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1. Experimental

1.1 Chemicals

Nickel nitrate hexahydrate (Ni(NO3)2·6H2O, 98%), urea (CO(NH2)2, 99%), 

ammonium fluoride (NH4F, 98%), potassium ferricyanide (K3[Fe(CN)6], 99%), phytic 

acid solution (PA, 60.3 wt% in water) and ethanol (C2H5OH 100%) were all of 

analytical grade and directly used in experiments without any treatment or further 

purification. All aqueous solutions were prepared using deionized (DI) water.

1.2 Pretreatment of nickel foam (NF)

Typically, the NF pieces were treated by ultrasonic in 1.0 M HCl solution, acetone 

solution, anhydrous ethanol and DI water, respectively. The HCl solution can remove 

the oxide layer on the surface of NF, and acetone can remove the organic impurities 

such as oil on its surface.

1.3 Synthesis of nickel hydroxide loaded on NF (Ni(OH)2/NF)

The 1.5 mmol Ni(NO3)2⋅6H2O, 7.5 mmol urea and 3 mmol NH4F were dissolved 

in 30 mL of DI water and stirred for 10 min to form a uniform solution system. Then a 

50 mL polytetrafluoroethylene reactor was selected to fill the above mixed solution and 

immersed a piece of pretreated 1 × 2 cm2 NF in it. The hydrothermal reaction 

temperature was controlled at 120 ℃ for 6 h. After being rinsed with water and ethanol, 

the sample was dried at 60 ℃ for 12 h to obtain Ni(OH)2/NF.

1.4 Synthesis of transformed NiFe-PBA/NF (tPBA/NF)

The 3 mmol K3[Fe(CN)6] was dispersed in a 30 mL mixed solvent (Vwater: Vethanol 

= 2:1), followed by being stirred for 10 min to form a uniform yellow solution. The 

Ni(OH)2/NF was immersed in the above mixed solution, and then transferred to the 

hydrothermal reactor and controlled at 100 °C for 24 h. After the reactor cooled down 

to the room temperature, taken out the NF and rinsed with water to obtain tPBA/NF.

1.5 Synthesis of PA-etched tNiFe-PBA/NF (PA-tPBA/NF)

The 74 μl PA solution was dropwise added to a beaker containing 10 mL of DI 

water and stirred at room temperature for 10 min. Then, a piece of tPBA/NF was put at 
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the bottom of the beaker and immersed into the PA aqueous solution. After 60 min, the 

NF was etched with PA to obtain the PA-tPBA/NF.

1.6 Synthesis of disintegrative PA-tPBA/NF (d-PA-tPBA/NF)

In order to manufacture carbon-nitrogen vacancies, the prepared PA-tPBA/NF was 

annealed at 200 ℃ for 4 h at a heating rate of 1 ℃ min-1 in a flow of N2 (20 sccm) to 

obtain d-PA-tPBA/NF.

1.7 Water splitting equipment

The water splitting equipment was composed with a two-electrode system, the d-

PA-tPBA/NF was used as cathode and anode, respectively. And it was driven by CHI 

660D electrochemical work station, the generated O2 and H2 were collected by drainage 

collection method.

2. Characterization

The surface morphology structure of the prepared catalysts was observed by using 

a scanning electron microscope (SEM, JSM-7500F) and transmission electron 

microscopy (TEM, JEM-2100). The TD-3500 diffractometer was conducted to obtain 

X-ray diffraction (XRD) patterns. High-resolution transmission electron microscope 

(HRTEM), corresponding elemental mappings and the inset selected area electron 

diffraction (SAED) were also taken on the JEM-2100 with X-ray energy-dispersive 

spectroscopy (EDS). The X-ray photoelectron spectroscopy (XPS) data were obtained 

by the surface analysis instrument (Thermofisher Escalab Xi+). Raman spectra data 

were acquired by a DXR2 20192805. Fourier transform infrared (FTIR) spectra data 

were taken on Nicolet iS 10.

3. Electrochemical analysis

In a three-electrode system, the as-synthesized self-supporting catalyst was used 

as the working electrode and Hg/HgO electrode as reference electrode. The Pt sheet 

and graphite rod were used as the counter electrodes for OER and HER, respectively. 

The electrocatalytic performances of the catalyst were evaluated by CHI 660D 

electrochemical analyzer at 1.0 M KOH solution as the electrolyte. The geometric area 

https://www.sciencedirect.com/topics/engineering/graphite-rod
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used for electrochemical tests is ~ 1 cm2 for various catalysts. Before OER activity 

measurement, the cyclic voltammetry (CV) sweeps in the range of 0.924 V to 1.924 V 

vs. reversible hydrogen electrode (RHE) at a scan rate of 100 mV s-1 for at least 20 

segments. The same operation was performed for HER between -0.776 and 0.124 V vs. 

RHE. The aim is to activate the catalysts until a stable CV curve is obtained. The Linear 

sweep voltammetry (LSV) curves for OER were collected at a scan rate of 5 mV s-1 

between 0.924 and 2.324 V vs. RHE were corrected by 90% iR compensation, while 

the LSV curves were obtained for HER in the range of -0.776~0.124 V vs. RHE. The 

Electrochemical impedance spectroscopy (EIS) measurements were tested from 100 

kHz to 0.1 Hz at an amplitude of 5 mV. To convert the measured potentials into RHE, 

the Nernst equation is required:

(S1)
𝐸𝑅𝐻𝐸 = 𝐸 𝐻𝑔

𝐻𝑔𝑂

+ (0.059 × 𝑝𝐻) + 0.098

where the pH of 1 M KOH for testing is 13.8.

The Cdl was obtained by measuring the CV curves from 0.924 to 1.024 V vs. RHE 

at scan rates of 10-50 mV s-1 at an interval of 10 mV s-1. The calculation formula for 

Cdl is as follows, where ja and jc are the current densities of the positive and negative 

electrodes, respectively.

(S2)
𝐶𝑑𝑙 =

𝑗𝑎 ‒  𝑗𝑐

2 ×  𝑣

The calculation of the electrochemical surface area (ECSA) of the sample is based 

on the equation:

(S3)
𝐸𝐶𝑆𝐴 = (𝐶𝑑𝑙

𝐶𝑠
) ×  𝑆

where the specific capacitance (Cs) is usually between 20-60 μF cm-2, and here we use 

40 μF cm-2 according to previous research, where S represents the physical surface area 

of the electrode (~1.0 cm2).

The Tafel slopes were derived from the LSV curves through the Tafel equation:

(S4)𝜂 =  𝑏 ×  𝑙𝑜𝑔𝑗 + 𝑎

where η is overpotential, j is current density and b is Tafel slope.

Turnover frequency (TOF) calculation. According to previous reports,1 the 
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TOF for OER was given by:

(S5)
𝑇𝑂𝐹 𝑝𝑒𝑟 𝑠𝑖𝑡𝑒 =

# 𝑇𝑜𝑡𝑎𝑙 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑇𝑢𝑟𝑛 𝑂𝑣𝑒𝑟𝑠/𝑐𝑚2  𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎

# 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑆𝑖𝑡𝑒𝑠/𝑐𝑚2 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎

The total number of hydrogen turnovers was calculated from the current density 

using the following equation:2

#𝐻2
= (𝑗

𝑚𝐴

𝑐𝑚2)( 1𝐶 𝑠 ‒ 1

1000 𝑚𝐴)(1 𝑚𝑜𝑙 𝑒 ‒

96485 𝐶 )(1 𝑚𝑜𝑙 𝐻2

2 𝑚𝑜𝑙 𝑒 ‒ )(6.022 × 1023𝐻2 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

1 𝑚𝑜𝑙 𝐻2 )

(S6)
= 3.12 × 1015

𝐻2

𝑠

𝑐𝑚2
𝑝𝑒𝑟

𝑚𝐴

𝑐𝑚2

The total number of effective surface sites was calculated based on the following 

equation:

(S7)
# 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑠𝑖𝑡𝑒𝑠

𝑐𝑚2 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎
=

# 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑠𝑖𝑡𝑒𝑠 (𝑓𝑙𝑎𝑡 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑)

𝑐𝑚2 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎
× 𝑅𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟

Here, the roughness factor (RF) was calculated according to the following 

equation:

(S8)
𝑅𝐹 =

𝐶𝑑𝑙(𝑆𝑎𝑚𝑝𝑙𝑒)

𝐶𝑑𝑙(𝑓𝑙𝑎𝑡 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑)

Faraday efficiency (FE) analysis. The related experiment parameters are as 

follows: the geometric area of electrode is 1.0 cm2, the applied current is 10 mA, the 

current density is 10 mA cm-2, the temperature was set to 25 °C and the average loading 

weight of d-PA-tPBA/NF is 6.20 mg cm-2. The drainage method was applied to measure 

the FE of OER/HER using the following equation:

(S9)
𝐹𝐸(%) =

𝑛𝑒𝑥𝑝

𝑛𝑡ℎ𝑒𝑜𝑟
× 100 =

𝑃
𝑅𝑇

×
𝑧𝐹𝑉

𝐼𝑡
× 100 =

𝑧𝐹𝑉
𝐼𝑡𝑉𝑚

× 100

where nexp and ntheor are the experimental and theoretical amounts of O2/H2 generated 

during the OER/HER process, respectively. Vm is the molar volume of (24.5 L mol-l at 

20 ℃)

According to the Faraday’s law, the ntheor was calculated by the equation:3

(S10)
𝑛𝑡ℎ𝑒𝑜𝑟 =

𝐼 ∙ 𝑡
𝑧 ∙ 𝐹

(𝑚𝑜𝑙)



S6

where I (A) is the current, t (s) is the reaction time, z is the electron transfer number and 

F = 96485 C mol-1 is the Faraday constant

According to water displacement method and ideal gas law, the nexp was calculated 

by the equation:3

(S11)
𝑛𝑒𝑥𝑝 =

𝑝 ∙ 𝑉
𝑅 ∙ 𝑇

(𝑚𝑜𝑙)

where p (Pa) is the partial pressure of O2/H2 produced, V (m3) is the volume of 

O2/H2 produced per unit interval time, R = 8.314 J mol-1 K-1 is the ideal gas constant, T 

= 293.15 K is the reaction temperature. 
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Figure S1. The optical pictures are arranged from left to right as NF, Ni(OH)2/NF, tPBA/NF, 

PA-tPBA/NF and d-PA-tPBA/NF.
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Figure S2. SEM images of (a) Ni(OH)2/NF, (b) tPBA/NF, (c) PA-tPBA/NF, (d) d-PA-

tPBA/NF.
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Figure S3. TEM image of d-PA-tPBA/NF with rough surface.
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Figure S4. XRD pattern of the Ni(OH)2 powder.
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Figure S5. The EDS image of d-PA-tPBA/NF.
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Figure S6. FTIR spectra of tPBA/NF, PA-tPBA/NF and d-PA-tPBA/NF.
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Figure S7. Schematic diagram of PA chelating metal ions.
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Figure S8. CV curves of (a) Ni(OH)2/NF. (b) tPBA/NF. (c) PA-tPBA/NF. (d) d-PA-tPBA/NF 

at various scan rates (10, 20, 30, 40 and 50 mV s-1) in the non-Faradic region (0.924-1.024 V 

vs. RHE).
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Figure S9. Double Y-axis bar chart of ECSA and overpotential at 10 mA cm-2 for Ni(OH)2/NF, 

tPBA/NF, PA-tPBA/NF and d-PA-tPBA/NF.
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Figure S10. OER polarization curves of d-PA-tPBA/NF before and after multi-current steps.
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Figure S11. SEM images of d-PA-tPBA/NF after CP s for (a, b) OER and (c, d) HER.
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Figure S12. The XRD pattern of d-PA-tPBA/NF after 26 h CP test for both HER and OER.
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Figure S13. XPS spectrum before and after CP test for OER of d-PA-tPBA/NF. (a) Ni 2p. (b) 

Fe 2p. (c) C 1s. (d) N 1s and (e) P 2p.
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Figure S14. Surface conditions of (a) cathode and (b) anode during the overall water splitting 

process.
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Table S1. The EIS fitting data of different catalysts at ~1.51 V vs. Hg/HgO.

Reaction Catalysts Rs (Ω) Rct (Ω) CPE (F)

Ni(OH)2/NF 4.10 7.12 0.70

tPBA/NF 3.99 5.62 0.82

PA-tPBA/NF 3.86 4.16 0.99OER

d-PA-tPBA/NF 3.90 3.60 1.12

Ni(OH)2/NF 1.71 2.62 0.87

tPBA/NF 1.50 0.77 0.98

PA-tPBA/NF 1.63 0.71 0.97HER

d-PA-tPBA/NF 1.64 0.53 1.00
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Table S2. Comparison of the key performance parameters for transition metals OER catalytic 

materials.

Catalysts Overpotential

η10 (mV)

Tafel slopes

(mV dec-1)
Loading weight 

(mg cm-2)

References

d-PA-tPBA/NF η=250 47.9 6.20 This work

CoZn MOF/CC η=287 76.3 0.24 4

Co-MOF/NF η=270 75.0 5.20 5

CoFe PBA/NF η=256 48.0 — 6

NiCo@NiCo-

PBA-AA

η=276 79.1 16.70 7

NiFe PBAs With 

CN vacancy

η=283 54.0 0.26 8

Co-Fe core-shell 

PBAs

η=271 53.7 0.13 9

MCCF/NiMn-

MOFs

η=280 86.0 1.00 10

NiCo-S@

CoFe PBAs

η=268 62.0 0.15 11

Ni-Fe-S/NCQDs η=295 85.9 1.19 12

NiFe-LDH-0.4M 

HMS

η=290 51.0 1.00 13
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Table S3. Comparison of the overall water splitting performances of d-PA-tPBA/NF and 

previous reported bifunctional electrocatalysts (at 10 mA cm-2) in 1 M KOH.

Catalysts
Cell voltage

(V, j = 10 mA cm-2)
References

d-PA-tPBA/NF 1.55 This work

Ni/Mo2C@C 1.55 14

NF/H–CoMoO4 1.56 15

Mo6.3-NiSe2/NF 1.57 16

Ga-NiFe2O4 1.59 17

Co-Mo-B-P/CF 1.59 18

V-NiSe2/NF 1.60 19

PNMO@Pi/NF 1.62 20

Co(OH)2/Fe7Se8 1.62 21

Co,V-FeNi-LDH 1.62 22

Ce0.1Ni0.85Se 1.67 23
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