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Abstract 

All-solid-state lithium batteries (ASSLBs) employing Li-rich layered oxide (LLO) cathodes are 
regarded as promising next-generation energy storage systems owing to their outstanding energy 
density and intrinsic safety. Polymer-in-salt solid electrolytes (PISSE) offer advantages such as low 
processing costs, high ionic conductivity, and good anode compatibility; however, their practical 
deployment is hindered by poor oxidative stability especially under high-voltage. In this study, we 
report the rational design of a bilayer electrolyte architecture featuring an in situ solidified LiClO₄-
doped succinonitrile (LiClO₄–SN) plastic-crystal interlayer between a Li₁.₂Mn₀.₆Ni₀.₂O₂ (LMNO) 
cathode and a PVDF-HFP-based PISSE. This PISSE/SN–LiClO₄ configuration exhibits a wide 
electrochemical stability window up to 4.7 V vs. Li+/Li and delivers a high ionic conductivity of 2.38 
× 10-4 S cm-1 at 25 °C. The solidified LiClO₄-SN layer serves as an effective physical barrier, shielding 
the PVDF-HFP matrix from direct interfacial contact with LMNO and thereby suppressing its 
oxidative decomposition at elevated potentials. As a result, the bilayer polymer-based cells with 
LMNO cathode demonstrate an initial discharge capacity of ∼206 mAh g-1 at 0.05 C and exhibit good 
cycling stability with 85.7% capacity retention after 100 cycles at 0.5 C under a high cut-off voltage of 
4.6 V. This work not only provides a promising strategy to enhance the compatibility of PVDF-HFP-
based electrolytes with high-voltage cathodes through the facile in-situ solidification of plastic 
interlayers but also promotes the application of LMNO cathode material in high-energy ASSLBs. 

Keywords: Li-rich layered oxide; PVDF-HFP; polymer-in-salt electrolyte; plastic interlayer;  
all-solid-state batteries 
 

1. Introduction 

Given the escalating demand for high-energy-density applications, such as electric vehicles, 
unmanned aerial vehicles and grid-scale energy storage, there is an urgent imperative to further 
enhance the specific energy density, safety, and lifespan of Li-ion batteries [1]. However, state-of-the-
art commercial cathode materials, including polyanion-structure (LiFePO4), layered-structure 
(LiCoO2, LiNixCoyMn1-x-yO2 and LiNi0.8Co0.15Al0.05O2) and spinel-structure (LiMn2O4), are approaching 
their theoretical performance limits (< 200 mAh g⁻¹). Li-rich Mn-based layered oxides (LRMOs) have 
emerged as promising cathodes due to their cost-effectiveness, significantly higher specific discharge 
capacities exceeding 250 mAh g⁻¹, and elevated operating voltages enabled by a synergistic cationic–
anionic redox mechanism [2]. Coupling LRMOs with Li metal anodes further enhances the energy 
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density of the resulting full cells. Despite these merits, practical deployment is hindered by poor 
cycling life and safety concerns. High-voltage activation of anionic redox processes often induces 
electrolyte decomposition and lattice oxygen release, which in turn cause interfacial degradation, 
including cathode–electrolyte interface (CEI) instability and transition metal dissolution [3,4]. 
Moreover, uncontrolled lithium dendrite growth during repeated stripping/plating cycles can pierce 
separators, leading to internal short circuits. These interfacial and structural instabilities, together 
with the flammability and leakage risks of liquid electrolytes, severely compromise battery longevity, 
voltage stability, and safety [5,6]. 

Solid-state electrolyte (SSE) engineering is widely recognized as one of the most promising 
strategies to effectively address or mitigate the above challenges [7]. State-of-the-art studies of solid-
state LRMO|Li batteries reveal that solid electrolytes effectively expand the voltage stability window, 
mitigate oxygen release, and suppress transition metal leaching [8–12]. However, most of these 
studies have relied on sulfide or halide-based SSEs, which still face severe interfacial challenges at 
both the cathode and anode. Specifically, the high reactivity of Li-rich cathodes can trigger 
decomposition of sulfide or halide electrolytes, leading to the formation of insulating derivatives such 
as Li₂SO₄, P–O species, and LiCl-rich interphases. These phases increase interfacial impedance and 
hinder Li⁺ transport, ultimately degrading cycling stability. On the anode side, sulfide electrolytes 
undergo reductive decomposition to form electronically conductive byproducts such as Li₂S and Li₃P, 
which promote continuous parasitic reactions and lithium dendrite formation [13–15]. Halide 
electrolytes, though relatively more stable, also experience interfacial degradation and typically 
require artificial buffer layers to suppress undesirable side reactions and maintain interfacial 
integrity. Furthermore, the inherent mechanical brittleness of inorganic SSEs limits their ability to 
accommodate volume changes during cycling, leading to delamination and rapid performance 
degradation. 

To address these multifaceted interfacial challenges, polymer-based SSEs, with their intrinsic 
mechanical flexibility and favorable interfacial compatibility, may open a new venue for solid 
LRMO|Li battery design. Although several gel electrolytes have demonstrated encouraging results, 
very few pure polymer electrolytes (i.e., without liquid components) have shown satisfactory 
performance in high-voltage LRMO-based systems [16]. Achieving high ionic conductivity, a wide 
electrochemical stability window, and stable electrode interfaces under high-voltage operation for 
polymer all-solid-state lithium batteries (ASSLBs) remains a formidable challenge. Conventional 
single-component polymer electrolytes typically lack a sufficiently wide electrochemical window to 
simultaneously ensure compatibility with both high-voltage cathodes and lithium metal anodes. For 
instance, succinonitrile (SN) exhibit appealing properties, including high ionic conductivity (10-3 S 
cm-1 at RT), a broad electrochemical window (> 5 V vs. Li+/Li), and low cost—making it a promising 
electrolyte candidate for high-voltage ASSLBs. However, SN undergoes highly spontaneous 
chemical reaction with Li metal, leading to severe degradation of the electrolyte/electrode interface 
[17–20]. 

In this work, we construct a bilayer electrolyte architecture comprising a LiClO₄-doped 
succinonitrile (LiClO₄–SN) plastic-crystal interfacing the Li₁.₂Mn₀.₆Ni₀.₂O₂ (LMNO) cathode and a 
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) based polymer-in-salt solid 
electrolytes (PISSE) contacting the Li anode. This design affords a broad electrochemical stability 
window up to 4.7 V and forms a stable multi-component interphase on the lithium surface. PISSEs 
have garnered attention due to their high room-temperature ionic conductivity, which can be tuned 
by simply increasing the salt concentration [21–23]. Previously, our group developed a PVDF-HFP 
based PISSE (PVHLi-1.1), which prepared by a facile solution-casting method by dissolving PVDF-
HFP and LiTFSI at a mass of 1.1: 1 in N, N-dimethylformamide (DMF) [24]. The unique ionic 
clustering in PVHLi-1.1 enables the formation of a robust solid electrolyte interphase (SEI) on lithium, 
effectively suppressing dendrite growth and supporting stable cycling of LiNi0.5Co0.2Mn0.3O2 (LNMO) 
cathode under 4.3 V. However, to our best knowledge, the application of Li-rich cathodes in PISSE-
based ASSLBs remains largely unexplored, primarily due to the limited oxidative stability of PVHLi-
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1.1 at voltages > 4.3 V. Achieving compatibility with high-voltage Li-rich cathodes while maintaining 
high energy density and interfacial stability remains a pressing challenge. By leveraging the 
advantages of SN-LiClO4 and PISSE, we developed a composite PVHLi-1.1/SN-LiClO4 polymer 
electrolyte that exhibits a wide stability window, high room-temperature ionic conductivity of 2.38 × 
10-4 S cm-1, and a relative stable CEI interface. This bilayer system enables the successful operation of 
high-voltage LMNO in ASSLBs (Figure 1), delivering an initial discharge capacity of ∼206 mAh g-1 at 
0.05 C and excellent cycling stability, retaining 85.7% capacity after 100 cycles at 0.5 C under a high 
cut-off voltage of 4.6 V. 

 
Figure 1. Schematic illustration of the ASSLBs consisting of LMNO electrode and PVHLi-1.1 electrolyte, showing 
the interface modification with the introduction of the SN-LiClO4 layer improves the interface and cathode 
particle contact. 

2. Materials and Methods 

2.1. Materials Preparation 

2.2.1. Preparation of LMNO Cathode Material 

LMNO was synthesized using the solid-state reaction method as previously reported [2]. 
Specifically, the precursors of Li2CO3, MnCO3, and Ni(OH)2 (Aladdin) with a stoichiometric ratio of 
Li : Ni : Mn = 1.2:0.2:0.6 were first thoroughly mixed using a planetary ball mill at 400 rpm for 12 h, 
followed by a pre-annealing process at a temperature of 450 °C for 3 h and a further calcination at 
950 °C for 15 h in air. 

2.2.2. Preparation of Composite Cathodes with SN-Based Modified Layers 

To prepare the composite cathode, LMNO, conductive carbon black (Super P), and 
poly(vinylidene fluoride) (PVDF) were mixed in a mass ratio of 80:10:10 in N-methylpyrrolidone 
(NMP) solvent to form a homogeneous slurry. The slurry was uniformly cast onto aluminum foil and 
dried in a vacuum oven at 80 °C for over 24 hours to obtain the cathode film. For the modification 
layer, LiClO₄ and succinonitrile (SN) were mixed in a molar ratio of 1:20 and stirred at 80 °C until a 
transparent and flowable solution was formed. The resulted LiClO₄–SN solution was drop-cast onto 
the prepared LMNO cathode to ensure full infiltration into the porous electrode structure. 
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2.2.3. Preparation of PVHLi-1.1 Membranes 

The PVHLi-1.1 electrolyte membranes were prepared via a conventional solution-casting 
method. Initially, PVDF-HFP (Mw = 400,000, Sigma-Aldrich) and LiTFSI (Suzhou DuoDuo Chemical 
Reagent Co., Ltd.) were dissolved in N,N-Dimethylformamide (DMF, Aladdin) at a weight ratio of 
10:11:50. The mixture was then mechanically stirred for 5 h at 60 °C to obtain a homogeneous 
electrolyte slurry. Subsequently, the resulting viscous solution was cast onto a clean glass substrate 
using a doctor blade. Most of the DMF solvent was removed by air drying under ambient conditions 
with gentle electrical blowing. Finally, the membranes were further dried at 60 °C in a vacuum oven 
for 24 h to remove any residual solvent. The resulting PVDF-HFP electrolyte membrane, 
approximately 100 µm in thickness, was obtained by punching the formed film into circles with a 
diameter of 16 mm. 

2.2. Materials Characterization 

Powder X-ray diffraction (XRD) patterns of the LMNO samples were recorded using a Rigaku 
Ultima IV diffractometer with Cu Kα radiation (λ = 1.54178 Å) at room temperature. The surface 
morphology of the composite electrodes was characterized by field-emission scanning electron 
microscopy (SEM, TESCAN MIRA LMS), and the corresponding elemental distribution was analyzed 
using energy-dispersive X-ray spectroscopy (EDS) coupled with SEM. X-ray photoelectron 
spectroscopy (XPS, Thermo Scientific K-Alpha) equipped with a monochromatic Al Kα X-ray source 
was employed to examine the elemental chemical states. High-resolution transmission electron 
microscopy (HRTEM, Tecnai G2 F20, 200 kV) was used to investigate the microstructure of LMNO. 
Chemical bonding information was collected by Fourier-transform infrared spectroscopy (FTIR), and 
Raman spectra were acquired on an HR800 spectrometer using a 532 nm excitation laser. For XRD, 
DSC, FTIR, and Raman analyses, the LiClO₄–SN solid polymer electrolyte (SPE) samples were 
prepared by casting the LiClO₄–SN solution onto a soft substrate at 80 °C, followed by peeling prior 
to testing. 

2.3. Electrochemical measurement 

2.3.1. Ion Conductivity Testing 

The ionic conductivities of the solid polymer electrolyte (SPE) were determined through the 
electrochemical impedance spectra (EIS) of the stainless-steel SS/SPE/SS blocking cell in the frequency 
range from 1 HZ to 106 Hz with an alternating current (AC) amplitude of 10 mV at various 
temperatures from 25 to 80°C. The ionic conductivity (σ) was calculated using the following equation, 𝜎 = 𝐿𝑆𝑅 (1) 

where R (Ω) is the resistant value of the SPE obtained from the EIS curve, L (cm) denotes the 
thickness of SPE, and S (cm2) indicates the area of SPE. The activation energy was determined using 
the Arrhenius Equation, 𝜎(𝑇) = A exp(− 𝐸௔

RT) (2) 

where A  is the pre-exponential factor, 𝐸௔  signifies the activation energy of activated ion-
hopping conduction process, and T denotes the absolute temperature. 

2.3.2. Linear Sweep Voltammetry Testing 

Linear sweep voltammetry (LSV) was performed to evaluate the electrochemical stability of the 
electrolyte, utilizing a scan rate of 1.0 mV s-1 over a voltage range from 2.0 to 6.0 V Li⁺/Li. 
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2.3.3. Battery Performance Evaluation 

All assembled ASSLBs were cycled between 2.0 and 4.6 V vs. Li⁺/Li using a LAND CT2001A 
battery tester at 25 °C. Charge–discharge stability was assessed under ambient conditions. To further 
evaluate the rate capability, galvanostatic cycling was conducted at various current rates ranging 
from 0.05 C to 0.5 C. 

3. Results and discussion 

3.1. Characterization of LMNO Cathode 

The crystal structure of LMNO was determined by X-ray diffraction (XRD) followed by Rietveld 
refinement. As shown in Figure 2a, all diffraction peaks can be well indexed to the monoclinic phase 
with the C2/m space group, which also generates several superlattice reflections between 20° and 25°. 
The refinement parameters are summarized in Table 1. The SEM image (Figure 2b) reveals that the 
LMNO particles are uniformly distributed, with slight agglomeration, smooth surfaces, and an 
average size of approximately 250 nm. Further insight into the morphology and crystal structure was 
provided by high-resolution transmission electron microscopy (HRTEM), as shown in Figures 2c and 
2d. The lattice spacing of 0.472 nm, determined via fast Fourier transform (FFT), corresponds well to 
the (003) planes of the C2/m layered structure. Elemental mapping by SEM-EDX (Figures 2e–g) 
confirms the uniform distribution of O, Mn, and Ni within the LMNO particles. 

 

Figure 2. (a) XRD Rietveld refinement of LMNO sample; (b) SEM images of LMNO sample; (c-d) HRTEM images 
of LMNO sample and corresponding Fast Fourier Transform (FFT); (e-g) EDS mapping (O, Mn, and Ni) images 
of LMNO sample. 
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Table 1. Structural solution of LMNO sample determined by XRD Rietveld refinement. 

Li1.2Mn0.6Ni0.2O2, C2/m, a = 4.954(6) Å, b = 8.563(3) Å, c = 5.030(6) Å , V = 201.4(2),  

β = 109.25(1)o, Rwp = 3.124% 

Atom  Position  Occupancy Uiso Multiplicity 

Li1 0 0.1607(11) 0 0.3 0.029(3) 4 

Mn1 0 0.1607(11) 0 0.7 0.029(3) 4 

Ni1 0 0.5 0 0.6 0.012(4) 2 

Mn2 0 0.5 0 0.4 0.012(4) 2 

Li3 0 0 0.5 1 0.035 2 

Li4 0 0.66602 0.5 1 0.035 4 

O1 0.238(4) 0 0.257(3) 1 0.013(2) 4 

O2 0.232(3) 0.346(1) 0.213(1) 1 0.013(1) 8 

3.2. Characterizations of SN-LiClO4 

Figure S1 presents the morphology and intrinsic electrochemical properties of PVHLi-1.1. LiTFSI 
is uniformly distributed within the PVDF-HFP matrix, enabling a high Li⁺ transport number of 0.51, 
and high compatibility with Li anode. However, although the PVHLi-1.1 electrolyte exhibits a 
broader electrochemical stability window compared to normal liquid electrolyte (1 M LiPF6 in 
EC/DEC) and standard SPEs [24], it remains insufficient to meet the charging demands of the high-
voltage LMNO cathode. Figure S2 shows the charge/discharge curve when PVHLi-1.1 is used alone 
as the SPE, indicating electrolyte decomposition during charging. 

To address this, we constructed an in-situ cured SN plastic crystal layer doped with LiClO₄ 
between the PVHLi-1.1 electrolyte and the LMNO cathode, leveraging the high oxidative stability of 
SN and the high conductivity of LiClO₄. When SN plastic crystal was mixed with a definded amount 
of LiClO4, the resulting blend formed a uniform, flowable, and transparent liquid at 80 °C. As shown 
in Figure 3a, the mixture remained liquid at 80 °C but solidified upon cooling to room temperature. 
Notably, in both high-temperature (liquid) and low-temperature (solid) states, the ionic conductivity 
exhibited temperature dependence that followed Arrhenius behavior. The Arrhenius plot of SN–
LiClO₄ from 25 to 90 °C (Figure 3d) revealed two distinct regions corresponding to the plastic 
crystalline and molten states [25]. DSC (Figure 3e) also confirmed the phase transition of SN–LiClO₄ 
from a plastic crystalline to a molten state between 30 and 80 °C. The XRD pattern (Figure 3f) of the 
SN–LiClO₄ mixture was nearly identical to that of pure SN, indicating complete salt dissociation 
without disrupting the SN lattice. Additionally, Figure 3h displayed the magnified FTIR spectra of 
pure SN and the mixture of SN and LiClO4. The appearance of a characteristic peak at 2281 cm-1 
indicates SN solvation and strong SN–Li⁺ interactions [26,27]. Peaks at 762, 819, 1002, and 1425 cm-1 
are attributed to CH2 group, while the 2254 cm-1 peak corresponds to the C≡N group, consistent with 
prior reports (Figure 3g) [28]. Raman spectroscopy further confirmed the complete dissolution of 
LiClO₄ in the SN matrix (Figure 3h). 
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Figure 3. (a) Photographs of SN-LiClO4 at 80°C and 30°C; (b) Ionic conductivity of PVHLi-1.1/SN-LiClO4; (c) 
Arrhenius plot of PVHLi-1.1/SN-LiClO4; (d) LSV curve of PVHLi-1.1/SN-LiClO4; (e) DSC curve of SN-LiClO4 
electrolyte at a heating rate of 10°C/min; (f) XRD patterns of LiClO4 powder, pure SN, and SN-LiClO4 layer; (g, 
h) FTIR spectra of SN and SN-LiClO4 layer (2225 - 2300 cm-1); (i) Raman spectra of LiClO4 powder, SN, and SN-
LiClO4 layer. 

The calculated activation energies of PVHLi-1.1/SN–LiClO₄ composite were 0.34 eV (low-
temperature region) and 0.16 eV (high-temperature region). Notably, the composite exhibited a high 
room-temperature ionic conductivity of 2.38 × 10⁻⁴ S cm⁻¹, nearly double that of PVHLi-1.1 alone 
(Figure 3b). More importantly, its electrochemical stability window, determined by LSV (Figure 3c), 
was significantly extended compared to pure PVHLi-1.1. The oxidation onset of PVHLi-1.1 occurs 
around 4.3 V, intensifying above 4.5 V, thus rendering it incompatible with high-voltage Li-rich 
cathodes. In contrast, the PVHLi-1.1/SN–LiClO₄ electrolyte, benefitting from the oxidative stability of 
SN’s terminal nitrile groups [29,30], exhibited an expanded potential window up to 4.7 V, making it 
more compatible with LMNO cathodes. 

3.3. High-Voltage LNMO|PVHLi-1.1-SN–LiClO₄|Li ASSLB Performance Test 

In order to further reduce the interfacial resistance and reduce the side reaction between SN and 
lithium anode, the SN-LiClO4 solution was first injected into the porous cathode to form an integrated 
composite electrode (S-LMNO), and then assembled with PVHLi-1.1 to construct a high-voltage 
battery to evaluate the electrochemical performance of the intermediate layer (Figure 4a). Figure 4b 
displayed the rate performance of the S-LMNO/PVHLi-1.1/Li cell from 0.05 C to 0.5 C. At a charge 
cutoff voltage of 4.6 V, the battery delivered discharge specific capacities of approximately 206.3, 
195.4, 147.1, and 115.1 mAh g-1 at rates of 0.05 C, 0.1 C, 0.2 C, and 0.5 C, respectively. When the current 
was changed back to 0.05 C, the discharge capacity recovered to 204.5 mAh g-1. The good rate 
performance indicates that the SN intermediate layer possesses good electrical conductivity as well 
as high oxidation resistance. In terms of cycling performance, after 100 cycles at 0.1, 0.2, and 0.5 C 
rates, all batteries exhibited capacity retention rates exceeding 84% at 25 °C, achieving excellent 
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cycling stability (Figure 4c–h). Like other reported Li, Mn-rich layered oxides, all cells exhibited a 
long plateau at ~4.55 V in the high-voltage region, often referred to as the electrochemical activation 
process. The discharge capacity was close to 200.0 mAh g-1 at 0.1 C, which although is slightly lower 
than the PVDF-HFP based gel electrolyte [31], but represents a breakthrough for Li-rich manganese-
based cathodes in polymer-based ASSLBs. This could be attributed to the good interfacial 
compatibility and excellent Li+ transfer between the high-voltage LMNO cathode and the PVHLi-1.1-
based electrolyte. Additionally, for all batteries tested at different rates, the corresponding high 
coulombic efficiency remained above 99%, indicating that the SN-LiClO4 elastomeric interlayer 
suppressed the decomposition of PVHLi-1.1 at high charging potentials. 

 

Figure 4. (a) Schematic illustration of the S-LMNO/PVLi-1.1/Li cell structure; (b) Rate performance of S-
LMNO/PVLi-1.1/Li cell at different cutoff voltages under various current densities ranging from 0.05 to 0.5 C; 
(c-h) Charge-discharge curves with different cutoff voltages of (c) 0.1 C, (e) 0.2 C, and (g) 0.5 C, and (d, f, h) the 
corresponding specific capacities and coulombic efficiency during cycling. All the electrochemical 
measurements were taken at 25 ℃. 

Meanwhile, we have also assembled S-LMNO|PVHLi-1.1|Li pouch cells to verify their practical 
applicability (Figure 5a). By increasing the cathode mass loading, we achieved a breakthrough in 
energy density. With an LMNO loading of 4.25 mg/cm2, a discharge capacity of 0.72 mAh/cm2 was 
successfully achieved. The capacity retention was 80.5% even after 40 cycles at a current density of 
0.5 C (Figure 5b). As shown in Figures 5(c-e), the open-circuit voltage of the assembled ASSLBs did 
not exhibit a significant decrease during the folding and cutting tests. Figures 5(f–h) depicts the abuse 
experiments on the pouch cell, where it was observed that the cell continued to illuminate a high-
intensity LED bulb, even after being subjected to folding and cutting damage. Notably, there were 
no indications of internal short circuits or combustion, and the brightness of the LED remained 
virtually unchanged, underscoring the battery's exceptional safety performance. These tests confirm 
that the S-LMNO/PVHLi-1.1/Li battery holds promising potential for practical applications. 
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Figure 5. (a) Schematic illustration of the pouch cell configuration; (b) Cycling performance of the S-
LMNO/PVHLi-1.1/Li cell with a cathode loading of 4.25 mg/cm2; (c-e) Open-circuit voltage of the pouch cell in 
different states; (f-h) High-voltage Li-rich/Li pouch cell lighting a LED at extreme damage conditions. 

3.4. Interface Analysis 

To gain deeper insights into the role of the SN–LiClO₄ interlayer in regulating cathode–
electrolyte interphase (CEI) formation in the LMNO|PVHLi-1.1|Li cell, detailed ex situ XPS 
measurements were conducted to collect O 1s spectra from P-LMNO (without the SN–LiClO₄ 
interlayer) and S-LMNO composite cathodes at both the fully charged (C-4.6 V) and fully discharged 
(D-2.0 V) states after the first cycle. 

As shown in Figure 6a,d, for the P-LMNO electrode charged to 4.6 V and discharged to 2.0 V, 
two dominant O 1s peaks were identified at 532.8 eV (purple) and 531.8 eV (blue), corresponding to 
surface oxygenated species such as C–O/C=O and LiOH/Li₂CO₃, respectively [24,28,32]. These species 
are attributed to CEI formation and intensive parasitic reactions, including the decomposition of 
TFSI⁻ anions during cycling. Notably, the O 1s signal corresponding to the lattice oxygen (O²⁻, green) 
in LMNO was absent, likely due to the extensive coverage by decomposition products on the 
electrode surface. After Ar⁺ sputtering to a depth of ~20 nm, weak lattice oxygen signals emerged in 
both electrodes. Additionally, a minor peak at ~530.5 eV (red) appeared in the charged P-LMNO 
sample (D-2.0 V), which is assigned to low electron density oxygen species (O₂ⁿ⁻), indicative of 
surface-localized anionic redox activity or oxidative oxygen intermediates [28,33]. 

In contrast, the S-LMNO electrode at both the charged and discharged states (Figure 6b,e) 
exhibited markedly fewer organic byproducts, indicating suppressed electrolyte decomposition. 
Moreover, more pronounced signals corresponding to lattice oxygen (O²⁻, ~529.6 eV) and low-
electron-density oxygen species (O₂ⁿ⁻) were observed, suggesting improved lattice oxygen stability 
and enhanced participation of anionic redox processes. Notably, the binding energy of O₂ⁿ⁻ on the 
surface shifted to a higher value (~531.0 eV), which likely reflects an evolution of the oxygen 
electronic structure—from a delocalized high-valence state near the surface to a more localized 
configuration within the bulk lattice [34,35]. Upon discharging to 2.0 V, the surface O₂ⁿ⁻ signal in S-
LMNO decreased significantly, further confirming that the introduction of the SN–LiClO₄ plastic 
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crystal interlayer effectively mitigates interfacial parasitic reactions and promotes the reversibility of 
the oxygen redox process. 

 

Figure 6. (a, d) O 1s XPS spectra of the ex-situ P-LMNO cathodes cycled to 4.6 V and 2.0 V during the initial 
cycle; (b, e) O 1s XPS spectra of the ex-situ S-LMNO cathodes cycled to 4.6 V and 2.0 V during the initial cycle; 
(c, f) Composition analysis of different oxide species at different depth of the LMNO cathodes corresponding to 
(a, b) and (d, e). 

4. Conclusions 

In summary, to enable high-voltage all-solid-state Li-rich manganese-based oxide (LRMO)|Li 
batteries, a bilayer polymer electrolyte was constructed by in situ introducing a SN–LiClO₄ interlayer 
between PVHLi-1.1 PISSE and the high-voltage cathode. This strategy effectively expanded the 
electrochemical stability window to 4.7 V and enhanced the room-temperature ionic conductivity to 
2.38 × 10⁻⁴ S cm⁻¹. As a result, the assembled solid-state battery delivered a high initial capacity of 206 
mAh g⁻¹ within 2.4–4.6 V, and exhibit an outstanding cycling stability with 85.7% capacity retention 
after 100 cycles at 0.5 C under a high cut-off voltage of 4.6 V. The solidified SN layer further acted as 
a robust physical barrier, mitigating the oxidative decomposition of PVDF-HFP induced by the 
highly reactive LRMO cathode. XPS analysis confirmed that the in situ formed SN–LiClO₄ layer 
effectively suppressed interfacial side reactions and enhanced the reversibility of anionic (oxygen) 
redox processes. The assembled solid-state cell also exhibited excellent mechanical integrity and 
safety performance under external mechanical stress. This work provides a promising strategy to 
advance the practical application of high-energy Li-rich cathodes in all-solid-state lithium batteries. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Figure S1: Morphology and intrinsic electrochemical properties of PVHLi-1.1 
electrolyte; Figure S2: Charge-discharge curves of solid LNMO|Li cell using PVHLi-1.1 PSE without LiClO4-SN 
interlayer at 0.1 C. 
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