7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Enhancing the electronic structure of Ni-based
electrocatalysts through N element substitution
for the hydrogen evolution reactiony
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The weak orbital coupling between NizN and H,O, caused by its interstitial structure and attenuated Ni—N
interaction, is attributed to the high unoccupied d orbital energy of NizN. Consequently, the kinetics for
water dissociation in the HER are slow. In this study, we effectively lowered the energy state of vacant d
orbitals in NisN, which resulted in an exceptionally efficient HER. The as-synthesized NizN catalyst
demonstrates an overpotential of 135 mV when subjected to a current density of 10 mA cm™2. The refined
structural characterization suggests that the introduction of oxygen results in a reduction in electron den-
sities surrounding the Ni sites. Furthermore, DFT calculations provide additional evidence that the electro-

Received 13th March 2024,
Accepted 22nd May 2024

DOI: 10.1039/d4nr01071j

catalyst of NizsN generates a greater number of lowest unoccupied orbitals (LUMOs) and improved align-
ment, thereby enhancing the adsorption and splitting of water. The notion of orbital-regulated electronic
levels on Ni sites introduces a distinctive methodology for the systematic development of catalysts used

Published on 23 May 2024. Downloaded on 6/21/2026 1:22:30 PM.

rsc.li/nanoscale

Introduction

In recent years, the electrochemical hydrolysis method has
gained increasing attention owing to its high efficiency and
environmentally friendly nature, making it a promising
approach for generating high-purity hydrogen, and electro-
catalytic water splitting undoubtedly has the potential to
decelerate the consumption of conventional fossil fuels and
alleviate the burden of environmental pollution."™ However,
the hydrogen evolution reaction (HER) requires a high
overpotential,””™® which inevitably limits the application of
hydrogen production in industrial practice. Currently, Pt-based
electrocatalysts are widely recognized as active electrocatalysts
for the HER because of their optimal Pt-H bond strength and
Gibbs free energy (AG) to form the Pt-H bond.’*™® However,
the widespread application of these resources is impeded by
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in hydrogen evolution and other applications.

their exorbitant cost. Therefore, the development of platinum-
free electrocatalysts, which are both cost-effective and exhibit
superior HER performance, is of paramount importance. This
is a critical step towards realizing large-scale hydrogen
production.'*™*®

Over the past several years, significant progress has been
accomplished in the quest for cost-effective and efficient elec-
trocatalysts for the HER.>"'%™* This success is attributed to the
relentless efforts and comprehensive research conducted in
this field. Transition metal oxides,*° sulfides'>'**” and
carbides®®** have been developed and widely used as alterna-
tives to precious metal electrocatalysts for the HER in acid
and/or alkaline solutions. However, the major drawback of
these electrocatalysts lies in their inadequate electron conduc-
tivity, which significantly impedes the transport of electrons
from the surface of the electrocatalyst to the supporting elec-
trode. Furthermore, the inadequate electron conductivity
occasionally results in the formation of Schottky barriers at
both the electrocatalyst-electrolyte and the electrocatalyst-
support electrode interface. Consequently, additional overpo-
tential is required to overcome these energy barriers, resulting
in a decrease in energy conversion efficiency. Hence, research-
ers have identified two effective approaches for designing
active catalysts within these systems. The initial approach
involves the incorporation of additional active sites for the
HER and the induction of structural disorders. Numerous
studies have been dedicated to enhancing the density of
electrocatalytic active sites via forming defects. The second
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approach focuses on improving the electrical conductivity of
electrocatalysts. Considerable research has been conducted to
investigate the utilization of conducting materials as catalyst
supports in order to improve the electrical conductivity of the
electrocatalysts. With the aforementioned problems of electro-
catalysts, significant efforts are dedicated to enhancing the
performance of the HER by improving both of these factors.
Recently, transition metal nitrides (TMNs) have emerged as
highly efficient electrocatalysts for hydrogen
production.'®?®33741 Thig is primarily due to their metallic
nature, which enables enhanced electrocatalytic activity. The
remarkable catalytic performance of these TMNs within the
HER domain can be ascribed to their distinctive electronic
configuration. This unique structure promotes optimal proton
adsorption onto the nitride surface throughout the electro-
catalytic reaction. The incorporation of catalysts with high
metallicity significantly enhances electron transport in the
HER process, thereby promoting the overall activity of HER.
Recently, Zhang et al®* have successfully developed a 3D
porous nickel molybdenum nitride material that demonstrates
exceptional performance in HER. Additionally, they presented
an efficient water electrolysis device, which is based on hier-
archical TiN@Ni;N nanowire arrays.*® Theoretical investi-
gations suggest that Ni;N possesses intrinsic metallic pro-
perties and has excellent electrical conductivity.*® In addition,
the disordered atomic structure of nanosheets that are only a
few atoms thick can offer a greater number of active sites.
Accordingly, it is anticipated that 2D NizN nanosheets will
exhibit exceptional electrocatalytic activity. Specifically, unco-
vering the exact active site location of Ni;N is expected to serve
as an effective protocol for enhancing the activity of HER and
designing electrocatalysts for HER. Among many materials,
Ni;N is enormously favored by researchers because of its excel-
lent conductivity. However, the water dissociation efficiency of
Ni;N is insufficient, while the energy barrier for HER is prohi-
bitively elevated. The markedly inferior performance of Ni;N
in comparison to Pt can be attributed to primary factors,
thereby presenting substantial opportunities for enhancement.
The coupling effect of the interface is instrumental in aug-
menting the electrocatalytic activity. This enhancement is
achieved through the regulation of the local electronic struc-
ture at the interface, which in turn adjusts the orbital overlap
among various atoms. Ultimately, this process modifies the
strength of adsorption-desorption between the electrocatalysts
and the reaction intermediates. Therefore, integrating an
appropriate element into Ni3N to establish a composite,
characterized by a robust interface coupling effect, harbors sig-
nificant potential for augmenting the electrocatalytic activity.
In this study, we present the design and synthesis of 3D
Ni;N/NF to improve the performance of HER in 1.0 M KOH.
Benefiting from the robust chemical coupling and synergistic
effects at the interface of the electrocatalysts, the Niz;N/NF
hybrid electrode demonstrates exceptional catalytic perform-
ance for HER. The single NiO electrode is surpassed by achiev-
ing an overpotential of a mere 135 mV at a current density of
10 mA cm ™ in a 1 M KOH solution, demonstrating a reduction
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of 177 mV. Moreover, the utilization of 3D metallic NizN
nanosheets can lead to further enhancements in carrier con-
centration and electrical conductivity, as demonstrated by DFT
calculations. Specifically, the Ni site on the Ni;N surface exhi-
bits the lowest AGy~ value of 1.63 eV. This can be attributed to
the coupling effect between the Ni site and N atoms around
the Ni site, making these sites the most active for the HER in
Niz;N. The Ni;N nanosheets we have developed and studied,
which exhibit excellent hydrogen evolution reaction activity
under the guidance of a supervisor, hold significant potential
for future applications in hydrogen production technologies.

Results and discussion

The Ni(OH),/NF nanosheets array, shown in Fig. 1la, was
directly grown on Ni foam using a hydrothermal method.
Subsequently, the Ni(OH),/NF was calcined under NH; atmo-
sphere at 400 °C to obtain Ni;N/NF. Fig. 1b illustrates the XRD
patterns of the as-synthesized Ni(OH),, NiO, and Ni;N
nanosheets scraped down from NF. The XRD patterns of NizN/
NF (JCPDS Card No. 10-0280) are represented by the green line
in Fig. 1b. The diffraction peaks observed, specifically (110),
(002), (112), (300), (111), (200), (220), and (113), exhibit a
sequence of Bragg reflections. These reflections align harmo-
niously with the established patterns of Niz;N and nickel foam,
thereby confirming their consistency. The diffraction peaks
identified at 44.4°, 51.8°, and 76.3° correspond respectively to
the (111), (200), and (220) planes of the nickel foam (Ni, JCPDS
Card No. 01-1258). Therefore, the successful synthesis of Ni;N/
NF is confirmed. Additionally, NiO/NF (violet line) and Ni
(OH),/NF (blue line) were also successfully prepared. Fig. 1c
demonstrates the scanning electron microscopy (SEM) image
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Fig. 1 (a) A schematic of the synthesis process of NizN; (b) XRD patterns
of as-prepared Ni(OH),/NF, NiO/NF and NisN/NF; (c) SEM image of
nickel foam; (d and e) SEM images of as-prepared Ni(OH),/NF, NiO/NF
and NizN/NF nanosheets; (f) EDX patterns of NizN/NF.
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of the three-dimensional open porous structure of the NF. The
SEM images in Fig. 1d and e show the vertical growth of
nanosheets of Ni(OH), and Ni;N on the NF substrate, respect-
ively. The nanosheet morphology is further revealed in the
transmission electron microscopy (TEM) image shown in
Fig. S1.f The formation of the crystallized phase of Ni;N is
confirmed in Fig. S2.1 Additionally, the high-resolution trans-
mission electron microscopy (HRTEM) image presented in
Fig. S31 exhibits distinct lattice fringes with an interplanar
spacing of 0.24 nm, which is indicative of the (110) plane of
the nickel nitride (Ni;N) nanosheets. Furthermore, the
selected area electron diffraction (SAED) patterns, as illustrated
in Fig. S4,7 reveal diffraction rings that are indicative of the
(001) and (110) planes of the Ni;N nanosheets. These obser-
vations are in agreement with the X-ray diffraction (XRD) pat-
terns, specifically the green line in Fig. 1b, confirming the
crystallographic planes of the Ni;N nanosheets. In order to
ascertain the spatial distribution of individual elements within
the nickel foam, energy dispersive X-ray spectroscopy (EDS)
elemental mapping analysis was conducted. Fig. 1f clearly
illustrates a homogeneous distribution of Ni and N elements,
with no discernible segregation. This suggests the successful
synthesis of Ni;N on the NF substrate. However, the presence
of oxygen in the samples is indicated by EDS (Fig. 1f), which
could be attributed to oxide or absorbed oxygen species.

X-ray photoelectron spectroscopy (XPS) was utilized to
examine the influence of non-metallic elements on the surface
conditions and electronic configuration of the freshly syn-
thesized NiO, Ni;N, and Ni(OH), specimens. The XPS survey
spectra, as depicted in Fig. 2a, indicate that the samples
display analogous survey spectra. However, an exception is
noted in the form of a minor peak, which is ascribed to the
existence of the N element in the NizN sample. The high-
resolution Ni 2p spectra of Ni(OH),, as depicted in Fig. 2b,
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Fig. 2 (a) The XPS survey spectra of NizN, NiO and Ni(OH),. The high-
resolution XPS spectra of (b) Ni and (c) O in the NiO and Ni(OH),. (d) the
XPS spectra of N in NizN.
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exhibit two peaks. These peaks, with binding energies at 855.8
eV and 873.7 eV, correspond to the Ni** 2p;, and Ni*" 2p,,
states, respectively. This observation aligns with findings from
a prior study.*> Compared with Ni(OH),, the peak positions of
NiO (855.9 eV and 853.6 eV) and NizN (854.9 eV and 852.9 eV)
in the electrocatalysts are shifted to lower energies, elucidating
that O and N in the electrocatalysts figure electron-rich centres
and the Ni atoms in the NiO and Ni;N receive electron trans-
fers from O and Ni, respectively. Especially, the peak position
of Ni atoms in NizN is lower than that of the Ni atoms in NiO
and Ni(OH),, indicating the Ni atoms in Ni;N receive more
electrons than the Ni atoms in NiO and Ni(OH),. Additionally,
the XPS O 1s profiles in Ni(OH), can typically be deconvoluted
into two dominating characteristic peaks at 533.6 eV and 532.1
eV, which corresponded to the absorbed O species, e.g., water
molecules and surface hydroxyl groups, respectively (Fig. 2c).
In comparison with the peak position of O atoms in Ni(OH),,
the peak position of the O atoms in NiO (533.1 eV and 530.8
eV) peaks also exhibits an obvious negative shift, suggesting
that the O atoms in NiO receive more electrons than the O
atoms in Ni(OH),. The high-resolution N 1s spectrum of Ni;N
exhibits a peak at 398.2 eV, which corresponds to the bound N
element (Fig. 2d). In comparison with the XPS peak of N 1s in
N, at 406 eV,” the electron is transferred from the N atom to
the Ni atom in NizN. In other words, the charge is transferred
from N-sites to Ni-sites in Niz;N, and the number of electrons
on the Ni-site in the electrocatalysts is increased, which would
affect the adsorption energy and energetic barrier of dis-
sociation of active species for HER.

To assess the electrocatalytic ability to evolve hydrogen, we
performed a detailed -characterization of electrocatalyst
samples with a surface area of 1 x 1 cm®. Comparative analyses
were carried out to measure the electrocatalytic activities of
bare nickel foam (NF), nickel nitride on nickel foam (Niz;N/
NF), nickel oxide on nickel foam (NiO/NF), and nickel hydrox-
ide on nickel foam (Ni(OH),/NF). The cathodic polarization
curves of HER on the electrocatalysts are exhibited in Fig. 3a.
The Ni;N/NF electrocatalyst necessitated an overpotential of
merely 135 mV to attain an electrocatalytic current density of
10 mA cm 2. This value is substantially inferior to the overpo-
tentials required by the bare nickel foam (298 mvV), nickel
oxide/nickel foam (NiO/NF, 177 mvV), and nickel hydroxide/
nickel foam (Ni(OH),/NF, 147 mV), highlighting the enhanced
efficiency of the Ni;N/NF catalyst. This indicates that Ni;N/NF
exhibits remarkable catalytic activity towards HER, with a
lower onset potential compared to NF, NiO/NF, and Ni(OH),/
NF.

The kinetic parameters of the electrocatalytic reaction were
determined by analyzing the polarization curves of the HER,
which describe the relationship between overpotential and
current density (Fig. 3b). The Tafel slope value of Niz;N/NF was
found to be 96.53 mV dec™?, which is less than that of bare NF
(225.03 mV dec ™), Ni(OH),/NF (128.91 mV dec™ "), and NiO/NF
(183.91 mV dec™"). This indicates that Ni;N/NF exhibits a
faster kinetic HER process, leading to an improved HER
performance.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) Polarization curves of NizN, NiO and Ni(OH), and Pt/C elec-
trocatalysts. (b) The corresponding Tafel plots of the three catalysts. (c)
The Cgq, calculations of NizN, NiO and Ni(OH),. (d) Polarization curves of
NizN/NF in 1 m KOH before and after 20 h under a certain potential (at
—0.15 V vs. RHE).

The electrochemical double-layer capacitance (Cq;) is
directly proportional to the electrochemical active surface area
(ECSA). Consequently, the ECSA was estimated by calculating
the Cq. This was achieved by recording cyclic voltammetry
curves within a potential window devoid of redox reactions
(Fig. $6-S87). NizN/NF had much larger Cq (3.36 mF cm™?)
than Ni(OH),/NF (0.47 mF cm~?) and NiO/NF (1.35 mF cm™?),
showing more electrocatalytic active sites on Ni;N/NF.
Furthermore, electrochemical Impedance spectroscopy (EIS) is
utilized to investigate the interfacial characteristics of electro-
catalytic materials. As shown in Fig. S9,T the electron-transfer
resistance exhibited by Niz;N/NF is significantly lower com-
pared to that of Ni(OH),/NF and NiO/NF. This observation is
consistent with the outcomes derived from LSV analyses. The
long-term stability is an essential parameter for assessing cata-
lyst performance. Before and after testing at the potential of
—0.15 V (vs. RHE) for 20 h, the polarization curves for Ni;N/NF
exhibit a comparable LSV profile to the initial curve, with an
insignificant decrease in current density, as shown in Fig. 3d.

In order to elucidate the intrinsic correlation between the
improved electrocatalytic performance and the influence of
non-metal elements in catalyzing the hydrogen evolution
process (Fig. 4), we conducted calculations to determine the
adsorption strength of H atoms on the Ni site in Ni;N and NiO
(Fig. 4a and b). The adsorption strength of H atoms on the Ni
site in Ni3N (i.e., NigN: AE.y = Exy — E« = —2.03 €V) was found
to be relatively weaker compared to that of NiO (i.e., NiO: AE«y
= E.y — E« = —4.28 eV). However, the desorption energy of H
atoms on the Ni site in NizN (i.e., NizgN: AE«y = Ex — E«y = 2.03
eV) was lower than that of H atoms on the Ni site in NiO (i.e.,
NiO: AE.y = E-y — E« = 4.28 eV), indicating that H atoms on
the Ni site in NizN are more easily desorbed than those on the
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Fig. 4 Schematic slab models of (a) NizN and (b) NiO. (c) Free energy
diagram for the HER on three considered models at zero potential. The
charge density difference plots for *H on (d) NizN and (e) NiO with an
isosurface value of 0.003 e A~3. Yellow and cyan contours represent
electron accumulation and depletion of O-intermediate species,
respectively. Electron localization function (ELF) for (f) NizN and (g) NiO.

Ni site in NiO. Furthermore, we have also calculated the Gibbs
free energy variation (AG) for each fundamental reaction step
on the Ni site in NizN and NiO during the HER process
(Fig. 4c). The Gibbs free energy difference value of the Ni sites
in NizN (AG, = 1.63 eV) was lower than that of NiO (AG; = 1.72
eV) during the desorption of hydrogen atoms, suggesting that
the catalytic activity of Ni;N is greater than that of NiO. In
order to delve into the intricacies of the doping effect, we con-
ducted an analysis of the charge density difference plots per-
taining to *H adsorption. This was done with the objective of
qualitatively illustrating the interaction between *H radicals
and NizN and NiO. As depicted in Fig. 4d and e, the charge
accumulation on the Ni-site radical is more pronounced on
NizN (1.94 eV) compared to NiO (1.54 eV), while the charge
redistribution for the Ni site on Niz;N is almost identical to
that on NiO.

It is noteworthy that there is a greater transfer of charge
from the N atom to the Ni-site in Ni;N compared to the charge
transfer from the N atom to the Ni-site in NiO. Specifically,
when Ni;N interacts with an *H molecule, the Ni-site in Ni;N
exhibits a higher affinity for accepting electrons compared to
the Ni-site in NiO, leading to the effective activation of Ni-sites
in Ni3N for the HER. Fig. S10t illustrates that the bandgap of
NiO, which is approximately 1.48 eV in the total density of
states (TDOS), is larger than that of NizN (which is about 0 eV).
Consequently, the conductivity of NizN is higher than that of
NiO. Fig. S1171 depicts the projected density of states (PDOS)
for the d band of Ni in both Ni;N and NiO. The d-band of the
Ni atom in Ni;N is visibly narrower compared to the d-band of
the Ni atom in NiO, indicating the electron localization of the
d orbitals of the Ni atom in Ni;N. The d-band center of the Ni
atom in Niz;N (—2.78 eV) is higher than that of the Ni atom in
NiO (—3.42 eV), suggesting that the electron localization func-
tion (ELF) identifies the localization of electrons around N
atoms on the (001) surface of NizN, while the distribution is
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uniform within Ni;N (Fig. 4f). Additionally, the electron distri-
bution around Ni atoms is relatively enhanced, indicating the
effective activation of Ni sites. As previously reported, the
manipulation of electron localization can be utilized to engin-
eer the energetics of reaction intermediates for
electrocatalysis.

Our DFT calculation results display that the improved
electrocatalytic performance of NizN primarily stems from the
electron-rich interfacial region, which facilitates electron trans-
fer from N-site to Ni-site, leading to charge accumulate on the
Ni-site in the Ni;N and negatively shift the d-band centre of
the Ni atom in NizN. Consequently, this promotes the
adsorption H,O to form *H. Moreover, the charge accumu-
lation on the Ni-site radical is more pronounced on Niz;N com-
pared to NiO for the HER, suggesting the charge transfer for
the Ni site on Ni3N is superior to that on NiO. Our results
suggest the notion of orbital-regulated the electronic levels on
Ni-site introduces a distinctive methodology for the systematic
development of catalysts used for hydrogen evolution in the
future.

Conclusions

In conclusion, we have successfully demonstrated the utiliz-
ation of metallic 3D NizN nanosheets as an exceptional elec-
trode material. Our research presents an innovative yet
straightforward approach to enhance the kinetics of water dis-
sociation in Ni3N, utilizing the electron redistribution in d
orbitals induced by oxygen. Compared to the HER activity of
NiO, the fabricated Ni;N demonstrates a higher overpotential,
measuring 135 mV when operating at a current density of
10 mA cm™>. XPS analysis indicates that oxygen dopants, pos-
sessing a higher electron-pulling capacity, generate additional
unoccupied states in the Ni sites. Moreover, DFT calculations
elucidate that Niz;N can also depress the d-band center of Ni
sites, thereby catalyzing hydrogen evolution and consequently
activating and expediting water dissociation. This innovative
concept of electron-regulated electrocatalysis could furnish
substantial insights for catalyst design, not only for HER but
also for other applications.
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