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Figure S1. Cyclic voltammograms of the tungsten sulfide film prepared on CFP at 50 mV s'
in 0.5 M H,SO, for different cycle numbers.
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Figure S2. FE-SEM images of (a) WS;—0x0 and (b) WS,—0x6 on CFP.
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Figure S3. XRD patterns acquired from the CFP, WS,—0x0 and WS,—tested. The standard
pattern of the 2H-WS, (JCPDS No.08-0237) is shown as reference.
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Figure S4. FE-SEM images of the catalyst films after different degree of anodization: (a, b, c)
WS,-0x2, (d, e, f) WS,—ox4, and (g, h, i) WS,—ox12.
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Figure S5. (a) Cyclic voltammograms of the tungsten sulfide film at 20 mV s in 0.5 M
H,S0, for different cycle numbers. (b,c) FE-SEM images of the sample after anodization
treatment in (a). (d) Cyclic voltammograms of the tungsten sulfide film at 50 mV s in 0.1

M H,S0; for different cycle numbers. (e,f) FE-SEM images of the sample after anodization
treatment in (d).
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Figure S6. XPS survey spectra of the tungsten sulfide films after different anodization

treatment (a-e) and the WS,—tested sample (f).
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Figure S7. W 4f/&5p XPS spectra of (a) WS,—ox2, (b) WS,—o0x4, (¢) WS,—0x12, and (d)

WS,—tested samples.
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Figure S8. S 2p XPS spectra of (a) WS,—0x2, (b) WS,—ox4, (¢) WS,—o0x12, and (d)
WS,—tested samples.
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Figure S9. O /s XPS spectra of the tungsten sulfide films after different anodization

treatment (a-¢) and the WS,—tested sample (f).
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Figure S10. (a) Polarization curves of the CFP electrode, bulk WS, powder and pure
WO;-2H,0 particles in 0.5 M H,SO, at a rate of 2 mV s with iR correction. (b) Cyclic

voltammetry results of WS;—ox0, WS,—ox6 and bulk WS, at a rate of 50 mV s'. The

geometrical current density at 0.9 V vs. Ag/AgCl for WS,—ox6 is 88.7% of the value of

WSZ_OXO.
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Figure S11. Cyclic voltammograms of (a) WS,;—0x0 and (c) bulk WS, measured at different
scanning rates (5-50 mV s ') in 0.5 M H,SO4. Corresponding scanning rate dependence of
AJ (the difference between anodic and cathodic geometrical current densities) at 0.20 V vs.
RHE for (b) WS,—0x0 and (d) bulk WS,. The slope of the AJ versus scanning rate curve is
twice the capacitance. The calculated double layer capacitance (Cq) of WS,—0x0 and bulk
WS, powder are 20 and 0.34 mF cm 2, respectively. Using the method presented in Refs. S1
and S2, the relative roughness factor (RF) of samples could be calculated by RF = Cy/Cpyt.
Ciiat 1s the capacitance for a flat electrode and is assumed to be 60 pF cm 25182 So, the RF
values for WS,;—0x0 and bulk WS, are 333.3 and 5.7, respectively. We suppose that the
anodic current magnitude in Fig S10b is directly proportional to the amount of active sites in
HER. Then the RF for WS,—0x6 is obtained to be 295.7. The TOF values could be
calculated by

1 1 j

TOF = (j mA cm™)(1 cm’ =2 73xd g 5283
(4 mA em =)l em )(2x1.602x10-‘9 C)(RFxlcm2/0.0876 nmz) “RF°

At a 150 mV overpotential, the geometrical current densities for WS,;—0x0 and WS,—ox6 are
9.4 and 92.1 mA c¢m 2, and their TOF values are 0.077 and 0.85 s™', respectively. The TOF
performance of WS,—ox6 is still inferior to that of 1T-WS, nanosheets, but it is better than

amorphous MoSy film with a TOF value of 0.8 s at 220 mV overpotential.SS
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Figure S12. First (black line) and second (red line) polarization curves of WS,—ox1 in 0.5 M

1

H,SOy at a scanning rate of 2 mV's . Both curves have been corrected for the iR-loss.
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Figure S13. (a) Time dependence of the geometrical current density at —0.17 V vs. RHE
without iR-correction in 0.5 M H,;SO4 of WS;—0x0 and WS,—o0x6. (b) FE-SEM images of
the WS,—ox6 sample after 3-h constant voltage electrolysis in (a). Compared to Figure 2b,

the amount of WO;-2H,0 nanoplates decreases obviously after the durability test.
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Figure S14. (a) Polarization curves obtained in 0.5 M H,SO; at a rate of 2 mV s~ with iR
correction.  WS;—ox0—annealed and WS,—ox6—annealed represent the WS,;-o0x0 and
WS,-0x6 samples with the second annealing treatment under argon at 600 °C for 30 min,
respectively. (b) XRD patterns of WS,—ox0—annealed and WS,—ox6—annealed. The
standard patterns of the 2H-WS; (JCPDS No.08-0237) and monoclinic phase of WO3 (JCPDS
No0.83-0950) are shown as reference. FE-SEM images acquired from samples of (c)
WS,—ox0—annealed and (d) WS,—ox6—annealed. After the second heat treatment, the
characteristic XRD peaks of the WO3-2H,0 phase in WS,—0x6 disappear, but new peaks
corresponding to the WO; phase arise in the XRD patterns in (b). Moreover, irregular
nanocrystals instead of nanoplates appear on the surface of WS,—ox6—annealed in (d), which

is supposed to have the WO; phase.
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Figure S15. (a,b) Bode and (c¢) Nyquist plots of WS,—ox6 obtained from the EIS
measurements under various overpotentials in 0.5 M H,SO4. (d) Plots of overpotential

versus —logR. for WS,—0x6.
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Table S1. Comparison of various HER catalysts in acid media. b is the Tafel slope and n

stands for the overpotential.

Onsej[ b n (mV) at

Catalyst pcz;trelr\l;[;al (mV dec) 10 mA em™ Ref
WS,—0x6 ~60 54 101 this
WO;-2H,0 particles ~300 148 620 work
WO; nanoparticles 420 ~122* ~569 * S6
WOj; porous nanowires ~530* 56 598*
WO,-carbon mesoporous nanowires 35 46 58 >
WO; powder ~519* 120 637

S8
WO, nanoparticles ~33* 50 70
WS, nanoribbons ~150 68 225 S9
Ultrathin WS, nanoflakes ~100 48 ~154* S10
WS, quantum dots ~180 70 ~336* S11
WS, nanoparticles ~108 * 68 ~215% S12
Amorphous NiWS ~100 55 265
Amorphous CoWS ~120 74 330 >
WS,/Au hybrid 230 57 ~367* S13
WS,@P, N, O-graphene film ~58* 52.7 125 S14
1T-WS, nanosheets 75 70 151 S15
WSs(1-x)3€2x nanotubes (x = 0.52) ~173* 105 ~267* S16
Monolayer WSy(j.xSeaxx (x = 0.43) ~34 * 85 ~59* S17

(*) Calculated or read based on their data.
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