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The hydrogen evolution reaction (HER) is a key process in electrocatalytic water splitting for hydrogen
production, yet it is often limited by sluggish H*-OH adsorption and H* binding kinetics. We obtained Ru-
modified NiO nanoparticles (Ru-NiO/NF) with enhanced HER properties by substituting ruthenium (Ru)
for Ni atoms in the NiO (200) crystalline facets on nickel foam by a one-step electrodeposition technique.
This novel catalyst exhibits a significantly reduced H*-OH adsorption energy and improved kinetics, with
an overpotential of only 60 mV at 10 mA/cm? and a Tafel slope of 26.19 mV/dec. The Ru-NiO/NF maintains
its activity for over 115h, outperforming NiO/NF by reducing the overpotential by 177 mV. DFT calcula-
tions confirm that the addition of Ru to NiO enhances the HER kinetics by modifying the electronic struc-
HER ) ture, optimizing the surface chemistry, stabilizing the intermediates, lowering the energy barriers, and
DFT calculations facilitating efficient charge transfer through a robust three-dimensional structure, resulting in a change
3D nanoparticles in the rate-limiting step and a significant reduction in the Gibbs free energy. This study presents a highly
efficient HER catalyst and offers insights into designing advanced NiO-based electrocatalysts by reducing
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reaction energy barriers.
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Hydrogen is an efficient and clean intermittent energy source,
recognized as the most promising energy carrier due to its abun-
dant feedstock, low cost and environmental compatibility [1,2]. Up
to now, hydrogen energy has been widely used in different fields,
such as new energy vehicles, airplanes, and ships [3]. Therefore,
how to produce hydrogen efficiently is increasingly becoming a hot
issue for researchers, among which hydrogen production by elec-
trolysis of water has also been explored as an important initia-
tive [4,5]. In the process of water electrolysis, two electrons need
to be transferred from hydrogen evolution reaction (HER) to com-
plete the conversion from H* to H,, and the reaction process needs
to overcome the corresponding reaction energy barriers, while the
overpotential caused by polarization further amplifies the decom-
position voltage [6,7]. Efficient reduction of energy barriers in the
water splitting process can be achieved by precious metal catalysts
such as Pt and Ru [8,9]. Since precious metals are expensive and
scarce on earth, it is imperative to develop efficient catalysts that
are low-cost, corrosion-resistant, resource-rich, and pollution-free
[10,11].
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For optimal electrocatalysts, decreased energy barriers and in-
creased active sites are the ideal conditions to facilitate the HER
[12,13]. Although significant advancements have been made in un-
precious catalysts, ruthenium (Ru)-related catalytic materials are
still recognized as the most active HER catalysts because of their
optimum ability to bond with hydrogen [14,15]. The shortcomings
of high cost and scarcity have hindered its large-scale application
in hydrogen production in electrolyzer. Nevertheless, in alkaline
hydrolysis-catalyzed reactions, the splitting of water molecules to
produce *H requires a large amount of energy. The participation
of Ru promotes the breaking of the O-H bond and accelerates the
reaction process [10,16].

Currently, the transition metals-based material is widely used
in the field as an effective electrocatalyst, designed to replace the
high-cost Ru-modified HER catalysts [17-21]. In order to obtain
efficient catalytic activity while saving cost, a number of strate-
gies have been employed to modulate catalyst activity, among
which heteroatom doping is considered to be an effective modula-
tion strategy [22,23]. Noble metal atoms modulate transition metal
catalysts in doped form with efficient catalytic activity [24,25].
A new Ru-doped hierarchical flower-like Ni,P/NiO heterostructure
nanosheet vertically aligned on Ni foam substrate (Ru-Ni, P/NiO/NF
HNSs) electrocatalysts was discovered by Zhang et al. The catalyst
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exhibited high HER activity under alkaline conditions [26]. Zhang
and his members have proposed to integrate reactive components
of oxygen-evolution reaction (OER) and HER into novel inter-doped
ruthenium-nickel oxide [(Ru-Ni)Ox] heterostructures using a self-
templated strategy [27]. Luo et al. discussed that the inherent ac-
tivity of Ru is similar to that of Pt in terms of hydrogen bonds
strength and offers the advantages of relatively low cost (Pt cost
is about 4%) and excellent endurance, which makes it an ideal al-
ternative to Pt in the HER [28]. In summary, the performances of
single transitional metal-based oxide catalysts can be regulated by
rational introduction of Ru atomic doping, and excellent HER catal-
ysis can be achieved under alkaline environment.

In this paper, a simple and convenient method of rapid elec-
trochemical synthesis is proposed to design efficient HER catalysts
from the problems of low cost and high activity. The Ru-modified
NiO/NF was constructed in situ by introducing the noble metal Ru
into NiO crystals through a one-step electrodeposition process of
in situ formation of NiO phase on the nickel foam surface. Among
them, the Ru-modified NiO/NF electrocatalyst was formed due to
its unique structure and also significantly reduced the H*-OH ad-
sorption energy, which in turn exhibited significant kinetic promo-
tion and excellent stability. At the same time, it was found that
the introduction of Ru atoms further refined the nanoparticles to
a specific structure, which greatly increased the specific surface
area, thus providing more active sites required for the reaction and
achieving an increase in catalytic activity. The catalyst requires only
60mV overpotential to achieve a current density of 10 mA/cm? in
a 1mol/L KOH electrolyte, and exhibits an exceptionally long time
stability of 115h, accompanied by an impressive 26.19 mV/dec tafel
slope. Because of this, compared to the catalytic activity of NiO/NF,
Ru not only increased the active site of NiO/NF, but also enhanced
its intrinsic activity, resulting in a 177 mV decrease in its HER ac-
tivity. DFT calculations also indicate that doping of NiO crystals by
introducing a small amount of Ru atoms significantly reduces the
Gibbs free energies of *H-OH and *H of NiO in the HER process,
confirming that the introduction of metallic Ru can greatly accel-
erate the HER dynamics at a lower energy barrier. This paper ex-
plores the in-situ growth of Ru-NiO/NF, which offers the prospect
of a more facile approach to obtaining efficient and stable electro-
catalysts.

The one-step electrodeposition method was used, and the Ru
atoms successfully replaced some of the Ni atoms in the NiO crys-
tals, which resulted in the in-situ growth of Ru-modulated NiO/NF
(Ru-NiO/NF) nanoparticles on NF, and the synthesis process is
shown in Fig. 1a. To further characterize the crystalline phase and
composition of the catalysts, the prepared materials were analyzed
by XRD. The XRD images of Ru-NiO/NF are shown in Fig. 1b, and
the diffraction peaks are located at 37.33°, 43.38°, and 63.02° of the
(111), (200), and (220) crystal planes of NiO (JCPDS No. 73-1519),
respectively. In addition, the diffraction peaks at 44.37°, 51.59°, and
76.08° respectively correspond to the (111), (200), and (220) crys-
tal planes of Ni (JCPDS No. 01-1258). It shows that the material’s
phase is mainly composed of NiO and Ni.The diffraction peaks of
Ru were not detected in the plots, probably due to its poor crys-
tallinity and the effect of an overly strong signal from the Ni foam
substrate. The emergence of characteristic derivative peaks associ-
ated with metal Ru is not explicitly observed in Fig. 1b. It is ob-
served that the XRD peak positions are generally shifted leftward
from the above standard peak positions, which is mainly attributed
to the fact that Ru has a larger atomic radius than that of Ni, so
that doping induces the peaks to be shifted to the left. Further
comparisons were made listing the XRD of NiO/NF modified by
different non-precious and non-metallic elements (Fig. S1a in Sup-
porting information), Cr-NiO/NF, V-NiO/NF, S-NiO/NF, and P-NiO/NF
all have only three obvious nickel peaks compared to Ru-NiO/NF.
This is mainly due to the different chemical properties of differ-
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Fig. 1. (a) Synthetic route of Ru-NiO/NF. (b) XRD of Ru-NiO/NF. (c) SEM images of
NiO/NF. (d) SEM images of Ru-NiO/NF. (e) TEM of Ru-NiO/NF. (f) EDS of Ru-NiO/NF.

ent atoms, which subsequently affect NiO/NF differently, resulting
in different shifts of the diffraction peaks. Furthermore, the XRD
spectrum corresponding to Ru-doped and undoped electrocatalysts
was also measured. As shown in Fig. S1b (Supporting information),
the diffraction peaks of Ni (200) are shifted to a lower angle after
doping, which is due to the fact that the doping radius of Ru is
slightly larger than that of Ni%*, resulting in lattice expansion. The
shifted positions of the corresponding XRD peaks of the electro-
catalysts before and after doping and the change in the intensity
of the peaks after doping are side evidence of the successful im-
plementation of metal doping.

As shown in Fig. 1c, the SEM image of NiO/NF confirms that
the morphology of NiO/NF is granular and these particles of differ-
ent sizes are tightly adhered to the surface of NF. The morphology
of Ru-NiO/NF, on the other hand, is a kind of three-dimensional
loosely packed nanoparticles (Fig. 1d), and compared with the par-
ticles of NiO/NF, the morphology of Ru-NiO/NF appears to be more
finely and three-dimensionally under the same magnification lens.
The particle size is also obviously refined and dispersed. This illus-
trates that with the introduction of Ru atom doping, the increased
specific surface area can provide more active sites required for the
reaction. In addition, we have measured the cross-sectional area of
Ru-NiO/NF, which has a thickness of about 1.5um. In Fig. 1e, the
TEM characterization of Ru-NiO/NF is shown, from which it can be
found that the lattice stripe spacing of 0.205nm and 0.237 nm can
be attributed to the (111) face of Ni and the (111) face of NiO, re-
spectively. Then, the elemental distribution of Ru-NiO/NF was char-
acterized, as shown in Fig. 1f for its EDS profile, which shows that
Ni, O, as well as Ru are all present and uniformly distributed in Ru-
NiO/NF. The corresponding data (Fig. S2b in Supporting informa-
tion) also shows the content of each element and its spectrum, and
it was found that the content of Ru is relatively low (only 5.74%
atomic percentage of Ru), which also suggests that Ru is present in
doped form.

To investigate both the composition of Ru-NiO/NF and its sur-
face chemical valence states, the catalyst was analyzed by X-ray
photoelectron spectroscopy (XPS). The XPS full-spectrum scan of
Ru-NiO/NF is shown in Fig. 2a to further verify the presence of Ru,
Ni, and O elements. In Fig. 2b, a total of four peaks were fitted to
the spectrum about Ni 2p, in which the fitted peaks with bind-
ing energies at 856.0 and 873.7 eV were attributed to Ni 2p3, and
2py,, respectively [29], and which were derived from NiO [30,31].
In addition, the binding energy fitting peaks at 860.9 and 879.6 eV
were attributed to the satellite peaks corresponding to NiO [32].
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Fig. 2. (a) XPS full spectrum of Ru-NiO/NF; (b) Ni 2p; (c) O 1s; (d) Ru 3d.

Fig. 2c presents the O 1s spectrum of the sample deconvolved into
2 characteristic peaks, which proves the fact that the oxidized state
of nickel [33]. As shown in Fig. 2d, the binding energy of the con-
volution at both 281.6 and 285.9eV can be attributed to Ru 3ds,
and Ru 3d3,, which results correspond to Ru-O bonds. In addition,
the fitted peaks at 282.5 and 287.6 eV are the satellite peaks corre-
sponding to Ru 3ds, and Ru 3d;p,, whereas the rest of the peaks
are attributed to the C1s [34], and the rest of the peaks are at-
tributed to the C1s, and this result also suggests that, the Ru in
the catalysts in the catalyst is in the oxidized state.

A traditional three-electrode system in 1mol/L KOH solution
was used for HER activity testing of Ru-NiO/Ni together with its
corresponding comparison samples. Different atoms have different
effects on NiO/NF, either promoting or inhibiting, and Cr, V, P, and
S were introduced to modify NiO/NF in addition to Ru. The elec-
trocatalytic performance of Ru-NiO/NF at 10 mA/cm? all exhibited
relatively low overpotentials compared to Cr-NiO/NF (268 mV), V-
NiO/NF (187 mV), S-NiO/NF (188 mV), P-NiO/NF (154 mV), NiO/NF
(237mV) and NF (250mV) (Fig. 3a). In contrast, the Ru-NiO/NF
catalyst required only 60 mV overpotential to achieve a current
density of 10mA/cm?, which was second only to Pt/C (42mV)
at the same current density. This suggests that with the intro-
duction of Ru atoms, the electronic structure around NiO/NF was
modified, enabling to increase its intrinsic activity, and its mor-
phology was altered to provide more active sites, resulting in
a significant improvement of the catalytic activity. Subsequently,
the CV curves obtained from our tests were transformed, cal-
culated, and fitted to obtain Fig. 3b with logj as the horizon-
tal coordinate and the Tafel curve corresponding to the activ-
ity curve as the vertical coordinate. As depicted in the fig-
ure, according to Ru-NiO/NF (26.19 mV/dec) < Pt/C (30.36 mV/dec)
< P-NiO/NF (109.24mV/dec) < NiO/NF (113.10mV/dec) < S-
NiO/NF (121.64mV/dec) < V-NiO/NF (147.18 mV/dec) < Cr-NiO/NF
(167.02mV/dec) < NF (243.47 mV/dec), with the increase of the
current density, the Tafel slopes of Ru-NiO/NF are getting closer
and closer to that of Pt/C, even with a tendency to exceed the Pt/C
electrode, showing that Ru-NiO/NF possesses an excellent Tafel
slope, implying that Ru-NiO/NF has remarkably favorable catalytic
kinetics [35,36]. In addition, compared to the catalytic activity of
NiO/NF, the Ru not only increases the specific surface area of
NiO/NF and thus the number of active sites, but also will decrease
its tafel slope leading to enhance the intrinsic activity of NiO/NF
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to the extent that the HER activity is reduced by 177 mV. After-
wards, in order to probe the kinetic state between the interface
of the catalyst surface and the electrolyte both, the electrochemi-
cal impedance (EIS) was taken to examine it. Moreover, the above
catalysts were compared for HER overpotential and Tafel slope in
Fig. 3c, in which Ru-NiO/NF still showed excellent catalytic activ-
ity and fast reaction kinetics. As shown in Fig. 3d, the semicircle
radii of Cr-NiO/NF, S-NiO/NF, V-NiO/NF, P-NiO/NF, NF, NiO/NF, and
Ru-NiO/NF decreased in order, which benefited from the modula-
tion of the electronic structure and morphology of NiO/NF after Ru
doping, and exposed more active sites, thus obtaining a more ex-
cellent HER activity. The phenomenological scans of Ru-NiO/NF, Cr-
NiO/NF, V-NiO/NF, S-NiO/NF, P-NiO/NF, NiO/NF and NF in the non-
Faraday region are shown in Figs. S5a-g (Supporting information),
respectively. As shown in Figs. 3e and f, at 40-90mV/s, the Cy
of Ru-NiO/NF (31.4mF/cm?), Cr-NiO/NF (0.94 mF/cm?), V-NiO/NF
(3.37 mF/cm?), S-NiO/NF (1.36 mF/cm?2), P-NiO/NF (8.05mF/cm?),
NiO/NF (1.29 mF/cm?), and NF (1.52 mF/cm?) were calculated in
this interval based on their corresponding CV curves, respectively.
Based on the positive relationship between Cy and ECSA [37], it
can be readily assumed that the Ru-NiO/NF has a better ECSA. The
superior ECSA and peculiar particle structure can be assumed to be
one of the reasons for the high activity of the Ru-NiO/NF catalyst.

The corrosion resistance of the electrocatalyst is a very impor-
tant chemical property, as shown in Fig. 3g, after a short period of
rapid CV scanning of the catalyst for 1000 cycles, it maintained ex-
cellent catalytic activity, and the stability of the catalyst was tested
for up to 115h at a current density of 10 mA/cm? (Fig. 3h), which
fully demonstrated the excellent HER activity and stability of Ru-
NiO/NF. Aiming at further investigating the stability profile of Ru-
NiO/NF, it was characterized by XRD, XPS and SEM after the HER
stability test, respectively. As shown in Fig. S3a (Supporting in-
formation), the XRD after stabilization showed almost unchanged
physical phase compared with that before stabilization, but the
diffraction peaks were shifted to the right. The reason for this is
due to prolonged testing, which causes some of the Ru to dis-
solve into the electrolyte. The characterization results in combi-
nation with the morphology of Ru-NiO/Ni (Fig. S3b in Supporting
information) show that the morphology is partially agglomerated
after stabilization, which indicates that part of the doped Ru is dis-
solved in the electrolyte during the stability test, which has some
influence on the morphology and the position of the diffraction
peaks. The XPS after the stability test is shown in Fig. S4 (Sup-
porting information). The elements are consistent with those be-
fore the stability test, but the peak intensities of each element are
weakened to different degrees after the stability test, which is due
to the partial dissolution in the electrolyte during the test. Further-
more, as shown in Fig. 3i (Table S1 in Supporting information), the
excellent catalytic effect of Ru-NiO/NF was likewise demonstrated
by comparing the overpotential of Ru-NiO/NF at 10 mA/cm? with
that of some HER catalysts in recent years.

To elucidate the mechanism behind the Ru-induced enhance-
ment of HER catalytic activity, density functional theory (DFT) cal-
culations were performed to investigate the effects of Ru on the
electronic structure and local ligand environment of NiO. The HER
process on the NiO (200) surface was explored via DFT simulations.
First, the crystal structures of NiO/NF, Ru-NiO/NF, and the key in-
termediates, H*-OH and H*, during the HER reaction, were mod-
eled (Fig. 4a). In the process of hydrogen production from elec-
trolytic water, the NiO/NF catalyst completes the hydrogen pro-
duction reaction path by adsorbing H,O molecules and undergo-
ing the dissociation of H*-OH intermediate state and the forma-
tion of H adsorption sites; and after the modification by atomically
dispersed Ru doping, the Ru sites in the Ru-NiO/NF catalyst sig-
nificantly optimize the electronic structure of NiO and lower the
water dissociation energy barrier, and at the same time, by en-
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Fig. 3. (a) Polarization curves of Ru-NiO/NF, Cr-NiO/NF, V-NiO/NF, S-NiO/NF, P-NiO/NF, NiO/NF, Ni and Pt/C and (b) their corresponding Tafel plots. (c) Comparison of corre-
sponding catalysts and overpotentials and Tafel Slopes. (d) Nyquist plots. (e, f) Cy. (g) Comparison of Ru-NiO/NF before and after 1000 turns of CV cycles. (h) Stability tests of
Ru-NiO/NF (schematic diagram of hydrogen production by electrolysis of Ru-NiO/NF). (i) Comparison of HER performance of various catalysts with Ru-NiO/NF at 10 mA/dec.
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hancing the H adsorption of the active site free energy, the H*-OH
dissociation efficiency in the reaction pathway was enhanced, and
the synergistic enhancement of hydrogen production rate and cat-
alytic stability was finally realized. Fig. 4a shows that H,O adsorbs
to form *H-OH intermediates, and the process occupies the active
site on the NiO surface for a long time, while the energy barrier
in b is 0.57 eV, which leads to the reaction path being blocked.
Nevertheless, for NiO/NF, the rate-limiting step is the conversion
of *H-OH to *H, with a maximum free energy change of 1.05eV.
However, for Ru-NiO/NF, this step is significantly accelerated, and
the rate-limiting step shifts to the formation of *H-OH, which re-
quires a reduced free energy change of 0.57 eV. And in Fig. 4b, the
energy barrier of NiO curve in the *H stage is significantly higher
than that of Ru-NiO, indicating that Ru-NiO/NF can better promote
the process of H,O — *H-OH. Furthermore, the adsorption of OH~
as a H,O0 dissociation product (H,O — H-OH — H + OH~) may form
stable OH intermediates. And the strongly adsorbed OH~ will com-
pete with H for the active site and inhibit the final step of H— H,
(the NiO curve in Fig. 4b shows a steep rise in the energy bar-
rier at the *H— H, stage) On the other hand, the free energy of
*H-OH intermediates in unmodified NiO catalysts (0.57 eV) is sig-
nificantly higher than that of the Ru-NiO system (0.40eV). This
suggests that it is more difficult to desorb with *H-OH on the
surface of NiO, leading to more severe toxic effects. These results
demonstrate that Ru modification of NiO significantly enhances

electronic conductivity, alters surface chemistry, stabilizes reaction
intermediates, and lowers energy barriers. In conclusion, Ru modi-
fication significantly mitigates such toxicity by modulating the ad-
sorption energy and optimizing the reaction pathway, which pro-
vides a key idea for designing efficient HER catalysts. These find-
ings are in excellent agreement with the experimental observa-
tions.

In conclusion, we have successfully developed self-supported
Ru-NiO/NF nanoparticles via a rapid electrochemical synthesis
method on nickel foam. These nanoparticles exhibit exceptional
catalytic activity toward the HER, achieving an overpotential of just
60mV at 10mA/cm? in 1 mol/L KOH electrolyte. The incorporation
of Ru into NiO/NF not only increases the number of active sites
but also enhances the intrinsic activity of each site, leading to a
remarkable 177 mV reduction in HER overpotential compared to
pure NiO/NF. The Ru-NiO/NF nanoparticles demonstrate outstand-
ing stability, maintaining HER performance for over 115h, which
is attributed to their three-dimensional architecture that facilitates
efficient charge transfer and preserves structural integrity. DFT cal-
culations further showed that Ru doping significantly enhanced the
adsorption of *H-OH and the rate-limiting step was converted from
*H-OH generation to *H production, and the Gibbs free energy was
reduced from 1.05eV to 0.57 eV, emphasizing its role in improving
the catalytic activity and HER kinetics. This work not only provides
valuable insights into the role of Ru in NiO-based electrocatalysts
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but also paves the way for the development of cost-effective, high-
performance HER catalysts via a simple and scalable synthesis ap-
proach, offering great promise for future energy conversion appli-
cations.
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