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Experiment
Testing methods:

Fourier transform infrared (FT-IR) spectra were measured on a Nicolet iS50
infrared spectrometer using KBr pellets. X-ray diffraction (XRD) patterns were tested
on an X-ray diffractometer (Rigaku Ultima IV, Cu Ka radiation 2=0.154178 nm). X-
ray photoelectron spectra (XPS) were tested on an ESCALAB 250Xi equipped with
ex situ treatment chamber and the binding energy of Cls (284.8 eV) was used as the
reference to correct the measured binding energy. Scanning electron microscopy
(SEM) images were obtained on a cold-field emission BUCT. The atomic absorption
test results were obtained on the German continuous light source atomic absorption
spectrometer (GB/T 15337-2008). High resolution transmission electron microscopy
(HRTEM) images and elemental mapping results were obtained on a Tecnai G2 F20
U-TWIN.

Electrochemical testing

All electrochemical tests were conducted at room temperature

using a CHI760E electrochemical workstation. The electrocatalytic performance of
the materials was evaluated using a three-electrode system, with reference electrodes
being Hg/Hg,Cl, in 0.5 M H,SO, and Hg/HgO in 1 M KOH, a graphite rod serving as
the counter electrode, and a modified carbon cloth as the working electrode with a
geometric area of 1 cm % 1 cm. The potentials for all reversible hydrogen electrode
(RHE) measurements were calculated using the equations Erpyg = Epgrgo + 0.098 +

0.059 pH for 1 M KOH and ERHE = EHg/Hg2C12 + 0.244 + 0.059 pH for 0.5 M HzSO4.
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Linear sweep voltammetry (LSV) was performed in both I M KOH and 0.5 M H,SO4
electrolytes with a scan rate of 2 mV/s. Tafel plots were fitted to the linear regions of
the Tafel equation (n = a + b log j). Electrochemical impedance spectroscopy (EIS)
was conducted over a frequency range of 0.01 kHz to 100 kHz with an amplitude of 5
mV and a test potential of 0.1 V. Furthermore, cyclic voltammetry tests were carried
out within a potential range of 0.1 V to 0.2 V at scan rates of 10, 20, 30, 40, 50, 60, 70,

and 80 mV/s. All data were corrected for a 90% IR drop.
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Fig. S1. Infrared spectrum of MnMoy

Synthesis of (NH,)s|[MnMoyO3,]-:8H,0: 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
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and heated to boiling, resulting in a yellow precipitate. Subsequently, 2 mmol of
sodium persulfate was dissolved in 5 mL of water and added to the aforementioned
mixture, which was then heated to a solution temperature of 80°C, turning the
solution orange-red. This temperature was maintained for approximately 30 minutes,
after which the solution was left to stand overnight at room temperature until orange-
red crystals precipitated. The crude product was obtained after filtration, washing, and
air-drying. The product was recrystallized three times to yield the crystalline product
MnMog.

IR Characterization of MnMoy: The synthesized polyoxometalate MnMoy was
characterized by Fourier-transform infrared spectroscopy, as shown in Fig. S1. The
infrared spectrum revealed characteristic absorption peaks for water molecules' O-H
bonds at 3508 cm™! and 1615 cm’!; vibrational absorption peaks for NH*" at 3152 cm'’!
and 1400 cm'; and peaks in the range of 1000 cm™ to 400 cm!, which are
characteristic of Waugh-type polyoxometalate anions, with specific absorption peaks
at 934 cm! and 903 cm! arising from the stretching vibrations of Mo=0; peaks at 700
cml, 593 cm!, and 540 cm! resulting from the bending vibrations of Mo-O-Mo; and
the characteristic absorption peak at 498 cm! resulting from the bending vibrations of
Mn-O-Mo. All the aforementioned peaks are consistent with those described in the

literature.[1]
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Fig. S2. Infrared spectrum of [Co(NH3)6]|Cl3

Synthesis of [Co(NH;)6]Cls: Initially, 110 mmol of ammonium chloride was
dissolved in 12 mL of deionized water and heated to boiling. Then, 70 mmol of cobalt
chloride was added to the ammonium chloride solution, which was dissolved upon
heating and then transferred to a beaker containing 0.5 g of activated carbon. After
cooling, 20 mL of concentrated ammonium hydroxide was added, and the mixture
was cooled again to below 10°C. Under stirring, 8 mL of a 10% hydrogen peroxide
solution was slowly added, and the temperature was raised to 60°C and maintained
for 20 minutes, followed by cooling again. Then, 75 mL of a 0.5 mol/L hydrochloric
acid aqueous solution was added, and the mixture was heated to boiling. After the
precipitate dissolved, it was filtered while hot. To the filtrate, 20 mL of 6 mol/L
hydrochloric acid was slowly added, resulting in the precipitation of an orange-yellow

product. This product was cooled with ice water, filtered, and washed with cold dilute
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hydrochloric acid, and then air-dried.

IR Characterization of [Co(NH;)¢]Cls: Fig. S2 shows the infrared spectrum of
[Co(NHj3)6]Cls. The spectrum displays four major characteristic absorption peaks: (1)
a strong absorption peak at 829 cm™! corresponding to the Co-N rocking vibration, (2)
a sharp absorption peak at 1300 cm™' corresponding to the symmetric bending
vibration of the N-H bond, (3) an absorption peak at 1620 cm™!' corresponding to the
asymmetric bending vibration of the N-H bond, and (4) an absorption peak at 3250
cm! corresponding to the asymmetric stretching vibration of the N-H bond. These are
highly consistent with those reported in the literature?, indicating that we have

successfully synthesized [Co(NH;)s]Cls.



102

Element Atomic %
(e} 95.76
Mn 0.35
Co 0.69

319

M Map Sum Spectrum

Mo

- b -
U L L L L LT L L e TR e U R O

b)

Element Atomic %
o] 96.32
Mn 0.31
Co 061

2.76

M Map Sum Spectrum

—
R O R L L RO R e e vy peod B Rl e AT

Fig. S3. EDS images of the Co,MnMo,

Mo Lal

Sum Co Kal

| e |
Spm Mn Kal

Mo Lal

' CoKal

Spm



(220) —— CoS -MoS,
S
8 :
-‘? !(311'
g | | X ' | l l | I 1 |
) I . . [ Lo :
il
= oy Co,S, PDFL 42-1448
o ‘ L I I I T
B T Coon .
oo bbb
Co,S, PDF( 02-1338
[] o [] o [] o [] o [] o [] o
20 30 40 50 60 70 80
20/degree
103
104 Fig. S4. XRD patterns of the Co,S-MoS,@CC
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105 Fig. SS. full survey XPS spectra of the Co0,4S;-MnS-MoS,@CC
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107 Fig. S6. EDS images of the Co4S;-MnS-MoS,@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)
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Fig. S7. SEM images of the C04S;-MnS-MoS,@CC; a-b) before calcination

; c-d) after calcination
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Fig. S8. CV of C04S3;-MnS-MoS,;@CC, MnS-MoS,;@CC, Co,S-MoS,@CC
and MoS,@CC tested at various scan rates from 10 to 80 mV/s. a-¢c) In 1 M KOH;

d-f) In 0.5 M H,SO4
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117 Fig. S9. HER performance of the Pt/C@CC. a-b) In 1 M KOH; c-d) In 0.5

118 M H,SO,
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120  Fig. S10. a-b) Polarization curves of Co4S;-MnS-MoS,@CC, MnS-MoS,@CC
121 and MoS,@CC before and after 5000 CV cycles. a-c) In 1 M KOH; d-f) In 0.5 M

122 H,S0,
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124 Fig. S11. XRD patterns of Co4S;-MnS-MoS,@CC
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128  Fig. S12. SEM images of the C04S;-MnS-MoS,@CC. a-b) After i-t testsin 1 M

129 KOH; c-d) After i-t tests in 0.5 M H,SO,

130
Catalyst LSV/ 1 ;¢/mV Ref.
C04S3-MnS-MoS,@CC 88 this work
NizMo 51 S.Energy Fuels.2024,8(8),1619-1625.3
CoS,-MoS, 251 J. Alloy.Compd.2023,948,169655.
NC@MoS, 145 J Hydrogen Energy. 2024,56,570-581.3
NiO/MoS,/BiVO, 95 J Hydrogen Energy. 2024,52,275-287.°
Ce-NiMoO4 /MoS2@rGO 153 ACS Applied Engineering Materials, 2024.7
MoS;-Ni3S,-CNTs/NF 169 J.Hydrogen Energy.2024,91,196-203.%
TM SAs-MoS, 80 A.Energy Materials.2024,14(35),2401716.°
1T-2H MoS, 212 Chem Engineering J. 2023, 460,141858.10
(NH4);MoS, 248 Inorganic Chem.2023, 62(2),841-852.!1
N-MoS,/COF-C4N 106 Catalysts.2023, 13(1),90.1?
AC/MoS, 136 J.Hydrogen Energy.2024, 55,1360-1370.13
Co-1T-MoS;-bpe 118 A.Chemie 2023,135(48), €202313845.14
Co—Mo0S,/Ni;S,/Ni 43 J.Hydrogen Energy.2024, 67,42-49.15

131  Table S1. Comparison of HER performance of Co4S;-MnS-MoS,@CC catalyst

132 with reported MoS;-based catalysts in 1 M KOH
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