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1. Experimental section
1.1. Chemicals

Iron nitrate hexahydrate (Fe(NO3)2:6H>O > 99%, Sigma-Aldrich), zinc nitrate hexahydrate
(Zn(NO3).6H20, Sigma-Aldrich, >98.0%), Potassium hydroxide (KOH, ACS reagent, >85%,
pellets), hydrochloric acid (HCI, Alfa Aesar, 38%). Sodium phosphate monobasic (NaH2PO4,
ReagentPlus®, >99.0%, Merck). Natural seawater was collected from Chu-wei Beach, Zhongli,
Taiwan. Ni-foam (NF) was obtained from Clean Energy Technology CO., LTD. The water used

throughout all experiments was purified through a Millipore system.

1.2. Preparation method of coated electrode

The active material, polytetrafluoroethylene (PTFE), and acetylene black were mixed in a mass
ratio of 8:1.5:0.5. The components were first thoroughly ground using an agate mortar to obtain a
homogeneous mixture. Subsequently, an appropriate amount of N-methyl-2-pyrrolidone (NMP)
was added to form a uniform slurry. The resulting slurry was then evenly coated onto a 1 x 1 cm?
nickel foam (Ni foam) substrate and dried in a vacuum oven at 60 °C until completely dry, after

which the electrode was used for electrochemical measurements.

The Pt/C and RuO: benchmark electrodes were prepared using a conventional catalyst coating
method. Briefly, the commercial Platinum on carbon (Pt/C, 20 wt%) and Ruthenium dioxide
(RuO») catalysts were used as received. For each catalyst, 5 mg of powder was dispersed in a
mixed solvent containing 950 pL of ethanol and 50 pL of Nafion solution (5 wt%). The suspension
was ultrasonicated for 30 min to obtain a homogeneous catalyst ink. Subsequently, an appropriate

amount of the ink (typically 10-20 pL) was drop-cast onto a 1 x 1 cm? nickel foam substrate and


https://www.sigmaaldrich.com/TW/en/substance/sodiumphosphatemonobasic119987558807
https://www.sigmaaldrich.com/TW/en/product/sial/s0751

dried at 60 °C in an oven to remove the solvent. The resulting electrodes were used directly as

reference catalysts for electrochemical measurements.

1.3. Electrochemical characterization

Electrochemical HER and OER experiments were performed using the CHI 6273B
electrochemical workstation, with the above-mentioned samples, a Pt wire, and an Ag/AgCl
electrode as the working electrode, counter electrode, and reference electrode, respectively. The
water-splitting performance of the electrolytes was tested in a two-electrode system, where OER
electrodes are the anode, and HER electrodes are the cathode. Three different electrolytes,
including 1 M KOH + seawater and 1.0 M KOH, were used, and the pH was about 13.8. All
measured potentials were referenced to that of the reversible hydrogen electrode (RHE) (Erug) =
Eagager + 0.059 * pH + 0.197 V. Electrochemical impedance spectroscopy (EIS) measurements
were performed at open-circuit potentials between 110 and 0.01 Hz with an amplitude of 5 mV.
The catalytic activity of the catalysts was determined by linear sweep voltammetry (LSV) curves
with a scan rate of 5 mV s!. The double-layer capacitance (Ca) values were obtained via cyclic
voltammetry (CV) curves with scan rates of 10-200 mV s™!. All data have been reported with 90 %
iR compensation. The iR-compensated potential was obtained after the correction of solution
resistance measured following the equation: Ecorr =E — iR, where E is the original potential, R is

the solution resistance, 1 is the corresponding current, and Ecorr is the 1R-compensated potential.
The ECSA was calculated using the equation:

Ca/Cs,



where Cs is the specific capacitance of a flat, smooth surface, typically taken as 0.040 mF cm~2 in

1 M KOH electrolyte.

H> and O, gases were collected using a gas-tight system during galvanostatic electrolysis under
the same conditions used for the electrochemical measurements. Gas volumes were recorded at
regular intervals, and the Faradaic efficiency was calculated by comparing the experimentally
measured gas volumes with the theoretical values obtained from the total charge passed based on
Faraday's law. The measured gas evolution closely matched the theoretical values, confirming

nearly 100% Faradaic efficiency and high charge utilization for overall water splitting.

The Faradaic efficiency (FE) is then calculated as:

FE(%)= —22 x 100

Ntheo

where nexp 1S the experimentally measured amount of gas and numeo 1S the theoretical amount

calculated from Faraday's law.
1.4. Solar-driven seawater electrolysis test

The solar-driven electrolysis experiment was performed using a commercial photovoltaic (PV)
cell as the power source. The PV cell delivered an open-circuit voltage of approximately 3 V,
which was directly connected to the two-electrode electrolyzer containing the prepared catalysts.
The electrolysis cell was operated using the alkaline seawater electrolyte under natural sunlight
illumination. During the test, the ambient temperature was approximately 28 °C, and the system
was continuously operated for 5 h to evaluate the feasibility of solar-driven hydrogen and oxygen
generation. The experiment was conducted without additional external bias, and gas evolution

from both electrodes was visually monitored during the electrolysis process.



1.5. Characterizations

The crystallographic data were investigated using powder X-ray diffraction (XRD, Bruker D8
Advance) equipped with Cu Ka radiation (A = 1.5406 A) at a scanning rate of 5° min! (40 kV, 20
mA). Microstructure was considered using Transmission Electron Microscopy (TEM, JEM-2010)
and High-resolution Transmission Electron Microscopy (HRTEM), prepared with EDX
microanalysis and selected area electron diffraction (SAED), and an energy dispersive X-ray
detector (EDX) for the elemental analysis to obtain the detailed microstructure information of the
synthesized catalysts. The detailed microstructures of the synthesized samples were examined
using Field Emission Scanning Electron Microscopy (FESEM, S-800 host of Japanese HITACHI).
X-ray photoelectron spectroscopy (XPS) analysis was performed on a Rigaku-NANO-Viewer X-
ray photoelectron spectrometer with an achromatized Al Ka source (15 kV, 150 W), and the
material surface compositions. The Ar sputtering experiments were carried out in a detailed

vacuum environment of 5 x 107 Pa and a sputtering accelerating voltage of 3 kV.

1.6. Simulation Details

The first-principles calculations were performed using the density functional theory (DFT)
implemented in the Vienna ab-initio simulation package (VASP).[1,2] The Perdew—Burke-
Ernzerhof (PBE) version of the generalized gradient approximation (GGA) was adopted for the
exchange—correlation functional.[3] The core electrons were incorporated into pseudopotentials
using the projector-augmented-wave (PAW) method.[4] A Monkhorst—Pack scheme[5] with a 3 x
3 x 1 k-mesh was used to sample the electronic Brillouin zone, and the plane-wave cutoff energy
was set to 520 eV. The energy convergence criterion and residual force at each atom were set to

<10*eV and <0.02 eV A™!, respectively.



Fig. S1. FE-SEM images of ZnFe-MOF.



Fig. S2. FE-SEM images of (a,b) 800 °C and (c¢,d) 850 °C during the synthesis of FeP@CNT.



Fig. S3. FE-SEM images of (a,b) 900 °C and (c,d) 950 °C during the synthesis of FeP@CNT.



Fig. S4. FE-SEM images of (a,b) 1 wt. and (c,d) 2 wt. of NaH>PO4 at 900 °C.



Fig. S5. FE-SEM images of (a,b) 3 wt. and (c,d) 4 wt. of NaH>PO4 at 900 °C.
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Fig. S6. FE-SEM images of (a,b) Fe@800 and (c,d) Fe-900.
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Fig. S7. XRD pattern of synthesized ZnFe-MOF.
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Fig. S8. XPS full survey spectra of FeP@CNT-900-2
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Fig. S9. FTIR spectra of Zn-MOF, ZnFe-MOF and FeP@CNT-900-2.
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Fig. S10. Raman spectra of FeP@CNT-900-2 catalysts.
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Fig. S11. BET and (d) Pore volume and pore size of the prepared different materials (Zn-MOF,

ZnFe-MOF, and FeP@CNT-900-2).
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Fig. S12. CV curve of FeP@CNT-900-2 at a scan rate of 5 mV s™!. A low scan rate can reduce

signal overlap between Fe’/Fe?"/Fe*" oxidation and OER activity.
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Fig. S13. LSV OER curves of FeP@CNT electrodes fabricated at different temperatures in

alkaline seawater.
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Fig. S14. LSV curves of FeP@CNT electrodes fabricated at different wt.% of NaH2POs.
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Fig. S15. EIS spectra of various electrode materials in alkaline seawater for the OER.
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Fig. S16. LSV curves of FeP@CNT-900-2 in the electrolytes of 1.0 M KOH and 1.0 M KOH +

seawater.
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Fig. S17. EIS spectra of FeP@CNT-900-2 in the electrolytes of 1.0 M KOH and 1.0 M KOH +

seawater.
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Fig. S18. Double-layer capacitance measurements for determining the ECSA of (a) FeP@CNT-

900-2, (b) Fe@C-900, and (c) ZnFe-MOF.
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Fig. S19. ECSA of the different electrode materials.
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Fig. S21. LSV curve before and after 200 h of stability in alkaline seawater.
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Fig. S23. LSV HER curves of FeP@CNT electrodes fabricated at different temperatures in

alkaline seawater.
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Fig. S24. LSV-HER curves of FeP@CNT electrodes fabricated at different wt.% of NaH2POa.
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Fig. S25. Double-layer capacitance measurements for determining the ECSA of (a) Fep@CNT-
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Fig. S27. LSV-HER curve before and after 200 h stability in alkaline seawater.
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Fig. S29. The UV-vis absorption spectra of the prepared electrolytes from 1.0 M KOH + seawater

after anodic oxidation.
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EDS analysis of post FeP@CNT-900 after 1000 h overall seawater splitting.
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Fig. S32. Atomic configuration of H>O adsorption on the surface of Fe;P and FesP.
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Fig. S33. Atomic configuration of H adsorption on the surface of FeoP and FesP.
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MOF, and FeP@CNT-900-2 electrode materials.

Table S1. BET specific surface areas and BJH adsorption cumulative volume for Zn-MOF, ZnFe-

Materials BET (m?g') | Porevol (cm®g™') | Pore size (nm)
Zn-MOF 1864.99 0.695 1.51
ZnFe-MOF 1608.21 0.641 2.07
FeP@CNT-900-2 345.63 0.345 2.014
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Table S2. Comparison of OER performances for FeP@CNT-900 with other reported

electrocatalysts.

Materials Overpotential (mV) | Tafel (mV/dec) | Stability (h) Ref.
CoNiFe@NCNTs 341@500 42 24 [6]
Ni3S2 @CNTs/CC 200@10 61 22 [7]
Cr-FeNi—P/NCN 240@10 72.6 20 (8]

FeNiP/NC 240@10 39.2 45 [9]
Fe-NiP/NC HPs 228@]10 33.4 210 [10]

NiMOF-Ni,P 240@100 63.26 100 [11]
Coo.ssFeo.42P) 232@]10 90 10 [12]
FeNi-P@NCNT/CW 180@50 60.9 200 [13]
CoP/Ni2P/Fe,P 260@10 65.5 60 [14]
Fe-Co-P 252@50 33 24 [15]
Ni2P/CoP-NF 238@50 100 [16]
FeNi3-NC-700 262@10 69.4 10 [17]
FeP@CNT-900 184@10 41.2 200 This work
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Table S3. Comparison of HER performances for FeP@CNT-900 with other reported

electrocatalysts.
Materials Overpotential (mV) | Tafel (mV/dec) Stability (h) Ref.
FeP-Ni2P-CoP/NF 128@100 78.47 500 [18]
CoNi-P/CDs/NF 452@]10 69.6 70 [19]
Ni@NP@NCP 80.2 73.68 24 [20]
e-CoNiFeP/NF-2 163 77.9 130 [21]
NiOOH@CoMnS 142@100 51 250 [22]
Se-NiMnSx@SC 146@500 29 500 [23]
V, M (3,6)-NCP 41@10 41.52 100 [24]
NiMoS:@NiMnFe-PBA T1@10 114.7 650 [25]
Niz;S:@CoFe-P 153@10 54.8 100 [26]
Mo0O>-Ni3(POs)2 258@10 85.32 24 [27]
V-Co0304(0v)-250 133@10 89.9 100 [28]
PdCo-Co3S4 96@10 22.23 10 [29]
FeP@CNT-900 T4@10 43.1 200 This work
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Table S4. Cell voltage and stability for overall water splitting.

Materials Potential (V) Stability (h@mA c¢m?) Ref.
P4s-NiFe-400 1.8 @10 500@100 [30]
Ni-Fe-P@CNTs 1.58@10 30@l10 [31]
CuCo@NCNT 1.50@10 400@200 [32]
CoP2/CoP@CNT 1.55@10 100@10 [33]
CeNiFe-MOF 1.59@10 515@100 [34]
Fe-NiS 1.53@100 50@1000 [35]
FexP/Nij sCo1 sN/NizP 1.62@100 40@100 [36]
NiFeCo(OH): 2.09@500 100@500 [37]
Nio.sFeo.2P-C 1.56@10 100@10 [38]
Mn-Ni;P/Fe,P 2.02@500 120@500 [39]
A-NiFeP/NiP-Fe:25% 1.62@ 500@ [40]
Fe-Ni(OH)2@NisP4 1.70@100 100@200 [41]
Fe-CoPx/NF 1.54@10 200@100 [42]

NGC-SnSe-P 1.56@10 5@10 [43]
V-Co2P@NPPC/3DG 1.52@10 60@50 [44]

1.41@10
FeP@CNT-900-2 1.49@100 1000@500 This work
1.58@500
1.63@1000
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