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28    Figure S1 shows the internal layout of the sputtering system chamber attached by two targets 

29 located face-to-face. In this study, the two target positions are WC and Mo materials with the size 

30 of 60 cm 12.5 cm  1.2 cm. The carousel was rotating in the deposition process for constructing 

31 the W2C@WC1-x/Mo multilayer film on carbon cloth (CC) substrate. The maximum deposition zone 

32 is 1.1104 cm2 electrode (per batch).

33

34 Figure S1 The optical picture of the chamber of the sputtering deposition system.

35   The dense W2C@WC1-x film was deposited under Ar pressure of 0.5 Pa, DC bias voltage of -90 V on 

36 substrate, the sputtering power of 2.8 kW of WC target and deposition time of 120 min. Figure S2 

37 presents the FESEM image of the surface morphology of the dense W2C@WC1-x film. 

38

39 Figure S2 The FESEM image of the surface morphology of the dense W2C@WC1-x film.



40   Figure S3 shows the FESEM image of the CC coated by the porous W2C@WC1-x film. The cross-

41 section of each carbon fibre of CC is approximate 14m in diameter. 

42

43 Figure S3 The FESEM image of W2C@WC1-x film coated on CC.

44  The cross-sectional FESEM image of the columnar W2C@WC1-x film on CC and the EDS elemental 

45 mappings of W and C are shown in Figure S4. The loading mass per area of W2C@WC1-x is 2.34 

46 mg·cm-2 as calculated by weighting. 

47   

48 Figure S4 The cross-sectional FESEM image of W2C@WC1-x film on CC and EDS elemental mappings 

49 of W and C.
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61   The Ir/Pt coating was deposited on the W2C@WC1-x/Mo multilayer film to protect the original film 

62 structure from any damage by the high-power focused ion beam in the preparation process of cross-

63 sectional sample. Figure S5 shows FESEM image of original sampling position of the as-made cross-

64 sectional FIB sample. The took-off FIB sample was welded at the end of the tungsten tip before it 

65 was put the TEM sample holder. 

66

67 Figure S5 FESEM image of the FIB sample of W2C@WC1-x/Mo multilayer film on CC.

68     As shown in Figure S6, it can be obviously observed that each single column and pore channel is 

69 almost throughout the entire W2C@WC1-x/Mo multilayer film from the interface between film and 

70 substrate to the film top surface. 

71

72 Figure S6 HAADF image of the entire cross-sectional W2C@WC1-x/Mo film on CC.
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81   Figure S7a show the cross-sectional HAADF image of the W2C@WC1-x film. The columnar platelets 

82 are marked by the blue color and the concominant pore channles are marked by the yellow color, 

83 both of which grew along the film thickness direaction. As shown in the HRTEM image in Figure S7b, 

84 it can be seen that the W2C@WC1-x particles have big size over 30 nm. 

85  

86 Figure S7 (a) HAADF image of cross-sectional W2C@WC1-x film on CC, and (b) HRTEM image of the 

87 representative zone from the selected red square in (a). 

88   Figure S8a presents the full scan XPS spectrum of W2C@WC1-x film. The W/C ratio was 0.73, much 

89 lower than that of the initial target of WC (stoichiometric ratio of 1). Figure S8b shows the high-

90 resolution XPS W 4f spectrum of W2C@WC1-x film. The fitting peaks at 31.7 eV and 33.7 eV can be 

91 assigned to features of W-C bonds in W2C, while the doublet of 32.3 eV and 34.3 eV is attributed to 

92 the features of W-C bonds in WC1-x, indicating that WC1-x and W2C co-exist in the deposited film. 

93    

94 Figure S8. The full scan (a) and high-resolution XPS W 4f spectra (b) of the W2C@WC1-x film. 
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95   Figure S9 shows the high-resolution XPS Mo 3d spectrum of the W2C@WC1-x/Mo multilayer film. 

96 The peaks located at 228.3 eV and 231.4 eV (Figure S9) are attributed to be metallic Mo, indicating 

97 that additional Mo sublayer didn’t react with other W and C ions in plasma and has potential to 

98 benefit for the improved electron transport properties of the W2C@WC1-x/Mo multilayer film 

99 electrocatalyst. 

100

101 Figure S9. The high-resolution XPS Mo 3d spectrum of the W2C@WC1-x/Mo multilayer film. 

102   Figure S10a,b present the TEM image of the cross-sectional W2C@WC1-x/Mo multilayer film and 

103 the SAEDs localized at the red circles, respectively. It can be seen that the all the SAEDs show the 

104 constant diffraction. It indicates that the deposited entire film possesses the homogenous structure 

105 of W2C and WC1-x and Mo phases. 

106  

107 Figure S10. The TEM image of the cross-sectional W2C@WC1-x/Mo multilayer film on CC (a) and 

108 the SAED patterns through the entire cross-section (b).



109      

110   
111 Figure S11 Cyclic voltammograms (CV) curves of (a) W2C@WC1-x/Mo film, (b) W2C@WC1-x film and 

112 (c) dense W2C@WC1-x film electrodes with different scan rates from 10 to 90 mV·s-1.

113   Figure S12 shows the time-dependent current density curve of W2C@WC1-x/Mo film electrode at 

114 170 mV vs RHE. The high current density of approximate 104 mA·cm-2 was close to the industrial H2 

115 production and its stabilization was over 52 hours even though the hydrogen production process 

116 was interrupted at the running time of 7.2 and 28.2 hours.  

117

118 Figure S12 Time-dependent current density curve of W2C@WC1-x/Mo film electrode under a static 

119 overpotential of 170 mV vs RHE for running 52 hours, with twice interruption moments of running 

120 7.2 hours and 28.2 hours.



121 The turnover frequency (TOF) is the number of H2 molecules evolved per second per active site. 

122 It is a crucial index to evaluate the intrinsic catalytic activities of the electrocatalysts. To further 

123 estimate the activities of the films, the TOF value was investigated using the most reported method, 

124 the detail was described as below [S1]:

125 TOF= =
area unit per sites active of number Total

second per molecules H of number Total 2

Nq2

j

126  where j is current density, N is the active site density, q is the elementary charge as 1.610-19, 2 

127 accounts for 2 electrons transfer per one H2 molecule generation. The active sites per unit area can 

128 be obtained from the ECSA measurement, and the ECSA of the electrocatalyst can be calculated 

129 from the Cdl/Cs. Cs is the sample capacitance of an atomically smooth planar surface of material per 

130 unit area under identical electrolyte conditions. The Cs as general specific capacitance was 0.04 

131 mF/cm2 in 0.5M H2SO4 based on typical reported values [S1]. The number of active site was 

132 estimated to be 7.911014 W atoms per cm2 [S2]. So the active site density is calculated according 

133 to equation:

134 TOF= =
Nq2

j
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135   The porous W2C@WC1-x/Mo film still anchors on the CC substrate even after 3,000 sweeps between 

136 0 to -0.25 V vs. RHE in 0.5 M H2SO4 solution, as shown in Figure S13a and b. It suggests that this 

137 porous film on flexible possesses the remarkable integrity of film structure. 

138   

139 Figure S13 (a) The FESEM images and (b) the EDS elemental mappings of W, Mo and C of the cross-

140 sectional W2C@WC1-x/Mo film on CC after 3,000 sweeps between 0 to -0.25 V vs. RHE in 0.5 M H2SO4 

141 solution.

142



143   Figure S14a,b show the XPS C1s and Mo 3d spectra of the W2C@WC1-x/Mo multilayer film on CC 

144 after 3,000 sweeps between 0 to -0.25 V vs. RHE, respectively. The main peak at 283.4 eV in C1s 

145 profile is indexed to the C-metal bonds, and the two peaks at 284.4 and 285.5 eV are attributed to 

146 sp2 and sp3 C-C bonds of contaminate carbon, respectively. The peaks at 228.3 eV and 231.4 eV in 

147 Mo 3d profile are attributed to be metallic Mo of sublayer in the W2C@WC1-x/Mo film. As shown in 

148 Figure 5b, the fitting peaks at 31.6 eV and 33.7 eV can be assigned to features of W-C bonds in W2C, 

149 while the doublet of 32.3 eV and 34.4 eV is attributed to the features of W-C bonds in WC1-x. The 

150 aforementioned analysis results suggest the high chemical composition stability of the W2C@WC1-

151 x/Mo film electrode. 

152

153 Figure S14 The high-resolution XPS (a) C1s and (b) Mo 3d spectra of the W2C@WC1-x/Mo multilayer 

154 film on CC after 3,000 sweeps between 0 to -0.25 V vs. RHE in 0.5 M H2SO4 solution.
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