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Experimental Section

Oxidation of W foil: W foil is ultrasonically cleaned in acetone, ethanol, and distilled 

water for 15 minutes in sequence. The cleaned W foil is dried in an oven at 100℃. 

The dried W foil is calcined in air at 600℃ for 2 h in the tube furnace with a ramping 

rate of 10℃ per min to form WO2 on the surface of the W foil. Then WO2/W film is 

cooled by natural air convection in the furnace back to the ambient condition. Finally, 

the pre-treated WO2/W film is placed on an alumina boat, the reactions are performed 

at the temperature of 800℃for 40 min in rough vacuum in order to form WO3/W. 

Preparation of WC/W electrocatalyst: To prepare the WC/W sample, the WO3/W film 

is heated up to 800℃ with a flowing mixture of H2 and Ar (H2/Ar=30:70) at a heating 

rate of 20℃ per min, then the CH4 (15 sccm) gas is inlet into the tube to make 

WO3/W film to undergo carburization in a gas flow of 13 vol% CH4 /26 vol% 

H2/61vol% Ar in a tubular furnace at 800 °C for 20 min. After the carburization 

process, the methane is turned off, the sample is heated to 900℃ in an Ar gas flow of 
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200 sccm and undergoes hydrogen treatment at 900℃ for 30 min. At last, generated 

WC/W film cools down to the room temperature in an atmosphere of argon.

Structural characterizations of the electrocatalyst.  

The morphology of the as-grown WO3-x, WO3, and WC samples was characterized by 

scanning electron microscopy (HITACHI UHR FE-SEM SU8010). X-ray diffraction 

(XRD) spectra were obtained using the D8 ADVANCE diffractometer with Cu Kα 

radiation (λ = 1.5418 Å). X-ray photoelectron spectroscopy (XPS) measurements are 

carried out by a ESCALAB 250Xi system (Thermo Fisher), equipped with a 100 W 

Al Kα source on a spot size of 100 µm at a 45° incident angle. The binding energy 

scan ranges from 0 to 1200 eV with an interval step of 1 eV, high-intensity excitation 

is provided by monochromatic Al Ka X-rays that are 1486.6 eV in energy with a 0.48 

eV resolution at full width at half-maximum. The binding energy scale is calibrated to 

carbon line of 284.8 eV. All XPS spectra are recorded with a resolution of 50 meV. 

Each data set is first corrected for the nonlinear emission background. The data is then 

fitted with Gaussian function to find the deconvoluted peak positions. Transmission 

electron microscopy (TEM), high-resolution TEM (HRTEM), selected-area electron 

diffraction (SAED) and energy dispersive X-ray spectroscopy (EDS) mapping studies 

are conducted on a probe-corrected transmission electron microscope operating at 200 

kV (FEI Titan F20 TEM). 



Electrochemical performance measurement

All electrochemical measurements were performed on a CHI 660e electrochemical 

workstation with a standard three-electrode cell in the electrolyte of 0.5 mol/L H2SO4 

(pH = 0) and 1 mol/L KOH (pH = 14), respectively. The samples can be directly used 

as working electrode without other treatment, the saturated calomel electrode (SCE) is 

used as reference electrode and platinum wire is used as counter electrode. The 

polarization curves were obtained by linear sweep voltammograms scan from 0 to -

0.5 V (vs. Ag/AgCl) with a sweep rate of 2 mV·s-1  Electrochemical impedance 

spectroscopy (EIS) measurements were conducted over a frequency range from 1000 

Hz to 0.01 Hz. The stability was tested by cyclic voltammetry under the acid and 

basic media at potentials between 0 V and -0.6 V at a scan rate of 100 mV/s and a 

sweep segment of 4000.



Table S1 Comparison of HER performance of WC/W with other tungsten 

carbide electrocatalysts

Materials Electrolyte ηonset 
(mV)

η10 

(mV)
Tafel slope

(mV/dec)
Ref.

WC/W 0.5 M H2 SO4

1 M KOH

30

22

87

68

55.5

38.89

This work

WC/W2C 
heterojunction

0.5 M H2 SO4

1 M KOH

~

~

69

56

52

59

Ref.  S1

WC-CNTs 0.5 M H2 SO4

1 M KOH

15

16

145

137

72

106

Ref.  43

p-WC xNWs/CC 0.5 M H2 SO4

1 M KOH

39

56

118

122

55

56

Ref.  36

TCNC spheres 0.5 M H2 SO4

1 M KOH

~

~

290

300

110

133

Ref.  19

2D i-WC-G 0.5 M H2 SO4

1 M KOH

~

~

120

225

38

108

Ref.  S2

W2C@CNT-S 0.5 M H2 SO4

1 M KOH

60

40

176

148

57.4

56.2

Ref.  S3

CoW/CN 1 M KOH 31 98 125 Ref.  S4

WxC@WS2

Nanostructure

0.5 M H2 SO4 70.3 146 61 Ref.  S5
W2C/MWNT 0.5 M H2 SO4 50 123 45 Ref.  15

WC nanoparticles 0.5 M H2 SO4 ~ 125 84 Ref.  30
Ni/WC 0.5 M H2 SO4 ~

~

53 43.5 Ref.  S6
3%Pt/WC/C10 0.5 M H2 SO4 ~ 85 85 Ref.  S7

α-W2C/WN@G 0.5 M H2 SO4 ~ 120 68.6 Ref.  14
MoS2/WC/RGO 0.5 M H2 SO4 ~ 200 41 Ref.  S8

WC nanoparticles 
nanoparticlesnanop

articles

nanoparticles

0.5 M H2 SO4 ~ 200 ~ Ref.  S9
WC bulk 0.5 M H2 SO4 ~ 150 ~ Ref.  S10
W2C-HS 0.5 M H2 SO4 ~ 153 67.8 Ref.  S11

W2C-WP@NC 0.5 M H2 SO4 ~ 83 61 Ref.  S12



Figure S1.  X-ray photoelectron spectroscopy (XPS) spectra of O 1s of (a) WC and 

(b) WC-H2. (c) X-ray photoelectron spectroscopy (XPS) full spectra of WC-H2.

Figure S2. EDS analysis on the chemical composition of WC.



          

Figure S3. The Tafel plots of WC(WO3) catalysts hydrogen-treated at different 

temperature measured in 1 M KOH solution.

Figure S4. Double-layer capacitance (Cdl) measurements of (a) WC(WO3), (b) 

WC(WO2), and (c) W catalyst by taking advantage of electrochemical cyclic 

voltammogram in 1 M KOH. The scan speeds are set in the range of 5 to 25 mV/s 

with an interval of 5 mV/s. 

Cdl can be extracted from the slope of the fitted lines of the plots in the figure of Δj 



against the cyclic voltammetry scan rates, where Δj is derived by subtracting the 

negative current density from the positive current density (ja-jc) at a given potential of 

0.55 V versus RHE. Double-layer capacitance (Cdl) measurements of (d) WC(WO3), 

(e) WC(WO2), and (f) W catalyst by taking advantage of electrochemical cyclic 

voltammogram in 0.5 M H2SO4. The scan speeds are set in the range of 5 to 25 mV/s 

with an interval of 5 mV/s. Cdl can be extracted from the slope of the fitted lines of the 

plots in the figure of Δj against the cyclic voltammetry scan rates, where Δj is derived 

by subtracting the negative current density from the positive current density (ja-jc) at a 

given potential of 0.35 V versus RHE.

To calculate the per-site turnover frequency (TOF), we used the following 

formula39:

𝑇𝑂𝐹 =

(3.12 × 1015
𝐻2/𝑠

𝑐𝑚2
𝑝𝑒𝑟

𝑚𝐴

𝑐𝑚2
) × |𝑗|

𝑁𝑜. 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 × 𝐴𝐸𝐶𝑆𝐴

𝑁𝑜. 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠(𝑊𝐶) = (2 𝑎𝑡𝑜𝑚𝑠/𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙

21.04
•
𝐴3/𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙

)
2
3 = 2.08 × 1015

𝐴
𝑊𝐶(𝑊𝑂3)

𝐸𝐶𝑆𝐴 =

2 × 𝐶𝑑𝑙(𝑊𝐶(𝑊𝑂3))
 𝑚𝐹 𝑐𝑚 ‒ 2

40 𝜇𝐹 𝑐𝑚 ‒ 2𝑝𝑒𝑟 𝑐𝑚 2
𝐸𝐶𝑆𝐴

𝐴
𝑊𝐶(𝑊𝑂2)

𝐸𝐶𝑆𝐴 =

2 × 𝐶𝑑𝑙(𝑊𝐶(𝑊𝑂2))
𝑚𝐹 𝑐𝑚2

40𝜇𝐹 𝑐𝑚2𝑝𝑒𝑟 𝑐𝑚 2
𝐸𝐶𝑆𝐴



Figure S5. TOF values of WC(WO3) and WC(WO2) using 40 µF cm−2 as the specific 

capacitance standard in (a) 0.5 M H2SO4 solution and (b) 1 M KOH solution. (c) WC 

unit cell. W atoms: blue and C atoms: grey.

Figure S6. X-ray photoelectron spectroscopy (XPS) spectra of (a) C 1s and (b) W 4f 

of WC after the stability test in 1 M KOH solution.



Figure S7. (a) Polarization curves of W, WC(WO2), WC(WO3) and commercial Pt/C 

catalysts measured in 0.5 M H2SO4 solution. (b) The corresponding Tafel plots. (c) 

Current density variation at a given potential of 0.35 V vs RHE plotted against scan 

rate fitted to a linear regression enables the Cdl estimation. (d) Polarization curves 

recorded from WC(WO3) before and after 1000 cycles of cyclic voltammetry test at a 

scan rate of 0.1 V/s in 0.5 M H2SO4. 

         



Figure S8. (a) Polarization curves of WC(WO3)catalysts hydrogen-treated at different 

temperature measured in 0.5 M H2SO4 solution. (b) The corresponding Tafel plots.
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