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Experimental Section
Synthesis of NiFe LDH precursor

First, 3 mmol of Ni(NOj3),-6H,0 and 1 mmol of Fe(NOs);-9H,0 were dissolved in 40 mL
of deionized water, 4 mmol of urea and 8 mmol of NH4F were dissolved in 10 mL of deionized
water, then the latter was added dropwise to the former. The solution was then transferred to a
round-bottomed flask in an oil bath at 150 °C for 6 h. After the reaction, the samples were
washed with anhydrous ethanol and deionised water, then dried by freeze dryer.

Synthesis of Ru, ;-NiFe LDH

30 mg of NiFe LDH was dispersed in a mixed solvent of anhydrous ethanol and deionised
water (the volume ratio of anhydrous ethanol to water was 2:1), and sonicated for 30 min,
subsequently. The above solution was pre-stirred for 30 min. Then, the RuCl;-3H,0 (10 wt%)
anhydrous ethanol solution was added dropwise to the above solution and stirred for 3 h. The
solution was then filtered and washed with isopropanol. The samples were dried in a freeze
dryer. The synthesis process of Rug;-NiFe LDH and Rug ;5-NiFe LDH is the same with the
Ruy ;-NiFe LDH, with the only difference being the amount of RuCl;-3H,0 used, at 1 wt% and
15 wt%, respectively.

Synthesis of Rug -NiFeP
0.4 g of sodium hypophosphite and 30 mg Rug;-NiFe LDH were placed in a glass-

porcelain boat, respectively, the former in the upstream of the tube furnace and the latter in the
downstream. Subsequently, they were annealed at 400 °C (2 °C/min) for 2 h. The synthesis of
NiFeP is the same with Rug ;- NiFeP just without Ru doping process. The synthesis process of
Ruy ¢;-NiFeP and Rug ;5-NiFeP is the same with the Rug ;-NiFeP.

Preparation of Ruy ;-NiFeOOH/PO 3~

Pre-treatment of the working electrode substrate: First, a piece of nickel foam measuring

I1x1 cm? is cut. Then, the nickel foam is ultrasonically cleaned in acetone, 1 M HCI, and
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deionized water for 15 min each, respectively, to remove any grease and oxidized nickel from
the surface of the nickel foam.

Catalyst ink preparation: 5 mg of Ruy ;-NiFeP is dispersed in a mixed solvent of 970 uL
isopropanol and 30 pL anionic polymer, and sonicated for 2 h to obtain the Ru, ;-NiFeP catalyst
ink.

The preparation of Rug;-NiFeOOH/PO,*" is achieved through the activation of Ruy -
NiFeP via cyclic voltammetry. First, the Rug;-NiFeP catalyst ink is applied onto pre-treated
nickel foam using a pipette, and the loading amount of the Rug ;-NiFeP catalyst is controlled to
be 1 mg cm2. Then, a three-electrode system is utilized, and the activation is carried out for
300 cycles, within the potential range of 0.135-0.235 V vs Ag/AgCl, at a scan rate of 0.1 V s°!
vs Ag/AgCl. The preparation method for NiFeOOH/PO,*" and Ruy ;-NiFeOOH is the same,
except that Rug ;-NiFeP is replaced with NiFeP and Ru, ;-NiFe LDH respectively.

Physical characterization

The structures of samples were first examined by SEM (ZEISS GeminiSEM 300) and
TEM (FEI Talos 200S) coupled with energy dispersive X-ray spectroscopy (EDS). The phase
information of the electrodes was investigated through X-ray diffraction (XRD) pattern from
an MiniFlex 600 with a Cu Ko radiation source. The surface chemical information was
measured via X-ray photoelectron spectroscopy (XPS) using an Thermo Scientific K-Alpha
system. All measured XPS spectra were calibrated by the C 1s peak (284.8 eV for adventitious
hydrocarbon). X-ray absorption structure (XAS) spectra at the Ru K-edges were recorded at the
Shanghai Synchrotron Radiation Facility (SSRF). The atomic images of Ru were obtained using
a spherical aberration-corrected scanning transmission electron microscope (JEM-ARM300F).
Raman spectrum of the electrodes were collected on HORIBA 1labRAM spectrometer with a
532 nm laser. The elemental composition was determined by ICP-OES (Aglient 5800).
Electrochemical measurements

The electrochemical tests were performed at room temperature on an electrochemical
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workstation (CHI 760e). The electrochemical performance was conducted in a standard three-
electrode system with different alkaline electrolytes (1 M KOH (PH = 13.8), 1 M KOH + 0.5
M NaCl (PH = 13.8), 1 M KOH + seawater (PH = 13.74), 6 M KOH + seawater (PH = 14.73),
detected by PH meter), for which Ag/AgCl/salt bridge and Pt electrodes were used as the
reference and counter electrodes, respectively. The catalytic activity including OER and overall
water/seawater splitting was collected by reverse linear sweep voltammetry (LSV) curves at a
scan rate of 5 mV s™! with 90% IR-correction. The CV curves with scan rates of 20-100 mV s!
were recorded to calculate double-layer capacitance. Electrochemical impedance spectroscopy
(EIS) was measured from 100 kHz to 0.01 Hz. All potentials were converted to reversible
hydrogen electrode (RHE) through the Nernst equation (Erpg = Eag/agci +0.059pH + 0.197).
Stability measurement: Long-term stability test was carried out in a two-electrode system.
Platinum sheet was used as cathode and nickel foam (1x1 cm?) as anode and the anode loading
was 1 mg/cm?.

Seawater collection: The collection of seawater was done at Xiasha beach, Fujian Province,
China. (119°36’ E, 25°47' N)

Analysis of Hypochlorite by Titration Method

In the analysis of reactive chlorine species, iodide titration was employed. The process
began by adjusting the pH of 10 ml of electrolyte to between 1 and 2 using 0.5 M H,SO,.
Subsequently, 5 mL of 0.5 M KI solution was droped into the mixture while stirring
magnetically. Following this, a 0.01 M thiosulfate solution was gradually added. Notably, a
yellow coloration emerges in the electrolyte post-thiosulfate addition, indicating the formation
of chlorine species.

AEMWE measurement
Ruy ;-NiFeOOH/PO,*- catalyst sprayed on Ni fiber and carbon paper as both anode and

cathode (2 cm?) to assemble anion exchange membrane (AEM) water electrolyzer. An anion
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exchange membrane (Sustainion® X37-50-grade T, America) was utilized to separate the
cathode and anode. The catalytic performance AEM electrolyzer was measured by a power
supply (Interface S000E, Gamry), While the electrolyte was pumped into electrolyzer with 60
mL min!. The chronopotentiometry curve of the Rug ;-NiFeOOH/PO,* AEM electrolyzer was
obtained by recording an average cell voltage at 0.5 A cm™ every 5 s.

DFT calculations

All the DFT computations were carried out using the Vienna ab initio simulation package
(VASP). The exchange-correlation energy was evaluated using generalized gradient
approximation (GGA) with the Perdew—Burke—Ernzerhof (PBE) functional, and the projector
augmented wave (PAW) method was used to describe the electron-ion interactions. The energy
cutoff for plane wave expansions was set to 450 eV, and the convergence threshold was set as
1075 eV in energy and 0.02 eV A~! in force, respectively. For the calculations on the slab
models, a vacuum space of 15 A was added to avoid the interaction between periodic images.
In addition, the dipolar correction was adopted for slab models with the symmetrization
switching off. K-POINT was set to 2 x 2 x1.

The typical adsorbate evolution mechanism proposed by Nerskov et al. was chosen to
evaluate the OER performance for slab models. Briefly, the reaction free energy of each step

could be expressed as follows:

AG; = E(HOO *) -E(O *) - Epo™T 1/2EH2 + (AZPE - TAS)3 -eU [3]
AG, =FE(*)-E(HOO *) + Epy + 12Ey, + (AZPE - TAS)4 -eU [4]
where E(*), E(HO¥*), E(O*), and E(HOO¥) are the total energy of the clean surface and

the adsorbed surface with three intermediates, respectively. Ex,o, Ex, and Eg; are the computed

energies for the H,O, H,, and O, molecules, respectively. The values of AZPE were determined

S5



by the computed vibrational frequencies and the -eU term represents the external bias U

imposed on each step.
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Figure S1 Schematic of the synthesis of pre-catalyst Rug ;-NiFeP.
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Figure S2 XRD pattern of Rug ;-NiFeP.
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Figure S3 (a) AC-STEM image of Rug ;-NiFeP, (b) HRTEM image of Ru, ;-NiFeP and lattice
fringes of Ni,P and FeP, (¢) SAED pattern of Ruy ;-NiFeP, and (d) HAADF-STEM image and

the corresponding elements mapping distribution patterns of Rug ;-NiFeP.

The compositional information of Rug ;-NiFeP is shown in Figure S3. Figure S3a presents
the AC-STEM image of Ry -NiFeP, where Ru atoms are indicated with yellow markers. It
can be observed that in Rug ;-NiFeP, Ru exists in the form of single atoms. Figure S3b displays
the HRTEM image of Rug;-NiFeP; white markers indicate Ni,P (PDF#03-065-3544), and
yellow markers indicate FeP (PDF#03-065-2595). The intact lattice structure of Rug;-NiFeP,
as seen in the image, suggests a high degree of crystallinity. The corresponding SAED pattern
(Figure S3c) confirms that Rug;-NiFeP has a polycrystalline structure. Furthermore, the
corresponding elemental mapping images (Figure S3d) reveal a uniform distribution of

elements such as Ni, Fe, and Ru throughout Ry, ;-NiFeP.
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Figure S4 (a) Ru K-edge of Ruy ;-NiFeP and Ru foil, (b) k? weight Fourier transform spectra

from EXAFS of Rug ;-NiFeP and Ru foil, (¢) WT-EXAFS plot for Rug;-NiFeP and Ru foil.
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Figure S5 SEM images of (al-a2) Rug ;-NiFe LDH and (b1-b2) Rug;-NiFeOOH/PO/*.

S11



Ru, .-NiFeOOH/PO}’

NiFeOOH PDF#51-0463

Ni,P PDF#03-065-3544

Intensity (a.u.)

FeP PDF#03-065-2595

10 20 30 40 50 60 70 80
2-Theta (degree)

Figure S6 XRD pattern of Rug ;-NiFeOOH/PO,3".
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Figure S7 (a) HR-TEM and (b) SAED images of Rug ;-NiFe LDH.
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Figure S8 XPS survey of the Ruy -NiFeOOH/PO,4*- and Ruy -NiFeP electrocatalysts.
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Figure S9 E-T curve for the activation of Rug ;-NiFeOOH/PO4*".

To study the surface information of Rug;-NiFeOOH/PO,*", we applied a certain amount of
isopropanol ink (binder-free) of Rug ;-NiFeP onto Ti fiber and activated the Ruy ;-NiFeP using

chronoamperometry test.
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Figure S10 The high-resolution O 1s XPS spectra of Rug;-NiFeOOH/PO,3- and Ruy ;-NiFeP.
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Figure S11 (a-c) CV curves of Rug;-NiFeOOH/PO,*, Rugo-NiFeOOH/PO,* and Rugs-

NiFeOOH/PO4*. (d) Double-layer capacitance (Cgj) plots. (e) Polarization curves of samples

with different Ru contents. (f) Polarization curves normalized by the corresponding

electrochemical active surface area (ECSA) of Ruy ;-NiFeOOH/PO4*, Rug ;-NiFeOOH/PO4*

and Rug 15-NiFeOOH/PO,* electrodes. The ECSA of the catalysts was obtained by ECSA =

Ca/Cs, where specific capacitance Cg = 40 uF cm™2.!

ECSARuO.l—NiFeOOH/PO43— =5.68 mF cm‘2/40 ],lF Cl’l’l_2 =142 cm‘zECSA

ECSARuO.Ol—NiFeOOH/PO43— =3.71 mF Cm_2/40 },LF Cl’Il_2 =92.8 cm‘zECSA

ECSARuO.lS—NiFeOOH/PO43— =4.08 mF Cm_2/40 },LF Cl’Il_2 =102 cm‘zECSA
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Figure S12 The CV curves of Ruy ;-NiFeOOH/PO4*- and NiFeOOH/PO4>-.
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RuO:.. (e) Cq plots, and (f) Polarization curves normalized by the corresponding ECSA of Ruy ;-
NiFeOOH/PO,3-, NiFeOOH/PO4*, Ru,;-NiFeOOH, and RuO, electrodes. The ECSA of the

catalysts was obtained by ECSA = Cg/C,, where specific capacitance C; = 40 uF cm™2.
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Figure S14 (a) Experimental and theoretical amounts of O, generated by the Rug;-

NiFeOOH/PO4* electrode. (b) Optical photos of the measuring cylinder that is used to collect

the oxygen.

S20



_ Ru, ,-NiFeOOH o

w

I [*]

3.

[72]

>

> K

w 'QQQOOOQQOO M

2 °°ooooo°
0 1 2

Time (h)

Figure S15 E-T curve of Rug ;-NiFeOOH in 6 M KOH + seawater at 0.5 A cm™.
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Figure S16 E-T curve of Rug;-NiFeOOH in 1 M KOH + 2 M NaCl electrolyte at 0.5 A cm™2,
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Figure S17 Optical images of detection results for CIO-in 1 M KOH + seawater and 6 M KOH

+ seawater after 1,000 h stability test at 0.5 A cm™, respectively.
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Figure S18 Optical images of detection results for CIO-in 1 M KOH + 2 M NacCl after stability

test at 0.5 A cm™.
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Figure S19 The main view of the Ru, ;-NiFeOOH framework.
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Figure S20 The main view of the NiFeOOH/PO,* framework.
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b

Figure S21 (a) The main view of the Rug ;-NiFeOOH/PO,3- framework and (b-d) the binding
-NiFeOOH/PO/*.

configurations of O*, OH*, and OOH* bonds on Ruy
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Figure S22 In-situ Raman spectra of Rug;-NiFeOOH/PO,* and NiFeOOH/PO,*.
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Figure S23 A picture displaying a commercial silicon solar cell-powered Rug;-

NiFeOOH/PO4*||Rug ;-NiFeOOH/PO,3- seawater electrolysis with 1 cm? electrodes operating

at 1,020 mA cm2 under 2.2 V (25 °C).
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Table S1 The Ni, Fe, and Ru atomic occupancies in Rug ;-NiFeOOH/PO4>-.

Ni content Fe content Ru content
Catalyst
(at %) (at %) (at %)
Rug ;-NiFeOOH/PO 3~ 33.85 18.18 0.91

Table S2 The overpotentials of Rug -NiFeOOH/PO,4*- at 10, 100, and 300 mA cm in different

electrolytes at 25 °C.

Current density 1 M KOH I MKOH+0.5MNaCl 1M KOH + Seawater
(mA cm?) (mV) (mV) (mV)
10 245 246 255
100 291 289 325
300 318 313 359

Table S3 Fitting EIS data of Rug;-NiFeOOH/PO4*, NiFeOOH/PO4*, Ruy -NiFeOOH, and

RuO; at 25 °C.

Ry Re
Catalyst
(®) (®)
Rug ;-NiFeOOH/PO,* 1.54 14.73
NiFeOOH/PO4* 1.34 39.37
Ruy ;-NiFeOOH 1.22 83.21
RuO, 1.40 72.25
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Table S4 Overpotential comparison of seawater separation and similar seawater conditions for
seawater separation of reported catalysts and Rug ;-NiFeOOH/PO4*- in this work at different

given current densities (containing 10, 100, and 300 mA cm2).

Current density Overpotential
Catalyst Ref.
(mA cm?) (mV)
10 255
Ruy - .
_ 100 325 This work
NiFeOOH/PO*
300 359
Co;«PdO4 10 370 2
Feg.0s CoNi LDH/NF 10 287 3
ER-P/RP-SNCF-5 10 346 4
Cr-CoP 100 325 >
NCFPO/C 100 370 6
NiFeLDH 300 370 ’
NiFe/NiS,-Ni 400 300 8
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Table S5 The performance of seawater electrolysis driven by commercial silicon-based solar

panels compared to reported literature.

Catalyst Current Voltage Ref
(mA) V)
Rug - 1040 1.6 This work

NiFeOOH/PO,* 1020 ) -
Ir;/Ni; ¢Mn; 404 1040 2.85 9
NiFe/NiS,-Ni 876 2.75 8
Fe-Ni,P, 150 2.11 10
Co,P,@NC 49.3 1.792 1
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Table S6 A comparison of the AEM seawater electrolyzer performance between Rug ;-

NiFeOOH/PO,4*- and three reported electrocatalysts.

Ruy -
Catalyst Fe,P-NiSe, NiFe LDH Cr,03-Co0Oy ]
NiFeOOH/PO,*
Cell efficiency at
73.8 74.7 70.9 75.1
500 mA cm? (%)
Current density at
800 250 700 1000
1.8 V (mA cm?)
Highest current
_ 1144 1000 1000 2500
density (mA cm2)
Faraday efficiency
92 94 92 100
(%)
Durability
200 2 100 100
(h)
Ener.
Adv. Mater. &
Environ. Sci. Nat. Energy .
Ref. 2021, 33, This work
2020, /3, 2023, 8, 264.
2101425.
1725.
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Electrolyzer efficiency

H, production rate @ 0.5 A cm™

= (j A em2)(1 e/1.602 x 10"1° C)(1 Hy/2 &)
= 0.5 A cm2/(1.602 x 10"° C x 2)

=259 x 10°mol H, cm? s°!

LHV of H,

=120 kJ g' H, =2.42 x 105 J mol! H,

H, power out
=(2.59 x 10 mol cm2 s°1) x (2.42 x 105 J mol")

=0.627 W cm™

Electrolyzer Power of Ruy -NiFeOOH/PO,*||Pt/C
Electrolyzer Power (Rug ;-NiFeOOH/PO,*) @ 0.5 A cm™
=(0.5 A cm?) (1.67V)

=0.835 W cm™

Efficiency of Rug ;-NiFeOOH/PO4*-||Pt/C

= (H, Power Out) / (Electrolyzer Power)

=0.627 W cm?2/0.835 W cm™
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