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Nickel-rich layered oxides are considered highly promising cathode materials for all-solid-state batteries
(ASSBs) due to their high theoretical specific capacity and energy density. In this study, a comparison
between polycrystalline and single-crystalline cathode materials was conducted. It was found that, dur-
ing the charging process, ion transport at the interface of polycrystalline cathodes is significantly influ-

enced by phase transitions and side reactions with the electrolyte, resulting in an irreversible increase in
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impedance after cycling. Furthermore, the structural stability of the cathode material affects internal ion
diffusion kinetics, thereby influencing its electrochemical performance. Unlike single-crystalline materi-
als, ion migration in polycrystalline materials must traverse anisotropic grain boundaries, which, due to
anisotropic lattice contraction, evolve into intergranular cracks, leading to reduced ion diffusion kinetics
and degraded electrochemical performance. In contrast, single-crystalline cathodes exhibit more stable
interfacial resistance and uniform ion transport during charging, ensuring structural stability over long-

term cycling. Consequently, at a 0.5 C rate, the single-crystalline cathode maintains a specific capacity of
143 mAh/g after 500 cycles, with a capacity retention of 89.2%, while preserving its intact single-crystal
morphology. This study provides valuable new insights into the localized lithium-ion transport behavior
in single-crystalline and polycrystalline cathode materials for sulfide-based all-solid-state batteries.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the rapid development of renewable energy and new
energy vehicles, the field of electrochemical energy storage de-
vices has entered a period of high-speed growth [1-3]. However,
the large-scale use of lithium-ion batteries is currently hindered
by their insufficient energy density and inherent safety hazards,
thereby limiting the further development and application of new
energy vehicles [4-6]. All-solid-state batteries (ASSBs) based on in-
organic solid electrolytes have garnered significant attention and
research due to their high energy density and enhanced safety, be-
ing regarded as the most promising energy storage devices for the
next generation [7-9]. Nevertheless, there are still challenges in the
large-scale production and energy density enhancement of solid-
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state batteries, preventing their widespread application in new en-
ergy vehicles [10].

As the core component of solid-state batteries, the ionic
conductivity and electrochemical/chemical stability of solid elec-
trolytes have a profound impact on the cycle stability and en-
ergy density of these batteries [11]. Among various solid elec-
trolyte materials, sulfide-based solid electrolytes have emerged as
the current research focus due to their high ionic conductivity
(>10-3 S/cm), low grain boundary resistance [12]. Based on their
chemical compositions, all known sulfide-based solid electrolytes
can be classified into glassy sulfides [13,14], halogenated thio-
phosphates [15,16], thiophosphates [17], phosphorus-free sulfides
[18]. However, despite their advantages, these sulfide-based elec-
trolytes are not widely adopted in energy storage systems. Most
of them, while possessing high ionic conductivity, cannot serve
as direct replacements for their liquid counterparts due to their
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non-competitive electrochemical performance, encompassing spe-
cific capacity, initial Coulombic efficiency, and capacity retention
rate [19-21]. Moreover, numerous challenges persist, such as space
charge layers, interfacial reactions, lithium dendrite growth, and
chemical-mechanical failures [22-24].

As another crucial component in ASSBs, cathode materials are
also vital to the performance of ASSBs [25]. Among various cath-
ode materials, nickel-rich layered oxides are considered a promis-
ing option due to their high theoretical specific capacity and high
energy density [26-28]. However, when sulfide-based solid elec-
trolytes are combined with nickel-rich layered oxide cathodes to
construct ASSBs, the high electrochemical potential of the cathode
facilitates the easy transfer of Li™ from the electrolyte side to the
cathode side. For sulfide electrolytes with high ionic conductivity,
the weaker intermolecular interactions lead to a rapid decrease in
lithium concentration at the interface, resulting in the formation
of a lithium-depleted layer [29]. Additionally, traditional polycrys-
talline nickel-rich layered oxides suffer from poor cycle life due to
their fragile microstructures [30]. During cycling process, the poly-
crystalline primary particles undergo anisotropic volume changes,
and significant anisotropic volume changes within secondary par-
ticles can lead to large stresses and grain boundaries, ultimately
causing chemical-mechanical degradation [31-33]. Especially in
ASSBs, the solid-solid contact between active particles and solid
electrolyte particles limits ion transport at the solid-solid interface,
exacerbating this structural degradation [34]. Recently, the appli-
cation of single-crystalline cathode eliminates grain boundaries
present in traditional heterogeneous polycrystals, significantly in-
hibiting the accumulation of stresses and strains caused by volume
changes during (de)lithiation [35-37]. Although single-crystalline
nickel-rich layered oxides have been reported as cathode mate-
rials for sulfide-based ASSBs, there is still a lack of comprehen-
sive understanding of the advantages of single-crystalline cathodes
in ASSBs [38-40]. Understanding of the ion transport kinetics of
solid/solid interfaces between single-crystalline and polycrystalline
cathode materials is important to address these interface issues in
sulfide-based ASSBs.

In this study, we investigated the electrochemical performance
and interfacial dynamics of polycrystalline (P-NCM83) and single-
crystalline (S-NCM83) nickel-rich LiNigg3C0g12Mng 50, cathodes
in sulfide-based ASSBs. The results revealed that the ion trans-
port at the interface of the polycrystalline cathode during charg-
ing is susceptible to phase transitions of the cathode and side re-
actions with the electrolyte, leading to an irreversible increase in
impedance after cycling. Moreover, the grain boundaries in poly-
crystalline cathodes result in uneven charge distribution within
secondary particles, limiting ion transport kinetics and causing
uneven stress distribution within the secondary particles. During
long-term cycling, the combination of increased interfacial resis-
tance and the heterogeneous localized environment within the par-
ticles easily leads to the formation of intergranular cracks in poly-
crystalline cathodes, restricting solid-solid ion transport and caus-
ing performance degradation. In contrast, single-crystalline cathode
materials exhibit more stable interfacial resistance and more uni-
form ion transport during charging, allowing for structural stabil-
ity over long-term cycling. Compared to polycrystalline nickel-rich
cathodes (P-NCM), the single-crystalline cathode electrode delivers
a higher specific capacity of 143 mAh/g with a higher capacity re-
tention of 89.2%, while maintaining an intact single-crystal mor-
phology. This study deepens the understanding of the relationship
between crystalline morphology and electrochemical stability and
provides guidance for optimizing nickel-rich cathode materials for
sulfide-based ASSBs.

Initially, the morphologies of P-NCM83 and S-NCM83 cathode
materials were characterized by SEM. As depicted in Figs. 1a and b
and Fig. S1a (Supporting information), P-NCM83 polycrystalline is
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Fig. 1. (a, b) SEM images, (c) HRTEM image and (d) FFT results for P-NCM83. (e,
f) SEM images, (g) HRTEM image, (h) FFT results and (i) element mappings for S-
NCMS83. Rietveld refinements of X-ray diffraction pattern for (j) P-NCM83 and (k)
S-NCM83 cathode.

comprised of nano-sized primary particles to form spherical sec-
ondary particles with diameters ranging of 5-10um. The clear and
uniform lattice spacings of 0.21 nm is observed in HRTEM image
(Fig. 1c), which is consistent with the (104) plane in the layered
structure, and can be further confirmed in the FFT pattern (Fig. 1d).
In contrast, S-NCM83 single-crystalline particles exhibit smooth
primary particles with particle sizes of approximately 2-5um (Figs.
le and f, Fig. S1b in Supporting information). The distinct lattice
spacings of 0.24nm in the HRTEM image corresponds to the (101)
plane in the layered structure (Figs. 1g and h). Moreover, elemen-
tal mapping images of P-NCM83 and S-NCMS83 indicate a uniform
distribution of Ni, Co, Mn, and other elements within the materials
(Fig. 1i).

Furthermore, the XRD patterns and refinement results of P-
NCM83 and S-NCMS83 are presented in Figs. 1j and k, respec-
tively. The pronounced splitting of the (006)/(102) peaks and the
refined c/a values (Table S1) confirm that both P-NCM83 and S-
NCM83 possess well-defined layered structures, belonging to the
pure hexagonal «-NaFeO, structure within the R-3m space group
[33]. Notably, both materials exhibit low Li/Ni cation mixing, con-
tributing to their favorable kinetic properties. Additionally, XPS
analysis was conducted to examine the chemical composition and
elemental valence states of the materials. As shown in Fig. S2 (Sup-
porting information), S-NCM83 exhibits less residual Li,CO3 on its
surface compared to P-NCM83. By deconvoluting the Ni 2p3/2 peak
into Ni?t+ and Ni3* components, the Ni3* content in the materials
can be analyzed. As illustrated in Fig. S2b (Supporting information),
the Ni3+ content in P-NCM83 is approximately 77.8 %, while that in
S-NCMS83 is around 81.6%. A higher Ni3* content and lower Ni**
content can reduce Li/Ni cation mixing, enhancing the structural
stability of the material [41].

To evaluate the application potential of nickel-rich cathode ma-
terials in sulfide-based solid-state batteries, Lis5PS45Cly5 (LPSCI)
electrolyte was employed as the solid-state electrolyte [42]. As
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Fig. 2. (a) Charging-discharging curves of first cycle of NCM/LPSCI/Li-In cell at 0.1 C. Charging-discharging curves of NCM/LPSCI/ Li-In cell at different current density for (b)
S-NCM83 and (c) S-NCM83 cathode. (d) Long cycling performance of NCM/LPSCI/Li-In. dQ/dV curves for (e) S-NCM83 and (f) S-NCM83 cathode.

shown in Fig. S3a (Supporting information), the LPSCI is composed
of agglomerated particles and delivers a particle size of 20-40 pum.
Additionally, the XRD pattern (Fig. S3b in Supporting information)
shows that the LPSCI display a similar high cubic argyrodite-type
crystallinity, matching well with the referenced Li;PSg (PDF #34-
0688). The Nyquist plots measured for the LPSCl electrolyte at
room temperature are shown in Fig. S3c (Supporting information),
with a calculated ionic conductivity of approximately 3.2 x 103
S/cm. To highlight the exceptional cycling stability of the S-NCM83
electrode in a sulfide-based ASSBs, all electrochemical experiments
were conducted within the voltage range of 1.9-3.65V at room
temperature (25°C). As shown in Fig. 2a, the P-NCM83 electrode
exhibits initial charging and discharging capacities of 215.7 and
184.5 mAh/g, respectively, with an initial coulombic efficiency of
85.54%. The S-NCM83 electrode possess initial charging and dis-
charging capacities of 227.1 and 195.4 mAh/g, respectively, with an
initial coulombic efficiency of 86.3 %.

To gain a deeper understanding of the electrochemical behav-
ior of high-nickel cathode materials in sulfide-based ASSBs, the
first-cycle dQ/dV profiles are presented in Fig. S4 (Supporting in-
formation). During charging, both P-NCM83 and S-NCMS83 elec-
trodes undergo phase transitions from the layered phase (H1) to
the monoclinic phase (M) and two hexagonal phases (H2 and H3)
[43]. Notably, the H2 — H3 phase transition is accompanied by an
abrupt anisotropic lattice contraction, leading to internal microc-
racks and capacity fading [44]. In comparison, the H2-H3 transi-
tion is considerably suppressed in S-NCM83, which enable a more
reversible phase transition process. After the first charge-discharge
cycle, the rate performance of the batteries was further evaluated
at 0.1, 0.2, 0.5, and 1 C. As depicted in Fig. 2b, the specific capac-
ities of the S-NCM83 battery under these conditions are 195.25,
184.71, 178.89, and 136.69 mAh/g, respectively. In contrast, the spe-
cific capacities of the P-NCM83 battery are 184.35, 175.44, 157.68,
and 137.27 mAh/g, respectively (Fig. 2c). Furthermore, long cycling
stability tests were conducted at 0.5 C (Fig. 2d), where the P-
NCM83 battery experiences significant capacity fluctuations after
400 cycles and delivers a capacity of 141 mAh/g with a capacity
retention rate of 88.1%. In contrast, the S-NCM83 battery retains a
capacity of 143 mAh/g and a capacity retention rate of 89.2% after
500 cycles, which exhibit improved electrochemical performance
compared to those of previously reported NCM based electrodes
(Table S2 in Supporting information). To better understand the
phase transitions during long cycling process, the charge-discharge
curves and dQ/dV profiles at various cycles are presented in Fig.
S5 (Supporting information), Figs. 2e and f, respectively. Compared
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Fig. 3. In-situ impedance spectra of NCM/LPSCI/Li cell at 0.1 C. (a) Nyquist plots and
(b) Bode plots of P-NCM83 cathode during the first charging process. (c) Nyquist
plots and (d) Bode plots of S-NCM83 cathode during the first charging process.

to P-NCM83, the S-NCM83 battery exhibits less severe irreversible
phase transitions during long-term cycling, enabling it to maintain
a better structural integrity, which is consistent with the cyclic sta-
bility results.

To explore the changes in interfacial stability of P-NCM83 and
S-NCM83 electrodes, the in-situ impedance spectroscopy was em-
ployed to analyze the interfacial impedance of the batteries dur-
ing charging and discharging, which can provide valuable insights
into how the electrode-electrolyte interface responds to the vary-
ing electrochemical conditions. To investigate the impedance varia-
tions, in-situ EIS spectra were measured at various voltages during
the 0.1 C charging-discharging process.

Figs. 3a and b display the Nyquist plots and Bode plots, re-
spectively, during the first charging process of P-NCM83 at 0.1 C.
As shown in Fig. 3a, at the beginning of the first charging pro-
cess, the slope in the low-frequency region of the Nyquist plots
is relatively small, and as the charging potential increases, the
low-frequency curve of the Nyquist plots gradually approaches a
semicircle shape, accompanied by an increase in resistance. Corre-
spondingly, the amplitude of the curve in the Bode plots also in-
creases. When the open-circuit voltage (OCV) reaches 3.65V, a reg-
ular semicircle appears in the low-frequency region of the Nyquist
plots, indicating the maximum resistance, and the amplitude of the
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Fig. 4. Variation of the resistance values of (a) P-NCM83 and (b) S-NCM83 cathode
during the first two cycles.

Bode plot curve also reaches its maximum, suggesting that the in-
terfacial impedance of the battery is affected by the material phase
transition process during charging. Subsequently, during the dis-
charge process, the semicircle in the low-frequency region of the
Nyquist plot becomes smaller, and the amplitude of the Bode plot
curve decreases accordingly. Furthermore, the Nyquist plots and
Bode plots of S-NCM83 battery during the first charging process
were shown in Figs. 3c and d, respectively. Compared to P-NCMS83,
the amplitudes of the Nyquist plot and Bode plot curves of the S-
NCM83 battery exhibit smaller changes during both charging and
discharging, indicating a more stable interfacial impedance.

Furthermore, we quantified the resistance during the first two
cycles of charging/discharging process for the NCM batteries to
evaluate the evolution of interfacial impedance (Figs. S7 and S8
in Supporting information). To adequately fit the Nyquist plots, an
equivalent circuit model incorporating four resistances was em-
ployed (Fig. S9 in Supporting information) [45]. Specifically, the
resistance Ry, intercepting the real axis at high frequencies, rep-
resents the intrinsic ohmic resistance. The semicircle at high fre-
quencies corresponds to the bulk resistance of the solid-state elec-
trolyte (Rsg). Meanwhile, the semicircles at medium and low fre-
quencies signify the cathode/electrolyte interface resistance (R.)
and anode/electrolyte interface resistance (R ), respectively.

As shown in Fig. 4a, the ohmic resistance (Ry) and the elec-
trolyte resistance RSE remain relatively stable at 25 © and 18 €,
respectively, during the charging and discharging processes. In con-
trast, R; and R exhibit significant fluctuations and clear peri-
odic variations during these cycles. During the first charging pro-
cess, Ry in the P-NCM83 battery rapidly increases with rising
voltage. During discharging process, as the voltage decreases to
3.0V, lithium ions extract from the lithium-indium anode, result-
ing in a lower lithium-ion concentration in the anode and a sig-
nificantly increase of R.;;. However, upon the second charging, R,
swiftly decreases back to 30 2 and remains stable during subse-
quent charging.

Apart from the anode side resistance (R.;), during the charg-
ing process, the cathode side interface resistance (R.) of the P-
NCMS83 battery delivers a significant increase. Especially during
H2-H3 phase transitions (OCV > 3.5V), R, have an increase by
approximately 210 €2, indicating to the poor ion transport kinetics
during the phase transitions process. During discharge, as the volt-
age decreases, the resistance promptly diminishes. Notably, Ry, af-
ter the second charging process and second discharging process is
higher for approximately 71 and 28 €2, respectively, than that of
in first cycle, indicating a higher a higher interfacial kinetic resis-
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Fig. 5. COMSOL Simulation diagram of (a-d) charge distribution and (e-h) stress
distribution during the charging process on the cathode surface of S-NCM83. Dia-
gram of (i-1) charge distribution and (m-p) stress distribution during the charging
process on the cathode surface of P-NCM83.

tance, which is primarily associated with irreversible phase transi-
tions and side reactions of P-NCM83 cathode. During the long-term
cycling process, the sluggish interfacial kinetic resistance can in-
duce a heterogeneous ion transport and charge distribution in ac-
tive secondary particle.

Additionally, the impedance evolution of the S-NCM83 battery
are presented in Fig. 4b. R, exhibits similar values and trends as
those observed in the S-NCM83 battery. However, there is a signifi-
cant difference in R. During the initial charging process, R, only
increases by 55 €2, indicating a faster kinetic during the delithium
process. Compared to the first cycle, the resistance after the sec-
ond charging of the S-NCM83 battery is merely 55 €2 higher, and
the resistance during the second discharge is approximately 23
higher than that of the first discharge, suggesting fewer irreversible
reactions. Importantly, R.» increase after the second charging pro-
cess and second discharging process is approximately 55 and 23 €2,
respectively, which is lower than that of in P-NCM83, indicating a
fewer irreversible phase transition and phase reactions during the
charging-discharging process of S-NCM83. The relatively small and
stable interfacial resistance of S-NCM83 enables the active parti-
cles to maintain rapid and uniform charge transfer and reduce the
performance degradation and structural failure.

To further explore the Li ion transport of NCM cathodes in
sulfide-based ASSBs, COMSOL software was employed to simulate
the charge distribution and stress distribution in S-NCM83 and P-
NCMS83 cathodes during the charging process. As depicted in Figs.
5a-d, due to the smaller particle size and fewer grain boundaries
of single-crystal particles (S-NCM83), lithium ions can uniformly
propagate along two-dimensional channels within the crystal lat-
tice of single crystals, with shorter transport paths. During the
charging process, the uniform ion transport direction in single-
crystal particles results in a correspondingly homogeneous charge
and stress distribution, which can mitigate structural degradation
(Figs. 5e-h).
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In contrast, larger polycrystalline particles are composed of ran-
domly stacked primary particles, featuring numerous grain bound-
aries with random orientations. Therefore, in solid-state batteries
with solid-solid ion transport, P-NCM83 exhibits longer ion trans-
port paths and random transport directions. As shown in Figs. 5i-
1, the charge distribution in P-NCM83 materials is uneven. In ad-
dition, the increase of interfacial ion transport resistance caused
by the interfacial side reaction will induce nonequilibrium electro-
chemical reactions and further lead to the uneven charge of the
P-NCM83 particle. This unequilibrated charge distribution readily
leads to mismatched strain fields, resulting in stresses along grains
and within grain interiors (Figs. 5m-p). Additionally, shear stresses
along grain boundaries are imposed due to phase transitions dur-
ing the charging process. Under the combined effects of resulting
stress field, P-NCM83 materials are prone to forming intergranular
cracks and induce a contact loss of cathode and electrolyte after
extended cycling, restricting solid-solid ion transport and leading
to performance degradation.

To verify the cycling stability of single-crystalline high-nickel
cathode materials, morphology characterizations on both pristine
and cycled electrodes were conducted and shown in Figs. S10-
S12 (Supporting information). These results above confirmed the
excellent structural stability of S-NCM83 cathode. Except for the
structural stability, the chemical stability is important for single-
crystalline high-nickel cathode materials in sulfide-based ASSBs. As
shown in Fig. S13 (Supporting information) compared with cycled
P-NCMS83 electrode, S-NCM83 cathode delivers better chemical sta-
bility and less side reaction between LPSCI during the long cycling
process.

In this work, we systematically explored the influence of crys-
tal morphology on the electrochemical performance, interfacial ion
transport and microstructure of Nickel-rich layered oxide cath-
ode materials in sulfide-based ASSBs. From the electrochemi-
cal impedance spectroscopy and characterization results, polycrys-
talline P-NCM83 suffer from the heterogeneous localized envi-
ronment and phase transition during the cycling process, which
can easily lead to the formation of intergranular cracks, restrict-
ing solid-solid ion transport and causing performance degradation.
While single-crystalline S-NCM83 cathode materials delivers a sta-
ble interfacial resistance and the uniform ion transport direction
results in a correspondingly homogeneous charge and stress distri-
bution, which can maintain a stable crystal structure and cycling
stability. Therefore, compared with P-NCM83, the S-NCM83 cath-
ode can deliver a higher specific capacity after 500 cycles at 0.5 C
with a capacity retention rate of 89.2 %, while maintaining an in-
tact single-crystalline morphology. This work comprehensively in-
vestigates the effect of the crystal morphology of the ultrahigh-
nickel cathode material for sulfide-based ASSBs, which will support
the development of the ultrahigh-nickel NCM cathode materials.
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