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The details of OER calculations[1] 
The relationship between Gibbs free energy (μ or G) and DFT energy (EDFT) are 

constructed based on the following thermodynamic approximations. In all equations, μH+, 
μe-, μH2, μO2 and μH2O denote chemical potentials of proton, electron, hydrogen molecule, 
oxygen molecule and water molecule, respectively. The superscript 0 is standard 
conditions of pH = 0 ,P=1bar and T = 298.15 K. EDFT is the energy obtained from DFT 
calculations. 

First of all, hydrogen electrode is assumed to be in equilibrium: Hା(aq) + eି ⇌  12 Hଶ(g) 

Thus   μୌା଴ + μୣି଴ = ଵଶ μୌଶ(୥)଴          (S1) 

Secondly, the experimental free energy increase for the following reaction is 2.46 eV: HଶO(l) ⇌ 12 Oଶ(g) + Hଶ(g) 

So, μୌଶ(୥)଴ + ଵଶ μ୓ଶ(୥)଴ − μୌଶ୓(୪)଴ = 2.46 [eV]         (S2) 

By definition, G = H − TS         (S3) 

where G is Gibbs free energy which can also be represented by chemical potential μ, 
H is the enthalpy of the system which equals to EDFT corrected by the zero-point energy 
(ZPE). S is the entropy of the system. The ZPS and entropy at 298 K.  

As a result, μ = Eୈ୊୘ + ZPE − TS         (S4) 

For H2 molecule at standard conditions, μୌା଴ + μୣି଴ = ଵଶ μୌଶ(୥)଴ = ଵଶ (Eୈ୊୘ୌଶ + ZPEୌଶ(୥) − TSୌଶ(୥)଴ )         (S5) 

For H2O molecule in liquid phase, μୌଶ୓(୪)଴ ൎ μୌଶ୓(୥) = Eୈ୊୘ୌଶ୓(୥) + ZPEୌଶ୓(୥) − TSୌଶ୓଴ (0.035 𝑏𝑎𝑟)              (S6) 
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In this scheme, the OER is assumed to consist of four elementary reaction steps(* 
denotes a surface site and *X represents an adsorbed X intermediate on the surface). 
Equations (1) to (4) are also employed for deriving ∆G10 to ∆G40.  

(1)  2 * *H O OH H e+ −+ → + +  

∆Gଵ଴ = μୌ୓∗଴ + μୌା଴ + μୣି଴ − μ∗଴ − μୌଶ୓(୪)଴ − eU 

μୌ୓∗଴ = Eୈ୊୘∗୓ୌ + ZPE∗୓ୌ − TS∗୓ୌ଴  μ∗଴ = Eୈ୊୘∗  

∆Gଵ଴ = Eୈ୊୘∗୓ୌ − Eୈ୊୘∗ + 12 Eୈ୊୘ୌଶ(୥) − Eୈ୊୘ୌଶ୓(୪) + ZPE∗୓ୌ + 12 ZPEୌଶ(୥) − ZPEୌଶ୓(୪) − TS∗୓ୌ଴ − 12 TSୌଶ(୥)଴
+ TSୌଶ୓(୪)଴ = Eୈ୊୘∗୓ୌ + 12 Eୈ୊୘ୌଶ(୥) − Eୈ୊୘∗ − Eୈ୊୘ୌଶ୓(୪) + ൫ΔZPE − TΔS൯ଵ 

(2)  * *OH O H e+ −→ + +  ∆Gଶ଴ = μ୓∗଴ + μୌା଴ + μୣି଴ − μୌ୓∗଴ − eU μ୓∗଴ = Eୈ୊୘୓∗ + ZPE୓∗ − TS୓∗଴  μ∗୓ୌ଴ = Eୈ୊୘∗୓ୌ + ZPE∗୓ୌ − TS∗୓ୌ଴  ∆Gଶ଴ = Eୈ୊୘∗୓ − Eୈ୊୘∗୓ୌ + 12 Eୈ୊୘ୌଶ(୥) + ZPE∗୓ − ZPE∗୓ୌ + 12 ZPEୌଶ(୥) − TS∗୓଴ + TS∗୓ୌ଴ − 12 TSୌଶ(୥)଴
= Eୈ୊୘∗୓ + 12 Eୈ୊୘ୌଶ(୥) − Eୈ୊୘∗୓ୌ + ൫ΔZPE − TΔS൯ଶ 

 

(3)  2* *O H O OOH H e+ −+ → + +  

∆Gଷ଴ = μ∗୓୓ୌ଴ + μୌା଴ + μୣି଴ − μ୓∗଴ − μୌଶ୓(୪)଴ − eU 

μ∗୓୓ୌ଴ = Eୈ୊୘∗୓୓ୌ + ZPE∗୓୓ୌ − TS∗୓୓ୌ଴  μ∗୓଴ = Eୈ୊୘∗୓ + ZPE∗୓ − TS∗୓଴  ∆Gଷ଴ = Eୈ୊୘∗୓୓ୌ − Eୈ୊୘∗୓ + 12 Eୈ୊୘ୌଶ(୥) − Eୈ୊୘ୌଶ୓(୪) + ZPE∗୓୓ୌ − ZPE∗୓ + 12 ZPEୌଶ(୥) − ZPEୌଶ୓(୪) − TS∗୓୓ୌ଴
+ TS∗୓଴ − 12 TSୌଶ(୥)଴ + TSୌଶ୓(୪)଴ = Eୈ୊୘∗୓୓ୌ + 12 Eୈ୊୘ୌଶ(୥) − Eୈ୊୘∗୓ − Eୈ୊୘ୌଶ୓(୪) + ൫ΔZPE − TΔS൯ଷ 

(4)  2*OOH O H e+ −→ + +  
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∆Gସ଴ = μ୓ଶ(୥)଴ + μ∗଴ + μୌା଴ + μ௘ି଴ − μ∗୓୓ୌ଴ − eU μ୓ଶ଴ = 4.92 [eV] + 2μୌଶ୓(୪)଴ − 2μୌଶ(୥)଴  

μ∗୓୓ୌ଴ = Eୈ୊୘∗୓୓ୌ + ZPE∗୓୓ୌ − TS∗୓୓ୌ଴  ∆Gସ଴ = Eୈ୊୘∗ − Eୈ୊୘∗୓୓ୌ + 2Eୈ୊୘ୌଶ୓(୪) − 32 Eୈ୊୘ୌଶ(୥) − ZPE∗୓୓ୌ + 2ZPEୌଶ୓(୪) − 32 ZPEୌଶ(୥) + TS∗୓୓ୌ଴ − 2TSுଶை଴
+ 32 TSୌଶ(୥)଴ + 4.92 = Eୈ୊୘∗ + 2Eୈ୊୘ୌଶ୓(୪) − 32 Eୈ୊୘ୌଶ(୥) − Eୈ୊୘∗୓୓ୌ + ൫ΔZPE − TΔS൯ସ 

in which Eୈ୊୘∗ , Eୈ୊୘∗୓ୌ, Eୈ୊୘∗୓  and Eୈ୊୘∗୓୓ୌare the calculated DFT energies of the clean 
surface and surfaces with adsorbed *OH, *O, and *OOH, respectively.  Eୈ୊୘ୌଶ୓(୪) and ଷଶ Eୈ୊୘ୌଶ(୥) are the calculated energies for the isolated gaseous molecules H2O, and H2, 
respectively. ∆𝐸୞୔୉ and ∆𝑆 are the zero-point energy and the entropy correction values, 
respectively [2]. 

 

Calculation method of surface energy  
The surface energy is calculated by using the following equations[3]: 

( ) ( )( )1
2surf slab Ni bulk Ni Ni P bulk P PE E n E n E
A

μ μ− −= − + Δ − + Δ  

12 5, 12 5f Ni P Ni PE μ μ= Δ + Δ  

12 5, 51 ( )
2 12 12

f Ni P Ni
surf slab Ni P Ni P PNi bulk P bulk

E nE E n E n E n n
A

μ
 

= − − − + Δ − 
 

 

Where slabE is the total energy of the surface model, 
Ni bulk
E  and 

P bulk
E  are the 

total energy per atom of the metal Ni and black P, 
12 5,f Ni PE is the formation energy of 

Ni12P5, Nin  and Pn  are the amount of Ni and P atoms in the surface model, respectively, ∆𝜇௉ is the chemical potential of P, and A is the surface area of the surface model.  
For all surface models, a 15 Å vacuum layer was used for surface isolation to prevent 

interactions between adjacent surfaces. The top and bottom surface layers are relaxed and 
the middle 2 to 3 layers of atoms are fixed to simulate the bulk structure. 
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Supplementary Figures and Tables 

  

Figure S1. (a) Ni12P5 unit cell. (b)-(f) five lattice planes include (001), (110), (101), (111) and (100), 
presented by green, purple, orange, cyan and yellow, respectively. 

 

Figure S2. The terminated positions on different surfaces before optimization. (a) (001); (b) (110); (c) 
(101); (d) (111); (e) (100). Violet spheres stand for P atoms and blue spheres stand for Ni atoms. 
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Table S1. k-points setting for different structures. 

Surface k-points Surface k-points 

Ni2P (001) 3×3×1 Ni2P (111) 3×4×1 

Ni12P5(001) 4×4×1 Ni12P5(111) 5×4×1 

Ni5P2(001) 3×3×1 Ni5P2(111) 3×3×1 

Ni3P (001) 4×4×1 Ni3P (111) 3×4×1 

 

 
Figure S3. The time evolution of the key bond distances during the AIMD simulation. The black 
line is the bond distance between the P-Oa. The red line is the bond distance between the H-Oa. The 
blue line is the bond distance between the H-Ob. H is the dissociated H ion, Oa is the O atom in *OH; 
Ob is the O atom in another H2O, and forms Ob-H…Oa with H. 
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Figure S4. The time evolution of the key bond distances during the AIMD simulation. The black 
line is the bond distance between the P-Oa. The red line is the bond distance between the H-Oa. The 
blue line is the bond distance between the H-Ob. H is the dissociated H ion, Oa is the O atom in *OH; 
Ob is the O atom in another H2O, and forms Ob-H…Oa with H. 
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Figure S5. The time evolution of Ni-O distances during the AIMD simulation. 

 
Figure S6. Geometric configuration of (a) Ni*OH, (b) Ni*O, (c) Ni*OOH, (d) P*OH, (e) P*O and (f) 
P*OOH adsorption on the Ni2P (001) surface. 

 
Figure S7 Geometric configuration of (a) Ni*OH, (b) Ni*O, (c) Ni*OOH, (d) P*OH, (e) P*O and 
(f) P*OOH adsorption on the Ni2P (111) surface. 

 

Figure S8. Geometric configuration of (a) Ni*OH, (b) Ni*O, (c) Ni*OOH, (d) P*OH, (e) P*O and (f) 
P*OOH adsorption on the Ni12P5 (001) surface. 
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Figure S9. Geometric configuration of (a) Ni*OH, (b) Ni*O, (c) Ni*OOH, (d) P*OH, (e) P*O and (f) 
P*OOH adsorption on the Ni12P5 (111) surface. 

 
Figure S10. Geometric configuration of (a) Ni*OH, (b) Ni*O, (c) Ni*OOH, (d) P*OH, (e) P*O and (f) 
P*OOH adsorption on the Ni5P2 (001) surface. 

 
Figure S11. Geometric configuration of (a) Ni*OH, (b) Ni*O, (c) Ni*OOH, (d) P*OH, (e) P*O and (f) 
P*OOH adsorption on the Ni5P2 (111) surface. 
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Figure S12. Geometric configuration of (a) Ni*OH, (b) Ni*O, (c) Ni*OOH, (d) P*OH, (e) P*O and (f) 
P*OOH adsorption on the Ni3P (001) surface. 

 
Figure S13. Geometric configuration of (a) Ni*OH, (b) Ni*O, (c) Ni*OOH, (d) P*OH, (e) P*O and (f) 
P*OOH adsorption on the Ni3P (111) surface. 

Table S2. The number of suspended bonds of P and Ni atoms on the exposed surface when 
establishing different nickel phosphide surfaces. 

 (001) (010) (100) (101) (011) (110) (111) 

 Ni P Ni P Ni P Ni P Ni P Ni P Ni P 

Ni2P 2,1 3 1 3 2,1 3 2 3 1 3,1 2,1 4,3 1 3 

Ni12P5 0 4,1 1 1 1,0 2 1,0 2,1 1,0 2,1 1 2 1,0 2,1 

Ni5P2 2 3 3,2 3 2,1 2 2,1 2 2,1 2,1 3,2,1 3 3,2,1 3,2 

Ni3P 2,1 3 2,1 3 2,1 3 3,2,1 3 2,1 3 2,1 3 3,1 3 
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Table S3. Comparison of OER catalytic performance of nickel phosphide in reference. 

Catalyst OER overpotential at 10 mA cm-2 Ref. 

  Ni12P5 295mV [4] 

Ni2P 330mV [4-6] 

Ni3P 296mV [7] 

Ni5P2 300mV [7] 

Ni5P4 312mV [8] 
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