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1. DFT Calculation 

Spin-polarized density function theory (DFT) was conducted using the Vienna ab 

initio Simulation Package (VASP).[1] The plane-wave cutoff energy is set to 500 eV. 

The interactions between ions and electrons were described by projector-augmented 

wave (PAW) pseudopotentials.[2] The generalized gradient approximation (GGA) 

functional in the form of Perdew, Burke, and Ernzerhof (PBE) was used to estimate 

the exchange-correlation effects.[3, 4] The van der Waals interactions were considered 

using Grimme’s DFT-D3 dispersion correction.[5] The Brillouin zone was sampled 

with the 3 X 3 X 1 Monkhorst-Pack k-points grids. The convergence criteria for total 

energy and residual force were set to be 10-5 eV and 0.01 eV/Å, respectively. GGA + 

U method was incorporated for the electron localisation on Ni 3d electrons with U of 

6.4 eV.[6] To eliminate the interactions between adjacent layers, a vacuum region of 20 

Å was created along the z axis. To study the influence of defect effect on the reaction, 

three NiO/graphene heterojunction composites with O or C defects were built with a 

mismatch tolerance of 4.4%. To assess the catalytic activity for oxygen reduction 

reaction (ORR), the two-electron reduction scheme was chosen. The Gibbs free 

energy of elementary reactions was calculated as follows: 

∆𝐺𝑖 = ∆𝐸𝐷𝐹𝑇 + ∆𝑍𝑃𝐸 − 𝑇∆𝑆 − 𝑒𝑈 −  𝑘𝐵𝑇𝑙𝑛10 ∗ 𝑝𝐻 

where ∆𝐸𝐷𝐹𝑇 is the energy from DFT calculations, ∆𝑍𝑃𝐸 and 𝑇∆𝑆 are the 

variations in the zero-point energy and entropy, respectively. T is the temperature. U is 

the electrode potential and 𝑒 is the electron transfer. 𝑘𝐵 is the Boltzmann’s constant.



2. Supplementary Figures 

 

Supplementary Figure 1. XRD spectra of NiOx powder. 

 

 

Supplementary Figure 2. (A) SEM image, (B) TEM image, (C) and (D) HRTEM 

images and (E) corresponding IFFT images of NiOx nanosheet. (F) The corresponding 

lattice spacing image. (G) Elemental mapping spectra of NiOx nanosheets. 



 

Supplementary Figure 3. XRD spectra of NiOx@DG. Due to the low content of 

NiOx nanosheets after centrifugation, it is difficult to detect. Therefore, we use a 

catalyst after hydrothermal recombination for XRD testing. 

 

 

Supplementary Figure 4. (A, D, E and H) HRTEM images of NiOx@DG. (B, C, F, 

G, I and J) The enlarged HRTEM images within the red dashed frame marks the local 

area of disordered atoms. 



 

Supplementary Figure 5. EDS elemental mapping spectra of C, O and Ni over the 

NiOx@DG. 

 

 

Supplementary Figure 6. (A) Multiple Ni 2p XPS tests for NiOx@DG and NiOx-

DG; (B) Average binding energy of NiOx@DG and NiOx-DG; (C) Average value of

the shifted binding energy. Among them, the error bars in (B) represent the

binding energy errors of the NiOx@DG sample measured three times, and those in

(C) represent the errors of its shift (ΔE). 



 

Supplementary Figure 7. Deconvoluted XPS spectra of NiOx NS-350 and NiOx-DG 

for (A) Ni 2p, (B) O 1s, (C) C 1s. 

 

 

Supplementary Figure 8. Deconvoluted XPS spectra of NiOx@DG-9 and NiOx-DG 

for (A) Ni 2p, (B) O 1s, (C) C 1s. 

 

 

Supplementary Figure 9. EPR spectra of NiOx NS-350 and NiO NS-350. 



 

Supplementary Figure 10. Raman spectra of NiOx@DG-9. 

 

 

Supplementary Figure 11. Wavelet transforms of the EXAFS spectra of (A) NiO, 

(B) NiOx NS-350 and (C) Ni foil. 

 

 

Supplementary Figure 12. LSV polarization curves with different loading amounts. 

(A-C) Polarization curves with different loading amounts (0.4 mg cm-2, 0.3 mg cm-2 



and 0.1mg cm-2) on RRDE at 1600 rpm in O2-saturated 0.1 M KOH; (D-F) The 

corresponding calculated H2O2 selectivity and transfer electron number (n). 

 

 

Supplementary Figure 13. (A) Chronoamperometry stability test of NiOx@DG at 

0.2 V vs. RHE in O2-saturated 0.1 M KOH; (B) The calculated H2O2 selectivity and 

transfer electron number (n) of catalysts. 

 

 

Supplementary Figure 14. (A and B) HRTEM image and (C) The enlarged HRTEM 

image within the red dashed frame marks the local area of disordered atoms. (D) 

Lattice spacing diagram. (E-G) Ni 2p, O1s and C1s XPS spectra before and after the 

stability test for NiOx@DG catalyst. 

 



 

Supplementary Figure 15. (A) Polarization curves of NiOx@G on RRDE at 1,600 

rpm in O2-saturated 0.1 M KOH; (B) The calculated H2O2 selectivity and transfer 

electron number (n) of catalysts. 

 

 

Supplementary Figure 16. (A) Polarization curves of NiO@DG on RRDE at 1,600 

rpm in O2-saturated 0.1 M KOH; (B) The calculated H2O2 selectivity and Transfer 

electron number (n) of catalysts. 

 



 

Supplementary Figure 17. (A) Polarization curves of NiO@G on RRDE at 1,600 

rpm in O2-saturated 0.1 M KOH; (B) The calculated H2O2 selectivity and Transfer 

electron number (n) of catalysts. 

 

 

Supplementary Figure 18. (A) Polarization curves of NiOx@NG on RRDE at 1,600 

rpm in O2-saturated 0.1 M KOH; (B) The calculated H2O2 selectivity and Transfer 

electron number (n) of catalysts. 

 



 

Supplementary Figure 19. (A) Polarization curves of NiO@NG on RRDE at 1,600 

rpm in O2-saturated 0.1 M KOH; (B) The calculated H2O2 selectivity and Transfer 

electron number (n) of catalysts. 

 

 

Supplementary Figure 20. (A) Raman spectroscopy of NG-800, NG-900, NG-1000 

and DG-1150; (B) N 1s XPS spectra of NG-800, NG-900, NG-1000 and DG-1150; 



(C) Polarization curves of NG-800, NG-900, NG-1000 and DG-1150; (D) The 

calculated H2O2 selectivity and Transfer electron number (n) of NG-800, NG-900, 

NG-1000 and DG-1150. 

 

 

Supplementary Figure 21. DFT calculation results. (A) The theoretical model of 

NiOx@DG and its *OOH adsorption configuration, top and side views; (B) The 

theoretical model of NiOx@G and its *OOH adsorption configuration, top and side 

views; (C) The theoretical model of NiO@DG and its *OOH adsorption 

configuration, top and side views. Red represents O, brown represents C, and gray 

represents Ni; (D) Gibbs free energy plot of oxygen reduction to HO2
- at pH = 13.0.



Supplementary Table 1. EXAFS fitting parameters at the Ni K-edge for 

NiOx@DG. (S0
2 = 0.75) 

Sample Path CN R(Å) σ2 (Å2) R-factor 

NiOx@DG Ni-O 4.46 2.08±0.013 0.0057 0.01 

CN: Coordination Number; R: Bond Distance; σ2: Debye-Waller Factor; R-factor: Fit 

Goodness. According to the experimental EXAFS fitting of the nickel foil referenced 

in the literature, the CN is fixed at the known crystallographic value, and S0
2 is the 

amplitude reduction factor, which is set to 0.75 here. 

 

Supplementary Table 2. List of previously reported catalysts for hydrogen 

peroxide (H2O2) production 

Catalyst H2O2 

Selectivity 

Catalyst 

Loading 

Operating 

Conditions 

References 

NiOx@DG ~95% 0.2 mg cm-2 0.1M KOH This work 

NiSA/NiNP-NSCNT 92.7~98.8 %  

0.2 to 0.6 V  

vs.RHE 

 

0.2 mg cm-2 

 

0.1M KOH 

 

[15] 

OCG800 92~100 % 0.05 

to 0.7 V 

vs.RHE 

0.78 mg cm-2 H-cell, 0.1 M 

KOH + 10 

mM EDTA, 

0.4 V vs.RHE 

 

[16] 

 

O-CNTs 90 % at 0.65 

V(vs.RHE) 

0.5 mg cm-2 0.1 M KOH [17] 

 

Co1-NG(O) 82 % 10 μg cm-2 0.1 M KOH [18] 

Co-SAs/CN 76 % at 0.65 V 

vs.RHE 

/ 0.1 M KOH [19] 

 

Pt-SA/rGO 60 % at 0.4 V 

vs.RHE 

101.8 μg cm-2 0.1 M KOH [20] 

 

Ni-SA/G-0 100 % at 0.4 V 

vs.RHE 

50.8 μg cm-2 0.1 M KOH [21] 

 

CB-Plasma ~100 % 16 μg cm-2 0.1 M KOH [22] 



OCB120-CTAB 95.2 % at 0.5 

V vs.RHE 

/  

0.1 M KOH 

[23] 

 

Br-Ni MOF 88.6 % at 0.4 

V vs.RHE 

50 ul

（73mg/L） 

 

0.1 M KOH 

 

[24] 

COF-366-Co 90 % 5 μg cm-2 0.1 M KOH [25] 

Meso-C 80 % at 0.4 V 

vs.RHE 

0.51 mg cm-2 0.1 M KOH [26] 

 

Supplementary Table 3. Comparison of stability results between our catalyst and 

previously reported materials 

Catalyst H2O2 Selectivity Time Potential References 

NiOx@DG 86%-96% 12 h 0.2 V vs.RHE This work 

OCG-800 ~100% 10h 0.65 V vs.RHE [16] 

XGnP (X: I ,Br, 

Cl) 

85.6–87.4% 10000s -0.25 V vs. 

Ag/AgCl 

[7] 

Mn CD/C / 10h 0.5 V vs.RHE [27] 

 

Supplementary Table 4. Inductively coupled plasma massspectrometry (ICP-MS) 

results for electrolytes after CV stability testing 

Sample 

 

Sample 

volume 

V(mL) 

Test 

element

s 

Test solution 

element 

concentration 

C0(ug/L) 

Elemental 

concentration of 

the original 

solution of the 

digestion solution 

C1 (ug/L) 

Sample 

elementa

l content 

Cx(ug/L) 

electrolyt

e 

2 Ni 1.2367695907271

7 

1.2367695907271

7 

6.18 

electrolyt

e 

2 Ni 1.2333345156384

4 

1.2333345156384

4 

6.17 

electrolyt

e 

2 Ni 1.2508985220060

8 

1.2508985220060

8 

6.25 



electrolyt

e 

2 Pt Not detected Not detected Not 

detected 

electrolyt

e 

2 Pt Not detected Not detected Not 

detected 

electrolyt

e 

2 Pt Not detected Not detected Not 

detected 

In the table above, C0: the concentration of elements in the test solution, unit: ug/L, 

the data is obtained by instrument testing; C1: Element concentration of the sample 

digest stock solution, unit: ug/L, C1(ug/L)=C0(ug/L)*f, f=1; Cx: final test result of the 

measured element, unit: ug/L. 
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