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1. Experimental Section

1.1 Reagents and materials

Ammonium fluoride (AR), cobalt nitrate hexahydrate (AR), cupric nitrate (AR), urea (AR) and 

potassium hydroxide (AR) were provided by Aladdin Co., Ltd. Hydrochloric acid (AR), nitric acid 

(AR) and ethanol (AR) were purchased from Damao Chemical Corporation. RuO2 and nafion (5 wt. 

%) were bought from Sigma-Aldrich Chemical Reagent Co., Ltd. All chemical regents were used as 

received without further purification. Prepare all standard solutions using deionized (DI) water with 

a resistance of 18.25 MΩ.

1.2 Preparation of Co(OH)F/NF and Cu doped Co(OH)F/NF

The Co(OH)F and Cu doped Co(OH)F on Ni foam (Cu-Co(OH)F/NF) were prepared by hydrothermal 

method. For Cu-Co(OH)F/NF, 50 ml deionized water containing 0.438 g cobalt nitrate hexahydrate, 

0.05 g cupric nitrate, 0.135 g ammonium fluoride and 0.45 g urea added into a beaker with the 

mechanical stirring for 1 h. Then, the clear solution and Ni foam (4 cm × 2 cm) were transferred to a 

100 ml teflon-lined autoclave. The autoclave was sealed and heat at 120 °C for 6 h in an electric oven. 

The resulting precursor was washed with deionized water for several times and and dried. 

Co(OH)F/NF was fabricated in the same method but without cupric nitrate.

1.3Preparation of Co4N/NF,and Cu-Co4N/NF

The obtained electrodes (CoOHF/NF and Cu-Co(OHF)/NF) were annealed in a box furnace at 450 

°C in NH3 for 2 h with a heating rate of 2 °C/min to convert into Co4N/NF and Cu-Co4N/NF.

1.4 Characterizations

X-ray diffraction (XRD) measurement was carried out on Bruker D8 Advanced diffractometer with 
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Cu Kα radiation under a constant voltage of 40 kV. The scanning electron microscopy (SEM) images 

were obtained on a Hitachi S-4800 scanning electron microscope at a voltage of 10 kV. Transmission 

electron microscopy (TEM) and high-resolution TEM (HRTEM) measurements were made on a 

Hitachi Jem-2100F transmission electron microscope. X-ray photoelectron spectroscopy (XPS) 

analysis was performed on a Kratos Axis Supra X-ray photoelectron spectrometer. The X-ray 

absorption spectroscopy (XAS) data was measured on BL44A1 of Shanghai Photon Source, NSRRC. 

The in situ Raman spectroscopy was conducted on a LabRAM HR Evolution spectrophotometer with 

514 nm wavenumber of the excitation light source.

1.5 Electrochemical Measurements

The electrochemical experiments were carried out with a three-electrode system by using a CHI 760E 

electrochemical workstation, where the graphite plate (2*3 cm2) and Ag/AgCl were used as the 

counter and reference electrodes, respectively. The Cu-Co4N and Co4N were used as the working 

electrodes. The potentials were converted to the reversible hydrogen electrode (RHE) according to 

the equation:

𝐸 (𝑅𝐻𝐸) = 𝐸 (𝐴𝑔 𝐴𝑔𝐶𝑙) + (0.197 + 0.0591 × 𝑝𝐻) 𝑉

For peroxidation process, The catalyt were prepared using Cyclic voltammetry (CV) at 50 mV s-1 for 

50 cycles. The linear sweep voltammetry (LSV) measurements were carried out at slow speed (2 mV 

s-1) at room temperature (~25 °C). Electrochemical impedance spectroscopy (EIS) was recorded at 

Overpotential of 270 mV under frequency range from 1M Hz to 0.01 Hz with an amplitude of 10 mV. 

The equivalent circuit diagram is R in series with parallel modules Cdl and Rs. The Cdl element 

models the double-layer capacitance, R represents the uncompensated electrolyte resistance. The Rct. 

is related to the kinetics of the interfacial charge transfer reaction. The electrochemical active surface 

area (ECSA) was measured by Cdl method derived from CV measurements. The specific capacitance 
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we used 40 µF cm−2 for calculating ECSA. The CV were conducted from 0.14 to 0.24 V vs Ag/AgCl 

with scanning rates of 5 to 25 mV s–1.

1.6 In-situ Raman spectra experiment

The Renishaw inVia Raman microscope was used for In-situ Raman experiments. The signals were 

collected using a water-immersion objective at the excitation laser source of 514 nm. The experiments 

were carried out with a three-electrode system in a homemade Raman cell. The Pt wire and Ag/AgCl 

were used as the counter and reference electrodes, respectively. The Co4N and Cu-Co4N were grown 

on carbon cloth as working electrodes to avoid the influence of Ni foam for experiments. In-situ 

Raman measurements were carried out using a CHI 760E electrochemical workstation at the applied 

potentials from OCP to 1.6 V vs. RHE in 0.1 M KOH.

1.7 Theoretical simulations

The calculation was performed in the framework of the density functional theory with the projector 

augmented plane-wave method, as implemented in the Vienna ab initio simulation package.1 The 

projector augmented wave (PAW) potentials2 with the Perdew-Burke Ernzerh of (PBE)3 were 

performed to describe the nuclei-electron and the electron exchange correlation interactions. The cut-

off energy for plane wave was set to 400 eV. The energy criterion for iterative solution of the Kohn-

Sham equation was set to 10−5 eV. A vacuum layer of 15 Å was added perpendicular to the sheet to 

avoid artificial interaction between periodic images. The Brillouin zone integration was performed 

using a 3x3x1 k-mesh. Grimme’s DFT-D3 methodology4 was used to describe the dispersion 

interactions. In this system, the U correction for Co and Cu atoms was set as 8.5 eV and 4.0 eV, 

respectively.5 All the structures are relaxed until the residual forces on the atoms have declined to 

less than 0.05 eV/Å. The reaction energies (ΔG) were obtained based on the below equation:
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Δ𝐺 =  Δ𝐸𝐷𝐹𝑇 + Δ𝑍𝑃𝐸 ‒ 𝑇Δ𝑆

where ΔEDFT is the reaction energy calculated from DFT; ΔZPE is the zero-point energy; ΔS is the 

change in entropy. The values of ∆ZPE and ∆S were obtained by vibration frequency calculation.
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Fig. S1. The SEM images of (a) Co4N and (b) Cu-Co4N after OER. (c) TEM and (d) HRTEM images 
for Cu-Co4N.
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Fig. S2. Raman spectra of Co4N and Cu-Co4N.
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Fig. S3. XPS spectra in Co 2p regions for Cu-Co4N and Cu-Co4N after OER.
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Fig. S4. (a) LSV curves of different ratios of Cu and Co, (b) the corresponding overpotentials at j = 

10 mA cm-2.
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Fig. 5. In-situ Raman spectra of Ni foam at applied potentials from OCP to 1.6 V vs. RHE.



10

Figure S6. LSV curves of Cu-Co4N before and after 2000 CV cycles.
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Figure S7. Nyquist plots of EIS for Cu-Co4N and Co4N.



12

Fig. S8. CVs at various scan rates of 5, 10, 15, 20, and 25 mV s-1 for (a) Co4N and (b) Cu-Co4N. (c) 
The differences between capacitive currents at the center of selected potential window as a function 
of scan rate for Co4N and Cu-Co4N. (d) OER polarization curves normalized to the ECSA of Co4N 

and Cu-Co4N.
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Fig. S9. In-situ Raman spectra of (a) Co4N at applied potentials from OCP to 1.6 V vs. RHE and (b) 
Cu-Co4N at applied potentials from OCP to 1.7 V vs. RHE.
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Fig. S10. Calculation models of (a) CoO2 and (c) Cu-CoO2. The blue, purple, red and white balls 
represent Co, Cu, O, and H atoms, respectively.
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Table S1. Inductively coupled plasma mass spectrometry data for different ratios of Cu and Co.

Cu Conc. [ppm] Co Conc. [ppm] Samples

1 15.9 202.2 Cu0.3Co3.7N

2 34.1 197.6 Cu0.6Co3.4N

3 48.2 141.13 Cu1Co3N
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Table S2. Comparison of OER performance for Cu-Co4N with other non-noble-metal electrocatalysts 
in alkaline media.

Catalysts j (mA cm-2) η (mV)
Tafel slope

(mV dec-1)
Reference

234
Cu-Co4N

10
50 255

33.1 This work

Gd-CoB 10 230 42 6

3DOM MgxCo3−xO4 10 370 76 7

Co-Mo-P/CoNWs 20 270 60 8

Fe-Co3O4 10 262 40 9

Co2P/CoNPC 10 326 72.6 10

Co3Mo/Cu 10 261 82 11

CoOOH-WD-CoV 50 298 46.2 12

CoOOH/Co9S8 10 240~246 86.4 13

VL-CFZ 10 290 79 14

NiCo LDH-TPA 10 267 52.4 15

Triple layer Fe–Co–Ni MOF 10 254 51.3 16

NiCo2−xFexO4 NBs 10 274 42 17

2D MOF-Fe/Co 10 238 52 18
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Table S3. Inductively coupled plasma mass spectrometry data for electrolyte of Cu-Co4N after 50 cycles CVs 
(surface reconstruction process) and 10/20 h chronoamperometric tests.

Cu Conc. [ppm] Co Conc. [ppm] Samples

1 147.542 257.0 After 50 CVs (initial)

2 147.041 265.5 After 10 h chronoamperometric test

3 143.725 266.56 After 20 h chronoamperometric test
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