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(1) Preparation of mono-metal-based selenides

NiSe/CC was fabricated by a standard hydrothermal method.  

Ni(CH3COO)2·4H2O (0.875 mmol) and Na2SeO3 (0.875 mmol) were added to a 

solution (35 mL) including DETA (5 mL), N2H4·H2O (10 mL), and DW (20 mL).  

After stirring for 30 min, the clean CC was immersed in the solution and heated to 180 

oC for 12 h in an autoclave.

MoSe2/CC was prepared in two steps.  4 mmol (NH4)2MoO4 and cleaned CC were 

added to 10 mL of DW and heated in a water bath to 70 oC.  40 mL HNO3 were added 

dropwise and stirred in a water bath for 60 min to obtain MoO3 covered CC.  MoSe2 

on CC was prepared by a selenation process similar to the preparation of NMS/CC.

(2) Calculation of the turnover frequency (TOF)

Calculation of TOF follows previous works 1.  The turnover frequency for MOR 

is calculated by Equation S1:

                 
𝑇𝑂𝐹 =

𝑁𝑜. 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝐶𝐻𝑂𝑂𝐻 𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟/𝑐𝑚2 𝑜𝑓 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎

𝑁𝑜. 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠/𝑐𝑚2 𝑜𝑓 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎

(Equation S1)

The total number of CHOOH turnovers per current density is calculated by Equation 

S2:

No. of CHOOH = 

(per )( )( )( )(

𝑚𝐴

𝑐𝑚2
1 𝐶 𝑠 ‒ 1

1000 𝑚𝐴
1 𝑚𝑜𝑙 𝑜𝑓 𝑒
96485.3 𝐶

1 𝑚𝑜𝑙 𝑜𝑓 𝐶𝐻𝑂𝑂𝐻
4 𝑚𝑜𝑙 𝑜𝑓 𝑒

)

6.022 × 1023 𝐶𝐻𝑂𝑂𝐻 𝑚𝑙𝑒𝑐𝑢𝑙𝑒𝑠
1 𝑚𝑜𝑙 𝑜𝑓 𝐶𝐻𝑂𝑂𝐻



= 1.56×1015  per                          (Equation S2)

𝐶𝐻𝑂𝑂𝐻 𝑠 ‒ 1

𝑐𝑚2

𝑚𝐴

𝑐𝑚2

Using the assumption that either Ni, Mo, or Se acts as the active site, the active sites 

per real surface can be calculated approximatively as follows:

Active sites per ECSANiSe =    
 (

2 𝑎𝑡𝑜𝑚𝑠/𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙

61.8 Å3/𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
)

2
3 = 1.016 × 1015 𝑎𝑡𝑜𝑚𝑠 𝑐𝑚 ‒ 2

𝐸𝐶𝑆𝐴

(Equation S3)

Active sites per ECSAMoSe 2 =      
 (

3 𝑎𝑡𝑜𝑚𝑠/𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙

121.1 Å3/𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
)

2
3 = 8.498 × 1014 𝑎𝑡𝑜𝑚𝑠 𝑐𝑚 ‒ 2

𝐸𝐶𝑆𝐴

(Equation S4)

Active sites per ECSANMS =      
 (

5 𝑎𝑡𝑜𝑚𝑠/𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙

182.9 Å3/𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙
)

2
3 = 9.075 × 1014 𝑎𝑡𝑜𝑚𝑠 𝑐𝑚 ‒ 2

𝐸𝐶𝑆𝐴

(Equation S5)

Finally, the plot of current density is converted into a TOF plot according to the 

equations as follows:

TOF =  .             (Equation S6)
 

(1.56 × 1015𝐶𝐻𝑂𝑂𝐻 𝑠 ‒ 1

𝑐𝑚 ‒ 2
 𝑝𝑒𝑟

𝑚𝐴

𝑐𝑚2
) × |𝑗|

(𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 𝑝𝑒𝑟 𝑟𝑒𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎) × 𝐸𝐶𝑆𝐴

The turnover frequency for HER can also be calculated.  The total number of 

hydrogen turnovers per current density is calculated by Equation S7:

No. of H2 = (per )( )( )( )(

𝑚𝐴

𝑐𝑚2
1 𝐶 𝑠 ‒ 1

1000 𝑚𝐴
1 𝑚𝑜𝑙 𝑜𝑓 𝑒
96485.3 𝐶

1 𝑚𝑜𝑙 𝑜𝑓 𝐻2

2 𝑚𝑜𝑙 𝑜𝑓 𝑒

)

6.022 × 1023 𝐻2 𝑚𝑙𝑒𝑐𝑢𝑙𝑒𝑠

1 𝑚𝑜𝑙 𝑜𝑓 𝐻2



= 3.12×1015  per   .                       (Equation S7)

𝐻2 𝑠 ‒ 1

𝑐𝑚2

𝑚𝐴

𝑐𝑚2

Using the assumption that Ni, Mo, or Se acts as the active site, the active sites per real 

surface can be calculated approximatively by Equation S3-5.  Finally, the current 

density plot is converted into a TOF plot according to the following equation:

TOF =                (Equation 

(3.12 × 1015
𝐻2 𝑠 ‒ 1

𝑐𝑚 ‒ 2
 𝑝𝑒𝑟

𝑚𝐴

𝑐𝑚2
) × |𝑗|

(𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 𝑝𝑒𝑟 𝑟𝑒𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎) × 𝐸𝐶𝑆𝐴

S8)

(3) Density-functional theory calculation

Density-functional theory (DFT) calculation is performed using the DMol3 

program implemented in Material Studio 2 and the slab model with a vacuum space of 

15 Å along the z-direction is adopted for NiSe2.  The NiSe (101) and MoSe2 (002) 

surfaces are selected due to the strongest diffraction signal in the XRD pattern and 

lattice revealed by HR-TEM.  The exchange-correlation functional under the 

generalized gradient approximation (GGA) within the Perdew-Burke-Ernzerhof (PBE) 

functional is implemented 3.  The double-numeric quality basis set with the 

polarization functions (DNP) is adopted and the core electrons are treated with the DFT 

semi-core pseudopotentials (DSPPs) 4, 5.  The convergence tolerance of optimal 

configuration for energy, force, and maximum displacement is 1.0 × 10-5 Ha, 0.002 

Ha/Å, and 0.005 Å, respectively.  Based on previous studies, the oxidation of methanol 

can be described as follows 6: 

* → *CH3OH → *CH3O· → *CH2O· → *CHO· → *CHOO-,



where * denotes the clean electrocatalyst surface.  The elemental steps are shown as 

follows 7:

*A-H + OH- → *A + H2O + e-,

where the reaction free energy changes can be expressed as:

ΔG = G*A + GH2O + Ge- - G*A-H - GOH
-               (Equation S9)

GOH- = GH2O - GH
+ .                     (Equation S10)

Therefore,

ΔG = G*A - G*A-H + GH
+ + Ge- .                (Equation S11)

For the calculation of GH
+ + Ge- under the normal conditions, the computational 

hydrogen electrode model provided by Nørskov8 is adopted to calculate the chemical 

potential of H+ + e-

GH
+ + Ge- = 1/2GH2 .                    (Equation S12)

The reaction free energy correction is calculated according to the following equation7:

ΔG = ΔE + ΔZPE + ΔH – TΔS ,              (Equation S13)

where ΔE, ΔZPE, ΔH, and ΔS refer to the reaction energy from the DFT calculations, 

the change of zero-point energy, the integrated heat capacity from 0K to 298.15 K, and 

the entropy change, respectively.  The adsorption energy (Eads) of CH3OH and 

intermediates (int.) on the surface of the substrate is defined as:

Eads = E*int. – (E* + Eint.) ,               (Equation S14)

where *int. and * denote adsorbed intermediates on the sample and bare substrate and 

Eint. denotes the energy of individual intermediates 9.  



Figure S1. XRD spectra of NMO/CC.



Figure S2. XPS of O 1s of NMO/CC catalyst.



Figure S3. Optimized model of the surface of the MoSe2/NiSe heterostructure: Left, 

MoSe2 (002); Right, NiSe (101).



Figure S4. Elemental maps of tMo, Ni, and Se of the NMS nanowire.



Figure S5. High-resolution XPS spectra of NMO/CC: (a) Ni 2p and (b) Mo 3d.



Figure S6. Photograph of the electrode during (a) OER and (b) MOR.



Figure S7. (a) Polarization curves and (b) Tafel plots of NMS/CC, NiSe/CC, NMO/CC, 

MoSe2/CC for MOR.



Figure S8. (a) EIS spectra of the NMS/CC, NiSe/CC, NMO/CC, and MoSe2/CC 

electrocatalysts for MOR; (b) Electron transfer resistance (Rct) of NMS, NiSe, NMO, 

and MoSe2.



Figure S9. (a) EIS and (b) Electrical conductivity of the MSM/CC and CC skeleton.



Figure S10. LSV curves of the NMS/CC electrocatalyst: (a) Before and (b) After the 

long-term continuous measurement.



Figure S11. SEM images of the NMS/CC electrocatalyst after the long-term test.



Figure S12. XRD spectra of the NMS/CC electrocatalyst before and after the long-term 

test.



Figure S13. (a) XPS Mo 3d spectrum and (b) Raman spectrum of NMS/CC after the 

electrochemical measurement.



Figure S14. Partial density of states of Ni-3d, Mo-4d, and Se-4p in the NMS 

heterostructure.



Figure S15. Simulated schematic diagram of the corresponding catalyst in MOR.



Figure S16. HER characteristics in 1.0 M KOH and 1.0 M CH3OH electrolytes: (a) 

Polarization curves and (b) Tafel plots (1 - NMS/CC, 2 - NiSe/CC, 3 - NMO/CC, and 

4 - MoSe2/CC).



Figure S17. TOF plots with respect to the overpotentials of the NiSe/CC, MoSe2/CC, 

and NMS/CC electrocatalysts for HER.



Figure S18. EIS plots of the electrocatalysts in HER.



Figure S19. Polarization curves of the NMS/CC electrocatalyst in different 

electrolytes. 



Figure S20. Comparison of the overpotentials at different current densities of the 

NMS/CC, MoSe2/CC, and NMO/CC electrocatalysts.



Figure S21. Stability of the NMS/CC electrocatalyst in HER in 1.0 M KOH and 1.0 M 

CH3OH.



Figure S22. MOR and HER curves of the NMS/CC, NiSe/CC, NMO/CC, and 

MoSe2/CC electrocatalysts.



Figure S23. Cyclic voltammetry (CV) curves of (a) NMS, (b) NiSe, (c) NMO, and (d) 

MoSe2 at scanning rates between 10 and 100 mV s-1.



Figure S24. ECSA of the NMS/CC, NiSe/CC, NMO/CC, MoSe2/CC electrocatalysts.
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