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Abstract
High-e�ciency alkaline seawater electrolysis is a promising strategy to promote the sustainability of
wide-ranging hydrogen (H2) production, and the global goal of carbon neutrality. Searching for an ideal
candidate with low cost and high electrocatalytic performance for both the hydrogen evolution reaction
(HER) and the oxygen evolution reaction (OER) is a major objective. Herein, we report delicate,
heterostuctured NiTe-NiCoN and NiTe-NiFeN electrocatalysts constructed of nickel cobalt nitride and
nickel iron nitride nanosheets uniformly anchored on NiTe nanorod arrays, respectively, which ensure
outstanding HER and OER activity along with ultra-long-term stability. Impressively, the NiTe-NiCoN ||
NiTe-NiFeN couples in alkaline seawater solution delivered 500 mA cm−2 at a record low voltage of 1.84 V,
and realized an industry-level performance via a solar-powered system and a wind-power system. Further
comprehensive analysis has revealed that interface engineering strategy not only ensures that the
sur�cial nitride exposes abundant active sites, but also induces electron modulation that optimizes the
binding strength of absorption/desorption for the reaction intermediates to enhanced the the intrinsic
activity, as well as facilitate faster electron-mass transfer. Notably, a high electric �eld intensity generated
by the unique nanosheet-nanorod structure induces a local “hydroxide enrichment” environment that
effectively promotes the OER kinetics, while inhibits the side effects of chlorine. This work shed lights on
these novel heterostructured electrocatalysts with strong synergy, while demonstrating the key role of the
unique nanostructures in high-e�ciency seawater electrolysis.

Introduction
Hydrogen (H2) is a promising energy storage medium with the characteristics of ultra-high energy density

(120 MJ·kg−1) and pro-environment for achieving the goal of carbon neutrality.1–5 Compared with
traditional steam reforming technology, high-purity H2 originated from electrical splitting of water,
especially, adopting regenerable seawater media (accounting for 96.5% of global water resources), is
more sustainable and environmental friendly.6–15 Nevertheless, the kinetics limitation due to the sluggish
cathodic hydrogen evolution reaction (HER) and the anodic oxygen evolution reaction (OER) results in low
electrolysis e�ciency, where the competitive alkaline chlorine oxidation reaction (COR, theoretical
potential of 1.72 V vs. reversible hydrogen electrode (RHE)) and the chlorine-rich corrosion of the catalyst,
are still the main bottlenecks and urgently need to be overcome.15–20

Highly topical research efforts have been committed to exploring e�cient non-noble-metal catalysts in
the past decade, especially involving 3d-transition metal materials. It is noteworthy that many
representative studies have proven that transitional metal nitrides (TMNs) can shrink the d-band of the
metal centers, which is positive for the adsorption kinetics of the catalytic intermediate states. Typically,
adopting NiCo bimetallic coorperation can accelerate the rate of dissociation/proton active to HER by
mobilizing different metal centers, while NiFe can synergistically change the valence state to produce
OER promoter of -OOH, so as to optimize activity in a targeted manner.11,21−29 However, bimetallic nitrides
still has a lift space to stimulate catalytic potential, as well as stability. Noting that the interface
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engineering of the catalysts could facilitate adaptive synergistic effects to achieve electron modulation
that can increase the catalytic performance, it is a feasible strategy to improve the catalytic performance
by designing heterogeneous interfaces that are constructed to offer appropriate cooperation with
bimetallic nitrides.30–34 Among the desired candidates, nickel telluride (NiTe) nanorods array supported
on Ni foam (NF) with a higher degree of covalency in the metal-tellurium bond, is signi�cantly different
from the strongly polar metal-nitrogen, which will induce the enhanced electronic unsaturation of Ni site
at the heterointerface, so as to makes the optimization of the adsorption energy of the reaction
intermediates possible and perform as catalytic accelerators. Recently emerging studies of such
heterojunctions (NiTe-NiS, NiTe-NiFe(OH)2, NiTe-RuO2, NiTe-Ni2P) have led to a catalytic performance
breakthrough, comprehensively proving the bene�cial interaction between metallic tellurides and other
phases, although studies on the heterojunctions between NiTe and nitrides have not yet been reported.35–

37

On the other hand, considering the limitation of anodic reaction rate caused by the slow mass transfer
and competitive anion behavior (especially in seawater media), optimizing the catalyst-electrolyte
interface properties becomes an effective strategy to improve the catalytic kinetics. Many pioneering
studies have found that the direct in�uence of local electric �eld changes is directly related to the
distribution of interface species and even catalytic performance, especially in self-supported
materials.38–40 By rationally designing the nanostructures, we expect to build a local ion enrichment
mechanism for the electrocatalytic process by changing the electric �eld conditions, which can increase
the hydroxide concentration and suppress the competitive adsorption behavior with chloride ions, thereby
addressing the slow OER catalytic kinetics limitation. This may provide novel insights for the design of
highly selective seawater electrolysis catalysts, however, systematic studies are still lacking from this
perspective.

In this regard, we focus on interface engineering and structural optimization strategies to activate the
electrocatalytic performance of nickel-based tellurium and nitrides (Figure 1a, 1b). Based on the activity
potential of Ni-Co and Ni-Fe combination, we prepared bimetallic nitride and nickel telluride
heterostructured catalysts, NiCoN-NiTe and NiFeN-NiTe with a delicate core-shell nanorod array. Both
NiCoN-NiTe and NiFeN-NiTe deliver remarkable HER and OER activity in alkaline solution, respectively. In
cooperation, NiTe-NiCoN || NiTe-NiFeN couples, powered by both the solar-electricity and wind-electricity
systems, exhibited a record low driving voltage of 1.84 V at the current density of 500 mA·cm−2 for overall
seawater electrolysis, along with operational stability up to 200 h. Further in-depth analysis suggested
that the constructed heterojunctions inherited the advantages of NiCo2N, Ni3FeN, and NiTe, while the
electron modulation regulating optimal adsorption of the reaction intermediates was achieved by
interfacial synergy. The NiTe nano-arrary enabling the active contribution of the bimetallic nitride shell
could be abundantly exposed, while ensuring faster electron-mass transportation and rapid gas release,
which favors e�cient electrocatalysis at high working current density. Signi�cantly, the constructed
nanosheet-nanorod nanostructure provides a local “hydroxide enrichment” environment that is caused by
strengthening of the local electric �eld, which strongly promotes OER activity and suppresses the chlorine
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side effects in the seawater medium, greatly inspiring the industrial development of hydrogen production
by high-performance seawater electrolysis.

Results And Discussion
Synthesis and characteristics of the catalyst materials

A bottom-up route for the synthesis of nickel telluride and metal nitride heterostructures (NiCoN-NiTe and
NiFeN-NiTe) is illustrated schematically in Figure 1c. Commercial Ni foam serves both as a supporting
substrate and metal resource for the NiTe, and the nanorod arrays were uniformly prepared via a
hydrothermal method (Figure 2a). The following in-situ electrochemical deposition process in nickel
cobalt or nickel iron nitrate solution realizes the epitaxial growth of NiCo and NiFe hydroxide layers,
respectively, with a leaf-like morphology on the NiTe surface. Energy dispersive spectroscopy (EDS)
characterization indicated increased distributions of Fe, Co, and O, which proves the element introduction
(Figure S1 in the Supporting Information). Afterwards, the as-prepared NiTe-NiFe(OH)x and NiTe-
NiCo(OH)x precursors were then heated at 400 ℃ in an Ar + NH3 mixed-atmosphere �ow to convert them
to bimetallic nitrides. The scanning electron microscope (SEM) images and EDS mapping in Figure 2b, c
and Figure S2, S3 show that the morphology of the three-dimensional (3D) nanoarray is maintained
throughout, and the nitride shells packed with nanosheets are tightly anchored on the NiTe surface with a
homogeneous distribution.

Further nanostructured characterization of the as-prepared samples was observed by transmission
electron microscopy (TEM). The NiTe crystal plane in Figure S4 veri�es the presence of nickel telluride.
Meanwhile, both NiTe-NiCoN and NiTe-NiFeN show similar nanostructures with well-de�ned
heterogeneous interfaces. In the case of the NiTe-NiCoN sample, the NiCo2N (200) and NiTe (111) facets
can be distinctly observed to be in intimate contact (Figure 2d) with the lattice spacing of. 0.21 nm and
0.31 nm, respectively. The lattice fringes of NiTe-NiFeN in the high-resolution TEM (HRTEM) image of
Figure 2e exhibit interplanar spacing of 0.31 nm and 0.19 nm, corresponding to NiTe (101) and Ni3FeN
(111) planes, respectively. which is consistent with analysis of the apparent diffraction rings in the
selected area electron diffraction (SAED) patterns (Figure S5), The corresponding high-angle annular dark
�eld ‒ scanning TEM (HAADF-STEM) elemental mappings and line scan results in Figure 2f, 2g directly
verify the presence of Ni, Fe, N and Ni, Co, N, as well as the internal enriched distribution of Te. All these
characterizations together demonstrate the formation of heterostructured NiTe-NiCoN and NiTe-NiFeN
with a delicate 3D core-shell nanostructure.

X-ray diffraction (XRD) was performed to characterize the crystal patterns of all the as-prepared samples.
In Figure 3a, it is shown that, except for the large diffraction peaks of Ni, the peaks at 31.4°, 43.2°,46.2°,
56.7°, and 58.6° are completely matched with NiTe (JCPUS 89-2018). After ammoniation, the newly
emerged peaks at 41.5°, 48.3°, and 70.6° strongly con�rm the �nal formation of crystalline dual-phase
NiFe3N (JCPUS 50-1434), while the peak at 41.7° of the as-prepared NiCo2N proves the same evolution. X-
ray photoelectron spectroscopy (XPS) was conducted to clarify the surface chemical compositions and
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coordinated electronic environment (Figure 3b-f and Figure S6). All the survey spectra identify the co‐
existence of Ni and Te, originating from NiTe. Fe, O, and N can be detected on NiTe-NiFeN, and Co, O, and
N on NiTe-NiCoN, respectively. The atomic ratio of Ni:Fe:Te:N is ~3:31:20:25:21, and that of Ni:Co:Te:N is
~3:31:20:25:21, consistent with the SEM-EDS results but slightly different from the inductively coupled
plasma (ICP) results (Table S1), why also imply the sur�cial distribution of N, Co, and Fe. The high-
resolution Ni 2p spectra are shown in Figure 3b, NiTe exhibits two main peaks for Ni 2p3/2 and Ni 2p1/2,
which are located at 856.3 and 874.1 eV, and peaks for emerging Ni-N species were identi�ed at 852.4
and 852.3 eV after nitriding. 21,41 In the Te 3d spectra of Figure 3c, two peaks at 572.7 and 582.8 eV
correspond to Te2- 3d5/2 and Te2- 3d3/2, and a pair of oxidation peaks were also observed,

respectively. 36,42 The Co 2p spectra of NiTe-NiCoN in Figure 3d were deconvoluted into Co 2p3/2 Co0,

Co2+, and Co3+ peaks at 778.6, 780.6, and 786.4 creV, respectively. 43,44 In the case of NiTe-NiFeN, the Fe
2p3/2 and Fe 2p1/2 peaks (Figure 3e) were located at 711.6 and 724.1 eV. 11,22 The above results verify the
existence of Co and Fe with high valence in nitrides. The N 1s peak (Figure 3f) at 398.7 eV is ascribed to
the metallic nitrides species, while the peaks at 401.3 eV and 400.6 eV correspond to the N-H bonding. 45

Signi�cantly, compared with NiTe, a negative binding energy shift of both NiTe-NiCoN and NiTe-NiFeN is
shown in the Ni 2p and Te 3d spectra, which appears because the interfacial electron redistribution leads
to electron accumulation on the nitrides, generally considered to be bene�cial for activating the
electrocatalytic properties (details in Table S2). 34,36,46 

X-ray absorption spectroscopy (XAS) was performed to further investigate the electronic structural
properties of the heterostructures. In Figure 3g, the X-ray absorption near edge spectroscopy (XANES)
spectra of the Ni K-edge near-edge structure curves show that the Ni oxidation species coexist in NiTe,
NiTe-NiCoN, and NiTe-NiFeN. The NiTe-NiCoN and NiTe-NiFeN exhibit lower energy levels than NiTe, which
will cause a low-level shift of the Ni d-band center and subsequently reduce the bonding strength of
intermediates (H*, *OH, *O, and *OOH) on the catalyst surface, to the bene�t of the reaction kinetics.36,37

Work-function (WF) tests were carried out by scanning Kelvin probe microscopy (Figure 3h). The
calculated values of both NiTe-NiFeN (5.11 eV) and NiTe-NiCoN (5.12 eV) are lower than that of NiTe
(5.22 eV), suggesting su�cient electron pathways across the heterogeneous interface.46 Subsequently,
the liquid contact angle and gas evolution angle of different nano-array structures were measured and
are compared in Figure S7. Evidently, NiTe-NiCoN and NiTe-NiFeN with the array structure have better
immersion and gas release behavior, thereby ensuring stable solid-liquid-gas interfaces during the
electrocatalytic process. In order to explore the role of tge heterogeneous interfaces in depth, we also
prepared NiCoN and NiFeN samples without NiTe cores for comparison (labeled as NiCoN-NF and NiFeN-
NF, respectively). The SEM images in Figure S8 show the �at morphology without NiTe support, and the
EDS analysis con�rms the uniform distribution of metals and nitrogen. The XRD spectra in Figure S8c
characterize the construction of Ni3FeN and NiCo2N with results that are similar to those above. The
subsequent electrocatalytic comparisons will visually demonstrate the role of heterogeneous structures. 

Electrocatalytic hydrogen and oxygen evolution performance
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The advantages of NiTe-NiCoN and NiTe-NiFeN (heterointerface effect, 3D nanostructure, bimetal
synergy) offer promising electrocatalysis performance. The alkaline HER activity of NiTe-NiCoN was �rst
evaluated by linear sweep voltammetry measurements (LSV) in a typical three-electrode system, where all
the as-prepared samples and a commercial candidate (Pt/C) were also included for comparison. All the
curves were corrected by iR compensation (85%). As shown in Figure 4a, NiTe-NiCoN exhibits remarkable
activity with a small overpotential of 62 and 240 mV to deliver current densities of 10 and 500 mA cm-2,
respectively, which is obviously better than those of NiTe ( 10 = 274 mV) and NiCoN-NF ( 10 = 90 mV), and
comparable to that of Pt/C ( 10 = 37 mV). The reaction kinetics of the HER determines the catalytic
activity, which can be visualized intuitively through the derived Tafel slope. In Figure 4b, the calculated
Tafel slope value of NiTe-NiCoN is 48 mV dec−1, which is relatively lower than for NiCoN-NF (95 mV
dec−1) and NiTe (198 mV dec−1), indicating that the HER process follows a Volmer–Heyrovsky
mechanism with optimized catalytic kinetics. For coupling with NiTe-NiCoN catalyst for e�cient overall
water electrolysis, we simultaneously examined the OER activity of the as-prepared NiTe-NiFeN and its
control group. In Figure 4d, NiTe-NiFeN shows exceptional OER activity with a 10 of 211 mV and 500 of
300 mV, which is much better than for NiFeN-NF ( 10 = 259 mV), NiTe ( 10 = 339 mV), and IrO2 ( 10 = 251

mV). Meanwhile, the relatively lowest Tafel slope of NiTe-NiFeN (39 mV dec-1) compared with NiFeN-NF
(51 mV dec-1) and NiTe (124 mV dec-1) directly veri�es the rapid OER kinetics of the heterogeneous
interface and bimetal synergy (Figure 4f). It is worth mentioning that both NiTe-NiCoN and NiTe-NiFeN are
also competitive in recent representative research work (Table S3), and further HER performance of NiTe-
NiFeN and OER performance of NiTe-NiCoN prove the electrocatalytic pertinence (Figure S9).

Further electrochemical analysis were adopted to investigate the properties of all the as-prepared
catalysts. The electrochemical surface area (ECSA) calculated from the double-layer capacitance (Cdl)
was used to evaluate the density of active sites. In Figure S10, the derived values of NiTe-NiCoN and NiTe-
NiFeN are 38.5 mF cm-2 and 37.4 mF cm-2, respectively, which are obviously higher than for NiCoN-NF
(19.1 mF cm-2), NiFeN (29.3 mF cm-2), and NiTe (13.8 mF cm-2). The calculated ECSA values intuitively
illustrate the enlarged active surface area achieved by the unique core-shell structure. Moreover, the
normalized curves also exhibit the best activity of NiTe-NiCoN and NiTe-NiFeN, indicating that factors
other than the active surface area are also criticial. Assuming that all the loaded metal ions functioned as
positive active sites, the turnover frequency (TOF) values were then measured under the HER
overpotential of 150 mV. The calculated TOF of NiTe-NiCoN is 0.314 s−1, which is obviously higher than
those of NiTe (0.006 s−1), NiCoN (0.132 s−1), and NiTe-Ni3N (0.065−1). Under the overpotential of 300 mV,
NiTe-NiFeN exhibits a higher TOF of 0.225 s−1 towards the OER than NiFeN-NF (0.082 s−1) and NiTe
(0.005 s−1), suggesting improved intrinsic activity (Figure S11). Additionally, electrochemical impedance
spectroscopy (EIS) measurements were conducted, and the Nyquist plots are shown in Figure S12. The
corresponding �tting results in Table S4 demonstrate that in the HER, NiTe-NiCoN has a lower charge-
transfer resistance (Rct) of 3.52 Ω than those of NiCoN-NF (6.47 Ω) and NiTe (53.68 Ω). Similarly, in the
OER, NiTe-NiFeN also shows the lowest Rct of 4.64 Ω compared with the other samples (NiFeN-NF: 8.85 Ω,
NiTe: 38.4 Ω), as expected, which can be ascribed to the faster electron transport during the HER and OER
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processes. Impressively, the integrated radar charts of Figure 4c and 4f, taken together, exhibit the
advantages of both NiTe-NiCoN and NiTe-NiFeN, evidently demonstrating the enhanced comprehensive
properties that bene�t from the rational design of the bimetallic composition as well as the suitable
heterostructures. 

Moreover, an electrocatalytic operating durablity assessment was performed by chronopotentiometric
testing under different current densities in 1 M KOH electrolyte. As displayed in Figure 4g and 4h, the best
candidates, NiTe-NiCoN and NiTe-NiFeN. exhibited ultra-long stability at 10, 20. 50, 100, and 500 mA cm-2

without signi�cant attenuation after 60 h of operation. In Figure S13, the polarization curves after the
stability tests also showed well preserved activity, and the collected SEM images com�rmed the good
structural stability. Afterwards, the XPS spectra shown in Figure S14 con�rmed the composition integrity.
Notablely, NiTe-NiCoN and NiTe-NiFeN exhibit obviously decreased surface N and Te distributions, while
the emergence of an -OH peak in the O 1s spectrum at 532.1 eV, accompanying by the hydroxide
evolution of the nickel-based components, identi�es the surface reconstruction evolving the Ni-based
species (NiCo-OH and NiFe-OOH).47,48 Overall, the above-mentioned analyses prove the successful
construction of heterostructured NiTe-NiCoN and NiTe-NiFeN catalyst with promising performance in both
the HER and the OER.

Overall seawater electrolysis performance

In order to overcome the constraints of scarce freshwater resources and expand the environmentally-
friendly process of water electrolysis, we then investigated the HER and OER performance of our samples
in a simulated seawater electrolysis system (1 M KOH + 0.5 M NaCl) and in a real seawater electrolysis
system (1 M KOH+ natural seawater, only after standing still for 12 h) (Figure S15). Under the chloride-
rich conditions, the corrosion polarization curves (Figure S16) demonstrated that the nitride coating could
signi�cantly reduce the corrosion current, which improves the Cl-corrosion resistance to better adapt to
the seawater system. LSV measurements were then performed and are shown in Figure 5a, where NiTe-
NiCoN and NiTe-NiFeN still exhibit HER and OER activity comparable to thosepure alkaline solution and
have better activity than the other samples (Figure 5b and Figure S17), and demonstrate excellent
catalytic performance when working together. The decline of about 50 mV in the HER and OER in alkaline
seawater is due to the hindrance of insoluble impurities (e.g., Ca(OH)2, Mg(OH)2) (Figure S18).8,49

Encouragingly, a non-membraneous two-electrode electrolyzer was built to achieve overall seawater-
alkaline electrolysis, which employted the desirable anodic candidates NiTe-NiFeN and NiTe-NiCoN,
respectively, to promote the concept of sustainable hydrogen production driven by solar/wind power
(Figure 5c). In Figure 5d, the polarization curves of the NiFeN-NiTe || NiCoN-NiTe couple exhibit the same
excellent overall activity in the pure alkaline electrolytes with 1.57 V and 1.75 V required to produce 100
and 500 mA cm-2, respectively, while it also shows similar performance in alkaline simulated seawater
electrolyte. It is noteworthy that this couple required a cell voltage of 1.65 V to deliver 100 mA cm-2, and
1.84 V at 500 mA cm-2 in 1 M KOH + seawater electrolyte with IR compensation. Compared with recently
reported overall electrolysis performances (Figure 5d), the as-constructed couple could be an ideal
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candidate for e�cient hydrogen production.8,13,50-56 The electrocatalytic performance of NiFeN-NiTe ||
NiCoN-NiTe in further high temperature testing (60℃) shows signi�cantly improved catalytic activity,
demonstrating the positive response of reactivity activity to temperature changes, while also suggesting a
new direction for heat utilization (Figure S19). A self-installed solar-powered system was assembled with
an output voltage of 1.9 V (Figure S20a and Video S1) and actuated by a wind-powered system at about
1.7 V (Figure S20b and Video S2). All of these systems realized electrolysis of the seawater
system, demonstrating that these coupled systems have the potential to utilize renewable energy and
provide intermittent storage (solar/wind energy to hydrogen energy).  

In Figure 5e, the fabricated electrolysis system (with or without the seawater medium) drives 10 mA cm-2,
100 mA cm-2, and an industrial current density of 500 mA cm-2 to investigate the long-term
chronopotentiometric response and judge the stability of the catalyst for industrial applications. It can be
easily seen that both systems have ultra-long stability of more than 200 h and that the attenuation is
within 5%. The calculated Faradaic e�ciency (FE) of hydrogen evolution in the simulated seawater full-
cell, as measured by both gas chromatography (GC) and drainage gas collection, was approximately 98
% (Figure 5f), and the volume ratio of the two-pole product was 2:1(Figure S21a). Subsequently, it was
detected by ultraviolet-visible spectroscopy (UV-VIS) that no ClO- was produced after the anode reaction
(Figure S21b), which con�rms the effective inhibition of chlorine oxidation. All these results taken
 together revealed the excellent energy e�ciency and high selectivity in the electrolysis process,
con�rming the feasibility of the system-integration concept to achieve industrial-scale and
environmentally friendly hydrogen production.

Electrocatalytic mechanism analysis

Inspired by this remarkable electrocatalytic performance, density functional theory (DFT) calculations
were performed to theoretically reveal the relationship between the synergistic effects of the
heterostructure and the intrinsic electrocatalytic activity of both NiTe-NiCoN and NiTe-NiFeN. Generally,
the alkaline HER consists of the initial catalyst acting on the H2O, the intermediate H* adsorption, and the
�nal H2 desorption. The water oxidation pathway undergoes four coordinated electron transfer steps and
generates a series of key oxygenated species (OH*, O*, and OOH*, where the active sites are labeled as
*).57-59 Critically, the appropriate atomic sites and interface states determine the reduced thermodynamic
barriers. The optimized kinetic models and the adsorbed con�gurations of the samples to be studied
(NiTe, Ni3FeN, NiTe-NiFeN, NiCo2N, and NiTe-NiCoN) on the heterojunction surfaces are shown in Figure
S22. For the calculated H2O adsorption and the intermediate adsorption energy of H*, NiTe-NiCoN
displays a higher ΔEH2O of -0.61 eV than the NiTe value of -0.11 eV, indicating the strengthened H2O

adsorption for improved water dissociation (Figure S23).60 In Figure 6a, the middle value of the Gibbs
free energy, ΔGH* ≈ 0.41 eV, is better than for NiTe and NiCo2N, illustrating the favorable H* adsorption
kinetics during the HER. In the case of the OER, the Ni site of NiTe undergoes the third electrochemical
step (*O → *OOH) with the largest barrier of 2.32 eV, which is the rate-determining step (RDS) that results
in slow kinetics. In contrast, the RDS of Ni3FeN (O*→OOH*) has a barrier of 1.82 eV on the major Ni sites.
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In the case of the interfacial NiTe-NiFeN, a signi�cantly lower RDS barrier of 1.71 eV illustrates the
optimized OER activity, which is mainly derived from the stronger adsorption of OH* and the favorable
stabilization of intermediates (Figure 6b). To further explore the laws of adsorption energy change, the
density of state (DOS) with the orbitals for different elements was employed for systematic analysis. In
Figure 6c, the heterojunction d-band center is higher than those of NiTe, NiCoN, and NiFeN at the Fermi
level, implying that the heterogeneous interface leads to a more rapid electron exchange at the catalyst–
intermediate interface, as well as enhanced electron transfer ability, the same as in the impedance
analysis. In the simulated electron density distribution (Figure 6d, 6e), obvious electron transfers from
NiCo2N to NiTe and from Ni3FeN to NiTe were examined that were consistent with the above XPS
phenomenon, further indicating the enriched electron and hole distributions on metal nitrides. The charge
distribution between Ni-N-Co and Ni-N-Fe also show a tendency for electrons to move away from the Ni
site and thus gain greater freedom, which favors the optimization of the adsorption energy modulation as
well as surface –OOH reconstruction (Figure S24).

Previous reports have demonstrated the in�uence of electric �eld changes that were guided by
nanostructures on the catalytic activity of the cathode (e.g., the CO2 reduction reaction (CO2RR) and the
HER). As a semi-reaction that limits the e�ciency of water electrolysis, the OER performance, structural
characteristics, and electric �eld distribution should be similarly related, and worth systematic
exploration. In Figure S25, the surface electric �eld distributions (measured by atomic force microscopy
(AFM) and Kelvin probe force microscopy) of the as-prepared NiTe-NiFeN with different calcining
temperatures (400 and 475 °C, respectively) together demonstrated that the heterostructured
electrocatalyst with uneven surface structure enlarges the charge accumulation. We constructed a
simulated electrochemical model of heterostructured nickel telluride and nickel-based nitride based on the
TEM and AFM morphology to reveal their in�uence on anodic catalytic behavior by the �nite-element
numerical method (details in the Supporting Information). Obviously in Figure S26a, the core-shell
structure with nanosheet wrapping results in a more uniform and stronger current response than the
smooth rod surface, which means that the active site is fully mobilized. The calculated diffusion �ux
under the two models indicates that the increase in current density promotes the more rapid
concentration of hydroxide radicals on the electrode surface (Figure S26b). The rich and high-curvature
convex structure will generate a local electrostatic �eld environment, thereby changing the ion migration
and distribution states in the electrocatalytic process, which will have a certain impact towards improved
OER activity as well as selective anode reactions (OER and CER). Therefore, we comparatively studied the
in�uence of different electric �elds on the ion distribution in the Helmholtz layer. It can be seen in Figure
6f and Figure S27 that under the condition of high �eld strength generated by high curvature, the "hot
spot" effect near the electrode area is particularly signi�cant and has more charge accumulation, which
results in enhanced local �eld strength and changes in the anion concentration. Furthermore, the linear
relationship between the position of the Helmholtz layer and the electric �eld intensity, as well as with the
ion concentration (Figure 6g) directly proves the stronger difference in anion concentration near the
electrode surface in the high curvature structure. The OH- concentration is twice as high as that of Cl- (0.2
mol cm-3 compared to 0.1 mol cm-3 at 0.3 V), but the simulated Helmholtz layer under different potentials
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results in the same phenomena for both (Figure S28). OH- radicals have a more rapid transfer process,
which makes the “hot spot” near the electrode area appear in the hydroxide-rich state and occupy more
active sites to ensure rapid oxygen evolution reaction kinetics, as shown in the inset of Figure 6g. At the
same time, this state can also hinder the adsorption of chloride ions, thereby inhibiting the CER as well as
the chlorine corrosion,61. The competition-inhibition effect produced by the nanostructure provides a
guarantee of an e�cient and stable seawater electrolysis process (Figure 6h, Figure S29). To sum up,
competitive theoretical simulation analyses demonstrate the synergetic effect of the heterostructure and
the nanostructure advantage, which together determine the increased electrocatalytic performance.

Conclusions
In summary, we developed delicate electrocatalysts consisting of NiTe-NiCoN and NiTe-NiFeN via an
electrochemical deposition strategy on NiTe nanoarrays to generate precursors and accomplish nitriding
under ammonia atmosphere, to serve as active and stable alkaline seawater splitting electrocatalysts.
The self-supported catalysts exhibited excellent catalytic performance in both alkaline pure water and
natural seawater solutions. The electron modulation, regulating adsorption for the reaction intermediates
and optimizing the RDS, was achieved by interfacial synergy between the metal nitride and the nickel
telluride. The internally supported NiTe facilitates faster electron-mass transport in the electrodes, an
abundant exposed area, and improved wettability as well as rapid gas release pathways. Notably, core-
shell structure with the nanorods covered by nanosheets induces the "hot spot" effect that adjusts the
electric �eld state, which results in hydroxide enrichment to promote HER activity and inhibit the CER
behavior during seawater oxidation. All these ensure that the HER activity and high selective OER can
take place at an industrial operating current density. Inspiringly, NiTe-NiCoN || NiTe-NiFeN couples have
exhibited a record low driving voltage, only requiring 1.84 V at the current density of 500 mA cm-2 for
overall seawater electrolysis. Driven by the solar-powered and wind-powered integrated system, the
overall electrolysis achieved superior stability and high energy e�ciency, paving the way for e�cient and
environmentally friendly hydrogen production.

Experimental Section
Materials and Chemicals:

Sodium selenite (Na2TeO3), hydrazine hydrate (N2H4·H2O, 80%), Ni(NO3)2·6H2O, Fe(NO3)3·9H2O,
Co(NO3)2·6H2O, and KOH were purchased from Shanghai Aladdin Biochemical Technology. Pt/C (20
wt%), IrO2 (99%), and Na�on (5 wt%) were obtained from Johnson Matthey and Dupont, respectively. All
chemicals and reagents were used without further puri�cation. Ni foam (thickness: 1.6 mm, porosity:
~95%) was purchased from Kunshan Longsheng. Deionized (DI) water (resistivity: 18.3 MΩ·cm) was
used for reaction and pure aqueous solution con�guration. The seawater solution used for the tests was
collected from Shenzhen Bay, Shenzhen, Guangdong Province, China.
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Synthesis of NiTe nanorod array. NiTe was prepared on nickel foam through a typical hydrothermal
method 52. A piece of commercial Ni foam (2 × 4 cm2) was cleaned by ultrasonication with acetone and
DI water, respectively, then transferred into a Te�on–lined stainless steel autoclave in 20 ml H2O + 12 ml
N2H4, and kept at 180 ℃ for 24 h. After the reaction, the foam was taken out and washed with deionized
water several times, and then dried at 50 ℃ for 6 h.

Synthesis of NiTe-NiCo(OH)x, NiTe-NiFe(OH)x, NiTe-NiCoN, and NiTe-NiFeN nanorod arrays. To prepare
NiTe-NiCo(OH)x and NiTe-NiFe(OH)x, the NiTe precursor was immersed in 50 ml homogenous aqueous
electrolytes containing Ni(NO3)2·6H2O (0.075 M) and Co(NO3)2·6H2O (0.075 M) or Ni (NO3)2·6H2O (0.06
M) and FeSO4 (0.09 M), respectively. Using a three-electrode system, the electrodeposition potential was
-1 V vs. AgCl/Ag, and Pt foil was employed as the counter electrode. After 90 s, the two products were
dried under the same conditions as above, and then subjected to a mixed gas nitrating treatment at
400℃ for 2 h (120 sccm NH3 + 30 sccm N2) with a 5℃/min heating rate, to �nally obtain NiTe-NiCoN
and NiTe-NiFeN.

Preparation of commercial catalysts on Ni foam. 20 mg of Pt/C and 20 μL of Na�on were dispersed in DI
water (230 μL) and isopropanol (250 μL), before being ultrasonicated for 30 min to form a homogeneous
catalyst ink. The dispersion was then coated onto an Ni foam substrate, which was dried at room
temperature overnight. IrO2 electrodes were obtained by the same method. 

Materials characterization: 

The surface morphology, and elemental composition and distribution of the samples were examined by
scanning electron microscopy (SEM, ZEISS) and transmission electron microscopy (TEM, FEI Tecnai 30)
coupled with energy dispersive X-ray (EDX) spectroscopy. The phase composition of the samples was
characterized by X-ray diffraction (Rigaku D/max 2550 VB +18 kW with Cu Kα radiation) and X-ray
photoelectron spectroscopy (PHI Quantera XPS). X-ray absorption spectra at Ni K-edge was performed on
the BL14W1 beam line at the Shanghai Synchrotron Radiation Facility (SSRF), Shanghai Advanced
Research Institute, China. Scanning Kelvin probe (SKP) measurements (SKP5050 system, Scotland) were
conducted in ambient atmosphere, and gold electrode was used as the reference. The surface potential
was detected with an atomic force microscope equipped with Kelvin probe technology (Bruker, Dimension
Fastscan03040155).

Electrochemical measurements: 

The electrochemical performance was tested on a CHI 660e Electrochemistry Workstation with the
standard three-electrode system. The prepared samples were adopted as the working electrode, a graphite
rod as the counter electrode, and Hg/HgO electrode as the reference electrode. Different electrolytes (1 M
KOH, 1 M KOH + 0.5 M NaCl, 1 M KOH + natural seawater) were adopted with the pH of 13.8. All the linear
sweep voltammetry (LSV) polarization curves were acquired at 2 mV s-1 with 85% IR compensation.
Electrochemical impedance spectroscopy (EIS) measurements were carried out at frequencies ranging
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from 10 to 0.001 Hz at -0.1 V (vs. RHE). The double layered capacitances (Cdl) of these fabricated
electrodes were measured by cyclic voltammetry (CV) curves from -0.1 to 0 V (vs. HgO/Hg) at different
scan rates, and the calculated ECSA was estimated from Cdl/0.04. TOFs calculated by the formula: TOF =
j × S / (z × F × n), where j, S, and F correspond to the current density, geometric area, and Faraday’s
constant (96,485.3 C mol-1) respectively. The z value is 2 and 4 in the HER and the OER, respectively. The
n is the molar amount of sur�cial metals, assuming that every metal atom is involved in the catalysis. 

In the overall two-electrode electrolysis, the as-prepared NiTe-NiCoN and NiTe-NiFeN catalysts were used
as the anode and cathode, respectively. The polarization curves were measured in different electrolytes at
different temperatures (25 and 60 °C), and stability tests were carried out under constant current densities
of 10, 100, and 500 mA cm−2 at room temperature. H2 Faraday e�ciency (FE) is de�ned from the
electrolysis that works at a constant voltage of 2 V (with IR compensation) in a 1 M KOH + 0.5 M NaCl
solution, based on the calculated value of the total amount of hydrogen or oxygen and the total reaction
charge determined by experiments (including gas chromatography and exhaust gas collection).

Theoretical simulation: 

All models were computed based on density-functional theory (DFT), as implemented in the Vienna Ab-
initio Simulation package (VASP), and the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional
was applied within the generalized gradient approximation. The reasonable vacuum layers were set
around 15 Å in the z-direction to avoid interaction between planes. The cut-off energy and the k-point
mesh were 400 eV and 4×4×1, respectively. Geometry optimizations for energy and force were set to 0.02
eV/Å and 10-5 eV, respectively. The Gibbs free energy provides a sign of spontaneous reaction in the OER.
Speci�cally, the Gibbs free energy can be obtained by adding corrections including entropic (TS) and zero-
point energy (ZPE) corrections to calculated DFT energy, so that ΔG = ΔEDFT + ΔZPE – TΔS – eU (5),
where the EDFT is the calculated DFT reaction energy, ΔZPE is the change in ZPE calculated from the
vibrational frequencies, ΔS is the change in entropy, referring to thermodynamics databases, and U is the
Hubbard term. 

COMSOL multiphysics simulations:

The simulation was carried out using the COMSOL Multiphysics �nite-element-based solver. A single
nanowire model with nanosheets randomly distributed on the surface was built up as anode, which
represented the electrocatalytic material that we prepared, while a single nanowire model without
nanosheets was used as the control sample, as is shown in Figure 6f. Electrostatics and Transport of
diluted species modules were coupled together to establish the electrical double layer according to the
Gouy-Chapman-Stern model, which consists of a Helmholtz layer and a diffusion layer, in order to obtain
the electric �eld and ion distribution near the electrodes, as well as the free electron density within the
electrodes, while the Electrochemical module was used to solve for the reaction current density. Details
are shown in the Supporting Information. 
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Figures

Figure 1

a, b Electrocatalytic activity improvement mechanism of the heterostructured nickel-based tellurium and
nitrides. c Schematic illustration of the synthetic processes for the NiTe-NiCoN and NiTe-NiFeN.
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Figure 2

a-c SEM images of NiTe, NiTe-NiCoN, and NiTe-NiFeN. Scale bar, 2 µm (insets: magni�ed images. Scale
bar a 500 nm, b, c 200 nm). d, e TEM and HRTEM images of NiTe-NiCoN and NiTe-NiFeN. Scale bar, 100
nm and 5 nm (insets: partial Fourier transforms). f, g the corresponded HAADF-STEM images and
elemental mappings. Scale bar, 200 nm (insets: EDS line scans).
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Figure 3

a XRD spectra of NiTe, NiTe-NiCoN, and NiTe-NiFeN. b, c Ni 2p and Te 4f XPS spectra comparing NiTe,
NiTe-NiCoN, and NiTe-NiFeN. d, e Co 2p spectra of NiTe-NiCoN and Fe 2p spectra of NiTe-NiFeN, and f the
corresponding N 1s spectra. g Ni K-edge XANES spectra for Ni foil, NiO, NiTe, NiTe-NiCoN, and NiTe-NiFeN.
h Working function spectra comparison.
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Figure 4

a, b HER polarization curves and Tafel slopes of NiTe, NiTe-NiCoN, NiCoN-NF, and Pt/C. c Integrated HER
performance radar chart of the as-prepared samples. d OER polarization curves and e Tafel slopes of
NiTe, NiTe-NiFeN, NiFeN-NF, and IrO2. f Integrated OER performance radar chart of the as-prepared
samples. g, h Chronopotentiometric curves at different current densities (10-500 mA cm-2) of NiTe-NiCoN
and NiTe-NiFeN.
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Figure 5

a HER polarization curves of NiTe-NiCoN and NiTe-NiFeN in different media (1 M KOH, 1 M KOH + 0.5 M
NaCl, 1 M KOH + seawater). b Comparison of the overpotentials of all the as-prepared samples. c
Schematic illustration of an overall seawater splitting electrolyzer that is constructed from NiTe-NiCoN ||
NiTe-NiFeN and driven by a solar/wind powered system. d LSV curves in different media. e Comparison
of electrolysis performance with recent representative works. f Chronopotentiometric curves at different
current densities (10, 100, and 500 mA cm-2). g Faraday e�ciency of H2 generation.
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Figure 6

a Free energy diagrams for H* adsorption of heterostructured NiTe-NiCo2N, NiCo2N, and NiTe,
respectively. b Free energy diagrams at 0 V for the OER process on the heterostructured NiTe-Ni3FeN,
Ni3FeN, and NiTe, respectively. c Projected density of states comparison of Ni, Co, Fe, Te, and N. d, e The
charge density difference in the interfaces of NiTe/NiCo2N and NiTe/ Ni3FeN, respectively. f Comparison
of electric �eld distributions with different nanostructures. Scale bar, 200 nm. g The relationship between
the different anion concentration distributions (Cl- and OH-) and electric �eld strength versus potential
(inset: the calculation area highlighted in the model). h Schematic illustration of the optimal seawater
OER mechanism.
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