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Electrodeposition of oxyanion films as universal chloride ions-
repelling layers for efficient and stable seawater oxidation at 
ampere-level current density  
Meng Zhanga, Yuzhuo Suna, Chenchen Menga, Qijun Xua, Yang Zhanga, Xiaohong Lia, Louzhen Fana, 
Tengfei Li*b, Yunchao Li*a 

Seawater splitting is an environmentally friendly pathway for hydrogen production, helping to resolve the conflict between 
the growing hydrogen energy demand and freshwater scarcity. However, abundant chloride ions in seawater cause chlorine 
oxidation reactions (ClOR), leading to severe anode corrosion and increased energy consumption. We developed an 
oxyanion film electrodeposition strategy to form a universal Clˉ-repelling layer onto electrocatalyst surfaces, allowing 
efficient and stable seawater oxidation at high current densities. Among several oxyanion films (sulfate, phosphate and 
carbonate), the Ni-Co layered double hydroxides catalyst with sulfate modification (NiCo-LDH@Sulfate) demonstrated the 
best seawater oxidation activity and stability (1 A cm-2 with 381 mV overpotential; stable activity at 600 mA cm-2 for 330 
hours). In-depth explorations indicate that the high electrostatic potential generated by the oxyanion films can effectively 
repel Clˉ and inhabit ClOR. The oxyanion films can also improve oxygen evolution reaction (OER) activity by accelerating the 
generation of the OER active centers and changing the coordination intensity between the catalytic centers and the OER 
intermediates. Impressively, this strategy enables ultrafast formation of protective layer within 5 min and can be applied to 
a wide range of OER array electrodes, thus providing groundbreaking guidance for the industrialization of seawater splitting.

1. Introduction 
The conflict between freshwater scarcity and the rapid 
development of hydrogen energy has sparked growing interests 
in using seawater as a medium for electrocatalytic production 
of green hydrogen (H2).1-8 Despite the attractive prospect of 
converting seawater into H2, it imposes higher demands on the 
design of electrocatalysts, particularly for the anodic oxygen 
evolution reaction (OER).9-12 As seawater contains chloride ions 
(Clˉ) with concentrations typically greater than 0.5 M, which 
means that chloride oxidation reaction (ClOR) may also occur at 
the anode during seawater electrolysis in addition to OER.13-15 
Although the oxidation of Clˉ into chlorine gas or HOCl/OClˉ (Eo 

= 1.48 V vs. Reversible Hydrogen Electrode,RHE) is 
thermodynamically less favorable than OER (Eo = 1.23 V vs. RHE) 
under alkaline conditions, the high concentration of Clˉ in the 
electrolyte can still disorderly intercalate into the catalysts and 
lead to continuous structural collapse and loss of metal ions 
through surface adsorption.15-19 Additionally, ClOR also 
consumes energy as a competing reaction to the OER, thus 
increasing the energy input required for the anode process and 

affecting catalytic activity.20-21 The harsh reaction during 
seawater splitting poses high demands on the catalytic activity, 
OER selectivity and corrosion resistance of the catalyst, 
presenting significant challenges for the selection and design of 
OER catalysts.22-26  

Recently, researchers have proposed various strategies to 
address the challenges in seawater splitting. Wang et al. 
demonstrated a thermodynamic priority strategy by designing 
catalysts with an ultralow OER potential (490 mV lower than the 
theoretical potential of ClOR), effectively avoiding the ClOR 
process and promoting seawater splitting.27 Xie et al. designed 
an innovative membrane-based in-situ water purification 
system, which provides a promising solution for persistent 
seawater splitting using a self-driven phase transition migration 
strategy.28 Fan et al. reported an in-situ construction strategy to 
form a Clˉ-repelling layer, which utilizes the introduction of 
carbonate anion intercalation and the surface anchoring of 
graphene quantum dots to block the adverse adsorption of 
chloride ions and enable stable and efficient seawater splitting.6 
Following this game-changing discovery, strategies for in-situ 
formation of Clˉ electrostatic repulsion layers during seawater 
electrolysis have received considerable attention in recent 
years.29-33 However, the in-situ repulsion layer formation 
process typically requires >20 hours, which accounts for ~10% 
of the overall electrolysis lifespan. Moreover, the in-situ 
formation of a certain protective layer is usually only applicable 
to a specific OER catalyst. Therefore, it is imperative to develop 
a universal surface modification strategy that is applicable to a 
broad range of OER catalysts and enables a rapid formation of 
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the Clˉ-repelling layer to achieve long-term and ampere-level 
OER activity for seawater electrolysis. Besides, a thorough 
investigation into the effect of such additional layers on Clˉ 
repulsion and OER activity is also highly desirable to enable a 
comprehensive and in-depth understanding of this special 
electrolysis process.

As shown in the Scheme 1, we developed an ultrafast (5 min) 
electrodeposition method prior to seawater electrolysis to 
fabricate oxyanion films directly onto the OER electrocatalyst 
surface, yielding Clˉ-repelling layers for efficient and durable 
ampere-level current density seawater oxidation. The 
electrodeposition of a series of oxyanion films (sulfate, 
phosphate and carbonate) onto different OER catalysts (NiFe-
LDH, NiCo-LDH and NiCoP) can significantly inhabit the ClOR 
process and enhance OER for seawater splitting, among which 
sulfate modification on NiCo-LDH demonstrated the best 
electrochemical activity and stability, i.e., 1 A cm-2 at 381 mV 
overpotential and stable over 330 hours at 0.6 A cm-2. Through 

this simple surface modification strategy, we can achieve an 
ideal balance of current density, overpotential, Tafel slope, 
stability and catalyst preparation time, which outperform (or 
are comparable to) most of the state-of-the-art seawater OER 
catalysts (Scheme 1). In-situ spectroscopic characterizations, 
probe techniques and theoretical calculations indicate that the 
high surface electrostatic potential of the sulfate film is crucial 
for repelling Clˉ, thereby inhibiting the ClOR process. 
Furthermore, the introduction of sulfate can also facilitate the 
OER process by adjusting the electronic structures of the 
catalyst, enhancing the surface adsorption of OER 
intermediates and accelerating the generation of the active 
centers in the OER catalyst. Notably, this strategy has broad 
applicability demonstrated for various oxyanions and OER 
catalysts. This study provides groundbreaking guidance for the 
industrialization of seawater splitting, by developing effective 
strategies to enhance the OER catalyst performance and 
clarifying the underlying enhancement mechanisms.

Scheme 1. Our strategy of using electrodeposited sulfate film as a universal chloride ion exclusion layer, and the comparison with 
the most advanced reported seawater electrolysis OER catalysts.34-40

2. Experimental
2.1. Experimental details

Pre-processing of NF: Specifically, a piece of NF (1.5 cm * 2.0 cm) was 
first cleaned by HCl solution, acetone, and deionized (DI) water in 
sequence. Then, the clean NF was dried at 60 oC in a vacuum 
environment for standby.
Synthesis of NiCo-LDH: NiCo-LDH catalysts were prepared according
to an established protocol with some modifications.13 Typically, 
Ni(NO3)2·6H2O (0.52 g), Co(NO3)2·6H2O (0.35 g) and C19H42BrN (1 g) 
were dissolved in a mixed solution of CH3OH (25 mL) and distilled 
water (5 mL) under stirring until completely dissolved. The mixed 
solution was transferred to a 50 mL teflon autoclave and place the 
pre-treated NF inside, which was then sealed and heated in an oven 
at 180 °C for 24 h. Finally, the obtained NF was washed several times 
with ethanol and deionized water, and vacuum dried at 60 oC to 
obtain NiCo-LDH. 
Synthesis of NiCo-LDH@Sulfate: The electrochemical surface 
modification process was carried out in the traditional three 

electrode mode, with NiCo-LDH as the working electrode, platinum 
wire as the counter electrode, and Ag/AgCl as the reference 
electrode. In addition, Na2SO4 (1.20 g) was dissolved in 25 ml of 
distilled water, stirred until completely dissolved, and used as the 
electrolyte. During the surface modification process, a constant 
potential of -1.5 V vs. RHE was applied for 150 s, followed by a 180° 
reversal of the working electrode and continued for 150 s. Finally, 
wash several times with ethanol and deionized water, and vacuum 
dry at 60 °C to obtain NiCo-LDH@Sulfate.
Synthesis of NiCo-LDH@Phosphate: The synthesis procedure 
followed the same protocol as that for NiCo-LDH@Sulfate, except 
that NaH2PO4 was used as the electrolyte instead. 
Synthesis of NiCo-LDH@Carbonate: The synthesis procedure 
followed the same protocol as that for NiCo-LDH@Sulfate, except 
that NaHCO3 was used as the electrolyte instead . 
Synthesis of NiFe-LDH@Sulfate: The synthesis of NiFe-LDH adopted
a reported method with some improvements.41 Typically, 
Ni(NO3)2·6H2O (0.40 g), Fe(NO3)3·9H2O (0.35 g), CO(NH2)2 (0.60 g) and 
NH4F (0.15 g) were dissolved in distilled water (30 mL) under stirring 
until completely dissolved. The solution was transferred to a 50 mL 
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teflon autoclave and place the pre treated NF inside, which was then 
sealed and heated in an oven at 120 °C for 6 h. Finally, the obtained
NF was washed several times with ethanol and deionized water, and 
vacuum dried at 60 °C to obtain NiFe-LDH. The electrochemical 
surface modification process followed the same procedure as 
described for the synthesis of NiCo-LDH@Sulfate, except that the 
working electrode was replaced with NiFe-LDH.
Synthesis of NiCoP@Sulfate: The synthesis of NiCoP adopted a 
reported method with some improvements.42 Typically, 
Ni(NO3)2·6H2O (0.35 g), Co(NO3)2·6H2O (0.35 g), CO(NH2)2 (0.36 g) 
and NH4F (0.09 g) were dissolved in distilled water (30 mL) under 
stirring until completely dissolved. The solution was transferred into 

a 50 mL Teflon-lined autoclave, followed by the insertion of the pre-
treated NF. The autoclave was then sealed and heated at 120 °C for 
10 h in an oven. Finally, the obtained NF was washed several times 
with ethanol and deionized water, and vacuum dried at 60 °C to 
obtain NiCoP. The electrochemical surface modification process is 
the same as Synthesis of NiCo-LDH@Sulfate, but the working 
electrode is replaced with NiCoP.

2.2. Physical measurements and Electrochemical Measurements 

The detailed information is described in the Supplementary 
Information.

Fig. 1. (a) XRD patterns of NiCo-LDH modified with different oxyanions. (b) Zoom-in XRD patterns of the (003) peak. (c) SEM image 
of NiCo-LDH. (d-f) SEM image (d), TEM image (f) and HRTEM image (f) of NiCo-LDH@Sulfate. (g-j) EDX-mapping images of NiCo-
LDH@Sulfate. (k-n) High-resolution XPS spectra of NiCo-LDH@Sulfate and NiCo-LDH, including Ni 2p (k), Co 2p (l), O 1s (m) and S 
2p (n).

3. Results and Discussion
3.1. Oxyanion Film Synthesis and Characterizations

An ultrafast electrodeposition strategy was employed to introduce 
the oxyanion films onto the surfaces of the OER catalysts.
Specifically, the corresponding oxyanion films (sulfate, phosphate, 
carbonate) were electro-synthesized on the surfaces of NiCo-LDH
under constant current mode. To ascertain the formation of different 
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oxyanion films on the catalyst surfaces, NiCo-LDH electrodes before 
and after oxyanion modifications were analyzed by Raman 
spectroscopy. As shown in Fig. S1, the typical vibration peaks of SO42-

, PO43-, and CO32- were detected, confirming the successful 
construction of surface oxyanion films.9,43-45 Although only the crystal 
structure of NiCo-LDH (PDF#33-0429) was observed in the X-ray 
diffraction (XRD) patterns (Fig. 1a),46 the main (003) crystal plane was 
still shifted to a lower angle upon the introduction of oxyanion films 
(see the zoom-in XRD in Fig. 1b), which is attributed to the lattice 
distortion caused by the interaction between NiCo-LDH and the 
oxyanion films.47 Raman spectroscopy and XRD results collectively 
demonstrated the successful formation of an amorphous oxyanion 
film. Scanning electron microscopy (SEM) revealed the nanoflower-
like structure of NiCo-LDH (Fig. 1c), which is largely retained after 
modification with sulfate (Fig. 1d). NiCo-LDH modified with other 
oxyanions also displayed similar surface morphologies (Fig. S2).48 The 
nanoflower-like structure of NiCo-LDH@Sulfate was also confirmed 
by Transmission Electron Microscopy (TEM) image (Fig. 1e). High-
resolution TEM and Selected Area Electron Diffraction (SAED) 
revealed a clear interface between the crystal and amorphous 

phases (Fig. 1f and Fig. S3): the internal lattice fringes align well with 
the (006) and (113) planes of NiCo-LDH, while the external petals 
display an amorphous structure, consistent with XRD results.49

Energy-dispersive X-ray (EDX) mapping images show a uniform 
distribution of Ni, Co, and O elements, while the S element is mainly 
distributed on the surface of the flower-like structure (Fig. 1g-j and 
Fig. S4a). Additionally, the elemental contents for both the interior 
and exterior of the core-shell structure were analyzed (Fig. S4b). As 
shown in Table S1, the sulfate content in the shell is nearly seven 
times that of the core, confirming the sulfate modification on the 
surface of NiCo-LDH. Similarly, EDX mappings of NiCo-
LDH@Phosphate and NiCo-LDH@Carbonate also reveal the same 
trend (Fig. S5-S6, Tables S2-S3), highlighting the universality of this 
electrodeposition strategy for different oxyanions.Notably,the 
sulfate, phosphate, and carbonate salt films with comparable mass
and mass content could be successfully formed onto the NiCo-LDH 
substrates via optimizing the electrodeposition conditions (eg., 
precursor concentration, reduction potential and electrodeposition 
time), as confirmed by weighing (Fig. S7a) and ion chromatography 
(Fig. S7b) characterizations.

Fig. 2. (a) LSV curves of NiCo-LDH electrodes modified with different oxyanions in 1 M KOH + seawater. (b) The potentials of different catalysts 
at 500 and 1000 mA cm-2 in 1 M KOH + seawater (error bars represent triplicate measurements). (c) Tafel studies for different catalysts in 1 
M KOH + seawater (scan rate is 1 mV s-1). (d) LSV curves of different catalysts in 3 M NaCl electrolyte. (e) The potentials of different catalysts 
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at 10 mA cm-2 in 3 M NaCl electrolyte (error bars represent triplicate measurements). (f) Tafel studies for different catalysts in 3 M NaCl (at 
a scan rate of 1 mV s-1). (g) Stability tests for NiCo-LDH@Sulfate and NiCo-LDH in 1 M KOH + seawater at a constant potential of 1.59 V and 
2.04 V vs. RHE, respectively to achieve similar current density of 600 mA/cm2.

The electronic structures and chemical bondings of NiCo-LDH 
modified with oxyanion films were analyzed by high-resolution X-ray 
photoelectron spectroscopy (XPS, Fig. 1k-l). Upon the surface 
modification with sulfate film, the peaks for Ni2+ (854.71 eV and 
872.78 eV) and Ni3+ (856.77 eV and 875.44 eV) were shifted 
positively,50 whereas the peaks for Co2+ (779.98 eV and 795.5 eV) 
were negatively shifted. These observations indicated that the 
surface bonding of sulfate can regulate the electronic structures of
NiCo-LDH and promote the electron transfer from Ni to Co.51

Additionally, O 1s spectra display a O-S characteristic peak (532.11 
eV) signal after sulfate modification (Fig. 1m), and the S 2p spectra 
are dominated by S-O feature peaks (168.94 eV), which confirm the 
presence of sulfate in the system (Fig. 1n).52 The peaks for S 2p1/2 at 
163.02 eV and S 2p3/2 at 161.49 eV indicate the bondings between S 
and the NiCo-LDH surface.53 The electronic structures and chemical 
bondings of NiCo-LDH modified with phosphate and carbonate were 
also analyzed, yielding similar conclusions (Fig. S8-S9).54

3.2. OER Performance of Seawater Splitting 

The OER activities for the NiCo-LDH modified with oxyanion films 
were evaluated in alkaline seawater electrolyte ([Clˉ] ~ 0.5 M, pH = 
14; Fig. 2a-b and Fig. S10). NiCo-LDH@Sulfate exhibited the most 
outstanding OER activity, requiring only 301 mV overpotential to 
reach 500 mA cm-2, outperforming NiCo-LDH@Phosphate (373 mV), 
NiCo-LDH@Carbonate (437 mV) and unmodified NiCo-LDH (749 mV). 
Moreover, under ampere-level current density conditions, NiCo-
LDH@Sulfate continued to show remarkable activities, needing only 
381 mV to reach 1 A cm-2, superior to NiCo-LDH@Phosphate (476 mV) 
and NiCo-LDH@Carbonate (541 mV), whereas unmodified NiCo-LDH 
was unable to reach 1 A cm-2 within the potential window. These 
results indicate that among the anion-modified electrodes, NiCo-
LDH@Sulfate has the best OER activity at ampere-level current 
density. Its excellent catalytic activity surpasses that of most 
reported alkaline seawater OER catalysts, including some precious 
metal catalysts (Table S4). Furthermore, the reaction kinetics of 
NiCo-LDH modified with oxyanion films were assessed via the Tafel 
studies. To ensure a more reliable determination of the Tafel slopes 
for the electrodes in this study, various steady-state polarization 
techniques were employed for assessment.55-56 First, Tafel slopes of 
NiCo-LDH@sulfate and other control electrodes were evaluated by 
slow linear sweep voltammetry (LSV) with a scan rate as low as 1 mV
s-1 (Fig. 2c). NiCo-LDH@Sulfate exhibited the smallest Tafel slope of 
62.35 mV dec-1, indicating the fastest reaction kinetics, superior to 
NiCo-LDH@Phosphate (99.85 mV dec-1), NiCo-LDH@Carbonate 
(116.89 mV dec-1) and unmodified NiCo-LDH (191.79 mV dec-1). To 
validate this result, all the electrodes were also subjected to 
multistep chronoamperometry tests (MCT,1.124–1.624 V vs. RHE, at 
0.1 V increments), with the steady-state current densities at the end 
of each step used to determine the Tafel slopes (Fig. S11-S12). The 
Tafel slope of NiCo-LDH@Sulfate was calculated to be 97.46 mV dec-
1, lower than those of NiCo-LDH@Phosphate (109.49 mV dec-1), 
NiCo-LDH@Carbonate (121.46 mV dec-1), and unmodified NiCo-LDH 
(157.72 mV dec-1), exhibiting slightly different values yet a similar 
trend to the LSV results (Fig. 2c). Meanwhile, we observed that NiCo-

LDH@Sulfate had the lowest charge transfer resistance (Rct) (Fig. 
S13a and Table S5) and a significantly enhanced electrochemical 
active surface area, as reflected in cyclic voltammetry (CV) scans (Fig. 
S13b-f). The enhanced OER activities of these oxyanion-modified 
electrodes were further evidenced by their turnover frequences 
(TOF). The TOF values of NiCo-LDH@Sulfate at a 100 mV 
overpotential was found to be 0.066 s-1 (Fig. S14), higher than that of
NiCo-LDH@Phosphate (0.035 s-1) and NiCo-LDH@Carbonate (0.024 
s-1), demonstrating superior instantaneous turnover capability.

To demonstrate the inhabitation of ClOR after modifying NiCo-LDH
with oxyanion films, we next conducted electrochemical tests in a 
high-concentration sodium chloride solution (3 M, pH=7). The high 
[Clˉ] ensures that the ClOR occurs preferentially over OER, allowing 
us to evaluate the ClOR activity of the catalysts.57 As shown in Fig. 2d-
2e and Fig. S15, the unmodified NiCo-LDH required a potential of
1.27 V to reach 10 mA cm-2, while NiCo-LDH@Carbonate, NiCo-
LDH@Phosphate and NiCo-LDH@Sulfate required much higher 
potentials to reach the same ClOR current (1.58, 1.62, and 1.69 V, 
respectively). Clearly, among them, NiCo-LDH@Sulfate exhibited the 
most effective suppression of ClOR. Furthermore, as illustrated in 
Fig.2f, Fig.S16 and Fig.S17, the ClOR-Tafel slopes confirmed that 
NiCo-LDH@Sulfate displayed the slowest ClOR kinetics (404.21 mV 
dec⁻¹ by LSV and 323.25 mV dec⁻¹ by MCT), notably slower than NiCo-
LDH@Phosphate (327.18 mV dec⁻¹ by LSV and 261.57 mV dec⁻¹ by 
MCT), NiCo-LDH@Carbonate (279.19 mV dec⁻¹ by LSV and 244.15 mV 
dec⁻¹ by MCT), and unmodified NiCo-LDH (114.39 mV dec⁻¹ by LSV 
and 168.78 mV dec⁻¹ by MCT). These observations demonstrated 
that the surface modification with oxyanion films can impede the 
ClOR process and enhance the OER process in seawater splitting. 

Fig. 3. Experimental evidences to explain the enhanced OER for NiCo-
LDH@Sulfate. (a-b) In-situ Raman spectra for NiCo-LDH (a) and NiCo-
LDH@Sulfate (b) in 1 M KOH + seawater. (c-d) In-situ infrared spectra 
for NiCo-LDH (c) and NiCo-LDH@Sulfate (d) in 1 M KOH + seawater. 
(e) Determination of hypochlorite content in electrolytes after 1-h 
seawater splitting using different electrodes. (f) The Zeta-potential of 
NiCo-LDH, NiCo-LDH@Sulfate, NiCo-LDH@Phosphate, NiCo-
LDH@Carbonate reflected by dynamic light scattering.

To assess their practical O2 evolution performances, we further 
measured the Faradaic efficiency for O2 production (FEO2) at 600 mA 
cm-2 on NiCo-LDH@Sulfate and other control electrodes, as shown in 
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Fig. S18. NiCo-LDH@Sulfate exhibited an FEO2 close to 100% in 1 M 
KOH + seawater (99.71%), much higher than NiCo-LDH@Phosphate 
(92.71%), NiCo-LDH@Carbonate (84.24%), and unmodified NiCo-LDH 
(71.63%). The ultrahigh FEO₂ demonstrates the potential of NiCo-
LDH@Sulfate for practical application in real seawater splitting. The 
detailed mechanism of this effect will be discussed in depth later.

Long-term stability tests at industrial grade current density were 
conducted at a constant potential of 1.59 V vs. RHE (Fig. 2g). The 
NiCo-LDH@Sulfate catalyst could maintain a stable seawater 
oxidation current density of 600 mA cm-2 for over 330 hours without 
electrolyte recirculation, whereas the unmodified NiCo-LDH could 
only remain stable for 85 hours before undergoing structural collapse, 
characterized by a sharp decline in current density due to severe 
erosion from ClO⁻ accumulation. The stability of NiCo-LDH@Sulfate 
surpassed the majority of reported alkaline seawater catalysts (Table 
S6). The stability was also evaluated by performing CV scans in 
seawater: the electrochemical activity of NiCo-LDH@Sulfate only 
decreased by 1.2% after 10,000 CV scans (Fig. S19). The crystal 
structure and surface morphology of the catalyst exhibited minimal 
changes after stability tests, as shown in Fig. S20a-c. The Raman 
spectroscopy (Fig. S20d) showed that the vibration peaks of the 
surface sulfate film remained unchanged after 10,000 CV scans, 

confirming the stable presence of the sulfate film. Furthermore, XPS 
and EDS spectroscopy were employed to assess the compositional 
stability of NiCo-LDH@Sulfate before and after the OER stability test 
(Fig. S21 and Fig. S22). Quantitative analyses of the spectra (Table S7) 
showed that the element contents of Ni, Co, and S decreased by less 
than 11% after the stability test, reconfirming the good 
compositional stability of NiCo-LDH@Sulfate.

3.3. Experimental studies to understand the reasons for efficient 
and stable seawater oxidation. 

The structural evolution of catalyst during the seawater OER process 
was monitored by in-situ Raman spectroscopy. As shown in Fig. 3a, 
the characteristic peaks at 460.28 and 517.20 cm-1 can be attributed 
to the δNiⅡ-O and νNiⅡ-O vibration signals. As the reaction 
proceeded, the δNiⅢ-O (481.53 cm-1) and νNiⅢ-O (541.82 cm-1) peaks 
appeared at 1.5 V vs. RHE for the unmodified NiCo-LDH. This
indicates that during the OER process, δNiⅡ-O and νNiⅡ-O are in-situ 
reconstructed to δNiⅢ-O and νNiⅢ-O, which have been reported as 
the main active sites for OER.58 More importantly, the gradual 
appearing of the Cl-O characteristic peak (926.49 cm-1) during the 
reaction suggested the surface adsorption of Cl-related species on 
the NiCo-LDH surface that triggers the ClOR process.59-60

Fig. 4. (a-c) TOF-SIMS images of SO42- (a), PO43- (b), and CO32- (c) on the surfaces of NiCo-LDH electrodes modified with different oxyanion 
films after activation in 1 M KOH + seawater (Scale: 100 μm). (d) After grinding with Ar plasma for 5 to 15 minutes to clean the electrolyte 
adsorbed on the surface, negative counts of TOF-SIMS were collected. (e-g) TOF-SIMS images of ClOˉ on the surfaces of NiCo-LDH electrodes 
modified with different oxyanion films after activation in 1 M KOH + seawater. (h) Negative counts of TOF-SIMS were collected. (Scale: 100 
μm). (i) AFM image of NiCo-LDH@Sulfate. (j-k) KPFM data of NiCo-LDH@Sulfate, surface potential image (j) and X axis line profile of surface 
potential (k).
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In contrast, the in-situ reconstruction processes for NiCo-
LDH@Sulfate, NiCo-LDH@Phosphate, and NiCo-LDH@Carbonate 
(Fig.3b and Fig. S23) were completed at potentials of 1.3 V, 1.4 V, and 
1.4 V vs. RHE, respectively. Notably, NiCo-LDH@Sulfate 
demonstrated the lowest reconstruction potential. This suggests that 
the easier formation of active OER sites may be a key factor 
contributing to its superior OER activity. Furthermore, no Cl-O 
related characteristic peaks were found for NiCo-LDH@Sulfate, 
indicating significantly inhibited ClOR, which is another crucial reason 
for the enhanced OER activity and stability. 

The inhibiting effect of sulfate on ClOR was further investigated by 
in-situ infrared (IR) spectroscopy via capturing characteristic Cl-Cl /O-
Cl signals, as shown in Fig. 3c-d. The absorption bands located around 
500 and 560 cm-1 can be attributed to the Cl-Cl and O-Cl vibrations,
caused by the surface accumulation of Cl-related species during 
ClOR.61 These bands were gradually enhanced with increased
voltages. The intensity of the Cl-related peaks for NiCo-LDH is 
significantly higher than that for NiCo-LDH@Sulfate, indicating a 
higher concentration of chlorine species on the surface of NiCo-LDH 
and a more facilitated ClOR process.62 The in-situ IR and Raman 
results collectively confirmed that the surface modification with 
sulfate film can significantly inhibit ClOR. The hypochlorite species 
(ClOˉ, i.e., the main ClOR product) accumulated in the bulk 
electrolyte after 1 hour of electrolysis was analyzed by using the 
iodine titration method.63 As shown in Fig. 3e, the hypochlorite 
generated by NiCo-LDH@Sulfate electrode (0.11 mmol) was lower 
than that of NiCo-LDH@Phosphate (0.17 mmol), NiCo-
LDH@Carbonate (0.24 mmol), and unmodified NiCo-LDH (1.55 
mmol). This result implies that the oxyanion modification strategy 
can indeed suppress the ClOR process, with an inhibiting effect in the 
order of Sulfate > Phosphate > Carbonate. We hypothesized that this 
inhibitory mechanism is related to the surface electrostatic potential 
of the catalyst changed by the oxyanion film. To validate this 
speculation, we first utilized dynamic light scattering analysis to 
examine the surface Zeta potential difference between NiCo-LDH@ 
oxyanion film and NiCo-LDH. As shown in Fig. 3f, the surface 
modification with oxyanion films enhanced the negative charge 
density on the catalyst surface (lower surface electrostatic potential).
The zeta potential for NiCo-LDH@Sulfate was -250.83 mV, 
significantly lower than that of NiCo-LDH@Phosphate, NiCo-
LDH@Carbonate and unmodified NiCo-LDH (-230.80, -223.73 and -
204.71 mV, respectively). 

In order to explain the difference between the three oxyanion
films, the NiCo-LDHs modified with them were characterized by Time
of Flight Secondary Ion Mass Spectrometry (TOF-SIMS) mapping to 
compare the loadings of sulfate, phosphate and carbonate anions
(Fig. 4a-c). As expected, strong oxyanion signals were detected on 
the surfaces of all the NiCo-LDHs. More importantly, the NiCo-
LDH@Sulfate was observed to exhibit the highest oxyanion loading 
among them (much higher than NiCo-LDH@Phosphate and NiCo-
LDH@Carbonate, Fig. 4d), thereby leading to the most negative 
surface electrostatic potential as suggested by the zeta potentials in 
Fig. 3f. This is attributed to the fact that sulfate has the highest
ionization degree in solution64 and therefore causes the highest 
oxyanion loading upon electrolysis. This may directly affect the 
electrode's electrostatic repulsion against Clˉ, as evidenced by the 
TOF-SIMS quantification of the ClOˉ on the surface after 
electrochemical activation in alkaline seawater (Fig. 4e-g). The 
amount of ClOˉ generated on NiCo-LDH@Sulfate was much lower 

than that of NiCo-LDH@Phosphate and NiCo-LDH@Carbonate, 
which is consistent with the result of ClOˉ accumulated in bulk 
solution in Fig. 4h.65 The surface electrostatic potential of NiCo-
LDH@Sulfate was further examined by Kelvin Probe Force 
Microscopy (KPFM).66 Fig. 4i-j depict the height and surface potential 
of the peeled nanosheets from the catalyst surface on a gold-coated 
Si substrate. The electrostatic potential of the sulfate-modified 
surface was notably higher than that of the internal NiCo-LDH. The 
electrostatic potential of the nanosheet core was measured to be 
around -166.82 mV, whereas the potential of the outer shell was -
188.47 mV (Fig. 4k). In conclusion, in-situ spectroscopic and mass 
spectroscopic characterizations along with surface probe techniques
demonstrated that the high electrostatic potential layer (achieved 
through oxyanion modification) can effectively suppress ClOR.

Fig. 5. Mechanistic studies by theoretical calculations. (a-f) Molecular 
dynamics simulations to study the Clˉ adsorption on NiCo-
LDH@Sulfate and NiCo-LDH, and a 10-ns trajectory was accumulated. 
(g-h) Radial distribution function of the Ni sites on NiCo-LDH and 
NiCo-LDH@Sulfate in 0-10 ns.

3.4. Theoretical calculations

The mechanism for the ClOR-inhibiting and OER-promoting effects of 
NiCo-LDH electrode modified with oxyanion films was investigated 
through molecular dynamics simulations and density functional 
theory (DFT) calculations. As shown in Fig. S24, starting from a stable 
NiCo-LDH model, a catalyst model modified with oxyanion was 
established. In the subsequent molecular dynamic simulations, we 
considered the atomic surface electrostatic potential and studied the 
adsorption of Clˉ on the catalyst. A 10-ns trajectory was accumulated, 
generating dynamic Clˉ-catalyst distance maps (Fig. 5a-f). Meanwhile
the temporal changes in radial distribution functions from 0 to 10 ns 
were recorded (Fig. 5g-h).67 Over time, the Clˉ density peaks for NiCo-
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LDH were located around a distance of approximately 2.8 Å away 
from the catalyst interface, whereas on NiCo-LDH@Sulfate, this 

distance extends to around 3.4 Å, confirming the sulfate film's ability 
to repel Clˉ ions and therefore reduce the ClOR activity.

Fig. 6. (a) Gibbs free energy diagrams for NiCo-LDH and NiCo-LDH@Sulfate in OER and ClOR. (b-c) The Bader charge of OH- and ClO-

interactions, with yellow indicating the accumulation area of electrons and blue indicating the dissipation area of electrons. (d) Adsorption 
energies of *OH on the NiCo-LDH electrodes modified with various oxyanion films. (e) Illustration of Ni 3d (from NiCo-LDH) and O 2p (from 
*OH) band centers obtained by theoretical calculations of the models derived from NiCo-LDH electrode modified with various oxyanion films.

The mechanism for the selectivity between OER and ClOR of NiCo-
LDH@Sulfate was studied by DFT calculations through calculating the 
Gibbs free energy change (ΔG) during the OER and ClOR processes 
(Fig. 6a). The relevant small-molecule adsorption models are shown 
in Fig. S25-S26. The ΔG for the most endothermic step for OER (*O 
→ *OOH) is 1.91 eV for NiCo-LDH@Sulfate, which is lower than that 
of NiCo-LDH (2.19 eV), confirming that OER is thermodynamically 
more favorable on NiCo-LDH@Sulfate.68 We also experimentally 
evaluated the OER activities of NiCo-LDH@Sulfate and NiCo-LDH in 
1.0 M KOH (Fig. S27). The results showed that NiCo-LDH@Sulfate 

exhibited higher inherent OER activity than NiCo-LDH in the absence 
of any interference with Clˉ, consistent with the computational 
results. In contrast, the ΔG for the most thermodynamically uphill 
step for the ClOR process (*O → *OCl) on NiCo-LDH@Sulfate is 2.53 
eV, higher than that of NiCo-LDH (2.17 eV). These results not only 
provide the reasons for the enhanced OER activity after surface 
modification with sulfate but also explain the inhibited ClOR activity 
and thusly enhanced stability during alkaline seawater splitting.
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Fig. 7. Surface modification of sulfate on other OER catalysts. SEM (a) and EDX-mapping (b) images for NiFe-LDH@Sulfate. (c) LSV of NiFe-
LDH@Sulfate and NiFe-LDH catalysts in 1 M KOH + seawater. (d) The constant potential tests of NiFe-LDH@Sulfate and NiFe-LDH to achieve 
similar current density of 600 mA cm-2. SEM (e) and EDX-mapping (f) images for NiCoP@Sulfate. (g) LSV of NiCoP@Sulfate and NiCoP catalysts 
in 1 M KOH + seawater. (h) The constant potential tests of NiCoP@Sulfate and NiCoP to achieve similar current density of 600 mA cm-2.

Given the inevitability of surface reconstruction during the OER, 
we also constructed atomic models of NiCoOOH@Sulfate and 
NiCoOOH (the post-reconstruction products, Fig. S28) and calculated 
their corresponding ΔG values for both the OER and ClOR processes. 
As shown in Fig. S29, the ΔG for the most endothermic step of OER 
and ClOR on NiCoOOH@Sulfate are 1.83 and 2.46 eV, respectively, 

both slightly lower than those of NiCo-LDH@Sulfate (1.91 and 2.53 
eV), indicating that reconstruction not only promotes the OER 
process but also facilitates ClOR to some extent. More importantly, 
compared to the bare NiCoOOH (ΔG are 2.01 and 2.12 eV for OER 
and ClOR), NiCoOOH@Sulfate is thermodynamically more favorable 
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for OER but less favorable for ClOR, which is consistent with the trend 
observed on NiCo-LDH@Sulfate (before reconstruction). 

Furthermore, Bader charge analysis was utilized to determine the 
interactions of NiCo-LDH@Sulfate and NiCo-LDH with *OCl and *OH. 
As shown in Fig. 6b-c, the yellow areas represent electron 
accumulation, and the blue areas represent electron depletion. Upon 
surface modification with sulfate, the electron transfer between the 
catalyst and *ClO is suppressed, while the electron transfer between 
the catalyst and *OH is enhanced. This result reinforced that NiCo-
LDH@Sulfate is more favorable for *OH adsorption (towards OER) 
and has a certain repelling effect for *ClO adsorption (towards ClOR). 
These computational studies collectively explain the excellent OER 
selectivity of NiCo-LDH@Sulfate in seawater splitting.69 

To gain a deeper understanding of the impact of oxyanion 
modification on the OER activity of NiCo-LDH electrodes, we 
calculated the adsorption energies of *OH, a key reaction 
intermediate. As shown in the Fig. 6d, the adsorption energy of *OH 
on the NiCo-LDH electrode (-0.05 eV) was enhanced after oxyanion 
modification, with NiCo-LDH@Sulfate exhibiting the strongest 
adsorption (-0.26 eV), followed by NiCo-LDH@Phosphate (-0.18 eV) 
and NiCo-LDH@Carbonate (-0.08 eV). The enhanced *OH adsorption 
was also validated by the in-situ infrared spectroscopy (Fig. S30-31): 
with an increase of potential, the *OH signal on NiCo-LDH@Sulfate 
gradually increased, and the trend was significantly more 
pronounced than that of NiCo-LDH, which is consistent with the DFT 
results. We attribute the difference in *OH adsorption to the change 
of the coordination intensity between the active Ni sites and *OH 
upon the oxyanion formation.70 As shown in Fig. 6e and S32, we 
calculated the band centers for Ni 3d (εNi-3d, from NiCo-LDH) and O 
2p (εO-2p, from adsorbed *OH). Among the four electrodes studied, 
the covalency energy (∆ε) between the Ni and O sites in NiCo-
LDH@Sulfate was found to be significantly stronger than the rest 
electrodes. The d-band center of the Ni sites was also closer to the 
Fermi level upon oxyanion modification, resulting a stronger *OH 
adsorption as well. These results suggest that the sulfate 
modification may have greater application potential among the three 
oxyanions. 
3.5. Extension of the oxyanion modification strategy to other OER 
catalysts 

To verify the broad applicability of the oxyanion surface modification 
strategy, we applied this technology to other OER catalysts. Based on 
previous reports, NiFe-LDH sheet array electrodes were synthesized 
and the surface was modified with a sulfate layer (NiFe-
LDH@Sulfate).41 The successful synthesis of NiFe-LDH@Sulfate was 
confirmed through XRD, SEM, and TEM characterizations (Fig. 7a-b, 
S33-34 and Table S8). The electrochemical OER activity of NiFe-
LDH@Sulfate was evaluated in alkaline seawater electrolyte (Fig. 7c). 
The NiFe-LDH@Sulfate required 440 mV and 610 mV to reach 500 
mA cm-2 and 1 A cm-2, respectively, outperforming the unmodified 
NiFe-LDH (490 mV and 660 mV). Moreover, as shown in Fig. S35, 
NiFe-LDH@Sulfate maintained good activity and structural stability 
after 10,000 CV cycles. As shown in Fig. 7d, stability tests at a 
constant potential of 1.72 V vs. RHE demonstrated that NiFe-
LDH@Sulfate could maintain high OER activity in alkaline seawater 
for over 300 hours without electrolyte recirculation, which is four 
times longer than NiFe-LDH (77 hours). 

Similarly, NiCoP needle-like array electrodes were also synthesized 
and modified with a sulfate layer (NiCoP@Sulfate).42 The successful 
synthesis of NiFe-LDH@Sulfate was also confirmed through XRD, 
SEM, and TEM characterizations (Fig. 7e-f, S36-37 and Table S9). The 
electrochemical OER activity of NiCoP@Sulfate was evaluated in 
alkaline seawater electrolyte (Fig. 7g). The NiCoP@Sulfate required 
415 mV and 533 mV to reach 500 mA cm-2 and 1 A cm-2, respectively, 
outperforming the unmodified NiCoP (453 mV and 580 mV). 
Moreover, as shown in Fig. S38, after 10,000 CV cycles, 
NiCoP@Sulfate retained excellent activity and structural stability. 
Furthermore, as shown in Fig. 7h, NiCoP@Sulfate could maintain 
high OER activity in alkaline seawater for over 300 hours without 
electrolyte recirculation, far exceeding NiCoP (63 hours). These 
results confirmed that the surface modification strategy involving 
electrodeposition of oxyanion films has a broad applicability to 
various array electrodes. 
 
3.5. Overall seawater splitting performance 

To further demonstrate the advanced electrocatalytic performance 
of NiCo-LDH@Sulfate, we conducted overall seawater splitting tests 
in a flow cell system (Fig. 8a). As shown in Fig. 8b, the flow-cell 
electrolyzer, employing NiCo-LDH@Sulfate as the anode and 
previously-reported Ni2P/Co(PO3)2 as the cathode71, exhibited 
exceptional performance for overall seawater splitting. Specifically, 
it required only 1.78 V and 1.93 V vs. RHE to achieve current densities 
of 600 mA cm-2 and 1000 mA cm-2, respectively. Impressively, the 
system also demonstrated remarkable electrolysis stability, 
operating continuously for over 1000 hours at 600 mA cm-2 without 
obvious performance degradation. These results highlight the 
outstanding practical applicability of NiCo-LDH@Sulfate as an anode 
catalyst for overall seawater splitting. 
 

 
Fig. 8. (a) Photo showing the flow cell electrolysis system for 
electrocatalytic seawater splitting. (b) LSV curves for overall 
seawater splitting in a flow-cell electrolyzer using NiCo-LDH@Sulfate 
as the anode and Ni2P/Co(PO3)2 as the cathode in 1 M KOH + 
seawater. (c) The corresponding i-t stability test for the electrolyzer.  
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4. Conclusions 
In summary, a universal strategy for the surface modification 
involving the electrodeposition of oxyanion films (sulfate, 
phosphate and carbonate) has been developed, which can 
protect OER-active centers from the influence of Clˉ during 
seawater splitting. Among the three oxyanion films, sulfate 
modification demonstrated the best seawater electrolysis 
activity and stability. The 5-min electrodeposited NiCo-
LDH@Sulfate catalyst can achieve 1 A cm-2 with an 
overpotential of only 381 mV and maintain stable OER activity 
at 600 mA cm-2 for over 330 hours in alkaline seawater. By 
combining in-situ characterizations, probe techniques, and 
theoretical calculations, we explored the ClOR-inhibiting and 
OER-facilitating effects of the oxyanion film: the high surface 
electrostatic potential of the oxyanion films can effectively 
repel Clˉ; the oxyanion modification can also adjust the binding 
intensity between the OER catalytic center and *OH to enhance 
*OH adsorption and suppress *ClO adsorption. In particular, we 
identified that sulfate modification endows the catalysts with 
the highest surface anion loading, the most negative 
electrostatic potential, and the strongest adsorption of *OH, 
which accounts for its superior seawater electrolysis 
performance. Very attractively, this electrodeposition strategy 
has a broad applicability for different anions and OER catalysts. 
Apparently, this study demonstrated a rapid and effective 
preparation strategy for seawater splitting anode catalysts and 
shed new light on the industrialization of seawater splitting. 
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