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ABSTRACT: One approach to increase the energy density of all-solid-state batteries
(ASSBs) is to use high-voltage cathode materials. The spinel LiNi0.5Mn1.5O4 (LNMO)
cathode is one such example, as it offers a high reaction potential (close to 5 V).
Moreover, it is a Co-free cathode system, which makes it an environmentally friendly
and a low-cost alternative. However, several challenges must be addressed before it
can be properly adopted in ASSB technologies. Herein, we reveal that lithium
argyrodite (Li6PS5Cl), a sulfide solid-state electrolyte (SSE), possesses intrinsic
chemical incompatibility with the LNMO cathode. We demonstrate the necessity of
using a halide SSE, Li3YCl6 (LYC), through careful analysis of the LNMO/SSE
interface. Moreover, we emphasize the necessity of applying a protective coating layer
to LNMO particles, even when halide SSEs are used. Furthermore, the chemical
phenomena involving LYC in the oxidative environment of LNMO are analyzed,
including a comparison between coated and uncoated LNMO particles.

All-solid-state batteries (ASSBs) have been identified as a
promising energy storage technology because of their
prospects of nonflammability compared to organic

liquid electrolytes.1,2 To be integrated into portable electronics
and electric transportation, aside from superior safety, ASSBs
must meet the necessary performance metrics, which include
both high energy and power density. Previously, layered oxides
(LiMO2, with M = Co, Ni, Mn, and/or Al) have been extensively
investigated and have been shown to exhibit both high capacities
and good capacity retention.3−14 However, the high costs and
supply chain uncertainties of raw Co materials have catalyzed
the search for alternative cathode materials.15−17 Thus, the
cobalt-free LiNi0.5Mn1.5O4 (LNMO) spinel cathode, which has a
high operating voltage (∼4.8 V vs Li/Li+), is an attractive and
cost-effective alternative for high energy density ASSBs.
Previously, many studies have been conducted on the analysis
of LNMO cathode material for current lithium-ion battery
(LIB) systems and ways to improve their performance. The
influence of transition metal ordering and the presence of Mn3+

caused by oxygen vacancies affects the electrochemical behavior
of the LNMO cell.18−21 LNMO cycling in liquid LIBs inevitably
induces continuous Mn3+ production, which in turn produces
soluble Mn2+ through Jahn−Teller distortion and disproportio-
nation reaction, causing cell degradation due to cross-talk-
ing.22,23 Various approaches have been studied to improve cell

performance by controlling the amount of Mn3+, particle size,
and crystallinity and by improving structural stability through
doping.24−28 Furthermore, many studies have been conducted
on how to protect the LNMO surface through the application of
various coating materials, such as metal oxide, organics,
fluorides, and phosphates to prevent surface deterioration
caused by an attack by HF generated from liquid electro-
lytes.29−33 However, these degradation mechanisms inevitably
occur because of the use of liquid electrolytes, which can be
completely avoided in a solid-state electrolyte (SSE) system,
thus representing an attractive approach for enabling the LNMO
cathode material.

Among various SSE candidates in ASSB technologies, the
argyrodite Li6PS5Cl (LPSCl) is considered to be one of the
leading materials in the industry because of its ease of
manufacturing and high processability while retaining a
relatively high ionic conductivity (>1 mS cm−2 at 298
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K).3,34−36 However, sulfide-based SSEs still have drawbacks: (i)
chemical instability with air/moisture which leads to SSE
degradation and toxic H2S gas formation37,38 and (ii) a narrow
electrochemical stability window which can result in side
reactions at both cathode and anode interfaces, resulting in
increased cell resistance and irreversible capacity loss.39−42 In
particular, because the cathode must contain SSE particles in the
electrode composite which inherently possesses more cathode
material/SSE interfacial contact area, more significant effects
due to side reactions occur.3−5,7 Cathodes coated with oxides
including lithium niobate (LiNbO3, LNO), lithium borate, and
lithium zirconate layers have been widely investigated to
overcome this issue, and the type and quality of these coating
layers have been shown to determine the overall performance of
the cathode composite electrode.8−12 In terms of high-voltage
ASSBs, there have been a handful of previous efforts to introduce
LNMO. Previously, Tatsumisago et al. and Hirayama et al.
reported Li3PO4 (LPO) or LNO-coated LNMO and
Li10GeP2S12 (LGPS) for a cathode and SSE, which focused
mainly on acetylene black/SSE and Li metal/SSE interfa-
ces.43−45 In addition, Yao et al. investigated the effect of the
coating layer by utilizing Li4Ti5O12, LPO, and LNO materials
and by studying their effect on the performance of LNMO-ASSB
cells.46 Moreover, a sulfurized LNMO spinel cathode was also
suggested, which suppressed interfacial side-reactions with
sulfide SSE reported by Wu et al.47 The specific evaluation
conditions and results of these previous LNMO studies are
shown in Table S1. However, they showed only very limited
cycling performance (<20 cycles) with an incomplete
investigation into the degradation mechanisms in the solid-
state system. While the prevailing hypothesis reported in the
literature revolves around the low oxidation stability limit of
sulfide-based SSEs, the root causes still need to be thoroughly
revealed by systematic analyses.

Contrary to sulfide-based SSEs, the halide-based SSEs have
been recently popularized in cathode composites because of
their higher oxidation stability limit compared to their sulfide
counterparts.4,48−51 Asano et al. were the first to report that low-
crystalline Li3YCl6 (LYC) and Li3YBr6 halide SSEs had ionic
conductivities of 0.51 and 0.72 mS cm−1.48 Various types of
other halide SSEs that contain other transition metal ions such as
In, Zr, and Sc have been discovered and found to exhibit suitable
ionic conductivities with higher oxidative stability windows, thus
enabling stable cycling performance of a >4 V class of cathode
materials, including NCM cathodes without the protective
coating layers.52−59 However, experimental analysis of their
decomposition and its products beyond the oxidation stability
window as well as their application and performance limitations
when used with higher-voltage (>4.8 V) cathode systems have
yet to be explored. In this study, we first introduced LYC as the
representative halide SSE in the LNMO cathode composite and
compared the chemical compatibility between LNMO and
LPSCl/LYC via electrochemical, spectroscopic, and electron
microscopy methods. In addition, the degradation of halide at a
high voltage around 4.5 V (vs Li/Li+) was demonstrated, causing
severe cell failure in the high-voltage regime. To overcome this,
an amorphous LNO coating on LNMO is shown to be effective
when combined with halide SSEs and is seen to be crucial for
achieving improved cycling performance. It is experimentally
demonstrated that the chemical compatibility and electro-
chemical stability should be considered for the choice of
catholyte for ASSB-cathodes. In addition, we believe that the
analytical approach in this study introduces the methodology of

how to address the critical interfacial issues in high-voltage
cathodes and provides new insights regarding their use in ASSB
systems.

The chemical compatibility of LNMO with LPSCl was first
investigated with symmetric cell electrochemical impedance
spectroscopy (EIS) measurements of the cathode composite
and compared to the same configuration where LPSCl was
replaced with LYC (Figure 1). The physical properties including

the ionic and electronic conductivities of LPSCl and LYC used
in the experiment are shown in Figure S1, which are 1.9 × 10−3

and 2.8 × 10−9 S cm−1 and 0.4 × 10−3 and 0.9 × 10−9 S cm−1 for
LPSCl and LYC, respectively. Figure 1 shows the Nyquist plots
of symmetric cells for a cathode composite consisting of LNMO,
LPSCl, and vapor-grown carbon fiber (VGCF) (LNMO/
LPSCl) and another of LNMO, LYC, and VGCF (LNMO/
LYC). In the LNMO/LPSCl symmetric cell, a semicircle was
observed around 21 Hz, whereas in the LNMO/LYC cell only
the characteristic diffusion tail was observed. This difference in
impedance behavior indicates the possibility that an interlayer
between the LNMO and LPSCl, which corresponds to the
semicircle, was generated during the composite mixing and
pressing process. In addition, the difference between these two
symmetric cells is more pronounced after 24 h (Figure S2),
which emphasizes the chemical instability of LPSCl with
LNMO. The detailed fitting results are included in Figure S2
and Table S2.

The physicochemical properties of both cathode composites
were further studied in their pristine state before charging.
Because analysis such as X-ray diffraction cannot detect the
interface difference (Figure S3), X-ray photoelectron spectros-
copy (XPS) and cross-sectional scanning electron microscopy
(SEM) with focused-ion beam (FIB) were conducted to identify
the possible interlayer species formed between LNMO and the
SSE particles. As can be seen in Figure 2, the S 2p and P 2p XPS
spectra of the LNMO/LPSCl composite (VGCF was not
added) suggest that LPSCl decomposes into lithium sulfide
(Li2S), phosphorus pentasulfide (P2S5), polysulfides (Li2S� ),
and other phosphorus species.4,7,40,60,61 It can be inferred that
there is a chemical incompatibility between LNMO and LPSCl,
which results in the generation of interlayers composed of
decomposed LPSCl products. In stark contrast, only the
(YCl6)3− species is observed in the Y 3d XPS spectra of the

Figure 1. Nyquist plots and corresponding equivalent circuits for
LNMO/LPSCl and LNMO/LYC symmetric cells.
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LNMO/LYC composite (Figure 2c), meaning no oxidation, nor
reduction, of yttrium, which is in good agreement with the EIS
results in Figure 1. In addition, a cross-sectional SEM image of
the noncycled LNMO/LPSCl composite shows that there are
interparticle voids at the interface, as indicated by arrows in
Figure 2d. The formation of these voids was previously reported
by Jung et al. after charging an oxide/LPSCl composite.4

However, in this study the decomposition-driven contact loss in
the LNMO/LPSCl composite is observed after only mixing and
pressing. On the basis of the expected chemical decomposition
reaction, the calculated molar volume of all decomposed
products is smaller than that of LPSCl, which can explain the
formation of interparticle voids in this composite (Table S3).
On the other hand, good physical contact between LNMO and
LYC is maintained in the LNMO/LYC composite (Figure 2e),
which corresponds with no decomposed products in the Y 3d
XPS (Figure 2c). The low-magnification cross-sectional images
of both cathode composites are provided in Figure S4 for a clear
comparison. With the physicochemical property comparisons,
the incompatibility of LPSCl with LNMO even before cycling is
demonstrated, and thus, it highlights the necessity of using
halide-based SSE in the high-voltage LNMO cathode.

The electrochemical stability during the charge and discharge
processes was examined. As shown in the cyclic voltammetry
(CV) curve in Figure 3, LPSCl starts to oxidize at 2.5 V (vs Li/
Li+) during the positive scan, meaning it can be easily oxidized
on the surface of most cathode materials. Comparing this CV
curve with the d�/d� plot for the NCM811 shows that LPSCl
would be oxidatively decomposed in the reaction voltage range
of NCM811. On the other hand, LYC has a higher oxidation
stability limit and a peak starts to occur around 4.3 V (vs Li/Li+),
beyond the upper voltage limit of the NCM811 cathode, which
enables the use of NCM811 without coating. However, because

the reaction voltage of LNMO is higher than the oxidative
stability limit of LYC, the LYC is expected to oxidatively
decompose. Thus, an ionically conductive coating with even
higher oxidation stability is still required to enable LNMO
ASSBs.

To investigate the coating effect on the high-voltage LNMO
cathode composite with LYC, the electrochemical performance
of LNMO coated with 5 wt % LNO at 200 °C (LNO-LNMO) is
compared with that of the pristine uncoated LNMO (Figure 4).
The coating layer was confirmed as the amorphous LNO having
a thickness of approximately 10−20 nm via XPS, XRD including
high-temperature (500 °C) treated LNO-LNMO, high-angle
annular dark-field (HAADF) image overlaid with the energy-
dispersive X-ray spectroscopy (EDS) mapping, and EDS line

Figure 2. (a) S 2p and (b) P 2p XPS spectra of LPSCl and LNMO/LPSCl composite. (c) Y 3d XPS spectra of LYC and LNMO/LYC composite.
Cross-sectional SEM images of (d) LNMO/LPSCl and (e) LNMO/LYC composites. Note that those composites were obtained after only
composite mixing and pressing (before charging).

Figure 3. CV curves for LPSCl/C and LYC/C composites all-solid-
state half-cells, and the first cycle d�/d� plots for NCM811 and
LNMO half-cells with liquid 1.0 M LiPF6 in EC/EMC electrolyte.
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scanning (Figures 4a and S5). Y 3d XPS spectra, symmetric cell
EIS, and the cross-sectional SEM image for LNO-LNMO/LYC
composite showed that LNO-LNMO is also stable in terms of
chemical compatibility with LYC (Figure S6). Note that the
semicircle at around 2.1 kHz in the symmetric cell EIS (Figure
S6b) contains Li-ion conduction information within the LNO
coating layer. Figure 4b shows the first cycle galvanostatic
charge/discharge voltage profiles of LNMO/LYC and LNO-
LNMO/LYC cells. In comparison with the LNMO/LPSCl cell
(Figure S7), the parasitic reactions during the initial stage of
charging are significantly reduced in LYC cells, which is mainly
due to the higher stability of LYC in an oxidizing environ-
ment.48,49 The LNMO/LYC cell exhibits only the Mn3+

oxidation reaction from disordered LNMO structure at around
4 V (vs Li/Li+)16 without the Ni2+ redox reaction above 4.5 V (vs
Li/Li+), resulting in the low first cycle charge/discharge
capacities of 32.8/25.7 mAh g−1 and an initial Coulombic
efficiency (ICE) of 78.4% (Table S4). In stark contrast, the
LNO-LNMO/LYC cell exhibits clear manganese and nickel
redox reactions in the first cycle, showing charge/discharge
capacities and an ICE of 99.7/91.0 mAh g−1 and 91.2%,
respectively (Table S4). Even though LYC has good chemical
compatibility with LNMO and LNO-LNMO, the oxidation
reaction at above 4.5 V (vs Li/Li+) during the first cycle charging
poses a different problem and will be discussed in detail later.
Similar behavior is also observed in subsequent cycles (Figure
4c). The LNMO/LYC cell exhibited a capacity of <20 mAh g−1

and considerably increased cell resistance after the 50th cycle,
suggesting LNMO barely participated in the charge/discharge
reaction because of higher cell polarization caused by LYC
oxidation (Figures 4d and S8 and Table S5). This indicates that
even LYC is not stable and oxidizes in the highly oxidative
environment of LNMO (>4.5 V vs Li/Li+). However, the LNO-
LNMO/LYC cell shows reasonable cycle performance with
stable CEs up to the 50th cycle, which is the highest performance
for LNMO-ASSBs among the reported literature to date. The
chemical compatibility and electrochemical performance of

LNO-LNMO/LPSCl were also investigated (Figure S9).
Symmetric cell EIS results show that LPSCl still can induce
decomposition at the LNMO surface despite the presence of an
LNO coating (Figure S9a) and was not able to perfectly protect
the cathode during cycling, which results in the low initial
capacity and poor cycle performance compared to the LNO-
LNMO/LYC cell (Figure S9b,c). These electrochemical results
imply that the intrinsic stability of the SSE itself and the use of a
protective coating layer are both essential factors for enabling
high-voltage cathode ASSBs. The symmetric cell EIS results and
corresponding initial charge/discharge capacities according to
the amount of LNO coating are indicated in Figure S10.

Because of the need for a protective coating layer, the effect of
the coating characteristics on the electrochemical performance
was also investigated and characterized. LNO-LNMO was
compared with LNO-coated LNMO that had been annealed at
500 °C (LNO50-LNMO) (Figure 4). Figure 5 shows the high-
resolution transmission electron microscopy (HR-TEM)
images overlaid with inverse fast Fourier transform (FFT) and
corresponding FFT patterns of the cross-section of LNO-
LNMO and LNO50-LNMO prepared by the FIB. Note that
there was a Pt deposition at the outside of the particle to protect
the surface during FIB. In the coating layer of LNO-LNMO, the
LNO lattice structure is not detected over the entire coating
layer and only a distinct LNMO diffraction pattern is observed
(Figure 5a). In contrast, there is a crystalline lattice structure of
the LNO coating layer in LNO50-LNMO which corresponds to
the LNO (012) plane (Figure 5b), in addition to the crystalline
peak of LiNbO3 in the XRD pattern of LNO50-LNMO (Figure
S5e). The crystallinity of the coating layer can reduce both its
ionic conductivity and coverage of the LNMO surface (Figure
S11).62 With increasing heating temperature, amorphous LNO
starts to crystallize and aggregate, leading to lower ionic
conductivity and less uniform coverage, which results in more
direct contact between the cathode and LYC particles.
Therefore, the LNO50-LNMO/LYC cell also cannot enable
the full nickel redox reaction above 4.5 V (vs Li/Li+), resulting in

Figure 4. (a) HAADF image of LNO-LNMO particle overlaid with EDS mapping and the corresponding elemental mappings of Ni, Mn, and Nb.
(b) The first charge−discharge voltage profiles and (c) cycle performances and corresponding CEs of LNMO, LNO50-LNMO, and LNO-
LNMO cathode cells at 7.5 and 20 mA g−1, respectively. (d) Nyquist plots at the 2nd and 50th cycles of three cathode cells.
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low initial capacity, cyclability, and high resistance after cycling
(Figures 4 and S8 and Tables S4 and S5).

The role of the LNO coating layer was further determined by
in situ EIS during the first cycle charge and discharge processes
(Figure 6). As seen in the inset of Figure 6a, semicircles at a high
frequency (170 Hz) and a low frequency (1.6 Hz) were observed
in the LNMO/LYC cell at 4.0 V (vs Li/Li+). To identify the
origin of these two semicircles, the EIS results of the symmetric
cell of the lithium−indium alloy (Li−In) anode were
investigated (Figure S12a), and the Nyquist plot of this cell
displays a semicircle at a low frequency, which means the low-
frequency semicircle in a full-cell corresponds to the Li−In
anode while the high-frequency semicircle is from cathode
composite, especially the cathode electrolyte interphase,
because the interfacial layer generally appears at a high
frequency.63−65 However, the resistance in the low-frequency
region increases significantly above 4.5 V (vs Li/Li+) and
showed around 3000 Ω at 4.85 V (vs Li/Li+). We also fabricated
two symmetric cells containing charged cathode composites and
charged Li−In anodes by disassembling identical full-cells after
4.85 V (vs Li/Li+) charging (Figure S12a,b). The charged
cathode symmetric cell showed a large semicircle at a low
frequency which should be the charge-transfer resistance of the
cathode,63−65 while even reducing in the charged anode
symmetric cell in comparison to the pristine state. The EIS

results of both charged cathodes with fresh Li metal reference
electrodes also were investigated to isolate the impedance
measurements at each electrode separately, and the same trend
was obtained (Figure S13). In summary, it can be interpreted
that most of the resistance at a low frequency in a full-cell should
stem from the increased charge-transfer resistance of the
cathode composite driven by the oxidative decomposition of
LYC. This is consistent with the electrochemical stability
window (Figure 3) and the absence of the Ni2+ oxidation
reaction in the LNMO/LYC cell (Figure 4b). On the other
hand, the LNO-LNMO/LYC cell initially shows a slightly larger
resistance in the high-frequency region (∼2.1 kHz) compared to
the LNMO/LYC cell, which is largely due to the presence of the
LNO coating layer. It shows significantly small resistance
throughout the entire charge and discharge process while
enabling the nickel redox reaction. This coating layer effectively
reduces the oxidative decomposition reaction of LYC and
prevents the formation of inactive species which hinder the
lithium-ion conduction between LNMO and SSE, allowing the
cell to be operated above 4.5 V (vs Li/Li+). On the basis of the
symmetric cell and full-cell analysis of cathode/anode before
and after charging, the equivalent circuit containing two parallel
RCs can be generated, and the fitted results of Figure 6 are
shown in Figure S14 and Table S6.

The elemental analysis via HR-TEM revealed that the Cl/Y
ratio of the SSE at the surface of LNMO changed from 6 to 3
after charging, which means LYC (Cl/Y ratio = 6) was
decomposed to YCl3 (Cl/Y ratio = 3) as expected by
computational simulation,49 while LYC was still maintained
on the surface of LNO-LNMO (Figure S15 and Tables S7 and
S8). In addition, the presence of pores between LNMO and
LYC was also observed in the LNMO/LYC cathode composite
after charging in the cross-sectional morphologies of the
pelletized electrodes (Figure S16), which can be additional
evidence of the oxidative decomposition reaction of LYC. These
phenomena can contribute to the increased charge-transfer
resistance of pristine LNMO and thus an improved initial
capacity and cyclability of LNO-LNMO/LYC cathode
composite in comparison with LNMO/LYC. As such, reducing
the oxidative decomposition of the SSE during cycling and
ensuring chemical and electrochemical compatibilities between
LNMO and SSE are the main factors enabling the use of a high-
voltage LNMO cathode in ASSBs.

In this study, the critical factors that must be addressed to
enable high-voltage LNMO cathodes in ASSBs were inves-
tigated. It was confirmed that the LPSCl electrolyte, which is one
of the most studied and promising sulfide SSEs, is chemically
incompatible with LNMO, causing side reactions even during
composite fabrication. On the other hand, LYC, a halide SSE
with higher voltage stability, showed improved chemical
compatibility with LNMO. However, it was observed that
LYC still undergoes oxidative decomposition above 4.5 V (vs
Li/Li+) during charging, which results in the absence of the
nickel redox reaction in LNMO. Therefore, a uniform and
amorphous LNO layer coating on LNMO is needed for the
improved utilization of nickel redox by mitigating the
contribution of SSE oxidation which would increase cell
resistance. This strategy showed improved lab-scale cell
performance when compared to previous LNMO-ASSB studies,
and this work establishes the methodology to investigate
interfacial challenges regarding high-voltage cathodes and
provides new insight toward enabling them for ASSBs.

Figure 5. HRTEM images overlaid with inverse FFT and
corresponding FFT patterns of the cross section of (a) LNO-
LNMO and (b) LNO50-LNMO.
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Figure 6. Nyquist plots of (a) LNMO and (b) LNO-LNMO cathode cells at 4.0, 4.5, 4.7, and 4.85 V (vs Li/Li+) during the first-cycle charge and
3.5 V (vs Li/Li+) after the first-cycle discharge. (c) Cycling voltage profile of two cathode cells for reference.
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