
1

2 Supporting Information
3

4

5 High-Performance Co4S3-MnS-MoS2@CC Catalysts for 

6 Hydrogen Evolution Reaction

7

8 Sizhan Shua, 1, Denglin Zhua, 1, Xuejun Wanga, Jun Suna, Jiani Wanga, Qian Linga, 

9 Zile Zhoua, Yujia Chena, Pingfan Wua,b *

10

11 aHubei Univ Technol, Institute of POM-based Materials,Hubei Prov Key Lab Green 

12 Mat Light Ind, New Mat & Green Mfg Talent Intro & Innovat Demonst, Wuhan 

13 430068, China,

14 b Hubei Longzhong Lab, Xiangyang 441000, Hubei, Peoples R China

15

16 * Corresponding authors.

17 E-mail address: pingfanwu-111@163.com (P. Wu).

18 E-mail address: 13995976671@163.com (S. Shu).

19 1 These authors contributed equally in this work.

20

Supplementary Information (SI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2025

mailto:pingfanwu-111@163.com
mailto:13995976671@163.com


21 Experiment

22 Testing methods:

23 Fourier transform infrared (FT-IR) spectra were measured on a Nicolet iS50 

24 infrared spectrometer using KBr pellets. X-ray diffraction (XRD) patterns were tested 

25 on an X-ray diffractometer (Rigaku Ultima IV, Cu Kα radiation λ=0.154178 nm). X-

26 ray photoelectron spectra (XPS) were tested on an ESCALAB 250Xi equipped with 

27 ex situ treatment chamber and the binding energy of C1s (284.8 eV) was used as the 

28 reference to correct the measured binding energy. Scanning electron microscopy 

29 (SEM) images were obtained on a cold-field emission BUCT. The atomic absorption 

30 test results were obtained on the German continuous light source atomic absorption 

31 spectrometer (GB/T 15337-2008). High resolution transmission electron microscopy 

32 (HRTEM) images and elemental mapping results were obtained on a Tecnai G2 F20 

33 U-TWIN.

34 Electrochemical testing

35 All electrochemical tests were conducted at room temperature 

36 using a CHI760E electrochemical workstation. The electrocatalytic performance of 

37 the materials was evaluated using a three-electrode system, with reference electrodes 

38 being Hg/Hg2Cl2 in 0.5 M H2SO4 and Hg/HgO in 1 M KOH, a graphite rod serving as 

39 the counter electrode, and a modified carbon cloth as the working electrode with a 

40 geometric area of 1 cm × 1 cm. The potentials for all reversible hydrogen electrode 

41 (RHE) measurements were calculated using the equations ERHE = EHg/HgO + 0.098 + 

42 0.059 pH for 1 M KOH and ERHE = EHg/Hg2Cl2 + 0.244 + 0.059 pH for 0.5 M H2SO4. 



43 Linear sweep voltammetry (LSV) was performed in both 1 M KOH and 0.5 M H2SO4 

44 electrolytes with a scan rate of 2 mV/s. Tafel plots were fitted to the linear regions of 

45 the Tafel equation (η = a + b log j). Electrochemical impedance spectroscopy (EIS) 

46 was conducted over a frequency range of 0.01 kHz to 100 kHz with an amplitude of 5 

47 mV and a test potential of 0.1 V. Furthermore, cyclic voltammetry tests were carried 

48 out within a potential range of 0.1 V to 0.2 V at scan rates of 10, 20, 30, 40, 50, 60, 70, 

49 and 80 mV/s. All data were corrected for a 90% IR drop.

50
51 Fig. S1. Infrared spectrum of MnMo9

52

53 Synthesis of (NH4)6[MnMo9O32]·8H2O: Initially, 1 mmol of ammonium 

54 paramolybdate was dissolved in 10 mL of deionized water, and the pH was adjusted 

55 to 5.1 with glacial acetic acid. Then, 7 mmol of manganese sulfate was dissolved in 

56 10 mL of deionized water, and the two solutions were mixed. The mixture was stirred 



57 and heated to boiling, resulting in a yellow precipitate. Subsequently, 2 mmol of 

58 sodium persulfate was dissolved in 5 mL of water and added to the aforementioned 

59 mixture, which was then heated to a solution temperature of 80°C, turning the 

60 solution orange-red. This temperature was maintained for approximately 30 minutes, 

61 after which the solution was left to stand overnight at room temperature until orange-

62 red crystals precipitated. The crude product was obtained after filtration, washing, and 

63 air-drying. The product was recrystallized three times to yield the crystalline product 

64 MnMo9.

65 IR Characterization of MnMo9: The synthesized polyoxometalate MnMo9 was 

66 characterized by Fourier-transform infrared spectroscopy, as shown in Fig. S1. The 

67 infrared spectrum revealed characteristic absorption peaks for water molecules' O-H 

68 bonds at 3508 cm-1 and 1615 cm-1; vibrational absorption peaks for NH4+ at 3152 cm-1 

69 and 1400 cm-1; and peaks in the range of 1000 cm-1 to 400 cm-1, which are 

70 characteristic of Waugh-type polyoxometalate anions, with specific absorption peaks 

71 at 934 cm-1 and 903 cm-1 arising from the stretching vibrations of Mo=O; peaks at 700 

72 cm-1, 593 cm-1, and 540 cm-1 resulting from the bending vibrations of Mo-O-Mo; and 

73 the characteristic absorption peak at 498 cm-1 resulting from the bending vibrations of 

74 Mn-O-Mo. All the aforementioned peaks are consistent with those described in the 

75 literature.[1]

76



77
78 Fig. S2. Infrared spectrum of [Co(NH3)6]Cl3

79

80 Synthesis of [Co(NH3)6]Cl3: Initially, 110 mmol of ammonium chloride was 

81 dissolved in 12 mL of deionized water and heated to boiling. Then, 70 mmol of cobalt 

82 chloride was added to the ammonium chloride solution, which was dissolved upon 

83 heating and then transferred to a beaker containing 0.5 g of activated carbon. After 

84 cooling, 20 mL of concentrated ammonium hydroxide was added, and the mixture 

85 was cooled again to below 10°C. Under stirring, 8 mL of a 10% hydrogen peroxide 

86 solution was slowly added, and the temperature was raised to 60°C and maintained 

87 for 20 minutes, followed by cooling again. Then, 75 mL of a 0.5 mol/L hydrochloric 

88 acid aqueous solution was added, and the mixture was heated to boiling. After the 

89 precipitate dissolved, it was filtered while hot. To the filtrate, 20 mL of 6 mol/L 

90 hydrochloric acid was slowly added, resulting in the precipitation of an orange-yellow 

91 product. This product was cooled with ice water, filtered, and washed with cold dilute 



92 hydrochloric acid, and then air-dried.

93 IR Characterization of [Co(NH3)6]Cl3: Fig. S2 shows the infrared spectrum of 

94 [Co(NH3)6]Cl3. The spectrum displays four major characteristic absorption peaks: (1) 

95 a strong absorption peak at 829 cm-1 corresponding to the Co-N rocking vibration, (2) 

96 a sharp absorption peak at 1300 cm-1 corresponding to the symmetric bending 

97 vibration of the N-H bond, (3) an absorption peak at 1620 cm-1 corresponding to the 

98 asymmetric bending vibration of the N-H bond, and (4) an absorption peak at 3250 

99 cm-1 corresponding to the asymmetric stretching vibration of the N-H bond. These are 

100 highly consistent with those reported in the literature2, indicating that we have 

101 successfully synthesized [Co(NH3)6]Cl3.



102 Fig. S3. EDS images of the Co2MnMo9
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104 Fig. S4. XRD patterns of the CoxS-MoS2@CC

105 Fig. S5. full survey XPS spectra of the Co4S3-MnS-MoS2@CC 
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106

107 Fig. S6. EDS images of the Co4S3-MnS-MoS2@CC (Note: The Cu peak at ~8 

108 keV corresponds to the copper grid used during sample preparation, and is not 

109 part of the sample itself)



110 Fig. S7. SEM images of the Co4S3-MnS-MoS2@CC; a-b) before calcination

111 ; c-d) after calcination

112

113 Fig. S8. CV of Co4S3-MnS-MoS2@CC, MnS-MoS2@CC, CoxS-MoS2@CC 

114 and MoS2@CC tested at various scan rates from 10 to 80 mV/s. a-c) In 1 M KOH; 

115 d-f) In 0.5 M H2SO4

116



117 Fig. S9. HER performance of the Pt/C@CC. a-b) In 1 M KOH; c-d) In 0.5 

118 M H2SO4

119

120 Fig. S10. a-b) Polarization curves of Co4S3-MnS-MoS2@CC, MnS-MoS2@CC 

121 and MoS2@CC before and after 5000 CV cycles. a-c) In 1 M KOH; d-f) In 0.5 M 

122 H2SO4



123

124 Fig. S11. XRD patterns of Co4S3-MnS-MoS2@CC

125

126



127

128 Fig. S12. SEM images of the Co4S3-MnS-MoS2@CC. a-b) After i-t tests in 1 M 

129 KOH; c-d) After i-t tests in 0.5 M H2SO4

130

Catalyst LSV/η10/mV Ref.
Co4S3-MnS-MoS2@CC 88 this work
Ni4Mo 51 S.Energy Fuels.2024,8(8),1619-1625.3
CoS2-MoS2 251 J. Alloy.Compd.2023,948,169655.4
NC@MoS2 145 J.Hydrogen Energy. 2024,56,570-581.5
NiO/MoS2/BiVO4 95 J.Hydrogen Energy. 2024,52,275-287.6
Ce-NiMoO4 /MoS2@rGO 153 ACS Applied Engineering Materials, 2024.7
MoS2-Ni3S2-CNTs/NF 169 J.Hydrogen Energy.2024,91,196-203.8
TM SAs-MoS2 80 A.Energy Materials.2024,14(35),2401716.9
1T-2H MoS2 212 Chem Engineering J. 2023, 460,141858.10

(NH4)2MoS4 248 Inorganic Chem.2023, 62(2),841-852.11

N-MoS2/COF-C4N 106 Catalysts.2023, 13(1),90.12

AC/MoS2 136 J.Hydrogen Energy.2024, 55,1360-1370.13

Co-1T-MoS2-bpe 118 A.Chemie 2023,135(48), e202313845.14

Co–MoS2/Ni3S2/Ni 43 J.Hydrogen Energy.2024, 67,42-49.15

131 Table S1. Comparison of HER performance of Co4S3-MnS-MoS2@CC catalyst 

132 with reported MoS2-based catalysts in 1 M KOH

133
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