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S1 Supplementary Detailed Procedures
S1.1 Materials 
Cobalt chloride hexahydrate (CoCl2·6H2O), ammonium fluoride (NH4F), iron sulfate hexahydrate (FeSO47H2O), potassium hydroxide (KOH), acetone (CH3COCH3), and ethanol (C2H6OH) were purchased from Dae Jung Chemicals and Metals Pvt. Ltd., South Korea. Nickel foam (NF) (1 mm, 110 PPI) was purchased from Heze Jiaotong Group, China. Deionized water (DI) is used throughout the experiments. All the chemicals are used as received without any further purification. Seawater was collected from Jungmun Beach, Seogwipo-si, Jeju-do, South Korea
S1.2 Material characterization
Field-emission scanning electron microscopy (FE-SEM) in conjunction with energy-dispersive X-ray spectroscopy (MIRA3, TESCAN, Czechia) and JEOL JEM-2100F high-resolution transmission electron microscopy (HRTEM) at KBSI (Korea Basic Science Institute) is used to investigate the microstructure of the synthesized catalyst. The crystalline structure and phase of the synthesized catalysts were analyzed by powder X-ray diffraction (XRD) method using Malvern Panalytical (Empyrean) with Cu-Kα radiation (λ = 1.5418 Å) at a scan rate of 5o/min from 5-90o. The surface chemical state is analyzed by an X-ray photoelectron spectrometer (Theta Probe Angle-Resolved X-ray Photoelectron Spectrometer System, Thermo Fisher Scientific).  Raman analysis was carried out using Thermo Scientific™ DXR3xi Raman Imaging Microscope. In-situ Raman studied in Horiba LABram HR Evolution. XAS analysis performed in Pohang Accelerator Laboratory. Fourier Transform Infrared (FT-IR) spectroscopy measurement is carried out using Bruker Alpha II. Electron paramagnetic resonance measured through CIQTEK EPR200M. Superconducting quantum interference device - vibrating sample magnetometer (SQUID-VSM) was analyzed by MPMS3-Quantum design. Nuclear magnetic resonance (NMR) spectroscopy was analyzed with JEOL 400 MHz with CPMAS (4mm od) NMR spectrometer. Inductively coupled plasma mass spectrometry (ICP-MS) was carried out with ICP-MS; iCAP RQ, Thermo Fisher Scientific.
S1.3 Reaction mechanism
The proposed fabrication route is inherently scalable and well‑suited for the large‑volume synthesis of nanocatalysts. During the initial hydration and dissolution steps, MgO undergoes surface hydroxylation followed by progressive ion release, ultimately leading to the formation of Mg(OH)2, Mg is replaced by Co/Fe leading to the formation of LDH catalyst.
The overall transformation can be represented as:
               (S1)
                                        (S2)
S2 Electrochemical mesurements
S2.1 Electrochemical half-cell measurements
All of the electrochemical measurements were carried out using an Autolab PGSTAT302N electrochemical workstation. The individual electrochemical properties of the catalyst were investigated by a conventional three-electrode configuration where the catalyst was coated on nickel foam (1 cm2), which is used as the working electrode, Hg/HgCl2 is used as the reference electrode, and graphite sheet (1 cm2) is used as the counter electrode, respectively. The linear sweep voltammetry (LSV) was performed at a 5 mV s1 scan rate in 1M KOH solution. Electrochemical impedance spectroscopy (EIS) is used to analyze charge transfer kinetics across the electrode/electrolyte interfaces. Chronopotentiometry is used to identify the stability of the prepared catalysts by applying a current density of 50 mA cm2. All the measured potentials against the Hg/HgCl2 electrode were converted into the reversible hydrogen electrode (RHE) potential by using equation (S3).
                                   			(S3)
The double-layered capacitance (Cdl) was derived from the CV tests performed at scan rates from 5 to 100 mVs-1 to evaluate the electrochemically active surface area.  All the electrochemical data were presented without IR correction. The electrochemical active surface area (ECSA) was calculated according to equation (S4).
 		(S4)
Where Cs is found to be 0.04 mF cm 2 under alkaline conditions.
S2.3 Scanning electrochemical microscopy measurements
Sensolytics instrument (SECM087) along with Autolab-PGSTAT-302N was used to carry out the SECM measurements with platinum microelectrode with 10 μm diameter. The cell consisted of CoFe LMH-3 and F-CoFe LMH-8 placed at the bottom of the cell, whereas graphite rod and Ag/AgCl were used as counter and reference electrodes, respectively. The electrochemical measurements were performed in 1M KOH for OER and 1M KOH + 0.5 M NaCl. The surface profile was collected at a scan rate of 5 μm s-1 in a scan area of 50 × 50 μm. All the measured potentials against the Ag/AgCl electrode were converted into the RHE potential by using equation (S5).
                                                                                   (S5)
S2.3 In-situ Raman measurements
In-situ Raman measurements were analyzed through a custom cell where a glassy carbon electrode was coated with the catalyst material using drop casting which was used as the working electrode. A graphite rod was used as the counter electrode and a Hg/HgO reference electrode was used. All the measured potentials against the Hg/HgCl2 electrode were converted into the RHE potential by using equation (6).
                                                                                   (S6)
S2.4 Distribution of relaxation times (DRT) analysis
DRT transforms impedance spectra from the frequency domain into time‑domain relaxation time distributions, allowing direct identification and differentiation of dominant and secondary electrochemical reaction processes. Given that polarization impedance is constant and EIS measurements use logarithmically spaced frequencies, the DRT‑reconstructed impedance can be written as described by equation (S7) [S1–S3].
 						 (S7)
Where ZDRT (f) represents the total impedance of the electrochemical system, R∞ represents the ohmic impedance where frequency is infinite, t is the characteristic relaxation time, f and  is the frequency. DRT is analyzed based on the framework algorithm that optimizes the frequency factor for a DRT-based EIS reconstruction method.
S2.5 Differential electrochemical mass spectroscopy (DEMS)
For measuring in-situ DEMS, Type A DEMS cell is used to analyze the extent of O signals in pH 7 in 0.5 M NaCl. Catalysts were coated on graphite rod electrodes (5 mm diameter). The DEMS cell was prepared with catalyst-coated graphite rod as a working electrode, Pt wire as a counter electrode, and screw-type Ag/AgCl (3M KCl) as a reference electrode, respectively. After cell assembly a total of 30 mL was flowed inside the cell after which flow rate was 0.1 mL min–1 during analysis.
S2.6 Anion exchange membrane water electrolyzer (AEMWE)
The AEMWE was prepared by sandwiching FUMASEP FAS 50 between F-CoFe LMH (cathode) and F-CoFe LMH (anode). Commercial AEMWE was fabricared by sandwiching FUMACEP FAS 50 between Pt/C (cathode) and NiFe LDH (anode). Subsequently, electrochemical experiments were conducted by circulating 1 M KOH + seawater using a peristaltic pump with a feed of 5 mL min−1 at room temperatures. The steady-state linear sweep voltammetry measurements were carried out using Arbin Instruments (USA). The stability measurements were carried out in the Neware tester with same flow rate of 5 mL min-1 for 125 mA/cm2 and 10 mL min−1 for 500 mA/cm2. Device EIS was carried out in room temperature with flow rate of 5 mL min−1 with VIONIC Metrohm potentiostat/galvanostat.
S3 Density functional theory methodology
The electrocatalyst was assessed computationally by spin-polarized DFT using the Vienna Ab initio Simulation Package (VASP), with structural models guided by the XRD analysis [S4, S5]. Exchange–correlation effects were treated within the GGA-PBE framework augmented by Grimme’s D3 dispersion correction [S6], and core–valence interactions were described by the projector augmented-wave (PAW) method as implemented in VASP [S7]. To model exposed surfaces, periodic F@CoFe-LMH slab geometries were constructed and separated from their periodic images by sufficient vacuum; cell dimensions were chosen to eliminate spurious inter-slab interactions in all directions. These models were then used to compute projected densities of states (PDOS) and adsorption energies of key intermediates. A 500eV plane-wave cutoff was applied, and structures were optimized until the maximum Hellmann–Feynman force was below 0.02 eV Å⁻¹. For electronic-structure and DOS calculations, Monkhorst–Pack meshes corresponding to a reciprocal-space spacing of ≈0.02 Å⁻¹ were generated with VASPKIT and VASP [S8].
S3.1 Band center calculation
The calculation of the p- and d-band center has been extensively employed for elucidating catalytic behavior [S9, S10]. The determination of the p and d band center involved the following calculations: 
	
	(S8)


where  is the projected DOS and E is the energy of p- orbitals of Fe, Co atoms and d- orbitals of C, F, O, H.
S3.2 HER
In general, the Gibbs energy change of hydrogen adsorption (ΔGH*) on the surface of the catalyst is widely used to determine the HER activity. The catalytic performance was estimated by free energy change during ΔGH* based on the formula proposed in equation (S9) [S11]:
                            (S9)
where EH*/surf -, Esurf, EH2, ΔEZPE, and ΔS represent total energies of the slab with H*, the clean surface, the isolated hydrogen molecule, zero-point energy change, entropy change, and temperature (T) taken under standard conditions (298.15K), respectively.
S3.3 OER
To compute the OER, a simplified four-electron pathway was adopted to represent the OER mechanism. This process can be described through the following sequence of reactions:  
      	              ∆G1                                                                               (S10)
	              ∆G2                                                                            (S11)
	                          ∆G3                                                                           (S12)
∆G4                                                                                                                  (S13)
where OH*, O*, and OOH* represent adsorbed intermediates on the catalyst’s active sites, and ∆G₁, ∆G₂, ∆G₃, and ∆G₄ indicate the Gibbs free energy changes for each step.  
The Gibbs free energy variation (ΔG) for each reaction step was evaluated using the expression:  
 	                          	           (S14) 
where ΔE is derived from the energy of the catalyst with adsorbed oxygen species, ΔZPE and ΔS represent the differences in zero-point energy and entropy, respectively, and T is the temperature set at 298.15 K (standard conditions, p = 1 bar). The term −neU accounts for the potential bias due to electron transfer, with U representing the electrode potential and n the number of electrons. The pH-dependent correction, ΔG(pH) = ΔkT ln([H+]), adjusts the free energy based on proton concentration.  
Theoretical overpotentials (η) for all investigated structures were determined using the relation:  
           		                       (S15)
where max {∆G₁, ∆G₂, ∆G₃, ∆G₄} identifies the largest Gibbs free energy change among the elementary steps, and 1.23 V is the standard OER potential. This approach aligns with established methodologies [S12, S13].
The adsorption energy (Eads) of Cl is calculated as in the following equation:
                              	           (S16)
Where Esurface is the energy of the CoFe LMH or F-CoFe LMH  surface, Emolecule is the energy of a Cl atom, which is obtained by averaging the total energy of a Cl2 molecule. Emolecule+surface represents the total energy of the adsorbed system. 
S3 Supplementary Figures
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Fig. S1 FE-SEM and elemental mapping at various magnifications of CoFe LMH at various times intervals during catalyst synthesis.
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Fig. S2 P-XRD at various magnifications of CoFe LMH at various times intervals during catalyst synthesis.
[image: ]
Fig. S3 FE-SEM at various magnifications of CoFe LMH-1, elemental mapping and EDS spectra.
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Fig. S4 FE-SEM at various magnifications of CoFe LMH-2, elemental mapping and EDS spectra. 
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Fig. S5 FE-SEM at various magnifications of CoFe LMH-3, elemental mapping.
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Fig. S6 FE-SEM at various magnifications of CoFe LMH-4, elemental mapping and EDS spectra.
[image: ]
Fig. S7 FE-SEM at various magnifications of CoFe LMH-5, elemental mapping and EDS spectra.
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Fig. S8 FE-SEM at various magnifications of F-CoFe LMH-6, elemental mapping and EDS spectra.
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Fig. S9 FE-SEM at various magnifications of F-CoFe LMH-7, elemental mapping and EDS spectra.
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Fig. S10 FE-SEM at various magnifications of F-CoFe LMH-8, elemental mapping and EDS spectra.
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Fig. S11: FE-SEM at various magnifications of F-CoFe LMH-9, elemental mapping and EDS spectra.
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Fig. S12 FE-SEM at various magnifications of F-CoFe LMH-10, elemental mapping and EDS spectra. 
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Fig. S13 HR-TEM and elemental mapping of CoFe LMH-3.
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Fig. S14 HR-TEM and elemental mapping of F-CoFe LMH-8. 
[image: ]
Fig. S15 Powder-XRD analysis of as-synthesized catalysts.
Supplementary Note S1
XRD analysis reveals that variations in the Co and Fe concentrations in CoFe LMH lead to modifications in the diffraction profile. The (003) basal reflection exhibits a gradual shift toward lower 2θ values with changing metal composition, indicating systematic changes in the layered structure. For the CoFe LDH series, the (003) peak is observed at 11.468° for CoFe LMH-1, 11.24° for CoFe LMH-2, 10.91° for CoFe LMH-3, 9.361° for CoFe LMH-4, and 9.368° for CoFe LMH-5.
A comparable trend is observed for the fluorine-containing CoFe LDH samples (F-CoFe LMH), where the (003) reflection appears at 11.142° for F-CoFe LMH-6, 11.14° for F-CoFe LMH-7, 10.46° for F-CoFe LMH-8, 9.81° for F-CoFe LMH-9, and 9.361° for F-CoFe LMH-10. The consistent shift toward lower diffraction angles across both series suggests a composition-dependent structural changes occurring on CoFe framework. 
[image: ]
Fig. S16 Raman analysis of as-synthesized catalysts.
Supplementary Note S2
The pristine catalysts exhibit distinct Raman bands corresponding to metal–oxygen lattice vibrations and hydroxyl-related modes. Co LMH-1 shows peaks at 250, 437.2, and 507.8 cm⁻¹, while CoFe LMH samples display progressive shifts with increasing Fe incorporation: LMH-2 (250.5, 439.4, 510 cm⁻¹), LMH-3 (273.7, 451.1, 524.4 cm⁻¹), and LMH-4 (230.2, 270.1, 510.4, 635.6 cm⁻¹). Fe LMH-5 exhibits broader spectral features at 241.2, 357.5, 488.7, and 683.65 cm⁻¹, indicating enhanced Fe–O vibrational contributions.
For the fluorinated series, F-CoFe LMH samples retain similar vibrational profiles with slight peak shifts, suggesting lattice distortion induced by F incorporation. F-CoFe LMH-6, LMH-7, and LMH-8 show peaks at (249.8, 439.2, 510.4), (260.8, 443.6, 518.2), and (286.9, 457.67, 528.4 cm⁻¹), respectively. F-CoFe LMH-9 and F-Fe LMH-10 exhibit additional high-frequency modes at 640.8 and 682.5 cm⁻¹, consistent with strengthened M–O–F interactions and modified hydroxyl environments.
[image: ]
Fig. S17: FT-IR  analysis of as-synthesized catalysts.

Supplementary Note S3
The FTIR spectra of the pristine series (Fig. a) and fluorinated series (Fig. b) exhibit characteristic vibrational modes associated with metal hydroxides. Co LMH-1 and CoFe LMH-2, LMH-3, LMH-4 exhibit strong, broad O-H stretching bands centered near ~3430–3450 cm⁻¹, indicating extensive hydrogen bonding among hydroxyl groups and interlayer water. Fe LMH-5 shows a slightly shifted and broadened band, suggesting stronger hydrogen bonding due to higher Fe content, the shift is consistent with F doped samples as well. Suggesting that the Fe content, alters the H bonding. A sharp feature near ~1630 cm⁻¹, attributed to H-O-H bending of adsorbed water molecules. In the low-frequency region (below 1000 cm⁻¹), distinct metal–oxygen lattice vibrations are observed. For the pristine series, Co LMH-1 shows well-defined bands, while CoFe LMH samples (LMH-2 to LMH-4) exhibit additional features and slight shifts, indicating Fe incorporation and structural distortion. Fe LMH-5 presents broader and more intense low-frequency bands, consistent with dominant Fe-O interactions. The fluorinated series (Fig. b) retains similar hydroxyl-related bands but shows subtle changes in intensity and position of metal-oxygen vibrations, suggesting lattice modification due to F doping. F-CoFe LMH samples (LMH-6 to LMH-9) exhibit sharper low-frequency peaks compared to their pristine counterparts, while F-Fe LMH-10 shows pronounced absorption features.

[image: ]
Fig. S18 XPS survey spectrum of CoFe LMH and F-CoFe LMH.
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Fig. S19 19F NMR for F-CFLMH-8. 
[image: ]
Fig. S20 Magnetic hysteresis (M-H) loops, of (a) CoFe LMH and F-CoFe LMH. (b) Temperature-dependent susceptibility reciprocal 1/𝜒 of F-CoFe LMH.
Supplementary Note S4
[bookmark: _Hlk193975467][bookmark: _Hlk193975553][bookmark: _Hlk193975443][bookmark: _Hlk193977869]The field-cooling (FC) temperature-dependent magnetization (M-T) characterization for powder samples using a SQUID magnetometer was carried out to further analyze the electronic configuration of the metal 3d-orbitals. in an applied field of μ0H = 500 Oe with a temperature range of 2-300 K. By fitting the M-T curve using the Curie-Weiss law, the effective magnetic moment (μeff) can be calculated according to the equation:
                                                                                                                                             (S17)
Where μeff is the effective magnetic moment, Cm is the molar curie constant kB is the Boltzmann constant NA is the Avogadro’s number [S14, S15].
The effective magnetic moment (μeff) was found for F-CoFe LMH was found to be 4.125 μB.
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Fig. S21 Comparison bar chart for HER overpotential. 
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Fig. S22 Schematic illustration of SECM over HER.
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Fig. S23 SECM analysis of CoFe LMH-3 at various current densities of -1.05 (a), -1.1 (b),-1.15 (c) vs Ag/AgCl and (d,f,g) their corresponding tip potentials.  
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Fig. S24 SECM analysis of F-CoFe LMH-8 at various current densities of -1.05 (a), -1.1 (b),-1.15 (c) vs Ag/AgCl and (d,f,g) their corresponding tip potentials. 
[image: ]
Fig. S25 HER LSV of CoFe LMH-8 before and after stability.
[image: ]

Fig. S26 FTIR analysis of F-CoFe LMH-8 cathode before and after stability.

[image: ]
Fig. S27 Raman analysis of F-CoFe LMH-8 cathode before and after stability. 
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Fig. S28 Top view of H* adsorption models for (a) Co (b) Fe (c) O.
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Fig. S29 OER overpotential and Tafel slope comparison.
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Fig. S30  (a) CV at various scan rates for CoFe LMH-3 and (b) the corresponding electrochemical double layer capacitance. CV at various scan rates for (c) F-CoFe LMH-8 and (d) their corresponding double layer capacitance. 
[image: ]
Fig. S31 Comparative analysis of a ECSA analysis, b turnover frequency and c ECSA normalized turnover frequency.
Supplementary note S5
The turnover frequency of is used to determine the intrinsic catalyst activity of the electrocatalyst, which can be written as described by equation (S18).
	                                                                                                      (S18)                                                                                      
Where j is the current density (mA/cm2), A represents the geometric area, NA is the Avogadro’s number (6.023 x 1023 mol-1), n is the number of electrons, F is the Faraday constant (96485 C mol-1) and M* is the total number of active sites.
The intrinsic OER performance was evaluated via ECSA and turnover frequency (TOF) analyses (Fig. S31). F-CoFe LMH-8 exhibited a larger ECSA (204.25 cm²) than pristine CoFe LMH-3 (134.25 cm²), indicating increased active site exposure. Crucially, F-CoFe LMH-8 demonstrated a significantly higher turnover frequency (TOF) at 300 mV (0.00589 s⁻¹ vs. 0.00147 s⁻¹) and 400 mV (0.03062 s⁻¹ vs. 0.01091 s⁻¹). To accurately reflect catalytic intrinsic activity, ECSA normalization was performed to TOF, yielding an ECSA-normalized TOF of 2.883 × 10⁻⁵ s⁻¹ cm⁻² for F-CoFe LMH-8 at 300 mV compared to 1.098 × 10⁻⁵ s⁻¹ cm⁻² for CoFe LMH-3 (and 1.499 × 10⁻⁴ vs. 8.126 × 10⁻⁵ s⁻¹ cm⁻² at 400 mV, respectively). These results confirm that F-doping enhances both the total number of accessible active sites and their individual intrinsic catalytic efficiency. 
[image: ]
Fig. S32 Schematic illustration of SECM over OER.
[image: ]
Fig. S33 SECM analysis of CoFe LMH-3 at various current densities of 0.3V (a), 0.35V (b), and 0.4V (c) vs Ag/AgCl and (d,f,g) their corresponding tip potentials.
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Fig. S34 SECM analysis of F-CoFe LMH-8 at various current densities of 0.3V (a), 0.35V (b), and 0.4V (c) vs Ag/AgCl and (d,f,g) their corresponding tip potentials.
[image: ]
 Fig. S35 LSV for OER before and after chronopotentiometric stability analysis.
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Fig. S36 FTIR analysis of F-CoFe LMH-8 anode before and after stability.

[image: ]
Fig. S37 Raman analysis of F-CoFe LMH-8 anode before and after stability.
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Fig. S38 The top and side view of the optimized adsorption sites for OH* for Co, Fe and O sites respectively. 
[image: ]
Fig. S39 The top and side view of the optimized adsorption sites for O* for Co, Fe and O sites respectively.
[image: ]
Fig. S40 The top and side view of the optimized adsorption sites for OOH* for Co, Fe and O sites respectively.
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Fig. S41 CDD of F@CoFe-LMH at ±0.005 e Å⁻³. 
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Fig. S42 Geographical location of the seawater collected area. 
[image: ]
Fig. S43 DEMS analysis of (a) CoFe LMH and (b) F-CoFe LMH and O signals in 0.5 M NaCl.
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Fig. S44 Schematic illustration for operando in-situ Raman measurements.
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Fig. S45 In-situ raman analysis of CoFe LMH-3.
[image: ]
Fig. S46 Ex-situ XPS analysis at various potentials of a Co 2p and b Fe 2p F-CoFe LMH -8.
Supplementary note S6
Furthermore, ex-situ XPS reveals the potential-dependent surface oxidation dynamics of the catalyst (Fig. S46). Upon anodic polarization from 1.2 to 1.5 V vs RHE, the Co 2p spectra exhibit a shift to lower energy levels, accompanied by a pronounced increase in the Co2+ component at 1.4 V. Beyond this potential, the Co2+/Co3+ ratio plateaus, converging toward the distribution observed at 1.2 V where Co3+ was initially more dominant suggesting a potential induced redox re-equilibration consistent with Co centered oxidations. In contrast, the Fe 2p region undergoes more drastic potential responsive evolution: at 1.2 V the Fe peaks shift to higher binding energy with a modest increase in Fe3+, whereas further polarization induces a lower energy shift that does not fully return to the initial state. This is accompanied by a substantial enrichment of Fe3+, as evidenced by the intensified Fe 2p3/2 and Fe 2p1/2 deconvoluted features, indicating progressive oxidation of Fe coordination environments [S16–S18]. Collectively, these correlated transitions confirm that anodic bias dynamically drives surface active sites enriched with high valence metal–oxo motifs that are requisite for O–O bond formations [S19].
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Fig. S47 Stability of F-CoFe LMH-8 in at 50 mA cm-2 in 1M KOH + seawater.
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Fig. S48 FTIR analysis of F-CoFe LMH-8 anode before and after stability in 1 M KOH + stimulated seawater.
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Fig. S49 XPS core level Co spectrum analysis of F-CoFe LMH-8 anode before and after stability in 1 M KOH + stimulated seawater.
[image: ]
Fig. S50 XPS core level Fe spectrum analysis of F-CoFe LMH-8 anode before and after stability in 1 M KOH + stimulated seawater.
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Fig. S51 XPS core level Co spectrum analysis of F-CoFe LMH-8 anode before and after stability in 1 M KOH + stimulated seawater.   
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Fig. S52 DPD analysis reaction mechanism.
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Fig. S53 Digital images of DPD analysis of CoFe LMH-3 after stability in 1 M KOH + stimulated seawater.
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Fig. S54 Digital images of DPD analysis of F-CoFe LMH-8 after stability in 1 M KOH + stimulated seawater.
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Fig. S55 UV-Vis spectra of DPD analysis of (a) CoFe LMH-3 and (b) F-CoFe LMH-8 after analysis in 1 M KOH + stimulated seawater.
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Fig. S56 Multipotential stability of F-CoFe LMH-8 in 1M KOH + seawater.
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Fig. S57 Two electrode LSV of F-CoFe LMH -8 before and after stability in multiple test scenarios (1 M + stimulated seawater → 1 M KOH + seawater).
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Fig. S58 Optical photograph of electrolyzer cell used. 
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Fig. S59 Cross-sectional FE-SEM of F-CoFe LMH -8 the prepared MEA before stability analysis.
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Fig. S60 LSV comparison of CoFe LMH-3 and F-CoFe LMH-8 in 1M KOH.

[image: ] 
Fig. S61 Stability of conventional NiFe LDH in 1M KOH + stimulated seawater.

[image: ]
Fig. S62 Stability of F-CoFe LMH (+/-) in 1M KOH + stimulated seawater.
[image: ]
Fig. S63 ICP-MS after stability of (a) NiFe LDH @ 125 mA/cm2 (b) F-CoFe-8 LDH @ 500 mA/cm2 analyzed in 1 M KOH + stimulated seawater. 
[image: ]
Fig. S64 Time resolved (a, b) Nyquist plot and (c, d) DRT analysis during long term stability analysis in 1 M KOH + seawater.

Supplementary note S7:
The EIS spectra were recorded at 25 h intervals for 500 h at a fixed potential of 1.5 V analyzed from 10 kHz to 0.01 Hz at room temperature, the overall Nyquist plot is presented in Fig. S63a. After initial reconfiguring of the material, the catalyst remains stable throughout the 500 h of operational time, and only a minor increase in Rct is observed thereafter, indicating its strong resistance to degradation (Fig. S63b). To further analyze the impedence behaviour DRT frequency mechanism map was outlined derived from the EIS analysis as presented in Fig. 63c.  The relaxation distribution was separated into 5 distinct regions namely P1, P2, P3, P4 and P5. The regions signify P1/P2 – membrane OH− conduction; P3 – cathodic charge transfer; P4 – anodic charge transfer; P5 – mass transport limitation. Improvements in OH⁻ conduction and only slight increases in the P3 and P4 regions corresponding to the cathodic and anodic stability, collectively confirming the robust and stable electrochemical performance of the F-CoFe LMH-8 MEA throughout long‑term operation” [S20]. 
[image: ]
Fig. S65 LSTM-based forecasting of the stability of F-CoFe LMH-8.
Supplementary note S8
The LSTM architecture can solve the vanishing gradient problem and overcome the shortcomings of conventional RNNs. Given this, it can capture long-range relationships. Memory cells and gating mechanisms are combined in LSTMs to enable selective information storing, updating, and retrieval over long periods [S15]. The LSTM modelling choice for many applications such as speech recognition, natural language processing, and time series prediction, owing to the fact that it can precisely model temporal dependencies in sequential data [S16, S17]. LSTM models are particularly useful for analyzing time-dependent data, such as voltage data of the CoFe LMH-8. The models can recognize patterns of voltage that change over time. By understanding such trends, LSTMs can help to make more accurate predictions about the CoFe LMH-8 future performance. In this case, the voltage data of CoFe LMH-8 is stationary. In other words, it doesn't fluctuate over time, so the model’s predictions focus on the average behaviour of the voltage. To improve the model’s performance, hyperparameter tuning was carried out. The Adam optimizer was chosen to adjust the model's weights efficiently. The model was trained over 50 epochs, with each batch containing 1000 data points. The activation functions tanh and sigmoid were used to capture the complex relationships in the data. The experimental and forecasted voltage values are shown in Fig. S65. Furthermore, the model accurately predicts the voltage of CoFe LMH-8 over the next 50 hours, as shown in Fig. 6j. The experimental and forecasted values are closely associated, and no usual deviation was observed. The model's effectiveness was measured by the mean squared error (MSE), which indicates how well the model's predictions match with experimental values. In this case, the MSE of predictions was found to be 4.69×106, which is very small. The present LSTM model is quite accurate, as a lower MSE value reflects better prediction performance. This suggests that the LSTM is an excellent machine-learning technique for predicting the stability of CoFe LMH-8.
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Fig. S66 MEA of F-CoFe LMH -8 after stability in 1 M KOH + seawater. 
[image: ]
 Fig. S67 FE-SEM image, elemental mapping and EDS after stability in 1 M KOH + seawater of F-CoFe LMH-8 MEA anode.
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Fig. S68 FE-SEM image, elemental mapping and EDS after stability in 1 M KOH + seawater of F-CoFe LMH-8 MEA cathode. 

[image: ]
Fig. S69 (a) Gram-scale synthesis of F-CoFe LMH, (b) Raman analysis and (c) XRD analysis and (d-f) its corresponding FE-SEM analysis, (g) EDAX and (h-l) corresponding elemental mapping.
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Fig. S70 LSV comparison analysis for F-CoFe LDH-8 and F-CoFe LDH bulk in (a) 1M KOH for cathode half cell, (b) anode half cell LV and its corresponding (c) Nyquist plot in 1M KOH + 0.5 M NaCl.   
[image: Solar panel with wires and wires attached to it]
Fig. S71 Solar cell powered seawater electrolyzer. 
Supplementary Tables
Table S1 Synthesis procedure for CoFe LMH
	Catalyst name
	CoCl2(mmol)
	FeSO4 (mmol)
	NH4F (M)
	MgO NPs (mmol)

	C-LMH-1
	1
	0
	-
	50 

	CF-LMH-2
	0.75
	0.25
	-
	50

	CF-LMH-3
	0.5
	0.5
	-
	50

	CF-LMH-4
	0.25
	0.75
	-
	50

	F-LMH-5
	0
	1
	-
	50

	F-C-LMH-6
	1
	0
	1
	50

	F-CF-LMH-7
	0.75
	0.25
	1
	50

	F-CF-LMH-8
	0.5
	0.5
	1
	50

	F-CF-LMH-9
	0.25
	0.75
	1
	50

	F-F-LMH-10
	0
	1
	1
	50


Table S2 HER comparison table.
	Catalyst name
	Overpotential(mV)
	Current density
	Electrolyte
	Refs.

	NiFe-LDH@CoMo–P
	49
	10
	1 M KOH
	[S24]

	CoFe@NiFe LDH
	256 
	100 
	1 M KOH
	[S17]

	S-NiFe-LDH
	171
	10
	1 M KOH
	[S25]

	CuFe-LDH/NiOOH
	101.2
	10
	1 M KOH
	[S26]

	CoS2@CoFe-LDH
	311
	100
	1 M KOH
	[S27]

	Ni2P–FeNi-LDH
	230
	100
	1 M KOH
	[S28]

	RuO2/MgFe-LDH
	122
	10
	1 M KOH
	[S29]

	Ru/CoOOH@NF
	139
	10
	1 M KOH
	[S30]

	Ag-NiCrLDH-0.3
	116.5
	10
	1 M KOH
	[S31]

	NiCoB/CuFe−LDH
	129.1
	10
	1 M KOH
	[S32]



Table S3 OER comparison table
	Catalyst name
	Overpotential(mV)
	Current density (mA cm-2)
	Electrolyte
	Refs.

	CoFe@NiFe LDH
	280
	100 
	1 M KOH
	[S17]

	S-NiFe-LDH
	256 
	10
	1 M KOH
	[S25]

	CuFe-LDH/NiOOH
	268.5
	10
	1 M KOH
	[S26]

	CoS2@CoFe-LDH
	450
	100
	1 M KOH
	[S27]

	Ni2P–FeNi-LDH
	270
	100
	1 M KOH
	[S28]

	RuO2/MgFe-LDH
	273
	10
	1 M KOH
	[S29]

	Ag-NiCrLDH-0.3
	275.5
	10
	1 M KOH
	[S31]

	NiCoB/CuFe−LDH
	235.6
	10
	1 M KOH
	[S32]

	Ru/CoOOH@NF
	264
	10
	1 M KOH
	[S30]

	NiCo-LDH
	253
	10
	1 M KOH
	[S33]



Table S4 Seawater electrolyzer comparison
	Cathode(+)||Anode(-)
	Performance (V @A)
	Separator
	Temperature (oC)
	Electrolyte
	Stability (h)
	Ref.

	F-CoFe LMH-8||F-CoFe LMH-8
	2.14@1
	Fumacep FAAM-15
	50
	1M KOH 
	-
	This work

	F-CoFe LMH-8||F-CoFe LMH-8
	2.3@1.2
	Fumacep FAAM-15
	50
	1M KOH+ 0.5M NaCl
	-
	This work

	F-CoFe LMH-8||F-CoFe LMH-8
	2.3@1.0
	Fumacep FAAM-15
	50
	1M KOH+ seawater
	500
	This work

	NiFe LDH||NiFe LDH
	1.7@0.5
	AEM
	80
	1M KOH +seawater
	25
	[S34]

	PW12-CoFe LDH
	1.99@0.5
	PiperION-A60
	80
	1M KOH +seawater
	1000
	[S35]

	Raney NiPO43–/NiFe-LDH
	2.0@1
	Diaphram
	60
	1 M KOH + seawater
	1000
	[S36]

	SO42−/CoFe LDH
	2.264@0.5
	-
	RT
	1 M KOH + seawater
	150
	[S37]

	Raney Ni || NiFe-LDH/NiMoO4
	1.847@1
	UTP 220 diaphram
	80
	1 M KOH + seawater
	50
	[S38]

	FeCoP/TiN/CP||NiFe-LDH
	1.79@0.5
	AEM
	60
	1 M KOH + seawater
	100
	[S39]

	Pt||F-NiFe LDH
	2.04@0.5
	AEM
	RT
	1 M KOH + seawater
	80
	[S40]

	Pt/C|| MoO3@CoO
	1.99@2
	Amphoteric membranes
	60
	6 M KOH + seawater
	500
	[S41]

	NiSx|| Cl-NiFe LDH
	1.9@0.4
	-
	RT
	1 M KOH + seawater
	100
	[S42]

	Pt/C|| SS-NiFe-60
	2.25@0.1
	sustanion
	RT
	1.0 M KOH + 0.6 M NaCl
	100
	[S43]



Table S5 Apparent concentration of various ions extracted from EDS analysis of  F-CoFe LMH-8 MEA cathode
	Element
	Apparent Concentration

	Ca
	1.92

	Fe
	26.09

	Co
	26.54




Table S6 Apparent concentration of various ions extracted from EDS analysis of  F-CoFe LMH-8 MEA anode
	Element
	Apparent Concentration

	O
	47.09

	Cl
	0.44

	Fe
	19.53

	Co
	21.22
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