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Introduction

Developing NizN/NiO heterostructure catalysts to
enhance the hydrogen evolution reaction in an
alkaline medium via a surface-dependent
mechanism

Fangfang Liu,? Shan Ji,*® Yongwei Li,? Zhihao Fang, 2 @ Vladimir Linkov,®
Yucheng Dong*® and Hui Wang (=) *©

In the construction of sustainable energy systems, the development of efficient and stable electrocatalysts
for the hydrogen evolution reaction (HER) is of crucial significance. This study adopts an in situ oxidation—
nitridation strategy to successfully construct a NisN/NiO heterostructured catalyst with a three-dimensional
hierarchical structure. In this catalyst, NiO promotes the dissociation of water molecules, while NizN facili-
tates the generation and release of hydrogen molecules. The functional differentiation between these two
materials at the interface drives the hydrogen spillover effect, synergistically accelerating the reaction rates
of the basic steps in the HER. Through electrochemical testing, it is found that NisN/NiO/NF exhibits excel-
lent HER performance in 1.0 M KOH solution, requiring only 58 and 98 mV overpotentials to achieve
current densities of 10 and 100 mA cm™2, respectively, with a low Tafel slope of 42 mV dec™t.
Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) analyses confirm the
enhanced capability of this heterostructure in hydrogen adsorption and desorption. Ultraviolet photo-
electron spectroscopy (UPS) and X-ray photoelectron spectroscopy (XPS) tests reveal electron rearrange-
ment at the interface, verifying the existence of hydrogen spillover pathways. Additionally, the superhydro-
philic—superaerophobic wetting characteristics of the catalyst surface help improve the diffusion rate of
reactants and the desorption efficiency of products, thereby further enhancing the overall catalytic stability.

the growth of transition metal-based catalysts on self-support-
ing materials has become an active research topic. Transition

Developing high-performance electrocatalytic materials is one
of the core technologies for achieving industrial-scale hydro-
gen production through water electrolysis. Ideal electrocata-
lysts for water electrolysis should possess key characteristics,
such as high intrinsic activity, good stability, and low cost.
Although noble metal catalysts demonstrate excellent activity
in the hydrogen evolution reaction (HER), their high cost and
resource scarcity severely limit their feasibility in large-scale
applications;'™ meanwhile, traditional powder catalysts often
lead to poor interfacial contact and structural stability issues
due to their reliance on binders.>” Therefore, in recent years,
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metal-based catalysts not only possess good mechanical
strength and structural stability but also enable precise control
of electrocatalytic performance through fine-tuning of their
composition, morphology, and electronic structure. For
example, transition metal nitrides, phosphides, and other
materials exhibit high similarity to noble metal catalysts in
catalytic behavior due to their unique electronic structures,
especially when introducing heteroatom doping, constructing
heterogeneous structures, and inducing defects, which signifi-
cantly enhance their intrinsic catalytic activity.> > Meanwhile,
self-supporting structures help avoid the use of binders,
thereby improving the electron and mass transfer efficiency
and enhancing the electrochemical stability of catalysts."*™"”
Therefore, employing comprehensive strategies of material
component optimization, interface structure regulation, and
conductive carrier design is a feasible approach for construct-
ing efficient and stable HER electrode materials.

The HER involves a series of sequential elementary steps,
each of which is kinetically influenced by the adsorption be-

havior of intermediates.'®'® Therefore, the design of efficient
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electrocatalysts should precisely regulate each elementary
step.”?° Previous studies have shown that the composition
configuration, morphology control, and electronic structure
adjustment of catalysts can significantly affect the rate control
of elementary steps, such as water molecule cleavage, adsorp-
tion of hydrated hydrogen (H,q), and desorption of hydrogen
gas.”’>* Based on this, constructing heterogeneous structures
with interfacial synergistic effects is considered an effective
strategy to enhance HER activity. For example, Zhao et al.*
used Density Functional Theory (DFT) to predict the function
of NiO and experimentally verified by controlling the surface
component ratio of nickel/nickel oxide (Ni/NiO) nanocrystals
that NiO can promote the Volmer step, while Ni is favorable
for the Heyrovsky/Tafel steps. After optimization, when the
nickel/nickel oxide ratio is 23.7%, the adsorption-desorption
steps reach an optimal balance, resulting in the best intrinsic
activity of the nickel/nickel oxide catalyst. Binary catalysts can
also introduce hydrogen spillover effects through hydrogen
transfer between different phases.’®*” Research by Li et al.®®
shows that when the work function difference (A®) between
platinum (Pt) and cobalt phosphide (CoP) is small, the proton
adsorption potential at the interface is reduced, thereby pro-
moting hydrogen transfer (spillover) between the two phases.
By adjusting the A@ values between platinum and different
metals (such as rhodium (Rh), palladium (Pd), etc.), fine
tuning of HER kinetics can be achieved. Their results show
that PtIr/CoP exhibits the best HER activity when A@ is
minimal. The introduction of hydrogen spillover significantly
accelerates the transfer rate of hydrogen atoms in the reaction,
improving the overall reaction rate. Evidently, by regulating the
composition and structure of catalysts, the intrinsic activity of
the hydrogen evolution reaction can be enhanced.

It must be pointed out that enhancing intrinsic activity is
not the only factor of concern in the industrialization process
of the HER. In practical applications, catalysts still need to
maintain excellent performance under high current density
conditions, and at this point, the rapid transport of reactants
and effective detachment of product bubbles become core
issues.>** Hydrophilic surfaces facilitate the diffusion and
adsorption of water molecules, while gas-phobicity is ben-
eficial for the rapid release of bubbles and re-exposure of
active sites.>*™” The super gas-philic/gas-phobic synergistic
electrode (SAL/SAB) constructed by Zhang et al.*® significantly
improved the hydrogen diffusion efficiency by regulating the
gas wettability of the electrode surface, achieving a high HER
current density of 1867 mA cm™> at an overpotential of only
500 mV. Therefore, designing catalytic materials with high
activity and advanced surface properties can achieve synergis-
tic enhancement of reaction kinetics and mass transport kine-
tics, thereby accelerating the HER reaction rate.

Based on the above research progress and challenges, this
study designed and synthesized a self-supporting heterostruc-
tured catalyst composed of Ni;N and NiO. This catalyst’s struc-
ture combines the excellent performance of NiO in water dis-
sociation with the significant advantages of Ni;N in hydrogen
adsorption. Through precise regulation of the two-phase inter-
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face, a work function difference was formed. This approach
successfully induced directional hydrogen spillover pathways
at its heterogeneous interface, achieving fine regulation of the
synergistic catalytic effect throughout the HER process.
Through detailed morphology control, comprehensive struc-
tural characterization, extensive electrochemical performance
testing, and in-depth in situ spectroscopic analysis, this study
thoroughly reveals the electronic behavior and kinetic mecha-
nisms of the Niz;N/NiO interface in promoting hydrogen
adsorption, transfer, and desorption processes, and verifies
the excellent catalytic activity and stability exhibited by this
material at high current densities.

Experimental section
Pre-treatment of nickel foam

Nickel foam of size 2 x 3 cm” was immersed in 3 M hydro-
chloric acid solution and ultrasonically treated for 15 minutes
to remove its surface oxide layer. The treated nickel foam was
washed sequentially with ultrapure water and ethanol, fol-
lowed by vacuum drying at 60 °C.

Preparation of Ni;N/NiO/NF

The pretreated nickel foam was immersed in 20 mL of dilute
hydrochloric acid solution with a concentration of 3.6 x 107°
M. The solution was then transferred to a 100 mL autoclave
and maintained at 100 °C for 20 hours. After that, the sample
was washed with ultrapure water and vacuum-dried at 60 °C.
The resulting sample was labeled as Ni(OH),/NF. The as-pre-
pared Ni(OH),/NF was placed in a porcelain boat and inserted
into a tube furnace. It was heated to 350 °C at a rate of 10 °C
min~' and held at this temperature for 120 minutes. The
sample obtained through this process was denoted as NiO/NF.
Subsequently, the prepared NiO/NF was put in a porcelain
boat and again moved into the tube furnace. The furnace was
first purged with N, for 15 minutes to completely remove air,
after which NH; gas was introduced and maintained for
15 minutes at a flow rate of 20 mL min™*. The temperature was
then raised to 350 °C, 400 °C, 450 °C, and 500 °C at a heating
rate of 10 °C min~", with a holding time of 60 minutes for
each temperature. The final products were labelled as Ni;N/
NiO/NF-350, Ni;N/NiO/NF, Ni;N/NiO/NF-450, and Ni;N/NiO/
NF-500, respectively.

Physical characterization

The morphology of the as-prepared materials was thoroughly
examined using a Carl Zeiss Ultra Plus field-emission scanning
electron microscope (SEM). The contact angle of bubbles
under the electrolyte was accurately measured via the captive-
bubble method using a 25-gauge needle with a CAST 3.0
system, and the data were fitted using the Axisymmetric Drop
Shape Analysis-Young-Laplace method. The wettability of the
electrolyte was determined at 0.8 cm using the pendant drop
method. X-ray diffraction (XRD) analysis was performed using
a Shimadzu XD-3A instrument equipped with a source of fil-
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tered Cu-Ko radiation (4 = 0.15418 nm), operating at 30 mA
and 40 kv. The XRD patterns were recorded at a rate of 5°
min~" over the 260 range of 30-90°. Transmission electron
microscopy (TEM), high-angle annular dark-field scanning
TEM (HAADF-STEM) imaging, and selected-area electron diffr-
action (SAED) analysis were carried out using a JEOL JEM-2000
FX microscope operating at 200 kV. X-ray photoelectron spec-
troscopy (XPS) analysis was performed using a VG Escalab210
spectrometer equipped with an Mg 300 W X-ray source. The
nitrogen content of the samples was determined using an
ONH-3000 oxygen, nitrogen, and hydrogen analyzer. The ultra-
violet photoelectron spectra (UPS) of the samples were
recorded with Hel irradiation of v = 21.21 eV using a Thermo
Fisher ESCALAB 250Xi spectrometer.

Electrochemical characterization

The electrochemical measurements in this study were conducted
using a CHI760e electrochemical workstation using Hg/HgO as
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the reference electrode and a graphite rod as the counter elec-
trode. The measured potentials were converted to the reversible
hydrogen electrode (RHE) using the equation Erpg = Engmgo +
0.059pH + 0.098 V. Linear sweep voltammetry (LSV) was per-
formed at a scan rate of 5 mV s™*, and all polarization curves
were iR-compensated (95%). Electrochemical impedance spec-
troscopy (EIS) measurements were carried out within a frequency
range from 0.01 Hz to 100 kHz. The electrochemical double-
layer capacitance (Cyq;) of the samples was determined by cyclic
voltammetry (CV) within a non-faradaic potential window. The
potential-time response was recorded via chronopotentiometry
(CP) at a current density of 10 mA em™> for 10 hours.

Results and discussion

Fig. 1a illustrates the synthetic process of the self-supporting
three-dimensional heterostructured Ni;N/NiO/NF catalyst.

Nitridation

Ni,N/NiO/NF

Fig. 1 (a) Schematic diagram of the synthesis process of the self-supporting heterostructured NisN/NiO/NF catalyst. (b) XRD pattern of the NizN/
NiO/NF material. (c and d) SEM images, (e) TEM image, and (f and g) HR-TEM images of NizsN/NiO/NF.
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Based on our works,*® this study employed an in situ acid
etching technique to prepare the Ni;N/NiO/NF catalyst. By con-
trolling the pH value during the hydrothermal reaction, the
displaced Ni** ions are deposited on the smooth nickel foam
substrate (Fig. S1), forming uniform and smooth Ni(OH),
nanosheet structures (Fig. S2 and S3a-c). From the SEM
images of the NiO/NF sample (Fig. S3d-f), it is evident that the
nanosheet structure does not undergo significant changes
after oxidation treatment. This oxidation process serves a dual
purpose: it preserves the nanosheet integrity during nitriding
(Fig. S4 shows severe damage to the NizN/NF morphology) and
enhances the material’s surface energy. Subsequently, anneal-
ing at 400 °C under an ammonia atmosphere aims to reduce
part of the NiO to NizN. The XRD pattern (Fig. 1b) clearly indi-
cates the diffraction peaks of Ni;N (PDF# 10-0280) and NiO
(PDF# 47-1049) in addition to Ni peaks, confirming the suc-
cessful synthesis of the heterostructured Niz;N and NiO on the
nickel surface. The nitriding temperature significantly affects
the morphology of the product nanosheets. When the nitrid-
ing temperature is between 350 °C and 400 °C, the Kirkendall
effect promotes Ostwald ripening, causing nanoparticles to
aggregate on the nanosheet surface, forming an uneven nano-
particle structure. During this process, the NiO substrate sep-
arates from the NizN nanoparticles, and the roughness of the
nanosheets gradually increases (Fig. S5a-c and Fig. 1c and d).
However, when the nitriding temperature is increased to
450 °C and then 500 °C, the erosion effect of ammonia on the
nanosheets causes the structure to gradually deteriorate until
it essentially disappears (Fig. S5d-i). To further investigate the
changes in crystal structure during the preparation process,
XRD analysis was performed. The temperature gradient shown
in Fig. S6a indicates that only the Ni;N/NiO/NF sample clearly
shows the coexistence of Ni;N and NiO. By comparing the XRD
patterns of Ni;N/NiO/NF, NizN/NF, NF-N, and NiO/NF
(Fig. Séb), it was found that the diffraction peak positions of
Ni3;N and NiO remained almost unchanged, further confirm-
ing the separation of the NiO substrate from the NizN
nanoparticles.

The Transmission Electron Microscopy (TEM) technique
was used to investigate the microstructural and compositional
changes of catalyst materials before and after nitridation. As
shown in Fig. S7a-c, the nanosheets of the NiO/NF material
exhibit highly flat and smooth surfaces. In the High-
Resolution Transmission Electron Microscopy (HR-TEM)
images, lattice fringes corresponding to the (111) crystal plane
of NiO are clearly visible. Selected Area Electron Diffraction
(SAED) analysis revealed six diffraction rings pointing to NiO
crystal planes (Fig. S7d), while Energy Dispersive X-ray (EDX)
analysis (Fig. S7e) further confirmed the presence of O and Ni
elements in the material. After nitridation treatment, Ostwald
ripening was observed, with atoms agglomerating and sinter-
ing to form nanoparticles, while simultaneously creating
porous structures on the nanosheet surface (Fig. le). At this
stage, the porous structure between nanosheets and nano-
particles endowed the catalyst surface with rich interfacial
characteristics, while the electrode material as a whole exhibi-

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

ted a three-dimensional structure (Fig. 1f). The HR-TEM image
of Ni;N/NiO/NF reveals that the size of the nanoparticles is
approximately 6 nm, with internal lattice fringes of 0.23 nm
corresponding to the Ni3N(110) crystal plane. The lattice
fringes with a spacing of 0.24 nm in the nanosheet region
outside the nanoparticles are attributed to the NiO(111) crystal
plane, with a distinct heterostructure interface between the
two phases (Fig. 1g). Five concentric circles appearing in the
SAED pattern correspond to different crystal planes of NiO and
Ni;N (Fig. S8a). EDX analysis further confirmed the presence
of Ni, N, and O elements in the sample (Fig. S8b). Elemental
mapping analysis showed that Ni and O elements are densely
distributed, while N elements are distributed in a dotted
pattern, which may correspond to the nanoparticles in the
TEM image, i.e., the Ni;N phase. Meanwhile, the vacant areas
in the elemental mapping represent the presence of porous
structures (Fig. S8c-f).

To evaluate the HER activity of the synthesized binary het-
erostructured catalytic materials, a three-electrode system was
employed in this study to conduct linear sweep voltammetry
(LSV) tests in 1.0 M KOH electrolyte. As shown in Fig. 2a, com-
pared to NF, Ni(OH),/NF, NiO/NF and Ni;N/NF without oxi-
dation treatment, NizN/NiO/NF exhibited the highest HER
activity. Additionally, as shown in Fig. S9, among the samples
prepared at different temperatures, the Ni;N/NiO/NF syn-
thesized at 400 °C exhibited the best performance. For quanti-
tative comparison of catalytic activity, overpotential histograms
at current densities of 10 and 100 mA cm™> were plotted
(Fig. 2b), showing that Niz;N/NiO/NF required overpotentials of
only 58 mV and 98 mV to reach these current densities,
respectively. By fitting the Tafel curves to the Faraday region of
the LSV plots (Fig. 2¢), the HER kinetic characteristics of these
prepared samples were evaluated. Compared to NF, Ni(OH),/
NF, and NiO/NF, which are controlled by the Volmer step,
Ni;N/NiO/NF and Ni;N/NF exhibited faster kinetics associated
with the Heyrovsky step, indicating that the adsorption of
active hydrogen at reaction centers is not the key factor deter-
mining HER rate, whereas the hydrogen-desorption process
begins to act as the bottleneck limiting the overall reaction
rate. Among these samples, Ni;N/NiO/NF showed a Tafel slope
of 42 mV dec™", approaching the Tafel step. Since NiO in the
binary catalyst has difficulty adsorbing the hydrogen inter-
mediate H,q (controlled by the Volmer step), this suggests that
the Niz;N/NiO/NF material with its binary heterostructure exhi-
bits faster hydrogen-desorption capability compared to the
single-phase Ni;N/NF sample.

By recording CV curves at different scan rates (Fig. S10 and
S11a), this study calculated the electrochemical double-layer
capacitance values to evaluate the electrochemically active
surface area (ECSA) of these samples. As shown in Fig. 2d, the
double-layer capacitance (Cq;) values of NizN/NiO/NF, NizN/NF,
Ni(OH),/NF, and NF were 2.13, 2.51, 1.22, and 1.00 mF cm™2
respectively (NiO/NF was not included due to its redox reac-
tions in this scan region). The Cg4; values of samples prepared
at different nitridation temperatures were generally consistent
with the SEM results (Fig. S11b). Based on the calculations,
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Fig. 2 (a) Linear sweep voltammetry (LSV) curves of NF, Ni(OH),/NF, NiO/NF, NizN/NF, and NizN/NiO/NF in 1 M KOH solution. (b) Bbar chart
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50 mV s~ (h) Turnover frequency (TOF) curves of NizN/NF and NisN/NiO/NF.

the ECSA values are shown in Table S1, with the Ni;N/NiO/NF
and Ni;N/NF materials exhibiting similar ECSA values. Further
calculation of the specific activity per area as shown in Fig. S12
reveals that Ni;N/NiO/NF still demonstrates high activity in the
HER, thus excluding the potential influence of the ECSA on
HER activity performance.

If NizN/NiO/NF is assumed to exhibit synergistic catalytic
effects, its hydrogen adsorption and desorption characteristics
would differ significantly from those of other -catalytic
materials. The aforementioned hypothesis can be verified by
in situ monitoring of hydrogen adsorption and desorption be-
havior of the catalyst. An in-depth investigation of the hydro-
gen adsorption characteristics of the catalytic material was
first conducted in this study. Electrochemical impedance spec-
troscopy (EIS), as an effective means to understand electro-
chemical reaction kinetics, is particularly suitable for studying
the adsorption and desorption kinetics of reactants on elec-
trode surfaces.>>*® Fig. 2e shows the Nyquist plots of Ni;N/
NiO/NF in the range of 10-40 mV, and the corresponding Bode
plots reveal two time constants (Fig. 2f), each corresponding to

41,42

a physical phenomenon or reaction process. The character-

4836 | Dalton Trans., 2026, 55, 4832-4840

istics of the two relaxation processes are located at frequencies
of 107" Hz and 10" Hz, respectively, simulated using a dual
time constant parallel model. This model consists of a series
resistance Ry and a dual parallel branch, where Ry in the high-
frequency region represents the basic solution resistance. The
first parallel component (CPE-R.) in the parallel branch
reflects the charge transfer process of the catalyst in the mid-
frequency region, while the second parallel component (C,
and R,) reveals the hydrogen adsorption behavior on the cata-
lyst surface in the low-frequency region.*>*> As shown in
Fig. S13 and 14, other catalysts did not show significant hydro-
gen adsorption-related responses, indicating that hydrogen
adsorption had reached saturation at very low potentials (when
lacking responses related to hydrogen adsorption, the catalysts
were simulated using single time constant models and dual
time constant series models, respectively). The fitted para-
meters are shown in Tables S2-S4. At the same potential, all
catalysts have similar Ry values, indicating that the test con-
ditions are basically consistent. Additionally, the charge trans-
fer resistance R.. values of different catalysts correspond to
their HER performances, with the smallest R, value indicating

This journal is © The Royal Society of Chemistry 2026
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that Ni;N/NiO/NF has a highly conductive network, thereby
providing fast charge transfer kinetics for the HER. On the
other hand, the integral of C, and 5 can quantitatively describe
the hydrogen adsorption charge (Qy) on the catalyst surface.
Compared with catalysts such as Ni;N/NiO/NF, NiO/NF, NF, Ni
(OH),/NF, NizN/NiO/NF-350, NizN/NiO/NF-450, and NizN/NiO/
NF-500, the Ni;N/NiO/NF catalyst with its obvious hydrogen
adsorption response clearly exhibits an abnormally high
amount of hydrogen adsorption, which may be due to the re-
exposure of adsorption sites caused by the hydrogen spillover
effect, significantly increasing the amount of hydrogen adsorp-
tion on the catalyst surface. Notably, at different potentials,
the first parallel component of Ni;N/NiO/NF remains basically
unchanged, while the second parallel component gradually
decreases as hydrogen adsorption gradually reaches
saturation.

Furthermore, the hydrogen desorption characteristics of the
prepared catalysts were investigated by cyclic voltammetry
(CV). As shown in Fig. 2g, the peak observed in the potential
range of —0.7 to —0.6 V (vs. Hg/HgO) can be attributed to the
hydrogen desorption peak.’®*” For the NiO/NF, Ni(OH),/NF,
and NF samples, the intensity of the hydrogen desorption
peak is extremely weak, consistent with their poor Tafel kine-
tics, indicating their limited hydrogen adsorption/desorption
capacity. In contrast, the Ni;N/NF and Ni;N/NiO/NF samples
exhibit pronounced hydrogen desorption peaks. When com-
paring the two, the NizN/NiO/NF sample exhibits a signifi-
cantly higher hydrogen desorption peak intensity. Integration
analysis of the desorption peak region reveals that the inte-
grated areas for Ni;N/NiO/NF and Ni;N/NF are 1.97 and 1.14,
respectively. The nearly doubled hydrogen desorption capacity
of the Ni;N/NiO/NF catalyst provides clear evidence that excess
adsorbed hydrogen atoms (H,q) on the active NizN sites are
diverted to another pathway—spillover to the NiO phase. This
phenomenon indicates the occurrence of a hydrogen spillover
effect in the Niz;N/NiO/NF material.

To gain better insight into the intrinsic reaction perform-
ance of the catalytically active sites, oxygen-nitrogen-hydrogen
(ONH) analysis was performed on these catalysts (Table S5),
and their turnover frequency (TOF) was calculated to character-
ize the number of H, molecules generated per active site per
second. This further eliminated the potential influence of the
number of active sites on HER activity. As shown in Fig. 2h, at
an overpotential of 53 mV, the TOF value of Niz;N/NiO/NF
reached 2.36 s, compared to 1.84 s—* for Ni;N/NF. Although
the number of active sites in NizN/NiO/NF was approximately
30% lower than that in NizN/NF, its turnover frequency
increased by 30%. This result strongly demonstrates the
higher hydrogen conversion efficiency of NizN in NizN/NiO/NF.
A comparison of Fig. S15 and Table S6 shows the performance
and Tafel slopes of various electrode materials, demonstrating
that the Ni;N/NiO/NF electrode outperforms or is in a superior
position compared to the electrodes reported in other pub-
lished studies.

Surface charge distribution plays a critical role in catalytic
processes, particularly in binary heterostructures where charge

This journal is © The Royal Society of Chemistry 2026
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transfer mechanisms at interfacial regions significantly influ-
ence catalytic activity. According to solid-state band theory,
electron transfer phenomena are closely related to the work
function of materials. At heterointerfaces with distinct Fermi
level differences, Schottky heterostructures readily form, facili-
tating the migration of active H,q from hydrogen-rich to hydro-
gen-deficient regions, thereby inducing hydrogen spillover. To
validate the possibility of hydrogen spillover, ultraviolet photo-
electron spectroscopy (UPS) was performed on the relevant
materials, and the individual ionization energy values, equi-
valent to the work function (&) in metallic materials, were
compared.’®*® As shown in Fig. 3a and b, the work functions
of NizN/NF and NiO/NF were estimated to be 7.01 eV and 7.61
eV, respectively, satisfying the conditions for forming a
Schottky barrier band structure. As shown in Fig. 3c, upon
contact between the heterogeneous components, the energy
bands of the NiO phase bend downward, and electrons redis-
tribute at the interface until the Fermi levels of the two com-
ponents equilibrate.’®*" Specifically, in the NizN/NiO/NF
system, self-driven electron transfer at the heterointerface
leads to an increased Ni valence state on the Niz;N side and a
decreased Ni valence state on the NiO side. Consequently, a
local nucleophilic region forms in the NiO domain, while a
local electrophilic region forms on the Ni;N side.

X-ray photoelectron spectroscopy (XPS) was subsequently
used to verify the valence state changes caused by charge reor-
ganization. Specifically, a comparative analysis of high-resolu-
tion Ni 2p;/, N 1s, and O 1s XPS spectra was performed on
three catalysts: Niz;N/NiO/NF, Ni;N/NF, and NiO/NF. The XRD
analysis results were consistent with the XPS full spectrum
analysis, both confirming the presence of Ni, O, and N
elements in Niz;N/NF and Ni;N/NiO/NF, while the NiO/NF
sample contained only Ni and O elements (Fig. S16 and 17).
The electron transfer phenomenon between binary com-
ponents was further explored using high-resolution Ni 2p;,
spectra. The Ni 2p3/, spectrum of Niz;N/NiO/NF exhibited three
spin-orbit peaks and one satellite peak, mainly composed of
Ni** (855.31 eV), Ni'* (853.76 eV), and Ni’ (852.85 eV)
(Fig. 3d).>>>* Notably, due to the imbalance of Fermi levels
between the Ni;N and NiO phases, self-driven electron transfer
occurred from the NizN phase to the NiO phase. Compared
with Ni'* (853.37 eV) and Ni’ (852.40 €V) in the Ni;N/NF
sample, Ni'* and Ni° in Niz;N/NiO/NF shifted toward higher
binding energies by 0.39 eV and 0.45 eV, respectively.
Compared to the Ni*" peak (855.38 eV) in the NiO/NF sample,
the Ni** peak in the Ni;N/NiO/NF sample shifts by 0.08 eV
toward lower binding energy. Similarly, as shown in Fig. 3e,
the high-resolution N 1s spectra of the Ni;N/NiO/NF and NizN/
NF samples could be fitted into three peaks: 397.57 eV, 398.03
eV, and 398.49 eV, corresponding to N-M, N-O, and N-H,
respectively.>*® Compared with N-M (397.57 eV) in the Ni;N/
NF sample, N-M (398.03 eV) in the Ni;N/NiO/NF sample
shifted toward higher binding energy by 0.46 eV, consistent
with the trend of changes in Ni'* and Ni% In the O 1s spec-
trum (Fig. 3f), the peaks of the Ni;N/NiO/NF and NiO/NF
samples corresponded to M-O (Oy), O-containing groups (Oy),
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and O in adsorbed H,O and O, (Oy;).>”*® Similar to the trend
of Ni**, O-M (529.20 eV) in the Niz;N/NiO/NF sample also
shifted toward lower binding energy by 0.13 eV. These results
indicate that in binary components, as the electron density of
Ni;N decreased, its oxidation state increased, while as the elec-
tron density of NiO increased, its oxidation state decreased.
Based on the UPS analysis results, Ni;N and NiO formed a
Schottky heterostructure, confirming the possibility of spon-
taneous electron transfer between the Niz;N phase and the NiO
phase in the binary heterogeneous catalyst structure, where
the Ni;N phase acted as an electron donor and the NiO phase
as an electron acceptor (Fig. 3g).

Based on the hypotheses of this study, the theoretical
process is speculated as follows: in the Ni;N/NiO hetero-
structure, due to the significant difference in work functions
between the two phases, a Schottky barrier is formed, leading
to directional electron transfer at the interface. This electron
redistribution phenomenon increases the electron density on
the NiO side, exhibiting stronger hydrogen adsorption capa-
bility, while the Ni;N side shows electrophilicity, which is
favorable for hydrogen desorption reactions. In alkaline elec-
trolyte environments, water molecules first dissociate on the

4838 | Dalton Trans., 2026, 55, 4832-4840

NiO surface, forming OH™ and H,q4, corresponding to the
Volmer step. Subsequently, the H,q accumulated on the NiO
surface undergoes spillover under the influence of interfacial
charge, migrating from the NiO surface to the Ni;N surface.
During this process, Hyq is adsorbed by Ni3;N to form inter-
mediates due to electrostatic interactions. Meanwhile, the
surface structure and electronic environment of Niz;N are more
conducive to the Heyrovsky or Tafel steps, in which two H,q
species either combine or react with electrons and water mole-
cules in solution, ultimately generating hydrogen gas, which is
released.

The electrochemical stability of these prepared catalysts was
evaluated using chronopotentiometry (CP) at a constant
current density (10 mA cm™?). As shown in Fig. 4a, Ni;N/NiO/
NF exhibited minimal potential decay during 10 hours of con-
tinuous operation. Furthermore, repeated linear sweep voltam-
metry (LSV) tests also confirmed that the catalyst showed a
decay of only 7 mV at 100 mA cm™> after 10 hours of CP
testing (Fig. 4b). This may be attributed to the excellent wett-
ability characteristics of the Ni;N/NiO/NF electrode surface.
The contact angle test results showed that after structural and
compositional modifications, the electrode surface gradually

This journal is © The Royal Society of Chemistry 2026
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NiO/NF and (d) an image of the hydrogen evolution process at a current
density of 50 mA cm™2.

developed superhydrophilic and superaerophobic character-
istics (Fig. S18 and 19 and Fig. 4c and d). These surface
properties help facilitate rapid diffusion and adsorption of
water molecules, enabling efficient detachment of hydrogen
bubbles, thereby avoiding the shielding of active sites by
bubbles and improving the reaction efficiency. Meanwhile,
the hydrogen evolution video of the electrode shown in the
figure indicates that compared to electrodes such as NF,
bubbles on the Ni;N/NiO/NF electrode surface can detach at
high frequency with small sizes, minimizing mechanical
structural damage. The XRD and SEM images shown in
Fig. S20 further demonstrate that in addition to maintaining
catalytic activity, the Niz;N/NiO/NF electrode also exhibits
good stability in terms of mechanical structure and compo-
sitional components.

Conclusions

A 3D NizN/NiO/NF heterostructured electrode was developed
in this study and its synergistic catalytic mechanism was inves-
tigated for the alkaline HER. The Niz;N/NiO heterostructure
leverages the catalytic advantages of NiO in water dissociation
and Ni3;N in hydrogen adsorption and desorption, with the
hydrogen spillover effect playing a critical role at the heteroin-
terface. Electrochemical tests demonstrated the excellent cata-
lytic activity and stability of Ni;N/NiO/NF, requiring only 58
and 98 mV overpotentials to achieve current densities of 10
and 100 mA cm 2, respectively, with a low Tafel slope of 42 mV
dec™'. Additionally, the superhydrophilic-superaerophobic
interface significantly improved reactant diffusion and product
desorption, ensuring long-term stability under operating con-
ditions. This work highlights the potential of NizN/NiO hetero-
structures as efficient and stable HER catalysts and provides

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

valuable insights into the design of advanced materials for
industrial-scale water electrolysis.
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