diffusion (from the TM layer to
the empty sites in the Li layer) without lattice deformation, the
electrochemically formed rock salt phase usually shares the
same orientation as that of the parental O3 phase,”® meaning
the surface rock salt transformation barely breaks the
crystallographic integrity of the single-crystalline primary
particle. Surprisingly, the surface frustration in ASSBs shows
a remarkably different rock salt transformation landscape
where nanocrystallization occurs during the electrochemical
degradation. The formation of these extremely small nano-
domains suggests that chemomechanically triggered local
lattice deformation is vigorously involved in the cathode/
electrolyte interfacial degradation from the very beginning.
This is markedly different from the scenario in liquid
electrolytes, where the chemomechanical factor typically only
gradually takes control over extended or long-term cycling.””**
Moreover, it is worth noting that the crystallographic integrity
broken by surface frustration in ASSBs is expected to be more
detrimental in terms of Li* reintercalation. This is because the
misorientation between the nanosized rock salt domains
creates additional resistance®”*” for Li* transportation through
the already blocked Li* channels.”'

We propose that interface instabilities, encompassing both
electrochemical and mechanical factors between the cathode
and the LPSCI solid electrolyte, may play a pivotal role in the
formation of a surface frustration layer composed of rock salt
nanodomains. From an electrochemical perspective, the
degradation mechanisms in ASSBs share similarities with
scenarios involving liquid electrolytes, notably involving
oxygen loss, cation mixing, and ultimately rock salt formation
originating from side reactions at the cathode/electrolyte
interface. However, a significant distinction lies in the solid/
solid contact in ASSBs, which is inherently rigid. While the
sulfide electrolyte is softer than other inorganic electrolytes, it
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Figure 4. Surface nanocrystallization and deactivation driven by the electrochemically triggered cathode-electrolyte reaction. (a) EDS maps of
pristine NMC-811 cathode particles in contact with LPSCI after electrochemical cycling. (b) EELS profiles of charged (second cycle) NMC-811
from the cathode—electrolyte interface to the cathode particle’s interior. The evidently reduced Ni valence near the cathode’s surface indicates
severe oxygen loss at the cathode—electrolyte interface. (c) Representative ADF-STEM (left panel) and BF-STEM (middle panel) images showing
the electrochemically driven oxygen loss and structural degradation at the cathode surface. The right panel shows a zoomed-in image corresponding
to the boxed region in the middle panel. The atomic structure of the nanodomains (highlighted by dashed circles) can be assigned to the rock salt
phase, which also agrees well with the FFT of the degraded surface layer (inset).

is still significantly stiffer than liquid electrolytes. Conse-
quently, unlike scenarios with liquid electrolytes, the rigidity of
SSEs in ASSBs may contribute to localized stress accumulation
within the cathode material. This local stress could even be
exacerbated under externally applied pressure during ASSB
fabrication processes aimed at enhancing interface contact. We
suspect that this local stress concentration may promote
chemomechanical disintegration of the as-formed rock salt
phase to form nanodomains with different orientations.
Simultaneously, it could also promote interlayer shear in the
near-surface regions, ultimately resulting in O1 phase trans-
formation. In the future, in situ TEM techniques might be
employed to further understand the formation pathway of the
unique chemomechanical degradation structures of layered
cathodes in ASSBs.

By delving into the atomic-scale mechanisms governing the
failure of layered cathodes in ASSBs, we can envisage several
strategies that could potentially mitigate chemomechanical
degradation and enhance ASSB performance. First, surface
engineering offers the possibility of designing cathode materials
that are more resistant to surface nanocrystallization and rock
salt transformation during electrochemical processes. Surface
coating’” emerges as a potential solution to mitigate the
adverse effects of surface frustration observed in our study,
potentially leading to a more stable cathode/electrolyte
interface. Second, the concept of bulk lattice reinforcement
suggests that designing a stronger bulk lattice with antishear

17716

properties could be beneficial. Leveraging bulk doping,
including the recently proposed compositionally complex
doping strategy,” may enhance the mechanical resilience of
cathode particles and potentially mitigate interlayer shear-
induced degradation. This work underscores the critical
importance of safeguarding both the surface (or, the
cathode/electrolyte interface) and the bulk lattice of layered
oxide cathodes in ASSBs.

B CONCLUSIONS

In conclusion, using Al-aided super-resolution atomic imaging,
we uncovered that the coupling of surface frustration and shear
transformation leads to extended chemomechanical degrada-
tion of technologically important high-Ni layered cathodes in
ASSBs. The electrochemically induced degradation, which
involves misoriented nanoscale rock salt transformation and
complex shear structural motifs, represents a phenomenon
distinctively different from that observed in liquid-electrolyte-
based LIB cathodes. These new insights provide a profound
understanding of the degradation pathway of layered oxides in
ASSBs and underscore the pivotal role of enhancing the
electrochemical stability of cathode—electrolyte interfaces in
optimizing current ASSBs.
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