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Preparation of the 2WS,/Ni;S,-NF catalyst.

Ammonium tungstate ((NHg);0W1,04,~xH,0), potassium hydroxide (KOH, AR),
and thiourea were obtained from Sinopharm chemical reagent Co., Ltd. All chemicals
were used without further purification. For the preparation of 2WS,/Ni;S,-NF catalyst,
40 mg (NHy4)10W1,04,~xH,0 and 20 mg thiourea were dispersed in 600 puL deionized
water. Afterward, the solution was cautiously added on the surface of nickel foam (NF,
1 cm x1 cm) drop by drop. And then, the decorated NF was transferred into a CVD
furnace and annealed at 400 °C for 4 h with a temperature ramping rate of 10 °C min!
under 50% H, and 50% Ar atmosphere. The monolithic catalyst WS,/Ni;S,-NF was
prepared. The NisS, was synthesized via the same method except for the absence of
(NH4)10W12041~xH,0. When the mass of (NH4);0W1,04;~xH,0 is 20, 40 and 60 mg
respectively, the catalysts are labeled as 1WS,/Ni3S,-NF, 2WS,/Ni3S,-NF and
3WS,/Ni3S,-NF. Pt/C-NF catalyst was prepared by dropping aqueous solution

containing 10 mg commercial 20% Pt/C onto NF.

Materials characterizations.

The scanning electron micrograph (SEM) was performed on the ZEISS Sigma at
20 kV. High-resolution transmission electron microscopy (HRTEM) was performed by
using the FEI Tecnai F20 microscope at an accelerating voltage of 200 kV. X-ray
diffraction (XRD) was performed on SmartLab-SE XRD at 40 kV and 30 mA using Cu
Ka radiation (A\=1.5418 A) at a scan rate of 10 degrees per minute. Raman spectra were
collected using 532 nm laser excitation with a beam size of ~1 um (Horiba LabRAB
HR&800, Japan). X-ray photoelectron spectroscopy (XPS) data was acquired with PHI
Quantera-2000.

Electrochemical measurements.

Electrochemical measurements were performed on CHI 760 electrochemical
workstations in three-electrode or two-electrode systems in 1 M or 6 M KOH at 25 or
85 °C. In the HER process, nickel foam and Hg/HgO electrode were used as counter
and reference electrodes, respectively. The 2WS,/Ni;S,-NF electrode was a working
electrode. In the water electrolysis process, both the working and counter electrodes
were 2WS,/Ni3S,-NF electrodes. Linear sweep voltammetry (LSV) curves were
collected in 1 M or 6 M KOH at 25 or 85 °C with the scan rate of 10 mV s! at the

atmosphere of Ar by 85% iR compensation. Nyquist measurements were performed
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with a frequency from 10! to 105 Hz at open circuit potential in 1.0 M KOH solution
at 25 °C. The cyclic voltammograms (CVs) were tested in the range of 0.2 to 0.3 V vs.
RHE at different rates from 20 to 180 mV s in 1.0 M KOH solution at 25 °C. The
chronopotentiometry was tested at 1000 mA cm2. All the potentials were recorded with
respect to the reversible hydrogen electrode (RHE): Erpg = Engigo +0.098 +0.059 pH.
When both cathode and anode were 2WS,/Ni3S,-NF, it was denoted as 2WS,/Ni3S,-NF

(+a ')'

Theoretical Calculations.

All density functional theory (DFT) calculations were performed through the
Vienna abinitio simulation package (VASP) [1]. The projection-augmented wave
(PAW) method was used to explain the interaction between ions and electrons. The
exchange and correlation energies were evaluated by the generalized gradient
approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) functional [2]. A cutoff
kinetic energy of 400 eV in the plane-wave expansion and Monkhorst-Pack grids were
set up 2x2x1 for WS, related surface systems and 2x3x1 for Ni3S, related surface
systems, respectively. The vacuum layer of 15 A was set to prevent the interaction
between the images along the z direction. Free energy change AG of the reaction was

calculated by the following equation:
AG = AE + AEzwe—TAS

Where AFE represents the electron energy difference from DFT calculations, AEzpg is
the zero-point energy change of surface model systems, and AS represents the entropy
change. The value of AEzpg—TAS is about 0.24 V [3], so AG=AE + 0.24 e¢V. Add dipole
corrections along the z direction to obtain correct forces. The van der Waals correction
was considered for the weak interaction via using the DFT+D3 method of Grimme [4].
Furthermore, Bader charge analyses [5] were performed for NizS,(110) and W-doped
Ni3S,(110) surfaces.



Supplementary Fig. 1 The SEM image of the 2WS,/Ni3S,-NF catalyst.
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3 Supplementary Fig. 2 XRD analysis of the IWS,/Ni3S,-NF (black), 2WS,/Ni3S,-NF

4 (red) and 3WS,/Ni3S,-NF (blue) catalysts.
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Supplementary Fig. 3 XPS survey spectrum of 2WS,/Ni;S,-NF catalyst.
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2 Supplementary Fig. 4 XPS spectra of WS,/Ni3S,-NF and Ni;S,-NF catalysts for Ni2p.
3



Intensity (a.u.)

172 170 168 166 164 162 160
Binding energy (eV)

Supplementary Fig. 5 XPS spectra of WS,/Ni;S,-NF catalyst for S 2p.
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4 Supplementary Fig. 6 The electrochemical impedance spectroscopy of Ni3S,-NF,

5 1WSz/Ni3Sz-NF, 2WSz/Ni3SZ-NF, 3WSZ/N13SZ'NF catalysts.
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3 Supplementary Fig. 7 CV curves measured within the range of 0.2 to 0.3 V vs. RHE
4 with scan rates from 20 to 180 mV s! of Ni3S,-NF, 1WS,/Ni;S,-NF, 2WS,/Ni;S,-NF,
5 3WS,/Ni3S,-NF catalysts in 1.0 M KOH solution at 25 °C.
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2 Supplementary Fig. 8 The photograph of the overall water splitting device. At high
3 current density, it is observed that the electrolytic cell is full of bubbles.
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Supplementary Fig. 9 Four optimized surface models, (a) pristine WS,, (b) Ni-doped

W

WS, (N/YWS,), (c) pristine Ni3S,, and (d) W-doped WS, (W/Ni;S,) were labeled with

4 different active sites, respectively.
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1 Supplementary Table 1 HER performance of different catalysts in 1.0 M KOH
2 solution at 25 °C.

Overpotentials (mV vs. RHE)

Catalysts (chlzlmz)
N 100 M s00 M 1000 N 1500
Ni3S,-NF 267 411 503 575 38.7
1WS,/Ni3S,-NF 224 334 402 459 67.7
2WS,/Ni3S,-NF 234 317 350 381 78.5

3WS,/Ni3S,-NF 220 348 462 571 58.2
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1 Supplementary Table 2 Comparison of HER performance of 2WS,/Ni;S,-NF with
2 reported WS, catalysts.

7 100 (MmV 7 1000 (MmV

Catalysts Electrolyte ys. RHE) ys. RHE) Ref.
2WS,/Ni3S,-NF 1 M KOH 234 350 This work
V-WS,/CC 1 M KOH ~260 - [6]
Co9Ss/2H-WS,@NF 1 M KOH ~360 - [7]
WS/CC 1 M KOH ~610 - [8]
WS,TN/CC 1 M KOH ~380 - [9]
W/WS,-WC 1 M KOH ~150 473 [10]
WS,/NiSy 1 M KOH ~170 - [11]
Co-WS,/NiTe,/Ni 1 M KOH ~182 - [12]
WS,@VS, 0.5 M H,SO4 ~240 - [13]
CeO,/WS,/CC 0.5 M H,SO4 ~200 - [14]
WS,NDs 0.5 M H,SO4 ~270 - [15]

IT/1T-MWH 0.5 M H,SO4 ~400 - [16]
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