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Experimental Section 

Chemicals. All chemicals in this work were used directly without further purification: 

Nano Mo powder (99.99%, Aladdin); S powder (99.95%, Aladdin); NaCl (99.5%, 

Sigma-Aldrich); Red phosphorus (99%, Aladdin). Deionized water used was in-house 

generated (resistivity: 0.860 MΩ cm at 25 ℃, which is measured by Rex DDSJ-308F 

Conductivity Meter). 

Synthesis of Mo2S3. Mo2S3 was synthesized via a molten salt-assisting solid-state 

reaction. Mo powder and S powder were ground uniformly in the molar ratio of 2:3 

with NaCl (5 times the mass) and 2.5 wt.% red phosphorus. The mixed powders were 

sealed in an evacuated quartz tube, which was transferred into a muffle furnace and 

heated at a rate of 2 ℃ min−1 to 900 ℃ and kept for 24 h. After naturally cooling to 

room temperature, the product was collected and soaked in deionized water to remove 

NaCl and dried at 80 ℃ for 12 h to obtain the Mo2S3 sample. 

Synthesis of MoS2. MoS2 was synthesized via a solid-state reaction. Mo powder and S 

powder were ground uniformly in the molar ratio of 1:2. The mixed powders were 

sealed in an evacuated quartz tube, which was transferred into a muffle furnace and 

heated at a rate of 2 ℃ min−1 to 850 ℃ and kept for 24 h to obtain the MoS2 sample. 

 

Material Characterization. The X-ray diffraction (XRD) characterization was carried 

out on a Bruker D8 Advance diffractometer operating with a Cu Kα radiation (λ=1.5406 

Å). Raman spectroscopy was conducted on a Jobin-Yvon LabRAM HR-800 

spectrometer with a laser excitation wavelength of 532 nm. The in situ XRD and Raman 



measurements were conducted using the operando battery cases at a constant current 

density of 100 mA g−1. Scanning electron microscopy (SEM) images were obtained by 

a JEOL (JSM6510) scanning electron microscope. Transmission electron microscopy 

(TEM) observations were carried out on a JEOL (JEM-2100F) transmission electron 

microscope. X-ray photoelectron spectroscopy (XPS) measurements were conducted 

on a Thermo Scientific Escalab 250 X-ray photoelectron spectrometer. Temperature-

dependent resistivity measurements were performed using a Physical Properties 

Measurement System (PPMS, Quantum Design). For the electric property test, the 

sample powder was pressed into a square disc, and silver paste was used as the contact 

electrode. Nitrogen adsorption-desorption isotherms and pore size distribution were 

recorded on ASAP 2020 M (Micromeritics) under liquid nitrogen temperature. The 

contact angle was measured by a Solon SL200B automatic contact angle meter. 

 

Electrochemical measurements. The sodium storage performance of the materials 

was evaluated by assembling CR2032 coin-type cells. The working electrode slurry 

was prepared by mixing the active material, conductive carbon black (Super P), and 

sodium alginate (SA) in a mass ratio of 8:1:1 with deionized water as the solvent. Then 

the slurry was uniformly coated on copper foil and dried under vacuum at 90 °C for 12 

h. After that, the foil was punched into 12 mm discs. The mass loading of the active 

material on each disc is ~1.2 mg cm−2. The half cells were assembled with fresh sodium 

foil as the counter electrode and glass fiber (GF/D, Whatman) as the separator in an 

argon-filled glove box (MBRAUN-LABstar, with H2O and O2 levels < 0.5 ppm). The 



electrolyte was 1.0 M sodium hexafluorophosphate (NaPF6) dissolved in diethylene 

glycol dimethyl ether (DEGDME). To prepare Mo2S3||Na3V2(PO4)3 full cell, the 

freestanding Mo2S3 anode was prepared by mixing Mo2S3, Super P, and 

polytetrafluoroethylene (PTFE) in a mass ratio of 8:1:1 with isopropanol as the solvent. 

Then the slurry was ground until the solvent evaporates and rolled into a thin film to 

obtain the freestanding Mo2S3 anode. The as-prepared anode was pre-sodiated in a half 

cell for 3 cycles before assembling the full cell. The Na3V2(PO4)3 (NVP) cathode was 

obtained from Shenzhen Kejing Star Technology Co., Ltd. The cathode slurry was 

prepared by mixing NVP, Super P, and polyvinylidene difluoride (PVDF) in a mass 

ratio of 8:1:1 with N-methyl-2-pyrrolidone (NMP) as the solvent, and the slurry was 

uniformly coated on an aluminum foil and dried under vacuum at 100 °C for 12 h. The 

mass ratio of the cathode to the anode was controlled at ~4.5: 1 to balance the capacity. 

The specific capacity of the full cell was calculated based on the mass of the cathode. 

The separator and electrolyte were consistent with those in half cells. The charge-

discharge and galvanostatic intermittent titration technique (GITT) tests were carried 

out on LAND-CT2001A test system at different current densities. The GITT was 

performed through a pulse current of 100 mA g−1 for 10 min followed by relaxation 

intervals of 40 min. Cyclic voltammogram (CV) from 0.01 to 3.0 V and electrochemical 

impedance spectroscopy (EIS) over the frequency from 100 kHz to 0.1 Hz were 

measured by CHI760E electrochemical workstation (Chenhua, Shanghai). 

 

Theoretical capacity calculations. The electrode reactions of Mo2S3 anode based on 



our results are summarized as follows: 

Mo2S3 + 6 Na+ + 6 e− → 2 Mo + 3 Na2S 

The theoretical capacity (1 C = 558 mA g−1) is calculated according to the following 

formula: 

𝐶𝑡 =
𝑛𝐹

3.6𝑀𝑟
 

Where n is the number of transferred electrons, F is the Faraday constant (96485 C 

mol−1), and Mr is the molar mass of Mo2S3 (288 g mol−1). 

 

Carrier concentration calculations. The carrier concentration n is calculated 

according to the following formula: 

𝑠𝑙𝑜𝑝𝑒 =
𝑅ℎ𝑎𝑙𝑙
𝐵

=
𝑊𝑒

𝐷𝑞𝑊𝑠

1

𝑛
 

Where Rhall is the Hall resistance of the sample, B is the magnetic flux density, We is 

the distance between electrodes, Ws is the width of the sample, D is the height of the 

sample along the direction of B, and q is the charge of the carrier (1.6×10−19 C). 

 

Density functional theory calculations. Density functional theory (DFT) calculations 

were performed with the Vienna ab initio simulation package (VASP), using the plane-

wave basis with an energy cutoff of 500 eV,S1 projector augmented wave (PAW) 

potentials,S2 and the generalized gradient approximation (GGA)S3 with the 

Perdew−Burke−Ernzerhof (PBE) exchange-correlation functional. All structures were 

relaxed by a conjugate gradient (CG) method until the residual force component was 

less than 0.02 eV/Å, and the convergence criterion of total energy in the self-consistent 



field method was set to 10−8 eV. For analyses of the band structure and the density of 

states, further calculations were performed using Heyd–Scuseria–Ernzerhof hybrid 

functional (HSE06),S4 and the corresponding residual force component was less than 

0.01 eV/Å, while a convergence criterion of 10−6 eV was employed. As for the 

adsorption and migration calculations, the vacuum space was set to be 15 Å to separate 

the interactions between the neighboring slabs. In this calculation, a 1×1×1 k-point 

mesh was adopted for both Mo2S3 (001) and MoS2 (001). The climbing image-nudged 

elastic band (CINEB) methodS5 was also employed for sodium ion migration 

calculations. 

 

Supplementary Note. Small polaron. 

In condensed matter physics, a polaron is a quasiparticle that can be used to study 

the interactions between electrons and atoms in a solid material. The polaron concept 

was proposed by Lev LandauS6 and Solomon PekarS7 to describe an electron moving in 

a dielectric crystal where the atoms displace from their equilibrium positions to 

effectively screen the charge of an electron, known as a phonon cloud. The existence 

of the small polarons will lower the electron mobility and increases the electron's 

effective mass (localization). 

According to previous studies in Li-ion batteryS8-10 and perovskite structuresS11-13, 

polaron preemption/polaron collapse is generally employed to accelerate carrier 

transport. In addition, the existence of small polarons in bulk MoS2 has also been 

reported in previous work,S14, S15 and it would be destroyed in the monolayer MoS2.
S15 



Supplementary Figures 

 

 

Supplementary Figure 1. The optimized crystal structure of a) MoS2 and b) Mo2S3. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 2. The band structure of a) MoS2 and b) Mo2S3. Ga = Gamma 

point. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 3. The density of states (DOS) for a) Mo2S3 and b) MoS2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 4. The density of states (DOS) with an excess electron injection 

for a) MoS2 and b) Mo2S3. 

 

 

 

 



 

Supplementary Figure 5. Enlarged DOS patterns for a) MoS2 with an injected electron 

and b) Mo2S3 with an injected electron. 

 

 

 

 

 

 



 

Supplementary Figure 6. a) DOS of S p-orbitals (spin up) in MoS2 and Mo2S3. b) 

Schematic illustration of the delocalized p-electron cloud of S2− in Mo2S3 induced by 

[MoS] insertion. 

 

Exhibition of the ratio of DOS near the Fermi level (e.g., +3 to −3 eV) can describe the 

feature of electron states.S16, S17 We have calculated the integral area ratio of DOS 

ranging from +3 to −3 eV, and the value of Mo2S3 is calculated to be 0.226, which is 

much smaller than that of MoS2 (0.364). The smaller integral area ratio in Mo2S3 

demonstrates a delocalized electron state with enhanced electron cloud dispersion 

around each S2−. 

 

 

 

 

 

 

 



 

Supplementary Figure 7. Charge difference plots for a) MoS2 (001) slab with Na atom 

and b) Mo2S3 (001) slab with Na atom. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 8. Migration paths for Na+ diffusion in a) MoS2 (001) slab and 

b) Mo2S3 (001) slab. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 9. XRD pattern of MoS2. 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 10. a-c) SEM images of Mo2S3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 11. a) AFM image and b) 3D height profiles along the white 

arrow of Mo2S3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 12. a) HAADF-STEM image of Mo2S3. EDS mapping of b) 

Mo and c) S. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 13. EDS results of Mo2S3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 14. a) Crystal structure of Mo2S3 in the c-direction. b) ADF-

STEM image and c) ABF-STEM image of Mo2S3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 15. Temperature-dependent electrical conductivity curves of 

Mo2S3 and MoS2. 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 16. In situ XRD patterns of MoS2 in the first cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 17. CV curves of Mo2S3 with a pseudocapacitive contribution 

at a) 0.2 mV s−1, b) 0.4 mV s−1, c) 0.6 mV s−1, and d) 0.8 mV s−1. 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 18. a) XRD pattern and b) SEM image of NVP. c) GCD 

curves for the initial three cycles and d) Rate capability of NVP in half cells (1 C = 

117.6 mA g−1). 

 

 

 

 

 

 

 

 



 

Supplementary Figure 19. a) Schematic diagram of assembled Mo2S3||NVP full cell. 

b) GCD curves of the Mo2S3||NVP full cell in the initial three cycles at 0.2 C. 
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