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Fig. S1  XRD pattern of Co(OH)F precursor
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Fig. S2 SEM images of Co(OH)F precursor 
(a) × 5000;  (b) ×15 k 

Fig. S3 Low-magnification SEM images of CoSe2-CC and MoS2@CoSe2-CC 
(a) CoSe2-CC; (b) MoS2@CoSe2-CC
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Fig. S4 Comparison of the Tafel slops required to generate a current density of 
10 mA cm-2 for different MoS2-base and CoSe2-base catalysts.

Fig. S5 Nyquist plots of bare CoSe2-CC at high frequency region in 1.0 M KOH



Fig. S6 Typical cyclic voltammogram curves of bare MoS2-CC, CoSe2-CC and 
MoS2@CoSe2-CC hybird in 1.0 M KOH

(a) bare MoS2-CC; (b) bare CoSe2-CC; (c) MoS2@CoSe2-CC hybird
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S7. Electrochemical Active Surface Area (ECSA) Determination

A fair comparison of TOFs has not yet been carried out due to variations in methods for 

measuring the active sites in addition to the issues associated with different catalyst structures10. 

Indeed, in most of the cases, ECSA-derived TOFs have afforded a fairer comparison between 

different electrocatalysts and this method was adopted to calculate TOFs in this work11-12. 

Electrochemical surface area (ECSA) is the ratio of the double layer capacitance to the specific 

capacitance for a flat surface, so the value of ECSA can be calculated as follows 13:

                             (1)
𝐸𝐶𝑆𝐴 =

𝑑𝑜𝑢𝑏𝑙𝑒 𝑙𝑎𝑦𝑒𝑟 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 
𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 

The specific capacitance for a flat surface is generally found to fall within the range of 20-

60 μF cm−2. Because for many metals and transition metal semiconductors, the double layer 

capacitance after surface area normalization is comparable in the same electrolyte14-16. 

Therefore, assuming that the specific capacitance of a flat surface is ~40 μF for 1 cm2 of real 

surface area, which is a moderate value adopted in this paper and then the ECSA is estimated 

as:

                    (2)

𝐸𝐶𝑆𝐴 =
𝑑𝑜𝑢𝑏𝑙𝑒 𝑙𝑎𝑦𝑒𝑟 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 (𝑚𝐹 𝑐𝑚 ‒ 2)

40 𝜇𝐹 𝑐𝑚 ‒ 2𝑝𝑒𝑟 𝑐𝑚 2
𝐸𝐶𝑆𝐴

Assessment of turnover frequency (TOF)

TOF was calculated using the following formula17:        

                                                (3)
𝑇𝑂𝐹 =

𝑗 × 𝑁𝐴

2𝑛 × 𝐹 × 𝐸𝐶𝑆𝐴

where j is the current density at certain overpotential, which can be obtained from HER 

polarization curves, NA is the Avogadro’s number (6.022×1023 molecules/mole), F is the 

Faraday constant (96485 C mol-1), 2 is the stoichiometric number which represents that two 

electrons are consumed to form one hydrogen molecule during the electrode HER reaction, n is 

the number of active sites in a flat 1 cm2 surface of catalyst samples and ECSA is the 

electrochemically active surface area of the electrode. The number of surface active sites were 

estimated to be 1.16×1015 cm-2 and 4.17×1014 cm-2 for MoS2 and CoSe2 based on their lattice 

constants 18-21, respectively. In addition, the number of surface active sites for MoS2@CoSe2 

hybird can be estimated approximately to be 8.27×1014 cm-2 by assuming that cobalt selenide 

molecules are orderly connected with molybdenum sulfide molecules. Similar approach has 

been used to estimate TOFs for MoSx@Mo2C 16 and Ni9S8@MoS2 
18.

Conversion of measured current to H2 turnover (assuming 100% Faradaic efficiency):



        (4)
𝑇𝑂𝐹 = (𝑗

𝑚𝐴

𝑐𝑚2)( 1 𝐶·𝑠 - 1

1000 𝑚𝐴)(1 𝑚𝑜𝑙 𝑒 -

96485 𝐶 )(1 𝑚𝑜𝑙 𝐻2

2 𝑚𝑜𝑙 𝑒 - )(6.022 × 1023 𝐻2 

1 𝑚𝑜𝑙 𝐻2 ) = (3.12 × 1015
 𝐻2·𝑠 - 1

𝑐𝑚2 ) 𝑝𝑒𝑟 
 𝑚𝐴

𝑐𝑚2

So, the number of TOF can be calculated as the following formula:

                                             (5)
𝑇𝑂𝐹 =

3.12 × 1015 × | 𝑗 |
𝑇ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠

Where j is the current density. Therefore plotted TOFs in the potential range was shown in 

Fig. S7. 

Fig. S7. Turnover frequency (TOF) curves of MoS2-CC, CoSe2-CC and   
MoS2@CoSe2-CC at different potentials.



Fig. S8 Nitrogen adsorption-desorption isotherms and size distribution curves of 
bare MoS2-CC, CoSe2-CC and MoS2@CoSe2-CC hybird

 (a,b) bare MoS2-CC; (c,d) bare CoSe2-CC; (e,f) MoS2@CoSe2-CC hybrid.



Supplementary Table 1. ICP results show the loading of Mo, Co and Se 
elements in MoS2@CoSe2-CC catalyst

Element Co Mo Se

Amount (mg L-1) 7.149 24.316 21.690
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