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The scarcity of critical raw materials in lithium-ion batteries has driven increasing interest in alternative chemistries, such as sodium-
based all-solid-state batteries. Among various solid electrolytes, sulfide-based NasPS, stands out for its high ionic conductivity and ex-
cellent formability. However, its poor interfacial compatibility with conventional high-voltage oxide cathodes remains a major limita-
tion. In this study, we report the successful integration of amorphous Na,MoS,;—a high-capacity, sulfide-compatible cathode—into
NasPS,-based all-solid-state sodium batteries. Benefiting from a moderate redox potential window (1.1-2.7 V vs. Na‘/Na), Na,MoS,
exhibits excellent chemical and electrochemical compatibility with NasPS,, as confirmed by structural and spectroscopic analyses.
Further investigation reveals that intimate interfacial contact between both electrodes and the solid-state electrolyte is critical for
achieving long-term cycling stability. Based on these insights, the optimized Na;sSn, | NazPS,; | Na,MoS,;-NasPS,-carbon nanofiber cell
delivers a reversible capacity of ~372 mAh-g_1 at 0.1 C and retains nearly 100% capacity over 450 cycles at 0.3 C. In situ impedance
spectroscopy further confirms the stability of interfacial resistance throughout cycling. This work identifies Na,MoS, as a highly prom-
ising sulfide cathode for high-energy, long-life sodium solid-state batteries and provides valuable design principles for future develop-
ment of sulfide-based electrode-electrolyte interfaces in next-generation energy storage systems.
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Background and Originality Content

Lithium-ion batteries (LIBs) currently dominate the energy
storage sector. However, as demand grows, particularly with the
expansion of electric vehicles and stationary storage, resource
availability and supply chain stability are expected to come under
increasing strain. The long-term viability of LIB technology is chal-
lenged by the limited availability of critical raw materials, espe-
cially cobalt (Co) and lithium (Li). This poses a significant concern
for the energy storage industry, as escalating demand may further
intensify the scarcity of these essential elements.™ Consequently,
alternative technologies, such as sodium-ion batteries (SIBs), are
being actively explored as more sustainable and cost-effective
energy storage solutions.””

All-solid-state sodium batteries employing inorganic solid elec-
trolytes have attracted significant global interest for large-scale en-
ergy storage applications, owing to their improved safety and lower
cost compared to non-aqueous liquid sodium-ion batteries.’®
Among the various Na'-conducting solid electrolytes, sulfide-based
systems are particularly promising due to their excellent formabil-
ity and high ionic conductivity.[g'w] However, their practical de-
ployment is limited by interfacial compatibility issues with high-
voltage oxide cathodes.™ Specifically, the operating voltage of
these cathodes exceeds the anodic decomposition potential of
NasPS,, leading to the formation of a resistive interfacial layer (Fig-
ure 1a), which increases interfacial resistance and deteriorates elec-
trochemical performance.[u'm In addition, the chemical potential
mismatch between oxide cathodes and NazPS, can result in the for-
mation of a highly resistive space charge layer at the interface.™

To address this interfacial issue, Yao et al. proposed the use of
organic materials with moderate redox potentials, such as pyrene-
4,5,9,10-tetrone (PTO), to replace high-voltage oxides as suitable
cathodes for sulfide-based solid-state electrolyte systems. This
strategy effectively resolves the interfacial compatibility problem
and enables excellent electrochemical performance.[n]

In the case of inorganic cathode systems, it is generally ac-
cepted that transition metal sulfides exhibit superior compatibility
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with sulfide-based solid-state electrolytes compared to transition
metal oxides (Figure 1a). This is attributed to their moderate redox
potential windows and chemical potentials. However, only a
limited number of transition metal sulfides such as TiSZ,[ls’m
Fel_xsz,[m] and MoSZ,“g] have been investigated in such systems
(Figure 1b), leaving many other promising candidates yet to be
explored. For example, amorphous Na,MoS, is a promising sul-
fide-based metal cathode material for use in sulfide solid-state
electrolytes, owing to its moderate electrochemical window (1.1—
2.7 V vs. Na'/Na) and high theoretical specific capacity of up to
500 mAh-g_l, corresponding to a five-electron redox process.m]

In this work, we investigated the applicability of Na,MoS, in
NazPS;-based solid-state electrolyte systems. The results show
that Na,MoS, exhibits excellent chemical and electrochemical
compatibility with NasPS,. By enhancing interfacial contact among
the components within the composite cathode and improving
interfacial stability at the anode side, we achieved outstanding
electrochemical performance in the Na,MoS,-Na;PS, solid-state
battery system. This system delivers a reversible specific capacity
of up to 372 mAh-g_1 and a material-level energy density of ~700
Wh~kg_1 at 0.1 C. Furthermore, it exhibits excellent rate and cycling
performance, maintaining a discharge capacity of 200 mAh~g_1 at1¢,
with negligible capacity decay over 450 cycles at 0.3 C. These re-
sults confirm that Na,MoS, is a highly promising sulfide metal
cathode material for use in sulfide-based solid-state batteries.

Results and Discussion

Chemical compatibility between Na,MoS, and NasPS,

The NasPS, solid-state electrolyte (Figure S1) and Na,MoS,
cathode material (Figure S2) used in this study were both synthe-
sized following previously reported methods.™**** Electro-
chemical impedance spectroscopy (EIS) measurements revealed
ionic conductivities of 1.6 x 10 S-cm™ at 25 °C and 5.0 x 10™*
S-em™ at 60 °C (Figure S3), meeting the ionic conductivity re-
quirements for electrochemical reactions in solid-state batteries.

grs)

E(Reversible resistive layer

ErChemicaI compatibility

b s 300 500 700 900 (Whkg?)
— NagV,(PO,);
o]
Zar
‘m
Z_ Na-FeS.
Q3r Na-Tis, m Na,MoS, NazPS, decomposition potential
R ] = o B H e | R At e e
B =
3z 2r | -
E Na ,,,5F€ 2.5(SO,) o
DO. 1+ NaFePO,
0 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800

Theoretical specific capacity (mAh g™)

Figure 1 Interfacial compatibility between cathode materials and sulfide solid electrolytes. (a) Schematic comparison of electrode-electrolyte interfaces
between oxide cathodes/sulfide cathodes and the NasPS, solid electrolyte. (b) Plot of redox potential versus theoretical specific capacity for representa-

tive intercalation-type cathode materials (TiSz,[w'Zs'm] Na3V2(PO4)3,[29'3°] NaFeP04,[
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High-Energy Solid-State Sodium Batteries

To mitigate decomposition of the sulfide-based electrolyte during
charge-discharge cycling, carbon nanofiber (CNF) was employed as
the conductive additive in the composite cathode, owing to their
relatively low specific surface area compared to other carbon
materials, which helps suppress interfacial side reactions.'* Prior
studies have indicated that a color change upon mixing active
materials with sulfide-based electrolytes can serve as a qualitative
indicator of chemical compatibility.m] Based on the intrinsic colors
of Na,MoS, (black) and Na;PS, (light yellow), and the resulting
grey-black mixture (Figure S4)—suggestive of a simple physical
blending without significant chemical interaction—we preliminar-
ily conclude that Na,MoS, exhibits good chemical compatibility
with Na3PS,.

To further confirm the chemical compatibility between
Na,MoS,; and NasPS,;, spectroscopic characterizations including
X-ray diffraction (XRD) and Fourier-transform infrared spectros-
copy (FTIR) were conducted. As Na,MoS, is an amorphous mate-
rial,[m] the XRD pattern of the Na,MoS,-NasPS,-CNF mixture (Fig-
ure 2a) exhibited only the characteristic peaks of NasPS, and CNF,
with no additional diffraction peaks observed, indicating a simple
physical mixture without the formation of new crystalline phases.
Similarly, FTIR spectra of the Na,MoS,-NasPS, mixture (without
CNF) showed a superposition and slight shift of the characteristic
absorption bands—P-S (from NasPS,), and Mo-S and S-S (from
Na,MoS,;)—without the appearance of new bands.%! These
results clearly demonstrate that Na,MoS, and NasPS, exhibit ex-
cellent chemical compatibility, with no chemical reaction occur-
ring upon mixing, thereby ensuring interfacial stability in compo-
site cathode during battery operation.

Cell performance

To further evaluate the electrochemical compatibility between
Na,MoS, and NasPS,;, we conducted a series of electrochemical
tests on an all-solid-state battery integrating both components. To
closely approximate the low stacking pressure conditions and cost
constraints relevant to practical applications, sodium metal was
directly used as the anode, and a coin cell configuration was em-
ployed for performance evaluation. As shown in Figure S5,
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Figure 2 (a) XRD pattern of the Na,MoS,;-NasPS,-CNF composite cathode.
(b) FTIR spectra of the composite cathode compared to those of pure
NazPS; and Na,MoS,.
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the Na | NasPS, | Na,MoS,-Na3;PS,;-CNF solid-state battery with
the optimized composite cathode composition delivers a reversi-
ble specific capacity of up to 450 mAh-g_1 at a current rate of 0.1 C
within a voltage window of 0.65-3.2 V (vs. Na‘’/Na), corresponding
to a material-level energy density of ~700 Wh-kg_l. Figures 3a and
3b illustrate the rate performance of this battery system. At cur-
rent rates of 0.1C, 0.2C, 0.3C, 0.5C, and 1.0 C, the cell delivers
specific capacities of approximately 381, 286, 188, 52, and 3
mAh~g_1, respectively. Notably, when the current rate was re-
duced back to 0.2 C, the capacity nearly recovered to its original
level, indicating that Na,MoS, retains good structural stability
during high-rate cycling. To exclude any capacity contribution
from the Na;PS,;-based sulfide solid-state electrolyte, control ex-
periments were performed using a composite cathode without
Na,MoS,. As shown in Figure 3c, the Na | Na3PS, | Na3PS,-CNF cell
exhibited negligible capacity, confirming that the observed capac-
ity in the Na | Na3PS, | Na,MoS,;-NasPS,-CNF battery originates
primarily from the redox activity of Na,MoS, rather than the elec-
trolyte.

However, it is important to note that the poor chemical and
electrochemical compatibility between metallic sodium and sul-
fide-based solid-state electrolytes leads to rapid capacity fading in
Na,MoS,-Na3PS,-based solid-state batteries using sodium metal as
the anode.™ As shown in Figure 3d, the specific capacity
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Figure 3 Electrochemical performance of Na,MoS, in NasPS,-based all-solid-state coin cells. (a) Rate capability of the Na | NasPS, | Na,MoS,;-NasPS,;-CNF
solid-state cell (1 C corresponds to 500 mA-g™). (b) Galvanostatic charge-discharge profiles of the Na | NasPS, | Na,MoS,-NasPS,-CNF cell at various cur-
rent densities in the voltage range of 0.65-3.2 V (vs. Na'/Na). (c) Galvanostatic charge—discharge profile of a control cell without Na,MoS,: Na | NasPS, |
Na3PS4-CNF. (d) Cycling performance of the Na | NasPS; | Na,MoS,;-NasPS,;-CNF cell at 0.1 C over 50 cycles, compared with the Na | LP30 | Na,MoS,-SP
cell at 0.2 C, and the Naj;sSn, | NasPS; | Na;MoS,;-NasPS,-CNF cell at 0.1 C and 60 °C. (e) Corresponding galvanostatic charge-discharge profiles of the
NaisSn, | NasPS, | Na;MoS,;-NasPS,-CNF solid-state cell at the 1st, 5th, 25th, and 50th cycles at 0.1 C and 60 °C.
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declines significantly after only 30 cycles at a current rate of 0.1 C,
despite a slight improvement in stability compared to its liquid-
electrolyte counterpart. To address this limitation, we employed a
Na;5Sn, alloy (Figure S4)—known for its superior chemical and
electrochemical compatibility with sulfide solid electrolytes—as
the anode material (Figure 3d). As expected, the solid-state bat-
tery incorporating the Na;sSn, alloy anode exhibited excellent
cycling stability, maintaining a specific capacity of approximately
268.41 mAh-g " after 50 cycles (Figure 3e).

Additionally, in coin-type solid-state cells, the low stacking
pressure leads to gradually increasing polarization during cycling
(Figure 3e). This behavior is attributed to the repeated volume
expansion and contraction of the electrodes during sodiation and
desodiation, which tends to disrupt the contact between the ac-
tive materials, electrolyte, and conductive agents, ultimately re-
sulting in performance degradation.[11'37] To address this issue, a
polyether ether ketone (PEEK)-based test cell with a pressure-
retaining structure was employed for further performance evalu-
ation (Figure S7). The rate performance of the Na;sSn, | NazPS, |
Na,MoS,-NazPS,-CNF solid-state battery using the PEEK device is

Xu et al.

presented in Figures 4a and 4b. At current rates of 0.1C, 0.2C,
0.3C, 0.5C, 0.7C, and 1.0 C, the cell delivers reversible specific
capacities of approximately 372, 341, 319, 284, 254, and 214
mAh-g_l, respectively—significantly outperforming the previously
constructed Na | Na3PS, | Na,MoS,-NasPS,-CNF coin cell. The
corresponding Ragone plot further indicates that the specific en-
ergy of the Na,MoS,-based cell remains relatively stable as the
specific power increases, demonstrating its excellent high-power
capability (Figure S8). Notably, the optimized Na;5Sn, | NazPS, |
Na,MoS,-NasPS,-CNF PEEK cell also demonstrates excellent cy-
cling stability, maintaining nearly 100% capacity retention after
over 450 cycles at 0.3 C (Figures 4a and 4c). Compared with most
of the previously reported material systems, Na,MoS, delivers a
comparable energy density (Figure 4d),[“'33'35] a higher reversible
capacity and a longer cycle life (Tables S1 and S2), highlighting its
potential for the development of high-energy-density sodium
solid-state batteries.

Interfacial properties
Given the excellent electrochemical performance of the
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Figure 4

Electrochemical performance of Na,MoS, in NasPS,-based all-

solid-state cells with pressure-retaining structure. (a) Rate capability of the

NaisSng | NasPS; | Na;MoS,-NasPS4-CNF solid-state cell. (b) Galvanostatic charge-discharge profiles of the Na;sSn, | NasPS, | Na,MoS,;-NasPS,;-CNF solid-
state cell at various current densities in the voltage range of 1.25-2.83 V (vs. Na‘/Na) at 60 °C. (c) Plot of redox potential versus theoretical specific ca-
pacity for reported intercalation-type cathode materials (TiSz,[w‘ze'm Na3V2(POa)3,[28'29] NaFePO,,3! Na2+25Fez,5(504)3,[321 NaCr0,,®**" Na,Cs0>” and
Na4—PTO[11]), Na,MoS, (this work), and a representative conversion-type cathode (FeSzBG]). Specific capacities are calculated based on the fully sodiated
form of each material. Solid squares represent average redox potentials, and open bars denote the corresponding electrochemical windows.
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Figure 5 Interfacial properties of the NajsSn, | NasPS, | Na;MoS,-NasPS,-CNF all-solid-state cell. Galvanostatic charge-discharge profile during the initial
two cycles at 0.1 C and room temperature. Electrochemical impedance spectra recorded at various potentials during cycling.

optimized Na;sSn, | NasPS, | Na,MoS,-NasPS,-CNF solid-state PEEK
cell, we employed in situ electrochemical impedance spectroscopy
(EIS) to get insights into its interfacial characteristics. Figure S9
presents the EIS spectra recorded at various potentials during the

two cycles, along with the equivalent circuit model used for fitting.

In this model, Ry, R,, CPE, and W represent the intrinsic resistance
of the solid-state electrolyte (including bulk and grain boundary
resistance), the interfacial resistance at the electrode-electrolyte
interfaces, the constant-phase element, and the Warburg im-
pedance, respectively. The corresponding fitted results are sum-
marized in Table S3 and Figure 5. Notably, both the intrinsic re-
sistance of the solid-state electrolyte (~90 Q) and the interfacial
resistance (~490 Q) remain stable during charge-discharge cycling.
Further, SEM analysis confirms that the intimate contact among
Na,MoS,, NazPS, and CNF is well retained after prolonged cycling
(Figure S10), while XPS analysis reveals that the chemical state of
the Na,MoS, active material remains largely stable (Figure S11).
These findings collectively demonstrate that both the Na,MoS,
cathode and NaisSn, alloy anode exhibit excellent chemical and
electrochemical compatibility with the NasPS,;-based solid-state
electrolyte, thereby ensuring stable interfacial properties, strong
mechanical integrity, and robust cycling performance of the as-
sembled solid-state cell.

Conclusions

also warrants consideration for future practical deployment. De-
spite molybdenum being a critical metal with relatively high unit
cost, its high theoretical capacity (~500 mAh~g_1) substantially
reduces the amount of active material required per unit energy. In
addition, Na,MoS, can be synthesized via low-temperature, solu-
tion-based processes, lowering manufacturing energy consump-
tion and cost relative to conventional oxide cathodes. Its moderate
redox potential also aligns well with the electrochemical stability
window of sulfide solid electrolytes, avoiding interfacial degrada-
tion and eliminating the need for costly protective coatings. To-
gether, these attributes offer a favorable performance-to-cost ratio,
supporting the potential of Na,MoS, as a practical and scalable
cathode material for solid-state sodium batteries.

Experimental

In summary, we demonstrate the potential of the inorganic
cathode material Na,MoS, for enabling advanced solid-state bat-
teries with high energy density, high power output, and long cycle
life. Our findings highlight the critical importance of the cathode’s
redox electrochemical window, the chemical and electrochemical
compatibility among the cathode/anode and solid-state electro-
lyte, as well as intimate interfacial contact in determining the cy-
cling stability of the solid-state battery. By optimizing these key
factors, we successfully realized the efficient application of
Na,MoS, in NasPS;-based solid-state battery systems. Specifically,
the optimized system delivers exceptional cycling performance,
retaining nearly 100% of its capacity over 450 cycles at 0.3 C and
achieving an energy density of up to 700 Wh-kg_l—surpassing
most previously reported solid-state sodium-metal battery sys-
tems. The excellent electrochemical performance achieved in this
work, along with the deeper insights into electrode-electrolyte
interfacial behavior, provides strong impetus for the continued
development of high-performance solid-state batteries. Further-
more, these results open new avenues for the application of sul-
fide-based solid-state devices in next-generation energy storage
technologies. Overall, this study represents a significant advance
toward the realization of sustainable, safe, and high-efficiency
solid-state energy storage systems.

Beyond technical viability, the economic feasibility of Na,MoS,
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Materials synthesis

NazPS,; was synthesized via high-energy ball milling. Initially,
NazSBg] (Sigma-Aldrich, 98% or Nagao, 99.6%) and P,Ss (Sigma-
Aldrich, 99%) were hand-ground for 1 h. A mixture containing 1 g
of Na,S and P,Ss, in a molar ratio of 75:25, was then loaded into a
45 mL tungsten carbide (WC) milling jar along with two 15 mm WC
balls. To maintain an inert atmosphere, the jar was sealed inside
an argon-filled glovebox before milling. High-energy ball milling
was performed at 25 Hz for 1 h. The resulting powder was trans-
ferred into an ampoule, flame-sealed, and annealed in a muffle
furnace (Nabertherm, Germany). The furnace temperature was
increased from room temperature to 270 °C at a rate of 10 °C:min”t
and held at 270 °C for 2 h.

The Na;5Sn, alloy (Figure S4) was prepared following a previ-
ously reported method,* which provides a redox potential of
approximately 0.1V vs. Na*/Na. LP30 electrolyte (1 M LiPFg in EC:
DMC, 3:7 V/V) was purchased from Suzhou Fosai New Material
Co., Ltd. (China). The synthesis of Na,MoS, followed our previous
work.?” Carbon nanofibers (CNFs) were obtained from Sigma-
Aldrich (diameter x length: 100 nm x 20—200 um), and Super P (SP)
carbon black was purchased from TOB New Energy (China).

Materials characterization

Powder X-ray diffraction (XRD) patterns were collected using a
STOE StadiP transmission diffractometer (DARMSTADT, Germany)
equipped with Mo Ka radiation (A = 0.71073 A) to identify the
crystalline phases of the synthesized materials. Fourier-Transform
Infrared Spectroscopy (FTIR) spectra of pristine powders were
recorded using either a Bruker Alpha-P or an Agilent Cary 630
spectrometer, both equipped with a single-reflection ATR module.
Electrochemical Impedance Spectroscopy (EIS) measurements of
pelletized samples were performed over the frequency range of
100 mHz to 7 MHz using an EC-Lab S-300 impedance analyzer.
Carbon-coated aluminum foils were pressed onto both sides of the
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pellets to serve as blocking electrodes. lonic conductivity was
measured using an EC-Lab SP-200 impedance analyzer over the
same frequency range (100 mHz to 7 MHz). Carbon-coated alu-
minum foils were applied to both sides of the pellets. The ionic
conductivity (o) was calculated using the equation o = L/(R-A),
where L is the pellet thickness, A is the cross-sectional area, and R
is the bulk resistance obtained from the high-frequency intercept
of the Nyquist plot.

Fabrication and testing of all-solid-state cells

Two types of all-solid-state cells were fabricated: coin cells and
polyether-ether-ketone (PEEK) cells. For the coin cell configuration,
130 mg of Na3PS, solid electrolyte was first pressed into a 10 mm
diameter pellet under a pressure of 1000 kg for 2 min. Subse-
quently, 2 mg of composite cathode material was pressed onto
one side of the NasPS, pellet at 4700 kg for 5 min. The
Na,MoS,-NasPS,-CNF  composite cathodes were prepared by
manually grinding the components in an agate mortar and pestle
for 1 h with weight ratios of x:70:(30—x), where x = 0, 10, 15 and
20. Finally, metallic sodium was pressed onto the opposite side of
the electrolyte pellet. The assembled solid-state battery was
sealed in a CR2016 coin cell casing under 700 kg of pressure. For
the PEEK cell, 150 mg of NasPS, was pressed into a 12 mm diam-
eter pellet under 1000 kg of pressure for 2 min. Next, 100 mg of
Na;;Sn, alloy was pressed onto one side of the pellet under
1000 kg of pressure for 2 min. Finally, 3 mg of composite cathode
material was pressed onto the other side of the pellet at 5000 kg
for 5 min. The PEEK-based cell was enclosed in a metal frame for
electrochemical testing. All cells were tested using a Neware bat-
tery testing system (China). Tests involving NasPS,; were conducted
at 60 °C in a temperature-controlled oven.

Supporting Information

The supporting information for this article is available on the
WWW under https://doi.org/10.1002/cjoc.70313.
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