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Fig. S1  Electrochemical test device. (a) Full view and (b) (detail of) the H2 evolved from the electrode. 

 

 

Fig. S2  XPS full spectrum of WC/WO3−x-900. 
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Fig. S3  High-resolution XPS spectra of (a) O 1s and (b) C 1s for the WC ceramic membrane. 

 

 

Fig. S4  High-resolution XPS spectra of O 1s for (a) WC/WO3−x-700, (b) WC/WO3−x-800, (c) WC/WO3−x-

900, and (d) WC/WO3−x-1000.  
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Fig. S5  High-resolution XPS spectra of W 4f for (a) WC, (b) WC/WO3−x-700, (c) WC/WO3−x-800, (d) 

WC/WO3−x-900, and (e) WC/WO3−x-1000. 

 

 

Fig. S6  High-resolution XPS spectra of W 4f for WC, WC/WO3−x-900, and WO3. 
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Fig. S7  Morphology of the fracture surface of WC ceramic membrane at (a) low and (b) high 

magnification. 

 

 

Fig. S8  Cross-section of (a) the green WC ceramic membrane and (b) after thermal treatment at 1600 ℃ in 

Ar atmosphere. 

 

 

Fig. S9  Top view of (a) WC/WO3−x-700, (b) WC/WO3−x-800, and (c) WC/WO3−x-1000. 
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Fig. S10  Bending strength and porosity of WC and WC/WO3−x-T. 

 

 

Fig. S11  Estimation (by extrapolation) of the exchange current density (j0) (of HER) in 0.5 M H2SO4 

media for WC and WC/WO3−x-T. 
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Fig. S12  CV curves of (a) WC, (b) WC/WO3−x-700, (c) WC/WO3−x-800, (d) WC/WO3−x-900, and (e) 

WC/WO3−x-1000 for evaluating the Cdl in 0.5 M H2SO4 media. 
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Fig. S13  Faradaic efficiency of WC/WO3−x-900 in 0.5 M H2SO4. 

 

  

Fig. S14  Turnover frequency (TOF) of WC and WC/WO3−x-T in 0.5 M H2SO4. 
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Fig. S15  Microstructure of WC/WO3−x-900 after stability tests in (a) 0.5 M H2SO4 and (b) 1.0 M KOH. 

 

 

Fig. S16  W 4f XPS spectra and TEM (the insets) of WC/WO3−x-900 before and after stability tests in 0.5 

M H2SO4 and 1.0 M KOH. 
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Fig. S17  Water permeability test. (a) Test device, (b) water permeability curve, and (c) LSV curves of 

WC/WO3−x-900 before and after 4 h penetration test in 0.5 M H2SO4. 

 

 

Fig. S18  Instants of water contact angle formed on WC/WO3−x-900 over time in (a) 0.5 M H2SO4 and (b) 

1.0 M KOH. 

 

 

Fig. S19  Estimation (by extrapolation) of the exchange current density (j0) (of HER) in 1.0 M KOH media 

for WC and WC/WO3−x-T. 



11 

 

 

Fig. S20  CV curves of (a) WC, (b) WC/WO3−x-700, (c) WC/WO3−x-800, (d) WC/WO3−x-900, and (e) 

WC/WO3−x-1000 for evaluating the Cdl in 1.0 M KOH media. 
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Fig. S21  Cdl values at a potential of 0.51 V (vs. RHE) of WC and WC/WO3−x-T in 1.0 M KOH media. 

 

 

Fig. S22  Electrochemical impedance spectra (EIS) at an overpotential of 200 mV (the inset presents the 

equivalent circuit) in 1.0 M KOH media. 
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Fig. S23  Faradaic efficiency of WC/WO3−x-900 in 1.0 M KOH media. 

 

 

Fig. S24  Turnover frequency (TOF) of WC and WC/WO3−x-T in 1.0 M KOH media. 
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Table S1  Compositions of the two slurries 

Compound 

Slurry composition (wt%) 

WC slurry Graphite slurry 

N-methyl-2-pyrrolidone (NMP) 16.8 55.0 

Polyethersulfone (PESf) 4.9 11.0 

Polyvinylpyrrolidone (PVP) 1.0 1.7 

WC powder 73.6 None 

 WO3 powder 3.7 None 

Graphite powder None 32.3 

 

Table S2  HER performance of WC and WC/WO3−x-T in 0.5 M H2SO4 media 

Sample Overpotential (mV) 

Tafel slope 

(mV·dec−1) 

Cdl (mF·cm−2) j0 (mA·cm−2) Rct (Ω) 

WC 216 113.1 39.5 0.044 4.66 

WC/WO3−x-700 189 91.7 61.7 0.081 2.59 

WC/WO3−x-800 137 67.5 145.5 0.149 1.80 

WC/WO3−x-900 107 59.3 181.8 0.253 0.82 

WC/WO3−x-1000 161 73.5 78.2 0.110 1.94 

 

Table S3  ECSA of WC and WC/WO3−x-T in 0.5 M H2SO4 and 1.0 M KOH 

Sample AECSA (cm2) 0.5 M H2SO4 AECSA (cm2) 1.0 M KOH 

WC 987.5 547.5 

WC/WO3−x-700 1542.5 1052.5 
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WC/WO3−x-800 3637.5 2047.5 

WC/WO3−x-900 4545.0    4207.5 

WC/WO3−x-1000 1955.0 1570.0 

 

Table S4  HER performance of WC and WC/WO3−x-T in 1.0 M KOH media 

Sample Overpotential (mV) 
Tafel slope 

(mV·dec−1) 
Cdl (mF·cm−2) j0 (mA·cm−2) Rct (Ω) 

WC 234 140.3 21.9 0.076 6.92 

WC/WO3−x-700 198 115.8 42.1 0.154 5.25 

WC/WO3−x-800 136 93.2 81.9 0.316 1.95 

WC/WO3−x-900 123 72.4 168.3 0.363 1.01 

WC/WO3−x-1000 188 102.6 62.8 0.187 3.60 

 

Table S5  Comparison of HER performance in 0.5 M H2SO4 media of the electrodes produced in the present study 

with other tungsten carbide-based catalysts previously reported in the literatures 

Material Overpotential (mV) Tafel slope (mV·dec−1) Ref. 

WC–CNTs 145 72 [S1] 

W2C NPs 123 45 

[S2] 

WC NPs 250 78 

2D WC 120 38 [S3] 

W2C@carbon 135 68 [S4] 

W2C microspheres 190 118 [S5] 

WxC@WS2 146 61 [S6] 

Cu@WC 92 50.5 [S7] 
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WC/Co@NCNTs 98 52 [S8] 

N-doped WC 113 75 [S9] 

Co2P/WC@NC 91 40 [S10] 

WC/WO3−x-900 107 59.3 This work 

 

Table S6  Comparison of HER performance in 1.0 M KOH media of the electrodes produced in the present study with 

other tungsten carbide-based catalysts previously reported in the literatures 

Material Overpotential (mV) Tafel slope (mV·dec−1) Ref. 

WC–CNTs 137 106 [S1] 

2D i-WC–G 225 108 [S3] 

Cu@WC 119 88.7 [S7] 

W2N/WC 148.5 47.4 [S11] 

ES-WC/W2C 75 59 [S12] 

WC–W2C/PNCDs 101 90 [S13] 

Co–WC/CN 98 125 [S14] 

Ni/WC 77 68.6 [S15] 

CNS@WC/GF 68 72 [S16] 

Mo2C/W2C 132 76 [S17] 

WC/WO3−x-900 123 72.4 This work 
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