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Experimental 
1.1 Chemicals 

Nickel foam (NF, thickness: 1.6 mm) was purchased from Changsha Lyrun 
Materials Co., Ltd. Platinum nanoparticles supported on graphitized carbon (20 wt% 
Pt/C) was purchased from Sigma-Aldrich. All of the chemicals used in the synthesis 
process were analytical grade and were used without further treatment. 

 
1.2 Preparation of ultra-thin NixOy nanosheets on Ni foam (APPJ-NixOy/NF) 

In a general synthesis, a piece of nickel foam (NF) was first washed with 4 M 
diluted hydrochloric acid, absolute ethanol and deionized water few times in sequence 
to remove the oil and nickel oxide layers on the surface, and dried in a vacuum oven 
for 24 h. The cleaned NF was then cut into 1 cm × 1 cm squares and treated with an 
atmospheric pressure nonequilibrium oxygen plasma jet for the predesigned time. The 
process of generating oxygen plasma jet was conducted by a high-frequency generator 
with a frequency of 20 KHz (PG-1000ZD, Nanjing Suman Plasma Technology Co., 
Ltd). In order to optimize the thickness of the NixOy layer and the OER performance of 
the APPJ-NixOy/NFs, we prepared APPJ-NixOy/NFs materials with different plasma 
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treatment time of 1 min, 3 min, 5 min and 7 min, and named them APPJ-NixOy/NF-1, 
APPJ-NixOy/NF-3, APPJ-NixOy/NF-5 and APPJ-NixOy/NF-7, respectively. The 
condition for the oxygen plasma jet was high-purity oxygen of about 0.1 MPa, 
discharge power of 300 W, and gas flow rate of about 0.4 L min-1. The whole process 
is carried out at room temperature. 

 
1.3 Characterization 
 The phase composition of the as-prepared samples was determined by X-ray 
diffraction (XRD, Bruker D8 diffractometer) using Cu Kα (λ = 1.5406 Å) radiation at 
40 KV and 40 mA. The micromorphology of the samples was characterized by scanning 
electron microscopy (FESEM, Hitachi S-4800) and transmission electron microscopy 
(TEM, JEM-2100). X-ray photoelectron spectroscopy (XPS) measurement was 
performed with a Thermo Fischer ESCALAB 250Xi spectrophotometer. Optical 
emission spectroscopy (OES) was provided by a handheld spectrometer (Ocean Optics 
Corporation, USA) with a spectral resolution of 0.4 nm. 
 
1.4 Electrochemical activity measurement  
 Electrochemical measurements were conducted on an electrochemical workstation 
(CHI 760E, CH Instruments Inc., China) using a three-electrode mode in 1.0 M KOH 
solution (pH = ∼13). The reference and counter electrodes were saturated calomel 
electrode (SCE, saturated KCl solution as electrolyte) and platinum wire, respectively. 
The NF and the APPJ-NixOy/NFs electrodes were directly used as the anodes for 
electrochemical characterizations. 

Linear sweep voltammetry (LSV) was performed at a scan rate of 5 mV s-1 between 
0.191 V and 0.791 V (vs. SCE). Tafel slopes were calculated based on the LSV curves 
by plotting overpotential (vs. the RHE) against log (current density). All curve tests are 
the results of repeated test after stabilization. The potential reported was converted with 
respect to a reversible hydrogen electrode (RHE) according to the pH value: ERHE = 
ESCE + 0.242 + 0.059pH. Unless specifically mentioned, all polarization curves were 
corrected for the iR compensation. The iR internal resistance correction was done using 
the equation : ERHE compensation = ERHE-iR. The Tafel curve was conducted in the 
potential range where there was no obvious Faraday current according to the formula: 
E = a + b log j. (where b is the Tafel slope, reflecting the catalytic mechanism of the 
material). EIS measurements were carried out at 1.56 V vs RHE over a frequency range 
from 105 to 0.01 Hz with a 5 mV AC dither. Chronopotentiometry tests were performed 
at the current density of 10 mA cm-2. The stability evaluation was performed by 
measuring the CVs with a sweep rate of 50 mV s-1 for 1000 cycles. The overpotential 
(ŋ) was calculated using the following equation: ŋ= ERHE-1.23 V. 
 The overall water splitting tests were conducted in a two-electrode system with the 
NF and the APPJ-NixOy/NF-5 electrodes as anodes and commercial Pt/C as cathode on 
the CHI760E electrochemical station. The LSV curves were recorded in 1.0 M KOH 
with a scan rate of 2 mV s−1. The stability of the catalyst electrodes was assessed by 
chronopotentiometry at the constant current of 10 mA cm-2, 30 mA cm-2, 50 mA cm-2, 
respectively. The final oxygen production at the current density of 10 mA cm-2 was 
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collected by a soap bubble flowmeter.  
 
1.5 Electrochemical active surface area (ECSA) 

The active surface area of the catalyst was estimated by calculating the 
electrochemical double-layer capacitance of the catalyst. Specifically, for a standard 
with an actual surface area of 1 cm2, the specific capacitance value can be used to 
further convert Cdl into ECSA. Generally, the specific capacitance of a flat surface is 
usually between 0.02-0.06 mF cm-2. It is worth noting that using nickel foam as a 
support has a much larger capacitance value than a flat surface. Therefore, nickel foam 
is the standard here. The ECSA of each catalyst can be calculated according to the 
following formula1: 

A୉ୌ୅ =
Cୢ୪ − catalyst(mF cmିଶ)

Cୢ୪ − Ni foam(mF cmିଶ)per ECSA cmଶ
 

Taking the APPJ-NixOy/NF-5 as an example, in the OER, the AECSA of APPJ-
NixOy/NF-5 can be calculated as: 

A୉ୌ୅
୒୧୓ /୒୊ିହ

=
1.99 mF cmିଶ

1.01 mF cmିଶ per cmா஼ௌ஺
ଶ = 1.97 cmா஼ௌ஺

ଶ  

The calculated ECSA was further used in the calculation of turnover frequency. 
 

1.6 Turnover frequency (TOF) calculations 
The TOF values were calculated according to the following formula: 

TOF =
# total oxygen turn overs /geometric area(cmଶ)

# surface active sites/geometric area(cmଶ)
 

The number of the total oxygen can be calculated based on the current 
density (J, IR-corrected) according to: 

             # Oଶ = J
mA

cmଶ
∙

1C sିଵ

1000 mA
∙

1 mol eି

96495.3 C
∙

1 mol Oଶ

4 mol eି
∙

6.022 × 10ଶଷ Oଶ molecules

1 mol Oଶ

= 1.56 × 10ଵହ
Oଶ sିଵ

cmଶ
per 

mA

cmଶ
 

Note that the nature of the surface active sites is not yet understood and the exact 
number of oxygen binding sites is not known, we thus estimated the number of the 
active sites as the total number of the surface sites (including metal Ni and oxygen 
atoms-according to our calculations, oxygen atoms also act as active sites) from the 
roughness factor together with the unit cell of the catalysts, which may underestimate 
the real TOF. Taking NiO (see figure below for the crystal structure) as an example, the 
surface active sites per real surface area can be calculated as follows: 

# Surface sites = (
8 atoms per unit cell

71.84 Å𝟑 per unit cell
)

ଶ
ଷ = 2.314 × 10ଵହ atoms /cmଶ real surface area 

Similarly, the number of surface sites for Ni is calculated as 1.458×1015 atoms per cm2 
real surface area. 
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Finally, the TOF can be calculated as: 

TOF =
1.56 × 10ଵହ Oଶ sିଵ

cmଶ per 
mA
cmଶ × J

# surface active sites × A୉ୌ୅
 

 
1.7 Computational methodology 

The DFT calculations have been performed within the framework of density 
functional theory (DFT) as implemented by the Vienna an initio Simulation Package 
(VASP).2-3 The exchange-correlation energy was treated in the generalized-gradient 
approximation (GGA) using Perdew-Burke-Ernzerhof PBE method4. The nano-model 
was constructed on the z direction of Ni (Ni24), Ni (Ni20O) with 16 Å vacuum. The 
cutoff energy of plane wave was chosen at 400 eV. For the structure optimizations, 
6×6×1 Monkhorst-Pack (MP) grids were used. The changes in total energies between 
two successive iteration steps were less than 10-5 eV, and all the Hellmann-Feynman 
force acting on each atom was lower than 0.01 eV /Å. The dipole correction was not 
used in the calculation. The adsorption free energies of O, *OH and* OOH on all 
structures were calculated by the formula: Δ𝐺= Δ𝐸 + Δ𝑍𝑃𝐸 − 𝑇Δ𝑆, where Δ𝐸, Δ𝑍𝑃𝐸, 
Δ𝑆 are the binding energy, zero point energy change and entropy change of H adsorption 
reaction, respectively. Herein, a solvation correction with energy equals to -0.22 eV is 
applied to only ∆E*OH and ∆E*OOH since water molecule could solvate *OH and *OOH 
moieties with hydrogen bond, whereas the hydrogen bond is absent for *O. For the 
OER intermediates, the adsorption Gibbs free energies are expressed by Ref. 5.  

It is widely known that the OER is typical reversible reaction. It involves the four-
electron transfer processes and elementary reactions pathways are displayed as 
following equations: 

𝑂𝐻ି
∆ீଵ
ሱ⎯ሮ∗ 𝑂𝐻 + 𝑒ି                           (1) 

∗ 𝑂𝐻 + 𝑂𝐻ି
∆ீଶ
ሱ⎯ሮ ∗ 𝑂 + 𝐻ଶ𝑂 + 𝑒ି                      (2) 

∗ 𝑂 + 𝑂𝐻ି
∆ீଷ
ሱ⎯ሮ ∗ 𝑂𝑂𝐻 + 𝑒ି                       (3) 

∗ 𝑂𝑂𝐻 + 𝑂𝐻ି
∆ீସ
ሱ⎯ሮ 𝑂ଶ + 𝐻ଶ𝑂 + 𝑒ି                     (4) 
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where the “*” stand for the active adsorption site on catalysts. 
According to the thermodynamics of OER, all the reaction steps are endothermic. 

The process with the largest endothermic process is the rate-determining step (RDS). 
The sample with the smallest UL(OER) value has the highest OER catalytic activity, 
as described in the following equation: 

𝑈௅(OER) = 𝑀𝑎𝑥௜[∆𝐺௜]/ne − 1.23 V                   (5) 
 

 
Figure S1. (a-c) SEM images of the APPJ-NixOy/NF-5 obtained from 5 min of the APPJ 
treatment time. (d-f) SEM images of the pristine NF.  
 
 

 
Figure S2. (a) Surface SEM image and (b-d) Cross-section SEM images of the APPJ-
NixOy/NFs. 
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Figure S3. (a) XPS survey spectra of the pristine NF and the APPJ-NixOy/NFs with 
different durations of the APPJ treatment. (b) High-resolution XPS spectra of Ni 2p of 
the pristine NF. 
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Figure S4. Changes of Ni and oxygen content with different durations of the APPJ 
treatment. 
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Figure S5. CVs recorded at various scan rates for (a) NF, (b) APPJ-NixOy/NF-1, (c) 
APPJ-NixOy/NF-3, (d) APPJ-NixOy/NF-5, and (e) APPJ-NixOy/NF-7. 
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Figure S6. High-resolution XPS spectra of (a) Ni 2p and (b) O 1s for the APPJ-
NixOy/NF-5 after 10 and 1000 cycles of the CV scans, respectively. 
 
 
Table S1. Comparison of the OER performance of the APPJ-NixOy/NFs with different 
durations of the APPJ treatment. 

Catalysts 
onsetE  

(V vs RHE) 

η10 

(mV vs 

RHE) 

400mVj  

(mAcm-2) 

Tafel slop 

(mV dec-1) 
Charge 
transfer 

resistance 
(Rct) (Ω) 

the pristine 
NF 

1.567 434 4.96 180 45.6 

APPJ- 1.501 378 19.6 92 30.1 



S8 
 

NixOy/NF-1 
APPJ-
NixOy/NF-3 

1.494 370 23.6 89 26.2 

APPJ-
NixOy/NF-5 

1.490 355 37.7 88 17.1 

APPJ-
NixOy/NF-7 

1.489 356 35 89 18.2 

 
 
Table S2. Comparison of the OER performance of the APPJ-NixOy/NF-5 with other 
non-noble electrocatalysts reported recently. 

Catalysts Substratea Electrolyte η10 (mV vs 

RHE) 

Tafel slop 

(mV dec-

1) 

Reference 

APPJ-NixOy/NF-5 NF 1.0 M KOH 355 88 This Work 

NiO@NF-6 NF 1.0 M KOH 405 109 6 

15-30nm NiO NPs GC 0.1 M KOH 396 54 7 

~40nm NiO NPs GC 1.0 M KOH 427 117 8 

NixCo3–xO4 nanowires NF 1.0 M KOH 337 75 9 

N-MWCNT/NiO-Ni GC 1.0 M KOH 400 80 10 

CoOx-ZIF GC 1.0 M KOH 318 70.3 11 

N-CoOx/CNT GC 0.1 M KOH 420 68 12 

Ni3S2 NF 1.0 M KOH 312 111 13 

ZnCo2O4 FTO 1.0 M KOH 390 46 14 

NiCo LDH CP 1.0 M KOH 367 40 15 

 a GC: Glassy Carbon; FTO: Fluorine-doped tin oxide; CP: Carbon paper.  
 
Table S3. Comparison of the OER performance of the APPJ-NixOy/NF-5 with other 
non-noble electrocatalysts prepared by using different plasma processes. 

Materials Type of plasmaa Conditionb Reaction 

time 

η10 (mV vs 

RHE) 

Tafel slop 

(mV dec-1) 

Reference 

APPJ-NixOy/NF-5    O2 APPJ RT 5 min 355 88 This Work 

CoMoO4/CC Ar APPJ RT 120 s 314 51 16 

Cu2O/CuO He/O2 APPJ 350℃ 5 min 535 128 17 

NiCoP/NF PH3/He RF 250℃, 980mTorr 15 min 280 87 1 

P-Mo-Ni(OH)2 H2/N2 RF RT, 60Pa 20 min / / 18 

P-V-NiFe LDH H2 RF 40Pa, 400W 20 min / / 19 

Co3O4 Ar RF 40Pa, 100W 120 s 300 68 20 

N-CoOx/CNT N2 RF 0.1Torr, 

200W, 200℃ 

5 min 420 68 21 

CoFe LDHs H2O DBD RT 5 min 232 36 22 

Co-PBA/NF  Air DBD RT 2 h 274 53 23 

Cu2S/CF Air DBD 60℃ 1 min 290 101 24 

Co NPs/C CH4/H2  25Torr, 700W 10 min 270 56 25 
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MW plasma 

Co-FeCo/N-G CH4/H2/NH3 

MW plasma 

10Torr, 1kV 10 min 310 34 26 

MO-CNP C6H6 SPP 25kHz, 1.2kV 12 min / / 27 

Ni2P/NF Ar/H2 glow 

discharge 

250℃, 50Pa 1 h / / 28 

a MW: microwave; SPP: solution plasma process; b RT: room temperature 
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