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S1 Computational Methods 

The micro kinetic process of water-splitting reaction is modeled with the approach used by 

Norskov and coworkers [S1-S3]. Two half-reaction equations, i.e., OER and HER, are listed 

as below: 

2H2O → O2 + 4H+ + 4e-                                              (S1) 

4H+ + 4e- → H2                                                    (S2) 

For OER, it is decomposed into four one-electron steps OER-1 to OER-4 with each step 

generates one H+ and an electron, listed as below: 

* + H2O(l) → OH* + (H+ + e-)                                       (S3)  

OH* → O* + (H+ + e-)                                              (S4) 

O* + H2O(l) → OOH* + (H+ + e-)                                    (S5) 

OOH* → * + O2(g) + (H+ + e-)                                      (S6) 

The Gibbs free energy change (ΔG) for each elemental step is defined as [S4,S5]: 

pHGGSTZPEEG U ++−+=                                     (S7) 

where ΔE and ΔZPE are the adsorption energy based on density functional theory calculations 

and the zero-point energy correction, respectively. T, ΔS, U, and ΔGpH represent the 

temperature, the entropy change, the applied electrode potential, and the free energy 

correction of the pH, respectively. 

As a generally-accepted OER activity descriptor, the overpotential (η) for a chemical reaction 

can be calculated as follow: 

η = max[∆G1, ∆G2, ∆G3, ∆G4]/e – 1.23[v]                              (S8) 
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S2 Supplementary Figures 

 
Fig. S1 XRD pattern for NMO, NMO-30M and NMO-50M 

 
Fig. S2 Rietveld refinement plots for NMO and NMO-30M 

 

Fig. S3 Raman spectrum for NMO, NMO-30M and NMO-50M 
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Fig. S4 Scanning electron microscope (SEM) images of NMO, NMO-30M and NMO-50M 

 

Fig. S5 TEM image of NMO-50M 

 
Fig. S6 HRTEM images of NMO 

 

Fig. S7 HRTEM images of NMO-50M 
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Fig. S8 EDX elemental mappings of NMO, NMO-30M and NMO-50M 

 

 

 
Fig. S9 HAADF-STEM images of NMO-30M 
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Fig. S10 High-resolution XPS spectra of (a) Ni 2p, (b) Mo 3d and (e) O 1s for NMO, NMO-

30M and NMO-50M samples 

 

 
Fig. S11 Magnetic hysteresis loops of NMO and NMO-30M measured at room temperature 
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Fig. S12 Mo L-edge EELS spectra among different regions (STEM image) throughout 

etching 

 

Fig. S13 HAADF image and elemental mappings of Ni, Mo and O 

 

Fig. S14 The content of each element at the selected area 

 
Fig. S15 DOS of (a) NMO-VMo, (b) NMO-VNi and the corresponding structure diagrams in 

the in inset 
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Fig. S16 Cyclic voltammetry curves at different scanning rates of NMO, NMO-30M and 

NMO-50M 

 

Fig. S17 The comparison of Rct values for NMO, NMO-30M and NMO-50M 

 
Fig. S18 XRD pattern of NMO-30M before and after OER 

 

Fig. S19 DEX elemental mappings of NMO-30M after OER 
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Fig. S20 XPS of NMO-30M before and after OER. (a) Ni 2p, (b) Mo 3d and (c) O 1s 

 
Fig. S21 Wettability measurements of NMO, NMO-30M and NMO-50M 

 

Fig. S22 The Faraday efficiency and H2 (O2) production rate of NMO-30M 
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Fig. S23 The d-band center of NMO-VNi (a-b) and NMO-VMo (c-d) 

 
Fig. S24 The comparation of energy difference between the Ni d and O p band center for 

NMO-VNi and NMO-VMo 

Table 1 ICP results of the NiMO4 in different periods during etching process 
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Table 2 The parameters of XRD Rietveld refinement for NMO and NMO-30M 

 

Table S3 The surface compositions of NMO and NMO-30M derived from XPS test 

 
Table S4 Bader charge of Ni cation in NMO and NMO-VNiMo 
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