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Figure S1. XRD patterns for (a) oxide and (b) phosphide samples with different Fe doping levels. 

Besides the NF background, the main phase in oxide is Co3O4, and in phosphide are Co2P and 

Ni2P, respectively. Please note that the Ni2P phase appears owing to the phosphorization of the NF 

substrate, Here, xFe (x=0, 1, 2, 3 and 4) correspond to 0, 0.1 mmol, 0.2 mmol, 0.3 mmol and 0.4 

mmol FeCl3 was added in the precursor solution, as described in Experimental Section. 
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Figure S2. SEM images for (a) hydroxide precursor, (b,c) Ni-Co3O4 nanowires on NF, (d) Ni-

Co2P nanowire, and (e, f) FeNi-Co2P nanowires on NF, respectively.
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Figure S3. SEM images of for FeNi-Co3O4 samples with different Fe doping levels, (a) 1FeNi-

Co3O4, (b) 2FeNi-Co3O4, (c) 3FeNi-Co3O4 and (d) 4FeNi-Co3O4, respectively. Here, xFeNi-Co3O4 

(x=1, 2, 3 and 4) correspond to 0.1 mmol, 0.2 mmol, 0.3 mmol and 0.4 mmol FeCl3 was added in 

the precursor solution, as described in Experimental Section. 
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Figure S4. (a) TEM, (b) HRTEM and (c) EDX elements mapping of FeNi-Co3O4 nanowire. 
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Figure S5. OER polarization curves for oxides (Left) and phosphides (Right) with different Fe 

doping levels, respectively. 

As described for Figure S1, xFe (x=0, 1, 2, 3, and 4) means Fe concertation in precursor solution 

is 0, 0.1 mmol, 0.2 mmol, 0.3 mmol, and 0.4 mmol. Of note, Fe incorporation into oxide Ni-CO3O4 

leads to a gradual improvement on OER with increasing Fe concertation, and then slight decreases 

for 4Fe sample. However, an abrupt boost was observed in phosphides upon Fe incorporation; 

OER substantially improved, and then showed limited effects with changing Fe concentrations. 

But it still can identify that 3Fe sample demonstrates the best activity. Therefore, in this study 

FeNi-Co2P means the best OER catalyst 3Fe sample. 
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Figure S6. OER performance (polarization curve) for RuO2 on NF measured in 1M KOH 

electrolyte.
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Figure S7. Fe 2p3 XPS spectra for FeNi-Co2P sample after OER testing. 
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Figure S8. Cyclic voltammograms for Ni-Co2P (a) and FeNi-Co2P (b) electrodes with different 

scanning rates within the potential range 0.9 V ~ 1.0 V vs RHE. (c) The difference in capacitive 

current density at 0.95 V vs RHE was plotted against the scanning rate.
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Figure S9. The OER polarization curves (a) for FeNi-Co2P electrode before and after the multiple 

step chronoamperometry scanning (b) in 1M KOH electrolyte.
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Figure S10. The HER polarization curves for xFeNi-Co2P (x=0, 1, 2, 3, and 4) electrocatalysts in 

1M KOH electrolyte. 

In this study, Fe incorporation degrades the HER activity in terms of the onset potential. 0FeNi-

Co2P has an onset potential of -51 mV, whereas all Fe incorporation samples demonstrate the same 

onset potential of -96 mV. No clear relationship between Fe doping levels and η10 (overpotential 

at the current density of 10 mA/cm2) was identified. Based on XPS and VBS analysis, Fe 

incorporation in this study leads to the decreased density of states (electrons) near the Fermi level, 

which lowers the charge transfer efficiency under alkaline HER conditions and thus worsens the 

HER activity of Fe-containing samples.
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Figure S11. Cyclic voltammograms for Ni-Co2P (a) and FeNi-Co2P (b) electrodes with different 

scanning rates within the potential range 0.05 V ~ 0.15 V vs RHE. (c) The difference in capacitive 

current density at 0.1 V vs RHE was plotted against the scanning rate.
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Figure S12. XPS valence band spectra (VBS) for Ni-Co2P (Blue) and FeNi-Co2P (Green) 

electrodes. 
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Figure S13. Chronopotentiometry scanning of Ni-Co2P electrode at -100 mA/cm2 for 18 hours 

under alkaline HER condition in 1M KOH. 



S15

Figure S14. Theoretical overall water splitting by coupling the HER and OER polarization 

curves obtained in a three-electrode configuration half-cell. 
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Figure S15.  LSV curve for RuO2||Pt/C electrolyzer cell in 1M KOH electrolyte. The 

electrocatalysts were loaded on NF. This value is comparable to the reported values on RuO2||Pt/C 

or IrO2||Pt/C electrolyzer cell. 
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Figure S16. The spots represent H2 and O2 volumes experimentally measured by drainage gas 

collection method every 5 mins for total 30 mins at a constant current of 100 mA. The lines 

correspond to theoretical volumes for H2/O2. 

Faradaic Efficiency calculation

      To calculate the faradaic efficiency, H2 and O2 volumes were experimentally measured by 

drainage gas collection method every 5 mins for total 30 mins at a constant current of 100 mA. 

Whereas the theoretical volumes of H2 and O2 are calculated using the following equation:
𝐹 = 𝑒 ∙ 𝑁𝐴

𝑛 =
𝑁

𝑁𝐴
=

𝑉
𝑉𝑚

𝑄 = 𝐼 ∙ 𝑡

F is Faraday’s constant (96485.33 C mol-1); e is elementary charge (1.6×10-19 C); NA is Avogadro 

constant (6.2×1023); n is the amount of substance (mol); N is the number of particles; V is the gas 

volume (L); Vm is the molar volume of gas at the temperature when performing experiment (in our 

study Vm = 24.0 L mol-1 at 20 oC); Q is quantity of electric charge (C); I is current (A); t is time 

(s). 

Accordingly,
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𝑉𝐻2 =
12 ∙ 𝐼 ∙ 𝑡

96485.33

𝑉𝑂2 =
6 ∙ 𝐼 ∙ 𝑡

96485.33

Eventually, the Faraday efficiency is estimated by comparing the experimental volume with the 

theoretical one. [S56]
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Figure S17. Setup for 1.5V AA battery driven overall water splitting, and the collection of 

generated gases with water replacement method. 
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Figure S18. (a) set-up for the solar energy powered water splitting with a standard solar light 

simulator and 2V-solar panel. (b) shows the volumes of H2 and O2 against time with the PV-EC 

setup. 

Calculation of solar-to-hydrogen conversion efficiency

The solar-to-hydrogen conversion efficiency could be calculated based on the standard molar 

enthalpy of combustion (-285 kJ/mol),

𝜂 =
𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑚𝑜𝑙𝑎𝑟 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑜𝑓 𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 (𝑘𝐽/𝑚𝑜𝑙) × 𝐻2(𝑚𝑜𝑙)

𝑖𝑙𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑝𝑜𝑤𝑒𝑟 (𝑊) × 𝑡𝑖𝑚𝑒(𝑠)

where the illumination power is around 100 mW/cm2 generated by a standard sunlight simulator 

with an AM1.5G filter; the energy of H2 was obtained according to the standard molar enthalpy of 

combustion (-285 kJ/mol). [S57]
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Figure S19. Outdoor Solar light powered overall water splitting for hydrogen and oxygen 

evolutions. 
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Table S1. Summary of the metrics of OER performance for oxides and phosphides.

Samples η10

(mV)

η100

(mV)

Tafel 

(mV/dec)

j1.5V vs RHE 

(mA/cm2)

RCT

(Ω)

Ni-Co3O4 350 426 74.6 0.7 7.11

FeNi-Co3O4 268 312 47.3 10.8 1.07

Ni-Co2P 282 356 64.8 6.3 4.02

FeNi-Co2P 225 ± 4 270 42.8 96.2 0.81
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Table S2. Summary of the metrics of HER performance for oxides and phosphides.

Samples η10 (mV) η100 (mV) Tafel Slope (mV/dec) RCT (Ω)

Ni-Co3O4 181 314 107.1 6.29

FeNi-Co3O4 231 346 122.8 7.94

Ni-Co2P 109 185 77.6 1.78

FeNi-Co2P 139 215 82.4 2.04

Pt/C 42 165 57.8 0.98
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Table S3. Comparison of overpotentials to reach the current densities of 10 and 100 mA/cm2 for 

OER in 1M KOH alkaline electrolyte.

Samples η (mV) Tafel Slope (mV/dec) Reference

NiCoP@NiMn-LDH on NF 293@100 43.7 S1

NiCo2S4 on NF 260 40.1 S2

Mo-doped CoP nanoarrays 305 56 S3

Fe-doped CoNi0.5P Hierarchical Arrays 344@100 82 S4

Hierarchical Co-Fe Oxyphosphide 280 53 S5

N-doped Ni-Co phosphide 225 66.9 S6

Fe-doped Co-Mo-S microtube 268 79.3 S7

CoP(MoP)-CoMoO3@CN 296 105 S8

Cobalt phosphide hollow nanoboxes 240 45.8 S9

np-(Ni0.67Fe0.33)4P5 245 32.9 S10

NiCo2O4/NiCoP heterostructure 295 70 S11

Co-P@Porous Carbon 280 53 S12

Cr-Doped FeNi-P Nanoparticles 240 72.36 S13

Mo-doped Ni2P Hollow Nanostructures 270 68.5 S14

W-Doped CoP Nanoneedle Arrays 252 74 S15

Ru-NiFe-P nanosheets 242 66.1 S16

Cobalt phosphide nanowire arrays 300 64 S17

CoFe-P/NF 250 35 S18

Ni-Co/Ni-Fe phosphides 251 56 S19

Mo‑Doped NiCoP Nanosheet Arrays 269 76.7 S20

Cobalt–iron bimetal phosphide 297 48 S21

Cobalt phosphosulfide 308 58 S22

Fe-Doped Ni-Co Phosphide Nanoplates 293 37.8 S23

Hollow Fe-Co-P alloy nanostructures 252 33 S24

NiFeP@C 260 38.7 S25

FeNi-Doped Co2P on NF 225±4

270@100

42.8 This work
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Table S4. Comparison of overpotential η10 to reach the current densities of mA/cm2 in an 

electrolyzer cell for water splitting in 1M KOH alkaline electrolyte.

Samples η10 (V) References

Co3O4 Nanolayer-Shelled CoWP Nanowire Array 1.61 S26

Fe-doped CoNi0.5P Hierarchical Arrays 1.61 S4

Hierarchical Co-Fe Oxyphosphide 1.69 S5

N-doped FeP nanorods from MOF 1.72 V @100 S27

Cobalt phosphide on Ti mesh 1.64 S28

Hierarchical Fe-MoS2/Ni3S2/nickel foam 1.6 S29

Iron/nickel phosphides hybrid on Ni Foam 1.567 S30

np-(Ni0.67Fe0.33)4P5 1.62 S10

NiCo2O4/NiCoP heterostructure 1.66 S11

Cobalt phosphides in P-doped carbon (Co-P@PC) 1.60 S12

Ni3S2-Ni2P/NF 1.58 S31

Cobalt phosphide nanoparticles 1.58 S32

Nanoporous Ni-Fe-P 1.61 S33

Iron-doped nickel phosphide nanosheet arrays 1.61 S34

Ni2P Sheets on NiCo2O4 Nanocone Arrays 1.59 S35

Bimetallic phosphide (NiFe-P) 1.60 S36

0.75-NC-FexP catalyst 1.63 S37

NiFe-NiCoO2 hollow polyhedron 1.67 S38

Ni(OH)2/NiCo2O4 heterojunctions 1.65 S39

FeNiCo@NC/NF self-supported electrodes 1.61 S40

Tungsten-Doped CoP Nanoneedle Arrays 1.59 S15

Cobalt phosphide nanowire arrays 1.62 S17

Co9S8/WS2 array films 1.65 S41

CoFe-P/NF 1.51 S18

3D CuCo2S4/NiCo2S4 core-shell composites 1.6 S42

2D/0D CoP integrated in MOF 1.59 S43

Ni-Co/Ni-Fe phosphides 1.63 S19

Mn-doped FeP/Co3(PO4)2 Nanosheet Arrays 1.61 S44

Self-Standing CoP Nanosheets Array 1.65 S45

Mo‑Doped NiCoP Nanosheet Arrays 1.61 S20
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Cobalt–iron bimetal phosphide 1.57 S21

Co2P nanoparticles into co-doped carbon 1.72 S46

Ternary (NixFey)2P nanoplates arrays 1.61 S47

C-CoP hollow microporous nanocages 1.65 S48

Co2P/Mo2C/Mo3Co3C@C 1.74 S49

Ternary NiCoP nanosheet arrays 1.77@50 S50

MoP Nanoflake Array Supported on Ni Foam 1.62 S51

CoP Nanoframes 1.65 S52

CoP@ZnFeP 1.6 S53

NiCoP@phosphate nanocages 1.6 S54

CoVP@CC 1.61 S55

Fe-Doped Ni-Co Phosphide Nanoplates 1.61 S23

FeNi-Co2P||FeNi-Co2P 1.596 this study

Ni-Co2P||Ni-Co2P 1.625 this study

FeNi-Co2P||Ni-Co2P 1.578 this study
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