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Supplementary Methods
Materials 
Iron foam (IF), nickel-molybdenum foam (NiMo), nickel nitrate (Ni(NO3)2·6H2O; 
purity ≥98%), iridium chloride hydrate (IrCl3·xH2O; purity ≥98%), potassium 
hydroxide (KOH; purity ≥98%), and commercial RuO2. Hydrochloric acid, acetone, 
absolute alcohol, and deionized water with a resistivity of 18.2 MΩ were utilized in all 
experiments. Additionally, seawater was sourced from the South China Sea (Shenzhen 
Bay).

Synthesis of NiFe LDH@IF
The NiFe LDH@IF catalyst was fabricated via a one-step immersion method. First, 
iron foam (IF, 4 × 3 cm2) was washed with acetone for 10 min to remove organic 
contaminants, followed by washing with ethanol for 10 min to remove residual acetone. 
Subsequently, the sample was treated with 1 M dilute hydrochloric acid for 10 min to 
remove surface oxides, and finally washed with deionized water for 10 min to remove 
residual hydrochloric acid before use. To prepare the solution, 5 mmol of nickel nitrate 
hexahydrate (Ni(NO3)2·6H2O) was dissolved in 50 mL of deionized water under stirring 
for 30 minutes. The solution was then transferred to a beaker, and the cleaned IF was 
immersed in the Ni(NO3)2 solution at room temperature for 3 hours. Finally, the sample 
was taken out, rinsed with deionized water, and dried to obtain the NiFe LDH@IF.

Synthesis of Ir@IF
The Ir@IF catalyst was synthesized via a one-step immersion method. First, iron foam 
(IF, 4 × 3 cm2) was washed with acetone for 10 min to remove organic contaminants, 
followed by washing with ethanol for 10 min to remove residual acetone. Subsequently, 
the sample was treated with 1 M dilute hydrochloric acid for 10 min to remove surface 
oxides, and finally washed with deionized water for 10 min to remove residual 
hydrochloric acid before use. For the precursor solution, 0.2 mmol iridium trichloride 
hydrate (IrCl3·xH2O) was dissolved in 40 mL of deionized water under magnetic 
stirring for 30 minutes. The solution was then transferred to a beaker, and the pre-
cleaned IF was immersed in the IrCl3 solution at 90 °C for 1 hour. Finally, the sample 
was retrieved, thoroughly rinsed with deionized water, dried, and collected as the 
Ir@IF.

Synthesis of Ir/NiFe LDH@IF
The Ir/NiFe LDH@IF catalyst was synthesized via a two-step immersion method. First, 
iron foam (IF, 4 × 3 cm2) was washed with acetone for 10 min to remove organic 
contaminants, followed by washing with ethanol for 10 min to remove residual acetone. 
Subsequently, the sample was treated with 1 M dilute hydrochloric acid for 10 min to 
remove surface oxides, and finally washed with deionized water for 10 min to remove 
residual hydrochloric acid before use. For the first step, 0.2 mmol iridium trichloride 
hydrate (IrCl3·xH2O) was dissolved in 40 mL of deionized water under magnetic 
stirring for 30 minutes. The solution was transferred to a beaker, and the pre-cleaned IF 



was immersed in the IrCl3 solution at 90 °C for 1 hour. The resulting sample was 
retrieved, thoroughly rinsed with deionized water, and dried to obtain the Ir@IF 
precursor.
For the second step, 5 mmol nickel nitrate hexahydrate (Ni(NO3)2·6H2O) was dissolved 
in 50 mL of deionized water under stirring for 30 minutes. The solution was then 
transferred to a beaker, and the Ir@IF precursor was immersed in the (Ni(NO3)2 
solution at room temperature for 3 hours. Finally, the product was collected, rinsed with 
deionized water, dried, and denoted as Ir/NiFe LDH@IF.

Synthesis of RuO2 catalysts on Iron foam
The 20 mg of RuO2, 60 L Nafion, 540 L deionized water, and 400 L anhydrous 
ethanol was mixed. The above mixed slurry was ultrasonically treated for 30 minutes. 
The 200 L solution dropwise to 1.5 × 1 cm2 IF, and then the IF was placed under a 
baking lamp for 15 minutes.

Materials characterization
The morphologies and dimensions of the catalysts were measured using Scanning 
electron microscopy (SEM) analyses (Hitachi S-8200). Transmission electron 
microscopy (TEM) and high-resolution transmission electron microscopy (HR-TEM) 
images were captured with a JEM2100UHR instrument. Crystal structures were 
determined by powder X-ray diffraction (X’Pert PRO MPD system) operating at 40 kV 
and 30 mA with Cu Kα radiation (λ = 1.5418 Å). X-ray photoelectron spectroscopy 
(XPS) assessments were carried out using an AXIS SUPRA equipped with a 
monochromatic Al Kα source at 15 mA and 14 kV. XPS spectra were calibrated against 
the carbon 1s peak, setting the main line to 284.8 eV. DEMS measurements were 
carried out using a Linglu Instruments QAS 100 device. The X-ray absorption fine 
structure (XAFS) was obtained by the Taiwan photon source 44A beamline quick 
scanning X-ray absorption spectrum (Hsinchu). The Ni K-edge, Mn K-edge and Ir l3-
edge XAFS spectra were collected at room temperature and analyzed using Athena and 
Artemis programs. In-situ Raman spectra were collected with an Invia Qontor Raman 
spectroscopy system utilizing a 532 nm laser. Electrochemical in situ ATR-FTIR 
spectra of the samples during electrocatalysis were collected using an external 
reflection electrochemical cell mounted on a Pike Veemax I ATR accessory in external 
reflection mode with a silicon crystal. The spectral data were recorded using a Thermo 
Nicolet Nexus 670 spectrometer. Zeta potential was measured on the Anton Paar 
surpass 3 and the pH of the solution was 12. UV-vis diffuse reflectance spectra (DRS) 
were recorded using the SHIMADZU UV-3600iPlus spectrophotometer. Ultraviolet 
photoemission spectroscopy (UPS) was performed using the Thermo Fisher Scientific 
Nexsa analyzer using a monochromatic He I light source at a bias of 10 eV. The work 
function for Au was used as thestandard sample, and the work function Ф was 
calculated using the following formula:

Ф = hν − (EC − EF)
where the photon energy is 21.2 eV, and EC and EF are the inelastic electron cutoff 
energy and Fermi level, respectively.



Electrochemical measurements
Electrochemical evaluations of all samples were performed using CHI660E, CHI760E, 
DH7006A-2, and DH7006B-2 stations in an alkaline seawater electrolyte, prepared by 
adding 1 M KOH to natural, unpurified seawater collected from the South China Sea. 
A Hg/HgO electrode and a graphite rod served as the reference and counter electrodes, 
respectively, for the oxygen evolution reaction (OER) and hydrogen evolution reaction 
(HER). All the prepared samples were utilized as working electrodes. Potentials in these 
experiments were adjusted to the reversible hydrogen electrode (RHE) standard using 
the formula: ERHE= E + 0.098 V + 0.059 × pH. The electrocatalytic performance was 
assessed in various electrolytes: 1.0 M KOH and 1.0 M KOH seawater solution. Linear 
sweep voltammetry (LSV) with a scan rate of 5 mV s-1 was employed to evaluate the 
OER and HER activities. Tafel slopes were determined from the linear regions of the 
Tafel plots using the Tafel equation upon LSV curves with iR compensation. Cyclic 
voltammetry (CV) tests were performed at varying scan rates (20, 40, 60, 80, and 100 
mV s-1) to determine the double-layer capacitance (Cdl) of the catalysts. For corrosion 
analysis, the electrochemically active surface area (ECSA) was estimated according to 
ECSA = Cdl / Cs using a specific capacitance (Cs) of 0.040 mF cm-2, and the corrosion 
current was normalized to ECSA to obtain the corresponding corrosion current density. 
Electrochemical impedance spectroscopy (EIS) was conducted across a frequency 
range of 0.01 kHz to 10000 kHz. Long-term stability was assessed via 
chronopotentiometry at room temperature. The synthesized sample, Ag/AgCl electrode 
and Pt wire were used as working electrode, reference electrode and counter electrode, 
respectively. The measurement was carried out in 1 M potassium hydroxide with a 
potential range from 0.1 V to 0.6 V (vs. Ag/AgCl). After 15 s of testing, data were 
collected.

DFT calculation
Our first-principles calculations were carried out using the Vienna Ab initio Simulation 
Package within the framework of density functional theory (DFT)1,2. The projector 
augmented wave pseudo-potentials method3 and Perdew–Burke–Ernzerhof (PBE) 
functional4 under the generalized gradient approximation were applied. To describe 
localized d-electron interactions, PBE + U calculations was utilized with effective 
Hubbard U values of 4.3 eV and 5.5 eV for Fe and Ni, respectively5. Models of Ir (111), 
and NiFe LDH (012) slabs were used to construct the heterostructure. A vacuum region 
of 15 Å along the vertical direction was set to avoid interaction between repeating slabs. 
Plane-wave cutoff energy was set to 400 eV, with convergence thresholds of 10-5 eV 
for energy and 0.03 eV/Å for force. Van der Waals corrections were applied via the 
DFT-D3 method6. The 2×2×1 and 3×3×1 Monkhorst-Pack7 type k-point sampling were 
used for structure optimization and surface calculations, respectively. The top two 
layers and adsorbates were relaxed during optimization, with other layers fixed. Bader’s 
approach8 was used to calculate the charge transfer between the Ir and NiFe LDH. The 
atomic structures were visualized using the Atomic Simulation Environment (ASE)9.
The computational standard hydrogen electrode (SHE) model proposed by Nørskov et 



al10 was employed to evaluate the free energy change of each elementary step of OER. 
According to this model, the proton-electron pair’s free energy equals half the chemical 
potential of H2 gas under SHE conditions11. For the chlorine evolution reaction (CER), 
equilibrium between Cl-(aq) and 1/2 Cl2 + e- occurs at the standard chlorine electrode 
potential12,13,

Cl- (aq) = 1/2 Cl2 + e- @ USHE = 1.36 V (1)
In this model, Gibbs free energy change (ΔG) at standard hydrogen electrode is given 
by12

ΔG = ΔE + ΔEZPE – TΔS + ΔGU + ΔGpH                         (2)
where ΔE, ΔEZPE, ΔS, and ΔGU are the binding energy, change of zero-point energy, 
change of entropy, and electrode potential, respectively. T is the temperature (298.15 
K). In addition, ΔGpH =pH  kBTln10, where kB is the Boltzmann constant.
The OER’s 4-electron pathways in alkaline media can be given as follows:

* + OH- → *OH + e- (3)
*OH + OH-→ *O + H2O (l) + e- (4)
*O + OH- → *OOH + e- (5)
*OOH + OH- → * + O2 (g) + H2O (l) + e- (6)

Therefore, the free-energy change of four reaction steps can be expressed as follows:
ΔG1 = G (*OH) + G (H2)/2 + eU – G (*) – G (H2O) (7)
ΔG2 = G (*O) + G (H2)/2 + eU – G (*OH) (8)
ΔG3 = G (*OOH) + G (H2)/2 + eU – G (*O) – G (H2O) (9)
ΔG4 = G (*) + G (H2)/2 + eU + G (O2) – G (*OOH) (10)

where U is the potential measured against the normal hydrogen electrode under 
standard conditions. The theoretical overpotential for OER (ηOER) can be calculated by 
ηOER = max [ΔG1, ΔG2, ΔG3, ΔG4]/e − Ueq, where Ueq is the equilibrium potential.
The mechanism below containing two elementary steps was used for calculating the 
free-energy change for CER13,14,

* + Cl- → *Cl + e- (11)
*Cl + 2OH- → OCl- + H2O + e- (12)

The adsorption energy of OH- or Cl- on the catalyst surface was determined using:
    Gads = G*A – G* – GA, (A= Cl- or OH-) (13)
where the G*A represents the free energy of the system after adsorption, G* is the surface 
free energy, and GA is the free energy of Cl- or OH-. 

Molecular dynamic simulation details
For comparison, both Ir/NiFe LDH and NiFe LDH are built as the electrodes based 

on the models used in the DFT calculations. The solution model contains 1200 water 
molecules, 36 Na+, 24 OH-, and 12Cl-. A vacuum layer with thickness of about 50 Å 
was added above the solution to exclude interactions between the neighboring images. 
The simulation box sizes are 22.6 × 28.0 × 130 Å3 and 25.3 × 28.5 × 130 Å3 for Ir/NiFe 
LDH and NiFe LDH electrodes, respectively. All the atoms in electrode model were 
fixed and the particles in solution model were free. The periodic boundary condition 
was set in all directions. Atom interactions were described by the 12-6 Lennard-Jones 
(LJ) and Columbic potentials. Water molecules were described by the SPC/E model15. 



The force fields of various ions were parameterized in previous studies16,17. The LJ 
parameters of electrodes were described by the INTERFACE-CVFF force field18,19. 
Furthermore, to describe the intense interaction between Ir surface and Cl- in solution, 
Morse potential was employed as following: 

𝐸 / 𝑘𝑐𝑎𝑙 ∙ 𝑚𝑜𝑙 ‒ 1 = 100[𝑒 ‒ 4(𝑟 / Å ‒ 2.78) ‒ 2𝑒 ‒ 2(𝑟 / Å ‒ 2.78)]      𝑟 < 5 Å

in which r is the distance between Ir and Cl. Long-range electrostatic interactions were 
computed using the particle-particle particle-mesh (PPPM) algorithm with a root mean 
square accuracy of 10-4. The cutoffs of Coulomb and Lennard-Jones interactions were 
12.0 and 10.0 Å, respectively.
Molecular dynamic (MD) simulations were conducted using LAMMPS software 
package20. The energy of each simulation system was initially minimized with a 
tolerance of 10-5. After minimization, the system temperature was controlled at 300 K 
by the Nosé-Hoover thermostat in the equilibrium simulations. After equilibrium, an 
external electric field of 0.1 V/Å was applied along z direction. The first 5 ns of each 
simulation were used for equilibration and the left 15 ns were collected for trajectory 
analysis with a time step of 1 fs.

Supplementary Notes
Supplementary Note 1. Calculations of AEM electrolyzer efficiency and electricity 
cost of hydrogen (6 M KOH seawater). The cost estimation includes only electricity 
consumption and follows the methodology reported in the literature.
H2 production rate @ 0.5 A cm-2

= (j A cm-2) (1 e-/1.602 × 10-19 C) (1 H2/2 e-) 
= 0.5 A cm-2 / (1.602 × 10-19 C × 2) = 2.59 × 10-6 mol H2 cm-2 s-1

LHV of H2 
= 120 kJ g-1 H2 = 2.42 × 105 J mol-1 H2

H2 power out 
= (2.59 × 10-6 mol cm-2 s-1) × (2.42 × 105 J mol-1) = 0.627 W cm-2

Electrolyzer Power @ 0.5 A cm-2 (6 M KOH seawater)
= (0.5 A cm-2) (1.76V) = 0.88 W cm-2

Efficiency of AEM
= (H2 Power Out) / (Electrolyzer Power) = 0.627 W cm-2/ 0.88W cm-2 = 71.2%

The molar mass of hydrogen gas is 2 g/mol. The mass of hydrogen gas produced by a 
4 cm2 electrode at a current density of 0.5 A·cm-2 within 1 hour
= (2.59 × 10-6 mol) × (2 g/mol) × 3600s × 4 cm-2 = 7.4592 × 10⁻5 kg/h H2

Price per kilogram of hydrogen



= 1 kg H2/H2 production rate (4 cm2) × Electrolyzer power × Electricity bill
= 1 kg / (7.4592 × 10⁻5 kg/h H2) × (0.88 W cm-2 × 4 cm2) × ($ 0.02 /kWh)
=$ 0.944 /kg H2



Supplementary Figures

Fig. S1. (a) OER polarization curves of samples with different immersion times in IrCl3 
solution and (b) different IrCl3 immersion concentrations, all measured without iR 
correction in 1 M KOH seawater.



Fig. S2. SEM images of (a-c) Ir@IF, (d-f) NiFe LDH@IF, (g-i) Ir/NiFe LDH@IF.



Fig. S3. (a-f) SEM-EDS images of Ir/NiFe LDH@IF. (g) SEM-EDX results of Ir/NiFe 
LDH@IF.



Fig. S4. XRD patterns of (a) Ir@IF, (b) NiFe LDH@IF and (c) Ir/NiFe LDH@IF.



Fig. S5. (a) TEM image, (b) HRTEM image, (c) SAED pattern of Ir@IF.



Fig. S6. (a) HAADF-STEM image for Ir@IF with elemental mapping images for Ir, Fe 
and O elements. (b) TEM-EDX results of Ir@IF.



Fig. S7. (a) TEM image, (b) HRTEM image, (c) SAED pattern of NiFe LDH@IF.



Fig. S8. (a) HAADF-STEM image for NiFe LDH@IF with elemental mapping images 
for Ni, Fe, O and C elements. (b) TEM-EDX results of NiFe LDH@IF.



Fig. S9. SAED pattern of Ir/NiFe LDH@IF.



Fig. S10. XPS survey spectra of (a) Ir@IF, (b) NiFe LDH@IF, (c) Ir/NiFe LDH@IF.



Fig. S11. Ir 4f high-resolution XPS spectra of Ir/NiFe LDH@IF.



Fig. S12. Ir L3-edge XANES spectra of Ir foil, IrO2, and Ir/NiFe LDH@IF.



Fig. S13. Ir L3-edge FT-EXAFS spectra of Ir foil, IrO2, and Ir/NiFe LDH@IF.



Fig. S14. Ir L3-edge WT for the k3-weighted EXAFS signals of Ir foil, IrO2, and Ir/NiFe 
LDH@IF.



Fig. S15. XPS survey of Ir 4f XPS spectra of Ir@IF and Ir/NiFe LDH@IF.



Fig. S16. Ni K-edge FT-EXAFS spectra of Ni foil, NiO, NiFe LDH@IF, and Ir/NiFe 
LDH@IF.



Fig. S17. Fe K-edge FT-EXAFS spectra of Fe foil, Fe2O3, NiFe LDH@IF, and Ir/NiFe 
LDH@IF.



Fig. S18. k3-weighted EXAFS spectra and fitting curves for Ir/NiFe LDH@IF are 
shown in (a) R-space at the Ir L3-edge, (b) k-space at the Ni K-edge, and (c) k-space at 
the Fe K-edge.



Fig. S19. k3-weighted EXAFS spectra and fitting curves for NiFe LDH@IF are shown 
in (a) R-space at the Ni K-edge, and (b) R-space at the Fe K-edge.



Fig. S20. UPS spectra of the VBM for NiFe LDH@IF.



Fig. S21. UV-Vis diffuse reflectance spectra of (a) Ir@IF, (b) NiFe LDH@IF, and (c) 
Ir/NiFe LDH@IF. The corresponding Tauc plots of (d) Ir@IF, (e) NiFe LDH@IF, and 
(f) Ir/NiFe LDH@IF.



Fig. S22. The geographical location for the source of natural seawater.



Fig. S23. Nyquist plots.



Fig. S24. The double-layer capacitance of (a) Ir/NiFe LDH@IF, NiFe LDH@IF, 
Ir@IF, and IF, and cyclic voltammograms of (b) IF, (c) Ir@IF, (d) NiFe LDH@IF, and 
(e) Ir/NiFe LDH@IF at scan rates in the range of 20-100 mV s-1 in alkaline seawater, 
respectively.



Fig. S25. Optical images of the drainage method for Ir/NiFe LDH@IF.



Fig. S26. Optical images of the drainage method for NiFe LDH@IF.



Fig. S27. ICP-OER results of electrolytes for NiFe LDH@IF and Ir/NiFe LDH@IF 
after OER process for 24 hours at 500 mA cm-2.



Fig. S28. Operando Bode phase angle plots of (a) NiFe LDH@IF and (b) Ir/NiFe 
LDH@IF in simulated alkaline seawater (1 M KOH + 0.5 M NaCl).



Fig. S29. Panels (a) and (b) are the LSV curves of NiFe LDH@IF and Ir/NiFe LDH@IF 
at different solutions, respectively. All measured without iR correction.



Fig. S30. O 1s XPS spectras of NiFe LDH@IF and Ir/NiFe LDH@IF.



Fig. S31. The zeta potential of the Ir/NiFe LDH@IF and NiFe LDH@IF.



Fig. S32. Optimized configuration of the Ir/NiFe LDH interface derived from first-
principles calculations. (a) top view and (b) side view.



Fig. S33. Optimized configuration of the NiFe LDH interface derived from first-
principles calculations. (a) top view and (b) side view.



Fig. S34. Charge density difference of Ir/NiFe LDH. (a) top view and (b) side view.



Fig. S35. Free energy diagrams for the OER following the AEM pathway on NiFe LDH 
and Ir/NiFe LDH: (a) Fe and Ni sites of NiFe LDH, (b) Ni and Fe sites of Ir/NiFe LDH, 
and (c) Ir sites of Ir/NiFe LDH. 



Fig. S36. Free energy diagrams for the OER following the LOM pathway on NiFe LDH 
and Ir/NiFe LDH: (a) Ni-Fe and Ni-Ni sites of NiFe LDH, (b) Ni-Fe and Ni-Ni sites of 
Ir/NiFe LDH, and (c) Ir-Fe and Ir-Ni sites of Ir/NiFe LDH.



Fig. S37. Reaction pathway for the OER at (a) Fe sites and (b) Ni sites of Ir/NiFe LDH 
via the AEM mechanism.



Fig. S38. Reaction pathway for the OER at (a) Ni-Fe sites and (b) Ni-Ni sites of Ir/NiFe 
LDH via the LOM mechanism.



Fig. S39. Reaction pathway for the OER at (a) Fe sites and (b) Ni sites of NiFe LDH 
via the AEM mechanism.



Fig. S40. Reaction pathway for the OER at (a) Ni-Fe sites and (b) Ni-Ni sites of NiFe 
LDH via the LOM mechanism.



Fig. S41. (a-f) CV curves and corresponding calculation of Cdl of Ir/NiFe LDH@IF and 
NiFe LDH@IF in alkaline electrolyte and alkaline saline electrolyte. The scan rates 
ranging from 20 mV s-1 to 100 mV s-1.



Fig. S42. Experimental Cdl values in 1 M KOH and 1 M KOH + 0.5 M NaCl.



Fig. S43. Corrosion behavior curves of Ir/NiFe LDH@IF and NiFe LDH@IF in 
alkaline seawater.
Corrosion-related Tafel analysis reveals a positive shift in the corrosion potential (Ecorr) 
from -0.09 V for NiFe LDH@IF to -0.07 V for Ir/NiFe LDH@IF, indicating improved 
thermodynamic resistance to corrosion. After normalization to the ECSA, the corrosion 
current density decreases from 0.0253 mA cm-2 for NiFe LDH@IF to 0.0194 mA cm-2 
for Ir/NiFe LDH@IF, suggesting a lower intrinsic corrosion tendency of the 
heterostructure.



Fig. S44. Calculated Cl- adsorption energies at different sites.



Fig. S45. Free energy diagrams for ClOR on Ir/NiFe LDH.



Fig. S46. (a) OH- and Cl- concentration profiles along the x-direction for the Ir/NiFe 
LDH electrode (Ir surface and NiFe LDH surface). (b) OH- and Cl- concentration 
profiles along the x-direction on the NiFe LDH electrode surface.



Fig. S47. Polarization curves of AEM electrolyzers with Ir/NiFe LDH@IF || NiMo at 
different temperatures.



Fig. S48. SEM image of the OER-side Ir/NiFe LDH@IF after the long-term (5200 h) 
AEM device stability testing.



Fig. S49. (a) XPS survey spectra, and high-resolution XPS spectra of (b) Ir 4f, (c) Ni 
2p, and (d) Fe 2p of Ir/NiFe LDH@IF on the OER side before and after the long-term 
(5200 h) AEM device stability testing.



Supplementary Tables
Table S1. ICP-OES results of pristine Ir/NiFe LDH@IF.

Element Mass Fraction

Ir 0.39 %

Ni 1.29 %Ir/NiFe LDH@IF

Fe 46.64 %



Table S2. EXAFS fitting parameters at the Ir L3-edge for various samples.

Sample Shell CNa R(Å)b σ2 (Å2)c ΔE0(eV)d R factor

Ir foil Ir-Ir 12.0* 2.71±0.01 0.0037 8.4 0.0028

IrO2 Ir-O 6.0* 1.98±0.01 0.0019 11.2 0.0133
Ir/NiFe 

LDH@IF Ir-Ir 10.1±0.6 2.71±0.01 0.0036 8.2 0.0026

(a) CN, coordination number; (b) R, distance between absorber and backscatter atoms; 
(c) σ2, Debye-Waller factor to account for both thermal and structural disorders; (d) ΔE 
(0), inner potential correction; R factor indicates the goodness of the fit. S0

2 was fixed 
to 0.905, according to the experimental EXAFS fit of Ir foil by fixing CN as the known 
crystallographic value. A reasonable range of EXAFS fitting parameters: 0.700 < S0

2< 
1.000; CN > 0; σ2Å2＞0; |ΔE0|< 15 eV; R factor < 0.02.



Table S3. EXAFS fitting parameters at the Fe K-edge for various samples.

Sample Shell CNa R(Å)b σ2 (Å2)c ΔE0(eV)d R factor

Fe-Fe 8.0* 2.48±0.01 0.0055 7.5
Fe foil

Fe-Fe 6.0* 2.85±0.01 0.0072 6.6
0.0028

Fe-O 6.0* 1.99±0.01 0.0080 -2.0

Fe2O3 Fe-Fe 8.0* 2.95±0.01 0.0069 -3.4

Fe-Fe 4.0* 3.43±0.01 0.0019 11.6

0.0192

Ir/NiFe 
LDH@IF Fe-O 5.7±0.1 1.99±0.01 0.0066 -3.4 0.0019

NiFe 
LDH@IF Fe-O 5.9±0.1 2.00±0.01 0.0053 -2.0 0.0018



Table S4. EXAFS fitting parameters at the Ni K-edge for various samples.

Sample Shell CNa R(Å)b σ2 (Å2)c ΔE0(eV)d R factor

Ni foil Ni-Ni 12.0* 2.48±0.01 0.0062 6.4 0.0011

Ni-O 6.0* 2.08±0.01 0.0058 -1.5
NiO

Ni-Ni 12.0* 2.95±0.01 0.0062 -4.5
0.0059

Ir/NiFe 
LDH@IF Ni-Ni 2.6±0.2 1.86±0.01 0.0025 3.5 0.0151

NiFe 
LDH@IF Ni-Ni 2.9±0.3 1.85±0.01 0.0071 -3.5 0.0185



Table S5. Operating parameters of the AEM-WE.
Anode catalyst Ir/NiFe LDH@IF

Anode area 2×2 cm (4 cm2)

Cathode catalyst Commercial NiMo alloy

Cathode area 2×2 cm (4 cm2)

AEM membrane Fumasep FAA‑3‑PK‑130

Electrolyte 6 M KOH + seawater

Operating temperature 25-80 °C



Table S6. Calculations of AEM electricity cost of hydrogen.
Operating 

current 
density 

(mA cm-

2)

EE (%) Electricity cost of 
H2 (USD $/kg)

Electricity 
expense

(kWh Nm-3)

500 71.2 0.944 4.21

1000 64.0 1.051 4.69

1500 59.1 1.137 5.07
Ir/NiFe LDH@IF

2000 55.5 1.211 5.41



Table S7. The stability current density, corresponding cell voltage, and operational 
lifetime of Ir/NiFe LDH@IF and the most advanced OER catalyst were compared in 
alkaline seawater electrolyzers.

Electrocatalysts Potential (V)
Operating 

current density 
(mA cm-2)

Time (h) Reference

Ir/NiFe LDH@IF 2.08 V 500 5200 This work

NiFe-LDH@Ag 1.95 V 400 1200 21

NFCP 1.70 V 500 320 22

Fe-L-MoS2 2.476 V 200 170 23

CoFe-Ci@GQDs/NF - 442 200 24

Os-Ni4Mo/MoO2 - 200 200 25

RuMoNi - 500 240 26

(NiFe)C2O4/NF 2.4 V 500 150 27

NFB-LDH 1.98 V 400 100 28

(Ni,Fe)S2@Ti3C2 1.80 V 500 500 29

CoCe-O-IrSA 1.92 V 500 150 30

FeMoOOH/NF - 500 40 31

Ni3FeN@PO4
3-/NF 1.95 V 500 200 32

NiFeLDH-FLPs - 200 250 33

Ni(OH)2/L-LFP - 250 100 34

CrO4
2--NiFe LDH/Cr2O3 - 500 200 35

Fe4N/Co3N/MoO2 1.63 V 500 200 36

Ru-BOx-OH-300 1.73 V 500 200 37

Fe-Ni2Pv 1.63 V 200 100 38

Cr2O3-CoOx - 500 100 39

Fe-Ni(OH)2 1.70 V 200 250 40

PtSA-Ni6.6Fe0.4P3 1.46 V 100 120 41

MoO3@CoO/CC 1.81 V 1000 500 42

NiFe LDH-[PO4
3−] 2.0 V 1000 1000 43

NiFe LDH/NF with PF6
- 2.02 V 1000 1000 44

Ir/CoFe-LDH - 1000 2000 45

CoFeAl-LDH 2.06 V 1000 500 46
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