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A B S T R A C T

Water splitting has been known as a promising candidate for electrochemical green hydrogen. The hydrogen
evolution reaction (HER), which is the half-reaction for water splitting at the cathode, typically requires a high
overpotential (ηHER). Transition metal-based nanomaterials (TMBMs) are appealing electrocatalysts for the HER
because of their ability to reduce the ηHER. Interfacial engineering is an effective strategy for utilizing TMBMs,
wherein noble metals are used to create several active sites on the surfaces of nanostructured TMBMs. This
approach simultaneously exploits the advantages of the intrinsically high HER performance of noble metals and
the large surface area of TMBM nanostructures. In this study, we synthesized nickel oxide (NiO) nanoplates via an
alkali-free hydrothermal approach to produce highly purified electrodes with large surface area, followed by
decoration with palladium (Pd) nanoparticles via wet impregnation. Although various combinations of noble
metal-decorated TMBMs are available for the HER, Pd and NiO were chosen due to their intrinsically high HER
performance and facile processability, respectively. The Pd/NiO electrocatalyst with an ideal compositional
threshold of both elements showed outstanding HER performance, affording low ηHER of 59 and 92 mV at high
current densities of 50 and 100 mAcm− 2, respectively, and a low Tafel slope of 52 mVdec− 1. After 50 h of a
stability test, 92 % of the initial performance of the Pd/NiO electrode was maintained. These experimental results
have been supported by the Gibbs free energy for Pd/NiO and pristine NiO electrocatalysts estimated in the water
dissociation using density functional theory (DFT) calculations. This facile approach of alkali-free hydrothermal
synthesis and subsequent wet impregnation to synthesize electrocatalysts based on interface engineering can be
further utilized to explore high performance green hydrogen production.

1. Introduction

As the energy demand increases owing to population growth and
industrialization, the interest in eco-friendly and efficient energy sour-
ces for replacing fossil fuels and mitigating air pollution is surging.
Hydrogen (H2) is considered a potential alternative clean energy source
because it can be largely produced from water as a byproduct when
combusted [1]. Electrolysis of water (EOW) is an economical and effi-
cient method of producing pure H2 via the hydrogen evolution reaction

(HER) [2]. However, the high overpotential (theoretically, the overall
EOW overpotential requires ηEOW≥ 1.23 V, whereas a value 0.55–0.77 V
higher is required practically) must be overcome [3]. Hence, developing
novel and efficient electrocatalysts is essential for maximizing the water
splitting efficiency by reducing the ηEOW for wider applications in the
future.

The efficiency of water electrolysis can be promoted through redox
reactions on the surface of transition metals owing to the free d-orbital
electrons of the metals [4]. Transition metals have been used to create
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various materials such as phosphides, chalcogenides, carbides, phos-
phates, oxides, hydroxides, perovskites, and nitrides [5]. Among them,
transition metal oxides (TMOs) have been drawn attention because of
their exclusive properties, such as low cost, abundance, and structural
diversity. Transition metal oxides also offer a number of surface active
sites via the formation of nanomorphology [6]. NiO nanostructured
electrodes have been utilized for the HER due to their high electro-
catalytic efficiency and facile transformation to nanostructured mor-
phologies with a large surface area, which can boost HER performance.
Zhang et al. constructed oxygen vacancies in NiO nanorods by the in-situ
cation exchange in the gas phase method and achieved the ηHER of 110
mV at 10 mA cm− 2 [7]. On the contrary, NiO nanoparticles fabricated
using the drop-casting method afforded the η of 373 and 268 mV for the
OER and HER at 10 mA cm− 2, respectively, via Ni2+/Ni3+ transition-
assisted EOW [8]. To fabricate nanostructured electrodes, hydrother-
mal synthesis is considered as one of the most facile approaches [9].
Although various alkaline-reducing reagents have been used to accel-
erate the formation the electrodes during the hydrothermal synthesis
[10], the byproducts possibly caused impurities, unusual morphologies,
and damaged gas thereby requiring extra purifications [11]. Various
literatures have successfully fabricated metal oxides viz. alkali-free hy-
drothermal method such as Co3O4, SnO2; implying the high efficiency of
alkali-free hydrothermal for nanostructured metal oxide preparation
[12,13]. Thus, in this work, the NiO electrodes with uniformly grown
nanostructured morphologies is prepared by alkali-free hydrothermal
synthesis.

Despite the promising features, NiO electrocatalyst has limited
conductivity, which can lower the EOW efficiency [14]. Thus, plenty of
interfacial engineering methods, such as single-atom-/heteroatom-
doping, core–shell structuring, and hierarchical geometry design, have
been studied to expand the EOW efficiency by simultaneously taking
advantage of the intrinsic advantages of multiple elements [15–17].
Moreover, the interfacial engineering approach can generate rapid
redox reactions by reinforcing the physical properties of the interface
layer, which absorbs electrolyte reactants, transfers electrons, and de-
sorbs products [18]. Pristine noble metals are recognized as ideal elec-
trodes for lowering the ηHER and establishing stable interfaces with
TMOs (e.g. NiO, MnO, and CoO) to enhance the HER performance
despite their drawbacks in terms of cost and scarcity [19]. Therefore, it
is desirable to decorate economically advantageous electrocatalysts
substrates with small amounts of noble metals. Various studies have
explored this approach, achieving extraordinary results, such as ηHER ≤

100 mV at a high current density (up to 100 mA cm− 2), which is com-
parable to that of a commercial Pt electrode, where Pt is considered as a
superior catalyst for the HER. Yan et al. reported Pt filling into NiO
exhibited the ηHER of 20 mV at 10 mA/cm2 [20]. Zhang et al. reported
the NiO@Ru for high-efficiency overall water splitting at a voltage of
1.55 V [21]. Barhoum et al. reported a composites named CNF-Ni/NiO-
Pd displayed a low ηHER of 63 mV at 10 mA/cm2 [22]. Based on these
underlying principles, we refined a facile interfacial engineering strat-
egy for decorating the surfaces of nanostructured transition metal oxides
with pristine noble metals to produce effective and economical elec-
trocatalysts for HER applications. Compared to various pristine noble
metals, the chemical and electronic affinities of palladium (Pd) are
similar to those of Pt, making Pd a promising economic substitute for Pt
[23]. Moreover, Pd has a high adsorption energy; thus, it can attack
reactants in the electrolyte at the interface of the electrode. Hydrogen
adsorption on Pd nanoparticles proceeds via two distinct phases
depending on the hydrogen concentration as the reaction progresses
[24]. The hydrogen-poor solid-state solution (α-phase) exists in the
initial reaction and the hydrogen-rich hydride (β phase) appears when a
huge amount of hydrogen is generated. Suzana et al. indicated that the
α–β phase-transformation of hydrogen adsorbed on Pd NPs allows the
electrode to adsorb a large amount of hydrogen and accelerates the ki-
netics of the HER [25].

Thus, in this work, we develop an interfacial engineered

electrocatalyst, namely, Pd-decorated NiO nanostructured electrodes,
by alkali-free hydrothermal synthesis of NiO nanostructures and sub-
sequent wet impregnation of Pd NPs, for HER applications. NiO with
nanoporous morphologies can support the Pd NPs and enhance the
redox reactions during the HER owing to the large electrode/electrolyte
interfaces. Comparative analysis with other pristine-noble-metal-
decorated NiO species (Ag/NiO, Ru/NiO and Au/NiO) shows that Pd/
NiO with low amount of Pd (3 mM PdCl2) achieves the highest HER
performance, affording ηHER of 59 and 92mV at high current densities of
50 and 100mAcm− 2, respectively, a Tafel slope of 52.05 mV dec–1 in 1M
KOH solution, and maintains 92 % efficiency after 50 h of a stability test.
The experimental results are supported by theoretical studies, where
DFT analysis of the Gibbs free energy and water molecule dissociation
energy shows that Pd/NiO (0.52 V) required lower energy than that of
NiO (0.78 V) despite the trace amount of Pd NPs (0.5 wt%). This facile
approach for producing nanostructured transition metal oxide elec-
trodes decorated with small amounts of noble metals based on interfa-
cial engineering can be further utilized for developing novel and
efficient electrocatalysts for the HER.

2. Results and discussion

2.1. Mechanism of Pd/NiO synthesis

Fig. 1 illustrates the mechanism of formation of the NiO nanoplates
by alkali-free hydrothermal synthesis. The nickel nitrate salt dissolves in
DI water to form Ni2+ cations and NO3

– anions. During hydrothermal
synthesis, the DI water may partially dissociate into H+ and OH– species.

Fig. 1. Schematics showing the mechanism of formation and growth of NiO
nanoplate and decoration of Pd nanoparticles on NiO nanoplate.
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The Ni2+ cations strongly attract and react with the OH– species to form
nickel hydroxide (Ni(OH)2), which is further annealed to form NiO.

The NiO nuclei that were assembled on the surface of the nickel foam
(NF) grew slowly to form a 2D structure. The synthesis time, tempera-
ture, and concentration of the nickel nitrate precursor solution affected
the morphology of the NiO nanoplates. Once the nanostructured NiO
was formed, a wet impregnation technique was used to decorate the NiO
nanoplates with Pd nanoparticles. In the wet impregnation process, Pd2+

and Cl− ions around the surface of the NiO nanoplates can create a thin
cover layer. The mechanism of formation of the Pd NPs on the NiO
surface can be explained by the fact that NiO can possibly be converted
from Ni2+ to Ni3+ and can donate electrons to Pd2+ at high tempera-
tures, forming Pd0 which further grows as nanoparticles anchored on the
NiO surface.

2.2. Morphological and structural studies of electrocatalysts

To verify the successful fabrication of Pd/NiO electrode by hydro-
thermal synthesis and subsequent wet impregnation, various morpho-
logical and structural characterizations have been studied. Firstly, the
atomic force miscroscopy (AFM) were collected to dissect the topog-
raphy of the Pd-decorated NiO. The 3D AFM topography images of scan
area of 5 μm× 5 μm for NF, NiO, and Pd/NiO were obtained as shown in
Fig. S1, Fig. 2a and b, respectively. Compared to the microscopically
planar topography of NF, the nanoplate-like structures can be observed
for NiO and Pd/NiO samples. The increased surface height of the NiO
(781.768 nm) and Pd/NiO (964.381 nm) compared to that of the NF
(328.344 nm) indicates the successfully grown active materials on the
NF surface. Moreover, the root mean square roughness (Rq) values of
NiO (104.916 nm) and Pd/NiO (111.095 nm) is higher than that of the

NF (46.322 nm) implying the larger variation in NiO and Pd/NiO due to
the nanoporous morphologies [26]. The field-emission scanning elec-
tron microscopy (FE-SEM) images show in Fig. S1 – S3, Fig. 2c and
d display a 2D array consisting of numerous homogeneously aligned
nanoplates and nanoparticles for Pd/NiO which is clearly different than
NF and NiO samples. This morphology may generate a larger surface
area and a larger number of exposed active sites at the electrode/elec-
trolyte interface, resulting in increased electrocatalytic activity. The
energy dispersive X-ray spectroscopy (EDS) mapping of Pd/NiO shows
the dense and uniform presence of Pd, Ni, and O on the NF surface
(Fig. S4). The transmission electron microscopy (TEM) and high-
resolution TEM (HR-TEM) analyses revealed the nanostructures at
higher magnification and the planar interlayers of Pd/NiO; the average
sized of Pd NPs has been estimated around 10 nm. (Fig. 2e, f, and g).
Selected-area electron diffraction (SAED) analysis confirmed the crys-
talline nature of Pd/NiO (Fig. 2h). The image of 2D Pd/NiO clearly
shows the Pd lattice fringe of the (111) plane with a d-spacing of 0.23
nm and that of the NiO (003) plane with a d-spacing of 0.25 nm. The
regular pattern of bright spots intimates the single-crystalline feature of
the NiO and Pd NPs, as confirmed by comparing the SAED pattern and
the lattice fringes from the X-ray diffraction analysis (XRD) peaks cor-
responding to the (111), (200), (220), (222), (400), and (331) planes
for Pd and the (003), (110), and (021) planes of NiO, respectively
[27,28]. The XRD pattern of Pd/NiO matched well with those of the NiO
(JCPD card PDF#22-1189) and Pd (JCPD card PDF#05-0681) struc-
tures, as shown in Fig. 2i; the background peak (high intensity) origi-
nated from the NF substrate (JCPD card PDF#87-0712) [29]. Fig. 2j
shows the Raman spectra of NiO and Pd/NiO. Pd does not show peaks in
Raman spectrum because pure metals are highly reflective with the
presence of free electrons on theirs surface presumably resulting in non-

Fig. 2. (a,b) 3D AFM topography images of 5 μm × 5 μm scan area of (a) NiO, and (b) Pd/NiO, (c,d) FE-SEM images of Pd/NiO at different magnifications. (e-g) TEM
images of Pd/NiO with various magnifications, (h) corresponding SAED pattern, (i) XRD patterns for NiO and Pd/NiO and (j) Raman spectra of Pd/NiO.
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visualized polarizability change of Raman scattering signals [30]. On the
other hand, both NiO and Pd/NiO Raman spectra shows two peaks at
530, and 1090 cm− 1 correspond to one-phonon (1PLO) longitudinal
optical (LO) and two-phonon (2PLO) longitudinal optical of NiO vibra-
tional modes, respectively [31].

X-ray photoelectron spectroscopy (XPS) spectrum was recorded to
clarify the surface elemental chemical states and composition of Pd/NiO
on the NF substrate (Fig. 3). The XPS survey spectrum displays peaks of
Pd, O, and Ni at binding energies of 330–346, 526–540, and 850–890
eV, respectively (Fig. 3a).

As shown in Fig. 3b, the Pd 3d peaks were separated into Pd 3d5/2
(335 and 337 eV) and Pd 3d3/2 (341 and 342 eV) peaks. The intense
doublet peaks of 335.9 eV and 340.3 eV correspond to Pd2+ (spin orbit
energy difference: ΔBE= 4.4 eV) and peak located at 336.6 eV and 342.2
eV imply the existence of Pd0 (ΔBE = 5.6 eV), indicating the presence of
the Pd NPs [32]. Fig. 3c shows the deconvoluted O 1s spectra, where the
main peak at 529.4 eV is assigned to nickel and oxygen bonding, while
the peak at 530.9 eV is ascribed to oxygen in the hydroxide groups
[33,34]. The peak at 533 eV indicates adsorbed water on the surface of
the sample [35]. The Ni 2p spectrum in Fig. 3d reveals two peaks split by
spin-orbital coupling: the Ni 2p3/2 and the Ni 2p1/2 and corresponding
satellite peak (Sat.) located at 860.5 eV and 878.9 eV [36]. In detail, the
Ni 2p3/2 peak was separated into two peaks at 853.3 and 855.1 eV, and
Ni 2p1/2 was divided by two corresponded peaks at 871.2 eV and 872.9
eV corresponding to Ni+2 (ΔBE = 17.9 eV), and Ni+3 (ΔBE = 17.8 eV),
respectively [37]. Various morphological and structural analyses
demonstrated the successful fabrication of the Pd-NPs decorated NiO
nanostructures on the NF substrates.

2.3. Electrocatalytic performances

The electrocatalytic behavior was characterized by using the Pd-
decorated NiO nanostructured electrode as the working electrode, a
platinum plate as the counter electrode, and mercury/mercury oxide
(Hg/HgO) as the reference electrode in 1.0 M KOH electrolyte. The NiO
nanostructures were decorated with different pristine noble metals (Ag,

Ru, Au, and Pd) using the same process, that is, alkali-free hydrothermal
synthesis followed by wet impregnation, to compare the electrocatalytic
effect of each pristine noble metal.

The HER performance of NiO decorated with various pristine noble
metals was compared to that of undecorated NiO electrodes to clarify
efficiency differences, as shown in Fig. 4.

The electrocatalytic performance of the synthesized electrodes was
initially studied through linear sweep voltammetry (LSV) at a scan rate
of 2 mV/s, as shown in Fig. 4a and b. Comparison of the ηHER at 50 and
100 mA cm− 2 of NiO (230 and 269 mV), Ag/NiO (227 and 266 mV), Ru/
NiO (220 and 256 mV), and Au/NiO (196 and 240 mV) showed that Pd/
NiO exhibited an impressive ηHER of 59 and 92 mV, respectively. The
LSV curves of Pd/NiO showed a redox peak at a potential of 0.05 V vs.
RHE (reversible hydrogen electrode), which is close to the ideal poten-
tial of the HER (0 V vs. RHE). This phenomenon is perhaps attributed to
the higher performance of Pd compared to that of the other pristine
noble metals [38].

Fig. 4c shows the electrochemical impedance spectroscopy (EIS)
plots (Nyquist plots) of the electrocatalysts. Note that the increased
conductivity of the electrode arises from the lower electrode resistance
(Rs) defined in the Z’ vertical line. The Rs value of NiO was much higher
than that of NiO decorated with other pristine noble metals, indicating
the lower conductivity of NiO due to the absence of pristine metal. The
low charge transfer resistance (Rct) predicted by the shape of the EIS
curve indicates the resistance of the electrolytes in the diffusive area
near the electrode interface. The EIS curve parallel to the Y-axis in-
dicates faster ion transfer to the electrode/electrolyte interface in the
HER. The smallest Rs and Rct values for Pd/NiO suggest both high con-
ductivity and fast charge transfer, which can enhance the HER.

The kinetics of the HER can be estimated from the relationship be-
tween the ηHER, and their corresponding logarithm of the current density
based on the LSV plots. The mentioned relationship converted slope
(Tafel slope), indicates the energy required to achieve an active state
and vice versa during the HER. Thus, the electrode displayed a lower
Tafel slope, indicating improved electrocatalytic activity [35]. Accord-
ingly, Fig. 4d, the lowest Tafel slope of 52 mV dec− 1 was obtained for

Fig. 3. XPS survey spectrum of (a) Pd/NiO, and high-resolution XPS spectra of (b) Pd 3d, (c) O 1s, and (d) Ni 2p.
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Pd/NiO. This value is lower than that of NiO (109 mV dec− 1), Ag/NiO
(99 mV dec− 1), Ru/NiO (127 mV dec− 1), and Au/NiO (138 mV dec− 1),
proving the fast HER kinetics of Pd/NiO. Thus, further detailed studies
were conducted to optimize the Pd concentration in the Pd/NiO elec-
trocatalyst to maximize the HER activity.

In the wet impregnation process, concentrations of PdCl2 in the range
of 1–5mMwere used to optimize the HER performance. LSV curves were
acquired at a scan rate of 2 mV/s for NiO, Pd 1/NiO, Pd 2/NiO, Pd 2.5/
NiO, Pd 3/NiO, Pd 3.5/NiO, Pd 4/NiO, and Pd 5/NiO (Fig. 5a and S5)
electrocatalysts. As mentioned above, the redox peak of the Pd NPs was
significantly enhanced at a potential of 0.05 V vs. RHE; however, the
LSV curves of NiO and Pd 1/NiO almost overlapped with the ηHER of NiO
(230 and 269 mV) and Pd 1/NiO (227 and 266 mV) at current densities
of 50 mA cm− 2 and 100 mA cm− 2, respectively, indicating lower effi-
ciency at low Pd concentrations. With increasing Pd concentration, Pd
2/NiO (220 and 256 mV) and Pd 2.5/NiO (196 and 240 mV) exhibited
lower ηHER, but the small redox peaks showing enhanced performance.
All remaining samples displayed clear redox peaks in the LSV curves.
The redox peak was largest for Pd 3/NiO, which had the lowest ηHER of
59 and 92 mV at 50 mA cm− 2 and 100 mA cm− 2, respectively, as shown
in Fig. 5b. Fig. S5 shows the ηHER at 50 mA cm− 2 and 100 mA cm− 2 for
Pd 3.5/NiO (70 and 123 mV, respectively), Pd 4/NiO (78 and 148 mV,
respectively), and Pd 5/NiO (91 and 164 mV, respectively), displaying
that the electrocatalytic properties declined as the ratio of Pd NPs in Pd/
NiO increased. This phenomenon was presumably due to the occlusion
of the NiO nanopores by the aggregated Pd NPs. For further confirma-
tion, the lowest Tafel slope of 52 mV per decade was obtained for Pd 3/
NiO in comparison with those of NiO (109 mV dec− 1), Pd 1/NiO (99
mV dec− 1), Pd 2/NiO (127 mV dec− 1), and Pd 2.5/NiO (138 mV dec− 1),

as shown in Fig. 5d, demonstrating the slowest kinetics for the HER. The
EIS profiles of the different Pd-loaded NiO electrocatalysts are shown in
Fig. 5c. The lowest Rs was observed for Pd 3/NiO (1.62 Ω) as charge
transfer occurredmore rapidly in this sample than in NiO (1.95 Ω), Pd 1/
NiO (1.86 Ω), Pd 2/NiO (1.72 Ω), and Pd 2.5/NiO (1.65 Ω). These results
demonstrate that the optimal concentration of Pd in the wet-
impregnation step for achieving the highest HER performance was 3
mM. The optimal sample was denoted as Pd/NiO and the LSV test using
1.0 M KOH electrolyte at low scan rate of 2 mVs-1 was repeated 10 times
as shown in Fig. 4a and Fig. S6, respectively. It is observed that two
samples displayed the same overpotential at − 100 mV vs. RHE pre-
sumably due to the randomly decorated Pd formed by wet impregnation.

The turnover frequency (TOF) is an intuitive marker of the intrinsic
activity of electrocatalysts. The TOF indicates the efficiency as it mea-
sures the amount of product formed per unit time for a given amount of
electrocatalyst [39]. To analyze the intrinsic electrocatalytic perfor-
mance of Pd/NiO, the TOF was calculated from the CV curves (Fig. S7).
The TOF of NiO and Pd/NiO at ηHER of − 500 mV was estimated as
0.11679 s− 1 and 0.19954 s− 1, respectively, indicating the superior HER
performance of Pd/NiO. The electrochemical surface area (ECSA) is one
indicator of the intrinsic electrocatalytic activity, as it measures the
current divided by the surface area of the catalyst [40]. In principle, the
Randles-Sevcik equation involved the redox peaks and the double-layer
capacitance (Cdl) based on the non-Faradaic area of CV curves in
different scan rates can be utilized for ECSA (Fig. S8a and d) [41–43].
The minor difference in the Cdl of NiO (0.0476 mF cm− 2) and Pd/NiO
(0.0482 mF cm− 2) is attributed to the small difference in the ECSA (1.19
cm2 (NiO) and 1.22 cm2 (Pd/NiO)) (Fig. S8b and e), presumably due to
fewer morphological changes by Pd decoration. Moreover, the charge

Fig. 4. (a) Linear sweep voltammetry (LSV) curves for the HER over NiO decorated with various pristine noble metals (Ag, Ru, Au, and Pd) in 1.0 M KOH solution at
a low scan rate of 2 mV/s-1, (b) overpotential of HER (ηHER) at current density of 50 and 100 mA cm− 2, (c) electrochemical impedance spectra (EIS) and (d) Tafel
slopes of NiO decorated with various pristine noble metals.
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transfer coefficient is a crucial parameter that reflects the rate of an
electrochemical reaction [44]. The charge transfer coefficient can be
calculated using Laviron’s equations by analyzing the relationship be-
tween the logarithm of the scan rate and the logarithm of the potential in
CV curves, as shown in Fig. S8c and f [45]. The charge transfer coef-
ficient values of NiO and Pd/NiO are 0.73 and 0.58, respectively. The
closer charge transfer coefficient value of Pd/NiO to 0.5 compared to
that of NiO indicates a more symmetry of energy barrier, meaning that
the energy required to transfer the electron is evenly distributed be-
tween the reactant and the products [46].

To explore the stability of Pd/NiO, a chronopotentiometry test was
conducted over 50 h as shown in Fig. 5e. For the long-term testing, the Pt
counter electrode was replaced with the graphite rod due to its robust-
ness [59]. The curve remained stable, where 92 % of the initial potential
was maintained. The ηHER of Pd/NiO did not increase significantly even

after 50 h, indicating moderate durability, as confirmed by the corre-
sponding change in the LSV curves (Fig. 5f). The FE-SEM image of Pd/
NiO after the stability test shows that the nanostructures were main-
tained (Fig. S9). The HER performance of various previously reported
electrocatalysts (Table S1) and esspecially, Pd-supported electro-
catalysts (Table 1) demonstrated the low ηHER and Tafel slopes of Pd-
supported electrocatalysts; demonstrated the higher HER performance
(overpotential at − 50/− 100 mA cm− 2 and Tafel slopes) of Pd/NiO
compared to that of HER electrocatalysts in previous studies. Moreover,
the ηHER of Pd/NiO for the HER (92 mV) was approximate with that of
commercial Pt/C (88 mV) at 100 mA cm− 2.

2.4. First-principles calculations

DFT calculations were performed to investigate the activity of the

Fig. 5. (a) LSV measurements for various electrocatalysts in HER in 1.0 M KOH solution at a scan rate of 2 mV s− 1; (b) ηHER at current density of 50 and 100 mA
cm− 2; (c) EIS curves; and (d) Tafel slopes of various electrocatalysts; (e) stability test by chronopotentiometry at − 100 mA cm− 2 after 50 h (inset shows EIS: initial
and after 50 h); (f) LSV curves (iR corrected) for initial state and after 50 h stability test of Pd/NiO.
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catalyst and mechanism of the HER on the surfaces of NiO and Pd/NiO.
The proposed HER mechanism at the Pd/NiO interface is illustrated in
Fig. 6a. Initially, H2O is absorbed. The dissociated OH* and H* are
absorbed on the adjacent Pd sites of Pd/NiO. The OH* species gains an

electron to form OH–. Subsequently, the adsorbed H* follows the
Heyrovsky–Tafel steps, leading to the formation of H2. Furthermore, the
total density of states (TDOS) and partial density of states (PDOS) of Pd/
NiO exhibited continuous distributions near the Fermi level, displaying

Table 1
Comparison of HER activity of various Pd-supported electrocatalysts in 1.0 M KOH electrolyte.

Electrocatalyst Electrolyte ηHER at ¡50/¡100 mA cm¡2 (mV) Tafel slope
(mVdec− 1)

Stability time (h) Reference

Pd2RuOx 1.0 M KOH 49/− 25.6 20 [47]
Pd/ZIS-T 0.5 M H2SO4 86/− 33 105 [48]
Pd63Ni16Fe21 0.5 M H2SO4 170/231 52 24 [49]
np-NiPd/MG 1.0 M KOH 51/213 52.4 20 [50]
PdP2@CB 1.0 M KOH 120/− 42.1 10 [51]
Pd-NP@MPC-300 1.0 M KOH 60/92 31.1 50 [52]
Pd/N–MoO2–Mo2C 1.0 M KOH 102/- 46.1 50 [53]
Pd–Mn3O4 0.5 M H2SO4 112/193 42 36 [54]
PdSNC 0.5 M H2SO4 102/178 56.7 15 [55]
PdCu@Pd NCs 0.5 M H2SO4 114/144 35 48 [56]
Pd@MOF-74-Co-3 0.5 M H2SO4 254/362 57 − [57]
Pd0⋅12/Co@NC 0.5 M H2SO4 135/201 42 − [58]
Pd/NiO 1.0 M KOH 59/92 52 50 This work

Fig. 6. (a) Proposed mechanism of the HER on the Pd-decorated NiO surface (blue ball: Ni, red ball: O and silver ball: Pd; total DOS of (b) NiO and (c) Pd/NiO; (d)
calculated d-band center for NiO and Pd/NiO; (e) Calculated Gibb’s free energy in H2O dissociation step for NiO and Pd/NiO and (f) HER free-energy change from
DFT calculation.
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that Pd/NiO was in the metallic state with favorable electrical conduc-
tivity, which accelerated electron transport during electrocatalysis
(Fig. 6b–d). The calculated d-band centers for NiO and Pd/NiO are
− 3.92 and − 5.04 eV, respectively. The d-band centers of NiO and Pd/
NiO were experimentally determined, indicating a shifted toward lower
energy of the d-band center in Pd/NiO (− 5.04 eV) compared to that of
NiO (− 3.92 eV). The creation of the Pd/NiO heterojunction hindered H*
adsorption and enhanced the HER activity. Furthermore, the H2O
dissociation energy barriers were calculated for NiO and Pd/NiO, as
shown in Fig. 6e. Pd/NiO exhibited a lower water dissociation energy
barrier (0.35 eV) than NiO (0.46 eV), indicating that H2O dissociation
occurred more easily on the surface of the Pd/NiO catalyst. The Gibbs
free energy change for NiO, determined from Fig. 6f, was − 0.78 eV,
suggesting that the Ni sites of NiO act as catalytic centers. The change in
the Gibbs free energy for the Pd/NiO heterostructures was approxi-
mately − 0.52 eV, which is smaller than that of NiO (− 0.78 eV). These
results indicate that H* adsorption on the Ni and NiO sites was some-
what restricted during the HER but was significantly weakened after the
formation of the Pd/NiO heterojunction. Consequently, the Pd sites in
the Pd/NiO heterostructure exhibit enhanced adsorption kinetics and
HER activity.

3. Experimental section

3.1. Synthesis of Pd/NiO electrocatalyst

The detailed experimental procedures, chemicals, and materials used
are shown in Fig. 7. Initially, a piece of 2 cm × 4 cm NF was cleaned
using a mixture of H2SO4 (acid) and H2O (water) in a 1:4 ratio in a bath
sonication for 1 h to remove the oxide layer on the surface of NF and
contaminations. Subsequently, the NF was sonicated for 20 min to
eliminate the surface oxide layer, followed by rinsing with deionized
(DI) water and immersion in acetone for 20 min to remove the acid
residues trapped within the porous structures of the NF. Pristine NiOwas
synthesized via a simple alkali-free in situ hydrothermal method. The
precursor solution comprising 0.087 g of Ni(NO3)2⋅6H2O was carefully
introduced into an 80 mL Teflon-lined hydrothermal reactor. Subse-
quently, the cleaned NF substrate was submerged in the precursor so-
lution. The hydrothermal reactor was placed inside a stainless-steel
autoclave, which was then kept in an electric oven at 180 ◦C for 6 h.
Afterward, the system was cooled, and the NFs were rinsed with DI
water to remove the contaminations and annealed at 350 ◦C for 30 min.
To prepare Pd/NiO, a section of the NiO-coated NF was immersed in a 3
mM aqueous solution of Pd ions for 24 h to facilitate the deposition of Pd
ions on the NiO surface. Subsequently, the sample was rinsed with DI
water to eliminate loosely adsorbed or excess palladium and then dried
in an oven at 60 ◦C for 12 h. Other noble-metal-decorated NiO samples
were also prepared using the same process and denoted as Ag/NiO, Ru/
NiO, and Au/NiO. Pd/NiO. For optimizing elemental ratios of the Pd/
NiO electrode, the samples were prepared with 1; 2; 2.5; 3; 3.5; 4 and 5
mM PdCl2 for the wet impregnation and denoted as Pd 1/NiO, Pd 2/NiO,
Pd 2.5/NiO, Pd 3/NiO, Pd 3.5/NiO, Pd 4/NiO, and Pd 5/NiO based on
the concentration of Pd2+ in the solution. The chemical information and
experimental details were described in SI1, and Table S2 (supporting
information), respectively.

3.2. Characterizations

The crystal structure determinations were performed by X-ray
diffraction (XRD) using a PANalytical (X’pert PRO) powder diffrac-
tometer with a Cu-Kα (λ = 1.54056 Å) radiation source. Raman scat-
tering spectrum was obtained by LabRam Soleil (Horiba) using a single
green laser source (550 nm). High-resolution transmission electron mi-
croscopy (HR-TEM, JEM-ARM200F) and field-emission scanning elec-
tron microscopy (FE-SEM, Carl Zeiss Gemini500) equipped with an
energy-dispersive X-ray spectroscopy (EDS) mapping system were
used to characterize the morphologies and chemical states of the ele-
ments on the electrocatalyst surfaces. A transmission electron micro-
scope (TEM, Hitachi-H 7650) with a magnification in the range of
200–200,000 was used to determine the bulk structure. Atomic force
microscopy (AFM, Park NX10) images were obtained the area of 5 μm ×

5 μ m and analyzed by the Park System software. The valences of the
elements in the compounds were determined by X-ray photoelectron
spectroscopy (XPS) analysis (Nexsa XPS, Thermo Fisher Scientific).

3.3. Electrochemical analysis

Electrochemical measurements were invested using an electro-
chemical workstation (IVIUM nSTAT); the electrochemical assessments
were performed at 26 ◦C. LSV was scanned in the negative potential
range of 0 V to − 2 V. Nyquist plots were constructed from EIS data
obtained with an amplitude of 5 mV in the frequency range of 10− 4–100
kHz at the corresponding open-circuit voltage. Chronopotentiometry
was performed at − 100 mA cm− 2 over 50 h for the stability test. Because
of the leakage of Pt ions in the stability test with the Pt counter electrode,
which caused an unintended increase in the HER performance, a sta-
bility test was performed with a carbon rod counter electrode. The de-
tails calculation in electrochemical analysis were explained in SI2
(supporting information).

3.4. Density functional theory (DFT) experiments

DFT calculations were conducted using the Perdew (Burke) Ernzer-
hof generalized gradient approximation [60] within the Vienna ab initio
simulation package (VASP 6.1.2) code [61]. The forces between the ions
and electrons were described using the plane-wave basis set using the
projector augmented wave (PAW) method,[62] with electronic eigen-
functions expanded using an energy cutoff of 520 eV. The convergence
criteria were set at 1 × 10− 5 eV for the energy and 0.01 eV/Å as the
maximum force during ionic relaxation [63].

4. Conclusion

In this work, Pd NPs-decorated NiO nanoplate electrodes were syn-
thesized by an interfacial engineering approach for application in the
HER. The Pd/NiO electrodes successfully grown on the NF substrate by
alkali-free hydrothermal synthesis followed by wet impregnation
demonstrating excellent HER performance. Remarkable electrocatalytic
properties showing the lowest ηHER of 59 and 92 mV at current densities
of 50 and 100 mA cm− 2, respectively, and 92 % efficiency maintained
after 50 h of a stability test were achieved by optimizing the composition

Fig. 7. The schematic of Pd/NiO fabrication by hydrothermal synthesis and subsequent wet impregnation.
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of the composite electrodes. The DFT estimations of the dissociation and
Gibbs free energies of the electrocatalysts supported well the experi-
mental results. This approach for synthesizing nanostructured transition
metal oxide electrodes decorated with small amounts of noble metals
created by interfacial engineering can be further utilized for developing
novel and efficient electrocatalysts for the HER application.
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