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Supplementary Figures 

 

Supplementary Figure 1. The SEM image of hierarchically porous Ni-Fe alloy on Ni 

foam.   

 

 

Supplementary Figure 2. The SEM images. (a) Ni7P3, (b) Ni6.6Fe0.4P3, (c) Ni5.7Fe1.3P3, 

(d) Ni5Fe2P3. 
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Supplementary Figure 3. The XRD patterns of Ni7P3, Ni6.6Fe0.4P3, Ni5.7Fe1.3P3 and 

Ni5Fe2P3. 

 

 

 

 

Supplementary Figure 4. The XRD pattern of the powder slightly scraped from the 

surface of PtSA-Ni6.6Fe0.4P3. 
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Supplementary Figure 5. The HAADF-STEM images of PtSA-Ni6.6Fe0.4P3. The part 
marked with red circles are Pt single atoms.  
 

  
Supplementary Figure 6. The XPS spectrums. (a) Ni 2p of PtSA-Ni6.6Fe0.4P3. (b) P 2p 

of PtSA-Ni6.6Fe0.4P3. (c) Ni 2p of Ni6.6Fe0.4P3. (d) P 2p of Ni6.6Fe0.4P3. 
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Supplementary Figure 7. EXAFS fitting curve of the first-shell of PtSA-Ni6.6Fe0.4P3 R-

space. 

 

   
Supplementary Figure 8. HER polarization curves of Ni6.6Fe0.4P3 in 4 M NaCl with 

90% iR-compensation (resistance value: 1.1±0.1 Ω). 
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Supplementary Figure 9. Tafel slopes plot of PtSA-Ni6.6Fe0.4P3, PtSA-Ni-Fe, Pt/C and 

Ni foam for HER. 

 

  

Supplementary Figure 10. HER polarization curves of PtSA-Ni7P3, PtSA-Ni6.6Fe0.4P3, 

PtSA-Ni5.7Fe1.3P3 and PtSA-Ni5Fe2P3 in 4 M NaCl with 90% iR-compensation (resistance 

value: 1.1±0.1 Ω). 
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Supplementary Figure 11. Cyclic voltammograms performed in 1 M NaCl in the 

potential window without the participation of faradaic processes. (a) Ni-Fe alloy, (b) 

Ni6.6Fe0.4P3, (c) Ni5.7Fe1.3P3, (d) Ni5Fe2P3. (e) 20 wt% PtC/NF, (f) The corresponding 

scan rate dependence of the average currents. 
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Supplementary Figure 12. The HER polarization curves in 4 M NaCl for different 

catalysts normalized by ECSA. 

 

 

 
Supplementary Figure 13. The mass activity of PtSA-Ni6.6Fe0.4P3 and commercial Pt/C 

at the overpotential of 400 mV.  
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Supplementary Figure 14. HER polarization curves of PtSA-Ni6.6Fe0.4P3 in 4 M NaCl, 

1 M NaCl and natural seawater. (a) without iR-compensation, (b) with 90% iR-

compensation (resistance value: 1.1±0.1 Ω for 4 M NaCl, 2.4±0.2 Ω for 1 M NaCl and 3.5±0.2Ω 

for natural seawater). 

 

 

 
Supplementary Figure 15. The chronopotentiometry curves of PtSA-Ni6.6Fe0.4P3 at 100 

mA cm-2 and the photograph of the PtSA-Ni6.6Fe0.4P3 after stability test in seawater 

(inset). 

White precipitate can hardly be observed on the surface of the catalysts. 
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Supplementary Figure 16. HER polarization curves of PtSA-Ni6.6Fe0.4P3 and PtSA-Ni-

Fe in 1 M NaOH with 90% iR-compensation (resistance value: 1.3±0.1 Ω). 

 

 

  
Supplementary Figure 17. HER polarization curves of PtSA-Ni6.6Fe0.4P3 and Pt/C in 1 

M PBS (pH=7) with 90% iR-compensation (resistance value: 2.1±0.2 Ω). 
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Supplementary Figure 18. Contact angle measurement of PtSA-Ni6.6Fe0.4P3 electrode. 

 

The wettability of the Ni foam supported catalyst was investigated by measuring the 

contact angle of the electrode. As shown in Supplementary Figure 17, it was difficult 

to measure the contact angle of the electrode as the water was absorbed instantaneously, 

indicating the super hydrophilic nature. The excellent hydrophilicity will boost the 

electrolyte accessibility, reduce the charge transfer resistance of the electrode1. 

 

 
Supplementary Figure 19. The photographs of catalyst during HER process at 100 

mA cm−2. (a) Ni foam, (b) PtSA- Ni6.6Fe0.4P3.  

 

At the same current density, the bubbles on the Ni foam surface are large and sparse, 
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while PtSA- Ni6.6Fe0.4P3 electrode surface are small and dense, indicating less adhesion 

to air bubbles for PtSA-Ni6.6Fe0.4P3, which facilitates the rapid escape of air bubbles and 

avoids blockage of the active site. 

 

 
Supplementary Figure 20. OER polarization curves of Ni5Fe2P3 in 1 M NaOH by 

negative scanning and positive scanning without iR-compensation. 

 

 

 
Supplementary Figure 21. OER polarization curves of Ni7P3, Ni6.6Fe0.4P3, Ni5.7Fe1.3P3 

and Ni5Fe2P3 in 1 M NaOH with 90% iR-compensation (resistance value: 1.3±0.1 Ω). 
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Supplementary Figure 22. Tafel slopes plot of Ni5Fe2P3, RuO2 and Ni foam for OER. 

 

 

 
Supplementary Figure 23. (a) Time and (b) pH dependence of open circuit potential 

(OCP) for ring electrode. The measurement was performed in NaCl solution, and the 

pH of the bulk electrolyte was changed by adding H2SO4 or NaOH. 
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Supplementary Figure 24. The local pH on cathode electrode surface at different 

potentials (blue line) and the LSV curves (red line). 

 

 

 

Supplementary Figure 25. The actual assembly scheme of asymmetric electrolyzer 

with Na+ exchange membrane. 

 

In this method, the porous superhydrophilic electrodes pressed against the Na+ ions 

exchange membrane, and the electrolyte flows across the channels of electrode, while 



S15 
 

the cathode and anode electrolyte are in direct contact with the membrane and 

conductive by Na+ ions exchange. The catalysts used in asymmetric electrolyzer was 

the same as that in half-cell with a size of 0.5×1 cm2. the Pt loading was about 40 μg 

(determined by ICP-MS) in the PtSA-Ni6.6Fe0.4P3. 

 

 
Supplementary Figure 26. Stability test of the asymmetric electrolyzer at constant 

current density of 10 mA cm-2, 25 °C. 

 

 
Supplementary Figure 27. The pH of anode and cathode electrolyte of the asymmetric 
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electrolyzer over time at 100 mA cm-2 (electrolyte cycled mode).  

 

After 12 h stability test, the pH of cathode electrolyte increases from 6.9 to 8.8, and the 

pH of anode electrolyte slightly drops from 14.4 to 14.1, which is consistent with the 

performance degradation of the asymmetric electrolyzer for direct seawater electrolysis 

at electrolyte circulation mode. 

 

 
Supplementary Figure 28. The pH of cathode electrolyte with a one-way flowing 

feeding scheme. 

The pH of the output cathode electrolyte could be maintained at about 8.5 in one-way 

feeding scheme. 
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Supplementary Figure 29. The stability test of the asymmetric electrolyzer at a 

constant current density of 400 mA cm-2, 80 °C with cathode electrolyte one-way 

feeding scheme (iR-compensation-free).  

 
Supplementary Figure 30. The comparison of symmetric and asymmetric electrolyzer 

at constant current density of 400 mA cm-2, 80 °C without iR-compensation. 
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Supplementary Figure 31. The performance of the asymmetric electrolyzer at constant 

current density of 500 mA cm-2, 65 °C without iR-compensation. 

 

 
 

Supplementary Figure 32. The resistance test of the formation of Mg(OH)2 and 

Ca(OH)2 precipitates for asymmetric electrolyzer in direct sea salt water electrolysis. 

(a) the stability test in sea salt water with extra Mg2+ and Ca2+ in a one-way flowing 

feed scheme and the photo of turbid sea salt water (inset). (b) the photos of the 

membrane and catalysts after long-term test. 
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Supplementary Figure 33. The XRD patterns of PtSA- Ni6.6Fe0.4P3 and Ni5Fe2P3 after 

long-term stability test. 

 

 

 
Supplementary Figure 34. The SEM images of catalysts after long-term stability test. 

(a) PtSA- Ni6.6Fe0.4P3, (b) Ni5Fe2P3. 

 

After long-term stability test, PtSA- Ni6.6Fe0.4P3 catalyst still maintains the original 

morphology of nanowires. After a long-time OER test, the Ni5Fe2P3 nanowires become 
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thicker due to the possible in-situ reconstruction 

 

 

 

Supplementary Figure 35. Polarization curves after long-term stability test. (a) the 

HER polarization of PtSA- Ni6.6Fe0.4P3, (b) the OER polarization of Ni5Fe2P3. 

 

 

Supplementary Figure 36. The Ion Chromatography test of anode electrolytes after 

12 h electrolysis. (a) asymmetric electrolyzer with anion exchange membrane, (b) 

asymmetric electrolyzer with Na+ exchange membrane, (c) the corresponding 

concentration of Cl- in anode electrolyte. (The electrolytes were adjusted to pH7 by 

H2SO4 before The Ion Chromatography test.) 
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Supplementary Figure 37. The photographs of anode electrolytes. (a) anode 

electrolyte before electrolysis, (b) anode electrolyte (before electrolysis) after adding 

AgNO3 solution, (c) anode electrolyte (after electrolysis in asymmetric electrolyzer 

with Na+ ions exchange membrane) after adding AgNO3 solution, (d) anode electrolyte 

(after electrolysis in asymmetric electrolyzer with anion exchange membrane) after 

adding AgNO3 solution. 

 

When adding AgNO3 solution, a yellowish-brown precipitate appears in the anode 

electrolyte after electrolysis in asymmetric electrolyzer with Na+ ions exchange 

membrane, which is attributed to Ag2O. Because of the presence of large amounts of 

Cl- in the anode electrolyte after electrolysis in asymmetric electrolyzer with anion 

exchange membrane, when AgNO3 solution was added, a large amount of white AgCl 

precipitate with much lower solubility appeared in the solution.  
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Supplementary Figure 38. In-situ Raman spectroscopy of Ni5Fe2P3 at OER region 

(1.2 VRHE to 1.5 VRHE) in 1 M NaOH. 

 

 

 
 

Supplementary Figure 39. The calculation models. (a-b) PtSA- Ni-Fe along a* and c 

axis, (c-d) Pt along a* and c axis. (grey: nickel, dark grey: iron, yellow: platinum) 
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Supplementary Figure 40. Structural configurations of various states for HER in NaCl 

solution. (a) PtSA- Ni6.6Fe0.4P3, (b) PtSA- Ni-Fe, (c) Pt foil. (grey: nickel, dark grey: iron, 

yellow: platinum, blue: oxygen, white: hydrogen) 

 

Supplementary Table 1. The actual percentages of atoms tested by X-ray Fluorescence 

Spectrometry. 

catalyst Ni2+/Fe2+ of 

electrodeposition 

electrolyte   

Ni at% Fe at% P at% 

Ni6.6Fe0.4P3 9.5/0.5 63.9 4.2 31.9 

Ni5.7Fe1.3P3 8/2 56.8 12.8 30.4 

Ni5Fe2P3 7/3 51.2 19.2 29.6 

 

Supplementary Table 2. FT-EXAFS fitting results of PtSA-Ni6.6Fe0.4P3 and Pt foil was 

given as a reference. 

 Shell CN R (Å) σ2 ΔE0 R factor 

Pt foil Pt-Pt 12 2.76±0.01 0.005 4.45±0.3 0.0019 

PtSA-

Ni6.6Fe0.4P3 

Pt-O 0.96±0.6 2.02±0.01 0.004 7.58±2.8 0.016 

Pt-Ni 3.31±0.6 2.55±0.01 0.005 
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Supplementary Table 3. The percentages of atoms of catalysts after stability test. 

Catalyst Pt at% Ni at% Fe at% P at% 

PtSA-Ni6.6Fe0.4P3 0.4 66.4 4.0 29.2 

Ni5Fe2P3 / 51.2 20.3 28.5 

 

Supplementary Notes 

Supplementary Note 1. The theoretical voltage of water splitting for asymmetric 

electrolyzer. 

Depending on the pH of the electrolyte, the two half reactions and corresponding 

electrode potentials are given as below:  

HER (cathode): 2H2O + 2e− = H2 + 2OH−                        

𝐸𝐸𝐻𝐻+/𝐻𝐻2𝑂𝑂
= 𝐸𝐸𝐻𝐻+ 𝐻𝐻2⁄ 𝑂𝑂

𝜃𝜃 + 𝑅𝑅𝑅𝑅
2𝐹𝐹
𝑙𝑙𝑙𝑙 [𝛼𝛼𝐻𝐻2𝑂𝑂

]2

[𝛼𝛼𝐻𝐻2
][𝛼𝛼𝑂𝑂𝑂𝑂−]

                                       (1) 

 

= 0 V −  0.059 × 𝑝𝑝𝑝𝑝cathode 

= −0.413 V  (𝑝𝑝𝑝𝑝 = 7) 

OER (cathode): 4OH− = 2H2O + O2 + 4e−  

𝐸𝐸𝑂𝑂2/𝑂𝑂𝑂𝑂− = 𝐸𝐸𝑂𝑂2/𝑂𝑂𝑂𝑂−
𝜃𝜃 + 𝑅𝑅𝑅𝑅

4𝐹𝐹
𝑙𝑙𝑙𝑙 [𝛼𝛼𝐻𝐻2𝑂𝑂

]2[𝛼𝛼𝑂𝑂2
]

 [𝛼𝛼𝑂𝑂𝑂𝑂−]4                                        (2) 

= 1.229 V −  0.059 × 𝑝𝑝𝑝𝑝anode 

= 0.403 V  (𝑝𝑝𝑝𝑝 = 14) 

The theory cell voltage of the asymmetric electrolyzer for direct water splitting. 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐸𝐸𝐻𝐻+/𝐻𝐻2𝑂𝑂
− 𝐸𝐸𝑂𝑂2/𝑂𝑂𝑂𝑂−= -0.413 V-0.403 V= -0. 816 V                 (3) 

 

Supplementary Note 2. The local pH test on the surface of PtSA-Ni6.6Fe0.4P3. 

A rotating ring-disk electrode (RRDE) was used to detect the local pH of the electrode 

surface. The local pH on the ring electrode is calculated from the open circuit potential 

(OCP) of the ring electrode since the OCP obeys the Nernst equation under the 

condition that hydrogen oxidation/evolution reactions (HOR/HER) proceed reversibly. 
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Measuring pH on the ring electrode do not disturb the reactions on the disk electrode. 

In addition, the flow from the disk to the ring electrodes can be described accurately by 

a convective-diffusion equation, hence the local pH observed at the ring electrode can 

be converted into the local pH immediately adjacent to the disk electrode2. 

To confirm that the OCP of the Pt ring electrode accurately reflected the hydrogen 

equilibrium potential, the ring OCPs are measured with solutions of various pH values 

without any reactions at the disk electrode. The time dependence of the ring OCP is 

shown in Supplementary Figure 23a. The pH values shown in the figure are those in 

the bulk solution measured by a pH meter. We take a linear fit of OCPs response to pH 

of the ring, in which the slope is 58 mV/pH and the intercept is −6 mV, showing a good 

agreement with Nernst equation (Supplementary Figure 23). 

Next, the measurement of pH on the catalyst surface is performed under different 

applied potentials. PtSA-Ni6.6Fe0.4P3 is scraped off the Ni foam and then loaded on the 

disk electrode. Linear sweep voltammetry is performed on the catalyst-loaded disk 

electrode in NaCl solution, and meanwhile, OCPs are recorded on the ring electrode. 

The pH value of the ring electrode is evaluated from the OCPs using the equation.  

pHring = (OCP + 0.006 V)/(−0.058 V/𝑝𝑝𝑝𝑝)                              (4) 

The pH value of the catalyst-loaded disk electrode can be deducted from the pH value 

of the ring electrode by the following equation2: 

𝐶𝐶H+,ring − 𝐶𝐶OH−,ring = ND × (𝐶𝐶H+,disk − 𝐶𝐶OH−,disk) + (1-ND) × (𝐶𝐶H+,bulk −

𝐶𝐶OH−,bulk)                                                          (5) 

where 𝐶𝐶H+,ringand 𝐶𝐶H+,diskare the concentrations of H+ on the ring and disk electrode, 

respectively, 𝐶𝐶OH−,ring and 𝐶𝐶OH−,disk  are the concentrations of OH− on the ring and 

disk electrode, respectively, 𝐶𝐶H+,bulk and 𝐶𝐶OH−,bulk are the concentrations of H+ and 

OH− in the bulk solution, respectively, and ND = 0.38 is the collection efficiency of the 

ring electrode.  
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Supplementary Note 3. Calculation of electricity cost.  

Cost (H2/kg) = energy consumption × electricity bill3                       (6) 

= 44 kW h/kg H2 × $0.031/kW h 

= $1.36 /kg H2 

According to the DOE target3, the total hydrogen levelized cost is US$2 /kg H2, 

where the feedstock cost contribution (electricity cost and water cost) is $1.4 /kg H2 

(the price of electricity is $0.031 /kWh). The feedstock cost in our work is $1.36 /kg 

H2, which is still lower than that of DOE target. The total hydrogen levelized cost of 

the asymmetric electrolyzer was estimated by the way of adding the other cost (capital 

cost contribution, fixed O&M cost contribution and other valuable cost contribution) 

according to the DOE target. The value is US$1.96 /kg H2, which is also slightly lower 

than the DOE target of US$2 /kg H2. 

According to the Enapter’s solution to price which considered the whole lifetime 

and Capex of the electrolyzer4, the Capex of EL Model T in 2023/2024 was assumed as 

the Capex for the asymmetric electrolyzer (€1.4 /kg H2). And the Opex (€2.39 /kg H2) 

of the electrolyzer consists of the electricity cost (€2.2 /kg H2, electricity bill of €0.05 / 

kWh), water cost (€0.01 /kg H2, the water purification cost could be saved in this system) 

and maintenance cost (€0.18 /kg H2). And the whole cost of green hydrogen production 

of the asymmetric electrolyzer for seawater electrolysis is pre-estimated to be €3.79 /kg 

H2, which is lower than the EL Model T (€4.15 /kg H2) in 2023/2024. 

We calculate the power (0.664 W/cm-2) and efficiency (75.5%) of the asymmetric 

electrolyzer operated at 400 mA cm–2, which is higher than the efficiency of commercial 

alkaline water electrolysis which range between 63%-71% (Current density: 0.2-0.6 A 

cm-2), indicating that the asymmetric electrolyzer could decrease energy consumption 

for seawater electrolysis5. 

The lower heating value (LHV) of H2 is applied to calculate the efficiencies of 

PtSA-Ni6.6Fe0.4P3 in the asymmetric electrolyzers; the rate of O2 generation at 400 mA 

cm–2 is 6.24 × 1017 O2 cm–2 s–1; the rate of H2 generation at 400 mA cm–2 is 1.25 × 1018 

H2 cm–2 s–1; LHV of H2 is 120 kJ g–1 H2; H2 power out is 0.501 W cm–2. 
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Supplementary Note 4. The analysis of in-situ Raman spectroscopy of Ni5Fe2P3 for 

OER. 

Two new bands at 473 cm-1 and 551 cm-1 appears when the potential increases to 1.4 V, 

which are attributed to the eg bending vibration and the A1g stretching vibration of Ni−O 

in NiOOH, suggesting that the formation of OER active MOOH species with remained 

P could be very quickly during OER test6. 

 

Supplementary Note 5. The models for DFT calculations.   

PtSA-Ni6.6Fe0.4P3 model: In the literature, the long-range disorder structure of 

amorphous materials is usually known as a structure with abundant defects, and it is too 

complex to directly model an amorphous structure. To avoid the heavy simulations of 

the amorphous structure, the defective crystal could be used to approximately represent 

the amorphous structure for modeling and simulation7. The model of PtSA-Ni6.6Fe0.4P3 

is established based on (4×4) NiP (111), in which 3/4 of the atoms in the first layer and 

1/4 of the atoms in the second layer are missing to simulate vacancy8. Some of the Ni 

atoms are replaced with Fe atoms in actual proportion. The Pt single atom is put on the 

surface 3-fold hollow Ni site, which is consistent with the results of EXAFs fitting.  

PtSA-Ni-Fe model: The model of PtSA-Ni-Fe is established based on (4×4) cubic Ni 

(111), in which some of the Ni atoms are replaced with Fe atoms in actual proportion. 

The Pt single atom is put on the surface 3-fold hollow Ni site. 

Pt foil model: The model of Pt foil is established based on (4×4) Pt (111). 

 

Supplementary Note 6. The reaction paths for DFT calculation. 

PtSA-Ni6.6Fe0.4P3: H2O is firstly adsorbed on the Ni site adjacent to Pt. And at the final 

state, the dissociated Had and OHad occupy the exposed Pt site and the 3-fold hollow Ni 

site, respectively. Subsequently, the produced H* on Pt sites could form H2
8.  

PtSA-Ni-Fe: water is firstly absorbed on the Ni site adjacent to Pt. And at the final state, 

the dissociated Had and OHad occupy the exposed Pt site and the bridge Ni-Ni sites, 

respectively, followed by the produced H* on Pt sites combine to H2
9.  
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Pt foil: the water firstly absorbed on the Pt atoms on Pt (111). And at the final state, the 

dissociated Had and OHad occupy the 3-fold hollow Pt site and bridge Pt-Pt site, 

respectively. Subsequently, the produced H* on 3-fold hollow Pt site is desorbed to 

form H2
10. 
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