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1. Calculation method of HER activity 𝐻ା + 𝑒ି +∗ →୼ீಹ 𝐻∗ 

The * represents the active site and H* represents the adsorbed intermediate. 

According to the computational hydrogen electrode model, ΔGH can be calculated 

according to the following relationship: Δ𝐺ு = Δ𝐸ு + Δ𝐸௓௉ா − 𝑇Δ𝑆ு 

ΔEH is the adsorption energy of hydrogen calculated by DFT, ΔEZPE is the 

difference between the zero-point energy of adsorbed hydrogen and gas phase hydrogen, 

T is the temperature (298.15 K), and ΔSH is the change of entropy between the 

adsorption state and the gas phase. The entropy of the gas phase molecule is obtained 

by the NIST database, and the entropy and zero-point energy of the adsorbate can be 

obtained by calculating the vibration frequency where the entropy value is calculated 

by the following formula: 

𝑆(𝑇) = ∑௜ୀଵଷே  ቈ−𝑅ln ቆ1 − 𝑒ି ௛௩೔௞ಳ்ቇ + 𝑁஺ℎ𝑣௜𝑒ି௛௩೔/ೖಳ೅𝑇 − 𝑒ି௛௩೔/ೖಳ೅ ቉ 



Where R stands for the ideal gas constant, kB is the Boltzmann constant, h is Planck 

constant, NA is the Avogadro constant, νi represents the vibration of the normal mode, 

and N represents the number of adsorbed atoms. 
 
2. Calculation method of OER activity 

At pH=0, the OER usually goes through the following four steps: HଶO(𝑙) +∗ →୼ீభ OH∗ + Hା + 𝑒ି 

OH∗ →୼ீమ O∗ + Hା + 𝑒ି 

O∗ + HଶO(𝑙) →୼ீయ OOH∗ + Hା + eି 

OOH∗ →୼ீర∗ +Oଶ(𝑔) + Hା + 𝑒ି 

The change in free energy is calculated by the following formula: Δ𝐺 = Δ𝐸 + Δ𝐸௓௉ா − 𝑇Δ𝑆 + Δ𝐺௎ + Δ𝐺௣ு 

ΔE refers to the energy obtained by DFT calculation; Δ𝐺௎ = −𝑒𝑈, where U is the 

electrode potential and e is the number of transferred electrons; Δ𝐺௣ு = 𝑘஻𝑇ln 10 ×𝑝𝐻 in this work, pH = 0 was employed. A method developed by Nørskov et al was 

employed to calculate OER overpotentials, using the developed method of Nørskov et 

al: 

𝜂ைாோ = maxሼΔ𝐺ଵ, Δ𝐺ଶ, Δ𝐺ଷ, Δ𝐺ସሽ𝑒 − 1.23 V 

3. HER and OER activity of Ni4@MoSSe 

The stability of monatomic catalysts is a very important problem. Because of the 

high surface free energy, isolated metal atoms can easily gather into clusters. Therefore, 

the OER and HER activities of MoSSe-loaded Ni clusters were further calculated by 

taking Ni4 clusters (the smallest stereoscopic clusters with the smallest Ni) as an 

example, as shown in Figure S7. 

Free energy changes are shown in Figure S8, compared with Ni@MoSSe, the 



overpotential value of OER increased by 0.30 V, respectively. Surprisingly, the 

overpotential value of HER decreased by 0.54 V, as shown in Figure S9. The reason 

may be that after Ni aggregates into small clusters, MoSSe acts as the base material to 

enhance the electrical conductivity, and the Ni atom acts as an excellent HER 

electrocatalyst in synergy with MoSSe, and the performance is significantly improved 

Therefore, we can conclude that Ni@MoSSe can maintain good OER and HER 

activities even if isolated Ni atoms are clustered into small clusters. 
4. Figures 
 
 

 
Figure S1 The Au@MoSSe trajectories of AIMD simulation every 10th frame. The simulation is 

run under 100 to 500K for 3ps with a time step of 1 fs. 



 
Figure S2 The TM@MoSSe (TM =Co, Fe, Ir, Ni, Pd, Pt, Rh and Ru) trajectories of AIMD 

simulation every 20th frame. The simulation is run under 500K for 10ps with a time step of 1 fs. 

 



 

 

 

 

 

 



 
Figure S3 Free energy diagram for the OER of the TM@MoSSe at an electrode potential of U=0 
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Figure S4 Gibbs free energy diagram of the adsorption intermediates O*. 

 
 

 

 



 

Figure S5 Density of states of MoSSe. 

 
 
 

 



 
Figure S6. Calculated DOS and d band center of the TM atoms of TM@MoSSe. 

 
 
 
 

 
Figure S7 The structure of the Ni4@MoSSe. 



 
Figure S8 Free energy diagram for the OER on Ni4@MoSSe. 

 
Figure S9 The Gibbs free energy of Ni4@MoSSe. 

 
Figure S10 The strain is applied in the A and B directions of Ni@MoSSe. 



 
 
 

 
Figure S11 Curve of Ni@MoSSe and Fe@MoSSe adsorption energy as a function of strain. 

 

 

Figure S12 Effect of strain on Ni@MoSSe (a) structure and (b) density of state. 



 

Figure S13 Effect of strain on Fe@MoSSe (a) structure and (b) density of state. 

 

Figure S14 Effect of changing stress on different Fe@MoSSe d orbital. 


