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Fig.S1. XRD of precursor of Nickel phosphide which prepared with different concentrations of Ni(NO3)2·6H2O (2, 4, 

6 mmol), (a) hydrothermal temperatures 120 °C; (b) hydrothermal temperatures 140 °C; (c) hydrothermal 

temperatures 160 °C.

Fig. S2. XRD of Nickel phosphide that of precursor was prepared with different concentrations of Ni(NO3)2·6H2O 

(2, 4, 6mmol) and different hydrothermal temperature, (a) hydrothermal temperatures 120 °C; (b) hydrothermal 

temperatures 140 °C.
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Fig. S3 (a) (b) SEM images of the NF.

Fig. S4. (a b c d) Energy Dispersive Spectrum (EDS) of 3D SHF-Ni5P4; (e) The specific atomic percentage of Ni and P 

elements of 3D SHF-Ni5P4.

Fig. S5. TEM micrographs (a) of 3D SHF-Ni5P4; (c) HR-TEM image of 3D SHF-Ni5P4. 
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Fig. S6. A scan survey spectrum of 3D SHF-Ni5P4

Fig.S7. LSV polarization curve of nickel phosphide that of the precursor prepared with 2mmol, 4mmol, and 6mmol 

of Ni(NO3)2·6H2O solution at the different temperature in hydrothermal process;  (a),(b) HER and OER of nickel 

phosphide precursor were prepared at 120 °C; (c),(d) HER and OER of nickel phosphide precursor were prepared 

at 140 °C.

 

Fig. S8. OER CVs of (a) 3D SHF- Ni5P4; (b) Ni5P4-4; (c) Ni5P4-2 in 1 M KOH solution at scan rates of 20, 40, 60, 80, 100, 

and 120 mV/s, respectively.
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Fig. S9. HER CVs of (a) 3D SHF- Ni5P4; (b) Ni5P4-4; (c) Ni5P4-2 in 1 M KOH solution at scan rates of 20, 40, 60, 80, 100, 

and 120 mV/s, respectively.

Calculation of TOF values 

Fig. S10. (a) CV curves of Ni5P4-2、Ni5P4-4 and 3D SHF-Ni5P4 in 1.0 M KOH solution at a scan rate of 50 mV s-1
.

The TOF values are calculated via the following equation:

𝑇𝑂𝐹 =  
𝐽

𝑚𝐹𝑛

m: electrons are consumed to form one H2 or O2 molecule from water (2electrons for HER, 4 

electrons for OER)

J (mA cm-2): the current density at a fixed overpotential (OER 300mV, HER 200mV), during the LSV 

measurement in 1.0M KOH solution.

F: represents the Faraday constant (96485 C), 
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n: the total number of moles of active sites. The number of active sites (n) can be measured by a 

formerly reported method, n = Q/2F

Q: the cyclic voltametric charge capacity obtained by integrating the CV cures. The CV curve was 

tested in 1.0 M KOH solution at -0.2-0.6 V (vs. RHE) with a sweep rate of 50 mV s−1.

For OER of 3D SHF-Ni5P4, determination of Turnover Frequency (TOF)

𝑛 =  
𝑄

2𝐹
=  

11.59
2 × 96485

= 6.01 × 10 ‒ 5

 = 2.83 S-1

𝑇𝑂𝐹 =  
𝐽

𝑚𝐹𝑛
=  

65.54

4 × 96485 × 6.01 × 10 ‒ 5

Post electrolysis characterization 

 To gain further insight into the catalyst transformation following electrocatalysis, XRD, SEM, and 

XPS have been conducted to analyze 3D SHF- Ni5P4 after electrocatalytic stability test.

Fig. S11. The XRD spectra of 3D SHF- Ni5P4 for OER after 1000 cycles.

Fig. S12. The XRD spectra of 3D SHF- Ni5P4 for HER after 1000 cycles.
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Fig. S13. The XRD spectra of 3D SHF-Ni5P4 as anode for water splitting after 24h.

Fig. S14. The XRD spectra of 3D SHF- Ni5P4 as cathode for water splitting after 24 H.

Fig. S15. XPS spectra of (a) a scan survey spectrum (b) Ni and (c) P after 22h of OER.
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Fig. S16. XPS spectra of (a) a scan survey spectrum (b) Ni and (c) P after 22h of HER.

Fig. S17. (a-d) 3D SHF- Ni5P4 for OER after 1000 cycles.
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. 

Fig. S18. (a-b) SEM of 3D SHF- Ni5P4 for HER after 1000 cycles.

Fig. S19. (a-d) SEM of 3D SHF- Ni5P4 for OER after22h.
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Fig. S20. (a-d) SEM of 3D SHF- Ni5P4 for HER after 22h.

Fig. S21. (a-d) SEM of 3D SHF-Ni5P4 as anode for water splitting after 24h.
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Fig. S22. (a-d) SEM of 3D SHF-Ni5P4 as cathode for water splitting after 24h.

Fig. S23. Overall water splitting video and picture.

OER and HER mechanism in alkaline

Based on published articles, the mechanisms of OER and HER in alkaline are as follows:

(1) OER mechanism

The mechanism of OER is complicated and still debatable on the anode catalysts. The OER 

mechanism involves the adsorption and desorption of intermediates, i.e., 

OHads → Oads  →  OOHads→ O2ads process (adsorbate evolution mechanism, AEM). The steps of 

OER primitives under alkaline conditions are as follows:

(1) OH-+ * → OHads + e-

(2) OHads + OH-  → Oads + H2O + e-

(3) Oads + OH- →  OOHads + e-

(4) 2Oads→ O2 + *
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Overall: 4OH-→  H2O + O2  + e-

Where the * represents the active sites on the catalyst surface, and the “ads” represents 

adsorbed state of intermediates (OHads, Oads, OOHads, O2ads)

Fig. 1 Schematic diagram of OER mechanism[29]

(2) HER mechanism

In alkaline media, transition metal catalysts usually react with H2O and H* to generate H2.

 the first step of HER is to generate H* by reaction with H2O. The second step is the rate-

determining step(RDS), which depends ofn the activity of these catalysts. 

The steps of HER primitives under alkaline conditions are as follows:

(1) H2O + e- → OH- + Hads (Volmer)

(2) Hads + H2O + e- →  OH- + H2(Heyrovsky)

(3) 2Hads  →  H2(Tafel)

Where the * represents the active sites on the catalyst surface, and the “ads” represents 

adsorbed state of intermediates (Hads)

Fig. 2  Schematic diagram of HER mechanism in alkaline media[30]

According to reports, for HER reaction, the determination rate of the electrochemical reaction 
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can be judged according to the Tafel slope of the reaction. When the Tafel slope is 120 mV dec-1, 

the RDS is the Volmer process. When Tafel slope is 40 mV dec-1, RDS is Heyrovsky process. RDS is 

a Tafel process when the Tafel slope is 30 mV dec-1. In this work, there is no tafel slopes match the 

expected Tafel slopes of 30, 40, and 120 mV dec-1, each of which correlate with a different rate-

determining step of the HER. Although the Tafel analysis is useful in elucidating the rate-

determining steps, too simplified discussion, fails to accurately describe the surface 

electrocatalysis. The relation between tafel slope and reaction mechanism will be studied in the 

next part of this work.

Table S2 Summary of various nickel phosphide catalytic electrodes

for HER or OER

Catalyst  

Activity

Current 

density

(mA/cm2)

Potential Electrolyte Tafel 

slope

(mV/dec)

Reference

3D SHF-Ni5P4 OER 10 180 1 M KOH 54 This work

HER 10 106 1 M KOH 79.38

N-C/Ni5P4/Fe3P OER 10 252 mV 1 M KOH 24 [1] 

Ni5P4 on Nickel foil HER 10 140 mV

150 mV

0.5MH2SO4

1 M KOH

[2]

Ni5P4 -Ni2P-NS HER 10 120 mV 0.5MH2SO4 79.1 [3]

CoP/ Ni5P4/CoP HER 10 33 mV 0.5MH2SO4 43 [4]

Ni5P4/NF HER 10 64 mV 1 M KOH 64 [5]

Ni5P4/NF OER 10 182 mV 1 M KOH 58 [5]

Ni5P4@NiCo2O4 HER 10 27 mV 1 M KOH 27 [6]
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S- Ni5P4 NPA/CP HER 10 56 mV 1 M KOH 43.6 [7]

Ni5P4 HER 10 114 mV 1MKOH 34 [8]

Ni5P4/NiP2/Ni2P HER 10 120 mV 0.5MH2SO4 47.3 [9]

Cuf@ Ni5P4 HER 10 90 mV 0.5MH2SO4 49 [10]

WS2/ Ni5P4- Ni2P HER 10 90 mV 0.5MH2SO4 74 [11]

Ni5P4-Ru HER 10 54 mV 1MKOH 52 [12]

Co-doped (6.6at.%) 

Ni5P4

HER 10 310 mV 0.5MH2SO4 90 [13]

CC@Ni-P HER 10 93 mV 0.5MH2SO4 58.2 [14]

Ni2P/Ni5P4@3DNG HER 10 139 mV 0.5MH2SO4 59 [15]

Ni5P4/Ni2PFeNi@C OER 10 242 mV 1MKOH 46 [16]

Co doping (i.e., 

20%)- Ni5P4

HER 10 100.5 

mV

1MKOH 65.8 [17]

Ni5P4/C HER 10 103 mV 0.5MH2SO4 51 [18]

MF-GrCNTs-Se- 

Ni5P4

HER 10 130 mV 0.5MH2SO4 98 [19]

Table S3 Summary of various nickel phosphide catalytic electrodes

 for overall water splitting

Catalyst             Activity Current 

density

(mA/cm2)

Potential Electrolyte Reference
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3D SHF-Ni5P4 HER 10 106 mV 1 M KOH This work

OER 10 180 mV

Water plitting 10 1.47V

HER 10 131 mV 1 M KOH [20]

HER 100 257 mV

Ni0.975Fe0.025P@CC

Water plitting 10 1.50 V

HER 10 55 [21]

OER 10 229

S-doped Ni-P 

Water splitting 10 1.51V

HER 10 197 mV 1 M KOH [22]

OER 10 221 mV

Fe-Ni5P4/NiFeOH-

350

Water plitting 10 1.55 V

HER 10 59 [23]

OER 10 285

Zn/F NiCoP/NF 

Water splitting 10 1.568

HER 20 160 mV 1 M KOH [24]

OER 10 320 mV

NixPy-325

Water plitting 10 1.57V

HER 10 94.5 mV 1 M KOH [25]

OER 10 217 mV

D- Ni5P4│Fe

Water plitting 10 1.59 V

Ni2P/NiMoP2/CC HER 10 102 [26]
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OER 10 230

Water splitting 10 1.59

HER 10 88 [27]

OER 10 262

A-Ni2P/Cu3P

Water splitting 10 1.60

HER 10 73 [28]

OER 30 226

Fe, Rh- Ni2P/NF 

Water splitting 10 1.62
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