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EXPERIMENTAL SECTION

Calculation of the electrochemically active surface area

Capacitance values of the samples can be converted into an electrochemical active 

surface area (ECSA) using a specific capacitance of flat standard with 1cm2 of real 

surface area. By taking the specific capacitance value (Cs) for an ideally flat standard 

electrode into account, Cs=0.040 mF cm-2, the ECSA can be determined1, 2:  

                                          (1)𝐸𝐶𝑆𝐴 = 𝐶𝑑𝑙/𝐶𝑠

Calculation of the Turnover Frequency

TOF is calculated as

                     (2)  𝑇𝑂𝐹 = 𝐽 ∗ 𝑆/(𝑋 ∗ 𝐹 ∗ 𝑛)

J: current (in A) during the linear sweep measurement.

S: the area of the working electrode.

X: The factor ½ arrives by taking into account that two electrons are required to 

form one hydrogen.

F: Faraday constant (~ 96485 C mol-1).

n: the number of active sites (mol).

First-Principles Density Functional theory

The free energy of hydrogen adsorption (ΔGH*) is a useful descriptor to describe 

the activity in acid, ideal hydrogen reduction catalysts have 3. Hydrogen ∆𝐺𝐻 ∗ ≈ 0 𝑒𝑉

atom adsorption energy (Ead) is calculated as follows:

                                               (3)
𝐸𝑎𝑑 = 𝐸𝑀 ‒ 𝑊𝑆𝑒2 + 𝐻 ‒ 𝐸𝑀 ‒ 𝑊𝑆𝑒2

‒ 0.5𝐸𝐻2

: the total energy of the catalyst that absorbs one H atom, 
𝐸𝑀 ‒ 𝑊𝑆𝑒2 + 𝐻

: the total energy of the catalyst without H atom, where M is Mo, Ni, 
𝐸𝑀 ‒ 𝑊𝑆𝑒2

NiMo, 

: gas phase hydrogen molecular energy.
𝐸𝐻2

ΔGH* is calculated as follows:

                          (4)∆𝐺𝐻 ∗ = 𝐸𝑎𝑑 + ∆𝐸𝑍𝑃𝐸 ‒ ∆𝑇𝑆𝐻



ΔEZPE: the zero-point energy between the adsorbed hydrogen atom and its 

reference state in the H2 molecule. 

ΔTSH: the entropy between the adsorbed H and H2 molecules in the gas phase. 

Fig. S1 XRD patterns for WSe2.



Fig. S2 The different magnifications SEM images of (a, b) WSe2. (c, d) Mo-WSe2. (e, 

f) Ni-WSe2 and (g, h)NiMo-WSe2.  



Fig. S3 XPS survey spectra of (a) WSe2. (b) Mo-WSe2. (c) Ni-WSe2 and (d) NiMo-

WSe2.



Fig. S4 Equivalent circuit diagram of electrochemical impedance spectroscopy.

Nyquist plot using ZSimDemo software for data fitting, and using an equivalent circuit 

with a solution resistance (Rs), a charge transfer resistance (Rct), and a constant phase 

element (Cd). The corresponding diagram of the equivalent circuit is shown in Fig. S4 

and the specific simulation results are summarized in Table S6. As displayed in Fig. 5c 

and Fig. 5h, all Nyquist plots show the similar trends, suggesting that the charge transfer 

processes and electrochemical mechanisms of the catalysts toward HER are alike, the 

Rct of the catalyst in 0.5 M H2SO4 is less than that in 1 M KOH. It can also be observed 

that these catalysts have different solution resistances (Rs) in the 0.5 M H2SO4 and 1.0 

M KOH electrolyte, which are caused by the different contact resistances between 

electrode and electrolyte. the NiMo-WSe2 catalyst exhibits the lowest contact resistance 

in 0.5 M H2SO4 and 1 M KOH.



Fig. S5 CV curves in a non-Faradaic potential range (0-0.1 V vs. RHE) of (a) WSe2. 

(b) Ni-WSe2. (c) Mo-WSe2 and (d) NiMo-WSe2, in N2-saturated 0.5 M H2SO4 at scan 

rate of 10 mV s-1, 20 mV s-1, 40 mV s-1, 60 mV s-1, 80 mV s-1, 100 mV s-1.

Fig. S6 Stability test of NiMo-WSe2 sample in 0.5 M H2SO4. Polarization curves before 

(red) and after (blue) continuous 2000 CV cycles.



Fig. S7 CV curves in a non-Faradaic potential range (0-0.1 V vs. RHE) of (a) WSe2. 

(b) Ni-WSe2. (c) Mo-WSe2 and (d) NiMo-WSe2, in N2-saturated 1 M KOH at scan rate 

of 10 mV s-1, 20 mV s-1, 40 mV s-1, 60 mV s-1, 80 mV s-1, 100 mV s-1.



Fig. S8 Polarization curves with the current densities normalized to ECSA in 0.5 M 

H2SO4(a) and 1 M KOH(b) of WSe2, Mo-WSe2, Ni-WSe2 and NiMo-WSe2.

Fig. S9 Polarization curves of NiMo-WSe2 in 0.5 M H2SO4(a) and 1 M KOH(b), where 

the feed ratio of Ni:Mo is 1:1, 1:2, 2:1, 1:3 and 3:1, respectively.



Fig. S10 Stability test of NiMo-WSe2 sample in 1 M KOH. Polarization curves before 

(red) and after (blue) continuous 2000 CV cycles.

Fig. S11 The different magnifications SEM images of NiMoWSe2 before 

chronoamperometry (a, b), after 40 h of testing in 0.5 M H2SO4 (c, d) and 1 M KOH (e, 

f).



Fig. S12 The top views of the WSe2, Ni-WSe2, Mo-WSe2 and NiMo-WSe2 model 

with H∗ adsorbed on the varied local configurations.



Fig. S13 In NiMo-WSe2, the hydrogen adsorption point is located at the free energy of 

Se-Mo when Mo is replaced by Ortho, Para and Meta of Ni for W.

Fig. S14 DFT-optimized geometries of alkaline HER on NiMo-WSe2(Meta).



Fig. S15 Free energy diagrams of the WSe2, Mo-WSe2, Ni-WSe2 and NiMo-WSe2( 

ortho, para and meta) under alkaline electrolytes. 

Fig. S16 (a)Total density of states (TDOS) and (b) Partial enlargement for WSe2, Mo-

WSe2, Ni-WSe2 and NiMo-WSe2.



 Fig. S17 Charge density difference plot of (a)WSe2. (b)Mo-WSe2 and (c)Ni-WSe2.



Table S1. the specific surface area, Pore volume and Pore diameter.

Sample
 Specific surface  area

(m2 g-1)

Pore volume

(cm3 g-1)

Pore diameter

(nm)

WSe2 10.3013 0.061986 20.9762

Mo-WSe2 23.7397 0.086861 11.6639

Ni-WSe2 45.1899 0.155643 10.5731

NiMo-WSe2 47.8663 0.230500 17.3539

Table S2. Peak area obtained for W, Se , Ni, Co and Mo from X-ray photoelectron 

spectroscopy.

WSe2 Mo-WSe2 Ni-WSe2 NiMo-WSe2

4f7/2 31.56 31.64 31.68 32.61

4f5/2 33.71 33.79 33.84 34.74

4f7/2 35.06 35.24 35.04 35.96
W

4f5/2 37.17 37.15 37.23 38.22

3d5/2 53.79 53.81 53.98 54.79
Se

3d3/2 54.63 54.64 54.80 55.64

2p3/2 853.71 854.17
Ni

2p1/2 871.16 871.42

3d5/2 228.15 229.04Mo

3d3/2 231.23 232.15



Table S3. Contents of WSe2, Mo-WSe2, Ni-WSe2 and NiMo-WSe2 by ICP-AES.

Ni(at.%) Mo(at.%) Se(at.%) W(at.%)
Atomic ratio of metals
(Ni:Mo:Se:W)

WSe2 67.00 33.00 2.03:1

Mo-WSe2 4.67 64.02 30.31 1:13.7:6.49

Ni-WSe2 4.96 65.26 29.78 1:13.16:6.00

NiMo-WSe2(1:1) 4.83 4.08 65.95 25.14 1:0.84:13.65:5.20



Table S4. Electrochemical HER performance of present work along with previous 

reports.

Sample Electrolyte
Over Potential(mV),

η at 10 mA cm-2

Tafel slope 

(mV dec-1)
Ref.

NiMo-WSe2 177 82

Mo-WSe2 279 123

Ni-WSe2 249 107

WSe2

0.5M H2SO4

319 127

NiMo-WSe2 188 122

Mo-WSe2 303 140

Ni-WSe2 240 125

WSe2

1M KOH

403 225

This work

WSe2 0.5M H2SO4 307 126 4

WSe2 380 105

Ni Doped WSe2 259 86

Co Doped WSe2 320 93

Fe Doped WSe2 285 85

Zr Doped WSe2

0.5M H2SO4

322 113

5

WSe2 Nanofilms 0.5M H2SO4 239 184 6

RGO/WSe2 0.5M H2SO4 220 57.6 7

Co/hp-WSe2 0.5M H2SO4 268 37 8

WSe2 353 93

Co-WSe2 225 48

Co-WSe2/MWNTs

0.5M H2SO4

174 37

9

WSe2–C-20 0.5M H2SO4 158 98 10

Mo1−xWxSe2 0.5M H2SO4 209 76 11



Table S5. The fitting specific parameters of EIS spectrum.

0.5M H2SO4 1M KOH

Catalyst Rs(Ω) Rct(Ω) Rs(Ω) Rct(Ω)

WSe2 3.301 26.87 2.739 361.2

Mo-WSe2 3.607 11.99 2.576 231.8

Ni-WSe2 2.695 9.782 2.303 189.9

NiMo-WSe2 2.394 4.177 1.954 23.66

Table S6. TOF value from HER at the overpotential of -0.3V vs RHE for WSe2, Mo-

WSe2, Ni-WSe2 and NiMo-WSe2.

Sample Current density at -0.3V vs RHE (mV) n (mol) TOF

WSe2 7.815 0.022682579 0.001785

Mo-WSe2 12.41 0.022848875 0.002814

Ni-WSe2 19.78 0.022192777 0.004618

NiMo-WSe2 49.66 0.023165755 0.011108



Table S7. Formation energies (ΔE) for selected different models of WSe2, Ni-WSe2, 

Mo-WSe2 and NiMo-WSe2 nanostructures and ΔGH* value at different hydrogen 

adsorption sites.

Sample model Formation 

energy ΔE(eV) 

Hydrogen adsorption site,

 H* at the top of Se

ΔGH*(eV)

WSe2 -1.11(per WSe2) onto Se–W 2.09

Ni-WSe2 3.72 onto Se–Ni -0.08

Mo-WSe2 -6.33 onto Se–Mo 2.07

Ortho: NiMo-

WSe2

onto Se–Ni -0.09

Ortho: NiMo-

WSe2

onto Ni –Se–Mo -0.1

Ortho: NiMo-

WSe2

3.46 

onto Se–Mo 1.73

Para: NiMo-

WSe2

3.39 

onto Se–Ni -0.07



Table S8. the water dissociation kinetic energy barrier (ΔGw) of WSe2, Mo-WSe2, 

Ni-WSe2 and NiMo-WSe2(ortho, para and meta).

ΔGw: *H2O→*H+*HO (eV) ΔGw: *H+*HO→*H+HO- (eV)

WSe2 -0.015 3.925

Mo-WSe2 -0.051 3.914

Ni-WSe2 1.887 0.062

NiMo-WSe2 (Ortho) 1.891 0.056

NiMo-WSe2 (Para) 1.968 0.109

NiMo-WSe2 (Meta) 1.890 0.077
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