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Álvaro Soliz, Norman Toro, et al.

Copper Slag Cathodes for Eco-Friendly Hydrogen Generation: Corrosion and Electrochemical
Insights for Saline Water Splitting
Reprinted from: Materials 2025, 18, 3092, https://doi.org/10.3390/ma18133092 . . . . . . . . . . 130

vi



Editorial

Research on Electrocatalytic Materials for Hydrogen Evolution
and Oxygen Evolution

Jiangtian Li * and Deryn Chu *

U.S. Army DEVCOM Army Research Laboratory, Adelphi, MD 20783, USA
* Correspondence: jiangtian.li.ctr@army.mil (J.L.); deryn.d.chu.civ@army.mil (D.C.)

There is growing interest in pursuing more sustainable energy sources to replace
traditional fossil fuels. Hydrogen stands out as a promising option because it can store
and release energy efficiently and produces only water when used as fuel [1]. Conven-
tional hydrogen production primarily relies on natural gas reformation, a process that
demands substantial investment in infrastructure and transportation. As an alternative,
water electrolysis using electricity offers a more adaptable alternative. This method splits
water into hydrogen and oxygen, producing high-purity hydrogen suitable for applica-
tions such as fuel cells, where additional purification is unnecessary [2,3]. Furthermore,
when driven by indigenous energy sources such as solar, wind, or hydropower, water
electrolysis can strengthen energy resilience and provide capabilities that reduce—and
potentially eliminate—reliance on fossil fuel supply. However, the inherent kinetic barriers
to hydrogen evolution reactions (HERs) and oxygen evolution reactions (OERs) demand
highly efficient and cost-effective electrocatalysts to make them viable at scale. To over-
come this, researchers are working to develop advanced materials that can speed up these
reactions efficiently and affordably, but this remains a major challenge in the field [1–4].
This Special Issue, ‘Research on Electrocatalytic Materials for Hydrogen Evolution and
Oxygen Evolution’, gathers ten original research papers that highlight recent advances in
catalyst design, synthesis, and evaluation for the HERs and OERs used in water splitting.
The contributions span a range of strategies, from atomic-level surface modification and
heterostructure engineering to waste valorization and electrolyte design, offering insights
into our fundamental understanding of this topic, as well as practical implementations.

For large-scale applications, the cost of catalysts must be considered alongside their
catalytic activity. Currently, state-of-the-art water-splitting catalysts still heavily rely on
noble metals. Therefore, the development of efficient, non-precious metal catalysts is
in high demand. In this Special Issue, Leiva-Guajardo et al. demonstrate the use of
industrial copper slag waste as a HER electrode in saline water electrolysis. Its porous
structure facilitates ion transport and enhances HER kinetics while offering environmental
remediation through waste reuse. Bojîncă et al. compared Ni catalysts produced via pulsed
current deposition from Watts and citrate baths. Ni deposited from citrate exhibits finer
grains and superior HER performance, highlighting electrolyte control as a key synthesis
lever. In cases where noble metals are used, developing strategies to minimize their loading
is essential for reducing costs. Single-atom catalysts (SACs) have emerged as a promising
solution, offering advantages such as uniform active sites, high atom utilization, and
excellent catalytic activity. Wu et al. designed a sequential underpotential deposition
approach to anchor Cu and Pt single atoms onto N-doped graphene, achieving high
turnover frequencies in alkaline HERs due to maximized active site exposure. Zhang et al.
construct Mo2C nanoparticles encapsulated in MoS2 layers to form synergistic interfaces,
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enhancing charge transport and hydrogen adsorption, resulting in robust acidic HER
performance. To investigate the underlying mechanism, Li, Chu et al. employed XPS
depth profiling, revealing that P-doping facilitates the reconstruction of sulfide catalysts
into Ni-O species during alkaline HERs. This transformation boosts catalytic activity by
modulating the electronic structure and d-band center. In addition to catalyst improvement,
Perović et al. introduced Ni, Zn, and Mo ions into an alkaline electrolyte as ionic activators,
resulting in enhanced HER activity. This in situ activation method reduces overpotentials
and energy costs, showcasing a potential low-cost improvement route.

Regarding the alkaline oxygen evolution half-reaction, transition-metal-based layered
double-hydroxides (LDH) represent one of the most active classes of OER catalysts. In
this Special Issue, Li et al. investigate the effect of Fe, Mn, Cu, and Zn doping on NiCo-
layered double-hydroxides. Fe-doped catalysts exhibit the best OER performance due
to their improved conductivity and nanosheet dispersion. This study offers significant
contributions to the development of efficient electrocatalysts for OERs, advancing our
understanding of key design principles for enhanced catalytic performance. Yang et al.
fabricated composite catalysts using a short plasma process, forming a defect-rich interface
between NiFe-LDH and PbO2 on reduced graphene oxide. This structure exhibits excellent
OER activity with low overpotentials. Although an OER is thermodynamically more
favorable in alkaline electrolytes, it remains a significant scientific challenge in acidic
environments, especially when paired with a Pt cathode for acidic water splitting, due
to issues related primarily to catalyst stability. Kuang et al. presented a CeO2-Ir hybrid
catalyst with strong interfacial coupling on carbon nanotubes. This structure achieves high
OER activity and durability in acidic media, using significantly reduced Ir content. Lastly,
Sun et al. developed porous NiTiO3-BiOBr composites that exhibit efficient photocatalytic
activity under visible light. A type-II heterojunction facilitates charge separation and
extends photocatalytic lifetime.

The ten contributions showcased in this Special Issue illustrate the breadth and depth
of current research efforts in the field of electrocatalyst development, from atomic-level
design to large-scale waste reuse. They offer valuable insights into the structure–activity
relationships, reaction mechanisms, and performance engineering concerns present in
diverse electrochemical conditions. We thank all of the contributing authors, peer-reviewers,
and the Materials editorial team for their dedication and support. We hope that this Special
Issue will serve as a vital reference for researchers working to realize clean and efficient
hydrogen technologies.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: NiTiO3-BiOBr heterostructured photocatalysts were constructed via precipitation, calcina-
tion and hydrothermal treatments. Various characterizations demonstrated that BiOBr nanosheets
were decorated on NiTiO3 nanoparticals, forming porous rod-like heterojunctions. Compared with
independent NiTiO3 and BiOBr, the composites with optimal BiOBr content presented highly im-
proved visible-light photocatalytic efficiency. The degradation rates of Rhodamine B (RhB) and
tetracycline (TC) reached 96.6% in 1.5 h (100% in 2 h) and 73.5% in 3 h, which are 6.61 and 1.53 times
those of NiTiO3, respectively. The result is an improved photocatalytic behavior from the forma-
tion of heterojunctions with a large interface area, which significantly promoted the separation of
photogenerated carriers and strengthened the visible-light absorption. Based on the free radical
capture experiments and band position analysis, the photodegradation mechanism of type-II het-
erojunction was deduced. This study provides a new way to fabricate highly efficient NiTiO3-based
photocatalysts for degrading certain organics.

Keywords: photocatalysis; heterojunction; porous heterostructure; NiTiO3; BiOBr

1. Introduction

Currently, water pollution has become an increasingly serious environmental problem.
Organic pollutants in wastewater discharged from factories or hospitals are usually haz-
ardous to humans and difficult to remove [1,2]. Solar-driven photocatalytic technology has
been deemed an environmentally friendly and effective technology employed for solving
problems [3,4]. Many photocatalysts have been confirmed to be able to degrade organic
pollutants, including colored dyes and uncolored organics with stable structures [5], but
their photocatalytic efficiency has not been satisfactory for practical needs yet.

The perovskite oxide, NiTiO3, has recently attracted large interest as a photocatalyst
for degrading toxic pollutants due to its visible-light harvesting ability (Eg = ~2.3 eV),
good electronic transportability and high stability [6–9]. Nevertheless, the photocatalytic
activity of single NiTiO3 is inhibited by severe recombination of photogenerated carriers
and narrow light absorption range [10]. One of the most effective methods to overcome the
problems is combining NiTiO3 with other semiconductors with matched band structures to
form various heterojunctions [11,12]. Among them, the staggered type-II heterojunction
could not only notably accelerate the separation of the carriers but also extend/enhance
the light absorption range. For instance, Shi et al. [11] fabricated Type II junctions between
2D Cu2WS4 nanosheets and 1D NiTiO3 nanofibers, which exhibited excellent degrading
ability for RhB and TC because of improved visible-light adsorption, rapid separation
of photogenerated carriers and large specific surface area. Wang et al. fabricated type-II
junctions composed of 3D NiTiO3 nanorods and 2D MoS2 nanosheets, which also notably
inhibited the recombination of electrons and holes and presented high photocatalytic H2
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production [12]. Consequently, constructing efficient type-II heterojunctions is an ideal
path to improving the photocatalytic performance of NiTiO3.

BiOBr is an efficient photocatalyst for degrading organic pollutants because of its
strong oxidizing ability, lamellar structure and high chemical stability [13,14]. However,
it suffers from the rapid combination of photoinduced carriers and poor visible-light
absorption (Eg ≈ 2.7 eV) [15]. Therefore, BiOBr was often employed to construct hetero-
junctions with the visible-light-responsive semiconductor to enhance the solar photocat-
alytic property of the composites such as BiOBr-Bi2WO6 [16], BiOBr/Bi2MoO6 [17] and
WS2/BiOBr [18], profiting from the efficient separation of photo-indued carriers and im-
proved visible-light absorption efficiency. Supposed that BiOBr and NiTiO3 have matched
band structures, NiTiO3-BiOBr heterojunctions would be expected to overcome their own
shortcomings and exhibit high photocatalytic activity.

In addition, the photocatalytic behavior of the heterojunction also depends on the
reasonable construction of the heterostructure, where there should be a large interface area
and specific surface area for providing abundant active sites [19]. Consequently, employing
the porous NiTiO3 rods as supporters to in-situ grow the BiOBr nanosheets, the rod-
like porous NiTiO3-BiOBr binary heterojunctions were fabricated through precipitation,
calcinations and hydrothermal methods for the first time in this study. Rhodamine B
(RhB) and tetracycline (TC) were separately employed as objects of photodegradation
to evaluate the performance of the composites. As a result, the composites presented
highly improved photocatalytic performances compared to the single components. The
photocatalyst undoubtedly exhibited high stability. Furthermore, a feasible photocatalytic
mechanism was deduced based on free radical capture, EPR tests and band position
measurements. This study would present a new way to construct stable NiTiO3-based
photocatalysts for degrading certain organics.

2. Experiments

2.1. Synthesis of NiTiO3

NiTiO3 was synthesized according to the method reported by Qu et al. [20], where
2.48 g of nickel acetate (Ni(CH3COO)2·4H2O) was dissolved into 60 mL of ethylene glycol
(EG) under stirring, and then 3.4 mL of tetra-n-butyl titanate (Ti(OC4H9)4) was added
dropwise in sequence. During this process, light blue precipitates were produced, which
gradually increased in quantity. The reaction continued for 1 h. Subsequently, the pre-
cipitates were collected, washed with deionized water and ethanol in turn, and dried at
80 ◦C. The resulting product was roasted in the air at 600 ◦C for 2 h to attain yellow NiTiO3
samples.

2.2. Synthesis of NiTiO3-BiOBr Composites

The NiTiO3-BiOBr composites were prepared by hydrothermal treatment. First, 0.1 g
NiTiO3 was added to 30 mL of deionized water under stirring to achieve a homogeneous
suspension. Second, 10 mL of EG containing an appropriate proportion of Bi(NO3)3·5H2O
was added dropwise with stirring and then continuously stirred for an extra 30 min.
Subsequently, a certain volume of 1 mg·mL−1 KBr solution was also added to it and fully
mixed. The resulted mixture was placed into a Teflon-lined stainless autoclave (100 mL)
and kept heating at 180 ◦C for 12 h. As a result, the product was obtained by centrifugation,
washed and dried as described above. The obtained products were named NiTiO3-BiOBr(x),
in which x signifies the designed weight percentage of BiOBr in the composite (5 wt%,
10 wt%, 15 wt% and 20 wt%, respectively). As a control experiment, a single BiOBr was
synthesized with the same procedure as above without the addition of a NiTiO3 sample.

2.3. Characterization

X-ray diffraction (XRD) spectra were employed to detect the crystalline properties
of the products and performed on the XRD instrument (D/MAX-RB, Rigaku, Japan). A
scanning electron microscope (SEM) equipped with an energy-dispersive X-ray (EDX)
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spectrometer (SU8010, Hitachi, Japan) was applied to determine the morphologies and
elemental distribution on the surface of samples. A transmission electron microscope (TEM,
F-20, FEI, USA) was employed to analyze the internal morphology of samples by observing
TEM and high-resolution TEM (HRTEM) images. Pore structure was characterized using an
instrument from Quantchrome NOVA 4200e (USA). To study the chemical components and
oxidation states of elements in the materials, X-ray photoelectron spectra (XPS) were tested
on an XPS instrument (EscaLab 250Xi, Thermo, USA). UV-visible diffuse reflectance spectra
(UV-vis DRS) were applied to explore the light absorption of samples and carried out on
a UV-vis spectrophotometer (T9s, Persee, China). To detect the separation efficiency of
photogenerated carriers, the photoluminescence (PL) spectra were tested on a fluorescence
spectrophotometer (F-7000, Hitachi, Japan). To determine the main free radicals in the
photocatalytic system, an electron paramagnetic resonance (EPR) spectrometer (JES-FA200,
JEOL, Japan) was employed to obtain the EPR spectra. An electrochemical workstation
(5060F, RST, China) with a three-electrode cell system was applied to attain the Mott–
Schottky plots to determine the flat band potentials of pristine semiconductors. A saturated
calomel electrode (SCE) and Pt filament were employed as the reference and auxiliary
electrodes, respectively. A certain amount of the sample was ultrasonically dispersed in
the mixed solution of ethanol and Nafion and then coated into a circular trough on the ITO
conductive glass, which was dried and used as the working electrode.

2.4. Photocatalytic Activity Experiments

The photocatalytic properties of the samples were evaluated by degrading RhB
(20 mg·L−1) and TC (40 mg·L−1). A 400 W xenon lamp with a filter (>420 nm) was
used as a light source. Typically, a 30 mg sample was added to 30 mL of an aqueous
solution containing the organic pollutant under stirring. The suspension was kept in the
dark for 60 min to reach the adsorption-desorption balance. After the lamp was turned on,
3.0 mL of the suspension was taken out and centrifuged at regular intervals (30 min for
RhB and TC). The concentrations © of RhB and TC were measured at 554 nm and 357 nm,
respectively, on the T9s spectrophotometer. The value of Ct/C0 could signify degradation
efficiency. Here, C0 and Ct mean the concentration at the initial time and a certain time,
respectively.

3. Results and Discussion

3.1. XRD Analysis

The XRD spectra of the samples are shown in Figure 1. The pattern of single NiTiO3 is
well in line with the standard pattern (JCPDS 33-0960). The characteristic peaks at 24.13◦,
33.09◦, 35.66◦, 40.85◦, 49.45◦, 54.02◦, 62.45◦ and 64.07◦ correspond to crystalline planes (012),
(104), (110), (113), (024), (116), (214) and (300), respectively. In comparison, the patterns of
NiTiO3-BiOBr composites clearly show all these peaks. Besides, the peaks at 10.90◦, 25.16◦,
31.70◦, 32.22◦, 39.38◦, 46.21◦ and 57.12◦ indexed to planes (001), (101), (102), (110), (112),
(200) and (212) of BiOBr (JCPDS 09-0393), respectively, could be easily observed on the
patterns of the composites with high BiOBr content (15% and 20%). With the decrease in
BiOBr content, the intensity of these peaks gradually decreases or becomes invisible. These
results suggest the successful synthesis of the NiTiO3-BiOBr composite.

3.2. SEM and TEM Analysis

Taking the NiTiO3-BiOBr (15%) composites as an example, the morphology of the
prepared samples could be determined by SEM, TEM and HRTEM images. NiTiO3 shows
a rod-like shape with aspect ratio of ~3–5 (Figure 2a). It is also noted that a small number
of irregular nanoparticles accumulates around the rods, which could be prompted by the
growth of crystals during the roasting process [20]. Independent BiOBr is circular flakes
with 150–300 nm in diameter (Figure 2b). The morphology of NiTiO3 does not significantly
change after combining with BiOBr (Figure 2c). From the TEM image (Figure 2d), it can
be seen that the rod-like composite is made of many tiny nanoparticles and presents a
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porous structure, which should have a large specific surface area and interface area. In the
HRTEM image (Figure 2e), the lattice spacing of 0.27 nm is attributed to the (104) lattice
planes of NiTiO3, and the lattice spacings of 0.23 and 0.18 nm correspond to the (112) and
(104) planes of BiOBr sheets, respectively. This verifies the formation of the NiTiO3-BiOBr
heterojunction.

Figure 1. XRD patterns of the NiTiO3, BiOBr and NiTiO3-BiOBr composites.

 

Figure 2. SEM pictures of (a) NiTiO3, (b) BiOBr, and (c) NiTiO3-BiOBr (15%) composites; (d) TEM
image of NiTiO3-BiOBr (15%); (e) HRTEM image of NiTiO3-BiOBr (15%).
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To illustrate the pore structure, N2 adsorption isotherms and pore distributions of
NiTiO3 and NiTiO3-BiOBr (15%) are depicted in Figure 3a,b. Obviously, they belong to
meso- and macro-pore structures with pore sizes of 50–150 nm, which leads to their large
specific surface areas (43.2 m2·g−1 for NiTiO3, 33.0 m2·g−1 for the composite). The smaller
surface area of the composite should result from the deposition of BiOBr, which blocked the
partial pore of the NiTiO3 rod. These results indicate that the composite has many abundant
active sites and large interface area, which would be very beneficial for the photocatalytic
process.

Figure 3. The N2 adsorption isotherms (a) and pore distributions (b) of NiTiO3 and NiTiO3-BiOBr
(15%).

3.3. XPS Analysis

The chemical composition and elemental oxidation states of the composites were
further examined by XPS. The characteristic peaks of Ni, Ti, Bi, O and Br elements could be
obviously detected on the full survey spectra of NiTiO3-BiOBr (15%) (Figure 4a), indicating
that these elements coexist in the binary composites. The spectrum of Ni 2p (Figure 4b)
was fitted into two groups of peaks separately for both NiTiO3 and binary composites,
where the strong peaks at 855.33 and 872.72 eV are related to Ni 2p3/2 and Ni 2p1/2
of Ni2+, respectively, and the other two weak peaks at 861.32 and 879.52 eV should be
attributed to their satellite peaks [21]. Two obvious peaks of Ti 2p at 457.88 and 463.70 eV
are assigned to the Ti 2p3/2 and Ti 2p1/2 of Ti4+ in NiTiO3, respectively (Figure 4c) [21].
In Figure 4d,e, the peaks at 158.89 and 164.23 eV correspond to the Bi 4f7/2 and Bi 4f5/2
of Bi3+, respectively, and the peaks at 67.58 and 68.78 eV ascribe to Br 3d5/2 and Br 3d3/2
of Br−, separately [22,23], indicating the existence of the BiOBr component. For the O 1s
spectra in Figure 4f, the peaks at 529.78 and 531.33 eV attribute to the O2− of Bi-O bonds
and adsorbed oxygen on the spectrum of single BiOBr, respectively [16], while the peaks at
529.65 and 531.20 eV designate the lattice O2− in NiTiO3 and the surface-adsorbed oxygen
on the spectrum of NiTiO3, respectively [24]. In comparison, the peak at 529.63 eV on the
spectrum of the binary composites should be lattice O2− in NiTiO3 and BiOBr, while the
peak at 530.86 eV could belong to the adsorbed oxygen. Apparently, the results further
suggest the successful preparation of the NiTiO3-BiOBr heterojunction.
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Figure 4. XPS analysis portraying NiTiO3, BiOBr and NiTiO3-BiOBr (15%): (a) Survey; (b) Ni 2p; (c)
Ti 2p; (d) Bi 4f; (e) Br 3d; (f) O 1s.

3.4. Photocatalytic Properties

As shown in Figure 5a, only 14.6% and 49.0% of RhB within 1.5 h were degraded under
visible-light irradiation over pristine NiTiO3 and BiOBr, respectively. All binary materials,
comparatively, exhibit higher degradation abilities for RhB. Among them, NiTiO3-BiOBr
(15%) presents the highest efficiency, i.e., 96.6% within 1.5 h (100% within 120 min), which
is 6.61 times that of pure NiTiO3. This indicates that the photocatalytic activity of NiTiO3 in
RhB degradation is amazingly boosted after coupling with an appropriate quantity of BiOBr,
and the constructed NiTiO3-BiOBr heterojunction is highly efficient. Compared with other
reported NiTiO3-based photocatalysts for degrading RhB, the NiTiO3-BiOBr photocatalyst
presents notably high degradation efficiency in 90 min even if high concentration of RhB
was used in this work (Table 1). The photodegradation of TC over the materials was
further tested. As shown in Figure 5b, the composites also exhibit much higher activity in
degrading TC than pristine NiTiO3 and BiOBr. The NiTiO3-BiOBr (15%) composite also
has the highest photodegradation rate (73.5%) within 3 h, which is far higher than NiTiO3.
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Figure 5. Photocatalytic degradation of prepared photocatalysts in degrading RhB (a) and TC (b);
cycling tests of degrading RhB (c) and TC (d).

Cycling experiments over NiTiO3-BiOBr (15%) for RhB and TC degradation were
conducted to evaluate the stability of the materials. From Figure 5c,d, it is observed that the
photocatalytic rate is basically unchanged after four repeated experiments, no matter what
is degraded. Therefore, the stability of the binary composites is sufficient for the practical
needs of photocatalytic systems.

Table 1. Comparison in the photodegradation performance for RhB among NiTiO3-based photocatalysts.

Photocatalysts C0/mg·L−1 Time/min Dosage of Catalyst/g·L−1 Efficiency/% Refs.

NiTiO3-Bi4NbO8Cl 5 90 1.0 ~50 [24]
NiTiO3-GO 10 90 0.2 ~90 [25]

NiTiO3-TiO2 - 90 1.0 ~62 [26]
NiTiO3-Bi2MoO6 10 90 0.6 ~92 [27]
NiTiO3-α-Fe2O3 3 90 0.1 ~75 [28]

NiTiO3-ZnO 5 ppm 120 0.5 95 [29]
NiTiO3-BiOBr 20 90 1.0 96.6 This work

3.5. Photocatalytic Mechanism Discussion
3.5.1. UV-Vis DRS Analysis

The UV-Vis DRS of the samples is employed to analyze their optical absorption. As
shown in Figure 6a, NiTiO3 exhibits absorption ability in both the ultraviolet and visible
light ranges. An obvious absorption peak is observed near 450 nm. According to the
literature [11,20,21], crystal field splitting of the Ni-O octahedron in NiTiO3 crystal causes
the 3d8 orbits of Ni2+ to split up into two sub-bands, and the Ni2+/Ti4+ charge-transfer
could lead to the formation of two adsorption peaks at ~450 and ~510 nm (not clear),
respectively. In addition, NiTiO3 also has light response above 600 nm due to the spin-
allowing d-d transitions of Ni2+ [30]. In contrast, BiOBr mainly absorbs ultraviolet light
and has an absorption edge of ~430 nm. By coupling them together, the composites present
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a notably strong visible-light absorption characteristic compared to pristine NiTiO3 and
BiOBr.

Figure 6. (a) UV-Vis DRS of NiTiO3, BiOBr and NiTiO3-BiOBr (15%) samples and (b) Tauc’s plots of
NiTiO3 and BiOBr.

The band gaps of the two pristine samples were determined based on the equation:
(αhν)2/n = hν − Eg, where α, h, ν, hν and Eg represent absorbance coefficient, plank
constant, light frequency, irradiation energy and band gap energy, respectively [31]. Here,
n is 1 for NiTiO3 (direct bandgap) [26] and 4 for BiOBr (indirect bandgap) [32]. Therefore,
the Eg of NiTiO3 and BiOBr was separately determined to be 2.47 and 2.51 eV, respectively
(Figure 6b).

3.5.2. PL Emission Spectra

The function of the heterojunctions in inhibiting the recombination of photogenerated
carriers can be revealed by PL spectra. In Figure 7, the composites present much lower
peak intensities than single NiTiO3 and BiOBr, indicating that the formation of hetero-
junction greatly inhibited the recombination of photogenerated carriers and prompted the
separation of the carriers. Among them, NiTiO3-BiOBr (15%) presents the lowest peak
intensity, implying its highest separation efficiency of carriers, which corresponds to its
best photocatalytic performance.

Figure 7. PL spectra of the samples at 280 nm of the light excitation wavelength (the arrow means
the direction in which the peak values increase).
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3.5.3. Free Radical Capture Tests

Hydroxyl radicals (·OH), superoxide radicals (·O2
−) and holes (h+) are usually re-

sponsible for the degradation of organics. Free radical capture tests were performed for
the NiTiO3-BiOBr (15%) composite to investigate the degradation mechanisms of RhB
and TC. Na2C2O4 (10 mM), isopropanol (IPA, 10 mM) and benzoquinone (BQ, 1 mM)
act as scavengers for h+, ·OH and ·O2

−, respectively. It is seen from Figure 8a that the
photodegradation efficiency of RhB over NiTiO3-BiOBr (15%) mildly decreases after adding
IPA but significantly decreases after the addition of Na2C2O4 or BQ, implying that h+ and
·O2

− are the main free radicals, while ·OH has little contribution to the RhB degradation.
For TC (Figure 8b), the degradation drastically decreases to near zero after adding BQ and
also clearly declines when IPA is added, while there is little change after adding Na2C2O4.
This demonstrates that ·O2

− and ·OH play key roles in the following order: ·O2
−>·OH,

while h+ hardly contributed to the degradation of TC, possibly due to its relatively low
oxidability.

Figure 8. Degradation of RhB (a) and TC (b) over NiTiO3-BiOBr (15%) with different scavengers
under visible-light irradiation.

EPR measurements were performed to further explore the change of free radicals with
the formation of heterojunctions. In Figure 9a, the ·OH signal in the NiTiO3-BiOBr compos-
ite system is hardly observed, while a weak signal could be detected in the single NiTiO3
system, indicating that the heterojunction does not promote or is adverse to the formation
of ·OH. In contrast, the DMPO-·O2

− signals can be explicitly detected. Additionally, the
composite system exhibits a stronger signal than the single NiTiO3 system (Figure 9b).
This suggests that the heterojunction facilitates ·O2

− production, which is consistent with
the results of the capture tests and show that ·O2

− plays a key role in the photocatalytic
process.

Figure 9. EPR spectra of (a) DMPO-·OH and (b)·O2
− over NiTO3 and NiTiO3-BiOBr composite with

visible-light irradiation.
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3.5.4. Band Position Determination

The band positions of NiTiO3 and BiOBr were determined by both Mott–Schottky
(MS) plots and their band gap energies. As shown in Figure 10, both NiTiO3 and BiOBr
belong to n-type semiconductors, as their MS plots exhibit positive slopes. The flat band
energy (Efb) of NiTiO3 and BiOBr could be determined as −0.48 eV and −0.89 eV (νs. SCE),
respectively, based on their intersections of the X-axis. The conduction band (CB) energy is
usually ~0.1 eV more negative than Efb for n-type semiconductors [33]. Consequently, the
ECB of NiTiO3 and BiOBr are identified as −0.34 eV and −0.75 eV vs. NHE, respectively,
according to the equation: NHE = 0.24 + SCE. Based on the Eg of NiTiO3 (2.47 eV) and
BiOBr (2.51 eV), the EVB of NiTiO3 and BiOBr are 2.13 eV and 1.76 eV (EVB = ECB − Eg),
respectively.

Figure 10. Mott–Schottky plots of (a) NiTiO3 and (b) BiOBr.

3.6. Photocatalytic Mechanism of NiTiO3-BiOBr Photocatalysts

Based on the above analysis, the transfer pathway of photoexcited carriers on the
interface of the NiTiO3-BiOBr heterojunction was discussed to clarify the photocatalytic
degradation mechanism. As shown in Figure 11, electrons (e−) on the VB of both NiTiO3
and BiOBr would separately attain the corresponding light energy to jump to their CB
under visible-light irradiation, leaving holes (h+) on their VB. According to the CB and VB
positions of the two semiconductors, the photo-induced carrier migration could follow the S-
scheme transfer pathway (Figure 11a) [34,35] or type II transfer pathway (Figure 11b) [11,12].
Here, if the carriers follow the former, the e− on the CB of NiTiO3 would combine with
the h+ on the VB of BiOBr, thus inhibiting the recombination of e− on CB of BiOBr and
h+ on the VB of NiTiO3 and remaining their inherent redox capacity. This means that
accumulating h+ on the VB of NiTiO3 in the composites could oxidize OH− to generate
more ·OH than that in the single NiTiO3. However, it is conflicted with the experimental
results of the EPR (Figure 9a). Consequently, the S-scheme transfer pathway is excluded,
and the conventional type II transfer pathway is proposed.

As illustrated in Figure 11b, the potential level difference between BiOBr and NiTiO3
would lead to the transfer of e− from BiOBr to NiTiO3 and the transfer of h+ in the opposite
direction, resulting in the highly efficient separation of the carriers. The e− accumulated on
the CB of NiTiO3 would reduce the adsorbed oxygen to generate a large quantity of ·O2

−
due to their more negative potential than E0(O2/·O2

−) (0.13 eV vs. NHE) [36], efficiently
degrading RhB and TC. The accumulating h+ on the VB of BiOBr could directly oxidize
RhB. Nevertheless, they could not oxidize OH− to ·OH according to their lower potential
than E0 (·OH/OH−) (1.99 eV vs. NHE) [24], which is well in line with the EPR results.
Consequently, the composites exhibited notably improved photodegradation efficiency for
RhB and TC due to the high separation of photogenerated carriers benefiting from the type
II heterojunctions with large interface areas. Additionally, the strengthened visible light
absorption of the composites also causes an improvement in their photocatalytic efficiency.
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Figure 11. Proposed charge transfer pathway on the interface of heterojunction and photocatalytic
mechanism of the NiTiO3-BiOBr composites in degrading organic pollutants.

4. Conclusions

In this study, a series of novel binary NiTiO3-BiOBr materials were synthesized via
precipitation, calcination and hydrothermal methods in turn. As shown by various char-
acterizations, BiOBr nanosheets were decorated on the NiTiO3 nanoparticals, forming
porous rod-like NiTiO3-BiOBr heterojunctions with large interface area. The visible-light
photodegradation capacity of the binary composites was significantly boosted compared
with single NiTiO3 and BiOBr. The optimum composite degraded 96.6% of RhB within 1.5 h
(100% in 2 h) and 73.5% of TC within 3 h, which are 6.61 and 1.53 times those of NiTiO3,
respectively. In addition, it exhibited excellent photostability. The UV-Vis DRS spectroscopy
and PL analysis indicate that the NiTiO3-BiOBr heterojunctions strengthened visible-light
absorption and notably facilitated the separation of photogenerated carriers, resulting
in high photocatalytic activity. Considering the results of the free radical capture tests,
EPR measurements and band position analysis, a feasible photodegradation mechanism of
type-II heterojunction was proposed. This work provided a strategy for fabricating highly
efficient NiTiO3-based photocatalysts for degrading certain organic objects.
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Abstract: Green hydrogen produced by alkaline electrolysis is a promising solution to address the
world’s increasing energy demand while mitigating greenhouse gas emissions. However, the efficient
and cost-effective production of green hydrogen via alkaline electrolysis requires improvements.
This paper presents an in situ activation process that simplifies the alkaline electrolysis technology
while enhancing the catalytic activity of electrodes for the hydrogen evolution reaction. The aim
of this research is to enhance the energy efficiency of alkaline electrolysis and decrease the energy
consumption for hydrogen production. To achieve this goal, ionic activators comprising Ni, Zn,
and Mo were incorporated into the standard electrolyte solution. Our results demonstrate that the
anticipated improvement in the catalytic activity of the d-metal combination, surpassing even that of
precious metals, has been successfully attained. As a result, a 20% reduction in energy consumption
(REC) for the hydrogen produced has been observed. The catalytic activity of the added activators
for the hydrogen evolution reaction was discussed by analyzing the mechanism of the reaction via
Tafel analysis and EIS techniques. These findings offer a promising approach to improve alkaline
electrolysis and enhance the production of green hydrogen.

Keywords: hydrogen evolution reaction; alkaline electrolysis; energy saving; ionic activators; catalysis

1. Introduction

The efficient storage of energy obtained from intermittent renewable energy sources
is crucial for improving these technologies. Storing surplus energy during periods of
peak production guarantees a steady supply during times when renewable sources are
inaccessible [1]. The most promising solution to this problem is the hydrogen economy,
the backbone of which is hydrogen and hydrogen energy. The hydrogen economy is the
most viable solution to this issue, as it is founded on hydrogen and its energy. The idea of a
hydrogen-based economy was formulated as an alternative to fossil fuel-based economies
as early as 1975 [2], but significant research toward improving technologies related to this
concept has only been conducted in the last two decades.

The effective implementation of the hydrogen-based economy is heavily dependent on
the cost of green hydrogen in the global market [3]. The production of hydrogen that is cost-
efficient, energy-efficient, and has a low carbon footprint is crucial to meet market demands.
To achieve this, reducing the energy losses of the hydrogen production process is key [4].
Recent progress in electrolysis technology has led to enhanced energy efficiency of the
process by decreasing the initial production expenses and minimizing energy consumption
and loss [5,6]. Any advancements in improving the efficiency of the electrolytic process
hold great significance both scientifically and practically.
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The electrolysis of water is a crucial method for hydrogen production, as it yields
highly pure hydrogen that can be directly utilized in applications requiring high-purity
hydrogen, such as fuel cells, without the need for additional purification steps. Moreover,
when renewable energy sources like solar, wind, or hydro power are employed for the
electrolysis process, it can significantly reduce or even eliminate environmental pollution.

There are various approaches to enhance the effectiveness of splitting water molecules
into their constituents during the electrolysis process. These methods mainly involve
improving the technical aspects of the electrolyzer, such as the geometry of the electrolytic
cell, as well as developing new membranes, electrodes, and electrocatalytic materials [7].
This paper focuses on exploring the catalytic activity of different metals for the hydrogen
evolution reaction (HER) in the context of the hydrogen evolution reaction. The catalytic
activity of diverse metals is a periodic function of the atomic number, which is confined to
the three periods of transition elements. The modulation in current density is indicative
of the corresponding catalytic activity. The larger the exchange current density, the faster
the reaction, and vice versa. Values of exchange current densities for HER as a function
of the metal–hydrogen bonding energy (“volcano” curve) give us an insight into which
metals are most suitable for the catalysis of the hydrogen evolution reaction. Considering
that noble metals are at the top of the “volcano” curve, due to their expensive exploitation
and application, researchers shifted their focus on finding new materials that will have
similar or equal catalytic activity as noble ones, and at the same time, their application will
be significantly more economical and available [8]. Brewer theory of intermetallic bonds
tells us that the best ways to improve the efficiency of the electrolytic hydrogen evolution
process is the presence of d-metals [9,10]. It predicts a synergistic effect of d-elements with
hypo- and hyper-electronic configuration. The pairing of these elements creates a new
phase that occupies some intermediate electronic configuration and is comparable to the
configuration of individual transition metals. Taking this into account, as well as the fact
that d orbitals participate in the process of adsorption of the reaction intermediate (for HER
it is Hads), it is expected that alloys of two or more elements from the opposite sides of
the “volcano” curve show a higher activity than they would individually. In some cases,
it is possible that the activity of such alloys exceeds the activity of precious metals. The
real application of this synergistic effect in electrolysis is based on the modification of the
surfaces of nickel or stainless-steel electrodes with transition metal alloys. The method by
which these modifications are achieved is the most common electrochemical deposition
of transition metals from appropriate electrodeposition baths [11–13]. Recently, a new
method is in use, which involves the direct addition of metals (so-called ionic activators,
i.a.) to the electrolyte during the electrolysis process itself [14]. This method is called in
situ ionic activation. It implies the presence of the ionic form of the d-metal complex in the
electrolyte solution, which reduces the overvoltage for hydrogen extraction and enables a
more energetically favorable transfer of protons from the electrolyte to the cathode surface.

In our previous studies, we have substantiated the exceptional in situ catalytic effi-
cacy exhibited by different combinations of d-metals for the hydrogen evolution reaction.
Particularly noteworthy among these combinations is the Ni-Co-Mo system [15]. Building
upon these findings, the purpose of the present investigation is to explore the catalytic
performance of a Ni-Zn-Mo combination of d-metals. This choice stems from the fact
that zinc (Zn) is a more accessible and cost-effective element compared to cobalt (Co),
rendering it highly significant for potential industrial applications. The HER mechanism
was analyzed under various experimental conditions, including different temperatures
and applied current densities. Additionally, the study examined the relationship between
the concentration of ionic activators, operating temperature, exchange current density, and
energy consumption during in situ activation.

2. Materials and Methods

The experiments were conducted in a 6M (30 wt%) KOH solution (Merck KGaA,
Darmstadt, Germany, p.a.) that was prepared using deionized water (with a resistivity of
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18 MΩcm−1). Salts and complex used as ionic activators: Sodium molybdate dihydrate
(Na2MoO4·2H2O), Zinc chloride (ZnCl2) and Tris(ethylenediamine)nickel(II) chloride di-
hydrate ([Ni(en)3]Cl2·2H2O) were all ACS reagents (Merck KGaA, Darmstadt, Germany).
Table 1 shows the composition of the electrolytes that were used in the experiments that
investigated the influence of ionic activators in detail. According to Brewers theory of syn-
ergistic effect [16] of d-metals and based on experience from our previous research [17,18],
we tested different ratios of Ni and Zn with constant concentration of the Mo salt. These
concentrations are optimized for our experimental setup. The active surfaces of all elec-
trodes used in this work were made of high-purity nickel (99.99%). Preceding each series of
measurements, the electrodes were subjected to a rigorous cleaning procedure, involving
polishing with 800 and 2000 grit polishing paper, which was followed by immersion in a
HNO3 aqueous solution (molar ratio of 2:1) for a duration of 2 min and subsequent rinsing
with deionized water and ethanol. The reference electrode was an SCE electrode, while a
Pt mesh with a surface area considerably larger than that of the working electrodes under
scrutiny was utilized as the counter electrode.

Table 1. Composition of investigated electrolytes with ionic activators.

Solution No. c(KOH)/M c([Ni(en)3]Cl2·2H2O)/M c(ZnCl2)/M c(Na2MoO4·2H2O)/M

1 6 1 × 10−3 1 × 10−3 1 × 10−2

2 6 1 × 10−3 5 × 10−3 1 × 10−2

3 6 1 × 10−3 1 × 10−2 1 × 10−2

4 6 5 × 10−3 1 × 10−3 1 × 10−2

5 6 1 × 10−2 1 × 10−3 1 × 10−2

6 6 5 × 10−2 1 × 10−3 1 × 10−2

To investigate the impact of Ni-Zn-Mo activators on the kinetics of the hydrogen
reaction, polarization curves were recorded using a three-compartment standard electro-
chemical cell. The current density range investigated was from 10 to 100 mA cm−2. The
electrode potential was altered in the range of −1.15 to −0.75 V, relative to the SCE reference
electrode, at a rate of 1 mVs−1. To correct for the potential drop across the electrolyte, the
“current interrupt” method was employed. The recording of impedance spectra was per-
formed in the frequency range from 0.1 to 100 kHz, using an alternating signal of amplitude
10 mV superimposed on a constant value of overvoltage in the range from −20 to −250 mV.
Preceding every measurement, a constant potential was applied to the working electrode
for a duration of 15 s to condition it. The temperature of the electrolyte solution within
the electrochemical cell ranged between 298 and 343 K. Prior to each measurement, the
electrolyte solution was thoroughly purged with hydrogen by continuous bubbling for a
duration of 30 min. Due to the rapid kinetics associated with the hydrogen evolution reac-
tion, it is imperative to conduct preliminary measurements following hydrogen bubbling.
This precaution ensures that the evolution of hydrogen has a negligible impact on the local
concentration, particularly in comparison to other gases such as nitrogen or argon. The
Gamry Reference 3000 Potentiostat/Galvanostat/ZRA instrument (Gamry Instruments,
Warminster, PA, USA) was employed to conduct all electrochemical measurements (quasi-
potentiostatic and galvanostatic). Energy-efficiency measurements were performed in a
monopolar electrolytic cell, which was described in our previous publication [19].

The water manometer apparatus, as described in our prior work [20], was employed
to quantify the evolution time of hydrogen and oxygen (at a mole ratio of 2:1). The cathode
morphology prior to and post-electrolytic process was investigated through scanning
electron microscopy (SEM) analysis. The SEM images of the cathodes subjected to testing
were obtained using JEOL—JSM—6610 (Jeol, Akishima, Japan) and Vega TS 5130MM
(TESCAN, Brno, Czech Republic) instruments under high vacuum conditions and an
accelerating voltage of 20 kV. The angle of inclination of the sample was confined between
0◦ and 30◦, with the applied magnification being up to 3000×. The corresponding EDS
spectra were captured utilizing the same instruments. XRF measurements were performed
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using the Thermo Scientific Niton XL3t Goldd+ XRF analyzer (Waltham, MA, USA) at
room temperature.

3. Results and Discussions

To begin with, the study aimed to identify the most favorable electrolyte composition
for in situ ionic activation. Table 2 and Figure 1 illustrate the voltage dependence on various
Ni-Zn-Mo ion activator concentrations and applied current densities. The data indicate
that combination (6) exhibited the most favorable outcomes in terms of reduced voltage
and energy consumption, in comparison to the baseline electrolyte, 6 M KOH. The most
significant reduction in voltage occurred at the highest current density tested, which was
100 mAcm−2.

Table 2. Voltage–current density relationship at 298 K for varying concentrations of the ionic activator.

j (mA cm−2) U (V)

6 M KOH Ni-Zn-Mo

(1) (2) (3) (4) (5) (6)

10 1.980 2.083 1.812 2.015 1.747 1.642 1.594

50 2.274 2.609 2.58 2.489 2.072 2.073 1.825

100 2.419 2.806 2.834 2.793 2.123 2.118 1.959

Figure 1. Voltage vs. current density of varying concentrations of the in situ added Ni-Zn-Mo
ionic activators.

Detailed tests of energy consumption and reaction kinetics in alkaline electrolysis of
in situ added Ni-Zn-Mo ionic activators were performed using the sixth combination of the
mentioned activators (Ni-Zn-Mo (6)).

3.1. The Energy Efficiency of Water Electrolysis with In Situ Activation

The study investigated the relationship between energy consumption, temperature,
and current densities in both a standard electrolyte (6 M KOH) and an electrolyte with
the in situ addition of ionic activators Ni-Zn-Mo (6). The energy balance of electrolysis is
represented by the energy consumed per mole of hydrogen produced, which was calculated
on the basis of Formula (1):

Q = U·I·t, (1)
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where Q is the energy consumption in J mol−1, U is the total voltage of electrolysis in V, i.e.,
the potential difference of the cathodic and anodic reactions and the voltage drop through
the electrolyte, I is the total current in A, and t is the time in seconds for which 1 mol of
hydrogen is developed.

The results obtained from the analysis of this system are represented by a three-
dimensional diagram in Figure 2 and numerically in Table 3.

Figure 2. The relationship between energy consumption, temperature, and current density for the
standard electrolyte (6 M KOH)—top surface, and with the in situ addition of the Ni-Zn-Mo ionic
activator—bottom surface.

Table 3. Alkaline electrolyzer energy consumption at higher current densities and at higher temperatures.

Q/kJmol−1

6 M KOH Ni-Zn-Mo i.a.

T/K T/K

j/mAcm−2 303 323 333 303 323 333

60 477.2 448.4 423.1 369.6 341.0 333.0

70 492.3 465.1 445.9 384.2 353.3 345.3

80 507.4 476.9 459.8 398.3 363.7 357.7

90 514.2 481.5 464.4 405.9 368.2 362.8

100 527.1 465.9 474.3 418.4 377.0 371.0

The presented diagram indicates that higher temperatures result in greater energy
savings both for the standard electrolyte and the electrolyte with added ionic activators.
The improvement of the electrolytic process is affected by both the elevated temperature
and the addition of ionic activators. The obtained data suggest that this system has
promising potential for industrial application, as even at slightly lower temperatures, the
energy savings exceed 20%, significantly reducing the price of hydrogen production. The
reduction in energy consumption in this system can be explained by the theory of hypo-
hyper-d-inter-electronic interactions, as mentioned earlier in the introduction [21,22]. It has
been concluded that electrode coatings with the appropriate composition and structure
of d-metals exhibit higher activity compared to individual metals and in some cases even
higher than noble metals [16,23].
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Earlier works investigating the influence of in situ added Ni(en)3Cl2 and molybdates
as ionic activators [24–26] show that the combination of these two d-metals significantly
increases the active surface area of cathodes. Additionally, the catalytic activity of ethylene-
di-amine (en), present in the electrolyte after the decomposition of the cobalt complex,
plays a significant role in electrode activation. This role can be described by the Roland
effect, a phenomenon observed in the electrochemical reduction of cobalt complexes, where
the addition of ethylene-di-amine (en) to the electrolyte enhances the catalytic activity of
cobalt toward the reduction in substrates [27,28]. This effect cleans the electrode surface
by removing metal oxides [29]. Overall, the catalytic activity of ethylene-di-amine is a
result of its ability to stabilize and activate the intermediate species formed during the
reduction process of cobalt complexes. The formation of nickel and molybdenum deposits
is promoted on the cleaned electrode surface, which in the deposition process, it undergoes
the same cleaning process due to the formation of ethylene-di-amine ligands during the
process. These findings support the creation of a deposit that has a highly active surface for
the hydrogen evolution reaction.

3.2. The Influence of In Situ Activation on the Rate and Mechanism of the Hydrogen Evolution Reaction

The kinetics and mechanism of the hydrogen evolution reaction in systems with
in situ added ionic activators were investigated by the methods of Tafel analysis and
EIS spectroscopy. Polarization curves and EIS spectra were recorded for standard elec-
trolyte solution (6 M KOH) and electrolyte with in situ added ionic activators based on
Ni-Zn-Mo (6).

3.2.1. Tafel Analysis

Polarization curves for the hydrogen evolution reaction recorded for a system with a
pure nickel electrode in a standard alkaline electrolyte and in an alkaline electrolyte with
added ion activators are shown in Figure 3. It is observed that in situ activation results in
a shift of the electrode potential of a significant 200 mV toward more positive values in a
wide range of potentials. The right part of Figure 3 shows the influence of temperature on
the appearance of the polarization curve for in situ activated nickel electrodes.

 

Figure 3. Polarization curves for HER in 6 M KOH with and without ionic activators (left) and
polarization curves for HER with a Ni-Zn-Mo ionic activator added in situ in 6M KOH at temperatures
from 300 to 343 K (right).

The basic kinetic parameters, j0 and b, were determined by analyzing the linear part
of the semilogarithmic polarization curves and presented in Table 4. The values of the
Tafel slope of all recorded polarization curves are around −120 mVdec−1 and indicate that
charge transfer (Volmer) is a slow and decisive step in the hydrogen evolution reaction.
Based on the approximately equal slopes of the polarization curves both in the case of
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the standard electrolyte and the addition of the ionic activator, it can be concluded that
in this case, the addition of Ni-Zn-Mo did not change the decisive step of the reaction,
which indicates that the addition of ionic activators did not affect the change in the reaction
mechanism of hydrogen evolution.

Table 4. Kinetic parameters for Ni electrodes in 6M KOH and upon addition of Ni-Zn-Mo activator.

T/K
-b/V dec−1 j0/A cm−2

i.a. 6 M KOH i.a. 6 M KOH

300 0.131 0.131 20.6 × 10−6 23.95 × 10−6

313 0.129 0.128 36.48 × 10−6 30.38 × 10−6

323 0.119 0.126 46.71 × 10−6 39.66 × 10−6

333 0.114 0.112 64.17 × 10−6 58.16 × 10−6

343 0.115 0.095 69.04 × 10−6 63.15 × 10−6

The exchange current density increases with temperature, which is the expected kinetic
behavior for the observed reaction. The coating based on Ni-Zn-Mo electrochemically
deposited at a temperature of 343 K, during the electrolytic process, shows the lowest
values of overvoltage in the tested range of current densities and the highest value of the
exchange current density, which confirms that this coating is catalytically much more active
than the pure Ni electrode.

The mechanism of improving the kinetics of the electrode reaction by adding the
Ni-Zn-Mo activator in situ can be described by the formation of a more developed electrode
surface with a much larger number of active centers for hydrogen adsorption.

3.2.2. Electrochemical Impedance Spectroscopy

A better insight into the mechanism of the electrochemical reaction of hydrogen
evolution was made possible by recording electrochemical impedance spectra for a pure
nickel electrode in a standard electrolyte solution (6 M KOH) and for an electrolyte with
an added Ni-Zn-Mo ionic activator. EIS spectra were recorded at overvoltages from 20
to 200 mV at temperatures from 298 to 343 K. Before each measurement, the electrodes
were conditioned at a voltage of 1.3 V with respect to the SCE reference electrode for
15 s. Figure 4 shows the impedance diagrams (Nyquist diagrams) of the nickel working
electrode in the electrolyte with an in situ added ionic activator.

The obtained data were fitted according to the Randels equivalent circuit model in
which the capacity of the double electric layer was replaced by a constant phase element
(CPE) and shown in Table 5.

The results presented in this study demonstrate that an increase in the applied over-
voltage leads to a significant change in the impedance response and a decrease in the charge
transfer resistance, Rct, thereby indicating an enhancement in the kinetics of the hydrogen
evolution reaction. At all tested temperatures, a decrease in the value of the capacity of
the double electric layer, Cdl, can be observed with an increase in overvoltage. This can be
attributed to the occlusion of the pores caused by the intense hydrogen bubble generation at
higher overvoltages. At the same overvoltages, there is a noticeable increase in the value of
the double electric layer capacity with increasing temperature. This is expected, considering
that at higher temperatures, the resistance to charge transfer decreases. The influence of the
surface on the catalytic activity can be determined by determining the roughness factor σ,
which is directly related to the capacity of the electric double layer, Cdl. After the electrolytic
process and deposition of the coating based on Ni-Zn-Mo, the surface of the electrode
is no longer smooth, so an increase in roughness is expected. When Cdl exhibits purely
capacitive behavior, the surface roughness can be estimated by assuming a certain value for
a unit surface. In the case of metals, a typical value of Cdl is around 20 mF cm−2 [30]. The
roughness factors (σ) were then calculated by dividing the Cdl value of the characterized
electrode (presented in the Table 5) by that of the reference metal electrode. The obtained
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roughness factor (σ) values for the Ni-Zn-Mo-based ionic activators (i.a.) were found to be
consistently high across all overpotentials and temperatures in comparison to pure nickel
electrodes [31]. These results indicate that the improved electrocatalytic activity observed
for the hydrogen evolution reaction (HER) using Ni-Zn-Mo-based i.a. is partially attributed
to the increased active surface area.

 

 

Figure 4. Nyquist plots of impedance spectra of the EIS in situ activation procedure with ionic
activators based on Ni-Zn-Mo at various overvoltages and temperatures.
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Table 5. Parameters obtained by fitting experimental EIS spectra recorded at different values of
overvoltage and temperature for tested Ni-Zn-Mo coatings.

T
(K)

−η
(mV)

Re
(Ω cm2)

Rct
(Ω cm2)

Cdl
(mF cm−2)

τ/s σ

300

20 0.305 990.8 2.830 2.804 141
35 0.338 909.1 2.429 2.208 121
50 0.340 863.0 2.215 1.911 110

100 0.342 646.1 1.980 1.279 99
150 0.342 463.0 1.834 0.849 91
200 0.342 344.1 1.791 0.616 89
250 0.305 990.8 2.830 2.804 141

313

20 0.238 510.9 3.904 1.994 195
35 0.237 480.5 3.638 1.748 181
50 0.237 439.6 3.478 1.528 173

100 0.238 266.3 3.290 0.876 164
150 0.238 222.2 3.351 0.744 167
200 0.238 169.5 3.187 0.540 159
250 0.238 510.9 3.904 1.994 195

323

20 0.222 476.7 8.181 3.900 409
35 0.224 460.3 7.240 3.332 362
50 0.224 419.3 6.739 2.825 336

100 0.226 306.8 6.142 1.884 307
150 0.228 252.7 5.467 1.381 273
200 0.228 174.9 4.874 0.852 243
250 0.222 476.7 8.181 3.900 409

333

20 0.212 392.9 9.922 3.898 496
35 0.214 381.3 8.745 3.334 437
50 0.215 362.8 7.926 2.875 396

100 0.213 280.6 6.528 1.831 326
150 0.209 223.1 5.570 1.242 278
250 0.209 140.9 5.016 0.,706 250

343

20 0.215 301.2 9.148 2.755 457
35 0.212 287.1 7.762 2.228 388
50 0.212 267.6 6.999 1.873 349

100 0.209 215.6 6.060 1.306 303
150 0.205 161.9 5.365 0.868 268
200 0.203 93.9 4.777 0.448 238

3.2.3. Elemental Composition and Morphological Characteristics

The elemental composition and morphological characteristics of the nickel cathode
before and after the electrolytic process with in situ added activators based on Ni-Zn-
Mo were investigated using scanning electron microscopy (SEM) and XRF analysis. The
obtained results are shown in Figure 5 and in Table 6.

Presented SEM micrographs show that there is a deposition of spherical structures
of nanometer dimensions evenly distributed over the entire surface of the cathode. The
surface of the cathode formed by the deposition of active species after the electrolytic
process is much more developed compared to the surface of a pure nickel electrode. As a
result, the number of active centers for the adsorption of intermediates of the hydrogen
evolution reaction is significantly increased. This confirms the conclusions reached on the
basis of electrochemical measurements.

Table 6. Elemental composition of Ni-Zn-Mo coating recorded by EDS and XRF analysis.

Element Ni Zn Mo C O

EDS 23.62% 1.21% 0.19% 32.86% 40.83%
XRF 98.1% 1.4% 0.2% / /
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Figure 5. SEM images of: pure nickel cathode (a); after electrolytic process with Ni-Zn-Mo ionic
activator at 1000× (b), 2000× (c) and 5000× (d) magnification.

The elemental composition of the resulting deposit, determined by the XRF analy-
sis method, shows that the deposited particles are composed mostly of Ni. Zn and Mo
are present in a much smaller percentage. The coating composition obtained by EDS
analysis shows good agreement with the XRF analysis except in the case of nickel. This
discrepancy can be attributed to the difference in the recording depth of the composite
by these two methods and to the fact that the EDS analysis can see both the oxygen con-
tent resulting from exposure of the electrodes to air and the carbon content originating
from the sample carrier in the SEM chamber. Given that nickel and zinc in the electrolyte
are in cationic form, and molybdenum is in anionic form, it can be concluded that the
induced co-deposition of these three metals occurred but to a lesser extent. Organic com-
pounds like tris(ethylenediamine)nickel(II) chloride or dissolved gases in the electrolyte
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can undergo oxidation or reduction reactions, leading to the deposition of C or O onto
the electrode surface. The presence of C species can be attributed to the chemical re-
action involving tris(ethylenediamine)nickel(II) chloride. Furthermore, exposure of the
electrode to atmospheric oxygen, in combination with the presence of sodium molybdate
and tris(ethylenediamine)nickel(II) chloride in the electrolyte, can contribute to the oxi-
dation process and explain the presence of O species. It is important to emphasize that
the presence of C and O in the coating does not necessarily imply a detrimental effect
on its performance.

4. Conclusions

The research findings demonstrate the superior catalytic activity of the investigated
materials for the hydrogen evolution reaction compared to commercially available options.
The utilization of in situ ionic activators composed of Ni-Zn-Mo can result in a notable
decrease in energy consumption of up to 20% compared to a system utilizing pure nickel
electrodes and a standard electrolyte solution. The observed decrease in energy consump-
tion is pronounced at higher temperatures, whereas increasing current density is linked
to Increased energy consumption. The mechanism behind the enhanced energy efficiency
with the addition of ionic activators can be attributed to several interrelated effects that are
involved in the overall process of in situ activation of alkaline electrolysis. One such effect
is the catalytic effect, which is a synergistic consequence of the combination of transition
metals. Additionally, the surface effect, which is a result of the simultaneous co-deposition
of the catalytic coating and hydrogen evolution, is a critical factor. This process leads to the
formation of a highly developed surface coating with numerous active centers for hydrogen
adsorption. The contribution of the ethylene-di-amine ligand cannot be disregarded, as its
impact is comparable to that of ethylene-di-amine tetra acetic acid (EDTA), which removes
oxide layers from the cathode surface, thereby facilitating better surface development and
metal deposition.

In the investigation of electrode kinetics, it was observed that the electrode activity
exhibited a consistent trend of improvement, as was also noted in the energy consumption
measurement experiments. Upon employing in situ activation across all tested current
ranges, a marked reduction in overvoltage for the hydrogen evolution reaction was ob-
served when compared to non-activated pure nickel electrodes operating in a standard
electrolyte solution.

The investigation into the mechanism of the hydrogen evolution reaction, which was
obtained by determining the values of the Tafel slopes, indicates that the slow step of the
reaction in the tested system of ionic activators Ni-Zn-Mo is charge transfer, i.e., Vollmer’s
reaction step.

Furthermore, during the in situ activation, in addition to the hydrogen evolution
reaction, a parallel process of electrochemical deposition of the alloy of d-metals is present
on the cathode surface, which is easily observed based on SEM images of the formed
coatings and their EDS and XRF analysis for all tested systems.

The results presented in this study demonstrate that the application of in situ ionic
activators consisting of Ni-Zn-Mo can yield a substantial reduction in energy consumption
and enhance electrode kinetics. This approach shows promise in advancing alkaline
electrolysis and promoting the production of green hydrogen.
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14. Jakšić, J.M.; Krstajić, N.V.; Grgur, B.N.; Jakšić, M.M. Hydridic and Electrocatalytic Properties of Hypo-Hyper-d-Electronic
Combinations of Transition Metal Intermetallic Phases. Int. J. Hydrogen Energy 1998, 23, 667–681. [CrossRef]

15. Nikolic, V.M.; Maslovara, S.L.; Tasic, G.S.; Brdaric, T.P.; Lausevic, P.Z.; Radak, B.B.; Marceta Kaninski, M.P. Kinetics of Hydrogen
Evolution Reaction in Alkaline Electrolysis on a Ni Cathode in the Presence of Ni–Co–Mo Based Ionic Activators. Appl. Catal. B
Environ. 2015, 179, 88–94. [CrossRef]

16. Jaksic, M. Brewer Intermetallic Phases as Synergetic Electrocatalysts for Hydrogen Evolution. Mater. Chem. Phys. 1989,
22, 1–26. [CrossRef]

17. Miulovic, S.M.; Maslovara, S.L.; Perovic, I.M.; Nikolic, V.M.; Marceta Kaninski, M.P. Electrocatalytic Activity of ZnCoMo Based
Ionic Activators for Alkaline Hydrogen Evolution-Part II. Appl. Catal. A Gen. 2013, 451, 220–226. [CrossRef]
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Abstract: The development of efficient and stable catalysts with high mass activity is crucial for
acidic oxygen evolution reaction (OER). In this study, CeO2-Ir heterojunctions supported on carbon
nanotubes (CeO2-Ir/CNTs) are synthesized using a solvothermal method based on the heterostructure
strategy. CeO2-Ir/CNTs demonstrate remarkable effectiveness as catalysts for acidic OER, achieving
10.0 mA cm−2 at a low overpotential of only 262.9 mV and maintaining stability over 60.0 h. Notably,
despite using an Ir dosage 15.3 times lower than that of c-IrO2, CeO2-Ir/CNTs exhibit a very high
mass activity (2542.3 A gIr

−1@1.53 V), which is 58.8 times higher than that of c-IrO2. When applied
to acidic water electrolyzes, CeO2-Ir/CNTs display a prosperous potential for application as anodic
catalysts. X-ray photoelectron spectrometer (XPS) analysis reveals that the chemical environment of
Ir nanoparticles (NP) can be effectively modulated through coupling with CeO2. This modulation is
believed to be the key factor contributing to the excellent OER catalytic activity and stability observed
in CeO2-Ir/CNTs.

Keywords: CeO2-Ir heterojunction; electrocatalysis; acidic oxygen evolution reaction; high activity
and long-term stability

1. Introduction

A significant amount of renewable energy (such as wind energy, tidal energy, solar
energy, etc.) is wasted due to ineffective utilization. Utilizing energy storage and con-
version devices to convert renewable energy into other forms of stored energy represents
an effective approach for addressing the aforementioned issues [1,2]. A proton exchange
membrane water electrolyzer (PEMWE) offers the capability to convert renewable energy
into chemical energy in hydrogen, which possesses sustainable, clean, and efficient charac-
teristics [3,4]. PEMWE comprises two crucial half-reactions: cathodic hydrogen evolution
reaction (HER) and anodic oxygen evolution reaction (OER). OER involves a four electron–
proton transfer process that includes complex intermediates’ conversions and necessitates
high kinetic costs [5,6]. Most catalysts reported thus far encounter a common challenge:
low catalytic activity and poor stability in acidic OER [7,8]. In view of the comprehensive
consideration of catalytic activity and stability, Ir-based materials are widely used as cat-
alysts in acidic OER. However, these catalysts currently face challenges such as scarcity,
high cost, insufficient catalytic activity, and poor stability, hence they still have a long way
to go before practical application can be achieved [9,10]. Consequently, exploring low cost
Ir-based catalysts with high activity and durability has become a challenge at present.

It has been reported that metallic Ir catalysts with nanorods [11], nanosheets [12], and
other structures exhibit exceptional catalytic activity and stability in acidic OER [13]. Signif-
icant efforts have been devoted to minimizing the use dosage of Ir without compromising
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the catalytic activity. Downsizing Ir to the nanometer scale can enhance the exposure of
active sites, thereby improving catalytic activity [14]. Furthermore, the construction of het-
erojunctions could induce lattice strain within the active phase and allow for the regulation
of charge distribution between the two phases, resulting in a regulation of their catalytic
activity [15,16]. Consequently, the electronic structure of Ir can be modulated through the
construction of heterojunctions with other phases, indirectly influencing the adsorption
and desorption of intermediates [16,17]. Appropriate adsorption/desorption facilitates
conversion processes of intermediates, leading to enhanced reaction rates and accelerated
kinetics [18,19]. The construction of a heterojunction between Ir and metal oxides is a
common strategy for enhancing both catalytic activity and stability in Ir-based catalysts.
Lee et al. achieved improved OER performance by combining Ir with MoO3 to construct
highly electron-deficient Ir NPs [16]. Xing and colleagues uniformly deposited an ultra-fine
(~1.0 nm) layer of Ir metal onto the surface of niobium oxide (Nb2O5−x), which exhibited a
high concentration of oxygen vacancies [20]. During OER, dynamic migration of oxygen
takes place at the two-phase interface between Ir and Nb2O5−x, effectively preventing
excessive oxidation of Ir to high-valent species and subsequent deactivation. Although
extensive research has focused on developing heterogeneous catalysts based on transi-
tion metal oxides combined with iridium (Ir/MOx), investigations into heterojunctions
formed by rare earth metal oxides and iridium remain scarce. Cerium oxide is widely
used as a catalyst and cocatalyst for many oxidation reactions due to its excellent redox
properties [21–24]. For example, Im and colleagues improved the electrocatalytic activity
of OER by inducing site-selective crystal disorder through the doping of Ce3+ ions into the
MIL-88B(Ni) framework [25]. The aforementioned statements have prompted us to redirect
our research focus towards CeO2 in order to investigate the electron transfer between
CeO2 and Ir, as well as its impact on both the activity and the stability of OER. Moreover,
carbon materials are widely acknowledged as ideal supports for electrocatalysis owing
to their remarkable specific surface area and excellent electrical conductivity [26–28]. As
an exemplary carrier, CNTs offer abundant nucleation sites and conductive pathways for
catalytic active materials, thereby significantly enhancing the catalytic activity of catalysts
while reducing their required quantity [29,30].

In this study, we propose a strategy for the construction of heterojunctions and carbon
combination to enhance catalytic performance while reducing the consumption of Ir. This
strategy involves modulating the electronic structure of Ir and improving the electron
conduction of the catalyst. To achieve this, we engineer electron-deficient Ir NPs through
the construction of heterojunctions with CeO2, complemented by the incorporation of
CNTs to facilitate efficient charge conduction and improve the utilization of Ir. As a result,
CeO2-Ir/CNTs exhibit impressive durability and catalytic activity, operating continuously
at 10.0 mA cm−2 for over 60.0 h with only 262.9 mV overpotential. These findings under-
score the excellent catalytic performance and long-term robustness of CeO2-Ir/CNTs when
employed in acidic water electrolyzers.

2. Materials and Methods

2.1. Chemicals

Multi-walled carbon nanotubes (CNTs, >97.0%) were bought from Shenzhen Nanotech
Port Co., LTD, Shenzhen, China. Iridium (III) chloride (IrCl3, with Ir ≥ 62.0%) and cerous
chloride (CeCl3, 99.9%) were purchased from Macklin. Carbon papers (CPs) were obtained
from Shanghai Hesen Electric Co., Ltd., Shanghai, China; 20 wt.% Pt/C was from Aladdin.
Concentrated sulfuric acid (H2SO4, 95.0~98.0%) and nitric acid (HNO3, 65.0~68.0%) were
obtained from the Guangzhou chemical reagent factory. Nafion D520 (5.0% in isopropanol)
was purchased from DuPont. The commercial iridium (IV) oxide (c-IrO2, metal basis,
Ir ≥ 84.5%) was from Energy Chemical. All the chemicals were used as obtained.
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2.2. Synthesis of xCeO2-Ir/CNTs and CeO2/CNTs

CeO2-Ir/CNTs (xCeO2-Ir/CNTs, x = 1) were synthesized via a solvothermal method.
Specifically, 4.0 mL of 5.0 mM IrCl3, 4.0 mL of 5.0 mM CeCl3, and 3.0 mL of 5.0 g/mL
acid-treated CNTs [30] were sequentially added dropwise to 15.0 mL ethanol. Water was
added to regulate the volume of the above solution to 30.0 mL, followed by thorough
agitation. The obtained mixture was transferred to a 50.0 mL Teflon autoclave and heated
at 180.0 ◦C for 2.0 h. After cooling, the black precipitate was collected by centrifugation
and alternate washing with ethanol and water for three runs, followed by vacuum drying.
The xCeO2-Ir/CNTs were synthesized by varying the feeding volume of CeCl3, where x
refers to the molar ratio of CeCl3/IrCl3, albeit keeping other parameters constant. Similarly,
CeO2/CNTs were synthesized under the same conditions but without IrCl3.

2.3. Characterization

Morphologies and microstructures of samples were characterized using field-emission
scanning electron microscopy (FESEM, Hitachi SU8010) and transmission electron mi-
croscopy (TEM, Talos F200X equipped with an energy dispersive X-ray energy spectrome-
ter (EDS). An X-ray diffractometer (XRD, Bruker D8-Advance) with Cu Kα radiation was
applied to collect XRD patterns in a scanning range of 10.0 to 90.0◦ at a rate of 10.0◦/min.
X-ray photoelectron spectra (XPS) was recorded with an X-ray photoelectron spectrometer
(XPS, Thermo ESCA-LAB 250XI) with monochromatic Al Kα excitation source, in which the
binding energies were calibrated with C 1 s at 284.6 eV. The elemental composition analysis
was conducted on an inductively coupled plasma optical emission spectrometer (ICP-OES,
iCAP 7200 Duo). The thermogravimetric (TGA) curve was recorded on a NETZSCH STA
449 F5 under the air stream, starting at 30.0 ◦C and ramping up to 800.0 ◦C at a rate of
10.0 ◦C/min.

2.4. Electrochemical Measurements

All electrochemical tests were conducted using a three-electrode system with an elec-
trochemical workstation (CHI 660e, Chenghua, Shanghai). A Ag/AgCl electrode and a
Pt wire were utilized as the reference and counter electrodes, respectively. The electrolyte
used was a 0.5 M H2SO4 solution with a pH of 0.32 (Figure S1) at room temperature,
consistent with values reported in the existing literature [31,32]. The catalyst-loaded glassy
carbon electrode (GCE) was prepared by drop-casting the catalyst ink onto the GCE, and
utilized as the working electrode after natural drying. The catalyst ink was prepared
by dispersing 4.0 mg catalyst in 1.0 mL of isopropanol/water solution (V/V = 7/3) with
10.0 μL Nafion. The mass loading of the electrocatalysts was estimated to be ~0.20 mg cm−2.
The linear sweep voltammograms (LSVs) were recorded with a scan rate of 5.0 mV s−1

at 1600 rpm to evaluate the catalytic performance of the catalysts. The LSVs reported
in this work were 95% iR corrected [33–35] unless otherwise stated, and the potentials
reported were calibrated with the reversible hydrogen electrode (RHE) using the equation
E(V vs. RHE) = E(Ag/AgCl) + 0.059 × pH. The electrochemical impedance spectra (EIS)
were obtained at 1.32 V in the frequency range from 100 KHz to 0.01 Hz. The cyclic
voltammograms (CVs) were measured within the non-Faradic potential range at differ-
ent scan rates (v). The electrochemical double layer capacitance (Cdl) of catalysts was
calculated by plotting half the difference between the anode and cathode current densi-
ties (Δj = janode − jcathode) vs. v. The electrochemically active surface areas (ECSAs) of the
catalysts were caculated according to SECSA = Cdl × S/Cs (where S and Cs represent the
geometric area of the electrode and the roughness factor with a value of 35.0 μF cm−2 [36],
respectively). According to jECSA = jgeo/SECSA, ECSA-normalized LSVs of the catalysts were
estimated (jgeo denotes the geometric activity of the catalysts). The chronopotentiomet-
ric curves were used to evaluate the catalysts‘ stability on the carbon paper (CP) with a
mass loading of 2.0 mg cm−2. The catalyst-loaded CP mentioned in the text (active area:
1.0 × 1.0 cm2, Figure S2) was prepared using the same procedure as for GCE.
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The Faradaic efficiency (FE) of CeO2-Ir/CNTs towards OER on CP was performed in
a three-electrode system and investigated using a gas chromatograph (GC, 9560, Shanghai
Huaai Scientific Instrument, Shanghai, China). Electrolysis was carried out for a specific
duration at a current density of 10.0 mA cm−2. Following each electrolysis stage, gaseous
samples were drawn from the headspace using a gas-tight syringe (with multiple extrac-
tions for averaging), and subsequently analyzed by a GC. Herein, FE of O2 was calculated
according to equation FE(O2) = V(O2) × 4 × F/(Vm × i × t) × 100%. V(O2) is the generated
volume of O2, F is the Faraday constant of 96,485.3 C/mol, Vm denotes the molar volume
of the gas, i is the recorded current, and t is the time spent in electrolysis.

2.5. Evaluation of Water Electrolyzers

Practical usability of the catalyst was appraised by assembling a water electrolyzer
using Pt/C and the CeO2-Ir/CNTs as the cathode and anode catalysts, respectively. Both
Pt/C and CeO2-Ir/CNTs were loaded on the CPs. Their mass loadings were both controlled
to be 2.0 mg cm−2. The electrochemical tests were carried out in 0.5 M H2SO4. To give a
comparison, water electrolyzers with Pt/C and c-IrO2 were also prepared.

3. Results and Discussion

The synthetic scheme for CeO2-Ir/CNTs is presented in Figure 1a. Briefly, CeO2-Ir/CNTs
were synthesized by maintaining a solution containing CNTs, IrCl3, and CeCl3 at 180.0 ◦C
for 2.0 h. FESEM was carried out to describe the morphology of CeO2-Ir/CNTs, as depicted
in Figure S3a. The surface of each CNT appeared rough and was densely attached with
ultra-fine NPs. The morphologies of Ir/CNTs and CeO2/CNTs were similar to that of
CeO2-Ir/CNTs (Figure S3b,c), indicating that the addition of CeCl3 or IrCl3 had negligible
effects on the samples’ morphologies. The micro-structure of CeO2-Ir/CNTs was further
investigated by TEM. As depicted in Figure 1b, CeO2 and Ir NPs were well-dispersed
on the surface of CNT. Size distribution analysis revealed their average diameter was
approximately 2.15 nm (Figure 1b). HRTEM, in Figure 1c, demonstrated multiple paired
nanoparticles (marked with yellow calabash), where each nanoparticle displayed clear
lattice fringes, indicating their excellent crystallinities. The FFT images in Figure 1d,e
clearly illustrate that the paired nanoparticles showed different lattice fringe spacings, that
is, 0.221 and 0.192 nm, corresponding well to the (111) plane of Ir (PDF No. 87-0715) and the
(220) plane of CeO2 (PDF No. 89-8436), respectively. These results suggest the successful
construction of CeO2-Ir heterojunctions (Figure 1c). Furthermore, energy-dispersive X-ray
spectroscopy (EDS) mapping demonstrated uniform distribution along the contour of
CeO2-Ir/CNTs for C, O, Ir, and Ce elements (Figure 1f). XRD patterns of CeO2-Ir/CNTs
and CeO2/CNTs are provided in Figure 2a and Figure S4, respectively. The diffraction
peaks of Ir (111), CeO2 (111), and (200) of CNTs were observed for CeO2-Ir/CNTs, fully
consistent with HRTEM observations. Meanwhile, only those of CeO2 and CNTs were
visible for CeO2/CNTs. The composition of xCeO2-Ir/CNTs was investigated by ICP-OES
and the results are summarized in Table S1. It was clearly seen that the Ce/Ir molar ratio
of xCeO2-Ir/CNTs samples was almost consistent with the feeding ratio of CeCl3/IrCl3.
The additional amount of Ce did not alter the structure of xCeO2-Ir/CNTs. As depicted
in Figure S5a, irrespective of the CeO2 content in xCeO2-Ir/CNTs, their XRD diffraction
peaks consistently exhibited a combination pattern comprising CeO2, Ir, and CNTs; only
the peak of CeO2 (111) grew higher with the increasing CeO2 content. Thermogravimetric
analysis (TGA) was further applied to calculate the weight percentage of the components
within CeO2-Ir/CNTs. According to Figure 2b, a weight loss of ~88.5 wt.% was obviously
observed at 800.0 ◦C in air, where the CeO2-Ir/CNTs was transformed into CeO2 and
IrO2. Consequently, by integrating the ICP-OES and TGA analysis, it was inferred that
the weight percentage of Ir in CeO2-Ir/CNTs was estimated to be 5.6 wt.%. EDS analysis
further confirmed a 1:1 molar ratio of Ce/Ir and an Ir content of 5.6 wt.% in CeO2-Ir/CNTs,
as shown in Table S2.

32



Materials 2023, 16, 7000

 

Figure 1. (a) Brief illustration of the synthetic procedure for CeO2-Ir/CNTs. (b) TEM, (c) HRTEM,
and (f) EDS mapping images of CeO2-Ir/CNTs. (d,e) represent Ir and CeO2 nanoparticle lattice
fringes from (c), respectively.
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Figure 2. (a) XRD pattern and (b) TGA curve of CeO2-Ir/CNTs. (c) Survey XPS spectra. XPS spectra
of (d) Ir 4f, (e) Ce 3d, (f) O1s.
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XPS measurement was used to reveal the valance state of CeO2-Ir/CNTs. As illustrated
in Figure 2c, the survey XPS spectra confirmed the presence of Ce, Ir, O, and C in the sample
of CeO2-Ir/CNTs. The Ir 4f spectra were deconvoluted into the following two sets of peaks:
metallic Ir peaks and oxidized Ir peaks. The peaks at 61.5 and 64.5 eV could be assigned to
Ir 4f7/2 and Ir 4f5/2 of metallic Ir; the oxidized Ir were at 62.9 and 65.9 eV (Figure 2d) [11,37].
The XPS spectra of Ce 3d of CeO2-Ir/CNTs are shown in Figure 2e. From Figure 2e, the Ce
3d spectrum could be decomposed into four pairs of spin orbitals (V/U, V′/U′, V′′/U′′,
and V′′′/U′′′), where V and U represent the 3d3/2 and 3d5/2 states, respectively [38]. The
peaks corresponding to V/U, V′′/U′′, and V′′′/U′′′ were attributed to Ce4+ 3d orbitals,
while the peaks corresponding to V’/U’ were associated with Ce3+ 3d [39]. The ratio of
Ce3+/Ce3+ + Ce4+ in CeO2 kept constant (39%) after coupling with Ir (Figure 2e), indicating
that the chemical environment of Ce did not undergo significant changes. The O 1s spectra
in Figure 2f could be deconvoluted into three peaks: OL (531.0 eV), Vo· (532.0 eV), and
O-H (533.6 eV), where OL and Vo· refer to oxygen in the lattice and oxygen vacancies,
respectively. The Vo· peak further verified the existence of Vo· in the CeO2, in line with
the presence of a large amount of Ce3+ species. Closer examinations revealed a strong
electron coupling between CeO2 and Ir through the heterointerface in the CeO2-Ir/CNTs.
Figure 2d shows that the peaks corresponding to Ir 4f in the CeO2-Ir/CNTs appeared at a
relatively higher binding energy compared with Ir/CNTs (synthesized in the absence of
Ce). Remarkably, after being coupled with Ir, the O 1s peaks of CeO2-Ir/CNTs appeared at
a relatively lower binding energy compared with CeO2/CNTs (synthesized in the absence
of Ir). These observations support the conclusion that the coupling between CeO2 and
Ir NPs results in strong electron coupling, particularly occurring between Ir and the OL
of CeO2.

The influence of CeO2 content on the catalytic activity of xCeO2-Ir/CNTs was investi-
gated. As illustrated in Figure S5b, the catalyst activity was improved, by increasing x from
0 to 1.0. However, further increasing x to 1.5 led to declined activity. These findings suggest
that optimal OER activity could be achieved by maintaining the Ce/Ir molar ratio of xCeO2-
Ir/CNTs at 1/1. Furthermore, Tafel plots (Figure S5c) and EIS analysis (Figure S5d) revealed
that the OER kinetics and charge transfer resistance of xCeO2-Ir/CNTs highly depended on
x, and both reached the best at x = 1.0. The electrochemical performance of the synthesized
CeO2/CNTs and the purchased c-IrO2 were also studied as comparisons. Specifically, CeO2-
Ir/CNTs demonstrated remarkable catalytic activity in the acidic OER test. As depicted in
Figure 3a, CeO2-Ir/CNTs demonstrated remarkable catalytic activity with an overpotential
of 262.9 mV at 10.0 mA cm−2 under the acidic OER conditions (0.5 M H2SO4), surpassing
that of Ir/CNTs (285.9 mV), c-IrO2 (304.1 mV), and CeO2/CNTs (with negligible OER
current). Furthermore, CeO2-Ir/CNTs even outperformed numerous recently reported
Ir-based catalysts (Table S3). The superior catalytic activity of CeO2-Ir/CNTs was further
evidenced by its accelerated OER kinetics. As illustrated in Figure 3b, CeO2-Ir/CNTs
exhibited a Tafel slope of 53.4 mV dec−1, lower than that of Ir/CNTs (59.2 mV dec−1)
and c-IrO2 (69.5 mV dec−1). Additionally, mass activities of CeO2-Ir/CNTs, Ir/CNTs, and
c-IrO2 are plotted in Figure 3c. Among them, CeO2-Ir/CNTs exhibited a mass activity
of 2542.3 A gIr

−1 at 1.53 V, 1.8 and 58.8 times higher than that of Ir/CNTs and c-IrO2,
respectively. EIS was performed to elucidate the origin of the superior catalytic activity of
CeO2-Ir/CNTs. At a potential of 1.32 V, CeO2-Ir/CNTs displayed a significantly reduced
charge transfer resistance value of 18.1 Ω compared with c-IrO2 (46.5 Ω) and other catalysts
(Figure 3d). CeO2-Ir/CNTs efficiently converted electrical power into chemical power, as
evidenced by its remarkable FE of 98.2% (Figure S6). It is important to note that the FE of
CeO2-Ir/CNTs was less than 100%, which could be attributed to minor carbon corrosion
during the OER [40].
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Figure 3. (a) LSVs (solid−dot line with iR compensation), (b) Tafel slopes, (c) mass activity, (d) EIS
Nyquist plots, and (e) chronopotentiometric curves of different catalysts.

CV tests were conducted at different scan rates (v) in the non-Faradic region to calculate
the Cdl of catalysts, as depicted in Figure S7a–e. To exclude the morphological effects
caused by CeO2 and to investigate the intrinsic catalytic activity of the catalysts, LSVs for
xCeO2-Ir/CNTs were normalized by their ECSAs that were determined by using a CV
method, as depicted in Figure S7f. Notably, CeO2-Ir/CNTs displayed a relatively larger
ECSA (46.0 cm2) compared with Ir/CNTs (42.1 cm2), 0.5CeO2-Ir/CNTs (45.4 cm2), and
1.5CeO2-Ir/CNTs (41.5 cm2). Nevertheless, after the ECSA normalization, CeO2-Ir/CNTs
still showed a larger current density than others, indicating their superior intrinsic activity
(Figure S8). Thus, the CeO2 content had a notable influence on the intrinsic catalytic activity
of xCeO2-Ir/CNTs. Considering the XPS analysis presented in Figure 2d,f, it could be
inferred that the electron interaction between OL of CeO2 and Ir led to the generation of
electron-deficient Ir atoms. DFT calculations in a recently reported paper [41] similarly
showed that, when Ir NPs interacted with CeO2 NPs, Ir-O bonds formed at the interfaces,
allowing for electron transfer from Ir atoms to the OL of CeO2. The charge density of Ir
atoms was adjusted by forming Ir-O bonds between Ir and CeO2 in order to optimize the
adsorption/desorption of intermediates and finally improve the catalytic activity of OER.
This phenomenon could be recognized as the primary factor responsible for the observed
enhancement in the intrinsic catalytic activity of CeO2-Ir/CNTs. The durability of OER
catalysts is a crucial factor that must be carefully assessed to determine their practicality.
To further investigate the stability of CeO2-Ir/CNTs under the acidic OER conditions,
we conducted chronopotentiometry at 10.0 mA cm−2. Figure 3e illustrates that, even
after prolonged testing exceeding more than 60.0 h, CeO2-lr/CNTs exhibited excellent
durability in the acidic OER test with no significant degradation of their catalytic activity.
In contrast, c-IrO2 and Ir/CNTs were completely deactivated within less than 21.0 h and
31.0 h, respectively.

To confirm the high durability of CeO2-Ir/CNTs in acidic OER tests, the CeO2-Ir/CNTs’
sample after the stability test was characterized using TEM, HRTEM, and XPS. Firstly,
TEM analysis confirmed that the morphology of CeO2-Ir/CNTs remained intact with
exceptional structural robustness (Figure 4a). The distribution of CeO2 and Ir NPs on CNTs
could remain uniform (Figure 4b). The paired nanoparticles in Figure 4b retained good
crystallinity with lattice fringe spacings of 0.221 nm and 0.192 nm, corresponding to Ir
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(111) and CeO2 (220), respectively (Figure 4c,d). Additionally, XPS characterization was
performed on CeO2-Ir/CNTs to investigate if there was compositional decay during the
stability test. Figure 4e–g show that the CeO2-Ir/CNTs exhibited the XPS spectra of Ir 4f, Ce
3d, and O1s, with the profiles comparable to those before the OER; however, the weaker Ce
3d profile (Figure 4f) may have been attributed to the dissolution of CeO2. The component
analysis revealed a slight decrease in the Ir content of CeO2-Ir/CNTs after stability testing,
while the loss of CeO2 was more pronounced (Table S4). Therefore, it can be concluded
that excellent structural integrity along with stable component composition contributes
significantly to maintaining superior activity during acidic OER.

Figure 4. (a) TEM, (b) HRTEM images, and (e–g) XPS spectra of CeO2-Ir/CNTs after OER stability
test. (c,d) represent Ir and CeO2 nanoparticle lattice fringes from (b), respectively.

To further validate the potential application of CeO2-Ir/CNTs in acidic water elec-
trolyzers, it was evaluated as an anode catalyst for over-all water splitting (OWS). Figure 5a
demonstrates the assembly and testing of Pt/C||CeO2-Ir/CNTs as the electrode pair in
the acidic water electrolyzers. LSVs and chronopotentiometric curves were employed to
estimate their OWS performance. Remarkably, a current density of 10.0 mA cm−2 could be
achieved with an input voltage of only 1.54 V for Pt/C||CeO2-Ir/CNTs, while the com-
mercial electrode pair of Pt/C||c-IrO2 required a larger input voltage of 1.58 V to achieve
the same current density (Figure 5b). The other synthesized samples were assembled with
Pt/C to construct electrolyzers and evaluate their performance towards OWS, as depicted
in Figure S9. Furthermore, Figure 5c illustrates that Pt/C||CeO2-Ir/CNTs could maintain
continuous electrolysis for over 60.0 h without significant loss of activity at 10.0 mA cm−2;
however, Pt/C||c-IrO2 became completely inactive after less than 20.0 h under similar
conditions. These results strongly demonstrate the promising potential of CeO2-Ir/CNTs
as efficient anode catalysts for acidic water electrolyzers.
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Figure 5. (a) Illustration of acidic water electrolyzers. (b) LSVs and (c) chronopotentiometric curves
of Pt/C||CeO2-Ir/CNTs and Pt/C||c-IrO2 in water electrolyzers using 0.5 M H2SO4 as electrolyte.

4. Conclusions

We successfully demonstrated the synthesis of a series of xCeO2-Ir/CNTs with varying
CeO2 contents using a facile solvothermal method. The catalytic activity of xCeO2-Ir/CNTs
was significantly influenced by the content of CeO2, with higher catalytic activity observed
for acidic OER when the molar ratio of CeO2/Ir was 1:1. Due to the strong electron
coupling in CeO2-Ir heterojunctions, CeO2-Ir/CNTs exhibited outstanding OER catalytic
performance in acidic media, significantly exceeding the benchmark c-IrO2. CNTs played a
crucial role by providing abundant nucleation sites and excellent conductive pathways for
CeO2-Ir, contributing to the observed high catalytic and mass activity in CeO2-Ir/CNTs.
The acidic water electrolyzers constructed using CeO2-Ir/CNTs in combination with Pt/C
(Pt/C||CeO2-Ir/CNTs) demonstrated significant potential for practical applications and
outperformed the benchmark c-IrO2||Pt/C system. This study presents a novel approach
for the design of efficient, stable, and low-Ir-usage catalysts towards acidic OER.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ma16217000/s1, Figure S1: The pH of 0.5 M H2SO4 at room
temperature; Figure S2: Photograph of catalyst-loaded carbon paper; Figure S3: SEM images of (a) CeO2-
Ir/CNTs, (b) Ir/CNTs and (c) CeO2/CNTs; Figure S4: XRD pattern of CeO2/CNTs; Figure S5: (a) XRD
patterns, (b) LSVs (solid dot line: with iR compensation), (c) Tafel plots, and (d) EIS Nyquist plots of
xCeO2-Ir/CNTs with different CeO2 content; Figure S6: (a) The time-dependent volume of O2 towards
OER using CeO2-Ir/CNTs as anode. The red line represents a fitted line, while square data points
denote the volume of O2 generated at 30-min intervals; Figure S7: CVs recorded at different scan
rates in the region of 1.1–1.2 V of (a–d) xCeO2-Ir/CNTs with different CeO2 content and (e) c-IrO2.
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(f,g) Cdl plots and ECSAs of the catalysts; Figure S8: ECSA-normalized LSVs of xCeO2-Ir/CNTs and
c-IrO2; Figure S9: LSVs of Pt/C||xCeO2-Ir/CNTs and Pt/C||CeO2/CNTs; Table S1: Composition
analysis of xCeO2-Ir/CNTs; Table S2: Analysis of EDS spectrum; Table S3: OER performance compari-
son of the CeO2-Ir/CNTs with the catalysts reported in acid media; Table S4: Component analysis of
CeO2-Ir/CNTs before and after OER. References [15,41–53] are cited in the supplementary materials.
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Abstract: Hydrogen, as a clean, safe, and efficient energy carrier, is one of the hot energy sources
that have attracted much attention. Mo2C, due to the introduction of C atoms, makes the atomic
spacing of the Mo lattice decrease and changes the width of the d-band, which makes the electronic
properties of Mo2C similar to that of Pt noble metals, exhibiting excellent electrochemical hydrogen
precipitation performance. MoS2, due to its special crystal structure and tunable electronic structure,
has been widely studied. In this paper, Mo2C nanoparticles were prepared by high-temperature
carbonization, and then two-dimensional layered MoS2 were be loaded on Mo2C nanoparticles by
the hydrothermal method to synthesize Mo2C/MoS2 composite catalysts. Their electrochemical
hydrogen precipitation (HER) performance under acidic conditions was tested. The above catalysts
were also characterized by modern material testing methods such as XRD, SEM, TEM, and XPS. The
results showed that the composite catalysts exhibited the most excellent electrochemical hydrogen
precipitation performance at Mo2C/MoS2-3, with the lowest overpotential at a current density of
10 mA cm−2, Tafel slope, and electrochemical impedance. At the same time, the electrochemically
active area was dramatically enhanced, with good stability under prolonged testing. The catalytic
activity was significantly improved compared with that of Mo2C and MoS2. The characterization and
experimental results indicate that the heterogeneous structure of Mo2C and MoS2 formed a built-in
electric field between the two, which accelerated the electron transfer efficiency and provided more
active sites. The Mo2C/MoS2 composite catalyst is a low-cost, easy-to-prepare, and high-efficiency
electrochemical hydrogen precipitation catalyst, providing a new idea for developing green and
clean energy.

Keywords: Mo2C; MoS2; hetrostructure; HER

1. Introduction

With the continuous development of society, humanity’s demand for energy continues
to expand, and the excessive use of traditional fossil fuels has led to environmental problems
and the emergence of the crisis of energy scarcity. Here, there is the search for a new type
of clean energy to eliminate the dependence on the limited fossil fuels for the sustainable
development of humanity, where social stability and progress of the problems faced have
an urgent need to be resolved [1].

Hydrogen has emerged as a paragon of clean energy carriers, embodying a prodigious
potential for high energy yield per mass (142 MJ kg−1), dwarfing even the venerable
fossil fuels, bolstering its prominence at the pinnacles of energy research. The gamut of
prevalent hydrogen fabrication techniques encompasses photocatalytic [2,3] and electrolytic
hydrogen generation [4–6], biomass enzymatic degradation [7,8], and conventional fossil-
fuel-based hydrogen extraction [9,10]. For example, Marjeta et al. [11] synthesized efficient
photocatalysts by epitaxial growth of SrTiO3 on Bi4Ti3O12 substrates. The multilayer
composite catalysts CoS2/MoS2 and Bi2S2/MoS2 prepared by Yang et al. [12] exhibit high
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catalytic activity with high specific surface area and unique surface morphology. Of these
modalities, the electrolytic conjuration of hydrogen is lauded for its impeccability and
environmental benevolence, juxtaposed with the offscourings of its counterparts.

Electrochemical hydrogen evolution is a process whereby hydrogen gas is produced
through the directional charge transfer in an electrochemical reaction. Within the electrode
system, cations in the electrolyte migrate towards the cathode, absorbing electrons and
undergoing a reduction reaction to generate hydrogen gas; anions in the electrolyte move
towards the anode, release electrons, and undergo an oxidation reaction to generate oxygen
gas. This method boasts advantages such as efficiency, environmental friendliness, and
safety. In electrochemical hydrogen evolution, the electrodes are key in catalyzing the
reaction, commonly utilizing transition metal compounds such as platinum, palladium,
iron, and nickel, which demonstrate excellent catalytic activity and can significantly reduce
the potential required for the electrochemical hydrogen evolution reaction. Molybdenum-
based compounds are also among the hot materials currently under research as catalysts
for electrochemical hydrogen evolution. The electrolyte solution is typically acidic (0.5 mol
L−1 H2SO4) or alkaline (1 mol L−1 KOH solution).

Water electrolysis hydrogen evolution is divided into the hydrogen evolution reaction
(HER) and the oxygen evolution reaction (OER) [13], each occurring at the cathode and
anode of the electrode, respectively. HER is one of the simplest electrochemical reactions,
involving a two-electron transfer; OER, on the other hand, involves a four-electron transfer.
Compared to OER, HER occurs more easily and is more efficient, with the required over-
potential being lower. Therefore, water electrolysis hydrogen evolution is a simple and
efficient hydrogen production strategy. The reaction equation for HER is

2H+ + 2e− → H2 (1)

This reaction consists of three steps: the Volmer, Tafel, and Heyrovsky reactions [14–16],
which correspond to different stages in the electrochemical hydrogen evolution process. The
Volmer reaction is considered the initial step of the electrochemical hydrogen evolution reaction
and is the only step considered in the theoretical model of the single-electron HER. In the Volmer
reaction, H+ ions adsorb onto the catalyst surface to form adsorbed hydrogen atoms (H*), where
* indicates an active site on the catalyst. The Tafel reaction is where two adsorbed H* atoms
combine and desorb to form H2. The Heyrovsky reaction involves an adsorbed H* combining
an H+ ion from the electrolyte and an electron e− to desorb and form H2. In alkaline conditions,
the required H* is produced through the dissociation of H2O molecules, and hence the reaction
equation varies.

Volmer H+ + e− → H∗ (acid) (2)

Volmer H2O + e− → H∗ + OH− (alkaline) (3)

Heyrovsky H∗ + H+ + e− → H2 (acid) (4)

Heyrovsky H2O + H∗ + e− → H2 + OH− (alkaline) (5)

Tafel H∗ + H∗ → H2 (6)

In HER, the Tafel slope is usually used to determine the mechanism of cathodic H2
generation: since the HER reaction necessarily includes the process of electron transfer
and desorption, when the Tafel slope is around 120 mV dec−1, the decisive step of HER
is the Volmer reaction, and the electron transfer rate is slow, so the reaction rate can be
accelerated by increasing the active sites of the catalyst at this time. When the Tafel slope is
around 40 mV dec−1, the decisive step of HER is the Heyrovsky reaction, the desorption
process is slow, and the reaction rate can be accelerated by changing the physical properties
of the catalyst (specific surface area, roughness, etc.). When the Tafel slope is around 30 mV
dec−1, the electron transfer and desorption rate on the electrode surface are very fast, and
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then the reaction decisive step is the compound desorption process of H*, i.e., the Tafel
reaction, which can be accelerated by increasing the active area of the catalyst as well.

Platinum on carbon (Pt/C) has historically reigned as the superlative catalyst for
electrochemical hydrogen production [17], acclaimed for its exceptional efficacy. However,
the prohibitive cost of platinum, coupled with its scant availability and vulnerability to
catalyst poisoning, invites the imperative of conceiving economical, facilely synthesized,
robust, safe, and innocuous catalytic surrogates. Amidst this pursuit, an array of transition
metal derivatives, including oxides, carbides, and sulfides, have emerged as contenders
exhibiting laudable electrochemical propensities. Liu et al. [18] doped Ru single atoms
into CoP nanoparticles and then loaded this catalyst on carbon dots (CDs) to form Ru-
CoP/CDs composites. The CDs, which were made from citric acid and ethylenediamine,
could regulate the electrocatalytic reaction sites and electronic structure of Ru-CoP/CDs by
inhibiting the growth and agglomeration of Ru-CoP, resulting in excellent electrocatalytic
performance of the catalysts. In 2021, Park et al. [19] improved the catalytic activity by
introducing Ni to form a Ni-Mo binary alloy nitride (Ni2Mo3N) to weaken the Mo-H
bonding and thus improve the catalytic activity, which enabled the catalyst to exhibit
excellent catalytic performance. Notably, molybdenum carbide (Mo2C) has garnered
significant interest as a material of meritorious distinction among electrocatalysts.

Molybdenum carbide [20], a venerated constituent within the pantheon of transition
metal carbides, manifests an engorged metallic framework and an augmented interatomic
chasm among Mo atoms. This structural transformation mitigates orbital congruency
among neighboring metal atoms. Insights from Density Functional Theory (DFT) intima-
tions denote that the electron conjugation across the d orbitals of Mo and the s and p orbitals
of carbon engenders a marked augmentation of the d-band in metallic Mo [21]. Such alter-
ations consummate an electronic schema and catalytic comportment mirroring that of the
noble metals partaking of Group VIII, thus ensuring a pronounced HER acumen [22].

Utilizing the two-dimensional layered material molybdenum disulfide (MoS2), notable
for its adjustable electronic properties, robust catalytic stability, and significant natural
abundance, MoS2 emerges as an exceptional electrocatalyst [23].

Extant literature underscores that monolayer molybdenum disulfide, a consummate
archetype of transition metal dichalcogenides (TMDCs), has garnered extensive scrutiny
owing to its substantial in-plane electron mobility, pronounced current switching ratio,
superior photoelectrocatalytic attributes, and robust catalytic hydrogen evolution activity.
Of the trio of molybdenum disulfide allotropes (1T, 2H, and 3R), the 2H phase prevails,
owing to its augmented stability, crystallizing into a hexagonal lattice with a pronounced
planar stratification. Within the MoS2 architecture, Mo atoms are conjoined with S atoms
via ionic linkages, whilst S–S interactions are governed by Van der Waals forces, producing
a unique sandwich-like configuration that finds application across industries such as
aerospace, lubrication, and energy storage. The 1T-MoS2, intrinsically metallic, adopts a
tetragonal crystalline assembly, and while it is catalytically active, it is inherently unstable,
typically transforming to the more stable 2H phase upon annealing. Conversely, the 3R
phase of MoS2, which crystallizes under high temperatures within the rhombohedral
system, is prone to a phase transition into the 2H-MoS2 configuration. The preponderance
of contemporary research in electrochemical hydrogen evolution orbits around exploring
the 2H phase [24,25].

In pursuit of catalytic interfaces conducive to electrochemical hydrogen production—
emphasizing potent catalytic efficacy, enduring stability, and economic viability—this
investigation involves the synthesis of molybdenum carbide (Mo2C) nanoparticles via a
high-temperature carbonization route, segueing into the generation of Mo2C/MoS2 com-
posite heterojunction semiconductor catalysts through the integration of two-dimensional
MoS2 onto Mo2C nanoparticles using hydrothermal methodology. Employing advanced
material characterization techniques such as X-ray diffraction (XRD), scanning electron
microscopy (SEM), and X-ray photoelectron spectroscopy (XPS), these catalysts were metic-
ulously examined. Their electrochemical hydrogen evolution capability was subsequently
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evaluated by employing a CHI660E electrochemical workstation. The synthesis revealed
that amalgamating Mo2C with MoS2 considerably ameliorates the electronic structure at
both the surface and interface of the catalyst. In the composite, n-type Mo2C operates as
an electron reservoir, augmenting the electrical conductivity within the layered structure
and concurrently unveiling additional active sites. Notably, the hydrogen adsorption-free
energy (ΔGH) of Mo2C is discernibly less negative (−0.65 eV) compared to MoS2 (2.05 eV),
underscoring the enhanced propensity of Mo2C to adhere to H+ and conduct the reduction
reaction with heightened efficiency [26,27]. The bifurcation of components also culminates
in an optimized electrochemical profile for the catalyst. Electrochemical assays ascertain
that the composite catalysts outperform isolated Mo2C and MoS2 nanoparticles in terms
of hydrogen evolution. Further optimization of the electronic structure was achieved by
fine-tuning the molar ratio of the constituent materials, resulting in an elevation of catalytic
performance. In this study, a composite catalyst with a core-shell structure was prepared
by innovatively growing MoS2 encapsulated on the surface of Mo2C grains via a facile
synthesis method, which exhibited significantly better electrocatalytic performance than
that of Mo2C and MoS2, as well as showing good stability over a long-time test.

2. Materials and Method

2.1. Materials

Thiourea (CH4N2S) was purchased from Tianjin Zhiyuan Chemical Reagent Co.
(Tianjin, China). Ammonium molybdate tetrahydrate ((NH4)6Mo7O24·4H2O, 99%) and
1,8-diaminonaphthalene (C10H10N2) were purchased from Sinophosphate Chemical Reagent
Co. (Tianjin, China). Hydrochloric acid (HCl) and sulfuric acid (H2SO4) were supplied by
Nanjing Chemical Specimen Co. (Nanjing, China). All chemicals are analytical grade and
used without further purification.

2.2. Synthesis of Electrocatalysts

Mo2C flakes: In this experiment, pure β-Mo2C was prepared by the calcination
method. Ammonium molybdate tetrahydrate ((NH4)6Mo7O24·4H2O) was used as the
molybdenum source, and 1,8-diaminonaphthalene (C10H10N2) was used as the carbon
source. The calcination precursor was prepared by mixing 2 mmol of ammonium molybdate
tetrahydrate in 12 mL of deionized water and 3.2 mmol of 1,8-diaminonaphthalene in 10
mL of anhydrous ethanol. The pH of the mixture was adjusted by 1 mol L−1 hydrochloric
acid to obtain the precipitation with a molar of 1:2.25 for n (Mo):n (C). The solution was left
for 30 min, and then the precipitation was collected and dried at 100 ◦C for 10 h to obtain
the Mo2C precursor. The precursor was ground into powder and calcinated in a vacuumed
high-temperature tube furnace, which was heated up to 725 ◦C at a rate of 5 ◦C min−1 and
kept warm for 4 h. After that, it was naturally cooled down to room temperature to obtain
β-Mo2C nanoparticles.

MoS2 particles: Ammonium molybdate tetrahydrate was used as the molybdenum
source and thiourea (CH4N2S) as the sulfur source. Typically, 2 mmol ammonium molyb-
date tetrahydrate and 5.5 mmol thiourea were dissolved in 60 mL of deionized water
with stirring to keep a molar ratio of n(Mo): n(S) = 1:4. The black suspension was then
transferred into the polytetrafluoroethylene liner of a stainless steel high-temperature
hydrothermal reactor. The black suspension was filtered after being heated at 200◦ for 8
h to obtain the black solid powder, which was washed three times with 95% ethanol and
distilled water and then dried in a constant temperature blast oven at 80 ◦C for 8 h to obtain
the MoS2 nanoparticles.

Mo2C/MoS2 composite catalyst: Mo2C nanoparticles were prepared using the above
method. The composite catalysts with different Mo2C/MoS2 molar ratios (0.5, 1, 2, 3,
and 4) were prepared by the same hydrothermal method using ammonium molybdate
tetrahydrate as the molybdenum source and thiourea as the sulfur source, keeping the
content of Mo2C unchanged.
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2.3. Characterization

Powder X-ray diffraction patterns were obtained by a Rigaku SmartLab diffractometer
(Tokyo, Japan) using Cu Kα (λ = 0.154178 nm) as a radiation source. The morphology
of the samples was measured by scanning electron microscope (FESEM, Ultra-55, Zeiss,
Oberkochen, Germany). The samples were pretreated at 105 ◦C for 12 h before measure-
ment. The electrochemical impedance was measured at the electrochemical workstation
CH1660E. X-ray photoelectron spectroscopy was recorded using Kratos AXIS Supra (Shi-
madzu, Kyoto, Japan).

2.4. Electrochemical Test

In this experiment, electrochemical tests were performed using a standard three-
electrode system to evaluate the electrochemical hydrogen precipitation performance of the
catalyst. The CHI660E electrochemical workstation was used to load the powder samples
to be tested onto a glassy carbon electrode of diameter φ = 3 mm with 5 wt% concentration
of Nafion solution at 3.5 mg cm−2. The electrode prepared as described above was used as
the working electrode, the C electrode was used as the counter electrode, and Ag/AgCl
(saturated KCl-filled) was used as the reference electrode. The LSV curves were obtained by
reversible hydrogen electrode potential conversion, and the potential conversion equation
for Ag/AgCl was

E(vs. RHE) = E(vs. Ag/AgCl) + 0.0592pH + 0.197 (7)

The electrolyte was a 0.5 mol L−1 H2SO4 solution and linear voltammetry (LSV) was
tested at a sweep rate of 5 mV s−1. The electrochemical active area (ECSA) of the catalysts
was evaluated by testing the double layer capacitance (Cdl), which was subjected to cyclic
voltammetry (CV) at sweep rates of 20 mV s−1, 40 mV s−1, 60 mV s−1, 80 mV s−1, and
100 mV s−1 at potentials ranging from 0.15 to 0.25 V. The catalysts were tested at a sweep
rate of 5 mV s−1. The electrochemical impedance (EIS) of the catalyst was measured in the
frequency range of 100,000–0.1 Hz to evaluate the electrochemical hydrogen precipitation
performance of the catalyst. The stability of the catalysts was evaluated by recording
the changes in the LSV curves before and after 1000 cycles of CV testing and recording
the curves for 12 h. EIS was fitted with the program Zview and all experimental results
are reproducible.

3. Results and Discussion

3.1. Characterization of Electrocatalysts

Figure 1 elegantly delineates the X-ray diffraction (XRD) spectra of Mo2C; MoS2; and
their composite, Mo2C/MoS2, catalysts. Within these spectra, distinct peaks at 34.4◦, 37.9◦,
and 39.5◦ are observable, corresponding, respectively, to the (100), (002), and (101) lattice
planes of β-Mo2C crystals. These peaks are congruent with the salient features of the
β-Mo2C standard PDF card (PDF#35-0708). The MoS2 sample, synthesized via hydrother-
mal methods, exhibited characteristic peaks at 13.5◦ and 32.4◦. These are indicative of the
(002) and (100) facets of MoS2 crystals, thus confirming the efficacy of the hydrothermal
synthesis in crafting MoS2. However, it can be observed that the position of the MoS2
diffraction peak was low compared to the 2θ value corresponding to the standard peak of
2H-phase MoS2, indicating the existence of multiple crystalline phases in the synthesized
MoS2 samples. 1T-phase MoS2 requires lower reaction temperatures and shorter reaction
times compared to the 2H-phase MoS2, and the position of its (002) crystalline diffraction
peaks was around 9◦, which resulted in the leftward diffraction peak position. Never-
theless, a diminution in peak intensity is noted in the XRD pattern of the Mo2C/MoS2
composite due to the 2D layered structure and diminutive grain size of MoS2. This nuanced
two-dimensional structure manifested less intense diffraction peaks with broader half-peak
breadths in pristine MoS2 samples. In contrast, β-Mo2C displayed pronounced, acutely
defined peaks due to enlarged grain size and the formation of nanorods through the high-
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temperature carbonization of molecular clusters. Consequently, in the composite samples,
β-Mo2C’s peaks dwarfed those of MoS2 in intensity. Yet, vestiges of MoS2

′s diffraction
peaks at 13.5◦ and 32.4◦ remained discernible, substantiating the coexistence of dual-phase
Mo2C and MoS2 within the composite. Importantly, the absence of extraneous stray peaks
corroborates the sample’s compositional purity.

 
Figure 1. XRD pattern of Mo2C, MoS2, and Mo2C/MoS2.

Analysis of the X-ray photoelectron spectroscopy (XPS) spectra reveals the distinc-
tive peaks at 231.5 eV and 227.9 eV in Figure 2a, which are attributed to the 3d3/2 and
3d5/2 orbitals of divalent molybdenum (Mo2+) in Mo2C, respectively. Conversely, peaks
observed at 235.2 eV and 231.2 eV correspond to the 3d3/2 and 3d5/2 orbitals of hexavalent
molybdenum (Mo6+) in MoO3 oxides, signifying oxidative processes affecting the sample
surfaces during both the reaction phase and preservation. The Mo2C/MoS2-1 composite
catalysts manifested characteristic peaks at 230.6 eV and 227.4 eV, indicative of the Mo2+

3d3/2 and 3d5/2 orbitals of the Mo element. These peaks were shifted by 0.53 eV to lower
binding energies relative to those of Mo2C alone, suggesting an augmented electron cloud
density around the composite samples [28]. This phenomenon correlates with a decrease in
electrochemical impedance and an enhancement in electrocatalytic performance. Figure 2b
corroborates the findings from electrochemical characterization. Peaks at 230.6 eV and
227.4 eV correspond to the presence of tetravalent molybdenum (Mo4+) 3d3/2 and 3d5/2
orbitals characteristic of MoS2. In contrast, peaks at 236.0 eV and 232.2 eV are ascribed
to MoO3, while those at 233.6 eV and 230.0 eV denote an intermediary oxidation state of
molybdenum (Moε+) with 4 < ε < 6. The intermediate oxidation state, as evidenced by the
peaks, indicates that the MoS2 samples also experienced surface oxidation; notably, the
peak at 226.6 eV originated from S2s interference.
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(a) (b)

(c) (d)

Figure 2. XPS images of Mo2C, MoS2, and Mo2C/MoS2-1 composite catalysts: (a,b) Mo3d; (c) C1s;
(d) S2p.

In the Mo2C/MoS2-1 samples, the peaks at 231.8 eV and 228.0 eV are ascribed to MoS2
components’ Mo4+ 3d3/2 and 3d5/2 orbitals. They shifted toward lower binding energy
relative to the MoS2 sample by approximately 1.3 eV. This shift suggests that the electron
cloud density around the MoS2 component increased upon composite formation, with
the Mo2C component transferring more free electrons to the MoS2 due to Mo2C’s role as
an electron donor, enriching the electron milieu surrounding MoS2. The binding energy
discrepancies, denoted by Δ = 3.2 eV for Mo2+ spin-split orbitals and Δ = 3.8 eV for Mo4+

spin orbitals, differed from those in the Mo2C (Δ = 3.6 eV) and MoS2 (Δ = 3.2 eV) samples,
respectively. These differences indicate a successful heterostructure of the composites, lead-
ing to an optimized electronic architecture conducive to superior catalytic performance [29].
The shifting to lower binding energies is also witnessed in the characteristic C1s peaks at
283.0 eV for Mo2C/MoS2 and 283.6 eV for Mo2C, as noted in Figure 2c. Lastly, Figure 2d
showcases peaks at 161.6 eV and 160.4 eV for the Mo2C/MoS2-1 samples, corresponding
to the S2−2 p1/2 and S2−2 p3/2 orbitals, respectively. These peaks were discernibly shifted
towards lower binding energies compared to the 163.5 eV and 162.2 eV peaks of MoS2,
embodying the changing electron densities in these subsidized structures.

The specimens underwent meticulous examination utilizing scanning electron mi-
croscopy (SEM), with the corresponding findings delineated in Figure 3. Observational
analysis of Figure 3a reveals that molybdenum carbide (Mo2C) assumed an elongate ellip-
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soidal morphology, with each particle approximately 80 nm in diameter, which coalesced
to constitute substantial nanorods. These nanorods exhibited a porous exterior, spanning
sizes from 400 to 600 nm. Subsequent inspection of Figure 3b unveils a scanning electron
micrographic depiction of molybdenum disulfide (MoS2), which displays a composition of
stratified nanofloral configurations. The distinctly layered petal-like structure corroborates
the dimensional stratification intrinsic to MoS2. Upon amalgamation of the two entities,
as depicted in Figure 3c, the Mo2C phase receded nearly beyond detection; nonetheless,
one can discern the presence of nanofloral spherical entities, ranging in size from 600 to
800 nm. This indicates a transformative alteration of MoS2

′s inherent cuboidal morphology
post-composite, with the spherical nanofloral architecture potentially unveiling an aug-
mented array of reactive sites. Figure 3d provides a vista into the amalgamated growth
of Mo2C and MoS2 grains through mutual intercalation. Post-combination morphological
transformation yielded predominant agglomerations of spherical Mo2C particles, the sur-
faces of which were adorned with the nano-floral constructions of MoS2, substantiating a
successful synthesis of Mo2C/MoS2 heterojunction semiconductor catalysts.

 

  

(a) (b) 

(c) (d) 

Figure 3. SEM images of catalyst samples: (a) Mo2C; (b) MoS2; (c,d) Mo2C/MoS2.

In the micrographs obtained via transmission electron microscopy of the Mo2C/MoS2
heterojunction catalysts, one can discern the characteristic striping of MoS2 lamellae inter-
spersed with Mo2C crystallites. The MoS2 had a predilection for ensheathing the Mo2C
nuclei, engulfing them in a continuous veil that contributed to the predominant MoS2
crystalline façade evident in scanning electron microscopy depictions. A proliferation of
defects within the superficial MoS2 layers festooning the Mo2C granules correlated with
an augmented exhibition of dynamic sites, consequently enhancing the catalyst’s overall
reactivity. The high-resolution transmission electron microscopy delineation in Figure 4b
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revealed lattice fringes with an interplanar distance of 0.62 nm, denoting the (002) planes
of MoS2 crystals, while those fringes with a separation of 0.24 nm are ascribed to the
(101) planes of Mo2C crystals—a measurement marginally exceeding the canonical value
of 0.228 nm. This subtle expansion intimates a tensile distortion within the Mo2C matrix
as occasioned by the admixture with MoS2, a hallmark of the heterostructures’ synthesis
through the successful amalgamation of the constituent Mo2C and MoS2 materials.

(a) (b)

Figure 4. TEM image of Mo2C/MoS2 composite catalysts: (a) Mo2C/MoS2 composite catalyst; (b)
localized enlarged view.

3.2. Electrochemical Results of Electrocatalysts

Figure 5 depicts the electrochemical evaluation results for the various specimens. As
evidenced by Figure 5a,b, the Mo2C/MoS2 composite catalyst exhibited minimal overpo-
tential at an identical current density. Specifically, this catalyst manifested an overpotential
of merely 278 mV at 10 mA cm−2 current density, thereby signifying its superior hydrolytic
proficiency for electrochemical hydrogen evolution in contrast to the pristine specimen.
Concurrently, the Tafel inclination for the Mo2C/MoS2 composite experienced a consider-
able descent to 136 mV dec−1, markedly lower than the 189 mV dec−1 for undiluted Mo2C
and the 323 mV dec−1 for unadulterated MoS2. This observation implies that the composite
catalyst substantially diminished the activation energy requisite for the hydrolytic process
when paralleled with the pure specimen. Furthermore, Figure 5c unveils the electrochemi-
cal impedance spectroscopy (EIS) representations for the unmingled Mo2C, MoS2, and the
composite catalyst. The equivalent circuit diagram and specific values are shown in Table 1.
It becomes apparent that the composite samples exhibited a reduced arc radius within the
high-frequency region than their unmingled counterparts, a factor that intimates a lower
impedance and an accelerated rate of electron transference. This enhancement facilitates
continuous electron conveyance and chemical reactions, culminating in an augmented
electrochemical efficacy for hydrogen evolution.

Table 1. Equivalent circuit and impedance fit for electrochemical impedance.

Equivalent Circuit Catalysts
RS

(Ω)
RCT

(Ω)

MoS2 36.19 890.01

Mo2C 12.21 130.90

Mo2C/MoS2-1 44.37 51.86
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(a) (b)

(d)(c)

Figure 5. Electrochemical test plots of Mo2C, MoS2, and Mo2C/MoS2 composite catalysts: (a) LSV;
(b) Tafel slope; (c) EIS; (d) ECSA.

Due to the direct linear relationship between the ECSA of a catalyst and the magnitude
of its Cdl, the ECSA computation of materials can be inferred by the measurement of
their Cdl. As depicted in Figure 5d, the ECSA of the Mo2C/MoS2-1 composite catalyst
is discerned to be 62.4 mF cm−2, which notably surpasses that of the isolated Mo2C at
40.4 mF cm−2 and MoS2 at 33.6 mF cm−2. This observation indicates that the composite
catalyst acquired an enlarged electrochemically active specific surface area post-synthesis,
which resulted in a greater density of active sites. Consequently, this enhancement led to
improved electrochemical hydrogen evolution performance, corroborating the outcomes
previously illustrated by the polarization curves and Tafel slopes. An excessively high Tafel
slope indicates that the Volmer reaction rate is slow, which can limit the reaction rate of the
Heyrovsky reaction with the Tafel reaction, further affecting the overall conversion rate of
the reaction. The ECSA of the catalyst was significantly increased after the composite of the
two, which drastically reduced the Tafel slope of the catalyst and greatly accelerated the rate
of electron transfer to produce H* faster. It indicates that the heterogeneous structure can
form a high-speed electron transfer channel and dramatically improve the catalytic activity.

The service stability of the catalysts was tested by cyclic voltammetry and chronoam-
perometry, and the test results are shown in the following figures: Figure 6a shows the linear
voltammetry curves of the Mo2C/MoS2-1 composite catalysts before and after 1000 cycles
at a sweep rate of 100 mV s−1, which shows that the overpotential of the catalysts increased
slightly after the cycle, with little change compared with that before the cycle. Figure 6b

50



Materials 2024, 17, 2355

shows the chronoamperometric current curve of the Mo2C/MoS2-1 composite catalyst
with a starting voltage of 297 mV, and the results indicate that the current density was
almost unchanged under the test condition of 12 h acidic electrolyte. The above results
indicate that the Mo2C/MoS2-1 composite catalyst exhibited good stability under long-time
endurance tests.

(a) (b)

Figure 6. Stability test of Mo2C/MoS2-1 composite catalyst: (a) LSV plot after 1000 cycles of CV;
(b) its curve plot.

3.3. Characterization of Composite Catalysts with Different Molar Ratios

Figure 7 portrays the X-ray diffraction patterns of heterogeneous catalysts comprised
of variable molar proportions of Mo2C to MoS2. Within these spectrums, one can discern the
crystalline signatures of Mo2C at ordinal angles (2θ) of 34.4◦, 38.0◦, 39.4◦, 52.1◦, 61.5◦, 69.6◦,
72.4◦, 74.6◦, and 75.5◦. These peaks correspond to the facets of the β-Mo2C polymorph (as
cataloged in PDF#35-0787) specifically at the (100), (002), (101), (102), (110), (103), (200), (112),
and (201) crystallographic planes, respectively, thereby affirming the successful synthesis of
Mo2C nanoparticles via thermochemical carbonization. Moreover, at diminished Mo2C to
MoS2 ratios, diffraction peaks were discerned at 2θ values of 13.5◦, 33.1◦, 35.4◦, and 57.4◦,
which are ascribable to the (011), (200), (003), and (110) lattice planes of hexagonal MoS2,
respectively. The absence of extraneous peaks underscores the purity of the synthesized
Mo2C/MoS2 composited catalysts across the explored molar ratios. As the molar ratio
of Mo2C to MoS2 ascended, a concurrent diminution and broadening of MoS2 diffraction
peaks were observed, signifying the potential of the composite to attenuate interlayer
distances and particle size of the lamellar MoS2 structure. This structural alteration renders
augmented accessibility to active sites, thereby enhancing the catalytic prowess of the
material. Notably, at a molar ratio of 4 units of Mo2C to MoS2, the peaks representative of
MoS2 were not detected, attributed to the insufficiency of MoS2 presence within the mixture.

Upon examining the XPS spectra, it is discernible that the characteristic peaks at
230.6 eV and 227.4 eV for the Mo2C/MoS2-1 specimen, as well as the analogous peaks for
the Mo2C/MoS2-3 specimen depicted in Figure 8a, correspond to the Mo2+ 3d3/2 and Mo2+

3d5/2 states of molybdenum, respectively, signifying the presence of Mo2C. Additionally,
the peaks observed at 231.9 eV and 228.0 eV for the Mo2C/MoS2-1 sample, along with
the peaks at 232.0 eV and 228.0 eV for the Mo2C/MoS2-3 sample, are representative of
the Mo4+ 3d3/2 and Mo2+ 3d5/2 states of molybdenum, ascribed to Mo2C. Furthermore,
the peaks at 231.9 eV and 228.0 eV about the Mo2C/MoS2-1 specimen and the peaks at
232.0 eV and 228.0 eV relative to the Mo2C/MoS2-3 specimen correspond to the Mo4+ 3d3/2
and Mo4+ 3d5/2 states, which are indicative of MoS2. In Figure 8b, the peak positioned at
283.0 eV for both Mo2C/MoS2-1 and Mo2C/MoS2-3 is associated with C1s, denoting Mo2C.
Additionally, Figure 8c reveals that the characteristic peaks at 161.6 eV and 160.4 eV for
the Mo2C/MoS2-1 sample and the identically characterized peaks for the Mo2C/MoS2-3
sample correspond to the S2− 2p1/2 and S2− 2p3/2 states, respectively, indicative of MoS2,
whereas the peak at 167.6 eV is suggestive of SO4

2−, implicating the partial oxidation of S2−
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in atmospheric conditions. The aforementioned peaks are consistent across the board with
no noticeable shift, implying that modifications in the molar ratio exert negligible influence
on the heterojunction between Mo2C and MoS2. This constancy alludes to the relative
stability inherent in the heterostructural composition of the Mo2C/MoS2 composite catalyst.

Figure 7. XRD pattern of Mo2C/MoS2 composite catalysts with different composite ratios.

(a)

(c)

(b)

Figure 8. XPS patterns of Mo2C/MoS2 composite catalysts with different composite ratios: (a) Mo3d;
(b) C1s; (c) S2p.

Figure 9 delineates the scanning electron microscopy (SEM) representations of the com-
posite catalysts across varying molybdenum carbide to molybdenum disulfide (Mo2C/MoS2)
molar ratios. Observations reveal a diminution in MoS2 crystallite dimensions concomitant
with an escalation in Mo2C/MoS2 molar proportionality. Precisely, the crystallite dimensions
approximate 300 nm for Mo2C/MoS2-0.5; however, this metric contracts to approximately
60–100 nm for the Mo2C/MoS2-3 specimen, with the reduced crystallite size engendering a
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commensurately augmented specific surface area. Consequently, this engenders a notably
superior electrochemical efficacy in hydrogen evolution reactions.

 

 

 

(a) (b) 

(c) (d) 

(c) (e) 

Figure 9. SEM images of Mo2C/MoS2 composite catalysts with different composite ratios:
(a) Mo2C/MoS2-0.5; (b) Mo2C/MoS2-1; (c) Mo2C/MoS2-2; (d) Mo2C/MoS2-3; (e) Mo2C/MoS2-4.

After the integration of the two constituents, the inherently two-dimensional stratified
morphology of MoS2 underwent a transition towards a nanoflower spherical configura-
tion, which is indicative of a considerable morphological transfiguration attributed to the
influence of Mo2C. Owing to the layered architecture, the lion’s share of catalytically active
sites within MoS2 was predominantly localized at the laminae peripheries. Nonetheless,
the emergent nanoflower spherical structure precipitated by the composite formation facili-
tated the generation of additional active cross-sections. In concert with this morphological
evolution, the inherent strata manifested numerous intrinsic strain-induced defects, thereby
proliferating the density of active sites conducive to catalytic processes.
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3.4. Electrochemical Results of Composite Catalysts with Different Molar Ratios

Figure 10 delineates the electrocatalytic hydrogen evolution prowess of composite
catalysts with varying molar ratios of Mo2C to MoS2, assayed in an aqueous sulfuric acid
solution of 0.5 mol L−1. As discerned from the linear sweep voltammetry profiles illus-
trated in Figure 10a, the Mo2C/MoS2-0.5 composite mandated the highest overpotential for
achieving a current density of 10 mA cm−2, in stark contrast to the Mo2C/MoS2-3 compos-
ite, which required the least overpotential at the equivalent current density, signifying its
superior electrocatalytic hydrogen evolution capability. Corresponding to these findings,
Figure 10b presents the electrocatalytic hydrogen evolution attributes of the catalyst variants
stratified by their molar ratios, congruent with the linear sweep voltammetry data: an onset
overpotential of 183 mV dec−1 for Mo2C/MoS2-0.5 and 150 mV dec−1 for Mo2C/MoS2-4.
This suggests that a molar ratio of Mo2C to MoS2 that is either excessively low or high is
detrimental to the electrocatalytic efficacy of the composites. The Mo2C/MoS2-3 composite
exhibited the most negligible Tafel gradient, an indicator that this particular formulation
can efficaciously mitigate the activation barrier for the electrocatalytic hydrogen evolution
process, hence displaying unparalleled performance. Figure 10c exposes the electrochemi-
cal impedance spectroscopy (EIS) profiles for the composites across varying molar ratios,
echoing the aforementioned empirical data: the Mo2C/MoS2-3 composite’s Nyquist plots
revealed the least pronounced curvature within the high-frequency electron transport
domain, indicative of optimal electrochemical performance. The equivalent circuit diagram
and specific values are shown in Table 2.

(a)

(c)

(b)

(d)

Figure 10. Electrochemical performance of Mo2C/MoS2 composite catalysts with different composite
ratios: (a) LSV; (b) Tafel slope; (c) EIS; (d) ECSA.
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Table 2. EIS values and equivalent circuit diagrams for different composite ratios.

Equivalent Circuit Catalysts
RS

(Ω)
RCT

(Ω)

Mo2C/MoS2-0.5 35.23 70.28
Mo2C/MoS2-1 44.37 51.86
Mo2C/MoS2-2 39.45 47.86
Mo2C/MoS2-3 21.67 39.20
Mo2C/MoS2-4 20.25 100.37

Upon augmentation of the composite ratio, Mo2C, serving as an electron donor,
endowed MoS2 with an enhanced concentration of electrons, thereby diminishing its elec-
trochemical impedance. The Mo2C/MoS2-3 samples, with a surplus of readily available
free electrons, demonstrated enhanced electrocatalytic activity and were adept at promot-
ing synergistic electron transfer, which accelerates the reduction of protons to hydrogen.
Within the array of composite catalysts with varying composite ratios, the ECSA of the
catalysts was similarly deduced through the evaluation of the Cdl of the materials un-
der investigation. In Figure 10d, the graphical depictions reveal that the Mo2C/MoS2-3
composite manifested the highest ECSA, registering a capacitance of 93.8 mF cm−2. This
represents a marked increase of 132% over the pristine Mo2C catalyst and an augmentation
of 179% in comparison to the unadulterated MoS2 catalyst. As the composite ratio of Mo2C
to MoS2 ascended, there was a discernible upward trajectory in the electrochemical active
surface area of the composite catalysts. However, the ECSA of the Mo2C/MoS2-4 sample
exhibited a subtle decline, which can be conjectured to result from an overly elevated Mo2C
to MoS2 composite ratio. Such a ratio may diminish the synergetic interaction between the
two constituents, predominantly relegating Mo2C to serve as the principal component of
the catalyst.

Mo2C is a narrow-band semiconductor material with a forbidden bandwidth of 1.26 eV,
and MoS2 has a forbidden bandwidth of 2.31 eV, and a type-II heterostructure will be
formed after compositing the two. Due to the difference in electrical conductivity between
Mo2C and MoS2, the Mo2C/MoS2 composite catalyst will form a heterostructure similar to
a P-N junction at the composite interface [30,31]. When the PN junction-type heterojunction
is formed, the electrons close to the P-N interface will diffuse to the P region, while the
holes close to the P-N interface will diffuse to the N region, leaving the negatively charged
P region ions. Due to the high concentration of negatively and positively charged ions
assembled at the semiconductor interface, a built-in electric field will be formed, which can
drive the electrons and holes to be transported in the opposite direction, greatly enhancing
the charge separation efficiency. For HER, the strong interfacial electric field formed by the
PN junction-type heterojunction can significantly increase the d-band center of the catalyst,
enhance the adsorption of H*, and contribute to the diffusion of metal ions. A comparison
of the results of this work with those of other researchers is shown in Table 3

Figure 11 shows the side view of the stability of the Mo2C/MoS2-3 catalysts. It can be
seen from Figure 11a that the cyclic voltammetry test was carried out at a sweep rate of
100 mV s−1, and after cycling for 1000 laps, the LSV curves of the Mo2C/MoS2-3 catalysts
showed a relatively small change, and the overpotentials slightly increased at the same
current density, which indicated a slight decrease in the catalytic activity of the catalysts.
Figure 11b shows that it curve of the Mo2C/MoS2-3 catalyst showed no obvious fluctuation
after 12 h of the timed current test at an initial spot level of 223 mV, which exhibited good
stability. The above results indicate that the Mo2C/MoS2-3 catalysts have excellent stability
in long-time electrochemical reactions.
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Table 3. Comparison of the results of this thesis with the experimental results of other researchers.

Catalysts
Over Potential

at 10 mA/cm2 (mV)
Tafel Slope
(mV/dec)

ECSA
(mF/cm2)

RCT

(Ω)
References

Mo2C/MoS2-3 223.4 124 93.8 39.2 This work
Mo2C&MoS2@NSC3 220 85.5 5.6 / [32]
Mo2C/MoS2-25 min 63 53 146 7.5 [33]

NC@Mo2C@MoS2-(Ni) 205 61.4 4.7 45 [34]
3D MoS2@Mo2C NS 67 37 64.2 / [35]

(a) (b)

Figure 11. Stability test of Mo2C/MoS2-3 composite catalyst: (a) LSV plot after 1000 cycles of CV;
(b) its curve plot.

4. Conclusions

In summation, Mo2C nanoparticles were efficaciously synthesized through a procedure
of high-temperature carbonization, subsequently leading to the creation of Mo2C/MoS2
composite catalysts via the hydrothermal method. Characterization of these composites
utilizing advanced material characterization methodologies, such as X-ray diffraction
(XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM),
and X-ray photoelectron spectroscopy (XPS), has unequivocally confirmed the successful
integration of Mo2C into a heterogenous structural amalgamation with MoS2. This fusion
has substantially curtailed the proclivity of MoS2 to aggregate, thereby engendering a
prolific increase in defects within the MoS2 crystals and unveiling a greater quantity of
catalytically active sites. The potential for further enhancement of the composite catalysts’
electronic structure lies in the modulation of the constituent ratios of Mo2C to MoS2, which
precipitates enhanced kinetics in the adsorption, desorption, and reduction processes of
H+ ions. When juxtaposed with the singular Mo2C and MoS2 crystals, it is evident that
the catalytic efficacy of the composite is markedly superior. Electrochemical assessments,
specifically hydrogen evolution reaction (HER) studies, demonstrated that the Mo2C/MoS2-
3 sample heralded an overpotential of merely 224 mV and a Tafel slope of 124 mV dec−1

at a current density of 10 mA cm−2, showcasing exceptional HER performance. This
remarkable performance is ascribable to the heterostructures interlinking the composite
components, where Mo2C affords electron conduits by its noble metal-like characteristics,
thereby ameliorating the electrical conductivity of MoS2. Concurrently, MoS2’s stratified
structure has a wealth of crystal defects and an expansive specific surface area that avails
additional active sites germane to the catalyst’s function. The empirical data coalesce to
indicate that the intrinsic heterogeneous structure of the Mo2C/MoS2 composite catalyst
acts to significantly bolster its catalytic prowess.
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Abstract: Single-atom catalysts (SACs) have the advantages of good active site uniformity, high atom
utilization, and high catalytic activity. However, the study of its controllable synthesis still needs to
be thoroughly investigated. In this paper, we deposited Cu SAs on nanoporous N-doped graphene
by underpotential deposition and further obtained a Pt SAC by a galvanic process. Electrochemical
and spectroscopic analyses showed that the pyridine-like N defect sites are the specific sites for the
underpotential-deposited SAs. The obtained Pt SAC exhibits a good activity in a hydrogen evolution
reaction with a turnover frequency of 25.1 s−1. This work reveals the specific sites of UPD of SAs
on N-doped graphene and their potential applications in HERs, which provides a new idea for the
design and synthesis of SACs.

Keywords: underpotential deposition; single-atom catalyst; hydrogen evolution reaction; N-doped
graphene

1. Introduction

Worldwide interest in H2 as a clean chemical energy source to replace fossil fuels and
avoid CO2 emissions is increasing [1–3]. The electrocatalytic hydrogen evolution reaction
(HER) based on renewable electricity is a promising, safe, scalable, low-cost, green method
of producing H2 [4–6]. The noble metal Pt is considered the most efficient catalyst for
use in the HER [7–9]. However, owing to its high cost, further consideration is required
to maximize the efficiency of precious metal utilization and improve the activity of the
catalyst by modulating its electronic structure [10–12].

Carbon is widely used as a multifunctional material in numerous fields. In the field of
hydrogen energy, due to its good electrical conductivity, high chemical stability, and high
specific surface area, it can not only be used as a hydrogen storage material [13,14] but can
also widely be used as a substrate material for loaded catalysts. Loaded nanocatalysts are
immobilized on supports, and the electronic structures of the active sites of the catalysts
can be efficiently regulated via strong metal–support interactions, which are described
as electronic metal–support interactions (EMSIs) [15–17]. Single-atom catalysts (SACs)
minimize the catalytic structures with well-defined active sites. Their homogeneous atomic
coordination environments render them as ideal simplified model systems for use in
studying catalytic reaction mechanisms [18–20]. Strong EMSIs not only stabilize single-
atom metals by forming thermodynamically favorable metal–support bonds but also
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modulate the electronic structures of single-atom metals and their catalytic activities via
electron transfer, leading to charge redistribution [21–23].

Now, commonly used synthesis methods for SACs often require the usage of high
energies to drive the formation of SAs. For example, Shah et al. synthesized a Co SAC on
RuO2 spheres by hydrothermal reactions coupled with calcination for HER and OER (oxy-
gen evolution reaction) bifunctional catalysis [24]. Jin et al. prepared K2PtCl4@NC-M SAC
using high-energy ball milling at 400 rpm for 20 min, which showed a 17-fold enhanced
mass activity over commercial catalysts [25]. Qu et al. used defects in defective graphene
(DG) to trap Pt atoms at high temperatures and gradually converted bulk Pt into Pt Sas;
the prepared Pt SACs/DG exhibited high HER activity [26]. Underpotential deposition
is a mild typical surface self-limiting reaction that has been used for the growth of metal
single-atom layers [27]. Since UPD tends to obtain continuous layers due to the uniform
distribution of the substrate surface work function, Shi et al. proposed that single layers
can be further upgraded to single atoms (SAs) by using materials with non-uniformly
distributed Lewis base sites as substrates for underpotential deposition [28]. Transition
metal disulfide compounds and carbon-based materials have been shown to be supports
that can be used for the underpotential deposition of single atoms of copper, but the un-
derpotential deposition-specific sites have been considered to be the S, Se, and O sites
in previous studies, and studies on N sites as underpotential deposition sites are not yet
understood [28–30].

In this work, we prepared a Pt SAC on nanoporous nitrogen-doped graphene (np-
NG/Pt) by UPD and a galvanic process. Compared to conventional methods, the prepara-
tion of single atoms using UPD is carried out under milder conditions and is more energy
efficient. Detailed spectroscopic and electrochemical data indicate that among the different
kinds of N defect sites in N-doped graphene, the pyridine-like nitrogen defects are the
specific sites for the formation of Cu SAs by UPD. The Pt SACs further formed by the
galvanic process replacing the Cu SAs show good activity in an acidic HER.

2. Materials and Methods

2.1. Synthesis of Nanoporous Nitrogen-Doped Graphene (np-NG)

The fabrication of np-NG has been reported in detail in previous works [31,32]. Firstly,
a Ni30Mn70 (atomic ratio) ingot, obtained by an arc-melting method, was cold-rolled
into Ni30Mn70 sheets with a thickness of 150 μm. The Ni30Mn70 sheets were chemically
dealloyed in a 1.0 M (NH4)2SO4 aqueous solution at 50 ◦C for 5 h, then thoroughly rinsed
with deionized water and ethanol and dried in a vacuum oven at room temperature to
obtain nanoporous Ni templates.

The np-Ni template was loaded into a quartz tube (ϕ50 × ϕ50 × 1400 mm) of a
three-heating zone furnace, and np-NG was fabricated on the np-Ni template by a chemical
vapor deposition (CVD) process. Melamine was used as the carbon and nitrogen sources
for growing np-NG. A total of ~0.25 g of melamine powder and the np-Ni sheet were
loaded into porcelain boats and placed in the central heating zone and the adjacent down-
stream heating zone, respectively. The downstream heating zone was first heated from
room temperature to 800 ◦C within 30 min to anneal nanoporous Ni under the mixed gas
atmosphere of Ar (200 sccm) and H2 (200 sccm). Meanwhile, the central heating zone was
gradually ramped to 200 ◦C within 30 min. During the 5 min pre-reduction annealing,
melamine powders were further heated to 300 ◦C. When the temperature of the central
heating zone approaches 300 ◦C, melamine powders start to evaporate and form a continu-
ous graphene film on the Ni substrate. The furnace was opened immediately after 7 min of
graphene growth and cooled to room temperature using a fan to obtain np-Ni/NG. The
samples without N doping were prepared in a similar way as np-Ni/NG, with the gas
atmosphere and annealing temperature unchanged, and the precursor was changed to
toluene. When np-Ni was pre-reduced and annealed for 5 min, toluene gas was passed
through the furnace and the reaction was carried out for 5 min at 800 ◦C, then the furnace
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was opened immediately and cooled down to room temperature using a fan to obtain the
np-Ni/G.

The np-Ni/NG and np-Ni/G sheets were etched with a 2.0 M HCl solution containing
5 mM FeCl3 at 50 ◦C overnight to completely etch Ni and then rinsed five times with
deionized water. Then, N-doped np-NG and non-N-doped np-G can be obtained by the
freeze-drying technique. According to XPS, the N content is about 6.3%.

2.2. Synthesis of Cu SAC and Pt SAC

The Pt SAC was synthesized according to the previous report [22]. The np-NG was
mixed with a 0.5% Nafion ethanol solution and sonicated to an ink with a concentration of
4 mg/mL. The ϕ5 mm glassy carbon (GC) electrodes were polished using alumina powder,
cleaned in ethanol for a short time by ultrasonication, and dried at room temperature.
A total of 5 μL of np-NG ink was dropped onto the glassy carbon electrode and dried
under a hot lamp to make a working electrode. The preparation of single atoms on np-NG
used an underpotential deposition (UPD) method, using a Ag/AgCl electrode (3.0 M KCl,
Eθ = 0.21 V) as a reference electrode and a 1 × 1 cm2 Pt sheet as a counter electrode.

Firstly, Cu atoms were underpotentially deposited on the np-NG by controlling the
potential at +0.10 V vs. Ag/AgCl for 120 s in a 0.1 M H2SO4 saturated Ar solution containing
2 mM CuSO4, and this sample was named np-NG/Cu. The np-NG/Cu sample was washed
with deionized water and then transferred to an Ar-saturated solution of 50 mM H2SO4
containing 2 mM K2PtCl4 and allowed to stand for 10 min at open circuit potential to
displace the Cu with Pt (II). The new sample was termed as np-NG/Pt.

2.3. Structure Characterizations

The morphologies of different samples were characterized by scanning electron mi-
croscope (SEM, 3D Versa, FEI, Hillsboro, OR, USA) at a 20 kV beam voltage. The chemi-
cal compositions of the samples were investigated by X-ray photoelectron spectroscopy
(XPS) utilizing the AXIS UltraDLD XPS system (Kratos, Shimadzu, Kyoto, Japan). High-
resolution TEM (HRTEM) images of all samples were obtained by JEOL ARM 200F (Tokyo,
Japan) equipped with a spherical aberration corrector for the image-forming objective lens
operating at a 200 kV acceleration voltage. The high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images were obtained by JEOL ARM
200F equipped with a spherical aberration corrector for the probe-forming lens and an
energy-dispersive X-ray spectrometer (EDS). X-ray absorption fine structure (XAFS) mea-
surements were conducted on the BL11B beamline at Shanghai Synchrotron Radiation
Facility (SSRF), Shanghai, China.

2.4. Electrochemical Test

The electrochemical performance was tested in a three-electrode system with a 0.5 M
H2SO4 electrolyte on a CHI 760E electrochemical workshop. A graphite electrode was used
as the counter electrode and the Ag/AgCl electrode (3.0 M KCl, Eθ = 0.21 V) was used
as the reference electrode. Different catalysts were loaded on the ϕ5 mm GC electrode as
the working electrode. The loading amount of commercial 20% Pt/C or different np-NG
catalysts were all 100 μg/cm2. The linear sweep voltammetry (LSV) curve was obtained at
a scan rate of 5 mV/s with a 90% iR drop correction. EIS was carried out in the frequency
range of 100 kHz to 0.01 Hz at the overpotentials of 50 mV in the 0.5 M H2SO4 electrolyte.
Relative standard errors for all components were controlled to <10% in the EIS fitting.

Electrochemical active surface areas (ECSAs) of different Pt catalysts were obtained by
calculating H underpotential adsorption (HUPD) by cyclic voltammetry tests in the range of
−0.21 V~0.5 V (vs. Ag/AgCl) in the 0.5 M H2SO4 electrolyte. The equation for calculating
the ECSA of Pt is shown in Equation (1).

ECSA =
SH /v

0.21(mC/cm2)·mPt
(1)
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where SH is the integral area of the HUPD peak, v is the sweep speed, and mPt is the Pt
loading mass.

2.5. Turnover Frequency (TOF) Calculations for the HER

The TOF calculation starts with the number of moles of active sites of the catalyst,
n. For SACs, one atom can be considered as one active site, so n can be obtained from
Equation (2).

n =
m
M

(2)

where m is the loading mass of a single atom and M is the molar mass of a single atomic
element. For Pt nanoparticles, the number of catalytically active sites can be deduced from
the ECSA since it has been obtained by H underpotential deposition; the n can be obtained
from Equation (3).

n =
ρ·ECSA·mPt

NA
(3)

where ECSA is the electrochemical active surface area; NA is the Avogadro constant
(≈6.022 × 1023); mPt is the Pt loading mass; and ρ is the number of active sites in a
plane per unit area of Pt (1.637 × 1015 active atoms/cm2) [33,34].

The TOF value is calculated based on Equation (4).

TOF =
J·A

2·F·n (4)

where A is the geometric area of the ϕ5 GC electrode (0.196 cm2); F is the Faraday constant
(96,485 C/mol); n is the number of moles of active materials that are loaded onto the
electrode; and J is the is the current density. J can be categorized into two types; one is
the exchange current density (J0) [35] and the other is the kinetic current density (Jk) [36].
For the HER, which is less affected by the mass transfer, the measured current can be
approximated to be the kinetic current, so here we choose to use the more intuitive Jk to
calculate the TOF.

3. Results and Discussion

Figure 1a shows a schematic of the UPD of single atoms. The np-NG was obtained
by using nanoporous Ni as a template, and its biconnected porous structure enabled
better self-support, a larger specific surface area, and better mass transfer channels as a
reaction support (Figure S1). Compared to 2D graphene, the high curvature introduces
more defects for np-NG that can be used as growth sites for single atoms, as shown in
the aberration-corrected high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image in Figure 1b. The blue hexagon is a typical graphene
six-membered ring structure and the yellow area is a defect that lacks a carbon atom and
can be used as the location to hold metal atoms. To enable the self-terminating growth of
single-atom Pt on the np-NG carriers, Cu atoms are first underpotentially deposited on np-
NG (denoted np-NG/Cu, Figure 1c). The Cu atoms are then galvanically exchanged with
Pt(II) to form the np-NG-supported single-atom Pt samples (denoted np-NG/Pt, Figure 1d).
HAADF-STEM images show atomically dispersed metal atoms (bright spots) on the np-
NG/Cu and np-NG/Pt. Surface-confined UPD enables the formation of energetically
favorable metal–support bonds and automatically terminates the sequential formation of
metal bonds [28]. Energy-dispersive X-ray spectroscopy elemental mapping reveals that
the Cu and Pt atoms are homogeneously dispersed (Figure 1e,f).
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Figure 1. Single-atom design and characterization of the np-NG support. (a) The schematic of the
UPD of single atoms. (b) HAADF-STEM image of defective carbon hexagon structure of np-NG.
HAADF-STEM images of (c) np-NG/Cu and (d) np-NG/Pt. Corresponding elemental mapping of
(e) np-NG/Cu and (f) np-NG/Pt.

The redox peaks of Cu within the different samples were compared within a wide
potential window (−0.4~0 V) to exclude the influences of other factors. All the CV curves
were obtained by sweeping from positive to negative potentials (cathodic sweep) and then
from negative to positive potentials (anodic sweep). In the Cu foil sample, the reduction
peak b is present irrespective of the presence of CuSO4, which may be due to the oxide
layer on the surface [37]. However, it can be seen that in the electrolyte containing CuSO4,
the intensity of the b peak is enhanced due to the superimposed reduction current of Cu2+.
The Cu2+ reduction current occurs at a position between −0.1 and ~0 V, representing the
bulk deposition peak b of Cu (Figure 2a1) [38]. In the cyclic voltammograms of the clean
glassy carbon electrode (GC) and the GC with a drop of Nafion solution, only the bulk
deposition peaks of Cu appear (Figure S2). No significant reduction reaction occurred
within the 0~0.5 V voltage window (Figure 2a2). In contrast, in the cyclic voltammograms
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of the graphene samples, in addition to the bulk deposition peaks of Cu, reduction peaks
are observed at more positive deposition potentials, suggesting strong interactions between
Cu and graphene. However, in the cyclic voltammograms of graphene with and without N
defects, a difference in the UPD of Cu is observed in Figure 2b1,c1. The intensities of the re-
duction peaks of UPD and the oxidation peaks upon dissolution when N defects are present
(Figure 2c2, anp-NG

′ peak, 0.35 mA/cm2@0.22 V) are significantly stronger than those of
the np-G samples without N defects (Figure 2b2, anp-G

′ peak, 0.16 mA/cm2@0.22 V). The
presence of a weak UPD peak in the curve of np-G may be caused by O defects introduced
during the etching of the Ni template. Therefore, N defects are considered as specific sites
for the UPD of single Cu atoms on nanoporous graphene substrates.

Figure 2. Electrochemical deposition of Cu on different samples. CV curves of Cu redox on (a1,a2) Cu
foil, (b1,b2) np-G, and (c1,c2) np-NG samples over different potential windows. (d) LSV stripping
curves of Cu deposited at different potentials. (e) Monitoring of the open circuit potential of the
galvanic process. (f) CV curves of Cu redox on np-NG before and after loading Pt SAs.

The constant–potential deposition curves also indicate the difference between the two
samples (Figure S3). The np-NG curve exhibits a clear UPD region, and the magnitude
current gradually increases from −0.6 to 0 mA/cm2 as UPD proceeds, indicating that
the Cu single atoms gradually occupy the surface as specific sites [30]. However, the
np-G curve does not display a UPD region and the current remains at 0 mA/cm2 during
the reaction, indicating that the number of sites that may be deposited on its surface is
considerably less than that of np-NG. The voltage at which Cu bulk deposition occurs
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on np-NG was also chosen for potentiostatic deposition. The bulk deposition current is
significantly larger than the UPD current, which coincides with the polarization curve.
Stripping linear sweep voltammetry was performed after electrodeposition by transferring
the samples to a Cu2+-free 0.1 M H2SO4 electrolyte to analyze the form of Cu deposition
on np-NG. Double peaks of both bulk Cu and the Cu SA appeared in the bulk-deposited
samples, while only a single peak of the Cu SA appeared in the UPD sample in the first
run of stripping. It is shown that the Cu SA can be selectively obtained by controlling the
deposition potential. In the second run of the Cu SA stripping curve, the Cu SA peak in the
UPD sample had completely disappeared, indicating the single-layer structure. The change
in the open circuit potential of np-NG/Cu before and after the addition of 5 mM K2PtCl4
in a 0.05 M H2SO4 solution was monitored. The addition of K2PtCl4 at 60 s, followed by a
slow rise in open circuit potential, indicated that the displacement of Cu occurred on the
sample. The open circuit potential gradually saturated after about 500 s, indicating that Cu
was almost completely replaced [17]. CV curve analysis of the redox reaction of Cu on the
np-NG/Pt SA samples showed that the intensity of the oxidation peak of Cu was almost
unchanged compared to the pristine np-NG, but the position was negatively shifted from
a1′ (0.22 V) to a2′ (0.2 V). This indicates that the original site has been covered by Pt and
the change in the work function of the new site caused the change in redox potential.

We investigated the chemical configurations and local coordination of different SA
samples on the np-NG substrate using X-ray photoelectron (XPS) and X-ray absorption
spectroscopy (XAS). Changes in N sites before and after UPD were evident by XPS. Based
on the N 1s spectrum of pristine np-NG shown in Figure 3a, four different types of N are
observed, namely pyridine-like (P-N, 398.6 eV, 62.4%), pyrrole-like (Py-N, 400.4 eV, 23.9%),
graphitic (G-N, 401.6 eV, 12.8%), and oxidized (O-N, 403.3 eV, 0.9%) [39]. Remarkably,
the percentage of P-N decreases significantly to 21.1% with the deposition of Cu SAs. A
new metal–N peak (M-N) is observed at 399.9 eV, suggesting that the sites for the UPD of
single atoms are mainly P-N sites, and the P-N sites are transformed into M-N sites after
the generation of single atoms [40,41]. The N 1s spectrum of the sample after galvanic
replacement are similar to that after the UPD of Cu, with a decrease in the P-N content
and the appearance of the M-N peak, which suggests that interactions between the single
atoms and the N sites still exist after replacement. When comparing the Cu 2p spectra
before and after galvanic replacement (Figure 3b), a distinct Cu 2p peak is observed in the
spectrum of np-NG/Cu. The Cuδ+ 2p3/2 peak is located at 933.08 eV between the peak
positions for Cu(0) (932.60 eV) and Cu(II) (934.97 eV), indicating that 0 < δ(Cu) < 2, and
electron transfer between Cu and N occurs. The Cu 2p signal almost disappears in the
spectrum of the replaced sample, indicating that the Cu has been replaced. The 4f7/2 peak
of Pt(0) is located at 71.2 eV and thus, the Pt 4f XP spectra shown in Figure 3c reveal that
the Pt SAs occur in their oxidized states. Additionally, the Ptδ+ 4f7/2 peak in the spectrum
of np-NG/Pt is located at 72.65 eV, which also indicates that 0 < δ(Pt) < 2 [42]. Hence, the
strong electrostatic effects between the single atoms generated via galvanic replacement
and the N defects on the support are still retained.

Based on X-ray absorption near-edge structure (XANES) spectroscopy, Pt L3-edge
analysis (Figure 3d) shows that the white line intensities of np-NG/Pt are higher than those
of Pt foils but lower than those of PtO2, suggesting that the Pt SAs display more unoccupied
5d orbitals compared to Pt(0) but do not reach valences of +4 [43]. The first-derivative
XANES spectra shown in Figure S3 reveal that the valence states of both types of Pt SAs
are between those of the reference Pt foil and PtO2. Based on the fitting of the specific
oxidation states using the reference Pt foils and PtO2 (Figure 3e), the valence state of Pt
in np-NG/Pt is +1.48, which is consistent with the XPS results. The local atom structure
was further determined using extended X-ray absorption fine structure (EXAFS) analysis
(Figure 1f). No Pt–Pt bonds are observed in np-NG/Pt, and a peak at 1.96 Å is observed
instead. This peak may be attributed to Pt-N and Pt-C.
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Figure 3. Structural characterization of different samples. XPS spectra of (a) N 1s, (b) Cu 2p, and
(c) Pt 4f of different samples. (d) XANES and (e) correlation between the oxidation state and energy
position. (f) Fourier transform EXAFS spectra of different Pt samples.

We have evaluated the HER performance of galvanically replaced np-NG/Pt SACs
using a three-electrode system in the 0.5 M H2SO4 electrolyte. The Pt atom-loaded samples
exhibit superior electrocatalytic HER activities compared to that of pristine np-NG. The
different Pt catalysts exhibit different acidic HER activities in the order of commercial Pt/C
(39 mV) > np-NG/Pt (47 mV) > np-G/Pt (211 mV) at a current density of 10 mA/cm2

(Figure 4a). The np-NG (508 mV) as substrates do not exhibit HER activity. The performance
of np-NG/Pt slightly decreased after 1000 cycle tests (53 mV@10 mA/cm2), which may
be due to the detachment of some poorly bound Pt SAs (Figure S4). To investigate the
mechanisms of different samples in the HER under acidic conditions, we evaluated the
catalytic kinetics using Tafel and Nyquist plots (Figure 4b,c). In all samples, the Tafel slope
of np-NG/Pt (47.2 mV/dec) is close to that of commercial Pt/C (37.0 mV/dec) [44] and
better than that of pristine np-NG (343.4 mV/dec), indicating that it exhibits good HER
kinetics. Additionally, np-NG/Pt displays small charge transfer resistance (Rct) under acidic
conditions (overpotential of 50 mV), and the order of Rct measured at an overpotential of
50 mV is Pt/C (10.1 Ω) < np-NG/Pt (11.5 Ω) < np-NG (600.1 Ω), suggesting that electrons
can be transferred rapidly across np-NG/Pt.

In contrast to commercial Pt/C electrodes, np-NG/Pt did not show significant char-
acteristic redox peaks in the Pt-H adsorption/desorption region (Figure 4d). For bulk Pt
materials, there is a strong association between the Hupd peak and the surface structure,
which can be used as a fingerprint of the surface orientation [45]. This suggests that it is
possible that firstly, the ultra-low Pt loading (2 wt.% by XPS) in the Pt SAC exceeds the
detection limit of cyclic voltammetry and secondly, there are differences in the characteristic
redox peaks of the Pt SAs with respect to the bulk material. We compared the TOF of the Pt
SAC with that of commercial Pt/C. The number of active sites in commercial Pt/C was
obtained based on the ECSA, whereas in the Pt SAC, it is approximated that each atom is an
active site. The densities of active sites in Pt/C and np-NG/Pt were 2.02 × 10−8 mol/cm2

and 1.05 × 10−8 mol/cm2, respectively, indicating that the Pt atoms in np-NG/Pt were well
utilized. And at a 100 mV overpotential, the TOF of np-NG/Pt is 25.1 s−1, which is higher
than that of commercial Pt/C at 19.7 s−1 (Figure 4e), suggesting that np-NG/Pt has better
intrinsic activity. Meanwhile, np-NG/Pt exhibits excellent mass activity due to the low
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noble metal loading, with a mass activity of 24.7 A/mgPt at a 100 mV overpotential, which
is 6.7 times higher than that of commercial Pt/C. Several experimental and simulation
results have shown that by lowering the oxidation state of Pt, the adsorption/desorption
of H on the catalyst surface can be improved, thus enhancing the acidic HER performance
of Pt [46–49]. This is consistent with the results we obtained in XPS and XAFS, where
platinum has a lower valence and therefore exhibits good HER activity.

Figure 4. Electrochemical studies in 0.5 M H2SO4 electrolyte. (a) HER curves, (b) Tafel plots,
(c) Nyquist plots, (d) ECSA curves, (e) TOF curves, and (f) overpotential (j = 10 mA/cm2) and mass
activities (η = 100 mV) of different catalysts.

4. Conclusions

In conclusion, we developed a method to prepare Cu SAs on N-doped graphene by
UPD. The conditions are milder and more energy efficient than conventional methods
of preparing SAs. Fine XPS and XAFS were used for the identification of SAs and the
corresponding anchored specific sites. It was found that among all the N sites, pyridine-
like N defects are the specific sites for the UPD of Cu SAs. Furthermore, by the galvanic
process method, Pt replaces Cu to obtain np-NG/Pt SAC. The EMSIs between the specific
sites and the SAs were able to effectively immobilize the SAs and regulate the oxidation
state of the Pt SACs, which showed good HER performance under acidic conditions.
Although the loading of Pt SAs was so small that it could not even be detected by H
absorption/desorption, it exhibited a TOF of 25.1 s−1 and mass activity of 126.5 mA/mgPt
at 100 mV. This method provides a new understanding and design ideas for the bottom-up
preparation of atomic structures on N-doped graphene.
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of np-NG. (f) HRTEM image of the cross-section of np-NG; Figure S2: CV curves of different samples
in 0.5 M H2SO4 containing 2 mM CuSO4; Figure S3: Chronoamperometry curves of the deposition of
Cu at different potentials; Figure S4: The corresponding first-derivative XANES spectra of different Pt
samples; Figure S5: Stability test of np-NG/Pt by potential cycling before and after 1000 cycles.
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Abstract: The development of efficient catalysts for water electrolysis is crucial for advanc-
ing the low-carbon transition and addressing the energy crisis. This work involves the
fabrication of graphene-based catalysts for the oxygen evolution reaction (OER) by inte-
grating NiFe-LDH and PbO2 onto graphene using plasma treatment. The plasma process
takes only 30 min. Graphene’s two-dimensional structure increases the available reaction
surface area and improves surface electron transport. Plasma treatment further improves
catalyst performance by facilitating nanoparticle attachment and creating carbon defects
and sulfur vacancies. Density functional theory (DFT) calculations at the PBE provide
valuable insights into the role of vacancies in enhancing catalyst performance for OER. The
catalyst’s conductivity and electronic structure are greatly impacted by vacancies. While
modifications to the electronic structure increase the kinetics of charge transfer, the vacancy
structure can produce more active sites and improve the adsorption and reactivity of OER
intermediates. This optimization of intermediate adsorption and electronic properties
leads to increased overall OER activity. The catalyst NiFe-PbO2/S/rGO-45, synthesized
through plasma treatment, demonstrated an overpotential of 230 mV at 50 mA·cm−2 and a
Tafel slope of 44.26 mV dec−1, exhibiting rapid reaction kinetics and surpassing the OER
activity of commercial IrO2. With its excellent performance, the prepared catalyst has broad
prospects in commercial applications such as water electrolysis and air batteries.

Keywords: plasma applications; graphene; vacancies; electrocatalysis; OER

1. Introduction

To meet the demands of energy structure adjustment and ensure the safe and stable
operation of power grids, the integration of renewable energy sources is becoming increas-
ingly imperative. A potential energy source, hydrogen is capable of being created from
a variety of non-renewable and renewable resources. Hydrogen is distinguished for its
high calorific value and environmentally benign combustion properties, as it only produces
water as a byproduct when used in fuel cells or combustion engines. These characteristics
make hydrogen an attractive option [1–3]. Water electrolysis, particularly when powered
by renewable energy, is a key technology for achieving carbon peak and carbon neutrality
goals. Nonetheless, the OER occurring at the anode during water electrolysis poses a
considerable challenge. This process involves a complex four-electron transfer, which is ki-
netically slow, requires a high overpotential, and results in low reaction efficiency—factors
that hinder the widespread adoption of water electrolysis technology [4,5]. To tackle these
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challenges, effective OER catalysts that could enhance performance and reduce the reaction
energy barrier require being developed.

Currently, most OER catalysts rely on precious metals or their compounds. Despite the
high catalytic activity, high cost and limited availability hinder large-scale applications [6,7].
In contrast, transition metals are garnering significant interest because of their plentiful
reserves, affordability, and effective catalytic properties. Nickel-iron bimetallic catalysts, in
particular, have gained widespread interest for their high catalytic activity and relatively
lower cost [8,9]. The combined influence of nickel and iron lowers the energy barrier of
OER, thereby enhancing catalytic efficiency. However, NiFe bimetallic catalysts still face
several practical challenges, such as poor stability of active sites, insufficient electrical
conductivity, and reduced catalytic activity caused by the formation of surface oxides. To
overcome these issues, recent research has suggested that incorporating PbO2 and graphene
into the catalyst could significantly improve its performance. PbO2 is utilized because of
its high conductivity, which compensates for the poor conductivity of transition metals. At
the same time, since lead dioxide can be obtained from waste lead-acid batteries, the use of
lead dioxide can promote the recycling of lead-acid batteries [10]. Graphene is known for
its excellent redox properties and high electrical conductivity. The combination of PbO2

and graphene helps enhance charge transfer efficiency, stabilize the catalyst surface, and
alleviate the decrease of active sites, consequently improving the durability and catalytic
efficacy [11,12]. Furthermore, the development of vacancy structures in graphene and the
associated compounds during synthesis has the potential to increase the reaction surface
area, thereby improving catalytic efficiency. For example, Rocha et al. fabricated a multi-
vacancy, doped low-concentration nickel-reduced graphene oxide 3D aerogel through
freeze-casting, achieving an overpotential of 480 mV [13]. Fei et al. created a porous core-
shell nanoreactor that encapsulates NiFe within graphene layers. This design exhibited
remarkable stability, operating for 2000 h under alkaline seawater conditions [14]. These
studies highlight the potential of PbO2 and graphene, along with vacancy structures, to
address the limitations of transition metals in OER catalysts. However, the underlying
mechanisms of these improvements still require further investigation.

Herein, this work examines the impact of vacancy structures on the performance
of graphene-supported transition metals and PbO2, employing RF plasma treatment to
integrate NiFe-LDH and PbO2 onto graphene. The analysis focuses on the morphological
structure and electrochemical performance, aiming to uncover their surface catalytic activity
and offer insights into the underlying microscopic reaction mechanisms.

2. Materials and Methods

2.1. Materials

The materials utilized include commercial graphene oxide powder (GO, purity 99.5%,
thickness 6–8 nm, width 25 μm) sourced from Ni(NO3)2·6H2O, FeSO4·7H2O, thiourea, and
PbO2, all of analytical grade, also obtained from Macklin; and anhydrous ethanol, which is
of analytical grade, acquired from Chengdu Kelong.

2.2. Preparation of NiFe-PbO2/S/rGO-X

A precursor solution was prepared by adding the following materials to 30 mL of
deionized water: 30 mg of graphene oxide, 145.395 mg of nickel nitrate hexahydrate,
139.025 mg of iron (II) sulfate heptahydrate, 111.6 mg of lead dioxide, and 228.36 mg of
thiourea. To ensure complete dissolution, the solution was sonicated for half an hour. To
get the precursor powder sample, the solution was then freeze-dried for 24 h at −75 ◦C.

An RF plasma-assisted treatment experimental platform was established, as shown in
Figure 1. The system consists of a radio frequency (RF) power generator (Beijing Jinmao

72



Materials 2025, 18, 121

Technology Co., Ltd., Beijing, China), a matching network, and a vacuum system, which
work together to generate plasma for the treatment process. A copper plate wrapped
around a quartz tube serves as the electrode, which is connected to the RF power supply.
Argon gas (Ar, purity 99.999%) is introduced into the reaction chamber to generate the
plasma. The treatment process begins by placing the precursor inside the chamber, followed
by the introduction of argon gas under vacuum conditions at a flow rate of 50 sccm. The
plasma is then produced utilizing an RF power supply functioning at a frequency of
13.56 MHz and a power output of 80 W. The precursor undergoes plasma treatment for
varying durations, which allows the control of vacancy structure development. NiFe-
PbO2/S/rGO-X catalyst samples are obtained, where “X” refers to the treatment time of
plasma (X = 15, 30, 45, 60, min), with each sample corresponding to a specific degree of
vacancy structure formation (Figure 2).

Figure 1. RF plasma experimental platform.

Figure 2. Preparation process of NiFe-PbO2/S/rGO-X catalyst.

2.3. Material Characterization

The catalyst was characterized using a variety of analytical techniques to study its
structure and composition. X-ray diffraction (XRD) research was conducted utilizing a
D8 Advance (Bruker, Bremen, Germany) at a scanning velocity of 0.2◦/s to investigate
the crystalline structure. Raman spectra were acquired using a 532 nm laser Raman
microscope equipment (Renishaw, London, UK) to examine the crystal phase. Scanning
electron microscopy (SEM) pictures were obtained with a S-4800 (Hitachi, Tokyo, Japan)
to examine the surface morphology of the catalyst. X-ray photoelectron spectroscopy
(XPS) was performed using an ESC-Lab-250Xi (Thermo Fisher Scientific Inc., Waltham,
MA, USA) with monochromatic Al-Kα radiation to analyze the chemical states of the
elements. Electron paramagnetic resonance (EPR) tests utilizing the A30010/12 system
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(Bruker, Bremen, Germany) were conducted to investigate the structure of the detector.
The elemental concentrations were measured using inductively coupled plasma mass
spectrometry (ICP-MS, ICP OES 7200, Thermo Fisher Scientific Inc., Waltham, MA, USA).
The emission spectra of the materials were acquired utilizing an MX2500+ spectrometer
(Ocean Optics, Orlando, FL, USA), covering a wavelength range of 200 nm to 1100 nm.

2.4. Preparation of the Ink of Working Electrode

Prepare a solution by dissolving 10 mg of the catalyst sample in a combination of
400 μL anhydrous ethanol and 40 μL 0.5% Nafion solution. Subject the mixture to sonication
for a duration of 30 min, then permit it to stand for subsequent utilization. To facilitate
comparison, dissolve 10 mg of IrO2 (sourced from Shanghai Macklin, analytical grade) in
the identical solvent mixture—400 μL anhydrous ethanol and 40 μL 0.5% Nafion solution.
Sonicate for 30 min and set aside for later use.

2.5. Electrochemical Characterization

Electrochemical performance evaluation was conducted with a three-electrode con-
figuration on a CHI 760 (Shanghai Chenhua Instrument Co. Ltd, Shanghai, China). The
working electrode was fabricated by depositing 100 μL catalyst slurry onto a 1 × 1 cm2

nickel foam substrate. A platinum electrode functioned as the counter electrode, whereas
a silver/silver chloride electrode was employed as the reference electrode. All experi-
ments were performed in an O2-saturated 1 M KOH. The calibration equation employed
for potential measurements was ERHE = EAg/AgCl + 0.0591 × pH + 0.197. Cyclic voltam-
metry (CV) measurements were conducted at a scan rate of 10 mV s−1 to evaluate the
electrochemical properties of the catalyst. Electrochemical impedance spectroscopy (EIS)
was conducted over a frequency range of 10−2 Hz to 105 Hz to examine the correlation
between impedance and OER at different applied potentials. The current density was
assessed for a duration of 50 h by amperometric i–t curves at a constant voltage of 1.52 V
to evaluate long-term stability. The catalyst’s OER activity was further investigated by
linear sweep voltammetry (LSV) at a scan rate of 5 mV s−1, within a potential range of
1–2 V vs. RHE. The double-layer capacitance (Cdl) method was employed to investigate the
catalyst’s electrochemical active surface area (ECSA) and improve catalytic performance.
CV measurements were performed at many scan speeds inside an electrochemical window
devoid of redox processes, facilitating the determination of Cdl.

2.6. Computational Details

Density functional theory (DFT) was performed to determine the energy and structure
of each OER intermediate in two heterostructure models: NiFe-PbO2/S/VG and VG and
Graphene. In these models, plasma deposition is tackled by the DFT-backed synthetic
growth concept; NiFe and PbO2 were supported on a (4 × 4) supercell of graphene with
vacancy defects. An optimized model of graphene, an optimized model of vacancy-defect
graphene, was established for comparison. The layered two-dimensional structure of
graphene was established based on the reported research [15,16]. The substrates were
formed by NiFe (003) and PbO2 (111) crystal planes. The computations were performed
utilizing CASTEP with the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional
under the generalized gradient approximation (GGA). The Ueff values for nickel and iron
were established at 6.6 eV and 3.5 eV, respectively. Additionally, we used the Nose-Hoover
thermostats at 300 K and 600 K, respectively, to perform ab initio molecular dynamics
(AIMD) simulations in the NVT canonical ensembles. For the AIMD simulations, the time
step was 2.0 fs and the overall time was 10 ps.
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3. Results and Discussion

XRD and Raman were employed to examine the structural properties of NiFe-
PbO2/S/rGO-X. As shown in Figure 3a, XRD analysis of NiFe-PbO2/S/rGO-45 reveals
several diffraction peaks corresponding to NiFe LDH (JCPDS No. 40-0215) at 11.4◦, 22.9◦,
34.4◦, and 59.8◦, which correspond to the (003), (006), (012), and (110) crystal planes [17].
Additionally, peaks at 28.5◦, 30◦, 32.7◦, 36◦, 50.6◦, and 55.8◦ correspond to the (111), (020),
(002), (200), (221), and (113) crystal planes of PbO2 (JCPDS No. 37-0517), confirming the
loading of NiFe-LDH and PbO2 onto the graphene surface.

 

Figure 3. (a) XRD patterns of NiFe-PbO2/S/rGO-45, (b) Raman spectra of NiFe-PbO2/S/rGO-45
and GO, (c) Optical emission spectrum of Argon plasma, (d) EPR spectrum of NiFe-PbO2/S/rGO-X.

Raman spectroscopy further examined the defective structure of the graphene. The D
peak at 1350 cm−1, which indicates the presence of defects, and the G peak at 1580 cm−1,
which represents the graphitic structure, demonstrate that plasma treatment induces defects
in the graphene [18,19]. The intensity ratio of the D peak to the G peak (ID/IG) for NiFe-
PbO2/S/rGO-45 is 1.37. This value markedly surpasses the ratio of 1.01 for graphene oxide
(GO), suggesting that the Ar plasma treatment effectively etches the graphene, creating a
large number of defects while preserving its carbon framework. These defects enhance ion
adsorption, facilitate carrier migration, and provide sites for the accommodation of NiFe
LDH and PbO2 nanoparticles. Additionally, the plasma treatment modifies the graphene’s
electronic band structure, promoting hole-type carriers and increasing the band gap, which
facilitates sulfur doping and the formation of catalytic active sites [20]. Furthermore, carbon
vacancies in graphene-based materials can also enhance their catalytic activity towards the
OER. Highly localized states close to the Fermi level are introduced by carbon vacancies,
and these states can operate as active sites for the adsorption and activation of OER
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intermediates [21]. The highly localized states introduced by carbon vacancies facilitate the
adsorption and activation of OER intermediates, reducing the overpotential required for
the reaction, and act as anchoring sites for metal nanoparticles, promoting the dispersion
and stability of the catalytically active phase, further enhancing OER activity [22].

OES is an efficient technique for analyzing the active species and their physicochem-
ical characteristics (Figure 3c). It offers significant insights into the origin of active par-
ticles in the sample, facilitating the comprehension of the effects of plasma on the NiFe-
PbO2/S/rGO-X lattice [23]. Plasma treatment with argon dramatically modifies the proper-
ties of the lattice by introducing high-energy particles and reactive functional groups (Ar,
-OH, -N). The species in question are capable of initiating redox reactions, which leads to
the formation of sulfur vacancies as catalytic active sites, crucial for improving the efficacy
of the catalyst [24].

The catalyst’s surface is struck by the charged particles in the plasma, which promotes
atomic sputtering and increases the number of vacancy defects. The high temperature
of plasma promotes the formation of intermediate products such as H2S and NH3 from
thiourea, while plasma-induced ionization and excitation of gas molecules facilitate S and
N doping into the graphene structure. Furthermore, free electrons, ions, and atoms inside
the plasma engage with the GO surface, adsorbing negatively charged oxygen functional
groups that subsequently undergo reduction, hence augmenting the material’s conductivity.
The plasma etching effect creates nanopores on the rGO surface, providing low-resistance
channels for O2 and increasing the surface area for metal oxide nanoparticle support.

Consequently, plasma treatment interferes with the C-S and S-S bonds in S-doped
rGO, resulting in the creation of vacancies that modify the electronic structure. This
technique facilitates concurrent material loading and etching, producing a synergistic
action that boosts the OER catalytic efficacy. Post-plasma treatment, the number of active
sites on the catalyst surface escalates, augmenting the reactive area and enhancing catalytic
activity [25,26].

EPR measurements were conducted to further validate the existence of vacancy struc-
tures in the NiFe-PbO2/S/rGO-X composite (Figure 3d). An identifiable S vacancy signal
was at g = 2.005 [27]. S vacancies cause unsaturated sites to develop, which operate as
active sites for the adsorption and activation of OER intermediates because they have
higher electron densities and better charge transfer capacities [28]. This leads to a reduction
in the overpotential required for OER, enhancing the catalytic activity [29]. Moreover, the
intensity of the EPR signal increased with plasma etching duration, signifying a progres-
sive rise in the number of vacancies. This indicates that modifying the plasma treatment
duration allows for effective control over vacancy defects, which in turn promotes better
electron transfer and enhanced catalytic activity.

To investigate the effect of plasma treatment on the microstructure of NiFe-PbO2/S/rGO-
X, SEM was used for characterization. As shown in Figure 4a,b, plasma treatment exfoliates
GO into reduced graphene oxide (rGO) nanosheets. This reduction is driven by free active
radicals from the Ar plasma, which interact with the GO surface. GO consists of both
sp2 and sp3 domains, with sp2 representing the unoxidized regions and sp3 representing
the oxidized regions. The high-energy particles of plasma erode GO, cleaving carbon-
oxygen bonds and eliminating oxygen atoms. Furthermore, free electrons, ionized argon
molecules, and atoms from the plasma engage with the graphene oxide surface, resulting
in the desorption of oxygen functional groups and the diminution of sp3 domains. This
results in the reduction of GO, facilitated by the plasma treatment, which plays a crucial
role in removing oxygenated functional groups.
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Figure 4. (a) SEM images of NiFe-PbO2/S/rGO-45, (b) SEM images of NiFe-PbO2/S/rGO-45, SEM
mapping area of (c) NiFe-PbO2/S/rGO-45, and the elemental distribution of (d) Ni, (e) Fe, (f) Pb,
(g) S.

EDS mapping further indicates that Ni, Fe, Pb, and S are homogeneously distributed
across the rGO surface (Figures 4c–g and S1). NiFe LDH and PbO2 are loaded onto rGO as
nanoparticles (NiFe-PbO2/S/rGO-45), which significantly enhances the material’s electro-
catalytic performance. The nanoparticle diameter is approximately 29 nm (Figure S2), and
their distribution on the rGO surface facilitates water molecule adsorption and accelerates
electron transfer, further improving the activity.

XPS was used to further examine the impact of plasma treatment on the chemical
states of NiFe-PbO2/S/rGO-X. Figure S3 illustrates that the detection of N 1s and S 2p
peaks in the XPS full spectrum of NiFe-PbO2/S/rGO-45 signifies that high-energy plasma
activates anionic precursors, producing active free radicals that enhance element doping.
Plasma-induced groups specifically degrade thiourea, yielding the intermediate product
S2-. The sulfur species are then stimulated or ionized in the plasma, resulting in the inte-
gration of free sulfur atoms into the graphene structure. The C 1s fine spectra (Figure 5a)
display 284.8 eV, 285.7 eV, and 288.9 eV, which are attributed to C-C, C-S, and C=O bonds,
respectively. In comparison to the C 1s fine spectrum of GO of comparable purity docu-
mented in the literature, the strength of the C=O peak in NiFe-PbO2/S/rGO-45 is markedly
diminished, thereby validating the effective reduction of GO to rGO through the elimi-
nation of oxygen species [30,31]. The peak fitting of the Ni 2p fine spectrum (Figure 5b)
identifies four unique chemical states of Ni. 856.7 eV and 874.5 eV correspond to the Ni
2p3/2 and Ni 2p1/2 orbitals linked to Ni3+ ions. Ni3+ ions can function as p-type dopants by
introducing holes or as n-type dopants by introducing additional electrons. 861.7 eV and
880.4 eV are satellite peaks [32,33]. The Fe 2p spectrum (Figure 5c) exhibits 713.1 eV and
726.3 eV, which correspond to Fe3+ ions, signifying the oxidation of Fe2+ to Fe3+ during
plasma treatment [34]. The high-resolution Pb 4f spectrum (Figure 5d) has prominent peaks
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at 137 eV and 141.8 eV, indicative of Pb4+, and at 138.1 eV and 143 eV, representative of
Pb2+. This suggests that the Pb ions in NiFe-PbO2/S/rGO-45 exist in a mixed valence state
of Pb2+ and Pb4+. The presence of Pb vacancies adjacent to Pb ions provides additional
electrons to the O ions, which have detached from the Pb, thereby achieving charge balance
and enhancing the catalytic properties [35].

 

Figure 5. XPS spectrum of NiFe-PbO2/S/rGO-45 (a) Ni 2p, (b) Fe 2p, (c) Pb 4f, (d) S 2p.

The OER activity of NiFe-PbO2/S/rGO-X was assessed utilizing a three-electrode
setup in a 1 mol·L−1 KOH, with commercial IrO2 examined under identical circumstances
for comparative analysis. As shown in Figure 6a, the LSV polarization curves reveal that
NiFe-PbO2/S/rGO-45 exhibits the lowest overpotential, with an η50 of 230 mV, significantly
lower than the commercial catalyst IrO2 (η50 for 50 mA·cm−2 overpotential), and superior
to similar OER catalysts reported in recent literature (Figure 6c) [36–41]. However, as the
plasma treatment time increased, the overpotential did not continue to decrease, likely due
to the excessive formation of vacancy defects, which could lead to structural instability
of the catalyst. In Figure 6b, the Tafel slope of NiFe-PbO2/S/rGO-45 (44.26 mV·dec−1)
is the lowest, indicating fast reaction kinetics. This is further supported by the EIS re-
sults (Figure S4), which show that NiFe-PbO2/S/rGO-45 has the lowest charge transfer
impedance. The enhanced conductivity and electron transfer rates are attributed to the
introduction of PbO2 and the vacancy-defect graphene structure. These structural features
contribute to improved reaction kinetics and optimized electron distribution, making the
catalyst highly efficient for OER. The activation reaction surface area of NiFe-PbO2/S/rGO-
45, as shown in Figure S5, is the largest, indicating that the introduction of graphene and
vacancy defects increases the catalyst’s reactive surface area. This indicates that vacancy de-
fects and the graphene matrix collectively significantly enhance the catalyst’s performance.
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Furthermore, following 50 h of continuous potential assessment, the current density of
NiFe-PbO2/S/rGO-45 exhibited minimal decline (Figure 6d), demonstrating its excellent
stability. This suggests that the vacancy-defect structure not only improves the catalyst’s
reaction kinetics but also contributes to its long-term durability.

 

Figure 6. OER performances of NiFe-PbO2/S/rGO-45. (a) LSV curve, (b) Tafel slope, (c) Comparison
of η50. (d) Amperometric i–t curve.

To further verify the exceptional activity of NiFe-PbO2/S/rGO-45 and explore the
changes during the OER process, XRD characterization was performed on the samples
before and after 50 h of potentiostatic testing (Figure S6). The results show a small amount
of Fe3O4 formation after the reaction, which likely exposes iron active sites and facilitates
water molecule adsorption. SEM observations (Figure S7) reveal surface degradation and
nanoparticle aggregation post-OER testing, indicating structural changes after prolonged
testing. ICP-MS analysis (Figure S8) of the concentrations of Ni, Fe, Pb, and S during the
CV activation process reveals that Ni, Fe, and Pb dissolve and redeposit in the electrolyte,
while sulfur dissolves only slightly and undergoes a gradual dissolution process, which is
beneficial for the sample’s stability.

Building on these experimental findings, DFT calculations were performed to assess
the impact of defect structures on catalytic performance. Based on the XRD analysis,
the (003) crystal plane, most exposed to NiFe-LDH, was chosen for modeling. The NiFe-
PbO2/S/VG and VG heterojunction models, which include abundant defect structures (with
vacancies, V, and graphene, G), were constructed for the typical OER reaction model [42].
The Gibbs free energy curve demonstrates that the introduction of vacancies in graphene
reduces ΔGOH and lowers overpotential. The presence of sulfur vacancies improves
adsorption efficiency, while the addition of oxygen further stabilizes the structure, altering
the rate-determining step of the OER from ΔGOH in VG to ΔGOOH in NiFe-PbO2/S/VG.
The overpotential of the rate-determining step for NiFe-PbO2/S/VG is 0.46 eV (Figure 7a).
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Vacancies substantially influence the electrical structure and conductivity, optimizing
the adsorption of OER intermediates, hence improving total activity. Vacancy structures
create extra active sites, enhancing the adsorption and reactivity of intermediates, while
alterations in electronic structure improve charge transfer kinetics, hence augmenting
OER performance [43]. In addition, NiFe-PbO2/S/VG exhibits good thermal stability as
demonstrated by small total energy and temperature fluctuations in AIMD simulations
(Figures 7b and S9). Furthermore, the material maintains its structural integrity, with stable
vacancy configurations, contributing to its overall robustness.

 

Figure 7. (a) OER free-energy diagram of NiFe-PbO2/S/VG and VG, (b) Temperature fluctuation for
NiFe-PbO2/S/VG.

4. Conclusions

In summary, NiFe-PbO2/S/rGO-45, a newly conceived 2D material system, was man-
ufactured via RF plasma, allowing for meticulous control over the material’s characteristics.
The integration of a graphene framework improved the catalyst’s conductivity, while the
plasma etching process reduced GO to rGO, facilitating the loading of NiFe LDH and PbO2

as well as sulfur doping. This plasma-assisted reduction also generated carbon defects and
sulfur vacancies, which promote charge transfer, and enhance the distribution of active
sites, collectively accelerating the surface OER process. As a result, NiFe-PbO2/S/rGO-45
exhibited superior OER performance compared to commercial IrO2, with a η50 of 230 mV.
The novelty of this material system lies in the combination of the graphene framework and
the layered structures of NiFe-LDH and PbO2, enhancing the catalyst’s performance. In
addition, the RF plasma-assisted synthesis method is scalable and adaptable to industrial-
scale manufacturing processes. The use of abundant and inexpensive transition metals,
combined with the graphene framework, makes the NiFe-PbO2/S/rGO material system
an economically viable alternative to precious metal-based catalysts. The superior OER
performance demonstrated has the potential to greatly enhance the efficiency and cost-
effectiveness of hydrogen production through water electrolysis, contributing to the global
efforts in transitioning towards a sustainable and low-carbon energy future.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ma18010121/s1, Figure S1: EDS pattern of NiFe-PbO2/S/rGO-
45. Figure S2: Particle size of NiFe-PbO2/S/rGO-45. Figure S3: XPS survey spectrum of NiFe-
PbO2/S/rGO-45. Figure S4: Nyquist plot of NiFe-PbO2/S/rGO-X. Figure S5: Capacitive current
density against scan rates of NiFe-PbO2/S/rGO-X. Figure S6: XRD patterns of NiFe-PbO2/S/rGO-45
before reaction, after OER processes in 1 M KOH for 50 h. Figure S7: SEM image of NiFe-PbO2/S/rGO-
45 before reaction, after OER for 50 h. Figure S8: Concentrations of Ni, Fe, Pb, and S in the electrolyte
of NiFe-PbO2/S/rGO-45 prior to the reaction and subsequent to the OER processes in 1 M KOH
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for 50 h, as determined by ICP-MS analysis. Figure S9: Energy fluctuation for NiFe-PbO2/S/VG at
(a) 600 K and (b) 300 K.
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Abstract: Electrochemical water splitting provides a sustainable method for hydrogen pro-
duction. However, the primary challenge for electrochemical hydrogen generation is the
high cost and limited availability of platinum-based noble-metal catalysts. Transition-metal
chalcogenides have been identified as low-cost and efficient electrocatalysts to promote
the hydrogen evolution reaction (HER) in alkaline electrolytes. Nonetheless, the identi-
fication of active sites and the underlying catalytic mechanism remain elusive. In this
study, phosphorus-doped nickel sulfide has been successfully synthesized, demonstrating
enhanced activity for alkaline HER. Investigating surface chemistry through X-ray pho-
toelectron spectroscopy (XPS), depth profiling revealed that surface restructuring occurs
during the HER process. The presence of phosphorus significantly influences this transfor-
mation, promoting the formation of a novel active Ni-O layer. This Ni-O layer is responsible
for enhanced catalytic activity by upshifting the d-band center and increasing the density
of states near the Fermi level, along with expanding the electrochemical surface area. This
study reveals that the surface restructuring of transition-metal sulfides is highly tied to the
electronic structure of the parent catalysts. Gaining a comprehensive understanding of this
surface restructuring is essential for predicting and exploring more efficient non-precious
transition-metal sulfide electrocatalysts.

Keywords: water splitting; hydrogen evolution; sulfides; surface restructuring; XPS
depth profile

1. Introduction

Hydrogen has emerged as a green energy carrier due to its high energy density and
environmentally friendly properties. However, high-purity hydrogen generation, storage,
and transportation have long been significant bottlenecks to the development and practical
implementation of hydrogen fuel cell technologies [1–10]. Renewable electricity-powered
water electrolysis to produce hydrogen is broadly recognized as a viable technology for
a clean and sustainable global energy future [4–10], especially when considered to be
integrated with renewable energy capture and onsite fuel cell systems. The key to enabling
this technology lies in the development of low-cost and highly efficient electrocatalysts to
accelerate water-splitting reactions. In particular, designing high-performance electrocat-
alysts for HER under alkaline conditions is more practical, as alkaline water electrolysis
is the most commonly used approach in industry [10]. Nonetheless, alkaline HER suffers
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from more sluggish reaction kinetics compared to acidic electrolysis due to requiring an
initial step to dissociate water molecules and thereafter create protons (H+) for subsequent
H2 generation (H2O → H+ + OH−) [9–17]. To date, platinum-based precious materials
are acknowledged as the benchmark electrocatalysts for HER thanks to their optimal ad-
sorption/desorption energy with protons. Nonetheless, the widespread application of
noble-metal-based electrocatalysts is dramatically hindered by their scarcity, leading to
high costs. As a result, considerable efforts have been made to identify high-performance,
earth-abundant, and cost-effective non-precious HER electrocatalysts [3,10,11,17].

In the last decade, transition-metal sulfides have been regarded as promising alternatives
to platinum-group catalysts. Notably, nickel sulfides stand out for their excellent electrical
conductivity, high redox current responses, and cost-effectiveness [18–25]. Ni3S2, a metal
chalcogenide naturally occurring as the mineral heazlewoodite, exhibits intrinsic metallic
behavior due to a continuous network of short Ni-Ni bonds throughout its structure [18]. In
addition, Ni3S2 is the most nickel-rich phase in the stoichiometric formula, offering abundant
Ni active sites [19,24]. Its high conductivity, coupled with its low cost, makes Ni3S2 well-suited
for various electrochemical applications. While recently Ni3S2 based materials have been
shown to be electrocatalytic active for either HER or OER, their catalytic activity and stability
are still less competitive compared to those of the noble-metal catalysts.

Fundamentally, fostering catalytic activity in water splitting relies on optimizing the
chemisorption of reactants and intermediates at the active sites. A variety of strategies have
been employed to manipulate the electronic structures of nickel sulfides, aiming to regulate
the adsorption behavior of intermediates on active sites and enhance HER performance.
These strategies include the incorporation of foreign atoms, morphological engineering,
and the construction of heterojunctions [18–33]. The formation of heterojunctions between
Ni3S2 and either Ni or MoO2, for example, facilitated the adsorption and dissociation of
water molecules into hydroxide ions (OH−) and protons (H+), thereby accelerating the
hydrogen production process [20]. Additionally, the incorporation of the second cation (Fe,
W, Sn, Mo, etc.) or ion (phosphorus, fluorine, and nitrogen) into sulfides has been revealed
to enhance charge-transfer rates and increase the electrochemical surface area, resulting
in improved HER activity [22,24–31]. Despite these significant efforts, the water-splitting
performance of nickel sulfides remains inferior to that of noble-metal-based catalysts, and
the identification of active sites and the underlying catalytic mechanisms remains elusive.
These conclusions are traditionally drawn under the assumption that no surface changes oc-
cur during the electrochemical reactions. However, surface restructuring has been observed
in several electrochemical reactions, such as the oxygen evolution reaction involving metal
sulfides, phosphides, and nitrides, where the top surface is completely transformed into
oxy-hydroxyl oxides as the active species, along with ion leaching [3,6,8–13]. Under oxygen
reduction reaction (ORR) conditions, Ni3S2 has been found to undergo surface reconstruc-
tion, forming a highly active, amorphous NiS phase approximately 2 nm in thickness [8].
In another study focused on alkaline HER, NiS was shown to undergo an in situ phase
transition, resulting in an intimately mixed phase of Ni3S2 and NiO. This phase transfor-
mation generates highly active synergistic dual sites at the Ni3S2/NiO interface [10]. Our
recent work also observed surface reconstruction in 3D NiOS nanostructures for alkaline
HER, leading to the formation of a Ni-O catalyst layer functionalized with low-coordinated
oxygen atoms and abundant vacancies. These features enable active sites for Had adsorp-
tion/desorption, while nearby Niδ+ vacancies facilitate optimal interactions with OHad [9].
These studies highlight the dynamic nature of transition-metal chalcogenides in electro-
catalysis [8–10]. Despite the observed surface restructuring, several important questions
remain unanswered, such as: What parameters govern the reconstruction? How can
surface restructuring be controlled or predicted? And how can restructuring be directly
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linked to improved catalytic performance? Surface restructuring remains challenging to
fully characterize and control, and a more comprehensive understanding is required. This
is highly dependent on the clear observation and analysis of the chemical compositions
and states at the surface. Among a variety of techniques employed for analysis, XPS is a
highly sensitive surface analysis method. When combined with sputtering to gradually
remove material between analysis cycles without damaging the underlying material, depth
profiling allows for high-resolution analysis of the atomic composition and chemical state
of the electrode with depth [14–16]. The information gained from this technique could
significantly enhance our understanding of the compositional and structural changes that
occur during surface restructuring, as well as provide insights into how to control this
process.

Traditionally, catalyst electrodes are prepared by depositing catalyst ink, mixed catalyst
powders with binders (commonly the Nafion), on glassy carbon. The co-existence of
organic binders will interfere with the in/ex-situ characterizations and thereby obscure
our understanding of the intrinsic activity and the potential surface reconstruction of the
catalysts. In this study, instead, pure nickel sulfides were successfully fabricated by direct
sulfurization of Ni foam under hydrothermal conditions and subsequently doped with
phosphorus, which is able to create a clean surface and allows us to examine surface
changes after HER without interference from conventional binders. We evaluated the
electrocatalytic HER performance of these catalysts in an alkaline electrolyte, finding
significant enhancements due to phosphorus doping. XPS depth profiling of the post-HER
electrodes revealed that surface restructuring occurred during the alkaline HER process for
both sulfide electrodes. Additionally, the presence of phosphorus significantly impacts this
restructuring process on the top layer by introducing crystal defects through the doping
effect while protecting the further proceeding to the deeper layer. This behavior contributes
to the robust stability of sulfide catalysts.

2. Materials and Methods

2.1. Fabrication of Ni3S2 Framework

All chemicals in this study were purchased from Sigma-Aldrich (MilliporeSigma,
St. Louis, MO, USA) and used as received. The fabrication of Ni3S2 is technically based
on the sulfurization of Ni foam with a sulfur source. Typically, 3.41 g of thiourea was
dissolved in 90 mL of DI water in a Teflon liner, and then a piece of pre-cleaned Ni foam
with a geometric size of 6 × 3.5 cm2 was immersed in it. The Teflon liner was sealed in
Autoclave and kept at 180 ◦C overnight. After it cooled down to room temperature, the
reacted Ni foam was rinsed with DI water and ethanol and then dried under vacuum at
60 ◦C overnight.

2.2. Phosphorization of Ni3S2 (P-Ni3S2)

The phosphorization of Ni3S2 was carried out with NaH2PO4 as the phosphorous
source. Typically, 1 g of NaH2PO4 in a ceramic boat was placed in a quartz tube, and one
piece of Ni3S2 framework with a size of (3 × 3.5 cm2) was placed on the downstream side.
The tube furnace was flushed with N2 for 30 min, then heated up to 300 ◦C with a ramping
rate of 1 ◦C/min, and then kept for 2 h under N2 flow with a flow rate of 100 SCCM
(Standard Cubic Centimeters per Minute). The sample was denoted as P-Ni3S2.

2.3. Characterizations

The crystal structure was acquired on a Rigaku X-ray diffractometer (Rigaku Flex
600, Rigaku, Tokyo, Japan) with Cu Kα radiation (λ = 1.54 Å) within the diffraction angle
range of 20 to 80◦. Morphology of samples was observed using a Zeiss Auriga 60 Field
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Emission Scanning Microscope (ZEISS, St. Louis, MO, USA), operating at an accelerating
voltage of 10 keV. XPS measurements were conducted on a Physical Electronics VersaProbe
III employing a monochromatic Al Kα source with an energy of 1486.6 eV. The analyzer
pass energy was set to 224 eV for survey scans and 55 eV for high-resolution scans. All
spectra were calibrated to the adventitious C 1s peak at 284.8 eV. For the XPS depth
profile, all specimens were ion sputtered using an argon gun operating at 2 KeV over a
3 mm × 3 mm area for 5 cycles, with each cycle consisting of 4 min of sputtering and
followed by data collection.

2.4. Electrochemical Performance

All electrochemical performance evaluations were carried out on a Gamry Reference 3000
(Gamry Instruments, Warminster, PA, USA) potentiostat. A three-electrode electrochemical
cell was employed with the developed catalyst as the working electrode, the Ag/AgCl as
the reference electrode, and the Pt wire as the counter electrode. 1 M KOH aqueous solution
was used as the electrolyte during all electrochemical testing. Before conducting linear sweep
voltammetry (LSV) with a scanning rate of 10 mV/s, chronopotentiometry was performed
at −1.8 V vs. Ag/AgCl (−0.8 V vs. RHE) for 30 min to stabilize the current density. The
potential vs. the Ag/AgCl electrode was calibrated to a reversible hydrogen electrode (RHE)
with the following equation: E (RHE) = E (Ag/AgCl) + 0.059 pH + 0.197.

The electrochemical impedance spectroscopy (EIS) was conducted in a frequency
range from 0.1 Hz to 100 kHz with an AC amplitude of 10 mV, and the electrocatalytic
kinetics was studied by analyzing the semicircle of the Nyquist plot. The electrochemical
double-layer capacitance (Cdl) was determined by running cyclic voltammetry (CV) in the
non-Faradaic region with different scan rates. The electrochemically active surface area
(ECSA) was then calculated using the following equation: ECSA = Cdl/Cs, where the Cs is
the constant specific capacitance of the smoothy electrode (60 μF commonly used).

2.5. Preparation of Catalyst Ink and Pt Electrode

As a control sample for comparison, a Pt electrode was also prepared. A total of 5 mg
of commercial Pt (20 wt.%)/C catalyst was dispersed in a mixture of 500 μL ethanol and
500 μL DI water with 10 μL of 5 wt.% 117 Nafion solution. The mixture was sonicated for
30 min to yield a homogeneous catalyst ink. Thereafter, 10 μL of ink was dropped on glassy
carbon with a diameter of 3 mm. That will act as the Pt working electrode.

3. Results and Discussion

3.1. Catalyst Structure

To investigate the evolution of phase structure, the obtained samples were first char-
acterized by X-ray diffraction (XRD), as shown in Figure 1. The Ni foam displays three
distinct diffraction peaks (Figure 1a) corresponding to the (111), (200), and (220) planes
of metal nickel (JCPDS No. 04-0850) [20]. In the sulfide sample, all diffraction peaks are
indexed to the crystalline phase of heazlewoodite Ni3S2 (JCPDS No. 44-1418) [19,20], with
no detectable peaks from impurities (Figure 1b), indicating a complete sulfurization of
the Ni foam to Ni3S2 under this reaction condition. As shown in Figure 1c, the doping of
phosphorus into the Ni3S2 lattice does not significantly alter the crystal structure of the
parent material. However, due to the larger atomic radius of phosphorus compared to
sulfur, the incorporation of phosphorus expands the crystal structure, leading to increased
d-spacing and a redshift of the diffraction peaks towards smaller angles, as highlighted
in the inset of Figure 1. Notably, no nickel phosphides were formed during the phospho-
rization process, confirming successful phosphorus doping in Ni3S2. The evolution of
morphology was examined using scanning electron microscopy (SEM). Figure 2a,b present
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SEM images at varying magnifications, illustrating that the Ni3S2 nanostructures effectively
replicate the Ni foam skeleton without compromising its integrity during the sulfuriza-
tion process. Notably, nanowires have grown on the surface, demonstrating excellent
adhesion to the skeletal framework. This nanostructure offers distinct advantages over
bulk materials, including a larger surface area and one-dimensional interwire channels,
which facilitate electrolyte diffusion, enhance electron transport, and ensure ample contact
between the active materials and the electrolyte [32]. The nanostructures were preserved in
the phosphorus-doped catalyst P-Ni3S2, as shown in Figure 2c,d.

 

Figure 1. XRD patterns for Ni foam (a), Ni3S2 (b), and P-Ni3S2 (c). The inset compares the peak shift
after P doping in Ni3S2.

 

Figure 2. Surface morphology of developed catalysts. SEM images for freshly prepared Ni3S2 (a,b),
and P-Ni3S2 (c,d), respectively, with different magnifications.
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3.2. Surface Chemistry

An X-ray photoelectron spectroscopy (XPS) survey was conducted to verify the chemi-
cal composition of all catalysts, as shown in Figure 3. The predominant contributions were
observed from C 1s, O 1s, Ni 2p, and Ni LMM. In the Ni3S2 sample, distinct sulfur features,
S 2s and S 2p are clearly visible, while the phosphorus features, P 2s and P 2p, appear
after phosphorization within the binding energy range of 100 to 250 eV. This indicates the
successful incorporation of phosphorus.

 

Figure 3. XPS surface survey of Ni foam, freshly prepared Ni3S2, and P-Ni3S2, respectively.

To closely examine variations in chemical compositions, high-resolution XPS spectra
were obtained and are shown in Figure 4 for Ni 2p (a), S 2p (b), and P 2p (c), respectively.
The successful doping of phosphorus is confirmed by the emergence of a P 2p peak at
135 eV in the P-Ni3S2 sample, in contrast to the flat signal observed in the Ni3S2 sample
(Figure 4c). As shown in Figure 4a, both Ni 2p XPS spectra exhibit two main bands in
the ranges of 850–865 eV and 870–885 eV, corresponding to the Ni 2p3/2 and Ni 2p1/2

spin-orbit doublets, respectively, with a splitting of approximately 17 eV and a Ni 2p3/2

to Ni 2p1/2 ratio of 2:1 [23,26,33–35]. Focusing on the 2p3/2 region in the pristine Ni3S2

sample, peaks at 855.3 eV and 852.7 eV are characteristic of Ni3S2 and are assigned to Ni-S
and Ni-Ni bonds, respectively [23,35,36]. The bump centered around 861 eV arises from the
satellite peak of Ni 2p3/2. In the P-Ni3S2 sample, two major changes in the Ni 2p spectra are
observed following phosphorus doping: (i) the Ni-S peak shifts to a higher binding energy
by 1.6 eV, reaching 856.9 eV, and the Ni-Ni peak shifts by 1.1 eV to 853.8 eV; (ii) the Ni-Ni
ratio significantly decreases. In the S XPS spectra (Figure 4b), the major band centered
around 163 eV is attributed to the S 2p signal, which can be deconvoluted into two peaks: S
2p3/2 and S 2p1/2. In the P-Ni3S2 sample, the S 2p3/2 peak shows a positive shift to 162.8 eV,
an increase of 0.7 eV compared to Ni3S2 due to the presence of phosphorus. Overall, the
incorporation of additional phosphorus ions into the structure extracts more electrons
from the Ni atoms. As a result, some Ni-Ni bonds are partially broken and reformed with
phosphorus, leading to the delocalization of electrons among the Ni cations and sulfur
ions [20,37].
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Figure 4. Surface chemistry of freshly prepared catalysts. High-resolution XPS spectra for Ni 2p (a), S
2p (b), and P 2p (c), respectively, in Ni3S2 (top) and P-Ni3S2 (bottom) prior to electrochemical testing.

3.3. Electrochemical Performances

The electrocatalytic activity of the developed catalysts toward HER under 1 M KOH
alkaline electrolyte was evaluated using a typical three-electrode system, in which the
catalyst was directly used as the working electrode. Figure 5a shows the polarization curves
(linear sweep voltammetry, LSV) of NF, Ni3S2, P-Ni3S2, and Pt/C (20 wt.%), respectively. To
achieve a current density of 10 mA/cm2 for HER, NF requires an overpotential of 306 mV.
In contrast, the corresponding HER overpotential for Ni3S2 is 181 mV, a substantial decrease
of 125 mV compared to NF, indicating the significant activity of sulfides toward alkaline
HER activity. A further remarkable improvement happens to the P-Ni3S2 catalyst with an
overpotential of only 131 mV, a decrease of 50 mV owing to the phosphorus doping. For
comparison, the Pt/C (20 wt.%) was also tested for alkaline HER under identical operation
conditions. That demonstrates to be the most efficient catalyst with an overpotential of
48 mV at 10 mA/cm2. To gain insight into the high HER activity for the P-Ni3S2 catalyst,
the Tafel slopes were calculated, as shown in Figure 5b. The P-Ni3S2 catalyst reveals a
Tafel slope of 84.6 mV/dec, much smaller than those of NF (120.7 mV/dec) and Ni3S2

catalyst (103.7 mV/dec), respectively. Fundamentally, hydrogen evolution in alkaline
media occurs in two steps. The first step is the Volmer step, where the catalyst accepts
one electron and cleaves the adsorbed H2O molecule into a hydroxyl ion (OH−) and an
adsorbed hydrogen atom (H*), i.e., H2O + e− + * → H* + OH− (* denotes active site on
the electrode surface). In the second step, hydrogen intermediates detach to form H2

through either the electrochemical interaction between H* and H2O molecule with the
assistance of one electron (Heyrovsky step, H2O + e− + H* → H2 + OH−) or directly
by chemical recombination of two H* (Tafel step, H* + H* → H2) [38,39]. Based on the
Tafel slope, the HER pathway could be predicted. When the Volmer step, i.e., water
adsorption and dissociation, is the rate-determining step, the theoretical Tafel slope is
around 120 mV/dec. If the Heyrovsky step is dominant, a Tafel slope of around 40 mV/dec
is expected. When the Tafel slope is as low as 30 mV/dec, the HER predominately occurs
through the Tafel step [38]. In this study, the Tafel slopes for all three samples range between
40 and 120 mV/dec. However, the value for the NF electrode is close to 120 mV/dec,
indicating that the HER on NF in 1 M KOH is governed by water dissociation on the
surface. In contrast, the Ni3S2 catalyst exhibits a Tafel slope of around 103.7 mV/dev, which
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suggests much faster reaction kinetics with the water dissociation reaction. Given the
smallest Tafel slope (84.6 mV/dec) for the P-Ni3S2 catalyst, it can be apparently concluded
that phosphorus doping in Ni3S2 has significantly accelerated the alkaline HER kinetics
and rate. According to the Tafel equation, η = a + b log j, where b is the Tafel slope, j is
the current density, the exchange current density j0, therefore, could be obtained from the
Tafel slope intersection with the abscissa [17,38]. The P-Ni3S2 catalyst displays an exchange
current density j0 of 0.31 mA/cm2, nearly double that of the Ni3S2 catalyst (0.16 mA/cm2)
and 7 times higher than that of the NF electrode (4.4 × 10−2 mA/cm2), respectively. This
further highlights the superior HER kinetics on the P-Ni3S2 electrode. To obtain more
precise quantitative kinetic information and understand the origin of HER enhancement
in P-Ni3S2 catalyst, electrochemical impedance spectroscopy (EIS) studies were acquired,
as shown in Figure 5c. The EIS experimental data were approximated with a two CPE
model equivalent circuit, from which the charge-transfer resistance Rct of the HER could be
extracted. The P-Ni3S2 catalyst demonstrates a smaller charge-transfer resistance of 5.35 Ω
for the HER reaction, apparently lower than that of the Ni3S2 catalyst (9.61 Ω). This implies
that phosphorus doping facilitates the charge transfer during the HER process.

 

Figure 5. Electrochemical HER performances. (a) Polarization curves of Ni foam, Ni3S2 and P-Ni3S2,
and Pt/C powder, respectively. (b) Tafel slopes of Ni foam, Ni3S2, and P-Ni3S2 electrodes, derived
from the polarization curves in (a). (c) Impedance spectra for Ni3S2 and P-Ni3S2 at −1.3 V vs.
Ag/AgCl in 1 M NaOH. (d,e) Cyclic voltammetry curves (−1~0.9 V vs. Ag/AgCl) for Ni3S2 and
P-Ni3S2 electrodes at scanning rates of 5, 10, 20, 30, 40 and 50 mV/s, corresponding to CV curves
arranged from inner to outer. (f) Current density difference at −0.95 V vs. Ag/AgCl versus the
scanning rates, derived from (d,e). (g) Long-term stability of Ni3S2 and P-Ni3S2 electrodes under a
constant applied potential of 1.5 V vs. Ag/AgCl. (h) Stability of P-Ni3S2 electrode under a constant
current density of 10 mA/cm2.

To elucidate the intrinsic origin of the HER activity improvement, the electrochemically
active surface area was determined by measuring the double-layer capacitance (Cdl) and
calculating the roughness factor Rf. The CVs were recorded within the potential range
from −1.0 to −0.9 V vs. Ag/AgCl, with a scan rate varying from 5 to 50 mV/s. In
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this potential range, no faradaic reactions occur, and the current arises solely from the
charging and discharging of the electrical double layer [17,38]. The nearly rectangular
CV shape (Figure 5d,e) for both electrodes indicates that, within this potential range, the
electrode works as an electrical double-layer capacitor. The difference in current density at
−0.95 V vs. Ag/AgCl was plotted against the scan rate, as shown in Figure 5f, revealing
a linear relationship. As a result, the Cdl was determined to be 34 mF/cm2 for Ni3S2

and 143 mF/cm2 for P-Ni3S2. Consequently, the corresponding surface roughness Rf was
calculated to be 566 and 2383, respectively. Comparison of the Cdl and Rf reveals that
the electrochemically active surface area of the P-Ni3S2 electrode increases by 4.2 times
relative to the Ni3S2 electrode. The stability of the electrode catalyst is a key parameter.
Figure 5g compares the chronoamperometric curves of Ni3S2 and P-Ni3S2 at 1.3 V vs.
RHE. Upon application of potential, the Ni3S2 catalyst quickly reached a current density
of ~100 mA/cm2 and remained stable for at least 12 h of testing. In contrast, the P-Ni3S2

started at ~220 mA/cm2, slightly increased, and stabilized at 250 mA/cm2 after 18 h of
testing. The P-Ni3S2 catalyst was further assessed for 18 h with a constant current density
of 10 mA/cm2, as shown in the chronopotentiometric curve in Figure 5h, which shows a
steady potential input of ~1.13 V vs. RHE. Overall, both sulfide catalysts demonstrated
robust stability, observed both under applied potential and current generation.

The electrodes were characterized following HER testing. As illustrated in Figure 6,
the surface morphology remained intact overall (Figure 6a). Close-up views of both the
Ni3S2 (Figure 6b) and P-Ni3S2 (Figure 6c,d) catalysts further confirm that the primary
nanowire structure was preserved after HER testing. XRD analysis of these tested samples
(Figure 6e) revealed that the crystal structure remained consistent with Ni3S2, with no
obvious new phases detected.

 

Figure 6. Surface morphology and crystal structure of Ni3S2 and P-Ni3S2 electrodes after HER
testing. SEM images for Ni3S2 (a,b) and P-Ni3S2 (c,d) catalysts after HER long-term stability testing
with varying magnifications. (e) XRD patterns for Ni3S2 and P-Ni3S2 catalysts after HER long-term
stability testing.

3.4. Surface Chemistry and Electronic Structure Evolution

The surface electronic density of states (DOS) plays a crucial role in determining charge
transfers and energy conversion during surface catalytic reactions [19,33]. According to
d-band center theory, changes in the d-band energy levels relative to the Fermi level
influence the formation of anti-bonding states, thereby affecting the adsorption strength of
intermediates in electrochemical reactions. Therefore, enhancing the d-band center could
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improve the catalyst’s ability to interplay with intermediates. This is typically achieved
by incorporating heteroatoms to modify electronic properties [25,40]. Introducing other
metals, such as Co, Mo, or Fe, into the Ni3S2 structure can shift the d-band center, optimizing
hydrogen binding energy and boosting HER activity [22,24–29]. For instance, Co doping
can enhance electronic conductivity and favorably adjust the d-band position [25,31]. To
shed light on the evolution of the electronic structure, the XPS valence band spectra (VBS)
for pristine Ni3S2 and P-Ni3S2 were acquired and analyzed, as shown in Figure 7. The
primary peak in the valence band spectrum, located at approximately 2.3 eV, is mainly
attributed to Ni 3d states, with a minor contribution from S 3p states due to hybridization
between Ni 3d and S 3p orbitals. The features at 3.5 eV and 7.5 eV primarily arise from S 3p
states [41]. Significant changes in the DOS near the Fermi level were observed in P-Ni3S2

compared to Ni3S2, highlighting the effect of phosphorus doping. Specifically, (i) the d-band
shifted downward, moving further away from the Fermi level, and (ii) the DOS contribution
from the d-band notably decreased. This trend suggests a potential degradation in the
HER performance of P-Ni3S2, which, however, contradicts the electrochemical performance
results. This discrepancy inspires us to further explore the surface chemical states and
electronic structure after steady HER testing.

 
Figure 7. XPS valence band spectra (VBs) of pristine Ni3S2 and P-Ni3S2.

Surface restructuring has been observed in phosphide and chalcogenide electrocat-
alysts during the OER/HER process [3,6,8–13]. This phenomenon involves the in situ
formation of a new layer of active species initiated on the top of the parent electrode, which
plays a crucial role in governing catalytic activity during electrochemical processes. In
this study, XPS depth profile characterization was employed for the first time, to the best
of our knowledge, to investigate the reconstructed layer in the sulfide electrode. During
depth profile acquisition, an ion gun is used to etch the material for a specific duration,
after which it is turned off to allow for XPS spectra collection (Figure 8a). Each etching
cycle exposes a new surface, and the XPS is used to analyze the compositions of these
surfaces. Combining XPS depth profiling with ion beam etching is a powerful technique
for studying the chemical composition of functional materials, spanning from the surface

93



Materials 2025, 18, 549

to the bulk [42,43]. This approach aims to provide insights into the new active species and
enhance our understanding of the origins of HER improvement.

 

Figure 8. XPS depth profiles of Ni3S2 and P-Ni3S2 electrodes after HER long-term stability testing.
(a) Schematic of XPS depth profiling on catalysts, high-resolution XPS depth profiling spectra for Ni
2p (b), S 2p (c), and O1s (d) of Ni3S2 catalyst; and Ni 2p (e), S 2p (f), P 2p (g) and O1s (h) of P-Ni3S2

catalyst, respectively. The curves, arranged from bottom to top, represent the surfaces after sputtering
cycles ranging from 0 to 5.

Figure 8 presents the high-resolution XPS depth profiling spectra of the major elements
in HER-tested Ni3S2 and P-Ni3S2. Notably, both electrodes exhibited distinctly different
surface chemistry compared to the pristine samples. In the Ni3S2 electrode, Ni is primarily
in a high valence state, with the major Ni 2p2/3 peak located at 855.7 eV (Figure 8b).
Sulfur exhibits an S 2p binding energy of 168.4 eV (Figure 8c), which is assigned to its
coordination with oxygen to form S-O bonds and is further confirmed by O 1s spectra
in Figure 8d. Meanwhile, the peak for the S-Ni bond, located at around 162 eV, is very
weak on the top surface and gradually becomes stronger with increasing sputtering cycles.
Correspondingly, after three sputtering cycles, a subtle Ni 2p2/3 peak appears at approxi-
mately 852.1 eV, indicating the presence of the Ni-Ni bonds alongside the emergence of
the S-Ni bond. For the P-Ni3S2 electrode, sulfur (Figure 8f) and phosphorus (Figure 8g)
completely disappeared from the very top layer, while nickel predominantly existed in a
high valence state, with the main Ni 2p2/3 peak located at 855.7 eV (Figure 8e). After one
sputtering cycle, the S 2p signal corresponding to sulfides appeared, centered around 162
eV, while the Ni 2p2/3 peak associated with Ni-Ni bonds sharply increased and became
dominant. This suggests that the layer beneath the outermost surface layer retained the
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Ni3S2 crystal structure in the P-Ni3S2 electrode, as demonstrated by the XPS spectra of the
pristine samples (Figure 4). Notably, the phosphorus signal did not appear even after five
sputtering cycles (Figure 8g). In comparison, it is concluded that the reconstructed layer is
significantly thicker in the Ni3S2 electrode than in the P-Ni3S2 electrode. This is consistent
with the XRD patterns in Figure 6e, where the Ni3S2 electrode showed lowered diffraction
intensity. Since no S and P are detected on the top surface, the presence of phosphorus
likely promotes the formation of a very thin Ni-O layer, as shown in the Ni 2p (Figure 8e)
and O1s (Figure 8h) spectra, which inhibits further restructuring of the inner structure and
is responsible for HER activity.

The XPS depth profiles of valence band spectra were also recorded after each sputtering
cycle, as shown in Figure 9. Due to surface restructuring, the VB spectra exhibited distinct
differences compared to the respective pristine electrodes for both Ni3S2 and P-Ni3S2. These
spectral changes indicate subtle modifications in the electronic structure [41]. The newly
reconstructed layer shifts the d-band in the Ni3S2 electrode away from the Fermi level
to 3.5 eV, resulting in a decrease in the density of states near the Fermi level (Figure 9a),
compared to the pristine Ni3S2 electrode. Additionally, the VB of the Ni3S2 electrode
remains relatively unchanged with increasing sputtering cycles. However, it is worth
noting that after three sputtering cycles, a subtle shift of the major peak towards Ef occurred
(Figure 9a). This observation aligns well with the emergence of Ni-Ni and S-Ni bonds
shown in Figure 8b,c. In contrast, the outer Ni-O layer in the P-Ni3S2 electrode shows a
peak at 3 eV, with a tail crossing over the Fermi level (Figure 9b), which contributes to
enhanced electrical conductivity, as illustrated in the EIS spectra (Figure 5c). As revealed
in Figure 9, after one sputtering cycle, the intensity of the d-band crossing the Fermi level
significantly increased, enriching the DOS near the Fermi level. As a consequence, this
optimization facilitates better binding energy of reactants and intermediates with active
sites for alkaline HER, while the heterointerfaces enhance overall charge transfer within
the electrode.

 

Figure 9. XPS depth profiles of valence band spectra for Ni3S2 (a) and P-Ni3S2 (b) catalysts after HER
long-term stability testing. The curves, arranged from bottom to top, represent the surfaces after
sputtering cycles ranging from 0 to 5.
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3.5. Discussion

Surface restructuring has been confirmed on both sulfide electrodes, and it is impor-
tant to highlight that the chemistry of transition-metal sulfides is highly dynamic and
closely dependent on the electronic structure of the parent catalysts. In this study, phos-
phorus doping in Ni3S2 resulted in a thin reconstructed layer composed solely of Ni and
O, contrasting with the pure Ni3S2-reconstructed active layer, which includes Ni, O, and
S. This compositional difference, clearly illustrated in XPS data (Figure 8), significantly
influences catalytic activity. The reconstructed Ni-O layer exhibits superior performance
in the P-Ni3S2 electrode. Alkaline HER begins with the water dissociation process, which
involves overcoming an energy barrier for H2O rotation on the catalyst surface to achieve
optimal p-d bonding overlap [40]. Since the Fermi level is primarily influenced by the 3d
orbitals of Ni, the upshifted d-band and increased density of states near the Fermi level
in the reconstructed Ni-O layer enhance its affinity for hydroxyl (OH) species, promoting
water dissociation, as indicated by the smaller Tafel slope in Figure 5b. The hydrogen
(H+) generated from water dissociation will diffuse to either sulfur or oxygen sites in the
Ni3S2-reconstructed layer, but it is more likely to adsorb on oxygen sites in the P-Ni3S2-
reconstructed Ni-O layer. The low-coordinated oxygen sites in the Ni-O layer, formed
during surface restructuring, possess strong redox capabilities for H adsorption and des-
orption [9,10], which contribute to the superior HER activity in the P-Ni3S2 electrode. Our
work highlighted the crucial role of the parent catalyst in surface restructuring, emphasiz-
ing that a thorough understanding of this process is essential for designing non-precious
metal sulfides to enhance catalytic activity.

4. Conclusions

In conclusion, phosphorus-doped Ni3S2 (P-Ni3S2) has been synthesized and demon-
strated superior alkaline HER activity for hydrogen production. While the crystal structure
and morphology were largely retained, the XPS depth profiling revealed that in situ surface
restructuring occurred on electrodes during the HER process. A thick restructuring layer
containing Ni, O, and S formed on the pure Ni3S2 electrode, whereas a very thin Ni-O
layer was created on top of the P-Ni3S2 electrode. This in situ-formed Ni-O restructuring
layer is responsible for the enhanced HER activity, featuring an increased electrochemical
surface area, upshifted d-band, and enriched density of states near the Fermi level, which
strengthen the adsorption of OH and expedite water dissociation. Furthermore, beneath the
thin top Ni-O layer in the P-Ni3S2 electrode, the crystal structure of Ni3S2 was preserved,
with a strong contribution from Ni 3d orbitals to the density of states near the Fermi level.
This preservation benefits overall electrical conductivity and charge transfer by forming a
heterostructure. This study highlights that a deep comprehension of surface restructuring
is vital for further enhancing and predicting the catalytic activity of transition-metal sulfide
electrocatalysts and calls for further investigation in this area.
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Abstract: Hydrogen plays a vital role in the global shift toward cleaner energy solutions,
with water electrolysis standing out as one of the most promising techniques for generating
hydrogen. Despite its potential, the oxygen evolution reaction (OER) involved in this
process faces significant challenges, including high overpotentials and slow reaction rates,
which underscore the need for advanced electrocatalytic materials to enhance efficiency.
Noble metal catalysts are effective but expensive, so transition-metal-based electrocatalysts
like nickel–cobalt layered double hydroxides (NiCo LDHs) have become promising alterna-
tives. In this research, a series of NiCo LDH catalysts doped with Fe, Mn, Cu, and Zn were
effectively produced using a one-step hydrothermal technique. Among the catalysts, the
Fe-doped NiCo LDH exhibited OER activity, achieving a lower overpotential (289 mV) at a
current density of 50 mA/cm2, which was far better than the 450 mV of the undoped NiCo
LDH. The Mn-, Cu-, and Zn-NiCo LDHs also exhibited lower overpotentials of 414 mV,
403 mV, and 357 mV, respectively, at this current density. The Fe-doped NiCo LDH had a
3D layered nanoflower structure, increasing the surface area for reactant adsorption. The
electrochemically active surface area (ECSA), as indicated by the double-layer capacitance
(Cdl), was larger in the doped samples. The Cdl value of the Fe-doped NiCo LDH was
3.72 mF/cm2, significantly surpassing the 0.82 mF/cm2 of the undoped NiCo LDH. These
changes improved charge transfer and optimized reaction kinetics, enhancing the overall
OER performance. This study offers significant contributions to the development of effi-
cient electrocatalysts for the OER, advancing the understanding of key design principles
for enhanced catalytic performance.

Keywords: layered double hydroxide; transition metal; doping; hydrogen; oxygen
evolution reaction

1. Introduction

Hydrogen has been increasingly recognized as a vital element in the transition to
sustainable energy systems [1]. One of the primary advantages of hydrogen is its capacity
to be produced from a variety of sources, including renewable energy through water
electrolysis [2,3]. This method is particularly appealing since it generates hydrogen without
carbon emissions, aligning with the goal of global climate change [4].

The oxygen evolution reaction (OER) holds a pivotal position among the various
electrochemical processes. It is a crucial half-reaction occurring specifically at the anode
during the intricate process of water electrolysis. This reaction is characterized by a
significant energy barrier and sluggish kinetics, making it the rate-limiting step in the water
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splitting process [5,6]. The efficiency of the OER is significantly influenced by the choice
of electrocatalysts, which speed the reaction by lowering the activation energy required
for the process [7]. Noble metal catalysts play a main role in electrocatalysis due to their
exceptional catalytic properties [8,9]. Their significant reactivity, stability, and capacity to
accelerate electron transfer render them essential for advancing effective energy conversion
and storage technologies [10]. However, the high cost and shortage of noble metals pose
significant challenges for large-scale commercialization.

Transition metal electrocatalysts can play an alternative role in various reactions,
particularly in energy conversion processes such as the OER [11,12]. These materials are
favored for their unique properties, including high catalytic activity, stability, and the
ability to be synthesized from abundant and inexpensive elements [13]. Among these
materials, transition-metal-layered double hydroxides (TM-LDHs) stand out as particularly
efficient electrocatalysts for the oxygen evolution reaction (OER), especially the (Ni, Co, Fe)-
LDHs. This efficiency largely stems from their distinctive layered structures and substantial
specific surface area, which provide an increased number of accessible active sites, enhance
anion exchange abilities, and facilitate improved charge and mass transport characteristics.
Such properties render LDHs immensely useful across various applications [14–16].

The electrolysis process enables water molecules or hydroxyl ions to be incorporated
into the layered structure of layered double hydroxides (LDHs). This incorporation en-
hances the proton-coupled electron transfer mechanism, which is essential for enhancing
the overall catalytic efficiency of LDHs. As a result, the interaction between these molecules
and the layered structure not only aids in the structural integrity of the materials but also sig-
nificantly boosts their efficiency in catalytic applications [17,18]. Additionally, nickel–cobalt
layered double hydroxides (NiCo LDHs) have been treated as effective electrocatalysts
during the OER, especially in alkaline environments [19,20]. The combination of nickel
and cobalt in LDHs leads to effects that enhance their electrocatalytic properties. The
combination of both metals creates an enhanced electronic environment that can improve
the binding energies of reaction intermediates and optimize the OER process [21,22]. This
synergy is particularly beneficial to the formation of active high-valence states during the
reaction. NiCo LDHs exhibit numerous advantages; however, there still remains significant
potential for enhancing their performance.

Using hydrothermal methods to synthesize NiCo LDHs can achieve better crystallinity
and more uniform particle size, which are beneficial for catalytic activity. This particular
method offers a remarkable advantage in that it enables meticulous and exacting control
over both the composition and morphology of LDHs. When it comes to composition, it
allows researchers to fine-tune the elemental ratios within the LDH structure [23]. The mor-
phology design also affects the performance at different current densities. For instance, the
hierarchical structure, such as using nickel foam as a base material, can enhance the overall
conductivity of the electrode, achieving better charge transfer during the OER process. The
self-supported structure not only improves its stability but also allows it to increase the
active surfaces that expose more active sites to participate in the reaction [24,25]. Mean-
while, many studies have demonstrated that metal-doped NiCo LDH catalysts can lower
overpotentials and accelerate OER kinetics compared to their undoped counterparts [26,27].

Transition metal elements possess abundant electron orbits and exhibit variable oxida-
tion states [28]. This characteristic significantly influences their electronic structure when
doped with NiCo LDH. When transition metal atoms are incorporated into the lattice of
NiCo LDH, the differences in electronegativity and electron orbital energy levels between
these atoms and the Ni and Co atoms lead to a readjustment of the electron cloud distribu-
tion [29,30]. This adjustment notably changes the electron cloud density near the active
site. The electron cloud is key in chemical reactions as it probabilistically describes electron
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positions in atoms or molecules, and its distribution around the active site (where reactions
occur) is altered upon this adjustment. For example, the nanocages Fe-Co-Ni-LDH need
a significantly lower overpotential to reach a specific current density compared to other
LDHs, indicating superior catalytic efficiency [31]. When a transition metal is doped, its
d-orbital electrons interact with the orbitals of the reactant molecules to establish a specific
adsorption mode [32]. If the distribution of electron cloud density is optimized, the reac-
tant molecules can be adsorbed more effectively on the active sites, and the intermediate
products generated during the reaction can also be converted more efficiently [33]. This
optimization reduces the activation energy of the reaction and significantly enhances the
rate of the catalytic reaction.

In this work, we focused on the synthesis of NiCo LDH on nickel foam through a
straightforward one-step hydrothermal process. To enhance the catalytic performance,
we strategically incorporated other transition metals into the NiCo LDH structure. A
series of catalysts with doping elements of Fe, Mn, Cu, and Zn were successfully prepared.
Notably, the Fe-NiCo LDH exhibits an impressive overpotential of 289 mV when assessed
at 50 mA/cm2. This highlights the importance of our doping modification approach
in improving the electrocatalytic characteristics of NiCo LDH. The organization of this
paper is as follows: Section 1 introduces the background and significance of this study.
Section 2 details the experimental methods and materials. Section 3 presents the results and
discussion. Finally, Section 4 concludes this study and provides future research directions.

2. Experiment

2.1. Preparation of the Doped NiCo LDH Catalysts

Before the experiment, the nickel foam (NF) was cleaned with ethanol, 2 mol/L
hydrochloric acid, and water via ultrasonic for 15 min and dried in a vacuum at 60 ◦C.
Then, the Ni(NO3)2 (Aladdin, China), Co(NO3)2 (Aladdin, China), and a certain amount of
FeCl3 (Aladdin, China) were dissolved in 30 mL of deionized water. Subsequently, 2 mmol
of NH4F and 0.5 mmol of urea were added and stirred for 10 min. Finally, the mixture was
placed, along with a piece of treated foam nickel (2.5 × 3 cm), into a 50 mL Teflon-lined
hydrothermal autoclave and hydrothermally treated at 120 ◦C for 10 h. Once the reaction
finished, the autoclave was cooled to room temperature naturally. The resulting sample
underwent the thorough washes with ethanol and deionized water, followed by drying
at 60 ◦C to yield Fe-NiCo LDH. To prepare Mn-NiCo LDH, Cu-NiCo LDH, and Zn-NiCo
LDH, FeCl3 was replaced by a certain amount of MnCl2, CuCl2, and ZnCl2, respectively.

2.2. Structure Characterization

The crystalline structures of the synthesized products were investigated by X-ray
diffraction (XRD, Empyrean, PANalytical, Almelo, The Netherlands Cu Kα). The surface
chemical states and electronic structures of the prepared products were probed by X-ray
photoelectron spectroscopy (XPS, AXIS SUPRA, Shimadzu (Kratos Analytical), Manchester,
UK). The morphologies and microstructures of the products were examined by a Scanning
Electron Microscope (SEM, ZEISS Sigma 500, Carl Zeiss, Oberkochen, Germany).

2.3. Electrochemical Performance Testing

The electrochemical characteristics of the samples were evaluated with an electro-
chemical workstation (CHI 660e). Electrochemical measurements were performed in a
1.0 M KOH aqueous electrolyte using a conventional three-electrode setup. A carbon
electrode functioned as the counter electrode, an Hg/HgO electrode was used as the refer-
ence electrode, and the working electrode comprised M-NiCo LDH/NF (M=Fe, Mn, Cu,
Zn). Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) were performed. The
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Nernst equation states that ERHE = EHg/HgO + (0.098 V + 0.059 V × pH) V; all potentials
could be converted into the reversible hydrogen electrodes (RHEs). The overpotential was
calculated using the following equation η = ERHE − 1.23V.

Linear sweep voltammetry (LSV) measurements were performed at a scan rate of
5 mV s−1 to obtain polarization curves. The Tafel slope was calculated by making use
of the equation η = b log j + a, where η stands for the overpotential, b refers to the Tafel
slope, a is the Tafel intercept, and j is equivalent to the current density (mA cm−2). The
electrochemical double-layer capacitance (Cdl) was derived from cyclic voltammetry (CV)
curves within a non-Faradaic potential, calculated as Cdl = Δj/Δv, where Δv refers to the
scan rate from 20 to 120 mV s−1 and Δj is defined as half the difference between the anodic
and cathodic current densities (Δj = (ja − jc)/2).

3. Results and Discussion

The SEM images depicted in Figure 1a–j reveal the morphological characteristics of
the NiCo LDH and its doped variants, including the Fe-NiCo LDH, Mn-NiCo LDH, Cu-
NiCo LDH, and Zn-NiCo LDH. These images clearly demonstrate the profound influence
of doping on the structural morphology of NiCo LDH. In addition, the Fe-NiCo LDH
and Zn-NiCo LDH display distinct morphological features that set them apart from the
other samples. The Fe-NiCo LDH features a distinctive 3D layered nanoflower framework
(Figure 1c,d). This distinctive structural configuration provides an extensive surface area,
which enhances the adsorption capacity for reactant molecules. The hierarchical arrange-
ment of the nanoflowers enables efficient charge transfer during the OER process [34]. The
numerous exposed edges and surfaces in this structure serve as active sites, promoting
the reaction. The Zn-NiCo LDH presents a 3D thorn-like snowflake structure (Figure 1i,j).
The rough and non-uniform surface of the thorns increases the surface area available for
the reaction. The unique morphology of the Zn-NiCo LDH contributes to its enhanced
electrocatalytic performance in the OER. In contrast, the Mn-NiCo LDH and Cu-NiCo LDH
(Figure 1e–h) do not exhibit such well-defined and advantageous morphologies as the
Fe-NiCo LDH and Zn-NiCo LDH. This indicates that while doping positively influences
the NiCo LDH, a more uniform, open, and three-dimensional morphology offers more
significant advantages. These may help present new avenues for further research aimed at
enhancing the active sites of catalysts.

 

Figure 1. SEM images of (a,b) NiCo LDH, (c,d) Fe-NiCo LDH, (e,f) Mn-NiCo LDH, (g,h) Cu-NiCo
LDH, and (i,j) Zn-NiCo LDH.

We characterized the composition and crystalline structure of the synthesized electro-
catalysts using X-ray diffraction (XRD). The resulting patterns, as depicted in Figure 2a,
closely match the reference data for nickel–cobalt layered double hydroxides (PDF#00-059-
0461) and nickel foam (PDF#01-071-4654), confirming the synthesis of the target materials.
In comparison to the Cu- and Zn-doped NiCo-LDHs, doping with Fe and Mn leads to more
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pronounced distortions in the lattice structure, resulting in notable changes to the lattice
parameters. The changes in the lattice parameters can be quantitatively analyzed from the
shift in the diffraction peaks. Upon doping with Fe, the peak of the Ni-Co LDH shifted
to a lower angle. This observation indicates an increase in the interlayer spacing of the
Ni-Co LDH structure [35]. This alteration in the lattice structure has the potential to impact
the diffusion of reactant ions and the electronic structure of the material. Eventually, it
will exert an influence on the catalytic performance. Specifically, lattice distortion modifies
the distances between atoms and the extent of overlap within the electron cloud, conse-
quently affecting the transmission pathways and efficiency of electrons [36]. Furthermore,
lattice distortion introduces defects, which often serve as active sites that enhance the
adsorption capacity of reactants and facilitate the formation and transformation of reaction
intermediates, thereby improving catalytic activity.

 

Figure 2. Structural characterization. (a) XRD patterns and (b) O1s of NiCo LDH, NF, Fe-NiCo
LDH, Mn-NiCo LDH, Cu-NiCo LDH, and Zn-NiCo LDH. (c) Ni 2p XPS and (d) Co 2p XPS of
Fe-NiCo LDH.

High-resolution X-ray photoelectron spectroscopy (XPS) emerged as the analytical
tool that precisely determined the chemical states of elements. To guarantee the precision
and dependability of the XPS data, the peak position of every element was calibrated with
the aid of the C 1s peak at 284.8 eV. As depicted in Figure 2b, the high-resolution O 1s
spectra acquired from all experimental samples exhibit a remarkable degree of complex-
ity, allowing for a detailed analysis through the process of deconvolution. Specifically,
these spectra can be effectively partitioned into three distinct peaks, each of which corre-
sponds to different chemical states of oxygen present within the samples. In the case of the
NiCo LDH, the peak at 533.30 eV is related to oxygen in the adsorbed state. The peak at
532.20 eV is oxygen vacancies (Ov). Meanwhile, the peak at 531.45 eV is combined with
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metal–oxygen bonding (M-O) [37]. These oxygen vacancies may enhance the adsorption
of OH− by providing extra adsorption sites [38]. In all the doped samples, the oxygen
vacancies showed a slight negative shift compared with the NiCo LDH. This observed
shift, within the context of the chemical and physical phenomena under study, implies
a rather significant difference in the electronic environment that surrounds the oxygen
atoms, which may be related to the interaction between the doping elements and the host
NiCo LDH structure. The high-resolution Ni 2p XPS spectrum (Figure 2c) exhibits two
characteristic spin–orbit split components corresponding to Ni 2p3/2 (857.1 eV) and Ni
2p1/2 (874.7 eV) states, demonstrating a peak separation of 17.6 eV, fitting with reference
data for Ni2+ species in NiCo-LDH systems. The deconvolution of the Co 2p XPS spectrum
(Figure 2d) reveals dual oxidation states, with resolved components at 784.28 eV (2p3/2)
and 800.37 eV (2p1/2), characteristic of Co2+ species, contrasted by corresponding Co3+

signals observed at 782.18 eV (2p3/2) and 798.14 eV (2p1/2). This distinct separation be-
tween divalent and trivalent cobalt states aligns with established spectral fingerprints for
NiCo-LDH systems. Obviously, compared with the NiCo LDH, both Ni 2p3/2 and Co 2p3/2

exhibit a negative shift not only in the Fe-NiCo LDH but in the other samples (Figure 2c,d
and Figure 3a–f). The spin–orbit splitting magnitudes and principal peak locations served
as diagnostic markers for identifying nickel–cobalt oxidation states while simultaneously
revealing electronic configuration modifications induced by cationic substitution. The
observed spectral shifts demonstrate the presence of intercomponent electronic interactions,
which enable the precise modulation of the electron density distribution in the Fe-NiCo
LDH and analogous heteroatom-modified systems. Such controlled electronic restructuring
favors the generation of catalytically active centers while optimizing interfacial electron
transport pathways between the electrode surface and oxygen evolution reaction (OER)
intermediates [39]. After doping, the electron binding energies of Ni and Co changed signif-
icantly, intuitively demonstrating a modification in the electronic structure. Specifically, the
d-orbital hybridization between Fe and neighboring Ni/Co atoms enhances the localized
electron density at active sites [40]. This enhancement is advantageous for the adsorption
of OH− and the subsequent electron transfer process, thereby promoting the OER reaction.

Figure 3. Co 2p XPS of (a) Mn-NiCo LDH, (b) Cu-NiCo LDH, and (c) Zn-NiCo LDH. Ni 2p XPS of
(d) Mn-NiCo LDH, (e) Cu-NiCo LDH, and (f) Zn-NiCo LDH.
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As shown in the Fe 2p spectra of the Fe-NiCo LDH (Figure 4a), the two peaks cor-
responding to Fe3+ are at 716.6 and 727.6 eV, while the peaks for Fe2+ are at 713.2 and
725.1 eV. The associated satellite peaks are located at around 720.1 and 736.9 eV. The spec-
tral deconvolution of the Mn-NiCo LDH (Figure 4b) identifies Mn2+ signatures through
2p3/2 (644.3 eV) and 2p1/2 (653.3 eV) transitions in the Mn 2p region. In Cu 2p spectra of
the Cu-NiCo LDH (Figure 4c), the peaks at around 932.3 and 952.1 eV are Cu 2p3/2 and
Cu 2p 1/2 of Cu2+, respectively. The associated satellite peaks are located at around 934.9,
943.1, and 954.7 eV of strong Cu2+. The Zn 2p XPS spectra of the Zn-NiCo LDH are shown
in Figure 4d; the two peaks at 1021.5 and 1044.6 eV are Zn 2p3/2 and Zn 2p 1/2 of Zn2+,
respectively. In the doped catalyst, the binding energy of Fe, Mn, Cu, and Zn (Figure 4a–d)
increased compared to the general oxides. This increase may be attributed to the heightened
electron cloud density surrounding the Ni and Co elements. To maintain charge balance,
the electron cloud density around Fe, Mn, Cu, and Zn consequently decreased. Notably, Fe
exhibits two distinct oxidation states: divalent and trivalent. The rise in binding energy
contributes significantly to the stability of Fe2+ ions. This enhanced stability could facilitate
the processes of adsorption and desorption for intermediates involved in the reactions.
Furthermore, the stability of Fe2+ has implications for the overall reaction mechanism of
the OER. A more stable Fe2+ can alter the pathway and kinetics of the OER, potentially
leading to improved performance in catalytic applications. A more stable Fe2+ can act as
a more efficient electron transfer mediator [41]. During the OER, the transfer of electrons
between different oxidation states of Fe can improve the formation and transformation
of reaction intermediates. Fe2+ can be oxidized to Fe3+ during the reaction, and then Fe3+

can accept electrons from the catalyst surface and be reduced back to Fe2+, completing the
electron transfer cycle. The enhanced stability of Fe2+ can ensure the smooth progress of
this cycle, improving the overall catalytic performance [42].

The catalytic activity of the materials investigated for the OER was meticulously
within an alkaline environment, using a 1.0 M potassium hydroxide (KOH) solution. The
LSV curves for the catalysts are illustrated in Figure 5a. The Fe-NiCo LDH catalysts show
remarkable electrocatalytic activity for the OER, with an overpotential of merely 289 mV at
50 mA cm−2, as depicted in Figure 5b. In contrast, the undoped NiCo LDH shows higher
overpotential (450 mV) at the same condition. The significant difference in overpotential
clearly demonstrates a remarkable enhancement in the catalytic performance of the Fe-NiCo
LDH. At a current density of 50 mA cm−2, other doped samples, such as the Mn-NiCo
LDH (414 mV), Cu-NiCo LDH (403 mV), and Zn-NiCo LDH (357 mV), also display lower
overpotentials when compared to the undoped NiCo LDH. This clearly shows that doping
positively affects the modification to the NiCo LDH for the OER.

The incorporation of Fe atoms into the NiCo LDH modifies its electronic structure,
which in turn improves the capacity of active sites to capture hydroxide ions (OH−). This
improvement in adsorption capacity facilitates a more rapid reaction rate in the OER. A
detailed analysis using XPS (Figure 2c,d) demonstrated that the electron binding energies
for both Ni and Co registered notable changes following the doping process with Fe. This
observation serves as compelling evidence of the alteration in the material’s electronic
structure. More specifically, the interaction between the d-orbital electrons of Fe and those
of Ni and Co results in an increase in the electron cloud density surrounding the active
sites, thereby promoting enhanced catalytic activity [43]. This improvement aids in the
adsorption of OH− ions and facilitates the subsequent electron transfer process, thereby
significantly promoting the OER. The catalytic activity of the NiCo LDH is greatly increased
through metal doping. Considering the fundamental catalytic characteristics of the NiCo
LDH, the incorporation of dopants brings about diverse effects that further impact its
overall performance. Coupled with the SEM analysis (Figure 1c,d), it is clear that the
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nanoflower structure of the Fe-NiCo LDH demonstrates the most significant performance
optimization. Although the thorn-like snowflake structure of the Zn-doped NiCo LDH is
different from the layered nanoflower structure of the Fe-NiCo LDH, it significantly reduces
the overpotential. The surfaces of the stick exhibit roughness with non-uniformed spots
(Figure 1i,j). The rough and non-uniform surface of the thorns in Zn-NiCo LDH benefits
not only the surface area for OH− adsorption but the micro-environments with different
electrochemical properties. These micro-environments can improve the charge transfer
process and the adsorption–desorption of reaction intermediates. From an electronic
structure perspective, Zn doping may adjust the energy levels of the valence and conduction
bands in the NiCo LDH. This adjustment can optimize the interaction between the catalyst
and the reactants, promoting the OE. Zn doping might lower the energy barrier for the
electron transfer from the catalyst to the adsorbed OH− species, thus accelerating the
oxidation process [44]. While this structure is distinctly different from the original layered
configuration, it nonetheless contributes positively to performance enhancement. Although
the Mn-NiCo LDH and Cu-NiCo LDH have higher overpotentials than the Fe-NiCo LDH
and Zn-NiCo LDH, they still show significant improvement compared to the undoped
NiCo LDH. This indicates that even though their morphologies and electronic structure
modifications are not as effective as those of the Fe-NiCo LDH and Zn-NiCo LDH, the
doping still positively impacts the OER activity. For the Mn-NiCo LDH, Mn doping can
introduce new electronic states in the NiCo LDH. These new states can act as additional
active sites or modify the existing active site properties. The variable oxidation states
of Mn can participate in the redox reactions during the OER, improving the transfer of
electrons [45]. However, the less-ordered morphology of the Mn-NiCo LDH might limit
the accessibility of these active sites, resulting in a relatively higher overpotential when
compared with the Fe- or Zn-doped NiCo LDHs. The Cu-NiCo LDH also benefits from the
doping effect. Cu is known for its good electrical conductivity and ability to participate
in redox reactions. When doped into the NiCo LDH, Cu can enhance the efficiency of
the charge transformation within the catalyst. The Cu atoms can act as electron transport
centers, increasing the movement of electrons from the bulk of the catalyst to the surface
where the OER occurs.

The OER kinetics of the catalysts were evaluated by obtaining the Tafel slopes from
the LSV curves (Figure 5c). The Tafel slope for the Cu-NiCo LDH was measured at
89 mV dec−1, which is lower than that of the other samples, suggesting that the Cu-NiCo
LDH has more rapid OER kinetics. A smaller Tafel slope implies that the reaction rate is
more sensitive to the overpotential. Compared to the other catalysts, for the Cu-NiCo LDH,
a relatively minor increment in the overpotential is capable of bringing about a substantial
rise in the current density. Additionally, the LSV curves image (Figure 5a) shows that at
10 mA cm−2, the overpotential of the Cu-NiCo LDH is the lowest. This reduction in the
overpotential may be attributed to the doping of Cu, which enhances electron transport
and minimizes energy loss during electron transmission [46]. Cu doping is likely to induce
alterations in the reaction pathway. In the course of the OER process, reactions can progress
via diverse intermediates. The existence of Cu might facilitate the generation of particular
reactive intermediates. As a result, the activation energy of the reaction is decreased, and
the reaction kinetics are enhanced. One possible explanation is that Cu can interact with
OH− and other reaction species to form a more reactive complex. This complex can then
be more easily converted to the final product, O2. Cu may form a Cu-OH bridge that has a
lower energy barrier for the subsequent oxidation steps compared to the reaction pathway
without Cu. Another point to consider is that doping with Cu can also have an impact on
the surface charge distribution of the catalyst. A more favorable distribution can enhance
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the adsorption of OH− and improve the desorption of reaction products, such as O2, which
can further improve the reaction kinetics.

 

Figure 4. (a) Fe 2p XPS of Fe-NiCo LDH. (b) Mn 2p XPS of Mn-NiCo LDH. (c) Cu 2p XPS of Cu-NiCo
LDH. (d) Zn 2p XPS of Zn-NiCo LDH.

In electrochemical catalysis, the double-layer capacitance (Cdl) is directly proportional
to the electrochemically active surface area (ECSA) of the catalyst, which can be estimated
by determining Cdl (Figure 5d). The Fe-NiCo LDH (3.72 mF cm−2) has a larger Cdl

value compared with the NiCo LDH (0.82 mF cm−2), Mn-NiCo LDH (1.3 mF cm−2), Cu-
NiCo LDH (1.09 mF cm−2), and Zn-NiCo LDH (1.05 mF cm−2). The larger Cdl value
of the Fe-NiCo LDH indicates a larger ECSA, meaning there are more exposed active
sites on its surface. The unique 3D layered nanoflower structure of the Fe NiCo LDH is
likely responsible for this large ECSA. The hierarchical nanoflower structure provides a
high surface-to-volume ratio, allowing for a greater number of active sites to be exposed
to the electrolyte. These active sites can interact with OH− or other intermedia more
effectively. The increased number of active sites leads to more available reaction sites,
allowing for complete contact with electrolytes. Consequently, this promotes the reaction
and enhances the reactivity of the catalyst. The enhanced performance of the Fe-doped
NiCo LDH compared to the other dopants can be attributed to several key mechanisms.
First, the incorporation of Fe into the NiCo LDH structure leads to significant changes in
the electronic structure of the catalyst. Fe has a higher electron density and a different
electronegativity compared to Ni and Co, which results in a redistribution of the electron
cloud density around the active sites. This redistribution enhances the adsorption of
hydroxide ions (OH−) and facilitates the electron transfer process during the OER. Second,
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the Fe-doped NiCo LDH exhibits a unique 3D layered nanoflower structure, which provides
a large surface area for reactant adsorption and efficient charge transfer. The hierarchical
arrangement of the nanoflowers allows for better exposure of active sites and improved
mass transport, which are crucial for enhancing the catalytic activity. When compared with
the undoped NiCo LDH, the Mn-, Cu-, and Zn-NiCo LDHs exhibit larger Cdl values. This
phenomenon implies that doping is able to enhance the ECSA of the NiCo LDH. Regarding
the Mn-NiCo LDH, despite its morphology being less regular than that of the Fe-NiCo
LDH, Mn doping can still give rise to new active sites or uncover more active sites on the
surface. Mn atoms can introduce defects or modify the surface structure, leading to an
increase in the ECSA. The Cu-NiCo LDH and Zn-NiCo LDH also benefit from doping in
terms of the ECSA. Cu and Zn atoms can disrupt the original lattice structure of the NiCo
LDH, creating more surface active sites. The unique morphology of the Zn-NiCo LDH,
although different from that of the Fe-NiCo LDH, also contributes to the increase in the
ECSA. The 3D thorn-like snowflake structure of the Zn-NiCo LDH provides a large surface
area, which is reflected in its relatively large Cdl value.

 

Figure 5. (a) LSV curves, (b) η at a current density of 50 mA cm−2, (c) Tafel plots, and (d) linear plots
of current density (Δj/2) versus scan rate for NiCo LDH, Fe-NiCo LDH, Mn-NiCo LDH, Cu-NiCo
LDH, and Zn-NiCo LDH.

4. Conclusions

In this study, a series of transition-metal-doped NiCo LDH catalysts were successfully
synthesized via the one-step hydrothermal method. The doping of Fe, Mn, Cu, and Zn
significantly enhanced the oxygen evolution reaction (OER) performance. At a current
density of 50 mA/cm2, the undoped NiCo LDH had an overpotential of 450 mV, while
the Fe-doped NiCo LDH showed a remarkable improvement, achieving an overpotential
of 289 mV. The Mn-, Cu-, and Zn-NiCo LDHs also exhibited lower overpotentials of
414 mV, 403 mV, and 357 mV, respectively, at this current density. The doping modified
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the morphology, crystal structure, and electronic structure of the NiCo LDH. There was
a unique 3D layered nanoflower in the Fe-NiCo LDH and a 3D thorn-like snowflake
in the Zn-NiCo LDH, both of which increased the surface area for reactant adsorption.
XRD analysis revealed that Fe and Mn doping led to lattice distortions, changing the
lattice parameters. XPS revealed that doping altered the chemical states of elements
and the electronic environment around them. In terms of electrochemical properties, the
electrochemically active surface area, estimated by the double-layer capacitance (Cdl),
increased in doped samples. The Fe-doped NiCo LDH had a Cdl value of 3.72 mF/cm2,
where the undoped NiCo LDH had a value of 0.82 mF/cm2. The Cu-NiCo LDH exhibited
the fastest OER kinetics with a Tafel slope of 89 mV dec−1.

This study suggests several potential avenues for future research to further enhance
OER efficiency. Future work could explore the doping of NiCo LDHs with other transition
metals, such as Mo, W, or V, to identify new catalysts with even higher OER performance.
The development of composite materials, such as NiCo LDHs combined with conductive
polymers or carbon-based materials, could improve the electronic conductivity and stability
of the catalysts. The use of advanced characterization techniques, such as in situ X-ray
photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS), could provide
deeper insights into the electronic and geometric structures of the catalysts during the OER
process. In conclusion, this study demonstrates the potential of transition-metal-doped
NiCo LDH catalysts for efficient OER and provides a foundation for future research to
further enhance the performance and sustainability of these catalysts.
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Abstract: Efficient and low-cost electrocatalysts for the hydrogen evolution reaction (HER)
in alkaline media are essential for sustainable hydrogen production. In this study, Ni
electrocatalysts were deposited on pencil graphite using a simple one-step pulsed current
electrodeposition method, from both acidic Watts and alkaline citrate baths. The influence
of bath type and electrodeposition parameters—current density and temperature—on cata-
lyst morphology and performance for HER was systematically investigated by scanning
electron microscopy and electrochemical methods. Linear sweep voltammetry, chronopo-
tentiometry, and electrochemical impedance spectroscopy (EIS) were used to evaluate the
electrocatalytic activity, stability, and HER mechanism. The best catalytic performance was
achieved for the Ni electrocatalyst deposited from the citrate bath at 50 mA cm−2 and 40
◦C, showing an exchange current density of 0.93 mA cm−2, a Tafel slope of −208 mV dec−1,
and overpotentials of −210 mV and −386 mV at 10 and 100 mA cm−2, respectively, in 1 M
KOH solution. Chronopotentiometry confirmed improved stability and an overpotential
reduction of approximately 92 mV as compared to pure Ni, while EIS revealed the lowest
charge transfer resistance. It was shown that the electrocatalysts deposited from the citrate
bath outperform those from the Watts bath, and electrodeposition at 40 ◦C is optimal for
achieving the highest electrocatalytic activity for HER.

Keywords: hydrogen evolution reaction; alkaline media; nickel electrodeposition; citrate
bath; pulsed current electrodeposition

1. Introduction

In recent years, the focus on renewable energy technologies has significantly propelled
research into advanced electrolysis systems, particularly on anion exchange membrane
(AEM) electrolyzers, which possess substantial potential for efficient hydrogen production.
The core reactions at the cathode and anode are the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER), respectively, both being successfully catalyzed by the
benchmark electrocatalysts based on platinum, iridium, or ruthenium [1,2]. Besides these,
nickel and its alloys have emerged as promising non-precious metal electrocatalysts for
HER due to their remarkable intrinsic properties and electrochemical stability under opera-
tional conditions, especially in alkaline media [3,4]. Its abundance, cost-effectiveness, and
favorable catalytic activity make it an attractive alternative to noble metal catalysts [5,6],
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which, despite their high efficiency, are hindered by scarcity and expense. In alkaline envi-
ronments, the HER process is often limited by the sluggish kinetics of water dissociation.
In this regard, to further enhance the activity and performance, researchers have explored
various strategies, including alloying nickel with other metals [7,8] to form compounds
like sulfides [9,10], selenides [11], phosphides [12] and oxides [13,14] as well as engineering
nanostructures to increase the electrochemically active surface area [15]. Feng et al. re-
ported a nanoscale electrocatalyst composed of NiS2 and Ni3C@C, presenting exceptional
stability and HER performance superior to many traditional catalysts [9]. Similarly, Liu et al.
suggested nickel phosphides, which facilitate hydrogen adsorption and desorption, thereby
accelerating reaction rates during HER, highlighting them as effective catalysts for alkaline
electrolysis [12]. Sadhanala et al. illustrated that the Ru-doped nickel foam exhibits en-
hanced performance due to synergistic effects, improving stability and catalytic efficiency
in alkaline environments [16]. In addition to these materials, nickel-based nitrides have
attracted considerable interest due to their promising electrochemical properties. The study
of Wang et al. demonstrated that nitride materials, particularly nickel–cobalt nitrides,
show excellent catalytic activity for both HER and OER, underscoring their versatility in
alkaline electrolysis setups [17]. Their effective performance is attributed to improved
electronic properties and enhanced water dissociation kinetics, which are vital for efficient
hydrogen production. One of the notable approaches to improving nickel-based catalysts
lies in the development of bimetallic and heterostructured materials. For instance, the
combination of nickel with transition metals such as molybdenum has shown significant
enhancement in HER activity [18,19]. The study of Fernández-Valverde et al. demonstrated
that Ni-Mo electrocatalysts possess advantageous electrochemical behavior in alkaline
solutions, establishing them as references in commercial alkaline electrolyzers due to their
superior efficiency compared to pure nickel [20]. Furthermore, incorporating heteroatoms
into nickel-based structures has proven to be an effective strategy to increase overall HER
performance, as discussed by Deng et al., which optimizes the electronic structure and
stability of the catalysts [21]. These findings are supported by Wang et al.’s study, which
showed that synergetic effects between bimetallic phosphide catalysts can significantly
reduce overpotentials, thereby enhancing hydrogen production efficiency [22]. Moreover,
advancements in the architecture of nickel catalysts have further improved their electro-
chemical performance. Li et al. reported on the efficient water splitting facilitated by
three-dimensional nickel molybdenum phosphide hetero-nanorods, emphasizing that the
rough surface texture provided a high density of active sites, enabling rapid electron and
proton transfer [23]. Such three-dimensional structures allow for effective mass transport
and increased active surface area, leading to enhanced catalytic efficiency. Additional
studies indicate that variation of compositions and structures, such as nickel hydroxides or
oxides, can facilitate superior catalytic properties, with amorphous metallic nickel being
highlighted for its impressive HER activity with minimal overpotential [24].

Among different manufacturing techniques, electrodeposition has been employed to
fabricate nickel coatings [25] or particles [26], with controlled textures and porosities, which
are crucial for optimizing HER performance. Electrodeposition involves the reduction of
Ni2+ ions from an electrolyte solution onto a conductive substrate under an applied electric
potential. The process parameters—such as electrolyte composition, pH, temperature,
deposition potential, and current density—play pivotal roles in determining the nucleation
and growth mechanisms of Ni, thereby affecting the microstructure and catalytic properties
of the deposited layer [27–29]. A promising technique for tailoring the microstructure of
electrodeposited materials is pulsed current (PC) electrodeposition. By alternating the
applied current between a high value during the on time (ton) and zero or low current
during the off time (toff), this method enhances nucleation rate and offers better control over
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growth, leading to finer-grained deposits with improved structural uniformity and elec-
trochemical performance compared to conventional direct current electrodeposition [30].
Optimizing pulse parameters allows obtaining nanocrystalline materials with superior
catalytic activity due to their favorable morphology, increased surface area, improved
charge transfer kinetics, and more active sites available for the HER [31,32].

A significant role in enhancing the activity, stability, and electrochemical properties of
the catalysts is played by the support material. Carbon-based supports such as graphene,
carbon nanotubes, or carbon nanofibers are commonly used due to their high electrical
conductivity, large surface area, and chemical stability across various pH ranges. Among
them, pencil graphite electrodes (PGE) are frequently used in sensor applications and
electrocatalysis [33,34], including HER [32,35], based on their low cost, accessibility, and
suitability as a scalable platform for preliminary electrochemical studies.

In this study, we report on nickel deposits obtained on PGE substrate by pulsed current
electrodeposition, from acidic Watts and alkaline citrate baths, with enhanced electrocat-
alytic activity for HER in alkaline media. We investigated the effect of temperature and
different bath compositions on the electrocatalytic activity for HER. Field emission scanning
electron microscopy (FE-SEM) and energy dispersive X-ray spectroscopy (EDAX) were
employed to investigate surface morphology and chemical composition. The electrocat-
alytic performance for HER was evaluated and compared using linear sweep voltammetry
(LSV) and kinetic parameters extracted from the Tafel plots. Additionally, the overpotential
required to achieve current densities of 10, 50, and 100 mA cm−2 served as an indicator
for comparing the activity of all Ni-PGE electrocatalysts. Stability tests were performed at
constant current densities of 10 and 100 mA cm−2. In addition, electrochemical impedance
spectroscopy (EIS) was used to gain deeper insight into the electrode behavior and under-
lying HER mechanism at various overpotential values. The results demonstrate that Ni
electrocatalysts prepared from an alkaline citrate bath at an optimal deposition temperature
of 40 ◦C exhibit superior performance for HER. These findings provide a foundation for the
development and design of HER electrocatalysts with improved electrocatalytic activity in
alkaline media, utilizing a simple, one-step electrodeposition approach and an affordable
and available substrate.

2. Materials and Methods

2.1. Preparation of Ni-PGE by Pulsed Current Electrodeposition

Nickel electrodeposition on PGE was carried out via pulsed current electrodeposition,
from citrate and Watts bath, respectively, with the compositions described in Table 1. For
the electrodeposition, a three-electrode cell was used, with PGE as working electrode,
a silver—silver chloride (Ag/AgCl in 3 M KCl, BASi®, West Lafayette, IN, USA)—as
reference electrode, and a Pt wire as counter electrode. To obtain a constant surface area for
Ni electrodeposition, the PGEs were isolated with Teflon band, leaving a controlled length
of 20 mm in contact with the electrolyte solution. Before use, the PGEs were cleaned in
ethanol using an ultrasound bath and finally rinsed with distilled water.

Table 1. The composition of the citrate and Watts baths used for the deposition of nickel.

Bath Type Composition Concentration pH

Citrate Na3C6H5O7·5H2O
NiSO4·6 H2O

0.3 mol L−1

0.2 mol L−1 8

Watts
NiSO4·6 H2O
NiCl2·6 H2O

H3BO3

300 g L−1

45 g L−1

30 g L−1
2
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Constant cathodic current pulses of 25 and 50 mA cm−2 were applied using an Autolab
302N potentiostat/galvanostat (Metrohm Autolab, Utrecht, The Netherlands) with the
following deposition parameters: on time ton = 0.1 s, off time toff = 0.5 s, and 500 cycles,
resulting in a duty cycle of 16.67%. Several electrodes were prepared by electrodeposition at
three different temperatures, namely 20, 40, and 60 ◦C, while keeping the pulse parameters
as stated. The fabrication process is described in Figure 1.

Figure 1. Schematic representation of the electrode fabrication and testing.

The citrate bath was prepared using nickel sulfate hexahydrate (NiSO4·6 H2O, Chim-
reactiv, p.a.) and trisodium citrate pentahydrate (Na3C6H5O7·5H2O, Chimreactiv, p.a.)
with the composition given in Table 1. After preparation, the pH was adjusted to 8 by
dropwise addition of ammonia.

In the citrate bath, trisodium citrate acts as a complexing agent, forming nickel–citrate
complexes [36] that influence the nucleation and growth of nickel deposits. This results in
smoother, more uniform Ni layers with finer crystal structure than those obtained from
the Watts bath [37]. Nickel electrodeposited from citrate baths typically exhibits a compact,
globular surface and nanocrystalline microstructure [28,38]. In the Watts bath, nickel
sulfate hexahydrate (NiSO4·6 H2O, Chimreactiv, p.a.) and nickel chloride hexahydrate
(NiCl2·6 H2O, Merck, EMSURE®, ACS) provide the necessary nickel ions for the cathodic
deposition, while boric acid (H3BO3 Merck, EMSURE®, ACS, ISO, Reag. Ph Eur) acts as a
buffering agent to ensure the acidic environment during the electrodeposition process.

2.2. Physico-Chemical Characterization of Ni-PGE

The structure and morphology of Ni-PGE were studied using field emission scanning
electron microscopy (FE-SEM) on a QUANTA FEG 250 microscope (Quanta FEG 250, FEI,
Hillsboro, OR, USA), with the Everhart–Thornley detector (ETD) for secondary electrons
(SE). Images were taken in a high vacuum mode with an accelerating voltage of 10 kV
and a working distance of 10 mm. The elemental composition was determined by energy
dispersive X-ray analysis (EDAX with Apollo SSD detector, EDAX Inc., Mahwah, NJ, USA).

2.3. Performance of Ni-PGE for Hydrogen Evolution Reaction

The performance of Ni-PGE for HER was evaluated using a combination of electro-
chemical methods, including linear sweep voltammetry (LSV), chronopotentiometry (CP),
and electrochemical impedance spectroscopy (EIS). All electrochemical tests were carried
out on an Autolab 302 N potentiostat/galvanostat, in a three-electrode configuration cell,
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with Ni-PGE as working electrode, a silver—silver chloride (Ag/AgCl in 3 M KCl)—as
reference electrode and a Pt wire as counter electrode. The measured electrode potentials
versus the reference were converted to the reversible hydrogen electrode (RHE) using
the formula ERHE = EAg/AgCl + 0.059 pH + Eo

Ag/AgCl, where EAg/AgCl is the measured
potential, and Eo

Ag/AgCl is the potential of the Ag/AgCl electrode (0.210 V for a 3 M KCl
solution). The test solution was 1 M KOH (Merck, EMSURE®, p.a.).

LSV measurements were recorded in 1 M KOH at a scan rate of 10 mV s−1 to obtain the
Tafel plots and calculate the kinetic parameters: b is the Tafel slope, and i0 is the exchange
current density. CP measurements were conducted in 1 M KOH at a current density of
10 and 100 mA cm−2 for 2 h to investigate HER overpotentials and Ni-PGE stability. EIS
measurements were carried out over a frequency range of 100 kHz to 10 mHz with an
AC voltage amplitude of 10 mV rms. For each spectrum, 60 points were collected using a
logarithmic distribution of 10 points per frequency decade. Impedance spectra for each
Ni-PGE were measured at five different HER overpotentials ranging from −50 mV to
−250 mV. The experimental EIS data were modeled to an equivalent electrical circuit (EEC)
using a complex non-linear least-squares Levenberg–Marquardt procedure with the ZView
3.0 software. All electrochemical measurements were repeated on a nickel wire (φ = 1 mm,
99.2% Ni), and the HER performance of Ni-PGEs was compared to that of a reference Ni
wire electrode.

3. Results and Discussion

3.1. Pulsed Current Electrodeposition of Ni-PGE

To investigate the effect of bath type and electrodeposition parameters—pulsed current
density and temperature—on the electrocatalytic activity for HER, several electrodes were
prepared by varying the parameters according to the data presented in Table 2.

Table 2. Electrodeposition parameters used for preparation of Ni-PGE.

Electrode
Pulsed Current

Density (mA
cm−2)

Temperature
(◦C)

Electrodeposition
Conditions

Ni-PGE-W1 50 25 Watts bath
pH = 2Ni-PGE-W2 50 40

Ni-PGE-C1 25 25

Citrate bath
pH = 8

Ni-PGE-C2 25 40
Ni-PGE-C3 25 60
Ni-PGE-C4 50 25
Ni-PGE-C5 50 40
Ni-PGE-C6 50 60

In all cases, the pulse parameters were maintained similarly, as described in the
Materials and Methods Section. For the Watts bath, a pulsed current density of 25 mA cm−2

was not adequate to achieve deposition; therefore, only deposits obtained at 50 mA cm−2

were further investigated.

3.2. Characterization of Ni-PGE

Figure 2 presents FE-SEM images of Ni deposits obtained from an acidic Watts bath at
a current density of 50 mA cm−2 and two different temperatures: 25 and 40 ◦C. The EDAX
elemental analysis results are shown as insets in Figure 2b,d. The observed nickel deposit
morphology is consistent with nickel electrodeposition from the Watts bath occurring
simultaneously with the cathodic HER.
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(a) (c) 

(d)(b)

Figure 2. FE-SEM micrographs of nickel deposits on PGE obtained by pulsed current electrodeposition
from the Watts bath at 50 mA cm−2 current density and the two different temperatures of 25 ◦C and
40 ◦C: Ni-PGE-W1 (a,b) and Ni-PGE-W2 (c,d). Insets show the results of EDAX elemental analysis.

The lower-magnitude FE-SEM images from Figure 2a,c reveal a heterogeneous, rela-
tively compact structure, indicating a low specific surface area. The deposit obtained at
25 ◦C (Figure 2a) shows a rough texture with visible irregularities and a large number of
circular defects (marked as yellow circles) resulting from hydrogen bubbles entrapment
or shielded regions where nickel deposition was hindered by gas evolution. When the
temperature is increased to 40 ◦C (Figure 2c), the deposition rate increased, resulting
in more uniform coverage, but at the same time, dendritic structures and filament-like
growths began to form. In the Watts bath, increasing temperature enhanced the diffusion of
Ni2+ ions towards the cathode and favored rapid growth at existing nucleation sites rather
than the formation of new sites. This explains the formation of dendritic or filament-like
structures, particularly under high current density conditions. At increased magnification,
the FE-SEM images in Figure 2b,d show a layered structure, with a compact base layer and
globular morphology. At 25 ◦C (Figure 2b), numerous cracks are visible in the top layer,
caused by internal stresses during deposition. At 40 ◦C (Figure 2d), a finer grain structure
is observed covered by filaments with a dendritic structure.

Figure 3 shows selected FE-SEM images of the Ni deposits obtained from the alkaline
citrate bath at 40 ◦C and two different current densities: 25 and 50 mA cm−2.
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Figure 3. FE-SEM micrographs of nickel deposits on PGE obtained by pulsed current electrodeposition
from the citrate bath at 40 ◦C and the two different current densities of 25 and 50 mA cm−2: Ni-PGE-
C2 (a–c) and Ni-PGE-C5 (d–f). Insets show the results of EDAX elemental analysis.

Similar to the Watts bath, nickel electrodeposition from citrate bath occurs simulta-
neously with HER. However, in alkaline solution, the deposited nickel acts as an electro-
catalyst for HER. Consequently, the FE-SEM images in Figure 3a,d reveal more frequent
and larger shielded areas where nickel deposition was hindered due to hydrogen bubbles
formation (yellow circles), as compared to the Watts bath. As the deposition current density
increased, the current efficiency for nickel deposition decreased due to the intensification
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of the secondary reaction, and the spots corresponding to hydrogen bubbles became even
larger. Simultaneously, higher current density produces a more uniform deposition struc-
ture. Comparing Figure 3b,e, it is evident that at low current density, more pores and voids
formed, whereas at high current density, the deposit became more uniform and homoge-
neous. At higher magnification, the nickel deposits in Figure 3f exhibit a homogeneous,
globular morphology, with structures approximately 1 μm in size and characteristic of
citrate-based alkaline baths [38]. This morphology provides a higher specific surface area
compared to deposits from the acidic Watts bath. Unlike the Watts bath, the presence of
complexing agents in the citrate bath regulated the availability of Ni2+ ions at the cathode
surface. This ensured a more controlled and uniform nucleation process, even at elevated
temperatures, reducing the tendency to anisotropic growth. As a result, nickel deposits
from citrate baths typically display finer grains and a nanocrystalline structure, leading to
an increased specific surface area.

The EDAX analysis confirmed the presence of nickel, carbon, and oxygen for all
analyzed samples. The carbon originated from the graphite substrate, while the oxygen
content was higher in nickel deposits from the acidic Watts bath compared to those from
the alkaline citrate bath. This suggests a pronounced incorporation of oxidized species,
such as nickel hydroxide or nickel oxide, in deposits obtained from the Watts bath. In
contrast, the alkaline citrate bath contained citrate ligands, acting as complexing agents,
stabilizing nickel ions, and reducing their direct hydrolysis or oxide formation, leading to
lower oxygen incorporation in the deposit.

3.3. Electrocatalytic Activity of Ni-PGE Towards Hydrogen Evolution Reaction

Figure 4 shows the performance of Ni-PGE for HER in alkaline solution, which was
evaluated based on linear potentiodynamic polarization curves, Tafel plots, the overpoten-
tial value required to reach a current density of 10 and 50 mA cm−2, and stability tests at
a current density of 10 and 100 mA cm−2, respectively. The polarization curves obtained
for Ni deposits from the Watts (Figure 4a) and citrate baths (Figure 4c) reveal that unlike
pencil graphite, which showed no electrocatalytic activity for HER, all the Ni-PGE showed
good electrocatalytic activity. For both types of Ni deposits obtained from the Watts and
citrate baths, increasing the deposition temperature from 25 to 40 ◦C had a favorable effect
on the performance of the electrodes at both 25 and 50 mA cm−2 applied pulsed current
densities. Further increasing the deposition temperature to 60 ◦C for the citrate bath nega-
tively affected the electrocatalytic activity. In conclusion, we established that the optimal
deposition temperature is 40 ◦C.

Tafel plots for HER of Ni-PGEs from the Watts (Figure 4b) and citrate baths (Figure 4d)
allowed for a quantitative assessment of the electrocatalytic activity for HER, using the
kinetic parameters (io—exchange current density; b—Tafel slope). The values of the kinetic
parameters, together with the overpotential necessary to reach current densities of 10, 50,
and 100 mA cm−2, respectively, are summarized in Table 3.

Table 3. Values of kinetic parameters for HER on Ni and Ni-PGE in 1 M KOH solution.

Electrode io (mA cm−2) b (mV dec−1) η @ 10 mA cm−2 η @ 50 mA cm−2 η @ 100 mA cm−2

Ni 0.28 −133 −200 −301 −380
Ni-PGE-W1 0.63 −176 −269 −384 –
Ni-PGE-W2 0.67 −122 −213 −327 −396
Ni-PGE-C1 0.60 −218 −230 −336 −420
Ni-PGE-C2 0.61 −175 −226 −326 −396
Ni-PGE-C3 0.48 −204 −251 −370 –
Ni-PGE-C4 0.60 −218 −219 −335 −422
Ni-PGE-C5 0.93 −208 −210 −314 −386
Ni-PGE-C6 0.53 −243 −247 −356 –
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Figure 4. Performance of Ni-PGE for HER in 1 M KOH: polarization curves at 10 mV s−1 scan rate
and Tafel plots for Ni-PGE obtained by pulsed current electrodeposition from (a,b) Watts bath and
(c,d) citrate bath; (e) overpotential required to attain a current density of 10 and 50 mA cm−2 for Ni
and Ni-PGE; (f) chronopotentiometric stability test of Ni, Ni-PGE-W2, and Ni-PGE-C5 at a current
density of 10 mA cm−2 (closed symbols) and 100 mA cm−2 (open symbols). Polarization curves were
iR-corrected using the ohmic resistances obtained from impedance data.
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The exchange current density io is a parameter used to evaluate the reaction rate at
the equilibrium potential. According to the data presented in Table 3, all Ni-PGEs have
higher exchange current density values than Ni. However, these values are apparent, as
they depend on the specific surface area of the electrodes. Another essential parameter for
assessing the electrochemical performance of electrocatalysts away from equilibrium is the
overpotential required to achieve a specific current density. Typically, the overpotentials
necessary to reach current densities of 10 or 100 mA cm−2 are reported. Figure 4e provides
an overview of the overpotentials needed to attain 10 and 50 mA cm−2 for all Ni-PGEs.
The Ni wire electrode, used as reference, exhibited an overpotential of approximately
200 mV at 10 mA cm−2 and 300 mV at 50 mA cm−2. In comparison, Ni-PGE electrodes
generally showed slightly higher overpotentials, depending on the current density, bath
composition, and temperature applied during electrodeposition of nickel. Within the citrate
bath series, a higher electrodeposition current density resulted in modified electrodes with
lower HER overpotential, indicating improved catalytic activity. Additionally, increasing
the deposition temperature from 25 ◦C to 40 ◦C reduced the HER overpotential, enhancing
performance. However, a further increase in temperature during electrodeposition to
60 ◦C resulted in modified electrodes with higher HER overpotentials compared to those
obtained at 25 and 40 ◦C. This suggests the existence of an optimal temperature range (e.g.,
around 40 ◦C) where nickel electrodeposition yields the most favorable microstructure
and electrochemical performance. Beyond this range, further increase in temperature
negatively affected HER efficiency. Among these electrodes, Ni-PGE-C5 exhibited the
lowest overpotential (210 mV at 10 mA cm−2 and 314 mV at 50 mA cm−2), making it
the most effective catalyst in this series. Conversely, Ni-PGE-C3 displayed the highest
overpotential (251 mV at 10 mA cm−2 and 370 mV at 50 mA cm−2), indicating reduced
HER efficiency. For electrodes obtained from the Watts bath, Ni-PGE-W1 demonstrated the
highest overpotential overall, indicating that room temperature deposition from the Watts
bath negatively affects HER performance. However, Ni-PGE-W2 performed relatively
better, with an overpotential of 213 mV at 10 mA cm−2 and 327 mV at 50 mA cm−2, making
it comparable to Ni-PGE-C5. Figure 4f presents the stability tests conducted at a constant
current density of 10 and 100 mA cm−2 for the best-performing electrodes. The results show
a marked increase in overpotential at 10 mA cm−2 during the first 20 min, followed by a
slower, more gradual increase before stabilizing after approximately 2 h. Among the tested
materials, Ni exhibited the highest overpotential for HER at around 360 mV. In contrast, Ni-
PGE-W2 achieved a reduction of approximately 68 mV, while Ni-PGE-C5 exhibited an even
greater decrease of about 92 mV, indicating superior catalytic performance. The trend in
overpotentials was maintained even at a higher current density of 100 mA cm−2, although
the difference between Ni and Ni-PGE-C5 is smaller. The results of the stability tests
indicate a different order of electrocatalytic activity than that derived from the polarization
curves. It is interesting to note that, in the polarization curves, the initial overpotential for
Ni is lower (200 mV) compared to Ni-PGE-C5 (210 mV) and Ni-PGE-W2 (213 mV). This
suggests that under short-term conditions, Ni appears slightly better at initiating HER. On
the contrary, the stability test showed that over time, Ni exhibited the highest overpotential
(360 mV), while Ni-PGE-C5 and Ni-PGE-W2 maintained significantly lower values (270 mV
and 290 mV, respectively). The discrepancies can be explained by the differences between
the two methods. The polarization curves reflect instantaneous performance, and they
do not capture long-term stability or electrode degradation. The stability test highlights
how the electrodes perform under prolonged electrochemical operation. The increased
overpotential of Ni suggests surface passivation or catalyst site deactivation during long-
term tests. Ni-PGE-C5 and Ni-PGE-W2 exhibited lower overpotentials, implying better
electrocatalytic activity for HER. Although Ni initially showed a lower overpotential in the
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polarization curves, it experienced significantly higher overpotentials over time, making it
less effective for prolonged HER applications. In contrast, Ni-PGE-C5, despite having a
slightly higher initial overpotential, outperformed Ni in stability, making it the superior
electrode for long-term HER performance.

According to the data presented in Table 3, the Tafel slope obtained for Ni is consistent
with values reported in previous studies [39,40] and closely approaches the theoretical
value of −118 mV dec−1. This suggests that the charge transfer step (Volmer reaction) is
likely the rate-determining step on Ni. In contrast, the Ni-PGE electrodes exhibited higher
Tafel slopes, ranging from −175 to −243 mV dec−1. Tafel slopes around −200 mV dec−1 are
commonly reported for Ni-based electrocatalysts under similar conditions [41,42]. Notably,
a change in Tafel slope was observed at overpotentials exceeding −100 mV, particularly for
Ni-PGE samples deposited from the Watts bath, indicating possible changes in the reaction
mechanism. Additionally, both the exchange current density (io) and Tafel slope (b) were
influenced by the electrodeposition temperature, with the highest io and lowest b values
consistently observed at 40 ◦C across all series.

The performance of Ni-PGEs was further investigated using electrochemical impedance
spectroscopy. To gain deeper insight into their behavior and underlying HER mechanism,
EIS measurements were carried out at different overpotential values. The results are pre-
sented in Figure 5 as complex plane Nyquist plots (Figure 5a) and impedance magnitude
versus frequency plots (Figure 5b), both recorded at the highest overpotential of −250 mV.
Additionally, the dependence of charge transfer resistance (Figure 5c) and double-layer
capacitance (Figure 5d) versus overpotential is shown. The Nyquist plots for nickel exhibit
a single semicircle across all measured overpotentials (Figure S1). In contrast, the Nyquist
plots for Ni-PGE display an overpotential dependent shape, exemplified for Ni-PGE-C5
in Figure S3. At low overpotentials (bellow −100 mV), the complex plane plots feature
a depressed semicircle at high frequencies and either an overlapping semicircle or a tail
at low frequencies. At higher overpotentials (above −100 mV), only a single semicircle is
observed. The presence of a single time constant in the phase angle Bode plots for Ni can
be observed in Figure S2, while the appearance of two time constants at low overpotentials
for Ni-PGE-C5 is evident in Figure S4. This behavior is consistent with the differences
observed in the Tafel slopes; i.e., Ni exhibits a single Tafel slope, while for Ni-PGEs, the
Tafel slope depends on the overpotential. To model this behavior, two different equivalent
electric circuits were employed, as given in Figure 5e,f. Both EECs comprise the solution
resistance (RS) in series with a parallel connection of the double-layer capacitance (Cdl, rep-
resented as a constant phase element CPE) and the charge transfer resistance (Rct). For low
overpotentials, a second parallel branch composed of Rads and Cads was added to model
the low-frequency behavior associated with adsorption phenomena. Here, Rads represents
the mass transfer resistance of the adsorbed hydrogen species, while Cads accounts for the
pseudo-capacitance of the adsorbed hydrogen layer [43]. The high-frequency semicircle in
the Nyquist plot corresponds to double-layer charging and fast charge transfer (Cdl-Rct),
whereas the low-frequency semicircle or tail is attributed to mass transport of adsorbed hy-
drogen (Cads-Rads). The obtained impedance spectra for Ni-PGE at low overpotentials align
well with this mechanism, revealing a depressed semicircle at high frequencies followed by
an overlapping semicircle or a tail at low frequencies. The diameter of both semicircles is
overpotential-dependent, confirming they are both related to HER kinetics.

Several studies have demonstrated that at lower cathodic overpotentials, two relax-
ation frequencies in impedance spectra allow separation between different steps of the
HER mechanism, highlighting the contribution of hydrogen adsorption processes in this
potential range [41,42,44,45]. In the Nyquist plots, the low-frequency semicircle is ascribed
to the charge transfer process, e.g., Volmer reaction in the HER mechanism, while the high-
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frequency semicircle could be associated with the mass transfer processes of the adsorbed
species at the cathode [43,46].

(e) (f)

Figure 5. Electrochemical impedance data of Ni and Ni-PGE in 1 M KOH measured at an overpotential
of −250 mV. (a) Nyquist and (b) Bode plots; (c) charge transfer resistance and (d) double-layer
capacitance as a function of overpotential; (e) equivalent electrical circuit used to model the impedance
data at low and (f) high overpotentials.

The Nyquist plots in Figure 5a reveal the presence of a single depressed semicircle,
whose diameter corresponds to the charge transfer resistance. It can be observed that
all Ni-PGE samples deposited at 40 ◦C, i.e., Ni-PGE-C2, Ni-PGE-C5, and Ni-PGE-W2,
consistently show lower-diameter semicircles compared to samples deposited at different
temperatures and Ni. These samples also present the lowest absolute impedance values in
the Bode plots illustrated in Figure 5b.
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The impedance parameters obtained by fitting the experimental data obtained at the
highest overpotential of −250 mV, using the EEC given in Figure 5f, are summarized in
Table 4. The impedance parameters obtained at lower overpotentials are given in the
Supplementary Material in Table S1 (η = −200 mV), Table S2 (η = −150 mV), Table S3
(η = −100 mV), and Table S4 (η = −50 mV), respectively, along with their associated errors
and the goodness-of-fit indicators, represented by chi-square values. The low errors and
small chi-square values indicate a high-quality fit between the experimental data and the
proposed equivalent circuit models.

Table 4. Impedance parameters for HER on Ni and Ni-PGE in 1 M KOH solution at the highest
overpotential of −250 mV, obtained by fitting the impedance data to the model in Figure 5f.

Electrode
RS

(Ω cm2)
CPE-T

(F cm−2 sn−1)
n Rct

(Ω cm2)
Cdl

(μF cm−2)
Chi2

Ni 1.3 (0.7%) 1.49 × 10−4 (6.2%) 0.95 (0.8%) 5.0 (0.8%) 99.8 3.36 × 10−3

Ni-PGE-C2 1.1 (0.7%) 2.99 × 10−4 (6.1%) 0.90 (0.8%) 4.7 (0.9%) 131.4 3.39 × 10−3

Ni-PGE-C3 1.0 (0.7%) 3.77 × 10−4 (4.6%) 0.84 (0.7%) 6.9 (0.8%) 85.4 1.97 × 10−3

Ni-PGE-C4 1.0 (0.8%) 7.36 × 10−5 (4.9%) 0.95 (0.6%) 8.8 (0.8%) 43.5 2.00 × 10−3

Ni-PGE-C5 1.1 (0.6%) 2.47 × 10−4 (6.2%) 0.91 (0.8%) 3.5 (0.9%) 113.9 1.96 × 10−3

Ni-PGE-C6 0.9 (0.9%) 3.82 × 10−4 (5.2%) 0.85 (0.7%) 8.0 (1.0%) 100.1 2.95 × 10−3

Ni-PGE-W1 1.1 (0.8%) 8.63 × 10−5 (4.0%) 0.93 (0.5%) 16.7 (0.7%) 44.8 2.50 × 10−3

Ni-PGE-W2 0.9 (0.8%) 3.74 × 10−4 (4.9%) 0.85 (0.7%) 6.3 (0.8%) 76.7 2.12 × 10−3

The double-layer capacitance was calculated from the constant phase element parame-
ters, whose impedance is given by

ZCPE = T−1(jω)−n (1)

by applying Brug’s relationship [47]:

Cdl = T1/n (RS
−1 + Rct

−1)(n−1)/n (2)

where T is a frequency independent parameter (F cm−2 sn−1) related to the capacitance,
j is the imaginary unit, ω is the angular frequency (rad s−1), and n is a dimensionless
parameter between 0 and 1 that describes the constant phase angle of CPE and is equal to
−(n*90) [48].

Based on the impedance data presented in Table 4, it can be observed that Ni-PGE-C5
shows the lowest Rct value, indicating the most effective charge transfer kinetics among
the tested electrodes. Notably, increasing the deposition temperature for both the citrate
and Watts baths led to an increase in the surface roughness, as evidenced by the decrease
in parameter n, which is typically associated with surface inhomogeneities. However,
the trends in double-layer capacitance (Cdl) and charge transfer resistance (Rct) did not
follow this behavior. Instead, the data suggest that a deposition temperature of 40 ◦C yields
optimal electrocatalytic performance, characterized by the highest Cdl and the lowest Rct.

The results presented in Figure 5c and Tables S1–S4 show that Rct values decrease
with increasing overpotential. Across all overpotentials, the samples obtained by electrode-
position at 50 mA cm−2 and 40 ◦C (Ni-PGE-C5 and Ni-PGE-W2) consistently exhibited
the lowest Rct values, indicating faster charge transfer kinetics. Furthermore, comparing
the samples obtained by electrodeposition at 50 mA cm−2 and 25 ◦C from the citrate and
Watts baths (Ni-PGE-C4 and Ni-PGE-W1) reveals that the electrocatalyst obtained from the
citrate bath always presented lower Rct values than its Watts bath counterpart, highlighting
the favorable effect of the citrate bath on electrocatalyst performance. Analysis of the
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double-layer capacitance values presented in Figure 5d and Tables S1–S4 indicates that
Cdl decreased with increasing overpotential. This can be explained by the reduction in the
electrochemical active surface area caused by gas bubble accumulation and blocking effects
resulting from intensified hydrogen evolution at more negative overpotentials [49,50]. The
highest Cdl values were observed for Ni-PGE-C2 (electrodeposited at 25 mA cm−2 and
40 ◦C); however, these values do not correspond to the lowest Rct values. In contrast,
Ni-PGE-C4 (electrodeposited at 50 mA cm−2 and 25 ◦C) showed the lowest Cdl values and
were equivalent to the lowest active surface area.

For a clearer overview on Ni-PGE electrocatalysts performance for HER, Table 5 gives
a comparison of kinetic parameters related to HER for the Ni-PGE electrodes developed
in this work, alongside different literature-reported Ni-based electrocatalysts obtained by
potentiostatic or galvanostatic electrodeposition from different types of baths.

Table 5. Comparative data on the kinetic parameters for HER and overpotential at 10 and
100 mA cm−2 for different Ni-based electrocatalysts.

Electrode
Deposition

Bath/pH
Testing

Solution
io (mA cm−2) b (mV) η @ 10 mA cm −2 η @ 100 mA cm −2 Reference

Ni-PGE-C5 Citrate/pH = 8 1 M KOH 0.93 −208 −210 −392 This work
Ni-PGE-W2 Watts/pH = 2 1 M KOH 0.67 −122 −213 −432 This work
Ni thin film Citrate/pH = 1.47 1 M NaOH 1.98 −118 −231 over −400 * [28]

NiMo-1 Citrate/pH = 10.5 1 M NaOH 1.0 −192 −185 * −384 [50]
NiMo30% Citrate/pH = 9 1 M KOH 0.487 −124 −180 n/a [51]

NiMo Citrate/pH = 10 1 M KOH 0.93 −152 −154 n/a [52]
Ni/NiO/Ni(OH)2 NiCl2/acid 0.1 M KOH 0.16 −118 −210 n/a [53]
Ni/NiO/Ni(OH)2 NiCl2/acid 1 M KOH 0.057 −88 −197 n/a [53]

Ni/NiOx Ni oxidation 1 M NaOH 0.0365 n/a n/a n/a [54]
Ni Watts/pH = 3.5 1 M NaOH 0.012 −93 −263 −350 [55]

* estimated from polarization curves.

The Ni-PGE-C5 electrode, obtained via pulsed current electrodeposition from a citrate
bath at 50 mA cm−2 and 40 ◦C, demonstrated excellent electrocatalytic activity towards
HER. It achieved a high exchange current density comparable to that of more complex
electrocatalysts, such as NiMo alloy obtained by galvanostatic electrodeposition at 30 ◦C
from a citrate bath with pH around 10 [50,52] or by pulsed current electrodeposition at 40 ◦C
from a citrate bath with pH = 9 [51]. Despite having slightly lower io values and a higher
Tafel slope than Ni thin film deposited at a constant potential from a citrate bath at pH = 1.47
under the influence of an external magnetic field [28], it compensated by exhibiting lower
overpotentials at current densities of 10 and 100 mA cm−2. Furthermore, in terms of
exchange current density, Ni-PGE-C5 significantly outperformed Ni deposited from the
Watts bath at a constant current density of 50 mA cm−2 and room temperature [55] as well
as nickel composite nanoparticles consisting of Ni, NiO, and Ni(OH)2 prepared by cyclic
voltammetry [53]. These results highlight the potential of Ni-PGE-C5 as a cost-effective
and efficient HER electrocatalyst for alkaline water electrolysis, particularly considering its
simple preparation method.

4. Conclusions

Nickel electrodeposition from both the acidic Watts and alkaline citrate baths was
performed by pulsed current method on pencil graphite substrate at different current
densities and temperatures to investigate the effect on the electrocatalytic performance for
HER in 1 M KOH solution. The obtained results showed the following:

(1) The morphology of the Ni deposit strongly depends on the type of bath used for
electrodeposition, revealing a heterogeneous, layered structure with dendritic and
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filament-like growths for the Watts bath and a homogeneous globular morphology,
with structures approximately 1 μm in size for the citrate bath;

(2) Linear polarization curves for HER in 1 M KOH solution indicate that increasing
the electrodeposition temperature from 25 to 40 ◦C improves the performance of
Ni-PGE obtained from both the Watts and citrate baths at both applied pulsed current
densities. Further increasing the electrodeposition temperature to 60 ◦C has a negative
effect, resulting in Ni electrocatalysts with lower HER performance;

(3) Kinetic parameters extracted from the Tafel plots demonstrate higher exchange current
density values for all Ni-PGE electrocatalysts as compared to metallic Ni, which is
attributed to an increased active surface area;

(4) Chronopotentiometric measurements of HER overpotentials indicate that Ni-PGE-C5
electrocatalyst obtained from the citrate bath at 40 ◦C and 50 mA cm−2 achieves the
best HER performance over time, showing an important overpotential reduction
compared to metallic Ni;

(5) EIS analysis revealed the lowest charge transfer resistance for Ni-PGE-C5, indicating
enhanced HER kinetics and better electrocatalytic properties.

These results highlight the optimal electrodeposition parameters regarding the bath
type, temperature, and current density required to design efficient HER electrocatalysts for
applications in alkaline water electrolysis.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ma18122775/s1. Figure S1: Nyquist plots of Ni in 1 M KOH
measured at different overpotentials; Figure S2: Bode plots of Ni in 1 M KOH measured at different
overpotentials; Figure S3: Nyquist plots of Ni-PGE-C5 in 1 M KOH measured at different over-
potentials; Figure S4: Bode plots of Ni-PGE-C5 in 1 M KOH measured at different overpotentials;
Table S1: Impedance parameters for HER on Ni and Ni-PGE in 1 M KOH solution at an overpotential
of −200 mV obtained by fitting the impedance data to the model in Figure 5f; Table S2: Impedance
parameters for HER on Ni and Ni-PGE in 1 M KOH solution at an overpotential of −150 mV obtained
by fitting the impedance data to the model in Figure 5f; Table S3: Impedance parameters for HER
on Ni and Ni-PGE in 1 M KOH solution at an overpotential of −100 mV obtained by fitting the
impedance data to the model in Figure 5e; Table S4: Impedance parameters for HER on Ni and
Ni-PGE in 1 M KOH solution at an overpotential of −50 mV obtained by fitting the impedance data
to the model in Figure 5e.
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Abbreviations

The following abbreviations are used in this manuscript:

Cdl Double-layer capacitance
io Exchange current density
Rct Charge transfer resistance
Rs Solution resistance
AC Alternating current
CP Chronopotentiometry
CPE Constant phase element
EDAX Energy dispersive X-ray analysis
EEC Equivalent electric circuits
EIS Electrochemical impedance spectroscopy
FE-SEM Field emission scanning electron microscopy
HER Hydrogen evolution reaction
LSV Linear sweep voltammetry
OER Oxygen evolution reaction
PC Pulsed current
PGE Pencil graphite electrode
RHE Reversible hydrogen electrode
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Abstract: The increasing demand for sustainable energy and clean water has prompted the
exploration of alternative solutions to reduce reliance on fossil fuels. In this context, hydro-
gen production through water electrolysis powered by solar energy presents a promising
pathway toward a zero-carbon footprint. This study investigates the potential of copper
slag, an abundant industrial waste, as a low-cost electrocatalyst for the hydrogen evolution
reaction (HER) in contact with saline water such as 0.5 M NaCl and seawater, comparing the
electrochemical response when in contact with geothermal water from El Tatio (Atacama
Desert). The physicochemical characterisation of copper slag was performed using XRD,
Raman, and SEM-EDS to determine its surface properties. Electrochemical evaluations
were conducted in 0.5 M NaCl and natural seawater using polarisation techniques to assess
the corrosion behaviour and catalytic efficiency of the copper slag electrodes. The results
indicate that copper slag exhibits high stability and promising HER kinetics, particularly
in seawater, where its mesoporous structure facilitates efficient charge transfer processes.
The key novelty of this manuscript lies in the direct revalorisation of untreated copper
slag as a functional electrode for HER in real seawater and geothermal water, avoiding
the use of expensive noble metals and aligning with circular economy principles. This
innovative combination of recycled material and natural saline electrolyte enhances both
the technical and economic viability of electrolysis, while reducing environmental impact
and promoting green hydrogen production in coastal regions with high solar potential.
This research contributes to the value of industrial waste, offering a viable pathway for
advancing sustainable hydrogen technologies in real-world environments.

Keywords: copper slag; corrosion; physicochemical characteristic; electrochemical
characteristic; sustainable hydrogen technologies
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1. Introduction

Population growth and industrial activity drive an increasing demand for sustainable
energy and clean water, leading to a greater dependence on fossil fuels. This reliance
depletes the planet’s finite resources and exacerbates environmental impacts [1]. The
decarbonisation of the energy sector has underscored the need for alternative and clean
solutions [2]. A promising approach is hydrogen production using solar energy, known as
solar hydrogen (H2). This is generated through water electrolysis powered by electricity
from sunlight, making it sustainable, As solar energy is clean, abundant, and globally
accessible. H2 production is modular, scalable, and adaptable to varying demands. Its use
represents an effective strategy for reducing CO2 emissions [3–5].

Saline water electrolysis is a promising alternative for converting solar energy into
hydrogen (H2), contributing to the energy crisis. However, there is a crucial need to
develop efficient, durable, and cost-effective electrocatalytic materials for the hydrogen
evolution reaction (HER) [6]. Enhancing the design of these materials has become a key
objective. In this context, copper slag, a by-product of the copper smelting process, is
increasingly recognised as a valuable resource for emerging electrochemical technologies.
Globally, approximately 30 million tonnes of copper slag are produced annually, with
Chile contributing around 4.5 million tonnes [7]. Traditionally considered industrial waste,
copper slag contains valuable metal oxides such as hematite (Fe2O3), covellite (CuS), and
magnetite (Fe3O4), which exhibit synergistic electrocatalytic properties. Its abundance in
copper-producing countries such as Chile makes it an attractive alternative to conventional
materials [8–15].

An analysis of world metal consumption statistics reveals that copper ranks third
globally, surpassed only by steel and aluminium. The primary geological genesis of copper,
accounting for approximately 90% of global extraction, is associated with sulphide deposits
(CuS-FeS) [16,17]. To obtain copper, the ore must be concentrated and separated from
gangue through a high-temperature pyrometallurgical process. In this process, Cu2S acts
as a reducing agent, while oxygen from the air oxidises iron into iron oxide. This oxide
then reacts with silica and lime, forming a silicate that is removed along with the slag. As
a result, a significant amount of waste is generated, typically containing 30–40 wt% iron
in oxide form, 25–40 wt% silica (mainly in the form of iron silicates), less than 11–12 wt%
alumina and calcium oxides, 4–5 wt% other oxides (MgO, MnO, TiO2, P2O5, Na2O, K2O),
1–1.5 wt% sulphur, and approximately 1–1.5 wt% of copper [17,18]. Studies suggest that
copper slag can generate hydrogen at rates of up to 0.113 μmol/g·h under photocatalytic
conditions [19]. The integration of seawater as an electrolyte in hydrogen production further
enhances the sustainability of the process [20]. With an extensive coastline of 6435 km,
Chile presents significant potential for hydrogen production in coastal areas with abundant
solar energy. A prime example is the Atacama Desert (Chile), which stretches from Arica to
La Serena, covering nearly 1600 km in length and up to 180 km in width. Known for its
exceptionally high solar radiation levels, the Atacama Desert is a strategic region for green
hydrogen projects. However, seawater contains dissolved salts and minerals that can affect
hydrogen production efficiency and accelerate corrosion in critical electrochemical system
components [21–23].

Despite these challenges, seawater has demonstrated potential as an electrolyte, par-
ticularly when combined with copper slag. Its mesoporous structure and high stability
in saline environments allow it to resist corrosion while facilitating the electron transfer
processes essential for hydrogen evolution. Several studies have explored hydrogen pro-
duction using copper slag as a Fenton-type catalyst in advanced oxidation processes for
water treatment. The presence of Fe2+ and Fe3+ oxidation states in copper slag enhances the
generation of hydroxyl radicals, which play a crucial role in breaking down contaminants
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in wastewater [19,20,24]. The integration of copper slag into electrocatalytic systems for
hydrogen production and water treatment addresses key environmental challenges while
offering numerous sustainable benefits. Its use aligns with strategic objectives such as
(i) waste valorisation, (ii) transforming industrial by-products into valuable resources,
(iii) reducing slag accumulation, and (iv) generating added value from waste, thereby
contributing to economic benefits. Moreover, copper slag-based electrocatalysis has the
potential to significantly lower hydrogen production costs by eliminating reliance on ex-
pensive or rare semiconductor materials. Copper slag’s electrocatalytic properties make it
particularly well suited for the hydrogen evolution reaction (HER) in seawater. Research
indicates that its mesoporous structure enhances the efficiency of seawater splitting for
hydrogen production. Additionally, the interaction between copper slag and seawater
promotes the generation of electron–hole pairs, which drive the oxygen reduction reac-
tion (ORR), complementing HER and establishing a balanced redox process [19–21]. The
use of such water sources offers several advantages, as seawater accounts for 96.5% of
the Earth’s total water resources and serves as a low-cost alternative. Furthermore, the
presence of dissolved minerals such as chlorides, magnesium, and sodium can enhance the
electrolysis process by increasing water’s electrical conductivity. This, in turn, reduces the
energy required to split water into hydrogen and oxygen, improving the overall process
efficiency [25].

The novelty of this study lies in the revalorisation of copper slag as an electrocatalytic
material for sustainable hydrogen production in saline water electrolysis as a novel applica-
tion. This approach aligns with the principles of circular economy and material recycling,
transforming industrial waste into a valuable resource for clean technologies. By using
copper slag as a cathode in electrolysis processes, the need for expensive noble metals is
eliminated, significantly reducing production costs. Moreover, the use of seawater as the
electrolyte marks a crucial step towards sustainability, as it enables the utilisation of an
abundant and low-cost resource, avoiding the use of freshwater in arid regions. This inno-
vative combination of a recycled material and a natural saline medium not only improves
the technical and economic viability of electrolysis but also reduces environmental impact
and promotes the generation of green hydrogen in coastal areas with high solar potential.
This study considered a qualitative characterisation using X-ray diffraction (XRD), Raman
spectroscopy, and scanning electron microscopy with energy-dispersive spectroscopy (SEM-
EDS), along with electrochemical evaluations in 0.5 M NaCl and, seawater, comparing
the electrochemical response when the copper slags are in contact with geothermal water
(El Tatio from Atacama Desert); the research assesses its structural, compositional, and
catalytic properties. The findings demonstrate copper slag’s high stability and efficiency
in facilitating HER, particularly in saline environments, highlighting its potential as a
cost-effective and sustainable material for green hydrogen production in coastal regions.

2. Materials and Methods

2.1. Copper Slag Preparation

Copper slag is a residue produced in a pyrometallurgical process to obtain copper
concentrated from a concentrate of sulphide minerals, which contains materials such as
FeO, SiO2, Al2O3, CaO, and Cu [14]. In the pyrometallurgical stage known as smelting,
very high-temperature furnaces are used. As a consequence of the high temperatures,
immiscible liquid phases are produced in this process: the copper-rich matte (sulphide) and
the copper slag called oxide [7]. The Antofagasta region of Northern Chile is among the
main copper-producing regions of Chile. There are two copper smelters in the Antofagasta
region. In Northern Chile, there are copper deposits of current economic relevance, such as
Chuquicamata (Calama) and Alto Norte (Antofagasta), both of which are in an operational
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phase. In addition, the presence of remnants of old smelters, dating back to the 18th century,
has generated an extensive dispersion of copper-bearing slag throughout the desert of this
region. This accumulation of historical metallurgical by-products represents a potential
source of geochemical and archaeometallurgical analysis [26]. The copper slag sample used
for the preparation of the electrode is from a smelter in the Antofagasta region. Copper
slag powder was obtained by comminuting the material to increase the available surface
area for chemical reactions. Initially, copper slag rocks were crushed into smaller fragments
to facilitate further processing. These fragments were then pulverised into finer particles,
ensuring uniformity in particle size. Finally, the material was sieved to achieve a particle
size of −400# mesh, resulting in a fine copper slag powder with optimal characteristics for
subsequent applications.

2.2. Preparation of Copper Slag Electrodes

The electrode onto which the copper slag powder is deposited consists of a PTFE
cylinder measuring 8 mm in diameter and 10 mm in length, serving as a fixing device
on the shaft of the rotating disc electrode cell. A concave bronze rod (4 mm in diameter
and 4 mm in length) is inserted concentrically into this cylinder. In preparing the working
electrode, a modified carbon paste was formulated by homogenising graphite powder
(50% w/w) and solid paraffin (50% w/w). Modified carbon paste is used to prepare
copper slag electrodes because of its wide availability, good conductivity, and ease of
preparation [27]. This resulting paste was carefully deposited on a bronze rod with a
concave configuration, designed to ensure efficient electrical conductivity with the rotating
disc electrode (RDE) system. A quantity of copper slag powder is then applied and
pressed to adhere to the surface. The assembled electrode was integrated into the RDE
equipment for electrochemical analysis. To ensure the robustness and representativeness
of the electrochemical data, the complete preparation and measurement procedure was
replicated three times (see Figure 1).

Figure 1. Construction of copper slag electrode. (a) PTFE cylinder, (b) concave bronze rod, (c) bronze
rod inserted into PTFE cylinder, (d) copper slag powder paste deposited onto rod, (e) assembled
electrode was integrated into RDE equipment.

2.3. Preparation of Saline Electrolyte

Saline solutions of 0.5 M NaCl were prepared using analytical-grade with ≥99.5% of
purity of NaCl from Merck (Merck, Darmstadt, Germany) and deionised water. Seawater
and geothermal water (El Tatio) were also used due to their high contents of ions such as
chlorides, sodium, and magnesium, which act as natural electrolytes. These ions enhance
the conductivity of the medium, making seawater suitable for electrochemical studies to
evaluate charge transfer processes and redox reactions under conditions similar to real envi-
ronmental scenarios [25]. Zhao et al. presented the chemical composition of seawater across
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different marine regions globally. Their research underscores that seawater primarily con-
sists of dissolved ions, significantly determining its salinity and physicochemical properties.
The average concentrations of the principal ions in seawater, measured in milligrams per
litre (mg/L), are as follows: Cl− (19.229 mg/L), Na+ (1.114 mg/L), Mg2+ (1.279 mg/L), Ca2+

(359 mg/L), K+ (340 mg/L), and SO4
2− (2.649 mg/L). El Tatio geothermal water plentiful in

hot springs and geysers, located in the Andes in the region of Antofagasta, Northern Chile,
80 km from San Pedro de Atacama (22◦20′ S, 68◦01′ W), at an altitude of 4200 m a.s.l. It has
a pH of 6 to 8 and a conductivity of ~20 mS/cm. Its discharged waters have high concen-
trations. The geothermal water (El Tatio) composition is as follows: Cl− (6000–8000 mg/L),
Na+ (>3500 mg/L), SO4

2− (<50 mg/L), Mg2+ (50–150 mg/L), Ca2+ (100–300 mg/L), and
HCO3

− (200–500 mg/L) [28,29]. These values represent the general chemical composition
of seawater worldwide, though minor variations can be observed depending on the oceanic
region, depth, and specific environmental conditions [30,31]. Among these constituents,
Cl− and Na+ are the predominant electrolytes, playing a fundamental role in ion transport
and enhancing the electrical conductivity of seawater.

2.4. Characterisation of Copper Slag Powder
2.4.1. X-Ray Diffraction (XRD)

The XRD patterns of the copper slag powders were recorded on a Bruker Advance D8
diffractometer (Billerica, MA, USA). A Cu Kα1 (λ = 1.5406 Å) radiation source a Vertical
Bragg-Brentano goniometer set at 40 kV and 30 mA and a scintillation detector were used.
The XRD patterns were obtained in the 2θ range from 10◦ to 70◦, with a step size and dwell
time of 0.020◦ (2θ) and 3.0 s per step, respectively.

2.4.2. Scanning Electron Microscopy (SEM-EDS)

General characterisation was performed using scanning electron microscopy (SEM) to
reveal the morphological features of the microstructure. Surface analysis was carried out
by SEM coupled with an energy-dispersive X-ray (EDX) spectrometer, employing a Zeiss
EVA MA 10 microscope (Zeiss, Oberkochen, Germany). An accelerating voltage ranging
from 5 kV to 15 kV was applied.

2.4.3. Raman Spectroscopy

Raman spectra were obtained using a Raman Confocal Microscope, LabRAM Soleil,
serial number: 1068, equipped with a 532 nm laser (gratings: 600 lines/nm) Horiba
(Chelmsford, Essex, UK). LabSpec 6 and OriginPro 2023 (64-bit) (Copyright © 1991-2022
OriginLab Corporation, Northampton, MA, USA), were used to analyse the spectra.

2.5. Electrochemical Studies of Copper Slag Powder

Electrochemical analyses were carried out using a BASi RDE-2 rotating electrode inter-
face connected to an Epsilon potentiostat/galvanostat (Basi, West Lafayette, IN, USA). The
analyses were performed separately by linear sweep voltammetry (LSV) in a conventional
three-electrode cell setup, using copper slag powder as the working electrode, a platinum
(Pt) wire as the counter electrode, and a silver/silver chloride (Ag/AgCl (4 M KCl sat.))
electrode as the reference. The experimental protocol for polarisation data was as follows:
The cell was filled with the saline electrolyte and bubbled with air for approximately 15 min
until an oxygen-saturated concentration was reached. The working electrode was then
inserted into the cell, and linear sweep voltammetry was conducted within a potential
range from −1200 to +200 mV/SHE at a scan rate of 2 mV/s. The rotation speed for the
copper slag electrode was set to 1200 rpm.
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2.6. Corrosion Studies for Copper Slag Powder

The experimental corrosion procedure was designed to examine the corrosion be-
haviour of partial electrochemical reactions on copper slag powder electrodes immersed
in 0.5 M NaCl, seawater, and geothermal (El Tatio) solutions, focusing on the hydrogen
evolution reaction (HER), oxygen reduction reaction (ORR), and copper slag oxidation
reaction (CSOR). The temperature was maintained at 20 ± 0.5 ◦C using a water-jacketed cell
that circulated water through a thermoelectric temperature control device. All experiments
were repeated in triplicate. All potential measurements are referenced to the standard
hydrogen electrode (SHE). The kinetic corrosion investigation was conducted using a non-
linear fitting that was applied to experimental polarisation data [32]. The superposition
model based on mixed potential theory was employed, incorporating both cathodic and
anodic processes. The analysis focused on charge transfer, mass diffusion, and passivation
mechanism controls, where the total current density can be expressed in Equation (1).

i = iO2 + iH2 + iCS (1)

where i represents the total current density, iO2 , iH2 , and iCS represent the partial reduction
current densities for the oxygen reduction reaction (ORR) and hydrogen evolution reaction
(HER), respectively, and iCS represents the partial oxidation current density for the copper
slag oxidation reaction (CSOR). Although the experimental measurement of iO2 , iH2 , and iCS

is not directly feasible, their values can be deduced by considering the kinetic expressions
for each reaction.

For this purpose, the partial reactions for HER and CSOR are modelled considering
a charge transfer kinetic mechanism, while the ORR is described using a mixed charge-
diffusion kinetic mechanism, according to the following expressions:

iH2 = i0,H2 exp
(
−2.303·ηH2

tH2

)
(2)

iO2 = i0,O2 exp

(
−2.303·(E − Eeq, O2

)
tO2

)
·
(

1 − iO2

il,O2

)0.5
(3)

iCS = i0,CSexp
(

2.303·ηCS
tCS

)
(4)

where i0,H2 , i0,O2 , i0,CS, are the exchange current densities for HER, ORR, and CSOR,
respectively. il,O2 represents the limiting current density for ORR. The overpotentials
for HER, ORR, and CSOR are expressed as son ηH2 = E − Eeq H2 , ηO2 = E − Eeq O2 and
ηCS = E − Eeq CS, respectively. The equilibrium potentials for HER, ORR, and CSOR are
denoted as Eeq H2 , Eeq O2 , and Eeq CS, respectively. The cathodic Tafel slopes for HER and
ORR are tH2 and tO2 , respectively, while tCS represents the anodic Tafel slope for CSOR.

The exchange current densities
(
io, j
)
, have been determined using the Butler–Volmer

equation at the equilibrium potential for each partial reaction involved in the electroanalysis.
To achieve this, we have used electrochemical parameters obtained from the non-linear
fitting of experimental data. The equation can be simplified as follows:

io,j = a exp
(
b·Eeq,j

)
(5)

where a is base current (i) and b is sensitivity to potential, are the fitted parameters derived
from Equation (1).
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3. Results

Structural and Morphological Analysis of Copper Slag
Figure 2 shows the X-ray diffraction (XRD) spectra. The figure illustrates the copper

slag dust patterns, showing that the main phases present in this material are fayalite
(Fe2SiO4) and magnetite (Fe3O4).

 

Figure 2. XRD diffractogram of copper slag powder showing peaks for fayalite and magnesioferrite.
Data were collected using Bruker Advance D8 diffractometer (Cu Kα1, λ = 1.5406 Å) with 2θ range
of 10–70◦, 0.020◦ step size, and 3.0 s dwell time per step.

Figure 3 shows an image of copper slag powder before contact with salt solutions
through the scanning electron microscope (SEM), the signal is under BSD1, magnitude
1.74 KX, ETH 5.00 Kv, WD 7.2 mm, and at 10 μm. It was observed that the copper slag
powder shows a diversity of crystalline phases. Mostly angular and flaky particles are
observed. In addition, the copper slag powder shows the presence of elements of higher
molar mass due to its brightness.

 
Figure 3. SEM image of copper slag powder before exposure to saline solutions, acquired under
BSD1 mode at 1.74 KX magnification, 5.00 kV accelerating voltage, 7.2 mm working distance, and
10 μm scale.
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The point analysis, presented in Figure 4, reveals, in general terms, that iron is present
in 12.1 wt%, oxygen represents 28.2 wt%, and silicon accounts for 7.3 wt%. This suggests
that the copper slag powders have a high iron oxide content.

 

Figure 4. Point analysis of copper slag powder electrodes before contact with seawater, showing
distribution of key elements such as oxygen, silicon, iron, and magnesium, as well as presence of
residual sulphur, copper, and zinc.

The Raman spectrum analysis shows the presence of magnetite (Fe3O4), hematite
(Fe2O3), and olivine (fayalite type (Mg,Fe)2SiO4). In Figure 5a, the Raman spectrum of a
darker zone of the sample is shown, which coincides with the main presence of magnetite.
The analysis of the Raman spectrum of the copper slag presented in Figure 5b, which shows
the spectrum of a lighter area, presents mostly fayalite in the form of olivine.

Figure 5. (a) The Raman spectra of the dark areas of the copper slag sample, (b) In the lightest
part of the sample, the olivine-type fayalite can be seen. The red line indicates the zone where are
representative signal of each component (magnetite, hematite and fayalite).

Figure 6 shows the copper slag modified carbon paste electrode after the oxidation
process in 0.5 M NaCl. The results revealed the presence of cubic crystals on the electrode.
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Elemental analysis via EDS, as shown in Figure 6, reveals the presence of cubic crystals of
NaCl, indicating the contribution of the NaCl solution to the observed composition.

 

Figure 6. SEM-EDS analysis of copper slag powder electrodes after contact with saline. It clearly
shows presence of cubic crystals on electrode surface. These crystals, according to EDS, correspond
to NaCl.

Figure 7 shows the modified carbon paste electrode with copper slag after the oxidation
process in seawater. The EDS analysis confirmed the presence of elements characteristic
of copper slag powder, including Cu (5.2 wt%), Fe (39.9 wt%), Si (13.4 wt%), and O
(29.2 wt%), along with the incorporation of ions from the saline medium, such as ions Cl−

and Na+, respectively.

 

Figure 7. SEM-EDS analysis of copper slag powder electrodes after contact with seawater.

Figure 8 provides important insights into the electrochemical kinetic performance of
copper slag powder during the sub-cathodic process in contact with 0.5 M NaCl, seawater,
and geothermal water from El Tatio (Atacama Desert), respectively.
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Figure 8. Electrochemical performance of 0.5 M NaCl, seawater, and geothermal water (El Tatio,
Atacama Desert). (a) Lineal voltammetry (LSV), (b) H2 evolution, (c) H2 Tafel slope, and (d) behaviour
of first derivative (di/dE).

4. Discussion

Previous studies, such as that by Allibai et al. [33], focus on the development of
electrochemical sensors based on nanocomposites like Fe2O3 and copper hexacyanoferrate
(CuHCF) for detecting specific analytes such as hydroxylamine in aqueous media. This
manuscript proposes a broader and more impactful application in the context of the energy
transition: the direct use of copper slag as an electrocatalytic material for the hydrogen
evolution reaction (HER) in seawater electrolysis. In contrast, the work of Li et al. [34].
centres on the chemical and mineralogical characterisation of copper slag, evaluating its
environmental hazards through leaching and sequential extraction tests, with an emphasis
on the recovery of metals such as iron, copper, and lead. The current study goes a step
further by actively valorising copper slag through its direct integration into electrolysis cells,
without requiring prior mineral separation or concentration processes. This strategy not
only reduces costs and material waste but also aligns with the principles of circular economy
and water sustainability—particularly significant in one of the driest regions on Earth.
Taken together, this research offers an innovative, multifunctional, and environmentally
responsible approach the utilisation of industrial waste, paving the way for the sustainable
and decentralised production of green hydrogen [33,34].

Iron oxides and sulphides—such as magnetite (Fe3O4), haematite (Fe2O3), and pyrite
(FeS2)—have emerged as promising electrocatalytic materials owing to their low toxicity,
high abundance, low cost, and favourable chemical stability. These compounds possess
semiconducting properties and well-defined crystalline structures that facilitate charge
transfer and the adsorption of reactive species during electrochemical processes such as
the hydrogen evolution reaction (HER). Specifically, magnetite and haematite can serve as
active sites for water molecule dissociation, thereby promoting the generation of molecular
hydrogen. Pyrite and other iron sulphides have also demonstrated notable electrocatalytic
behaviour, particularly when incorporated into hybrid materials or supported on conduc-
tive substrates. Recent studies have shown that the modification of electrodes with Fe2O3
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nanoparticles significantly enhances HER performance by increasing the electroactive sur-
face area and improving charge transfer kinetics. Similarly, synergistic effects arising from
combinations of metal sulphides and mixed oxides have been shown to enhance catalytic
activity, even under saline conditions. Given their natural abundance and compatibility
with waste-derived systems such as copper slag, these materials are well-positioned to
contribute to the development of green hydrogen technologies within the framework of
sustainable energy transition [20,33,35].

Research into pyrite (FeS2) and its derivatives as electrocatalysts has garnered growing
attention due to their natural abundance, low cost, and advantageous structural charac-
teristics for key electrochemical processes such as the oxygen evolution reaction (OER)
and hydrogen evolution reaction (HER). Studies have shown that natural pyrite, when
supported on conductive substrates such as nickel foam, exhibits exceptionally high cat-
alytic activity, often comparable to that of IrO2, highlighting the critical role of synergistic
interactions between the catalyst and its support. In parallel, various strategies have
been explored to enhance catalytic efficiency and address limitations such as weak pro-
ton (H+) adsorption commonly found in certain iron sulphides. These strategies include
heteroatomic alloying (e.g., Ni doping in FeS2), nanostructuring, and fine-tuning of crystal-
lographic parameters such as crystallite size and lattice strain. Such modifications have
been shown to significantly improve the bifunctional activity of pyrite in alkaline media,
with performance approaching that of commercial catalysts like RuO2–Pt/C. Beyond OER
and HER, recent studies have revealed the potential of FeS2 as a photocatalyst for elec-
trochemical nitrogen reduction, further underscoring its functional versatility. Structural
variants such as cobalt pyrite (CoS2) and hybrid systems like CoPS supported on carbon
nanotubes have also demonstrated low overpotentials and high current densities. These
findings emphasise that controlled synthesis, targeted elemental substitution (e.g., P or
Ni doping), and integration with conductive frameworks are key strategies for enhancing
electrocatalytic performance. Taken together, these advances reinforce the viability of pyrite
and its derivatives as sustainable and efficient alternatives to noble metal-based catalysts,
consolidating their relevance in the transition towards clean, affordable, and decentralised
energy conversion technologies [36–42].

During the cathodic subprocess of electrolysis in seawater, in addition to the hydrogen
evolution reaction (HER), critical operational issues may arise that affect the system’s
efficiency and durability. One of the most significant is the formation of inorganic scaling,
caused by the precipitation of poorly soluble salts such as calcium carbonate (CaCO3),
magnesium hydroxide (Mg(OH)2), and calcium sulphate (CaSO4), induced by the local
increase in pH at the cathode interface. These deposits reduce the active surface area of the
electrode, increase charge transfer resistance, and may obstruct gas release channels, thereby
lowering the efficiency of hydrogen production. In parallel, seawater contains a significant
load of microorganisms, nutrients, and organic matter, which promote the formation
of biofouling layers on the cathode surface [43–45]. These biological films can act as
diffusional barriers, alter the surface microstructure of the electrode, and facilitate localised
corrosion, particularly in materials with chemical heterogeneity such as copper slags. The
simultaneous presence of mineral scaling and biofouling presents major challenges for
the continuous and stable operation of the system [46]. Therefore, assessing the resistance
of residual materials such as copper slag to these phenomena under real conditions (i.e.,
untreated seawater) is essential to determine their practical viability as cathodes in low-cost
and sustainable electrolysis technologies.

It is true that materials such as platinum (Pt) exhibit exceptional catalytic activity
and are the benchmark for the hydrogen evolution reaction (HER) under ideal condi-
tions [47,48]. However, the aim of this study is not to compete directly with noble metals
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or advanced materials synthesised under controlled laboratory conditions, but rather to
evaluate the potential of copper slag as a low-cost and functional electrocatalyst under
real-world conditions, using untreated seawater as the electrolyte. From this perspective,
although the current density achieved by copper slag in 0.5 M NaCl is lower than that
reported for commercial catalysts, its electrochemical stability and activity in complex me-
dia such as seawater and geothermal water (El Tatio) represent a significant step forward
towards practical, sustainable, and low-cost applications, particularly in arid regions such
as Northern Chile, where this type of waste is readily available and access to freshwater
is limited.

Moreover, there is growing interest in the use of natural or waste-derived materials as
electrodes. For example, the use of natural pyrite (FeS2) has been reported with promising
results for OER on nickel foam, and strategies such as doping and nanostructuring have
been explored to improve the performance of metal sulphides like CoS2 and MoS2, though
with greater synthetic complexity and associated costs [49]. In this context, copper slag
offers a direct alternative without the need for prior modification processes, making it easier
to scale up and integrate into distributed hydrogen generation systems. We acknowledge
the importance of contextualising our results in comparison with other electrocatalysts. In
future versions of the manuscript, a comparative table will be included featuring represen-
tative materials such as Pt/C, MoS2, CoP, and mixed oxides, considering key parameters
such as overpotential at 10 mA cm−2, Tafel slope, stability, and cost per unit of active area.
This comparison will help to position copper slag more clearly as a viable alternative in
decentralised and environmentally responsible electrolysis technologies [34,50–53].

Figure 2 illustrates patterns of copper slag dust, showing that the main phases present
in this material are fayalite (Fe2SiO4) and magnetite (Fe3O4). According to Li et al., it
is possible to identify complex silicates and other residual metallic elements in addition
to these main phases [34]. Additionally, other phases observed in the copper slag dust
sample include magnesioferrite (MgFe2O4), molybdenite (MoS2), and, to a lesser extent,
the crystalline phase of covellite (CuS). Furthermore, taking into account the known origin
of the sample, it can be stated that amorphous phases corresponding to mineraloids were
identified. Furthermore, previous studies suggest that XRD may not detect certain residual
metallic elements due to their low concentration or because they are dispersed within the
copper slag [9,26,34,35,54,55].

The point analysis, presented in Figure 4, reveals, in general terms, that iron is present
in 12.1 wt%, oxygen represents 28.2 wt%, and silicon accounts for 7.3 wt%. This suggests
that the copper slag powders have a high iron oxide content. Additionally, 4.0% and
0.5 wt% were detected, indicating that a small amount of copper sulphide still remains in
the slag powders. Given this composition, the copper slag exhibits significant potential
for electrochemical applications, particularly due to its iron oxide content. In this regard,
Allibai et al. demonstrated that modifying a wax-impregnated graphite electrode with
iron oxide (Fe2O3) nanoparticles enhances the electron transfer kinetics and electrocatalytic
activity while increasing the surface area of the electrode. This results in improved anodic
responses for electrochemical sensing, specifically for hydroxylamine detection [33]. Con-
sidering the high concentration of iron oxide in the copper slag, it may be a promising
candidate for similar electrochemical applications, where such enhancements could be
beneficial.

The Raman spectrum analysis shows the presence of magnetite (Fe3O4), hematite
(Fe2O3), olivine ((Mg, Fe)2SiO4), and fayalite (Fe2SiO4). In Figure 5a, the Raman spectrum
of a darker zone of the sample is shown, which coincides with the main presence of
magnetite. This reported band indicates three signals, two weak bands at ~308 1/cm (Eg)
and ~548 1/cm (T2g) and one prominent band at ~665 1/cm. Das et al. indicate that the
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prominent bands of magnetite, whose broadband range for magnetite is ~661 to ~676 1/cm
(A1g), are consistent with other authors [56]. The analysis of the Raman spectrum of the
copper slag presented in Figure 5b shows the spectrum of a lighter area, which presents
mostly fayalite in the form of olivine, showing three characteristic signals at ~813, ~837, and
~902 1/cm, respectively. Kuebler et al. observed that the positions of the olivine doublet
peaks vary with composition, from olivine to forsterite [57]. Olivine has a characteristic
signal as a doublet around 837–815 1/cm for symmetric Si-O stretching band and has one
symmetric Si-O stretching band between 825 and 808 1/cm. According to the XRD pattern,
this corresponds mainly to fayalite with some complement of forsterite with a composition
containing magnesium (Mg) below 0.26 and iron (Fe) above 1.74. Hematite may have
appeared by oxidation of magnetite upon interaction with the laser [58,59]. This indicates
that the sample analysed belongs to the olivine solid solution series, with a predominance
of its iron-rich phase [60].

The electrodes, composed of copper slag powder and carbon wax, were immersed
separately in seawater and an aqueous solution with a high salt concentration and subjected
to electrochemical analysis to assess their response to corrosion and other electrochemical
processes. Following this procedure, the electrodes were dried and prepared for characteri-
sation using SEM-EDS. The SEM technique was employed to investigate morphological
alterations on the material surface, while EDS analysis enabled the determination of its
surface chemical composition. The images obtained by SEM revealed modifications in the
surface morphology of the electrode, characterised by the presence of a porous structure
and crystalline formations on the surface. This suggests the occurrence of selective disso-
lution processes and the precipitation of compounds within the saline medium. Figure 6
shows the copper slag modified carbon paste electrode after the oxidation process in 0.5 M
NaCl. The results revealed the presence of cubic crystals on the electrode. From EDS
analysis, as presented in the figure, the elemental analysis indicates that the formation of
cubic crystals is NaCl, which comes from the NaCl solution. This indicates that there may
be NaCl crystals and ions present in seawater (no presence of CaCO3, Mg(OH)2 and CaSO4

was detected). This suggests that the copper slag dusts absorbed salts on their surface.
Figure 7 shows the modified carbon paste electrode with copper slag after the oxidation
process in seawater. The EDS analysis confirmed the presence of elements characteristic of
copper slag powder, including Cu (5.2 wt%), Fe (39.9 wt%), Si (13.4 wt%), and O (29.2 wt%),
along with the incorporation of ions from the saline medium, such as Cl− and Na+. The
detection of these elements indicates the formation of corrosion products and the deposition
of salts on the electrode surface. The chemical composition determined by EDS following
exposure to seawater was 2.9 wt% Na, 3.3 wt% Al, 1.5 wt% Cl, 1.2 wt% Ca, 1.4 wt% K,
0.7 wt% Mg, and 2.3 wt% Mo.

The kinetic study was performed by applying a non-linear fit to the experimental
polarisation data, based on the superposition model and mixed potential theory. This
theoretical framework assumes that both anodic and cathodic reactions are governed by
charge transfer, mass diffusion, and the control of oxidation mechanisms. Figure 8 provides
key insights into the electrochemical and kinetic behaviour of the copper slag powder
electrode during the cathodic subprocess, as a function of the electrolyte used (0.5 M
NaCl, seawater, and El Tatio geothermal water). Figure 8a presents the polarisation curves,
revealing a clear cathodic response. Among the tested electrolytes, seawater exhibited
the highest cathodic current, followed by geothermal water and, lastly, 0.5 M NaCl. This
trend suggests that natural electrolytes possess higher conductivity, likely due to their
complex ionic composition and enhanced oxygen availability—factors that favour the
oxygen reduction reaction (ORR). These findings are consistent with those reported by
Santos et al. and Tong et al., who observed improved cathodic activity in natural saline
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media, attributed to their greater ionic complexity [61,62]. The negative potential region
(Figure 8b) enables a kinetic-focused analysis. In this region, seawater exhibits a steeper
slope, indicating a higher exchange current density within the same potential range. The
distinct Tafel slopes observed for the three electrolytes (Figure 8c) suggest that the HER
mechanism on the copper slag surface is influenced by the specific composition of each
electrolyte. Notably, the Tafel slope for 0.5 M NaCl is higher than those for seawater and El
Tatio geothermal water, implying slower charge transfer kinetics in the NaCl solution. The
differential derivative analysis (di/dE, Figure 8d) reveals abrupt changes in the reaction
mechanisms. Peaks observed in seawater and geothermal water around −950 mV may be
attributed to redox-active components within the electrolyte. In contrast, the curve for 0.5 M
NaCl exhibits a more uniform profile, reflecting a more stable but less electrochemically
active system.

The specific behaviour around 0 V/SHE, corresponding to seawater, is not as pro-
nounced in 0.5 M NaCl. It can be attributed to the transition of the ORR mechanism,
dissolution of passive layers, or the reduction in residual species. Due to the characteristic
of the electropotential, which contains chloride ions and is in materials such as copper slag,
which could have traces of Cu or metal sulphides that are reduced around 0 V vs. SHE,
generating these additional anodic peaks. Grimm et al. demonstrated this effect in copper
materials using saline electrolytes [63].

The comparative electrochemical and kinetic parameters of copper slag powder are
summarised in Table 1. Copper slag exhibits greater activity for both the oxygen reduction
reaction (ORR) and the hydrogen evolution reaction (HER) in seawater. According to
Kaiser et al., copper alloys in saline environments display reduced corrosion resistance,
which may contribute to the observed behaviour. The highest exchange current density
was recorded in geothermal water, suggesting that the heterogeneous surface of the copper
slag enhances its catalytic activity for the ORR under these conditions [64]. Studies by Yaro
et al. and Khadom et al. indicate that corrosion kinetics are influenced by both the chemical
composition of the electrolyte and the nature of the electrode material. The corrosion
analysis further revealed that, although the corrosion potential (Ecorr) shifted towards
more positive values and the corrosion current density (icorr) increased in seawater, this
electrolyte’s composition accelerates corrosion in copper slag [65,66]. In contrast, Metikos-
Hokovic et al. emphasise that both flow dynamics and surface composition affect passive
film formation, which supports the lower corrosion rate observed in geothermal water,
evidenced by its more positive (Ecorr) and reduced (icorr) values [67].

Table 1. Electrochemical parameters and kinetic properties of copper slags in contact with salt solutions.

Parameters 0.5 M NaCl Seawater
Geothermal Water

(El Tatio)

i0,CS, A m−2 0.1066 0.0021 0.0011
tCS, mV dec−1 338 140 157
i0,O2 , A m−2 0.097 0.380 0.0186

tO2 , mV dec−1 −587 −764 −417
il,O2 , A m−2 −7.8 −11.9 −2.1
i0,H2 , A m−2 −0.383 −84.896 −0.132

tH2 , mV dec−1 −263 −126 −221.4
Ecorr, mV −1.124 12.539 30

icorr, A m−2 2.117 3.668 1.02

5. Conclusions

This study demonstrates the feasibility of using untreated copper slag as a low-cost
and sustainable electrocatalyst for hydrogen production through saline water electrolysis.
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Through comprehensive physicochemical and electrochemical characterisation—including
XRD, SEM-EDS, Raman spectroscopy, and kinetic modelling—we establish that copper slag
exhibits favourable surface properties, high electrochemical stability, and catalytic activity
toward the hydrogen evolution reaction (HER), particularly in seawater and geothermal
brine environments. These findings underscore the potential of this abundant industrial by-
product as a functional electrode material that bypasses the need for expensive noble metals.

Notably, the material’s performance in real electrolytes such as seawater and El Tatio
geothermal water validates its robustness under complex, high-salinity conditions. The
electrochemical response confirms that copper slag not only withstands corrosive media but
also facilitates effective charge transfer, positioning it as a viable option for decentralised,
low-cost hydrogen generation systems in arid coastal regions like Northern Chile.

This approach aligns with circular economy principles, offering a dual benefit: waste
valorisation and green hydrogen production. Future work should focus on the long-term
operational stability of copper slag electrodes under continuous use, the mitigation of
scaling and biofouling effects, and the integration of this material into pilot-scale electrol-
ysis systems. Such efforts will be essential to assess its commercial scalability and full
environmental impact in sustainable energy applications.
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