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Note 1

The HER activity was evaluated by calculating the reaction free energy of each step 

based on the computational hydrogen electrode model [S1], in which the reaction: 

+
2

1H + H
2

e 

The Gibbs free energy of the adsorption of hydrogen (∆GH*) was calculated by:

H* H ZPE H= + -G E E T S   

where ∆EH is the hydrogen adsorption energy over different catalysts, which is 

defined as:

* 2H * HH
= - -1/2E E E E

The ∆EZPE is the difference in the zero-point energy between the adsorbed state and 

the corresponding free-standing state, which can be obtained by:

2HH
ZPE ZPE ZPE

1= -
2

E E E

The entropy is given by [S2]:
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where R stands for the universal gas constant, kB is the Boltzmann constant, h is 

Plank’s constant, NA is Avogadro’s number, vi represents the frequency and N is the 

number of adsorbed atoms. Therefore, ∆GH* can be calculated as:

       * ** 2 22

H* H ZPE H

H H * *ZPE H ZPE *H HZPE H

H

= + -
1        = + + +
2

        = 0.24

G E E T S

E E TS E E TS E E TS

E

   

      
 
 

In the Volcano curve, the exchange current (i0) base on the Nørskov’s assumption 
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[S1] is calculated by:

0 0
H*

1
1 exp( / )B

i ek
G k T

 
 

where k0 is the rate constant. In general, the rate constants should be different for 

different systems. However, in the present calculations, the k0 are set to 1 because there 

are no experimental data available. Actually, such treatment has been utilized and 

confirmed in many previous works [S3-S5], which is reasonable to understand the 

activity of different catalysts qualitatively.
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Fig. S1 Adsorption energies of different TM atoms on the substrates BX2, AX and ZrS2.
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Fig. S2 Total and partial density of states of M-MoS2.
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Fig. S3 Theoretical TM-H bond lengths of different TM atoms on the substrates BX2.
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Fig. S4 Volcano curve of exchange current density i0 as a function of the Gibbs free 
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Fig. S5 A plot of the free energy of hydrogen adsorption on M-MoS2 versus the shift of 
the d-band center.
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Fig. S6 Partial density of states of H adsorption on M-MoS2.
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Fig. S7 Adsorption free energy of hydrogen versus the descriptor φ' for TM atoms on the 
substrates: (a) MoS2; (b) MoSe2; (c) WS2; (d) WSe2.
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Fig. S9 Adsorption free energy of hydrogen versus the descriptor φ for TM atoms on the 
substrates (a) MoS2, (b) MoSe2, (c) WS2, (d) WSe2, (e) GaS, (f) GaSe, (g) InS and (h) 
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Fig. S10 Adsorption free energy of hydrogen versus the descriptor φ based on (a) θd; (b) 
θv for TM atoms on the substrate InS.
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Fig. S11 Adsorption free energy of hydrogen versus the descriptor φ for TM atoms on the 
substrates: (a) GaS; (b) GaSe; (c) InS; (d) InSe; (e) AlX; (f) ZrS2; (g) TlS; (h) TlSe.
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Fig. S12 The relationship between the EC and the values of φ corresponding to the 
adsorption free energy at 0 (φ(∆GH*=0)) in (a) left and (b) right of the volcanic diagram.
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