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Abstract

Plasma-based surface modulation has gained attention in preparing electrode material for high
performance electrocatalysis, but most methods involve multiple steps, typically wet chemical
synthesis followed by plasma treatment, limiting further scalability. Solely plasma-driven
surface structure control of electrocatalyst remains challenging due to unclear dynamic factors
during the plasma discharge, beyond the known values of initial set of plasma discharge
parameters. Herein, we develop a cooling-mediated plasma strategy, enabling one-step
modulation of structure/phase of the metal electrocatalyst directly on its surface. With nickel
as the substrate, controlled surface thermal field during the nitrogen plasma processing yields
distinct morphology and facet exposure of the resultant nitrides, attributed to differential
distribution of reactive N-species and varied surface dynamics of Ni, verified by in-situ plasma
diagnostics and numerical simulations. Based on electrocatalytic performance testing and
density functional theory (DFT) simulations, plasma-tailored nano-structures, under controlled
surface temperature of electrocatalyst through the use of cooling component, deliver improved
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) activities. Our

strategy offers a cost-effective approach for structural engineering in electrocatalysis.
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Introduction

Precise structural modulation is widely recognized as a pivotal strategy for engineering the
surface properties of nano-frameworks, especially in the field of electrocatalysis [1, 2]. Among
various materials, transition metal nitrides (TMNs) have attracted considerable interest due to
their tunable phases and promising functional properties [3, 4]. Numerous methods have been
developed for the fabrication of TMNs, with plasma nitridation standing out owing to its rapid
processing duration, in-situ nitridation capability and minimal contamination risk [5, 6]. To
date, diverse TMNs with tailored structures and morphologies have been successfully
fabricated and most strategies rely on the initial growth of oxide precursors followed by plasma
nitridation [7, 8]. Although such approaches yield well-defined nitride architectures, the
inherently weak interface between the substrate and the grown oxide layer often leads to
structural degradation and pulverization during plasma treatment. Additionally, O-based
species desorbed from the oxide precursors inevitably introduce undesirable contamination
during plasma-substrate interaction. To address such limitations, direct in-situ nitridation of the
metallic substrate has emerged as a robust and contamination-resistant strategy for fabrication
of high-performance TMN-based catalysts.

During nitrogen plasma processing, reactive N-species present in nitrogen plasma
continuously interact with metallic surface, enabling atomic N to diffuse into the metal lattice
and form nitride phases [9, 10]. Such approach is able to deliver nitride film and nano-coral
frameworks, later of which have garnered increased attentions owing to high structural stability,
enlarged surface areas and promising electrocatalytic performance [11]. However, by merely
adjusting the initial plasma discharge conditions, conventional plasma processing remains
limited in precisely regulating the nitride structure on the metal substrate surface. Although the
surface morphology can be adjusted, it remains difficult to selectively control the exposed
facets, which restricts the optimization of catalytic properties. In our prior work, a cooling-
mediated plasma strategy was demonstrated to regulate the surface thermal field, enabling a
transition in exposed facets from thermally stabilized Ni;N (2-11) phase to the catalytically
active Ni3N (2-10) phase [12]. However, it remains ambiguous whether other facets are to be

selectively exposed solely by controlling surface thermal field.
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Herein, we further employ the cooling-mediated plasma strategy to modulate the nickel
nitride structure directly on Ni surface to achieve other possible surface facets. By maintaining
the surface thermal field below 100 °C, the resulting nitride exhibits little nano-coralline
structure with exposed facets of NisN (002) and Ni (200). In contrast, conventional plasma
processing without any cooling delivers increased surface thermal field up to 130°, leading to
well-defined nano-corals with predominantly exposed facet of NisN (101). Such distinct
variation arises from the differential distribution of reactive N-species and varied surface
dynamics of Ni, as confirmed by in-situ plasma diagnostics and numerical simulations.
Electrocatalytic performance evaluation and computational simulations elucidate the
electrocatalytic advantages of the resultant nitride nanostructures via different plasma
strategies, particularly in enhancing both hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) activities. Such facile plasma processing strategy with controlled
surface temperature through the use of substrate cooling module offers a promising pathway

for precise structural modulation of metal nitrides with improved electrocatalytic performance.

Experimental Section
2.1. Materials.

Ni plates with the thickness of 0.2 mm were directly purchased from Changsha Lyrun
Material Co. Ltd. KOH electrolyte (1 M), HCI solution (3 M) and ethanol (99% purity) have
been directly purchased from Changsha Lyrun Material Co. Ltd without further purification.
2.2. Material fabrication

Fabrication of Nickel Nitride Nano-Frameworks (NiNF) via Cooling-Mediated Plasma
Processing. The NiNF was fabricated using a custom-designed radio frequency (RF) plasma
system integrated with a self-engineered surface thermal field control module [13]. Prior to
processing, Ni plates were ultrasonically cleaned in acetone and 3 M HCI solution for 15 min
each, followed by thorough rinsing with deionized water and ethanol. The cleaned Ni plates
were then positioned inside the plasma chamber, maintaining the 40 cm gap between the
capacitively coupled RF electrodes. After evacuating the chamber using the rotary and turbo
pump setup, N, gas was introduced at a controlled flow rate, and the chamber pressure was

stabilized at ~40 Pa using mechanical valves. N, plasma was generated via RF power supply
2
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(Caeser136 RF generator) coupled by a Navio matching network. Concurrently, the surface
thermal field control system was activated to limit the substrate temperature increase. After
300 s nitridation, the plasma was turned off, and the chamber was vented to atmospheric
pressure once the system returned to room temperature. Such resultant sample is denoted as
NiNF.

Fabrication of Nickel Nitride Nano-Coral via Conventional Plasma Processing (NiNC). The
fabrication of NiNC was conducted following a similar protocol to that for NiNF (same RF
power and background pressure), with the absence of surface thermal field regulation.
Specifically, during plasma treatment, the surface thermal field control component was
deactivated, allowing the substrate temperature to increase continuously throughout the 300 s
nitridation process. Such thermal condition facilitates the nano-coral formation of NiNC.

2.2. Characterization, performance evaluation and computational analysis

Characterization: Scanning electron microscopy (SEM) and corresponding energy
dispersive X-ray spectroscopy (EDX) were conducted using JEOL JSM-7600F scanning
electron microscope at 15 kV. Transmission electron microscopy (TEM) imaging was
performed on JEOL-2100F high-resolution transmission electron microscope with an
accelerating voltage of 200 kV. X-ray diffraction (XRD) measurements were carried out using
Bruker D8 advance diffractometer with Cu Ko radiation (A =0.15406 nm). X-ray photoelectron
spectroscopy (XPS) analysis was conducted on VG ESCALAB 220i-XL XPS system equipped
with a monochromatic Al Ka (1486.7 eV) X-ray source. The C 1s peak at 284.5 eV,
corresponding to sp?>-hybridized carbon, was used for binding energy calibration.

HER Performance Evaluation: The electrochemical measurements were conducted using a
CHI 660E electrochemical workstation (CH Instruments) in a three-electrode configuration.
Alkaline (1 M KOH) electrolyte was used for testing. The 85% iR-compensation is
automatically proceeded during electrocatalytic evaluations. For HER process, saturated
calomel electrode (SCE) served as the reference electrode, while the graphite rod and platinum
electrodes were used as the counter electrode for HER and OER processes respectively. All
prepared catalysts were directly employed as working electrodes without the addition of

binders or conductive agents. Cyclic voltammetry (CV), linear sweep voltammetry (LSV), and
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electrochemical impedance spectroscopy (EIS) were performed to evaluate the electrocatalytic
behaviors and performance of plasma-nitrided samples (NiNF and NiNC). The potential
conversion from SCE to reversible hydrogen electrode (RHE) was calculated suing the
equation: Exyg = Egcg + 0.0592xpH + 0.242 (V).

Density Functional Theory (DFT) Computational Analysis: For model construction, the
cubic Ni (a=b=c=3.48 A, a=B=y=90°) and hexagonal Ni;N (a=b=4.58 A, c=4.23 A, 0=p=90°,
v=120°) were applied as the bulk structure. The surface formation energy (AEgF) of different
facets in Ni3N was calculated using Vienna Ab-initio Software Package (VASP) with the
Perdew-Burke-Emzerhof (PBE) exchange-correlation functional. Based on experimental
results, NisN models with typical surfaces were employed. The vacuum layer of 20 A was
introduced along the c-axis of the slab model to eliminate interactions between periodic
surfaces. The plane-wave energy cutoff was set to 500 eV, with energy and force convergence
criteria setto 10-5eV and 102 eV A-!, respectively. The AEgr of different facets were calculated,
using the following equations [14, 15]:

AEgp(NizN) = % (E3s%” — NyisnEpge™ — (Ny — 2N yi)iw)

Where ESP refers to the total energy of the slab supercell, E N3N serves as the energy of
bulk Ni3N per formula unit, and A is the surface area. Ny and Ny; are numbers of N and Ni
atoms in the slab, so the (Ny —2Ny;) equals to excessive nitrogen beyond stoichiometric
Ni3N units in the slab. uy is the chemical potential of nitrogen.

To theoretically investigate the electrocatalytic performance of Ni- and Ni;N-based facets,
the DFT+D3 calculations were conducted via PBE exchange-correlation function. Intermediate
adsorbates were placed on substrate surfaces to determine adsorption energy. All other
computational parameters were consistent with those employed in the surface energy
calculations.

The binding energy of adsorbates on substrate was determined using the equation:

Eads = Esubstrate+adsorbate — (Esubstrate + Eadsorbate)

where E, 4 represents the adsorption energy, Egupstrate+adsorbate denotes the total energy of the
catalyst surface with the adsorbate, and Egypsate and Egsorbate cOrrespond to the total energies of
the catalyst surface and the adsorbate, respectively.

4
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In such work, the Gibbs free energy change (AG) of each elementary step was calculated
using:
AG = AE + AZPE — TAS
Where the AE represents the adsorption energy, AZPE and AS are the changes in zero-point
energy and entropy, respectively, and the temperature T is set to 300, 400, 500, 600 K based

on different surface thermal fields values observed during the experiments.

Results and Discussion

During the plasma nitridation, the formation of surface structures is jointly governed by the
surface thermal field and the density of N-species on substrate surface. Among these factors,
the surface thermal field plays a pivotal role in modulating the spatial distribution of N-species
on substrate surface. To investigate the influence of the surface thermal field on nitriding
behavior, operando plasma diagnostics were employed to gain insights into the surface
modification process. As shown by in-situ infrared measurement (Figure 1a), a significant
increase in surface temperature is observed from ambient to 132 °C during conventional plasma
processing for 300 s. In comparison, the surface thermal field during NiNF fabrication rises
modestly (due to use of substrate cooling component) and stabilizes at 66 °C by the end of
nitridation process. Such pronounced divergence in thermal profiles during between two

fabrication processes is anticipated to lead to distinctly different surface structures.
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Figure 1. Operando plasma diagnostics during both (with and without cooling component) plasma
nitridation process for NiNF and NiNC. (a) The temperature variation of substrate surface, (b)
comparison of initial OES spectra, (c) time-dependent OES spectra during NiNF fabrication of 900 s
with 20 s interval, (d) typical emission intensity comparison, (¢) comparison of the slopes of the linear-
fitted key OES peaks’ intensity change with time.

The optical emission spectroscopy (OES) spectra at the initial stage for both fabrication
processes display distinct emission peaks in the 280-530 nm range (Figure 1b), corresponding
to N-species [16, 17]. Accordingly, the plasma environment is identified to contain N,, N,* and
N* species. Owing to the presence of plasma sheath on the substrate surface, N," and N* are
able to contribute to defect formation on substrate surface. Consequently, their concentration
is expected to induce the density difference of surface defects [18]. Additionally, the N serves
as the primary source for nitride formation via the diffusion into the substrate [19]. Hence, high
surface thermal field enhances the mean free path of reactive N, and N* by extending its mean
free path, while simultaneously facilitating the deep penetration of reactive N. In contrast, low
surface reaction temperature leads to N-accumulation on substrate surface, resulting in mild
penetration and reduced surface etching by N,™.

Time-resolved OES measurement further elucidate the influence of the surface thermal field
on the emission peaks’ intensities of N-species (Figure lc and Figure S1). Given that the
density of N-species is directly proportional to their emission intensity, a comparative analysis
reveals a modest increase in emission intensities during the cooling-mediated plasma process.

6
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In comparison, these intensities increase progressively under conventional plasma conditions
(Figure 1d), highlighting the dynamic evolution of reactive N-species under varied surface
thermal field.

The comparison of slopes derived from the linear fitting of time-resolved emission
intensities indicates that the slopes increase progressively during NiNC fabrication (Figure 1e),
whereas the slopes remains relatively low during NiNF fabrication process. This observation
confirms that conventional plasma processing enhances the density of reactive N-species due
to relatively higher and increasing surface reaction temperature for NiNC sample. In contrast,
the suppressed thermal field during cooling-mediated plasma processing (NiNF sample) results
in the reduced concentration of N-species on substrate surface. The elevated surface
temperature promotes the dynamic mobility of surface Ni atoms, while the increased density
of reactive N-species facilitates intense interaction with Ni surface. Therefore, it is
hypothesized that conventional plasma processing leads to enhanced nitride formation with
more pronounced nano-structurization on Ni surface for NiNC sample, as compared to the

structures obtained via cooling-mediated plasma for NiNF sample.
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Figure 2. Morphological and structural characterizations of nickel nitrides via plasma processing with
(NiNF) and without (NiNC) surface-thermal-field-modulation. SEM images of (a) NiNF and (b) NiNC,
(¢) atomic percentage of Ni and N via EDX mapping, (d) XRD patterns, XPS analysis of (e) Fe 2p, (f)
N 1s, (g) O 1s.

To wvalidate the above hypothesis, comprehensive structural characterizations were
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performed. By comparing surface morphology, NiNF exhibits uniformly distributed nano-
assemblies (Figure 2a) with the minimal formation of nano-coralline structures. For NiNC,
well-defined nano-corals are achieved on Ni surface with the average diameter of 40 nm
(Figure 2b). Such morphological difference is attributed to the distinct surface thermal field
during NiNF and NiNC samples. For EDX comparison (Figure 2c), increased N-signal is
detected on NiNC sample surface, indicating enhanced N-incorporation facilitated by the raised
surface thermal field. In terms of XRD analysis (Figure 2d), NiNC presents apparent diffraction
peaks at 41.9° and 30.4°, corresponding to (002) and (101) facets of hexagonal Ni;N [20]. In
comparison, NiNF exhibits the Ni;N (002)-based peaks with the reduced intensity, suggesting
a relatively low degree of nitridation, in line with its suppressed surface thermal field.
According to XPS Ni 2p spectra (Figure 2e), it is found that both samples deliver the bands at
852.3, 853.4 and 855.3 eV, corresponding to Ni-N, Ni-O and Ni-satellite bands, respectively
[21]. However, the binding energy peak band at 851.5 eV, indicative of metallic Ni, is present
only in NiNF, suggesting incomplete surface nitridation. For the N 1s (Figure 2f), both samples
show the bands at 397.8 and 399.7 eV, attributable to Ni-N and N-Ni-O bonding [22]. Similarly,
O Is spectra display the O-Ni-N, O-Ni and O,4s bands at 529.2, 530.8, 532.3 eV (Figure 2g),
indicating partial surface oxidation upon exposure to atmospheric conditions, a common

phenomenon for most sample surfaces [23].
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Figure 3. Structural characterizations and simulation analysis of NiNF and NiNC. TEM images of (a)
NiNF and (b) NiNC, (c¢) surface models of NizN (101) and Ni3N (002), (d) surface formation energy of
different facets, (¢) and Gibbs free energy for N-adsorption of both facets at different temperature.

TEM analysis reveals distinct structural differences between NiNC and NiNF (Figure 3a-
3b). Specifically, NiNC exhibits the NisN (101) facet with the lattice spacing of 2.89 A.
Comparatively, NiNF displays exposed facets of Ni (200) and Ni;N (002), with the lattice
spacings of 1.74 and 2.11 A, respectively. According to macroscopic TEM observation, NiNC
shows nano-coralline morphology, while there are only nano-crystalline frameworks on NiNF,
confirming the SEM results. By comparing the TEM-EDX mapping, it is found that the N-
species distribution in NiNC is denser compared to NiNF, confirming enhanced N-penetration
of NiNC. To further investigate the influence of different plasma nitridation conditions (with
and without substrate cooling) on structural evolution and facet exposure, DFT simulation is
conducted accordingly. Based on TEM results, surface models of NisN (101) and Ni;N (002)
are constructed (Figure 3c). By comparing AEgg of both facets (Figure 3d), Ni;N (101) exhibits
a lower value of -0.08 eV A2 compared to -0.61 eV A2 for Ni3N (002). This indicates that
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(101) facet processes the enhanced thermal stability under elevated surface thermal field, in
agreement with the experimental observations.

Additionally, during plasma nitridation process, atomic N penetrates the metallic substrate,
promoting the nitride formation. Therefore, the Gibbs free energy of N-adsorption (AGn+) on
the initially formed nitride serves as a crucial indicator of the relative ease of facet formation
(Figure 3e). Accordingly, the AGn+ of NizN (002) is significantly lower than that of NisN (101)
facets across the temperature range of 300-600 K. This suggests that N-incorporation is
thermodynamically favorable along the Ni;N (002) facet at elevated temperature. This aligns
with the increased intensity of Ni3N (002) peak in the XRD pattern of NiNC compared to NiNF.
Hence, the preferential exposure of NizN (101) facet on the NiNC surface is ascribed to its
increased thermal stability, despite its relatively high formation energy. In comparison, the
exposure of NizN (002) facet in NiNF is primarily driven by the preferential N-incorporation
under the reduced surface thermal field due to the use of cooling component.

The electrochemical evaluation for HER behavior is conducted to investigate the effect of
different plasma processing on surface structure evolution. As shown in LSV curves (Figure
4a), the NiNC electrode exhibits the overpotential of 120 and 258 mV at 10 and 50 mA c¢m™
(J10 and Js), respectively. These values are significantly lower than those of NiNF (173 and
310 mV) and initial Ni (206 and 358 mV). Although the Pt electrode delivers a lower
overpotential of 60 mV at Jy, it shows a higher overpotential at elevated current density,
suggesting that the nano-structured surface of NiNC offers abundant accessible active sites
which enhance HER kinetics under demanding conditions. To further elucidate the origin of
HER activity, electrochemically active surface area (ECSA) measurements are performed, with
detailed CV curves presented in Figure S2. As shown in Figure 4b, the NiNC electrode exhibits
the double-layer capacitance (Cq) of 2.66 mF c¢cm2, higher than 2.02 mF ¢m™ of NiNC. The
reduced ECSA in NiNF is mainly attributed to its limited nano-structural formation due to the
suppressed surface thermal field. By comparing ECSA normalized LSV curves (Figure S3) of
NiNF and NiNC, it can be seen that they exhibit nearly identical catalytic activity. Such result

indicates that the per-site catalytic performance of NiNF is comparable to that of NiNC.

10
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Figure 4. Electrocatalytic behaviors of nickel nitride-based nano-structures via different plasma
strategies in alkaline condition. HER behavior of both samples. (a) iR-compensated LSV plots with
scan rate of 10 mV s, (b) Cq4 curves, (c) Tafel plots, (d) Nyquist plots, (e) chrono-amperometic profile

of NiNC. OER behaviors of both samples. (f) (a) iR-compensated LSV plots with scan rate of 10 mV
s, (g) Normalized LSV plots by ECSA, (h) Tafel plots, (i) Nyquist plots.

The per-site turnover frequency (TOF), a critical metric for assessing intrinsic
electrocatalytic activity, is further analyzed at the overpotential of 0.3 V (Figure S4, detailed
methodology provided in Supporting Information). Based on TEM results, Ni;N (101) is
identified as the predominant exposed facet in NiNC, while NiNF presents two active facets,
NizN (002) and Ni (200). Therefore, the per-site TOF of NiNF is calculated as the average
contribution from both facets. Accordingly, NiNC provides a higher per-site TOF of 3.68 s-!
compared to 3.10 s*! of NiNF, highlighting the superior catalytic activity of NiNC. Based on
Tafel slope (Figure 4¢), NiNC electrode exhibits the slope of 140 mV dec!, lower than those
of NiNF (155 mV dec!) and initial Ni (192 mV dec!). The reduced Tafel slope of NiNC

suggests favorable reaction kinetics, reinforcing the improved electrocatalytic performance of
11



Nanoscale

the nitride nano-coral via conventional plasma. EIS measurements further corroborate these
results (Figure 4d). The charge transfer resistance (R of NiNC is 5.6 Q, lower than that of
NiNF (8.3 Q) and initial Ni (16.4 Q), indicating enhanced charge transfer efficiency. Long-
term durability testing reveals that NiNC maintains stable catalytic behavior for 30 h at 100
mA cm2, with negligible degradation (Figure 4¢). Additionally, the comparison of LSV curves
before and after cycling shows minimal potential change (Figure S5), confirming the great
catalytic stability of NiINC in alkaline condition. Based on post-cycling surface
characterizations, NiNF electrode exhibit minimal alternations in both morphology and crystal
structure, indicating its exceptional structural stability (Figure S6).

In terms of OER performance, LSV curves reveals apparent difference (Figure 4f). The
NiNF electrode exhibits a potential of 1.63 V at J;o, lower than those of NiNC (1.67 V) and
initial Ni (1.65 V). Furthermore, NiNF exhibits an enhanced current density of 40 mA cm™ at
1.7 V, higher than 24, and 28 mA c¢m™ of NiNC, and initial Ni, respectively. According to
EBSA normalized LSV curves (Figure 4g), the NiNF demonstrates improved OER catalytic
behavior compared to NiNC, suggesting that the exposed surface structure plays a more critical
role in dictating electrocatalytic performance compared to surface area. According to per-site
TOF (Figure S6), NiNF exhibits the value of 2.55 s at 1.7 V, higher than 1.18 s*! of NiNC.
Tafel slope analysis (Figure 4h) reveals the value of 45 mV dec™! for NiNF, lower than those
of NiNC (54 mV dec™!) and initial Ni (49 mV dec™!), indicating its improved reaction dynamics.
Nyquist plots show that NiNF possesses lower R compared to NiNC and Ni;N (Figure 41).
Long-term stability testing further demonstrates that NiNF maintains stable OER with little
activity loss over 10 h at 100 mA cm (Figure S7a). The LSV plots before and after durability
test shows minimal overpotential increase (Figure S7b). Post-cycling characterizations reveals
negligible structural degradation in NiNC electrode, confirming its exceptional structural
preservation (Figure S9). In terms of overall water splitting performance, the system based on
NiNC and NiNF exhibits the potential of 1.63 V at Jjy (Figure S10a). Additionally, the
prolonged cycling test conducted at J;o confirm excellent electrochemical stability (Figure
S10b), underscoring the suitability for overall water splitting.

A detailed DFT simulation is performed to support the experimental electrochemical results.

12
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Guided by the structural characterizations, NiNF primarily exposes Ni (200) and Ni;N (002)
facets, whereas NiNC reveals the exposure of NizN (101) facet. To systematically investigate
the electrocatalytic behavior of these surfaces, the adsorption behaviors of Ni (200), NizN (002)
and NizN (101) surfaces towards relevant intermediates in HER and OER processes are
compared (corresponding surface models shown in Figure S8-S10). In these models, surface
Ni atoms are designated as the active sites. Given that the HER occurs under alkaline conditions,
where the concentration of free H* is extremely low, H,O serves as the main H-source. The
reaction follows the pathway: * — H,0* — H¥*+OH* — H* — H,, which is the reverse of
hydrogen oxidation reaction, in line with previously reported mechanism [24]. In terms of
Gibbs free energy diagram (Figure 5a), the rate-determining step (RDS) on Ni;N (101) surface
is the dissociation of H,O from H,O* to H*+OH?*. In contrast, on Ni (200) and NizN (002)
surfaces, the RDS is the OH-desorption from H*+OH* to H*. By comparing the RDS of varied
surfaces (Figure S11), NizN (101) exhibits the RDS value of 1.14 eV, while NizN (002) and Ni
(200) provides the values of 0.93 eV and 1.36 eV, respectively. This indicates that although
NizN (002) supports facile OH-desorption, the relatively high energy barrier of Ni (200)
adversely affects HER behavior. Thus, the coexistence of these two facets in NiNF leads to a
trade-off effect, explaining its relatively lower HER activity compared to NiNC.

For OER process (Figure 5b), the RDS for all surfaces is from HO* to O*. Accordingly,
NizN (101) facet exhibits the free energy value of 1.97 eV, whereas Niz;N (002) and Ni (200)
display the values of 1.76 and 1.70 eV, respectively. This highlights the enhanced OER
behavior of NiNF compared to NiNC, attributed to the synergistic contribution of NizN (002)
and Ni (200) phases. To further understand the facet-dependent catalytic behavior, the partial
density of state (PDOS) is analyzed (Figure 5c). The d-band center of the Ni-site on Ni3N (002)
is observed to shift far from Fermi level compared to Ni;N (101) and Ni (200). This downshift
implies the strong anti-bonding interaction between Ni 3d orbitals and adsorbate species,
facilitating enhanced catalytic activity [25]. Additionally, the H- and OH-binding energy (HBE
and HOBE) are investigated for each facet (Figure 5d). NizN (101) and Ni (002) exhibit higher
HOBE values compared to Ni;N (002), suggesting weaker OH-desorption tendencies and thus
reduced HER behavior. Conversely, the Ni;N (002) facet shows the increased HBE, hindering

13
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H-desorption during HER process.
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Figure 5. DFT-Simulated HER and OER behaviors of NizN- and Ni-based facets models. Free energy
diagrams during (a) HER procedure in alkaline media and (b) OER procedure. (c) d-band center
comparison of Ni 3d, (d) HBE and HOBE comparison, (¢) Bader charge, (f) d-p band hybridization of
Ni-OH bond. COHP comparison of (g) Ni-H and (i) Ni-OH bonds. (i) ICOHP comparison.

Bader charge analysis further supports such results (Figure 5e). Charge transfer between Ni
and H on Ni;N (002) is greater than other facets, with Ni (200) showing the lowest charge
transfer. Similarly, the Ni;N (002) facet exhibits the lowest charge transfer between Ni and OH
compared to other facets (Figure S12), consistent with HBE and HOBE trends. Given that all
electrochemical performance assessments are conducted in alkaline condition, the 3d-2p orbital
hybridization between surface Ni and adsorbed OH is analyzed across different surfaces to
further elucidate the catalytic mechanism (Figure 5f). Accordingly, the band center distances
between Ni 3d and O 2p on Ni3N (002) and Ni (200) are higher than that on Ni;N (101). This
indicates the relatively weak hybridization and hence reduced binding energy between Ni and
OH. Such weakened binding facilitates OH-desorption, which is crucial for efficient OER
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kinetics, thus confirming the enhanced electrocatalytic behavior of NINF.

To further clarify the improved HER and OER activities at the atomic level, crystal orbit
Hamiltonian population (COHP) analysis is performed [26]. As illustrated in Figure 5¢g, the H-
COHP analysis reveals that the Ni;N (002) facet exhibits lower antibonding contribution near
the Fermi level compared to NizN (101) and Ni (200), indicating stronger H-adsorption
behavior. Regarding OH-adsorption behavior (Figure 5h), HO-COHP analysis shows the
apparent down-shift of NizN (002), indicating the increased antibonding proportion compared
other facets, and hence the reduced HO-adsorption behavior. The integrated COHP values
(ICOHP) in H-ICOHP and OH-ICOHP further corroborates such results (Figure 5i),
quantitatively validating the improved HER behavior of NiNC and improved OER behavior of
NiNF.

Conclusion

In summary, we have developed a cooling-mediated plasma strategy for direct structural
modulation of nickel nitride on Ni substrates. By maintaining the surface thermal field below
100 °C, the synthesized nitride (NiNF) exhibits little nano-coralline structure with exposed
facets of NizN (002) and Ni (200). In contrast, conventional plasma processing without any
external cooling of substrate delivers raised surface thermal field up to 130°, yielding apparent
nano-corals with predominantly exposed facet of NizN (101) in NiNC sample. Such difference
stems from the varied densities of reactive N-species, inferenced from varied emission peak
intensities in OES, and surface dynamics of atomic N, confirmed by in-situ plasma diagnostics
and numerical simulations. Performance evaluation and computational simulations further
demonstrate the enhanced HER by NiNC and enhanced OER by NiNF of plasma-tailored
nitride nano-structures. Such facile plasma strategy offers a cost-effective pathway for precise
structural modulation of metal nitrides towards improved electrocatalytic performance toward

specific process, HER or OER.
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Figure S1. Time-resolved OES spectra during NiNC fabrication.
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Figure S2. CV curves of different samples within alkaline media.
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Figure S3. ECSA-normalized LSV profiles of NiNF and NiNC during HER process.
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The Cq can be converted to an ECSA using the Cgy value for a flat standard with 1 cm? of real
surface area. The Cy for a flat surface is generally found to be in the range of 20-60 uF cm2.
In the following calculations of turnover frequency (TOF), we assume 40 uF cm™ as a moderate

value.

Calculated electrochemical active surface area :

AECSA = Cdl /40 MF cm2

To calculate the persite TOF, we apply the following formula:
persite TOF = number of total H, turnover of geometric area / number of active sites of
geometric area.
The total number of H, turnovers can be calculated from the current density according to:
Total TOF = current density x 3.12 x 1013
Number of active sites of geometric area can be calculated based on the following formula:
Number of active sites = active site per unit facet X Agcsa / area of unit facet
Finally, the plot of current density can be converted into a persite TOF plot based on the above

formulas.
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Figure S4. TOF values of NiNC and NiNF during HER process at 0.3 V.
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Figure S5. LSV profile of NiNC before and after cycling.
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NINC NiINF
Figure S7. TOF values of NiNC and NiNF during OER process at 1.7 V.
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Figure S9. SEM and XRD characterizations of NiNC after cycling.
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Figure S9. Ni;N (101) surface model with the adsorption of different species during HER and
OER processes.
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