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ABSTRACT

Hydrogen production through alkaline water electrolysis requires electrocatalysts with high intrinsic activity,
structural robustness, and scalable fabrication capability. Herein, we report a plasma-induced surface recon-
struction strategy for directly growing vertically aligned Ni@NisN nanocolumn arrays on nickel foam, enabling
simultaneous structural regulation and interfacial electronic modulation during alkaline HER. Distinct from
conventional surface nitridation, the plasma-assisted process promotes the spontaneous self-assembly of dense
nanocolumn architectures with a nitrided layer thickness of approximately 50-80 nm, while maintaining inti-
mate electronic interaction between the nitrided surface and metallic substrate. The integrated architecture
maximizes active-site exposure and facilitates charge redistribution at the Ni/NisN metal-nitride interface,
thereby accelerating reaction kinetics. As a result, the optimized electrode exhibits an overpotential of 64 mV at
10 mA cm™2 and a Tafel slope of 36 mV dec! in 1 M KOH, with negligible activity decay after 72 h of continuous
operation. Density functional theory calculations reveal that the electronic interaction between metallic Ni and
surface NigN modifies the electronic states near the Fermi level and optimizes hydrogen adsorption thermody-
namics compared with pristine NigN. Furthermore, the vertically aligned nanocolumn architecture promotes
rapid electron transport and efficient bubble release. This work provides insight into plasma-induced interfacial
reconstruction for nitride electrocatalysts for designing high-performance self-supported nitride electrocatalysts.

1. Introduction

metal platinum-based catalyst is the best hydrogen evolution reaction
(HER) catalyst with low overpotential, high exchange current density

In the context of the transformation of the global energy system to
low-carbon, hydrogen energy is a clean and efficient secondary energy
carrier, and its efficient preparation technology is the key to promote the
transformation of energy structure [1,2]. At present, the production
methods of hydrogen include chemical reforming, biological hydrogen
production and water electrolysis [3-5]. Among them, the hydrogen
evolution reaction of electrolytic water is considered to be the core path
of green hydrogen production. However, it is difficult to achieve high
energy conversion efficiency by simply relying on the electrochemical
process of water reduction and hydrogen evolution [6,7]. The noble
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and significant reaction stability, which can effectively reduce the en-
ergy barrier of hydrolysis dissociation and improve the reaction rate
[8-10]. However, its high cost and scarce reserves seriously restrict its
large-scale application. Therefore, the development of efficient, stable
and low-cost non-precious metal catalysts has become the focus of
research in recent years [11,12].

Transition metals such as Ni, Co, Cu, W and Mo with price advan-
tages have been proved to have good catalytic activity for hydrogen
production from electrolytic water [13-15]. Transition metal-based
catalysts encompass various compounds such as sulfides, borides,
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carbides, and nitrides [16-20]. Among these, metal sulfides often suffer
from poor electrical conductivity and tend to undergo volumetric
expansion during operation. Metal borides pose challenges in terms of
synthesis, while metal carbides generally exhibit inadequate corrosion
resistance and are prone to detachment. Metal oxides, on the other hand,
are limited by their low conductivity. In contrast, transition metal ni-
trides (TMNs) have attracted increasing attention for alkaline HER
because their tunable electronic structures and metallic conductivity can
regulate interfacial charge-transfer processes and adsorption behavior of
reaction intermediates [21,22]. Compared with transition metal-based
materials such as Co, Fe and Mo, the Gibbs free energy (AG) of
nickel-based catalysts for HER changes less, and the overpotential of
nickel-based catalysts for HER is lower at the same current density [23].
Doping other elements can regulate the electronic structure of
nickel-based catalysts, thereby further improving the activity and sta-
bility of the catalyst. Another design strategy for transition metal nitride
catalysts is to change the structure of the catalyst and enhance the cat-
alytic activity by exposing more active sites, such as building nano-
sheets, nanowires and nanoarrays [13,24].

The design of electrocatalytic materials with unique nanostructures
can effectively increase the number of surface-active sites, enhance the
intrinsic activity of these sites, and improve electrical contact. To ach-
ieve better dispersion of the active catalytic materials, researchers
typically employ porous conductive substrates, such as nickel foam
(NF), iron foam, and carbon fiber materials, for loading the active sub-
stances [25,26]. These substrates possess excellent conductivity, high
specific surface area, and mechanical stability, which effectively prevent
the aggregation and deactivation of catalytic species, increase the con-
tact area with the electrolyte, and enhance mass and charge transfer
efficiency. Furthermore, materials grown in-situ on the substrate exhibit
a self-supporting nature, allowing them to be directly used as electrodes
for water electrolysis. This eliminates the need for binders, such as
Nafion, thereby reducing additional electrical resistance and the
blocking of active sites that can hinder the catalytic process. Concur-
rently, the strong interaction between the in-situ grown material and the
substrate contributes to superior mechanical stability, preventing
detachment during long-term catalytic operation and thereby further
enhancing overall durability. Zhao et al. [27] prepared a
three-dimensional hierarchical catalyst based on Ni, Fe, and Co metals
via a straightforward hydrothermal and electrodeposition method. The
resulting electrode features a triple-layer porous architecture: a micro-
porous nickel foam substrate (pore size ~500 pm) at the bottom,
vertically aligned microporous NiCo,04 nanosheets (~500 nm pores)
grown in-situ as the intermediate layer, and mesoporous NiFe hydroxide
nanosheets (~5 nm pores) in-situ grown as the top layer. This hierar-
chical nanostructure is binder-free, which maximizes the exposure of
active catalytic sites, enhances mass and charge transfer, and facilitates
the efficient release of gases generated during water electrolysis, thereby
preventing the isolation of active sites from the electrolyte. When
employed as a cathode for the hydrogen evolution reaction, the catalyst
achieves a current density of 10 mA-cm2 at a moderate overpotential of
105 mV, along with remarkable stability during prolonged operation in
alkaline electrolyte. In contrast to conventional hydrothermal or ther-
mal nitridation synthetic routes, plasma nitridation enables the
controllable construction of nickel-based nitride catalytic electrodes on
NF substrates. This technique utilizes highly reactive nitrogen plasma
species to achieve rapid nitridation at relatively low temperatures,
preserving the structural integrity of pre-grown nanostructures while
allowing precise control over phase composition and morphology,
thereby addressing the challenges of structural damage and poor syn-
thetic controllability inherent to traditional nitridation methods [28].
Although Ni/NisN heterostructures and self-supported nickel nitride
nanoarrays have been reported, most existing synthetic routes involve
multi-step procedures: pre-growth of nanostructured precursors fol-
lowed by thermal or plasma nitridation. These methods often suffer from
limited control over nitridation depth, possible structural damage
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during high-temperature treatment, and the need for additional metal
sources [29]. Similarly, plasma-nitrided Ni-based catalysts reported to
date frequently contain binary or ternary alloy components, making it
difficult to isolate the specific role of the Ni/NisN interface. By simply
tuning the substrate bias voltage during plasma nitridation, commercial
nickel foam can be directly transformed into vertically aligned Ni@NisN
nanocolumns without any template or precursor, thus providing a facile
and controllable route for fabricating high-performance self-supported
nitride electrodes.

In this work, plasma nitridation was employed to induce surface
reconstruction on nickel foam, forming vertically aligned Ni@NisN
nanocolumn electrodes with coupled structural and interfacial elec-
tronic features. Combined electrochemical analysis and DFT calcula-
tions reveal that the reconstructed Ni/NisN interface regulates
electronic states near the Fermi level and modulates hydrogen adsorp-
tion free energy, thereby facilitating alkaline HER electrocatalytic
activity.

2. Experimental methods
2.1. Plasma nitriding nickel foam

NigN/ NF was prepared in a self-made physical vapor ion beam
deposition equipment. NF was purchased from Kunshan Guangjiayuan
New Materials Co., Ltd., China. The nickel foam was cut into a
4.0 x 4.0 cm area and cleaned in turn with acetone, ethanol and
deionized water before being put into the equipment. After drying with
nitrogen, the nickel foam was placed in the vacuum chamber of the ion
beam deposition equipment, and NigN was synthesized in situ by ni-
trogen plasma. During the nitriding process, the temperature was set to
500 °C. The flow rates of nitrogen and argon were 95 and 5 sccm,
respectively. The nitriding treatment time was 10 h. The ion beam
voltage was 2500 V, and the substrate bias was —250 V, —500 V, and
—750 V, so samples obtained were named NF-250, NF-500 and NF-750,
respectively.

2.2. Characterization

The microstructure of NisN/NF was characterized by scanning
electron microscopy (SEM, FEI Quanta FEG 250, USA). The chemical
composition of NigN/NF samples was characterized by X-ray photo-
electron spectroscopy (XPS, Axis Ultra DLD, UK). High-resolution
transmission electron microscopy (HRTEM, Talos F200x, USA) anal-
ysis was performed using a field emission.

2.3. Electrochemical test

All electrochemical characterizations were performed in a conven-
tional three-electrode system using a Gamry electrochemical worksta-
tion at a temperature of ~ 25 °C, and the electrolyte was 1 M KOH
(pH = 14). The 1.0 cm x 1.0 cm NisN/NF and NF samples were used as
the working electrode, the graphite rod was the counter electrode, and
the Hg/HgO electrode was used as the reference electrode. Linear cyclic
voltammetry (LSV) was performed at a scan rate of 10 mV s . All po-
larization curves were recorded without iR compensation. Electro-
chemical measurements were repeated on at least three independently
prepared electrodes, and representative data are shown; the reported
overpotentials are average values with variations within +5 mV. Since
the NigN active material is formed in situ by direct nitridation of the
nickel foam substrate, no additional binder or catalyst loading was used,
and the current density is reported based on the geometric area of the
electrode (1 cm x 1 cm). All potentials in the experiment were converted
to reversible hydrogen electrode (RHE) according to Eq. (1), and the
Tafel slope was converted from linear sweep voltammetry by Eq. (2)
[12]:
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E(RHE) = E(Hg / HgO) + 0.098 + 0.05916 x pH (€8]
n=b x loglj|+a )

where 1, b, j and a represent overpotential, Tafel slope, current density
and Tafel constant, respectively. The long-term stability of the catalyst
was evaluated by current density-time measurements at a constant po-
tential. The potential is determined based on the LSV curve at 10 mA
cm 2. The electrochemical impedance spectroscopy (EIS) test was car-
ried out in the frequency range from 100 kHz to 0.01 Hz with an applied
AC disturbance amplitude of 10 mV. The EIS data obtained from the
experiment were analyzed by equivalent circuit fitting using ZView
software. A series of cyclic voltammetry (CV) experiments were carried
out in 0.1 M NaOH at scan rates of 10, 20, 40, 60, 80 and 100 mV s .. By
plotting the linear relationship between the Aj/2 (where Aj = janodic -
jeathodic) between the anode current and the cathode current and the
scanning rate, the slope is calculated to be Cq.. Then, the ECSA is
determined by dividing Cq; by the specific capacitance (Cs) of the ma-
terial, as shown in Eq. (3).

ECSA = Cy/Cs 3

Among them, Cs is usually 0.04 mF c¢m~2 in alkaline solution [30].
2.4. Theoretical calculation details

All density functional theory (DFT) calculations were performed
using the Vienna Ab Initio Simulation Package (VASP). The exchange-
correlation functional was treated within the Perdew-Burke-Ernzerhof
(PBE) generalized gradient approximation, and the electron-ion in-
teractions were described using the projector augmented-wave (PAW)
method. A plane-wave kinetic energy cutoff of 400 eV was employed.
The Brillouin zone was sampled with a Monkhorst-Pack k-point mesh of
5 x 5 x 3 for the bulk NigN structure and 5 x 5 x 1 for surface calcu-
lations. The NisN surface was modeled using a six-layer slab cut from the
optimized bulk structure, with the bottom three layers fixed at their bulk
positions and the top three layers allowed to relax. The Ni@NisN
interface was constructed by placing a four-layer NisN slab on a four-
layer Ni(111) slab, with the bottom two Ni layers fixed. A vacuum re-
gion of 20 A was introduced along the z-direction to avoid spurious
interactions between periodic images. During structural relaxation, all
atomic positions were fully optimized until the total energy change and
the residual forces on each atom were <10 eV and 0.05 eV/A,
respectively. Zero-point energy (ZPE) and entropy (TS) corrections were
obtained from vibrational frequency calculations using the harmonic
approximation. The values for each adsorbed intermediate are listed in
Table S2. All calculations were performed in vacuum without explicit
solvent or applied potential. The free energies reported here are there-
fore used for qualitative comparison between surfaces rather than
quantitative prediction of catalytic activity.

Generally, Gibbs free energy (G) is defined by the following formula:

G == E Jr EszfTS (4)

where E, Ezpg and S represent the total energy of adsorption system,

zero-point energy and entropy of elementary reaction, respectively [31].
According to the alkaline HER process in Egs. (5)—(8), the Gibbs free

energy change (AG) of each step can be obtained by formulas (9-11):

*+HyO+e —+Hy,O+e” )
*Hy0 + e —*(H— OH)+e~ (6)
*(H— OH) + e”—+H -+ OH — )
*H+OH — —»%+ 1 /2H,+O0H — (€)]
AG; = G.,0 — G. — Guyo 9
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AGy = Gi-on) — Gunyo0 (10)
AG; = Gy + Gor- — Giu-om) an
AG4=0.83 - AG; —AG,—AG; 12)

in which Gp,0, G+m—omn) and Gy are Gibbs free energies of adsorbed
surfaces by HyO, (H—OH) and H species, respectively. And G+ is Gibbs
free energy of catalyst without adsorbed intermediates [32,33].

3. Results and discussion
3.1. Phase and microstructure analysis

After cleaning and drying, the NF was loaded into a homemade
physical vapor ion beam deposition system, where nickel nitride was
generated on the NF surface via plasma-assisted nitridation, as sche-
matically illustrated in Fig. 1. As revealed by the SEM images in Fig. 2(a-
c), the pristine NF exhibits a relatively smooth surface with clearly
discernible grain boundaries. When a bias voltage of —250 V is applied,
irregular nanoparticles begin to emerge preferentially along the grain
boundaries. This behavior may be attributed to the higher density of
defects (e.g., dislocations and vacancies) and elevated interfacial energy
at the grain boundaries, which facilitate atomic diffusion and favor the
initiation of solid-state phase transformation, thereby leading to a
higher nucleation rate in these regions [34]. Upon increasing the bias
voltage to —500 V and —750 V, a well-defined, closely packed columnar
architecture develops across the NF surface. Notably, the sample treated
at —500 V exhibits the most compact morphology, which is expected to
effectively enlarge the electrochemically active surface area and
enhance the interfacial contact between the electrode and the electro-
lyte. The nitrogen content of the sample at —500 V bias is up to 9.29 %,
and the nitrogen content at —250 V and —750 V bias is 2.04 % and 4.67
%, respectively (Fig. S1, supporting information). The observed
bias-dependent morphological evolution can be understood from the
competition between nitrogen ion implantation and surface sputtering.
At low bias (—250 V), the kinetic energy of nitrogen ions is insufficient
to overcome the surface barrier and efficiently break the N=N bond,
resulting in limited nitridation and nanoparticle nucleation preferen-
tially at defect-rich grain boundaries. At moderate bias (—500 V), the ion
energy is sufficient to promote nitrogen incorporation while minimizing
excessive sputtering, leading to dense and uniform nanocolumn growth.
The formation of the nanocolumns can be attributed to the combined
effects of preferential nitridation at high-energy surface sites,
shadowing-induced anisotropic growth, and ion-enhanced surface
diffusion. Initially, nitridation occurs preferentially at defect-rich or
high-energy sites, creating local protrusions. These protrusions then
receive a higher ion flux than the surrounding recessed areas, while the
recessed regions are partially shadowed from direct ion bombardment
[35]. This shadowing effect promotes continued vertical growth of the
protrusions, eventually developing them into columnar structures.
Meanwhile, ion bombardment enhances the surface mobility of adsor-
bed species, allowing the column sidewalls to remain relatively smooth
and well separated. Further increasing the bias to —750 V causes

Pristine Ni foam

Plasma nitriding at 500 °C for 10 h Ni;N coated on NF

Fig. 1. The schematic of preparation process for the NizN/NF.
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500 pm

50 pm

Fig. 2. SEM characterization of NF (a-c) and NF-250 (d-f), NF-500 (g-i), NF-750 (j-1).

high-energy ion bombardment to re-sputter nitrogen atoms from the
surface, reducing the nitrogen content and disrupting columnar uni-
formity. This trend is consistent with previous studies on plasma
nitriding of metallic surfaces and highlights the unique capability of bias
control in tailoring the self-assembly of NigN nanostructures directly on
Ni foam [36].

XRD patterns were also collected for the pristine NF and nitrided
samples (Fig. S2). Only diffraction peaks corresponding to metallic Ni
were observed, with no distinct NigN peaks detectable. This is not un-
expected, because the nitride shell is only approximately 50-80 nm
thick and is supported on a strongly diffracting Ni substrate, making it
difficult to detect by conventional laboratory XRD. In addition, the NisN
phase formed under low-temperature plasma conditions may be
partially nanocrystalline or poorly ordered, further reducing its XRD
visibility. In order to study the columnar components grown on the
surface of nickel foam, the samples were tested by XPS, as shown in
Fig. 3(a) and (b). In the 2p spectrum of Ni, the binding energy at
852.9 eV and 870.3 eV corresponds to the bonding of Ni-N, the binding
energy at 855.8 eV and 873.8 eV corresponds to the peak position of Ni-
based, and the binding energy at 861.4 eV and 879.5 eV corresponds to

(a)
Ni 2p

-

2 | ss29ev

8 " g55.8 eV 873.8ev 879.5eV
> 861.4 eV

= 870.3 eV

"

c

]

S

E

850 860 870
Binding energy (eV)

880

the two accompanying peaks of Ni [37,38]. In the 1 s spectrum of N, the
peak at 397.8 eV corresponds to the typical N-Ni bond [39].

In order to further study the microstructure of the prepared elec-
trode, HRTEM analysis was performed on the NF-500 sample. From the
distribution map of nitrogen elements in Fig. 4(a) and (b), it can be
observed that the content of N elements gradually decreases from the
outside to the inside, and the element distribution in the line scan dia-
gram further confirms this result. The NisN shell thickness was esti-
mated by measuring the distance from the outer surface to the Ni/NigN
interface at multiple positions along the same nanocolumn. The
measured values fall within the range of approximately 50-80 nm. As
shown in Fig. 4(c), the lattice spacings corresponding to the (220),
(200), and (111) planes of nickel are clearly visible in the HRTEM image,
with values of 0.126, 0.177, and 0.204 nm, respectively. The lattice
spacings of 0.214 nm and 0.204 nm correspond to the (002) and (111)
planes of NisN, respectively. In addition, the diffraction rings of NigN
(110) and (111) are depicted by the selected area electron diffraction
pattern in Fig. 4(d), which proves that the generated Ni3N is consistent
with the XPS results.

(b)
N1s

- 397.8 eV
3
s \
2
(2]
c
[}
8
£

392 394 396 398 400 402

Binding energy (eV)

Fig. 3. XPS spectra of NF-500 sample (a) Ni 2p; (b) N 1 s.
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Atomic fraction (%)

20

0 30 60 90 120
Position (nm)

Fig. 4. TEM characterization of NF-500 sample (a) HAADF image and corresponding EDS mappings; (b) Line scan element distribution map; (c) HRTEM images; (d)

SAED pattern.

3.2. Electrocatalytic HER performance analysis

The standard three-electrode workstation was used to evaluate the
HER activity of the modified nickel foam electrode in 1.0 M KOH solu-
tion under different bias voltages, as shown in Fig. 5. The LSV polari-
zation curves of the modified nickel foam electrode in 1 M KOH
electrolyte under different bias voltages are shown in Fig. 5(a), which is
illustrated by the change of overpotential (11 and ng) at current den-
sities of 10 and 20 mA/cm?. At the same current density, the lower the
overpotential, the higher the electrode activity. It can be seen from the
figure that the NF-500 sample exhibits the lowest overpotential
Mo = 64 mV and nzo = 111 mV, which is much lower than that of pure
NF (10 = 174 mV, nag = 221 mV), NF-250 (10 = 111 mV, 120 =169 mV)
and NF-750 (190 =83 mV, 120 = 139 mV). Compared with the previously

N
g B
g 8

Overpotential (mV)
g

=300
100
50 |
| o
-400 OTONF NF-250  NF-500  NF-750
Sample
-0.6 -0.5 -0.4 -0.3 -0.2 =01 0.0
E (V vs. RHE)

reported nickel-based catalysts (Table S1, Supporting Information)
[40-51]. It should be noted that the overpotential of NF-500 (64 mV at
10 mA cm™) is not the lowest among all reported Ni-based catalysts;
several binary or heterostructured systems achieve lower values.
Nevertheless, NF-500 remains within the competitive range for
self-supported NisN-based electrodes, and its Tafel slope of 36 mV dec™!
is among the lower reported values, indicating favorable kinetics. On the
one hand, the improved performance is attributed to nitrogen incorpo-
ration into the nickel lattice during plasma nitriding, which modulates
the d-orbital electron density and optimizes the hydrogen adsorption
free energy (AGy+), thereby enhancing the intrinsic catalytic activity
[52]. On the other hand, the surface of the sample after nitriding at
—500 V bias voltage grows obvious columnar morphology, which in-
creases the specific surface area of the electrode and exposes more active

(b)
—o—NF
0.04 NF-250
—o— NF-500

—A— NF-750

02 04 06 08 10 12 14
Log [j (mA/cm?)]

Fig. 5. The electrochemical parameters of NF, NF-250, NF-500 and NF-750 in 1.0 M KOH, (a) LSV curve, the overpotential required for 110 and 120, (b) Tafel slope.
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sites. However, the present data cannot completely exclude possible
contributions from plasma-induced surface cleaning, defect generation,
or thermal annealing. Dedicated control experiments would be required
to quantitatively separate these factors, which we identify as a direction
for future work. And the electrochemical active area of the samples was
tested. The CV scanning results are presented in Fig. 6(a-d). The
double-layer capacitance (Cqp) values of all samples were derived from
the CV measurements, as shown in Fig. 7(a). The calculated electro-
chemical active surface areas for NF, NF-250, NF-500, and NF-750 were
2.5, 13.75, 52.5, and 37.25 cm? respectively. The significantly
increased ECSA of NF-500 is closely associated with the formation of
nanocolumn arrays on the nickel foam substrate, which expose more
catalytically accessible surface sites. It should be noted that the Cg
values were measured in 0.1 M NaOH, while the HER performance was
evaluated in 1 M KOH, and a generic specific capacitance of 0.04 mF
em2 was used. These factors introduce uncertainty into the absolute
ECSA values and limit the reliability of quantitative ECSA-normalized
activity comparisons. The calculated ECSA values are used only for
qualitative comparison among samples prepared under identical con-
ditions, rather than for absolute quantification of intrinsic active surface
area. Moreover, the in-situ growth of NigN on nickel foam establishes
intimate interfacial contact between the active phase and conductive
substrate, thereby facilitating interfacial charge-transfer processes dur-
ing HER. Unlike conventional powder catalysts requiring polymer
binders, the self-supported electrode configuration avoids possible
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blockage of active sites and minimizes additional charge-transfer resis-
tance [53]. The columnar NigN structures expose a larger accessible
surface area, as indicated by the increased ECSA. The enhanced activity
is therefore attributed to the overall increase in accessible surface area
and the interfacial electronic modulation.

Fig. 5(b) shows the Tafel slope of each sample, which is used as an
important parameter to evaluate the catalytic activity reaction mecha-
nism. It is used to describe the kinetic characteristics of the reaction and
can directly reflect the intrinsic activity of the material. The NF-500
electrode exhibits a Tafel slope of 36 mV dec™!, lower than those of NF
(135 mV dec™), NF-250 (107 mV dec™), and NF-750 (50 mV dec™),
indicating faster HER kinetics, which is consistent with the polarization
curve results. In addition, according to the literature, the hydrogen
evolution path on the surface of the catalytic material can be determined
by the Tafel slope value. The hydrogen evolution reaction is a process in
which protons (H") or water molecules receive electrons on the cathode
surface and are reduced to hydrogen in electrochemistry. The reaction is
more difficult under alkaline conditions or neutral conditions, because
H" mainly comes from the formation of (2H,O + 2e"—H, 4+ 20H")
after electrolysis of water. It is usually divided into two elementary re-
actions. One is the Volmer step: HoO adsorbs on the surface of the
catalyst and accepts electrons to form an adsorbed H* (H,O + e"—>H" +
OH™); the second is the Tafel or Heyrovsky step, that is, two adsorbed
hydrogens combine to form hydrogen (2H*—H,) or the adsorbed
hydrogen reacts with H,O in the solution to form hydrogen (H* + H,O +

(b)
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Fig. 6. ECSV curves used to determine Cq; of (a) NF, (b) NF-250, (c) NF-500, and (d) NF-750.
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Fig. 7. (a) Cq estimated by plotting current density changes; (b) Nyquist diagram of NF, NF-250, NF-500 and NF-750, where the illustration is the equivalent

circuit model.

e~ —H, + OH™). From the Tafel value, it can be determined that the
hydrogen evolution path on the surface of the catalytic material is the
Volmer-Heyrovsky step. The rate-limiting step of the pure NF sample is
the Volmer reaction (> 120 mV dec™), and the rate-limiting step of
others is the Heyrovsky reaction (30-120 mV dec) [54,55].

We performed electrochemical impedance spectroscopy (EIS) to
characterize the charge transfer resistance during electrochemical re-
actions. The Nyquist plots in Fig. 7(b) clearly demonstrate the facilitated
charge transfer between the electrode material and electrolyte interface.
The illustrations are equivalent circuit models, including Ry (solution
resistance), Rpore (pore resistance), CPEore (constant phase element), Rec
(charge transfer resistance), Cq; (double layer capacitance), and the
fitting results are shown in Table 1. The R of NF, NF-250, NF-500 and
NF-750 were 28,360, 6264, 1217 and 20,940 Q, respectively. We can see
that the R values of the samples after nitriding are reduced, which
indicates that the charge transfer efficiency on the electrode surface is
improved after plasma nitriding. Among these, the NF-500 sample ex-
hibits the smallest charge transfer resistance, indicating rapid charge
transfer at the NisN/NF-electrolyte interface. The reduced electro-
chemical impedance is beneficial for accelerated HER kinetics. Efficient
bubble release behavior represents a critical yet often overlooked factor
governing the performance of hydrogen evolution electrodes [56]. The
vertically aligned nanocolumn architecture with nanoscale inter-
columnar gaps may facilitate the release of Hy bubbles and reduce
active-site blockage [57]. This is proposed as a possible morphological
advantage. The stability of sample NF-500 was evaluated in 1 M KOH
solution. Under potentiostatic conditions at a current density of 10 mA
em2, no decay in current density was observed after 72 h of operation,
suggested that the electrode maintains its electrochemical activity under
continuous operation. In addition, a step stability test involving alter-
nating current densities of 10 and 100 mA cm™2 revealed a slight per-
formance degradation after 24 h of continuous operation (Fig. 8(a), (b)).
To examine the structural and chemical stability of the electrode after
prolonged HER, post-reaction characterization was performed on
NF-500 after the 72 h chronoamperometric test. As shown in Figure S3,
the vertically aligned nanocolumn morphology is well preserved, with
no obvious detachment or collapse. The XPS spectra of the post-reaction
electrode (Figure S4a, b) still exhibit clear Ni-N bonding features in both

the Ni 2p and N 1 s regions, confirming that the NigN phase is largely
retained. Compared with the as-prepared sample, the peaks are slightly
shifted to lower binding energies, which is attributed to the partial
reduction of surface oxide/hydroxide species under prolonged cathodic
polarization. These results indicate that the active architecture is
structurally and chemically stable over the tested duration, consistent
with the negligible current decay observed in the stability test. These
results indicate acceptable short-term stability under the tested condi-
tions. However, it should be noted that Faradaic efficiency was not
measured, and the stability at high current densities was only evaluated
for a limited duration. Further work is needed to fully assess long-term
durability under industrially relevant conditions (Table 2).

3.3. Theoretical analysis

The aforementioned experimental results indicate that the hydrogen
evolution reaction (HER) catalytic activity of the electrode is signifi-
cantly enhanced after vacuum plasma nitriding treatment. Numerous
studies have confirmed that nickel nitride (NigN) possesses favorable
HER catalytic performance. To gain deeper insight into the performance
enhancement mechanism observed experimentally and to better align
with actual catalytic environments, this study constructed models of
pure NisN and the metal-nitride interface structure Ni@NisN to simulate
surface reaction behavior during the alkaline HER process.

In alkaline media, the HER typically follows a two-step mechanism:
the first step is the Volmer step, involving the dissociation of a water
molecule to form a co-adsorbed *(H-OH) intermediate; this is followed
by either the Heyrovsky step or the Tafel step, where *H recombination
occurs to release Hy. Therefore, the key reaction intermediates in alka-
line HER mainly include *H-0O, *(H-OH), and *H. Among these, the
adsorption configuration of *(H-OH) directly influences subsequent re-
action pathways, necessitating first the identification of a stable
adsorption site for *OH, followed by investigation of *H adsorption
behavior.

We first examined possible adsorption sites for H,O molecules on the
pure Ni3N surface (Fig. S5 a-1). After structural optimization, the system
at site 3 exhibited the lowest total energy (E = —405.82 eV), indicating
that this configuration is the most thermodynamically stable state and

Table 1

Fitting values of electronic elements from equivalent circuit model.
Sample R, (Q) CPEpore (mF/cm?) Npore Rpore (Q) Cqi (mF/cm?) Rt (Q)
NF 0.986 1.302 x 1073 0.8799 1.8 1.98 x 10°° 28,360
NF-250 0.835 5.711 x 107 0.8752 19.16 1.753 x 107 6264
NF-500 0.8017 6.563 x 107 0.8608 19.91 1.474 x 107 1217
NF-750 0.9615 4.252 x 107 0.8876 21.89 1.343 x 1073 20,940
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Table 2

Calculated Cdl and ECSA values of catalysts.
Sample Cq (mF) Cs (mF cm™2) ECSA (cm?)
NF 0.1 0.04 2.5
NF-250 0.55 0.04 13.75
NF-500 2.1 0.04 52.5
NF-750 1.49 0.04 37.25

corresponds to the optimal adsorption site for water molecules. On this
basis, the adsorption of *OH was further investigated (Fig. S6), and
configurations suitable for subsequent *H adsorption were screened
(Fig. S7), ultimately enabling the modeling of co-adsorbed *(H-OH). In
the configuration selection, the distance between *OH and *H must be
kept moderate to avoid premature separation or direct recombination.
Following this principle, *(H-OH) and *H tend to adsorb at site 2
(Fig. S7) and site 4 (Fig. S8) on pure Ni3N. For the Ni@NisN model, the
method for determining intermediate adsorption sites is similar
(Fig. S9-S12).

Based on equations (9-12), we systematically calculated the Gibbs
free energy changes for each elementary reaction on the surfaces of the
two catalysts; the results are summarized in Fig. 9(c), (d). For pristine
Ni3N, the calculated values are AG; = —0.36 eV, AGy = —0.54 eV,
AGs = 1.29 eV, and AG4 = 0.44 eV. For Ni@Ni3N, the corresponding
values are AG; = —0.06 eV, AGy = —0.90 eV, AG3 = 0.97 eV, and
AG4 = 0.83 eV. The step with the largest positive AG is AGs, which
corresponds to the formation of *H from the co-adsorbed (H—OH) in-
termediate. On Ni@Ni3N, AGg is 0.97 eV, which is 0.32 eV lower than
the value of 1.29 eV on pristine Ni3N. It should be emphasized that AG3
is not the conventional hydrogen adsorption free energy (AGy-) refer-
enced to gaseous Hy; it is the free-energy change for the specific
elementary step *(H—OH)+ e — H + OH’ evaluated using the compu-
tational hydrogen electrode reference. Therefore, the absolute value of
AGj3 should not be compared with the ideal AGy+ of 0 eV. The key
finding is the relative decrease of AG3 on Ni@Ni3N, which indicates that
the interface facilitates this thermodynamically least favorable step
compared with pure Ni3N, consistent with the enhanced HER activity
observed experimentally. It should be noted that the calculated AG
values represent thermodynamic free-energy differences between the
initial and final states of each elementary step. No transition-state cal-
culations were performed, and therefore activation barriers were not
obtained. Accordingly, the step with the largest positive AG is referred
to as the thermodynamically least favorable step, rather than the rate-
determining step.

As shown in Fig. 10, pristine NigN exhibits electronic states mainly
distributed below the Fermi level, with pronounced density of states
(DOS) peaks in the energy range of approximately —5 to —1 eV, whereas
the DOS near the Fermi level is relatively weak. In contrast, Ni@NisN
displays a broader and more continuous DOS distribution around the

Fermi level within —1 to +1 eV, indicating an increased availability of
electronic states in the reaction-relevant energy region. This result
suggests that the introduction of metallic Ni induces interfacial elec-
tronic reconstruction at the Ni/NigN heterointerface, leading to redis-
tribution of electronic states toward the Fermi level. Since electronic
states near the Fermi level play a critical role in interfacial charge-
transfer kinetics during electrocatalysis, the enhanced DOS around the
Fermi level in Ni@Ni3N is expected to facilitate electron transport and
charge injection to catalytic active sites, thereby promoting alkaline
HER kinetics. It should be noted that the DFT calculations in this work
model idealized NisN and Ni@NisN surfaces under vacuum conditions.
The real electrode surface is more complex and may contain metallic Ni
regions, the nitride phase, surface oxide/hydroxide species, and poten-
tially reconstructed phases under alkaline HER conditions. The surface
composition may further evolve upon immersion in the alkaline elec-
trolyte and under cathodic polarization. Therefore, the theoretical re-
sults should be interpreted as a qualitative indication that the Ni/NigN
interface may facilitate the key elementary steps, rather than as a
quantitative description of the actual catalytic surface. A more complete
understanding would require modeling the surface oxide/hydroxide
species and the electrochemical environment.

4. Conclusions

In summary, a robust columnar-structured NigN electrocatalyst has
been successfully fabricated on nickel foam via a facile and scalable
vacuum plasma nitridation strategy. The resulting electrode features
vertically aligned nanocolumns with well-defined interfacial regions,
providing abundant accessible active sites and efficient mass and charge
transport pathways. Benefiting from this vertically aligned nanocolumn
architecture and optimized electronic structure, the NisN/NF electrode
demonstrates improved alkaline HER activity, achieving an over-
potential of 64 mV at 10 mA cm"z, a small Tafel slope of 36 mV dec'l,
and acceptable short-term operational stability under the tested condi-
tions. DFT calculations reveal that the interfacial Ni@NisN region
formed during plasma nitridation modulates the hydrogen adsorption
free energy, thereby enhancing the intrinsic catalytic activity. Combined
experimental and theoretical analyses demonstrate that the optimized
HER performance can be attributed to the synergistic effects between
the atomic-level electronic structure modulation and the nano-scale
architectural advantages, where the former optimizes the adsorption/
desorption behavior of reaction intermediates while the latter facilitates
charge transfer and bubble release. This work not only presents a non-
precious metal electrocatalyst but also provides mechanistic insight
into the rational design of transition metal nitride-based materials for
sustainable energy conversion applications.
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