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EXPERIMENTAL SECTION 

Materials Characterization 
The measurements were done using a field emission scanning electron microscope 

(SEM) (FEI Magellan-400, 5 kV). With a 200 kV JEOL JEM-F200 transmission 

electron microscope using a field-emission electron gun, the transmission electron 

microscopic (TEM), high-resolution TEM (HRTEM), and associated energy dispersive 

X-ray spectrometer mapping (EDS-mapping) images were obtained. The Cu Kα 

radiation target (40 kV, 40 mA) was used to get the X-ray diffraction (XRD) patterns 

from the Rigaku D/Max-2550V X-ray diffractometer at a scan rate of 4 ° min-1. Thermo 

Fisher Scientific ECSA lab 250 XPS spectrometer was used to detect the X-ray 

photoelectron spectroscope (XPS) signals using monochromatic Al Kα X-rays. The 

carbon base (284.8 eV) was used for calibration. Optical emission spectroscopy (ICP-

OES, Agilent 725) using inductively coupled plasma was used to assess the catalyst's 

composition and concentration. 

 

HER products analysis 
The Faraday efficiency of the catalyst to produce hydrogen was evaluated using 

the following equation FE(%) = nୣ × V(ୌమ୮୰୭ୢ୳ୡ୲୧୭୬) × FQ୲ୟ୲ୟ୪ × Vୱ × 100% 

ne is the number of electrons required to produce one molecule of hydrogen (ne = 

2), F is Faraday constant (96485 C mol-1), Qtotal is the total number of electrons during 

the reaction, and VS is the standard molar volume (22.4 L mol-1). 

 

 
 
 
  



 

Figure S1. Typical SEM images at different magnifications of NiCoP-1/NF. 
  



 

Figure S2. Typical SEM images at different magnifications of NiCoP-3/NF. 
  



 

Figure S3. Typical SEM images at different magnifications of NiP/NF.  
  



 

Figure S4. Typical SEM images at different magnifications of CoP/NF. 
  



 
Figure S5. SEM-EDS spectra of NiCoP-1/NF, NiCoP-2/NF and NiCoP-3/NF. (The Al 
signal is derived from the substrate (Al foil) during the testing process) 
 
 
 
 
  



 
Figure S6. Survey scan of XPS spectra of the NiCoP-1/NF, NiCoP-2/NF and NiCoP-
3/NF. 
 
  



 
Figure S7. High-resolution XPS Ni 2p of CoP/NF and NiP/NF. 
 
  



 
Figure S8. High-resolution XPS Co 2p of CoP/NF.  
 
  



 
Figure S9. High-resolution XPS P 2p of CoP/NF and NiP/NF. 
  



 
Figure S10. High-resolution XPS O 1s of NiP/NF and CoP/NF. 
 
  



 
Figure S11. LSV curves of as-prepared catalysts with/without stirring in HER. 



 
Figure S12. The LSV curves without iR compensation in 1 M KOH. 
  



 
Figure S13. LSV curves after normalization of ECSA values. 
 
  



 
Figure S14. The mass activity curves of as-prepared catalysts for HER. 
  



 
Figure S15. The CV curves of varied samples with the scan rate ranging from 20 to 80 
mV s-1 in 1.0 M KOH; (a) CoP/NF; (b) NiCoP-1/NF; (c) NiCoP-2/NF; (d) NiCoP-3/NF; 
(e) NiP/NF. 
 
  



 
Figure S16. XRD patterns for NiCoP-2/NF after the stability tests. 
  



 
Figure S17. SEM image of NiCoP-2/NF after the stability tests. 
  



 
Figure S18. TEM image and EDS elemental mappings of NiCoP-2/NF after the 
stability tests. 
 
  



 
Figure S19. Nyquist plots of (a) CoP/NF, (b) NiCoP-1/NF, (c) NiCoP-3/NF and (d) 
NiP/NF for HER at varied potentials (lines and points represent the original data and 
fitted data, respectively). 
 
  



 
Figure S20. LSV curves of as-prepared catalysts with/without stirring in OER. 

 



 
Figure S21. LSV curves (without iR correction) of as-prepared catalysts for OER by 
using Hg/HgO as reference electrode.  
  



 
Figure S22. The Nyquist plots of as-prepared catalysts and commercial RuO2-NF 
measured in OER conditions (lines and points represent the original and fitted data, 
respectively). 
  



 
Figure S23. The mass activity curves of as-prepared catalysts for OER. 
 
 
  



Table S1. Mass loading during the preparation of different catalysts. 

Samples Weight of 
substrate (NF) 

Weight after 
preparation Mass loading 

CoP/NF 0.2081 g 0.3145 g 15.2 mg cm-2 
NiCoP-1/NF 0.2031 g 0.2391 g 5.143 mg cm-2 
NiCoP-2/NF 0.2033 g 0.2472 g 6.271 mg cm-2 
NiCoP-3/NF 0.2047 g 0.2380 g 4.757 mg cm-2 

NiP/NF 0.2009 g 0.2403 g 5.629 mg cm-2 
20 % Pt/C-NF - - 1 mg cm-2 

RuO2-NF - - 1 mg cm-2 
 
 
  



Table S2. The corresponding mass and atomic percentages in SEM-EDS spectra of 
NiCoP-1/NF, NiCoP-2/NF and NiCoP-3/NF. 

Samples Element Weight% Atom% 

NiCoP-1/NF 

O 6.9 14.0 
Al 39.0 46.7 
P 19.7 20.5 

Co 19.2 10.5 
Ni 15.1 8.3 

NiCoP-2/NF 

O 12.5 23.7 
Al 36.9 41.7 
P 18.1 17.8 

Co 15.8 8.2 
Ni 16.7 8.7 

NiCoP-3/NF 

O 6.3 13.0 
Al 39.6 48.2 
P 17.1 18.1 

Co 14.0 7.8 
Ni 22.9 12.8 

 
 
 
  



Table S3. Corresponding mass percentages and atomic percentages in TEM-EDS 
images of NiCoP-2/NF. 
 

Element Mass% Atom% 
C 87.66 95.07 
O 2.12 1.72 
P 4.03 1.69 

Co 3.06 0.68 
Ni 2.54 0.56 

 
  



Table S4. ICP data of Ni-Co-Pre/NF. 
 

Element Ni Co 

Weight Percentage  25.4 wt. % 24.5 wt.% 

ICP Content 253.83 g kg-1 244.79 g kg-1 

 
  



Table S5. ECSA values of as-prepared catalysts. 
Samples ECSA (cm2) 

CoP/NF 2.37 

NiCoP-1/NF 1.53 

NiCoP-2/NF 1.24 

NiCoP-3/NF 1.21 

NiP/NF 0.89 
 
  



Table S6. Cdl values of as-prepared catalysts through the normalization of current 
density and mass activity, respectively. 
 

Samples mF cm-2 mF/g 
CoP/NF 94.7 6230.3 

NiCoP-1/NF 61.1 11880.2 
NiCoP-2/NF 49.74 7931.8 
NiCoP-3/NF 48.57 10210.2 

NiP/NF 35.6 6324.4 
 
  



Table S7. ICP data of NiCoP-2/NF solution after 10000 cycles of testing. 
 

Element Ni Co P 

Weight Percentage 0.0068 wt. % 0.035 wt. % 95.8 wt. % 

ICP Content 15.0 ug L-1 76.8 ug L-1 2073.7 ug L-1 

 
  



Table S8. Comparison of electrocatalytic activities of HER in 1.0 M KOH between 
NiCoP-2/NF in this work and various transition metal based catalysts recently reported. 
 

Materials 
Current 
density 

(mA cm–2) 
Potential 

(mV vs. RHE) 
Tafel slope 
(mV dec-1) 

Stability 
(h) Reference 

NiCoP-2/NF 
100 
500 
1000 

122 
150 
169 

51.6 100 This work 

Ni2(1-x)Mo2xP 500 240 46.4 160 1 
Ni-Co-P/NF 500 210 46 24 2 
A-NiMoO-P 500 170 87 1000 3 

NiMoOx/ 
NiMoS 500 174 38 50 4 

MoC-Mo2C-
790 500 292 59 1000 5 

MoS2/Mo2C 500 191 44 24 6 
Co-doped 

CeO2 500 215 103.8 14 7 

Co-NC-AF 500 272 67.6 32 8 
NFN-

MOF/NF 500 293 35.2 30 9 

E-Co SAs 500 280 105 500 10 
Ni-Mo-B HF 500 329 58.7 300 11 

 
  



Table S9. The fitted parameters of the EIS data of various NiCoP/NF catalysts. 
 

Samples η(mV) Rs CPE1 Rct Cφ(F) Ri CPE2 Rc 

CoP/NF 

60 1.522 0.002681 0.1813 0.08815 15.19 0.0004005 1.033 
70 1.54 0.002859 0.1938 0.07922 11.4 0.0003987 11.07 
80 1.561 0.003031 20.03 0.07143 8.403 0.0003769 0.1183 
90 1.509 0.004856 0.2321 0.07026 4.813 0.0004741 1.372 
100 1.552 0.005458 0.166 0.1368 1.814 0.09711 1.731 
110 1.412 0.0002759 15.95 0.1752 1.401 0.07525 1.698 

NiCoP-
1/NF 

60 1.468 0.00133 0.3313 0.02364 17 0.0002515 0.0143 
70 1.455 0.01786 0.3479 0.02154 14.74 0.0003675 0.1483 
80 1.447 0.001797 0.3739 0.01998 11.49 0.0002763 1.768 
90 1.504 0.002 0.407 0.0183 9.552 0.0003439 0.0172 
100 1.442 0.00153 4.031 0.01712 6.938 0.0002953 0.1557 
110 1.446 0.001962 4.197 0.0158 6.077 0.0003341 0.1699 
120 1.501 0.0001888 0.0148 0.06637 0.869 0.01462 3.038 
130 1.461 0.0002069 16.76 0.06004 0.7417 0.01373 3.093 
140 1.45 0.0001821 10.53 0.1238 1.318 0.01485 2.638 

NiCoP-
2/NF 

60 1.236 0.00074 3.389 0.01381 18.63 0.0001163 0.159 
70 1.227 0.0798 0.3938 0.01115 15.55 0.000124 0.1633 
80 1.227 0.0007577 0.3663 0.01017 11.72 0.001195 0.1555 
90 1.233 0.0009303 0.4437 0.00942 10.58 0.0001362 1.792 
100 1.238 0.0009571 0.3944 0.00921 7.188 0.001198 0.1744 
110 1.257 0.0000939 0.162 0.06932 2.29 0.007784 5.225 
120 1.252 0.0000936 0.1253 1.03 3.291 0.008612 4.236 

NiCoP-
3/NF 

60 1.468 0.00133 0.3313 0.02364 17 0.0002515 0.0143 
70 1.455 0.01786 0.3479 0.02154 14.74 0.0003675 0.1483 
80 1.447 0.001797 0.3739 0.01998 11.49 0.0002763 1.768 
90 1.504 0.002 0.407 0.0183 9.552 0.0003439 0.0172 
100 1.442 0.00153 4.031 0.01712 6.938 0.0002953 0.1557 
110 1.446 0.001962 4.197 0.0158 6.077 0.0003341 0.1699 
120 1.501 0.0001888 0.0148 0.06637 0.869 0.01462 3.038 
130 1.461 0.0002069 16.76 0.06004 0.7417 0.01373 3.093 
140 1.45 0.0001821 10.53 0.1238 1.318 0.01485 2.638 

NiP/NF 

60 2.018 0.0006935 0.4838 0.00945 29.39 0.0001325 0.2264 
70 1.971 0.00068 5.082 0.00828 25.97 0.0001072 0.2354 
80 2.037 0.000142 0.0230 0.00835 24.51 0.001177 0.3027 
90 2.028 0.0001264 2.158 0.00873 22.75 0.00109 0.2947 
100 1.92 0.0006831 0.6051 0.00728 16.7 0.0001152 2.494 
110 2.008 0.0004933 0.4984 0.00758 16.39 0.0000096 0.1831 
120 1.907 0.006062 4.804 0.00712 12.06 0.0001191 0.2291 
130 1.952 0.0001184 0.1882 0.1699 10.39 0.006112 7.804 
140 1.964 0.001129 0.0615 0.2618 23.65 0.00574 6.091 
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