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Constructing a dual-protection heterointerface for durable anion 
exchange membrane seawater electrolysis at ampere-level current 
density 
Yue Xu, a Yingjian He, a Shuaidong Li, a Shanling Li, b Junqin Shi, *b Zeyun Cai, *c Xi Lin, *a and Kailong 
Hu,*ad

The chloride ions (Cl−) pose a corrosive challenge to the long-term durability of metal catalysts during seawater electrolysis 
for sustainable hydrogen production. The construction of heterointerfaces has been demonstrated to enhance the corrosion 
resistance of highly active transition metals through preventing direct contact with Cl− in seawater. However, reliance on a 
single protection mechanism has hindered further advances in heterojunction catalysts. In particular, the charge-transfer 
regulation induced by the spatial electric field at heterointerfaces has often been overlooked. Herein, we investigate the Cl− 
corrosion behavior at the graphene/NiMo interface, which serve as hydrogen evolution catalysts for durable seawater 
electrolysis. The spatial electric field formed at the heterointerface promotes the electron density on the graphene surface, 
thereby suppressing Cl− accumulation through electrostatic repulsion. Furthermore, doping the graphene layer with a strong 
electron-accepting element can significantly improve electron transfer and enhance Cl− resistance. In addition, the formation 
of C−Cl bonds on the graphene surface inhibits the diffusion of Cl− toward the metal through steric effect. The N-doped 
graphene encapsulated NiMo (NG/NiMo) achieves a current density of 1.0 A cm−2 at 1.86 V in an anion exchange membrane 
(AEM) electrolyzer using seawater as the feedstock, maintaining durability for over 300 h. This work provides new insights 
into constructing a dual-protection heterointerface by combining electrostatic repulsion and steric effect to achieve long-
term protection for metal catalysts in seawater.

1 Introduction
The utilization of renewable energy-driven water electrolysis 
represents a clean and scalable approach to produce high-
purity hydrogen, effectively addressing the intermittent 
fluctuations associated with renewable power sources such as 
solar and wind energies1-3. However, this method necessitates 
a substantial quantity of ultrapure freshwater, which accounts 
for only 2.5% of global water resources and may exacerbate the 
prevailing water crisis. In this regard, seawater, constituting 
approximately 97% of Earth's water resources, emerges as a 
viable alternative to alleviate the limited availability of 

freshwater in large-scale applications aimed at sustainable 
hydrogen production via water electrolysis4-9. The high 
concentration of chloride ions (Cl−, 19000 mg L−1) in seawater 
poses significant challenges in the corrosion resistance of the 
electrode catalysts. The Cl− tend to adsorb on the surface of 
metal catalysts (M + Cl− → MClads + e−, where M represents the 
catalyst surface), which thereby triggers the undesired 
corrosion of metals (MClads + Cl− → MClx−)10, 11. The corrosion of 
metals caused by Cl− ions leads to the deterioration of catalytic 
performance, posing a significant threat to the long-term 
durability of electrolyzers12, 13. Hence, the development of 
metal catalysts with enhanced corrosion resistance is 
imperative for achieving environmentally sustainable hydrogen 
production through electrochemical seawater splitting.

The harsh operation conditions, such as acidic and 
corrosive electrolytes, require the use of platinum (Pt) group 
metals as the corrosion-proof catalysts for the cathodic 
hydrogen evolution reaction (HER). Whereas, the scarcity and 
high cost of Pt-based catalysts pose significant barriers to the 
large-scale commercialization of hydrogen generations through 
seawater electrolysis14. The non-noble metals are cost-efficient 
but are susceptible to the Cl−-triggered corrosion15-17. Recently, 
the interface-engineering has been emerged as an effective 
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approach to achieve corrosion-resistant non-noble metal 
catalysts in seawater electrolysis18-24. For example, He et al. 
revealed that CoP possess the function of repelling Cl− via 
theoretical calculations, and thus designed a corrosion-resistant 
electrode for seawater electrolysis9. By constructing a 
heterojunction that combines CoP with graphene supported on 
the Ti fiber, the resulting heterojunction catalyst CoP/rGO@Ti 
exhibits excellent catalytic activity and stability in a salt-rich 
alkaline electrolyte. The superior durability and activity are 
considered attributed to the Cl− repulsion effect on the CoP-
coated surface and the charge synergy effect at its interface 
with rGO. Furthermore, Liu et al. reported a corrosion-resistant 
heterointerface electrocatalyst, which consists of Ni4Mo 
conductive substrate, RuO2/NiOOH active phase, and NiMoO4 
anti-corrosion layer25. Benefiting from the in-situ formed 
MoO42− that repel Cl− on its surface, the AEM electrolyzer 
assembled with this electrocatalyst achieved stable alkaline 
seawater electrolysis continuously for 240 hours at a current 
density of 0.5 A cm−2. However, the corrosion resistance of most 
heterointerface catalyst in seawater electrolysis is still limited 
to a single repulsion mechanism. In particular, the effect of 
spatial electric field spontaneously generated inside the 
heterojunction has been overlooked in this process. Therefore, 
it is particularly important to thoroughly explore the multiple 
action mechanisms of Cl− corrosion-resistant heterojunction 
catalysts.

In this work, we propose an effective resistant strategy to 
Cl− corrosion through constructing a dual-protection 
heterointerface consisting of a N-doped graphene layer and a 
highly active NiMo alloy (NG/NiMo). This architecture enables 
efficient and stable seawater electrocatalysis under ampere-
level harsh conditions. Molecular dynamics (MD) simulations 
and density functional theory (DFT) calculations suggest that 
the strong electron acceptor N enhances the spatial electric 
field at the NG/NiMo heterointerface, accelerating interfacial 
charge transfer. This process facilitates partial electron 
enrichment on the NG surface, thereby inhibiting the diffusion 
of Cl− and resulting in an eleven-fold decrease in the catalyst-Cl− 
interaction energy. Furthermore, the formation of C−Cl bonds 
effectively prevents Cl− from bonding with metal surfaces by 
steric effect, thereby suppressing metal dissolution. In 
cooperation with the electrostatic repulsion and steric effect, a 
three-fold decline in elemental dissolution is achieved for 
NG/NiMo in comparison to the bare NiMo after a 100-h 
electrolysis of seawater. This work provides novel insights for 
the design of efficient and durable non-noble metal catalysts for 
hydrogen production from seawater electrolysis.

2 Results and discussion
2.1 The heterointerface electric field effect and theoretical 
calculations

The adsorption behaviors of Cl− ions on the catalyst surface in 
the simulated seawater environments were investigated 
through MD simulations and DFT calculations. The equilibrium 
configurations of certain species (Na+, Cl−, and H2O) in seawater 

above the surface of bare NiMo, the dual-protection 
heterointerface model composed of pristine graphene 
(G/NiMo) and N-doped graphene (NG/NiMo) are displayed (Fig. 
1a and Table S1). The densities of Cl− ions were plotted as a 
function of the distance between ions and catalyst surface (Fig. 
1b). The accumulated Cl− ions above NG/NiMo exhibit a location 
distance of 0.38 nm, which is farther than those located on the 
surface of NiMo (0.25 nm) and G/NiMo (0.32 nm). Furthermore, 
the quantities of Cl− ions within a 5 Å distance above the 
surfaces of NiMo, G/NiMo, and NG/NiMo were counted in the 
equilibrium state of simulation (Fig. 1c). The bare NiMo exhibits 
an approximate Cl− amount of 0.12 mol m−2, whereas NG/NiMo 
displays half that quantity. These results demonstrate that the 
NG/NiMo exhibits the most pronounced repulsion towards Cl− 
ions. The MD simulation also considered the quantities of H2O 
molecules within 10 Å above the surfaces of NiMo, G/NiMo, and 
NG/NiMo. Notably, both G/NiMo and NG/NiMo surfaces exhibit 
a higher abundance of H2O molecules compared to the NiMo 
surface, suggesting that the establishment of heterointerface 
enhance the adsorption capacity for H2O molecules (Fig. S1). 

The mean square displacement in Z direction (MSD-Z) was 
extracted to elucidate the diffusion characteristics of Cl− ions on 
three systems (i.e., NiMo, G/NiMo, and NG/NiMo)26. The MSD-
Z value reaches a stable state within 0.1 ns, suggesting that the 
adsorption or repulsion process of ions/molecules on the 
catalyst surface occurs at an ultrafast rate (Fig. S2). The MSD-Z 
value of Cl− ions on the NG/NiMo surface shows the highest 
magnitude, followed by the bare NiMo surface, whereas the 
G/NiMo surface presents the lowest value. These results can be 
ascribed to the robust electrostatic attraction between Cl− ions 
and the bare NiMo surface, as well as the pronounced repulsive 
forces exerted by Cl− ions on the NG/NiMo surface. In contrast, 
the G/NiMo surface exhibits a moderate interaction with Cl− 
ions, resulting in the weakest diffusion behavior. After achieving 
equilibrium in the simulated system, the calculation of 
interaction energy between Cl− ions and the surface was 
conducted (Fig. 1d). The interaction energy between NiMo and 
Cl− (NiMo-Cl−) is 28.0 kcal mol−1, which exceeds eleven-fold the 
value observed for NG/NiMo-Cl− (2.4 kcal mol−1). The NG/NiMo-
Cl− also demonstrates an interaction energy value three times 
smaller than that of G/NiMo-Cl− in comparison. Therefore, 
constructing an interface composed of N-doped graphene 
significantly enhances the repulsion effect towards Cl− ions, 
thereby demonstrating great potential for facilitating a 
sustainable seawater electrolysis process.

To further clarify the underlying mechanisms responsible 
for Cl− ions repulsive phenomenon of NG/NiMo, DFT 
calculations were carried to examine the roles of the 
heterointerface and N doping in Cl− ions repulsion under 
seawater conditions. The DFT models of G/NiMo and NG/NiMo 
are shown in Fig. S3. The charge density differences along the Z 
axis are illustrated at the graphene/NiMo interfaces for G/NiMo 
and NG/NiMo models (Fig. 1e). The numbers of electrons 
transferred from the NiMo substrate toward graphene and N-
doped graphene are calculated as 0.59 and 1.48 e for G/NiMo 
and NG/NiMo, respectively. The high electronegativity of N 
dopants contributes to the formation of the enhanced spatial 
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electric fields, which promotes electron transfer from NiMo to 
the graphene layer, ultimately leading to a surface electron 
enrichment. The effect of the electron-rich state of N-doped 
graphene on the adsorption behavior of Cl− ions was further 
examined based on the Gibbs free energy of Cl adsorption 
(ΔGCl*). Six atoms on the graphene and N-doped graphene 
surface were selected as the potential adsorption sites for 
further analysis (Fig. 1f and 1g). As shown in Fig. 1h, all six atom 
sites on pure graphene surface in G/NiMo demonstrate the 
ΔGCl* values ranged between −0.52 and −0.2 eV, indicating the 

strong adsorption of Cl on graphene surface. In a sharp contrast, 
the NG/NiMo exhibits positive ΔGCl* values, ranging from +0.28 
to +0.89 eV, in most cases. The large positive ΔGCl* values 
indicate a strong repulsion effect of Cl. The disparity in the ΔGCl* 

of G/NiMo and NG/NiMo can be attributed to the strong spatial 
electric field effect induced by N doping as a strong electron-
acceptor. This effect enhances electron transfer from NiMo to 
the graphene, thereby regulating electron enrichment at the 
surface and ultimately strengthening the repulsive force against 
Cl− ions.

Fig. 1 Theoretical calculations. (a) Equilibrium configurations of NiMo, G/NiMo and NG/NiMo models in simulated seawater 
environment. (b) The mass densities of Cl− ions versus distance above the NiMo, G/NiMo, and NG/NiMo surfaces. (c) The quantities 
of Cl− ions located within a 5 Å distance above the surfaces of NiMo, G/NiMo, and NG/NiMo. (d) Interaction energy between Cl− 
and the NiMo, G/NiMo, and NG/NiMo. (e) The electron transfer and distribution at the interface in G/NiMo and NG/NiMo. The 
top view of (f) G/NiMo and (g) NG/NiMo models with marked certain atoms for ΔGCl* calculations. (h) The calculated ΔGCl* values 
of the certain atoms in (f) and (g).

2.2 Sample preparations and characterizations

According to the results obtained from the above theoretical 
calculations, the N-doped graphene layer contributes to an 
effective protection for the Cl−-induced corrosion in seawater. 
Through integrating the enhanced spatial electric field caused 
by negatively charged N dopants and the accompanying 
electron enrichment effect at the surface, the efficient and 
durable seawater reduction can be achieved by constructing of 
the heterointerfaces between N-doped graphene and a highly 
active NiMo catalyst (Fig. 2a). The bare NiMo alloy was 
synthesized through a typical hydrothermal method and 
thermal reduction treatment27. The graphene layer deposition 

was achieved by a chemical vapor deposition (CVD) process28, 

29. The benzene and pyridine were used as the precursors to 
grow graphene and N-doped graphene on NiMo surface, 
abbreviated as G/NiMo and NG/NiMo. The NiMo alloy shows a 
bicontinuous and open porous morphology, with the pore size 
of a few hundreds of nanometers (Fig. 2b, 2c, S4, and S5). The 
high-resolution transmission electron microscopy (HRTEM) 
imaging reveals the graphene/NiMo interface in NG/NiMo, 
showing the graphene layer thickness of less than 2 nm (Fig. 2d). 
The fast Fourier transform (FFT) images show the sharp 
diffraction spots in the regions of NiMo substrate (Fig. 2e) and 
graphene layers (Fig. 2f), indicating their high crystallinity. The 
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atomic-resolution TEM images demonstrate the NiMo alloy 
with the lattice distance of 2.07 Å, assigned to the (313) plane 
(Fig. 2g and 2h). The lattice distance of graphene is 3.36 Å that 
corresponds to the (002) plane of graphite (Fig. 2i and 2j). The 

energy dispersive spectroscopy (EDS) mapping confirms the 
porous sample constituted Ni, Mo, C, and N elements with a 
uniform distribution (Fig. 2k).

Fig. 2 Morphological characterizations. (a) Schematic illustration of the structure of the NG/NiMo electrocatalyst and the corrosion-
resistant mechanism. (b, c) SEM images of the as-prepared NG/NiMo sample. (d) TEM image of the heterointerface. (e, f) FFT 
image of the selected area highlighted by red marks (NiMo) and green marks (NG) in (d). (g) TEM image of NiMo and (h) 
corresponding line profile of the intensity marked by the cyan line in (g). (i) TEM image of graphene and (j) corresponding line 
profile of the intensity marked by the cyan line in (i). (k) EDS elemental mappings of the NG/NiMo sample.

The structural characterizations of the as-prepared 
samples were carried out by X-ray diffraction (XRD) and Raman 
spectroscopy. XRD patterns of NiMo, G/NiMo, and NG/NiMo 
show the dominant peak located at 43.8°, corresponded to the 
(313) plane of NiMo (JCPDS No. 48-1745) (Fig. S6). G/NiMo and 
NG/NiMo samples exhibit the typical Raman spectra of 
multilayer graphene with heteroatomic dopants (Fig. S7). The 
intensity ratio of the D to G band (ID/IG) in NG/NiMo is 1.19, 
exceeding that observed for G/NiMo (ID/IG=0.57). The large ID/IG 
value suggests the high topological defect density of graphene 
layers in NG/NiMo, owing to the introduction of N dopants30. 
Besides, the comparable 2D/G band intensity ratio indicates 
that NG/NiMo and G/NiMo possess graphene layers with similar 
thickness.

The binding states and quantitative chemical compositions 
of the samples were investigated by X-ray photoelectron 
spectroscopy (XPS). The high-resolution Ni 2p spectra of NiMo, 
G/NiMo, and NG/NiMo comprise major peaks at 852.9 and 
856.0 eV that are assigned to Ni0 2p3/2 and Ni2+ 2p3/2 (Fig. S8a, 

S9a, and S10a)31. The two additional peaks at 859.0 and 862.0 
eV are the relevant satellite peaks32. The Mo 3d spectra are 
deconvoluted into dominant Mo0 (227.9 and 231.1 eV) peaks, 
with certain contributions of Mo4+ (229.0 and 232.1 eV), Mo5+ 

(230.6 and 233.7 eV) and Mo6+ (232.3 and 235.4 eV) peaks (Fig. 
S8b, S9b, and S10b)33. In the case of NG/NiMo, the typical C 1s 
XPS spectrum shows peaks at 284.8, 286.6, and 288.9 eV, 
corresponded to C−C, C−O−C, and O−C=O bonds, respectively 
(Fig. S10c)34. For the N 1s XPS spectrum, the main peak at 397.9 
eV is ascribed to pyridinic N species, whereas the other peak at 
395.9 eV is assigned to the Mo−N bond (Fig. S10d)35, 36. 
Additionally, the Mo 3p (394.0 eV) peak is also detected for 
NG/NiMo. The presence of N dopants on the graphene layers of 
NG/NiMo has been confirmed through XPS, with a N content of 
8.15 at%.

2.3 Electrocatalytic performances in seawater

The electrocatalytic performances of the as-synthesized 
electrocatalysts were evaluated by using a three-electrode cell 
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in simulated seawater (pH≈8.0). The intrinsic HER activity was 
investigated by normalizing the polarization curves with the 
electrochemically active surface area (ECSA) (Fig. S11 and S12)37. 
NG/NiMo exhibits a HER performance comparable to that of 
commercial 20 wt% Pt/C in seawater. Tafel plots reveal that the 
corrosion potentials (Ecorr) of NiMo, G/NiMo, and NG/NiMo are 
140, 223, 252 mV vs. RHE, respectively (Fig. 3a). Notably, the 
corrosion potential of NG/NiMo is more positive than those of 
NiMo, and G/NiMo in seawater, indicating a lower tendency for 
corrosion and superior corrosion resistance compared to NiMo, 
and G/NiMo25, 38. Furthermore, the breakdown potential (Eb) 
and pitting potential (Epit) of each sample are clearly labeled as 
key metrics for the quantitative evaluation of the corrosion 
resistance. The NG/NiMo exhibits the highest Eb and Epit values. 
This result confirms that NG/NiMo displays superior breakdown 
resistance and pitting corrosion resistance and its structural 
stability in Cl⁻-containing environments. Furthermore, when 
compared with other reported electrocatalysts, NG/NiMo 
demonstrates remarkably low corrosion current density (Icorr) at 
a relatively high Ecorr (Fig. 3b and Table S5). Electrochemical 
impedance spectroscopy (EIS) was further employed to 
understand the charge transfer property (Fig. S13). The bare 
NiMo alloy displays the fastest charge transfer while the 
graphene layer deposition slightly increases the charge-transfer 
resistance. 

The long-term durability is significant to assess the 
catalytical performance in seawater electrolysis. 
Chronoamperometry (CA) measurement was carried out at a 
consistent working potential of −0.6 V vs. RHE for commercial 
20 wt% Pt/C, NiMo, and NG/NiMo (without iR compensation). 
NG/NiMo retains 95.3% of the initial current density after a 300 
h CA test (Fig. S14). In comparison, only 62.8% of its initial 
current density is maintained for NiMo. The commercial 20 wt% 
Pt/C drops dramatically to 52.6% of its beginning activity within 
20 h. These results show that Pt/C and bare NiMo suffer intense 
corrosion in seawater, while the NG/NiMo heterointerfaces 
establishment successfully improves the durability. Inductively 
coupled plasma-mass spectroscopy (ICP-MS) analyses 
demonstrate the dissolution ratio of Mo and Ni during a 100 h 
CA test (Fig. 3c). NiMo suffers a severe elemental dissolution 
with 22.5±0.5% and 7.1±0.2% for Mo and Ni. Through 
comparing the dissolution behaviors of NiMo and G/NiMo, the 
graphene layer deposition benefits for the slight dissolution 
remission. In contrast, NG/NiMo demonstrates a small 
dissolution ratio of Ni (2.3±0.1%) and Mo (7.3±0.3%), which is a 
three-fold decline in elemental dissolution compared to NiMo. 
Notably, no further increase is observed for the Ni/Mo 
dissolution ratio after 10 and 50 h tests, suggesting the long-
term corrosion resistance of NG/NiMo. 

Fig. 3 Electrocatalytic performances in simulated seawater (pH≈8). (a) Tafel plots of NiMo, NG/NiMo, and G/NiMo. (b) Comparison 
of corrosion parameters of various reported electrocatalysts in seawater. (c) Dissolution ratios of Ni, and Mo for NiMo, NG/NiMo, 
and G/NiMo during 100 h continuous electrolysis. (d) Schematic diagram of the AEM electrolyzer components. (e) Photograph of 
the AEM cell setup. (f) Polarization curves of electrolyzers with NiMo, G/NiMo, NG/NiMo, and Pt/C as cathodes. (g) Durability test 
of the NG/NiMo and 20 wt% Pt/C-assembled AEM electrolyzer at 1.0 A cm−2. (h) Comparison of the performance of AEM 
electrolyzers with various cathode catalysts.
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The practical application of catalysts for overall electrolysis 
in seawater was evaluated by anion exchange membrane (AEM) 
electrolyzer. An AEM electrolyzer was assembled by using as-
synthesized NiMo samples and commercial IrO2 as cathode and 
anode catalysts (Fig. 3d and 3e). The polarization curves of 
NiMo, G/NiMo, NG/NiMo, and 20 wt% Pt/C assembled AEM 
electrolyzers were measured at 60 °C. The electrolyzer 
assembled by NG/NiMo as cathode catalyst requires a cell 
voltage of only 1.86 V to reach a current density of 1.0 A cm−2, 
whereas the counterparts employing NiMo and G/NiMo as 
cathode catalysts exhibit cell voltages of 1.99 V and 2.18 V, 
respectively (Fig. 3f). In addition, the performance of the 
NG/NiMo-catalyzed AEM electrolyzer is comparable to that of 
electrolyzer catalyzed by commercial 20 wt% Pt/C. Furthermore, 
to assess the durability of the AEM cell assembled with 
NG/NiMo and commercial 20wt% Pt/C, a chronopotentiometry 
(CP) test was conducted at 1.0 A cm−2 under 60 °C. The NG/NiMo 
assembled AEM electrolyzer can operate for over 300 h with a 
performance degradation rate of less than 5.0% (Fig. 3g), 
exhibiting stability comparable to commercial 20 wt% Pt/C      
(3.2 % decay). The slight degradation of NG/NiMo assembled 
AEM electrolyzer arose from the corrosion and removal of IrO2 
on the anode side. However, Cl− inevitably induce corrosion of 
NG/NiMo, resulting in a further degradation of catalytic 
performance compared to standard commercial electrodes. To 
provide a comprehensive evaluation of the NG/NiMo-enabled 
AEM seawater electrolysis, its performances are compared with 
other state-of-the-art catalysts reported in literatures39-43. As 
illustrated in Fig. 3h, the NG/NiMo exhibits superior AEM cell 
performance relative to recently reported non-noble metal 
catalysts under seawater conditions (Table S6). The above 
results demonstrate that NG/NiMo achieves Pt/C-comparable 
activity and exceptional durability in AEM-based seawater 
electrolysis, positioning it as a highly promising candidate for 
large-scale hydrogen production.

2.4 The surface chemical states and corrosion behaviors of samples

To investigate the mechanism underlying the superior durability 
of NG/NiMo during seawater reduction, the surface chemical 
states of samples in seawater were analyzed. The samples were 
immersed in seawater for 5 h to make a complete interaction 
between Cl− ions and the sample surface, subsequently enabling 
their detection through Raman spectroscopy, FTIR, and XPS. 
The characteristic peaks at approximate 192 and 217 cm−1, 
attributed to the presence of Ni−Cl bonds, are observed in both 
NiMo and G/NiMo (Fig. 4a and S15). Indeed, this Ni−Cl bond is 

not detected for NG/NiMo, suggesting that the N-doped 
graphene resists Cl− diffusion to NiMo surface. Raman results 
provide evidence that the corrosion is initiated by Cl− adsorption 
on the metal surface, while the N-doped graphene layer 
effectively prevents the formation of Ni−Cl bonds through 
efficient repulsion of Cl− ions. The similar results are also 
observed for the Mo−Cl bond. FTIR spectra confirm that Cl− ions 
are bound with carbon sites on graphene layers to form the C−Cl 
bond (Fig. 4b)44, and the resulting steric effect effectively 
impedes the diffusion of Cl⁻ ions from the electrolyte to the 
metallic active sites. The FTIR and Raman results reveal the 
formation of C−Cl bonds, which effectively retarded or even 
prevented metal−Cl bonding interactions. The characteristic 
peak at 198.3 eV corresponds to the Cl−Mo bonding introduced 
by the formation of surface metal chloride45. The decrease in 
the XPS intensity indicates that the content of metal chloride 
formed on the surface is significantly reduced. (Fig. 4c). This 
means that NG/NiMo with the lowest amount and 
accumulation of metal chloride on its surface, showing the 
strongest Cl− repulsion property.

High-resolution XPS spectra of NiMo, G/NiMo, and 
NG/NiMo before and after CA measurements were measured 
to understand the variation of chemical valences on sample 
surface during seawater electrolysis. The sharp decline of the 
main peaks at 227.9 eV (Mo0 3d5/2) and 231.1 eV (Mo0 3d3/2) is 
observed for bare NiMo, indicating that the severe oxidation of 
Mo element resulted from the Cl− adsorption (Fig. S16). In the 
case of G/NiMo, the Mo 3d spectra show a moderate reduction 
of Mo0 and Mo4+ peaks, demonstrating a minor oxidation 
compared to NiMo. In contrast, the metallic Mo is well 
preserved and retained most of its initial states after CA tests. 
High-resolution Ni 2p spectra were also measured (Fig. S17). 
The variation of the Ni0 peak with increasing CA time generally 
shows the same trend as the Mo0 peaks, but more drastic 
oxidation. The Ni0 peak of G/NiMo retains more than that of 
NiMo under the same electrolysis time. Although NG/NiMo 
shows the Ni0 peak was partially reduced in the initial 2 h, the 
peak remained nearly the same after the whole CA 
measurement.

Through the comparison of XPS results before and after CA 
tests, NG/NiMo demonstrates superior stability in terms of 
surface chemical compositions compared to NiMo and G/NiMo. 
To quantitatively analyze the chemical states, the valence ratios 
of each element were further determined (Tables S2-4). The 
metallic ratio of Mo in NiMo decreases from 47.9 to 13.5 at% 
after an initial 2 h test and subsequently continues to decrease 
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to 5.5 at% after a 5 h CA measurement (Fig. S18). In comparison, 
G/NiMo presents 25.4 and 19.1 at% of metallic Mo ratio after 2 
and 5 h tests, indicating that graphene layer improves the 
corrosion resistance against seawater. Notably, the metallic Mo 
ratio remains as high as 36.9 at% in NG/NiMo during continuous 
CA testing. The valence variation of Mo element for NiMo, 
G/NiMo, and NG/NiMo is shown in Fig. S19. For NiMo, a 
majority (more than 88.0 at%) of the Mo0, Mo4+, and Mo5+ peaks 
are oxidized into Mo6+. On the other hand, G/NiMo and 
NG/NiMo exhibit moderate (60.0 at%) and minor (41.5 at%) 
oxidation levels with respect to the Mo6+ ratios. The metallic Ni 
ratios exhibit a similar trend to that of Mo. Severe corrosion 
results in a significant decrease in the metallic Ni ratio of NiMo, 
reaching as low as 10.5% after a 5 h CA test, whereas NG/NiMo 
maintains a substantial amount of metallic Ni at 31.0 at%. This 
three-fold higher content of metallic Ni indicates enhanced 
corrosion resistance for NG/NiMo. Overall, NiMo exhibits the 
highest oxidation states of sample surface, while NG/NiMo 
shows the lowest oxidation level and G/NiMo falls in between. 
The high metal oxidation states exhibited by NiMo and G/NiMo 
samples are attributed to the formation of metal chlorides on 
their surfaces. This is in good agreement with the increased 
content of Cl−Mo bonding in Fig. 4c, confirming the strong 
interaction between the metallic active layers and Cl− in NiMo 

and G/NiMo samples, which further induces significant material 
corrosion, ultimately leading to a noticeable degradation in the 
catalytic activity of the samples.

By integrating the results from Raman, FTIR, and XPS 
analyses of the surface chemical states, a comprehensive 
elucidation of the corrosion processes occurring on the catalyst 
surface are presented. The metals sites on bare NiMo alloy are 
directly exposed to massive Cl− ions in seawater, resulting in 
severe metal dissolution and serious corrosion (Fig. 4d). The 
presence of graphene layer leads to the formation of C−Cl bonds 
onto the C sites, thereby impeding the diffusion of Cl− from the 
electrolyte to the metal sites by steric effect. Despite the 
graphene layer provided protection for the NiMo substrate, 
there is still some penetration of Cl− ions through the graphene, 
giving rise to moderate corrosion of NiMo (Fig. 4e). It arises 
from the weak spatial electric field between pure graphene and 
the NiMo alloy, leading to a slow charge separation and 
consequently insufficient Cl− repulsion driving force. Relatively, 
in NG/NiMo, the synergistic effect of the spatial electric field 
from the strong electron acceptor N, endows the material with 
the strongest Cl− repulsion capability. This integration of 
enhanced spatial electric field and the metal protection 
introduced by steric effect results in superior corrosion 
resistance for NG/NiMo during seawater electrolysis (Fig. 4f).

Fig.4 The surface chemical states and corrosion behaviors of samples. (a) Raman, (b) FTIR, and (c) XPS Cl 2p spectra of the NiMo, 
G/NiMo, and NG/NiMo samples that immersed in seawater for 5 h. Schematic illustration of the corrosion behaviors and resistance 
mechanisms for (d) NiMo, (e) G/NiMo, and (f) NG/NiMo samples during seawater electrolysis.

2.5 The corrosion-resistant mechanism

The structure and morphology of samples after HER tests were 
characterized by using XRD, Raman, SEM, and TEM 
measurements. XRD patterns reveal no discernible alteration in 
the physical phase of NG/NiMo after 2000 CV cycles (Fig. S20). 
A slight increase is observed in the ID/IG value for NG/NiMo, 
while the I2D/IG value remains unaltered, suggesting the 
induction of certain structural defects during the 
electrocatalytic process (Fig. S21). In contrast, the ID/IG ratio of 

the G/NiMo sample increases significantly with a variation of 
0.15 reflecting a substantial increase of defects (Fig. S22), which 
further confirms that N doping can effectively stabilize the 
graphene structure and alleviate Cl⁻-induced defect generation. 
Both XRD and Raman results validate the exceptional corrosion 
resistance exhibited by NG/NiMo in seawater. SEM and STEM 
images demonstrate that the presence of potholes on the 
surface of NiMo after test, indicating severe corrosion (Fig. 5a, 
5b, and S23). In contrast, the surface morphology of NG/NiMo 
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remains well-preserved due to the interaction between N-
doped graphene layer and NiMo substrate (Fig. 5c).

To assess the impact of surface corrosion on the seawater 
reduction process, EIS measurements were employed at various 
CA durability test times. Nyquist plots obtained for NiMo exhibit 
a substantial increase in size of semi-circles as the test 
progresses (Fig. 5d), indicating that surface corrosion 
significantly impedes charge transfer between catalyst and 
electrolyte. In contrast, NG/NiMo demonstrates excellent 
corrosion resistance, resulting in a durable state of surface 
morphology and chemical composition, as evidenced by stable 
Nyquist plots recorded during the 1 to 20 h testing period (Fig. 
5e). Nyquist plots are further fitted to determine Rct values. The 
Rct values for NiMo, measured at CA times ranging from 1 to 20 
h, are observed to increase continuously with values of 19.2, 
28.8, 43.3, and 46.2 Ω, respectively (Fig. 5f). Similarly, EIS tests 
conducted on NG/NiMo exhibit stable Rct values beyond 5 h 
with measurements of 11.2, 17.2, 17.4, and 18.2 Ω. In addition, 
the rate of change in Rct (ΔRct) was calculated to evaluate the 
progression of surface corrosion. NiMo exhibits a rapid increase 
in ΔRct values within 20 h (Fig. 5g). The continuous 
augmentation in Rct signifies the persistent corrosion occurring 
on the catalyst surface. Conversely, NG/NiMo exhibits negligible 
and stable ΔRct values after an initial 5 h test, showcasing its 

resistance to corrosion under uninterrupted operating 
conditions. 

The corrosion resistance of catalysts can be evaluated by 
quantifying the energy barriers of elemental dissolution during 
seawater reduction46. The dissolution amounts of Ni and Mo 
elements in seawater were measured for NiMo, G/NiMo, and 
NG/NiMo by using ICP-MS technique. Furthermore, the 
dissolution rates were determined by plotting the amount of 
metal dissolution again CA test times (Fig. S24). The activation 
energy of corrosion reaction was obtained by fitting Arrhenius-
type plots of the logarithmic dissolution rates as a function of 
1000/T47. The activation energies of Mo dissolution are 
determined as 19.0, 20.4, and 27.1 kJ mol−1 for NiMo, G/NiMo, 
and NG/NiMo, respectively (Fig. 5h). In addition, the activation 
energies of Ni dissolution for NiMo, G/NiMo, and NG/NiMo are 
found to be 25.5, 27.4, and 34.3 kJ mol−1 (Fig. 5i). The 
occurrence of the electrochemical reaction is generally 
hindered by a high activation energy. Experimental results 
demonstrate that the interface combination of graphene layer 
and NiMo can significantly elevate the activation energy, and 
further enhancement in activation energy can be achieved by 
introducing N dopant on graphene. The activation energy 
results exhibit a remarkable consistency with the observed 
alterations in chemical states on the catalyst surface, as 
elucidated by XPS, Raman, FTIR, and TEM analyses.

Fig. 5 The surface corrosion analyses of samples. TEM images of (a) NiMo, (b) G/NiMo, and (c) NG/NiMo samples after a 2000-
cycle CV test. (d, e) Electrochemical impedance spectra of NiMo and NG/NiMo after CA tests with various times. (f, g) The charge 
transfer resistance and the changing-rate of NiMo, and NG/NiMo. (h, i) The metal dissolution rate of NiMo, G/NiMo, and NG/NiMo 
as a function of temperature.

By integrating experimental findings with computational 
data, we propose the corrosion-resistant mechanism of 
heterointerface and analyze the role of N dopant in enhancing 
the Cl−-proof property during seawater reduction. Three 
catalyst systems are examined, including the bare NiMo alloy, 
pure graphene/NiMo alloy interface and N-doped 
graphene/NiMo interface. In the case of bare NiMo alloy, Cl− 
ions in seawater directly adsorb onto its surface and 

subsequently initiate the formation of metal chlorides, leading 
to leaching of Ni and Mo (Fig. 6a). The extensive dissolution of 
metals and surface oxidation of NiMo are verified through ICP, 
SEM, TEM, and XPS analyses. This corrosion induced by Cl− 
further results in the degradation of electrocatalytic 
performances during seawater reduction process. MD 
simulations reveal a strong interaction energy as high as 28.0 
kcal mol−1 between NiMo surface and Cl− ions (Fig. 1d), resulting 
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in significant accumulation of Cl− on the surface that promotes 
continuous corrosion.

When the heterointerface forms between NiMo alloy and 
pure graphene, the spatial electric fields of relatively weak 
strength are generated, accompanied by the formation of C−Cl 
bonds. The graphene layer dramatically reduces the catalyst-Cl− 
interaction compared to bare NiMo, as confirmed by MD and 
XPS data (Fig. 1d and 4c). Although the direct interaction of 
NiMo with Cl− is partially blocked by the graphene barrier, some 
Cl− ions can still penetrate through pure graphene layers and 
adsorb onto the surface of NiMo (Fig. 4a). This means that 
undoped pure graphene partially impedes the diffusion of Cl− 
ions toward NiMo. Indeed, G/NiMo still exhibits severe metal 
leaching during seawater reduction, including more than 18.0 
wt% of Mo and 5.5 wt% of Ni (Fig. 3c). This corrosion observed 
in G/NiMo may be attributed to a single Cl− repulsion 
mechanism. Although C−Cl bonding provides partial protection, 
the weak spatial electric field results in inadequate driving force 
for Cl− repulsion. Take these results together, we conclude that 
pure graphene layer offers protection by weak spatial electric 
field and the formation of C−Cl bonds; however, its 
effectiveness in preventing persistent leaching of metal 
catalysts in seawater is limited (Fig. 6b).

Once N dopants are introduced into graphene layers, the 
electronic states on graphene undergo accelerated 
redistribution, thereby inducing an enhanced spatial electric 

field. Owing to electron accelerated redistribution, electrons 
automatically migrate toward NG surface, resulting in a surface 
electron enrichment effect. DFT calculations demonstrate that 
this electron accumulation state is advantageous for repelling 
Cl− ions, as evidenced by ΔGCl* values (Fig. 1h). A positive ΔGCl* 
value represents that the adsorption process of Cl is 
thermodynamically unfavorable22, 48. MD simulations further 
confirm a remarkable eleven-fold decrease in catalyst-Cl− 
interaction energy (Fig. 1d). Furthermore, the prominent 
characteristic peak of C−Cl bonds observed in the FTIR results 
(Fig. 4b) indicates that Cl− also preferentially form bonds with C 
on the NG surface. The Raman and XPS data for NG/NiMo reveal 
weak metal−Cl bonding alongside the preservation of the 
majority of metal valence states, which suggests effective 
protection of Ni and Mo species (Fig. 4a, S16 and S17). 
Experimental data corroborate these theoretical findings, 
revealing an exceptional seawater reduction durability 
exceeding 300 h for NG/NiMo and a sharp significant reduction 
in metal dissolution (Fig. S14 and 3c). The activity energies 
associated with Ni and Mo dissolution during electrocatalytic 
processes provide additional evidence supporting the corrosion 
resistance imparted by heterointerface establishment (Fig. 5h 
and 5i). Thus, we unveil the corrosion-resistant mechanism of 
NG/NiMo as a synergistic effect arising from enhanced spatial 
electric field and metal protection introduced by C−Cl bonds 
formation (Fig. 6c).

Fig. 6 Schematic corrosion-resistant mechanisms of dual-protection heterointerface. (a) Cl−-induced corrosion occurring on bare 
NiMo surface. The strong NiMo-Cl− interaction triggers the persistent leaching of Ni and Mo. Corrosion-resistant mechanism of 
heterointerface combined NiMo alloy and (b) pure graphene and (c) N-doped graphene. G/NiMo provides limited protection 
against Cl− solely through steric effect. NG/NiMo effectively repels Cl− by integrating enhanced spatial electric field and steric effect.
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Conclusions
In conclusion, our study has revealed the corrosion-resistant 
mechanism of non-noble metal based dual-protection 
heterointerface catalyst in seawater reduction reaction. By 
constructing heterointerfaces and introducing dopant groups 
with strong electronic interactions, an enhanced spatial electric 
field can be generated. This field can accelerate interface 
electron transfer, thereby inducing partial electron enrichment 
at the NG surface and suppressing Cl− diffusion. Additionally, we 
find that due to the formation of C−Cl bonds on the graphene 
surface, strong repulsion against Cl− ions were further achieved. 
Integrating the two key factors for Cl− resistance, i.e., electric 
field and steric effect, the NG/NiMo dual-protection 
heterointerface achieves not only the long-term durability, but 
also Pt/C-comparable activity for seawater electrolysis. The 
NG/NiMo-assemble AEM electrolyzer achieved ampere-level 
current densities at a low cell voltage of 1.86 V and sustained 
over 95% of its initial current density over a 300-h continuous 
test. This study offers innovative insights for the development 
of corrosion-proof metal catalysts in their applications under 
seawater conditions.
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