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Experimental details 

Materials 

Oleylamine(15 Ω sq−1), VO(acac)2(99.99%), MnCl2(99.99%), Pt/C(99.0%) were purchased from 

aladdin. Carbon cloth was purchased from CeTech. All chemicals were used as purchased without 

further purification. 

Synthesis of VS2 

Sulfur powder (0.1 mmol) was dissolved in 5 mL of oleylamine and heated to 60°C under stirring. 

Simultaneously, 0.5 mmol of VO(acac)2 was dissolved in 20 mL of oleylamine and stirred until 

homogeneous. The resulting solution was transferred to a 100 mL three-necked flask and heated to 

140°C under a nitrogen atmosphere for 1 h. The sulfur solution in oleylamine was then injected into 

the flask, and the temperature was rapidly increased to 330°C and maintained for 1.5 h. After the 

reaction was complete and cooled to room temperature, the resultant product was collected by 

centrifugation and washed several times with cyclohexane and ethanol. The powder product was 

dried overnight at 60°C in an oven. Finally, the obtained powder was placed in a tube furnace and 

heated to 500°C under a nitrogen atmosphere for 1 h. 

Synthesis of Mn-VS2 

The procedure was identical to that used for VS2, with the addition of varying amounts of MnCl2 to 

the VO(acac)2 solution. 

Synthesis of Mn-VS2-Ox 

The synthesis procedure was the same as for Mn-VS2. After drying, the powder was calcined in air at 

500°C for either 5 min or 60 min, resulting in Mn-VS2-Ox-5 and Mn-VS2-Ox-60, respectively. 

Electrochemical Performance 

A 1×1 cm2 piece of carbon cloth was first ultrasonically cleaned in acetone for 15 min, then in 

ethanol for another 15 min, and finally in deionized water for 30 min to ensure thorough cleanliness. 

The cleaned carbon cloth was then used as the substrate electrode. A catalyst ink was prepared by 

ultrasonically dispersing 5.0 mg of the catalyst with 0.49 mL of anhydrous ethanol, 0.49 mL of 

deionized water, and 0.02 mL of 5 wt% Nafion solution for 30 minutes. Subsequently, 0.05 mL of 

this dispersion was uniformly coated on a 1×1 cm2 area of the carbon cloth. The coated electrode was 

air-dried under vacuum conditions for use in electrochemical testing. 
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Electrochemical Measurements 

All electrochemical tests were conducted using a CHI760E electrochemical workstation (Shanghai 

Chenhua Instruments, China) in a standard three-electrode system. The catalyst-loaded carbon cloth, 

with a catalyst loading of 0.25 mg and a working area of 1×1 cm2, served as the working electrode. A 

carbon rod and an Ag/AgCl (saturated KCl) electrode were used as the counter and reference 

electrodes, respectively. The potentials measured were converted to values relative to the reversible 

hydrogen electrode (RHE) using the equation: 

𝐸(𝑅𝐻𝐸) = 𝐸(𝐴𝑔/𝐴𝑔𝐶𝑙) + 0.197 + 0.0591 × 𝑝𝐻 

Due to the resistance at the catalyst-electrolyte interface, 95% iR compensation was applied. All 

electrochemical polarization tests were performed at a scan rate of 5 mV s-1, and Tafel slopes were 

calculated using the Tafel equation: 

𝜂 = 𝑏 × log 𝑗 + 𝑎 

where η is the overpotential, b is the Tafel slope, j is the current density, and a is a constant. 

Electrochemical impedance spectroscopy (EIS) measurements were conducted in 0.5 M H2SO4 at 

overpotentials corresponding to 10 mA cm-2, over frequencies ranging from 10 kHz to 0.1 Hz. Cyclic 

voltammetry (CV) tests were performed at scan rates ranging from 10 to 100 mV s-1 to calculate the 

double-layer capacitance (Cdl). 
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Supplementary Figure 1. SEM images of Mn-VS2. As shown in (A and B), the as-synthesized Mn-

VS2 exhibits a sheet-like morphology, evident from the SEM images taken at different 

magnifications. SEM: Scanning electron microscopy. 
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Supplementary Figure 2. TEM image of Mn-VS2. 
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Supplementary Figure 3. HRTEM image of Mn-VS2. 
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Supplementary Figure 4. 3D AOGF mappings from Supplementary Figure 1. 
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Supplementary Figure 5. XPS spectrum of Mn-VS2. 
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Supplementary Figure 6. Hydrogen evolution performance of VS2 and Mn-VS2 with varying 

doping levels was evaluated under iR compensation of 95%. Measurements were conducted in 0.5 M 

H2SO4. The findings include: (A) HER polarization curves demonstrating the electrocatalytic 

activity; (B) Tafel slopes depicting the kinetics of the hydrogen evolution reaction; (C) overpotentials 

required to achieve current densities of -10 mA cm-2 and -100 mA cm-2. 
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Supplementary Figure 7. Hydrogen evolution performance of VS2 and Mn-VS2 with varying 

doping levels was evaluated under iR compensation of 95%. Measurements were conducted in 1 M 

PBS. The findings include: (A) HER polarization curves demonstrating the electrocatalytic activity; 

(B) Tafel slopes depicting the kinetics of the hydrogen evolution reaction; (C) overpotentials required 

to achieve current densities of -10 mA·cm-2 and -100 mA·cm-2. 

  



11 

 

 
Supplementary Figure 8. Hydrogen evolution performance of VS2 and Mn-VS2 with varying 

doping levels was evaluated under iR compensation of 95%. Measurements were conducted in 1M 

KOH. The findings include: (A) HER polarization curves demonstrating the electrocatalytic activity; 

(B) Tafel slopes depicting the kinetics of the hydrogen evolution reaction; (C) overpotentials required 

to achieve current densities of -10 mA cm-2 and -100 mA cm-2. 
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Supplementary Figure 9. LSV curves of Mn-VS2 before and after running in 0.5 M H2SO4 for 100 

h. 
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Supplementary Figure 10. LSV curves of Mn-VS2 before and after running in 1 M PBS for 100 h. 
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Supplementary Figure 11. LSV curves of Mn-VS2 before and after running in 1 M KOH for 100 h. 

  

-0.4 -0.3 -0.2 -0.1 0.0
-300

-200

-100

0

1 M KOH

 initial

 after stability

j 
(m

A
 c

m
-2
)

E (V vs. RHE)



15 

 

 

Supplementary Figure 12. XRD patterns of Mn-VS2 before and after 100 h stability tests. 
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Supplementary Figure 13. The stability of VS2 at a current density of -10 mA cm-2 in 0.5 M H2SO4, 

1 M PBS, and 1 M KOH. 
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Supplementary Figure 14. (A and B) CV curves of Mn-VS2 and VS2 at different scan rates; (C) Cdl 

of VS2 and Mn-VS2. 
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Supplementary Figure 15. Electrochemical impedance spectra of VS2 and Mn-VS2. 
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Supplementary Figure 16. Contact angle tests of VS2 and Mn-VS2 with deionized water. 
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Supplementary Figure 17. Electrochemical performance analysis results of Pt/C, VS2 and Mn-VS2 

with varying doping ratios in simulated seawater for HER application. (A) Polarization curves of 

Pt/C, VS2 and Mn-VS2 with different ratios; (B) Tafel slopes of Pt/C, VS2 and Mn-VS2 with varying 

ratios; (C) Overpotentials of Pt/C, VS2 and Mn-VS2 at current densities of -10 mA cm-2 and -100 

mA·cm-2; (D) Stability of Mn-VS2 at a current density of 10 mA·cm-2. 
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Supplementary Figure 18. XRD pattern of Mn-VS2-Ox-5. 
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Supplementary Figure 19. (A) XPS spectrum of Mn-VS2-Ox-5; (B) XPS spectra of V 2p; (C) Mn 

2p (D) S 2p in Mn-VS2 and Mn-VS2-Ox-5; (E) XPS spectrum of O 1s in Mn-VS2-Ox-5. 
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Supplementary Table 1. Comparison of HER performance between Mn-VS2 and other 

transition metal sulfides 

Catalyst 

η (mV) 

at -10 

mA·cm
-2

 

Tafel slope 

(mV·dec
-1

) 
Media Ref. 

Mn-VS2 

41 

55 

37 

74.69 

35.01 

35.5 

1 M KOH 

1 M PBS 

0.5 M H2SO4 

This work 

VS2/MoS2/MF 177 51 0.5 M H2SO4 [1] 

Mo-VS2 243 53 0.5 M H2SO4 [2] 

Co-VS2 234 93 0.5 M H2SO4 [3] 

NiCo2S4@C3N4@VS2 110 71.8 1 M KOH [4] 

N– Ni3S2/VS2 151 107.5 1 M KOH [5] 

Co-VS2/NF 164 52 1 M KOH [6] 

VS2/MoS2 
115 

148 

33 

69 

0.5 M H2SO4 

1 M KOH 
[7] 

1T-VSe2 206 88 0.5 M H2SO4 [8] 

1T-VSe2 126 70 0.5 M H2SO4 [9] 

Pt–MoS2 60 96 0.1 M H2SO4 [10] 

Co–WS2 210 49 0.5 M H2SO4 [11] 

Fe-WS2 195 81 0.5 M H2SO4 [12] 

V0.8Mo0.2Se2 

67.2 

122.3 

72.3 

51 

66 

71 

0.5 M H2SO4 

1M PBS 

1 M KOH 

[13] 

VN/Mo2C 180 114 1M PBS [14] 

Ni4Mo-V2O3 39.3 65.7 1M PBS [15] 

Ni3N-VN 83 73 1M PBS [16] 
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