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Low-temperature phosphidation synthesis of
flower-like Ru-CoVO-P polymetallic catalyst for
enhanced overall water splitting in alkaline
seawater
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Developing efficient and stable bifunctional electrocatalysts for overall water splitting, especially in practical
electrolytes such as seawater, remains a significant challenge in the field of energy conversion. Herein, we
report the successful synthesis of a three-dimensional, flower-like polymetallic phosphide electrocatalyst
(Ru-CoVO-P), constructed from self-assembled ultrathin nanosheets, via a facile hydrothermal method
combined with a low-temperature phosphidation strategy. The catalyst exhibits excellent bifunctional
activity in 1 M KOH, requiring overpotentials of only 88.7 mV (HER) and 248.3 mV (OER) to achieve 10
mA cm~2. After 240 hours of cycling in a two-electrode system, a cell voltage of only 1.753 V is required
to achieve a current density of 50 mA cm™2. More importantly, the catalyst maintains excellent
performance in 1 M KOH containing seawater, demonstrating outstanding stability and great application
potential. The superior performance stems from the electronic structure modulation among the
polymetallic components, as well as the abundant active sites and efficient mass transport capabilities
provided by the hierarchical structure. This work provides a facile and effective synthesis strategy for
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1 Introduction

Economic development has significantly increased the demand
for clean energy production and storage. As a clean energy
source, hydrogen emits zero carbon dioxide during its utiliza-
tion process, which has garnered substantial public attention.*
In recent years, the water electrolysis method has emerged as
a highly promising approach for hydrogen production.
Electrochemical water splitting, which involves the hydrogen
evolution reaction (HER) and the oxygen evolution reaction
(OER), is one of the most promising and cost-effective pathways
for producing green hydrogen fuel through overall electro-
chemical water decomposition.> However, the sluggish reaction
kinetics and high reaction barriers in the electrolysis process
necessitate highly active catalysts to reduce overpotential and
enhance reaction rates. To date, Pt- and Ir-based compounds
have demonstrated promising catalytic activity for HER and/or
OER. However, their limited resource availability and cost
inefficiency pose significant barriers to large-scale commercial
deployment.®~
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developing advanced polymetallic phosphide catalysts suitable for practical seawater electrolysis.

Recently, numerous bifunctional catalysts based on Fe, Co,
and Ni compounds have attracted significant research interest
and have been extensively explored in energy-related fields.®”
Among these, Co-based compounds are recognized as a class of
promising electrocatalytic materials for highly efficient water
splitting." Cobalt possesses half-filled and fully filled d-orbitals
with moderate effective nuclear charge towards d-electrons. Its
d-electron configuration can be tailored through the formation
of oxides, hydroxides, phosphides, sulfides, and other deriva-
tives, leading to continuous performance breakthroughs.***
Among various cobalt-based materials, Co-P-based catalysts
exhibit unique structural and compositional characteristics that
are particularly favorable for water splitting.'® For example, Zhu
et al. reported a cobalt metal/cobalt phosphide/nitrogen-doped
carbon composite catalyst with a hierarchical hollow structure,
denoted as Co-Co,P/NC, which exhibits excellent OER perfor-
mance requiring an overpotential of only 287 mV to achieve
a current density of 10 mA cm™? in 1 M KOH." Nevertheless,
such catalytic performance remains unsatisfactory, particularly
under high electrolysis current densities. Metal doping repre-
sents a favorable strategy to modify the electronic configuration
of catalysts, thereby optimizing the binding strength with
reaction intermediates.'®*' Furthermore, the introduction of
metal heteroatoms has been demonstrated to significantly
enhance electrical conductivity, thereby facilitating charge
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transfer during the water electrolysis process?*** These syner-
gistic multimetallic strategies have led to significant perfor-
mance improvements. For example, a CoFeP heterostructure
fabricated by one-step phosphidation exhibits a porous struc-
ture and abundant active sites, delivering overpotentials of
127 mV (HER) and 266 mV (OER) at 10 mA cm ™ in alkaline
media.**

Vanadium(v), an abundant transition metal belonging to the
VB group, has attracted considerable attention for its applica-
tions in electrocatalysis.>® VN and VC have been demonstrated
to be effective for HER, while VOOH shows activity for OER.>**”
The excellent electrical conductivity and stability of VN also
favor its application as a catalyst or support material. Studies
indicate that combining oxides with V and Co can produce
efficient OER-active catalysts.”®** V-Co-based catalysts, such as
a-CoVO, and V-doped Co304, have been developed as promising
candidates for OER electrocatalysis. The o-CoVO, catalyst
exhibits excellent OER performance with a low overpotential of
254 mV required to achieve a current density of 10 mA cm 2,33
On the other hand, ruthenium (Ru) is an inexpensive noble
metal, costing less than 5% of platinum per unit mass, and has
demonstrated remarkable adsorption capabilities toward reac-
tion intermediates, showing great potential for electrochemical
HER.*** Therefore, incorporating a small amount of Ru into
cobalt-based catalyst systems could serve as an effective strategy
to significantly enhance catalytic activity without substantially
increasing the overall cost, thereby facilitating large-scale
industrial applications.***” The effectiveness of this strategy
has been confirmed in recent studies. For example, by doping
Ru into cobalt selenide with a special hollow microarray struc-
ture (Ru-c-CoSe,), a remarkably low overpotential of only 97 mV
is required to achieve a hydrogen evolution current density of 10
mA cm 2 in alkaline medium (1 M KOH), demonstrating the
significant potential of Ru doping in promoting hydrogen
evolution reaction kinetics.*® Despite these advances, the
mechanistic understanding of multimetallic phosphides
remains limited. It is still unclear how doping with noble metals
like Ru alters the electronic structure of Co-V phosphide
precursors or promotes dynamic surface reconstruction during
the oxygen evolution reaction. Moreover, the origins of their
high activity and stability in harsh environments such as
seawater are not fully understood, hindering practical
application.

We report a three-dimensional flower-like multimetallic
phosphide electrocatalyst (Ru-CoVO-P) constructed from ultra-
thin nanosheets via self-assembly. This study aims to develop
a bifunctional catalyst for overall water splitting by rationally
integrating the properties of Ru, Co, V, and P, balancing high
activity with cost-effectiveness. The primary objectives include:
(1) presenting a facile, low-temperature strategy for synthesizing
complex multimetallic phosphides; (2) achieving excellent
performance in overall water splitting under high current
densities in alkaline media; and (3) evaluating the long-term
stability and practical application potential in simulated
seawater, a more challenging environment. The resulting Ru-
CoVO-P catalyst exhibits not only outstanding catalytic activity
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but also remarkable stability in both alkaline and seawater
electrolytes.

2 Experimental section
2.1 Preparation of the precursor

The nickel foam was cut into 4 x 4 cm squares and pretreated
by immersion in 3 M HCI for 30 minutes, followed by ultrasonic
cleaning in deionized water for 10 minutes. Subsequently,
1.5 mmol of NH,VO; and 2 mmol of CoCl,-6H,0 were dissolved
in 60 mL of deionized water, and the mixture was magnetically
stirred until a transparent pink solution was formed. This
solution, along with a piece of the pretreated nickel foam, was
transferred into a 100 mL Teflon-lined autoclave. The autoclave
was sealed and heated at 160 °C for 13 hours. After naturally
cooling to room temperature, the nickel foam was retrieved,
washed thoroughly with ethanol and deionized water, and
finally dried at 60 °C for 6 hours to obtain the Co-V bimetallic
catalyst precursor.

2.2 Preparation of Ru-CoVO-P catalyst

0.3 mmol of RuCl;-3H,0 was dispersed in a water-ethanol
mixed solvent (1: 1, v/v). Under vigorous stirring, a 0.05 mmol
NaBH, solution was rapidly added. A Ni foam loaded with the
precursor was immersed in the mixture and reacted for 4 hours.
The resulting sample was then thoroughly washed with ethanol
and deionized water.** Subsequently, it was annealed at 350 °C
for 120 minutes in a tube furnace under argon flow, with
NaH,PO,-H,0 (500 mg) placed upstream as a phosphorization
source, and was designated as Ru-CoVO-P.

For comparison, the sample obtained without the annealing
step was labeled Ru-CoVO-1; the sample obtained by immersing
the precursor only in the RuCl;-3H,O solution was named Ru-
CoVO-2; and the sample obtained by immersing the precursor
solely in the NaBH, solution was marked as CoVO.

2.3 Preparation of the electrocatalyst

The phase composition and crystal structure of the obtained
products were analyzed by X-ray diffraction (XRD, Shimadzu-
7000, Cu Ka). The elemental composition of the samples was
investigated using X-ray photoelectron spectroscopy (XPS,
ESCALAB 250, Al-Ka). Scanning electron microscopy (SEM,
Gemini 300-71-31) was employed to observe the surface
morphology of the synthesized samples. Transmission electron
microscopy (TEM, JEM-2100 PLUS) was further employed to
analyze the internal microstructure and lattice fringes of the
product.

2.4 Electrocatalytic performance testing

The electrocatalytic performance of the synthesized product
was evaluated using a standard three-electrode system on
a CHI760E electrochemical workstation (Shanghai Chenhua).
The fabricated product (0.5 x 0.5 cm) was utilized as the
working electrode, with Hg/HgO as the reference electrode,
a carbon rod as the counter electrode for the HER, and a plat-
inum sheet electrode as the counter electrode for the OER. The
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electrolyte solutions used were 1 M KOH (pH = 13.7) and
a mixture of 1 M KOH and seawater (pH = 13.51). The electro-
catalytic measurements included linear sweep voltammetry
(LSV), cyclic voltammetry (CV), Electrochemical Impedance
Spectroscopy, (EIS), and cyclic stability tests. The LSV curves
were corrected with 90% IR compensation, and the potential
was converted to the reversible hydrogen electrode (RHE) using
the Nernst equation: Eryg = Eng/ngo + 0.059 X pH + 0.098. The
OER overpotential was calculated using 7 = Egyg — 1.23 V.

3 Results and discussion
3.1 Structural and morphological characterization

First, the phase composition of the prepared samples was
characterized by XRD. The XRD pattern of the precursor sample,
CoVO, exhibits a series of sharp diffraction peaks, all of which
match the standard pattern for cobalt vanadate (PDF#97-042-
0769). In the XRD patterns of Ru-CoVO-1 and Ru-CoVO-2,
characteristic diffraction peaks belonging to RuO, (PDF#97-
023-6963) appeared at 27.68°, 34.69°, and 53.6°, indicating the
successful incorporation of RuO, Following a phosphidation
treatment, the XRD pattern of the sample Ru-CoVO-P changed
significantly. The diffraction peaks corresponding to CoVO di-
sappeared and were replaced by several broad, diffuse peaks,
indicating a significant structural reconstruction during the
phosphidation process. In the XRD pattern of Ru-CoVO-P, the
main diffraction peaks located at 13.17°, 20.03°, 28.47°, 31.49°
and 33.46° can be indexed to the (002), (110), (200), (202) and
(114) crystal planes of Co(VO),(PO,),(H,0), (PDF#97-006-7659),
respectively, indicating the formation of a new phase after
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phosphidation. Furthermore, weaker diffraction peaks attrib-
utable to RuO, (PDF#97-002-3961) could still be observed at
28.07°, 35.09°, and 54.37°, suggesting that the RuO, species was
preserved during the phosphidation process.

To gain deeper insights into the surface chemical composi-
tion and oxidation states of the prepared electrocatalyst, XPS
was performed. The Co 2p spectrum of Ru-CoVO-P can be
deconvoluted into seven peaks (Fig. 1b). Two main peaks cor-
responding to Co 2p;/, and Co 2p,, exhibit a spin-orbit split-
ting of 15.8 eV, accompanied by two shake-up satellite
peaks.***> The peak at 774.7 €V can be attributed to Co°, indi-
cating that some Co ions on the material's surface were reduced
to metallic Co under argon atmosphere, which is beneficial for
enhancing the material's electrical conductivity and improving
electron transfer during electrochemical processes. Peaks at
781.4/797.2 eV and 784.9/800.9 eV correspond to Co>" and Co*>",
respectively, while peaks at 787.8 eV and 803.8 eV represent the
satellite peaks of Co. The V 2p core-level spectrum (Fig. 1c) is
fitted with two peaks at 516.7 eV for V 2p;,, and 523.9 eV for V
2py/.** Peaks located at 515.9 eV and 522.9 eV belong to V*',
whereas those at 516.7 €V and 524.3 eV correspond to V>'.
Fig. 1d shows three characteristic peaks in the O 1s spectrum.
Specifically, the peak at a binding energy of 533.3 eV is typically
associated with low-coordination oxygen ions on the surface.*
The peak at 531.6 eV corresponds to chemisorbed and phys-
isorbed water molecules on and within the surface, while the
peak at 530.2 eV is attributed to defective oxygen.***® Fig. 1le
shows the high-resolution Ru 3p spectrum, where two distinct
peaks appear at 461.4 eV and 485.7 eV, corresponding to Ru 3ps,
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Fig.1 Structure characterization of as-fabricated samples. (a) XRD patterns of the as prepared samples (b) XPS of Co 2p (c) V 2p (d) O 1s (e) Ru 3p

(f) P 2p.
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» and Ru 3py,,, respectively. This confirms that the Ru dopant
has been successfully incorporated into the Ru-CoVO-P cata-
lyst.*” The introduction of Ru significantly modulates the elec-
tronic structure of Co and V atoms, which may optimize the
adsorption behavior of oxygen-containing intermediates,
thereby enhancing the electrocatalytic activity. The P-O peak is
observed at 134.1 eV, while the P 2p,, and P 2p;/, peaks are
located at 130.5 eV and 129.7 eV, respectively (Fig. 1f). The
presence of the P-O peak indicates partial surface oxidation of
the sample, which is consistent with previous reports.*

To investigate the micro-morphology and elemental
composition of the prepared Ru-CoVO-P catalyst, we performed
SEM and EDS characterizations. The SEM image (Fig. 2a) clearly
reveals that the catalyst forms a uniform and dense film on the
substrate, composed of a large number of uniformly sized,
three-dimensional flower-like microspheres. Further magnifi-
cation (Fig. 2b) shows that these unique flower-like micro-
spheres are self-assembled from countless ultrathin nanosheets
as basic units, which are interconnected and oriented almost
perpendicularly to the core. This open and porous hierarchical
nanostructure not only greatly increases the specific surface
area of the material, providing abundant contact interfaces and
active sites for catalytic reactions, but also features inter-
connected pore channels that facilitate rapid electrolyte pene-
tration and efficient detachment of generated gas bubbles (e.g.,
O, and H,), thereby significantly reducing mass transport
limitations and ensuring sustained, high-performance opera-
tion of the catalyst. The morphologies of the other samples are
shown in Fig. Sla-c. The low-magnification TEM image
(Fig. S1d) clearly reveals that the catalyst is composed of ultra-
thin nanosheets as fundamental units. These intertwined
nanosheets create a large surface area, providing abundant
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interfaces for the electrocatalytic reaction. To further probe the
crystal structure, high-resolution TEM (HRTEM) was performed
(Fig. S1e). The image shows well-defined, ordered lattice
fringes, and upon measurement and indexing, the interplanar
spacings of d = 0.2676 nm and d = 0.2551 nm are found to
correspond to the (114) plane of Co(VO),(PO,),(H,0), and the
(101) plane of RuO,, respectively. The regular arrangement and
spacing of these lattice fringes are further confirmed by the line
profile analysis (Fig. Sif). To confirm the uniformity of its
chemical composition, EDS elemental mapping analysis was
conducted on the Ru-CoVO-P sample (Fig. 2c). The results show
that the main elements constituting the framework Co, V, O, P
and Ru are all highly uniformly distributed, with no obvious
elemental aggregation or segregation. In summary, this three-
dimensional hierarchical network structure with a high
specific surface area, combined with the uniform dispersion of
multiple elements, constitutes the unique advantages of this
catalyst.

3.2 Electrocatalytic performance of the catalyst in 1 M KOH

The OER performance of the catalyst was systematically evalu-
ated in 1 M KOH electrolyte. After 30 CV activation cycles, LSV
measurements were conducted at a scan rate of 2 mV s *
(Fig. 3a). The results showed that commercial IrO, exhibits the
best performance at a current density of 10 mA cm™ 2. Notably,
the performance advantage of Ru-CoVO-P becomes more
pronounced at higher current densities. Under higher current
density conditions, its overpotential gradually approaches and
ultimately surpasses that of IrO,. Specifically, Ru-CovVO-P ach-
ieves remarkably low overpotentials of 248.3 mV, 306.3 mV, and
338.3 mV to deliver current densities of 10, 50, and 100 mA
em™?, respectively (Fig. 3b), outperforming other catalysts.

Fig.2 Morphology and structure characterization of the as-prepared products (a and b) SEM images of Ru-CoVO-P (c) EDS elemental mapping

of Co, V, O, Ru and P for Ru-CoVO-P.
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Fig. 3c shows the Tafel plots derived from the LSV curves, which
provide deeper insight into the reaction mechanism. Ru-CovVO-
P exhibited the smallest Tafel slope of only 33.28 mV dec™*,
indicating the fastest OER reaction kinetics among the studied
catalysts.*” The linear fitting plot for the Cyj, derived from the
CV curves (Fig. S2), is shown in Fig. 3d. The results indicated
that Ru-CoVO-P possessed the largest Cy; value (1.42309 mF
ecm~?), which corresponds to the highest ECSA. The ECSA
ranking for the samples is as follows: Ru-CoVO-P > Ru-CoVO-2 >
Ru-CoVO-1 >CoVO. In addition, EIS analysis (Fig. 3e) further
reveals the charge transfer kinetics of the catalysts. The results
show that Ru-CoVO-P has the smallest diameter of the Nyquist
semicircle, and its fitted charge transfer resistance (R.) is only
21.72 Q (Table S1), significantly lower than that of all the control
samples. This indicates that Ru-CoVO-P possesses the fastest
interfacial charge transfer rate, a conclusion consistent with its
excellent electrochemical performance, including low over-
potential and the smallest Tafel slope. As shown in Fig. 3f, the
Ru-CoVO-P catalyst maintains stable catalytic performance over
a 12 hours durability evaluation. The inset presents a compar-
ison of the LSV curves before and after the constant-potential
cycling test. The results reveal only minor degradation in OER
activity after prolonged operation, suggesting that the surface
active site structure and electron transport pathways of the
catalyst remain highly stable throughout the electrochemical
process. This further confirms the excellent long-term electro-
chemical stability of Ru-CoVO-P.

In a three-electrode system comprising a carbon rod as the
counter electrode, Hg/HgO as the reference electrode, and the
catalyst as the working electrode, the HER performance of the

32736 | RSC Adv, 2025, 15, 32732-32745
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catalysts was evaluated. LSV measurements were recorded at
a scan rate of 5 mV s ' in 1.0 M KOH electrolyte. As shown in
Fig. 4a, Ru-CoVO-P exhibits the closest performance to Pt/C
among all samples. At a current density of —10 mA cm™>, Ru-
CoVO-P requires an overpotential of only 88.7 mV, signifi-
cantly lower than those of Ru-CovVO-1 (126.7 mV), Ru-CoVO-2
(127.7 mV), and CoVO (149.7 mV). Notably, Ru-CoVO-P ach-
ieves a high current density of 50 mA cm™> with a low over-
potential of just 180.7 mV, highlighting the beneficial effect of
Ru doping on HER activity. The electrochemical reaction
kinetics can be further studied through Tafel slopes (Fig. 4b).
The Tafel slopes for Ru-CovVO-P, Ru-CoVO-1, Ru-CoVO-2, and
CoVO are 63.46 mV dec™, 66.02 mV dec™*, 66.89 mV dec™*, and
71.41 mV dec ™, respectively. The lower Tafel slope of Ru-CoVO-
P indicates favorable reaction kinetics. ECSA is a critical
parameter for assessing the performance of electrocatalysts,
representing the effective surface area involved in electro-
chemical reactions. Since ECSA is proportional to the Cy,, it can
be determined by calculating Cq4;. CV curves are provided in
Fig. S3. As illustrated in Fig. 4c, Ru-CoVO-P has a double-layer
capacitance value of 0.08821 mF e¢m™?, significantly higher
than that of other prepared catalysts. Fig. 4d clearly shows the
differences among the four catalysts in terms of overpotential
(for OER/HER), ECSA, and Tafel slope, visually demonstrating
the superior performance of Ru-CoVO-P. To further understand
the kinetic characteristics and reaction mechanisms at the
catalyst interface, based on the above results, a comprehensive
radar chart is plotted in Fig. 4d. This chart vividly illustrates the
remarkable performance of Ru-CoVO-P as a candidate material,
consistent with our predictions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(i) DRT spectrum of Ru-CoVO-P sample after cycling.

In addition to catalytic activity, the dynamic response of the
catalyst was investigated through three-dimensional Bode plots
measured at varying potentials (from —5 mA cm ™ to —60 mA
cm ™ ?) (Fig. 4€). The phase angle versus frequency curves reflect
the dynamic response characteristics of the catalyst samples.>*
Fig. S6a presents the EIS fitting results at different over-
potentials. As the cathodic overpotential increases (from
—0.969 V to —1.121 V), the charge transfer resistance (R.)
significantly decreases from 31.09 Q to 3.271 Q. The detailed
fitting parameters are listed in Table S3. The reduction in R
demonstrates that higher overpotentials effectively accelerate
charge transfer and HER kinetics, a trend consistent with the
LSV results.’>** Together, these findings confirm the catalyst's
excellent intrinsic electrocatalytic activity. Fig. 4f shows the
Distribution of Relaxation Times (DRT) analysis of Ru-CovVO-P
under HER conditions, revealing a distinct peak in the low-

© 2025 The Author(s). Published by the Royal Society of Chemistry

frequency region. As the applied potential becomes more
negative, the intensity (y/Q) of this peak increases significantly.
This low-frequency feature is attributed to mass transport
processes. In high-rate hydrogen evolution, such processes are
primarily governed by H, bubble dynamics, including nucle-
ation, growth, and detachment from the electrode surface.
Therefore, the pronounced rise in peak intensity with
increasing overpotential indicates that bubble-induced mass
transport resistance becomes the dominant contributor to
overall electrode polarization at high current densities.

As the potential shifts negatively from —0.96 V to —1.08 V,
the v value of the mid-frequency peak decreases significantly.
This suggests that the increased overpotential provides
a stronger driving force for HER, accelerating the reaction
kinetics and reducing charge transfer resistance. In the high-
frequency region, the polarization resistance (y value) remains
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relatively small with minimal variation across potentials, likely
associated with the intrinsic charge transport properties of the
electrode material itself.>*** Durability is another critical
parameter for assessing catalyst performance. The Ru-CovVO-P
catalyst retains high activity over a 12 hours continuous oper-
ation at a current density of 40 mA cm™ > in 1.0 M KOH elec-
trolyte (Fig. 4g). The inset displays an overpotential comparison
before and after the durability test, revealing no significant
difference in overpotential values. This demonstrates that the
catalyst exhibits excellent durability, sustaining stable current
output during long-term continuous operation. The post-
cycling Bode plot (Fig. 4h) reveals more ordered phase angle
alignment after cycling, further highlighting the excellent
charge transport efficiency of Ru-CoVO-P. Fig. 4i presents the
DRT analysis after long-term cycling. Notably, a leftward shift
toward higher frequencies and movement of characteristic
peaks are observed, indicating that Ru-CoVO-P likely exhibits
reduced impedance contribution and lower charge transfer
resistance following extended stability testing. This undoubt-
edly benefits charge transport efficiency. Table 1 compares the
electrocatalytic performance of the prepared samples with
previously reported catalysts, showing that Ru-CoVO-P exhibits
lower overpotentials than other currently reported catalysts.
XPS analysis was performed on the Ru-CoVO-P catalyst after
cycling. The results (Fig. 5a) show that after long-term electro-
chemical testing, the characteristic peaks of all core elements
(Co, V, Ru, P, O) on the catalyst surface remain clearly
discernible. This indicates that the catalyst's fundamental
framework and surface elemental composition remained
largely intact, without significant dissolution or loss. The high-
resolution XPS spectrum of Co 2p (Fig. 5b) reveals that the
characteristic peaks shifted overall toward lower binding ener-
gies after cycling. This can be attributed to the partial reduction
of high-valence active sites, such as Co®", to lower oxidation
states like Co**.%® Concurrently, the disappearance of the V°*
characteristic peak in the V 2p spectrum after cycling (Fig. 5¢)
suggests that V>" was almost completely reduced to V**. This is
related to the formation of oxygen vacancies.*® These defective
sites facilitate the adsorption and dissociation of water mole-
cules, thereby accelerating the formation of the (oxy)hydroxide

View Article Online

Paper

active layer. The resulting low-valent Co and V ions serve as
ideal precursors for the in situ generation of highly active Co/V-
OOH species under anodic potentials. The O 1s spectrum
(Fig. 5d) shows that after cycling, the peak area corresponding
to surface hydroxyl groups (-OH) at higher binding energies
increases significantly and becomes the dominant peak, while
the peak representing bulk lattice oxygen (M-O) at lower
binding energies decreases markedly. This clearly indicates
substantial hydroxylation on the catalyst surface, forming
a surface layer rich in hydroxides. Correspondingly, in the Ru 3p
spectrum (Fig. 5e), the characteristic peaks for Ru 3ps,, and Ru
3p1,» shift towards higher binding energies, reaching 463.9 eV
and 486.4 eV, respectively. This positive shift suggests signifi-
cant oxidation of ruthenium on the catalyst surface. Ru atoms
are oxidized to form high-valent RuO, species, which serve as
highly active sites due to their favorable binding energy with
oxygen-containing intermediates. Meanwhile, they modulate
the electronic structure of neighboring Co and V atoms through
an electron-withdrawing effect, accelerating the reaction
kinetics. Furthermore, the incorporation of Ru enhances charge
transfer efficiency and stabilizes the surface (oxy)hydroxide
layer, thereby significantly boosting the catalytic activity and
stability of the catalyst. In contrast, the P 2p spectrum (Fig. 5f)
shows that the characteristic peak for P-O bonds remains
dominant both before and after cycling. This strongly confirms
the high chemical stability of phosphate groups during the
process.

However, the finite and geographically disparate distribution
of freshwater resources contrasts sharply with that of seawater.
Constituting 96.5% of the Earth's water resources, seawater
presents a sustainable alternative for electrolytic processes.* >
Therefore, in our subsequent work, we conducted electro-
chemical tests on the samples in an alkaline electrolyte envi-
ronment using 1 M KOH + seawater.

3.3 Electrocatalytic performance of the catalyst in 1 M KOH
+ seawater

To evaluate the OER performance of the catalyst in seawater,
a series of electrochemical tests were conducted. As shown in
Fig. 6a and b, the Ru-CoVO-P catalyst exhibits excellent OER

Table 1 Comparison of electrochemical properties of Ru-CoVO-P electrode materials with previous literature

Electrode materials Electrolyte Overpotential (mV) Tafel slope (mV dec™) Reference

Ru-CoVO-P 1M KOH OER-248.3 (10 mA cm ™ ?) 33.28 This work
HER-88.7 (—10 mA cm™?) 63.46

CoVO, 1 M KOH OER-308 (10 mA cm ™ ?) 62 64

RU@NiCo-MOF 1M KOH OER-284 (10 mA cm™?) 78.82 65

Ru-C030,/CoP/TM 1M KOH OER-293 (10 mA cm ™ ?) 74.8 66
HER-47 (—10 mA cm %) 93

RuCoP/NF 1 M KOH OER-385 (50 mA cm > 89.7 67
HER-49 (—10 mA cm?) 159.1

NiFe LDH/NiS,/VS, 1M KOH OER-286 (10 mA cm > 99 68
HER-76 (—10 mA cm™?) 79

Ru-CoV-LDH/NF 1M KOH OER-230 (10 mA c¢cm > 81.2 69
HER-32 (—10 mA cm ™ ?) 36.4
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activity. At a benchmark current density of 10 mA cm™
requires an overpotential as low as 199.5 mV, significantly
outperforming Ru-CoVO-1 (241.5 mV), Ru-CoVO-2 (244.5 mV),

2

, it

and CoVO (268.5 mV). Moreover, even at high current densities
of 50 and 100 mA cm ™%, Ru-CoVO-P achieves low overpotentials
of only 274.5 mV and 307.5 mV, respectively, demonstrating its
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great potential for operation under high-current conditions.
Through Tafel slope analysis (Fig. 6¢), we investigated the
reaction kinetics. The Tafel slope for Ru-CoVO-P is only
48.32 mV dec™', significantly lower than those of the other
comparative materials. This indicates that the introduction of
Ru and P greatly enhances its intrinsic catalytic activity. To
quantify the number of active sites, we calculated the Cq4; and
ECSA using cyclic voltammetry (Fig. 6d). According to the
formula ECSA = (C4)/0.04 mF cm ™), the ECSA of Ru-CoVO-P is
calculated to be 26.297 cm?®, which is significantly higher than
that of Ru-CoVO-1 (15.755 cm?), Ru-CoVO-2 (13.682 c¢cm?), and
CoVO (13.322 cm?). This indicates that Ru-CoVO-P possesses
a larger electrochemically active surface area and exposes more
active sites. EIS further reveals kinetic information at the
electrode/electrolyte interface. The OER Kkinetics of the Ru-
CoVO-P catalyst in simulated seawater were further validated
by EIS measurements (Fig. 6e). As shown in the fitted data
(Table S2), it exhibits the lowest charge transfer resistance (R.)
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among all samples, with a value of only 11.66 Q. This indicates
that the excellent charge transfer capability of Ru-CoVO-P
remains intact even in the complex ionic environment, main-
taining highly efficient reaction kinetics. Finally, a 12 hours
continuous chronoamperometric (i-¢) test (Fig. 6f) demon-
strates that the current density of Ru-CoVO-P remains stable
with no significant decay. The comparison of polarization
curves before and after the test, as shown in the inset of Fig. 6f,
also reveals almost no increase in overpotential, strongly con-
firming the exceptional long-term operational stability of the
catalyst.

We conducted an in-depth study on its HER performance in
seawater following the evaluation of its excellent OER perfor-
mance. As shown in Fig. 7a, Ru-CoVO-P exhibits remarkable
activity and a low onset potential, delivering low overpotentials
of 134.5 mV and 250.5 mV to achieve current densities of 10 mA
em ? and 50 mA cm 2, respectively. This indicates that the
introduction of Ru and P can further fine-tune the electronic
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structure of Co and V sites, effectively enhancing catalytic
activity. The Tafel slope of Ru-CoVO-P is 115.88 mV dec ™,
which is lower than those of Ru-CoVO-1, Ru-CoVO-2, and CoVO
at 132.32 mV dec™?, 136.89 mV dec™ ', and 142.91 mV dec?,
respectively (Fig. 7b). This demonstrates that Ru-CoVO-P
possesses superior electrocatalytic kinetics and the highest
catalytic activity. To further validate and explore the source of
Ru-CoVO-P 's superior performance. As shown in Fig. 7c, the Cg
value of Ru-CoVO-P is approximately 0.065 mF cm™ 2, while
those of Ru-CoVO-1, Ru-CoVO-2, and CoVO are all below 0.005
mF cm 2 This indicates that Ru-CovVO-P possesses abundant
active sites. Fig. 7d presents a comprehensive performance
radar chart of the catalysts in seawater. It clearly shows that Ru-
CoVO-P exhibits the best overall performance for water split-
ting. Fig. 7e presents the three-dimensional Bode plots of Ru-
CoVO-P at various potentials, aiming to elucidate the HER
kinetic mechanism. With increasing overpotential, a notable
shift of the phase angle peak toward higher frequencies is
observed, directly confirming that the HER reaction rate accel-
erates due to a decrease in charge transfer resistance (Re).
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Moreover, the emergence of a second time constant feature in
the low-frequency region indicates that HER proceeds through
a multi-step process involving adsorbed hydrogen intermedi-
ates (H,gs), suggesting a possible reaction pathway following
either the Volmer-Heyrovsky or Volmer-Tafel mechanism. As
shown in Fig. S6b and Table S4, Ru-CoVO-P exhibits excellent
charge transfer kinetics despite various coexisting ions. R
decreases significantly from 42.9 Q to 5.305 Q as the cathodic
overpotential increases from —0.953 V to —1.105 V (vs. RHE),
indicating enhanced HER kinetics at higher driving forces.®
This robust performance in a complex ionic environment
highlights the catalyst's practical potential. To further interpret
the complex dynamic processes observed in the Bode plots, we
introduced the DRT analysis (Fig. 7f). The DRT spectra intui-
tively reveal that as the applied potential becomes more nega-
tive, the high-frequency peak associated with charge transfer
resistance (R, decreases dramatically. This precisely explains
why the main peak in the Bode plot shifts toward higher
frequencies. Meanwhile, the resistance corresponding to
hydrogen adsorption in the low-frequency region also
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diminishes, indicating that the entire reaction pathway is
effectively facilitated. A long-term galvanostatic (Fig. 7g) oper-
ation further verifies the outstanding stability of the prepared
sample. The inset shows the LSV curves of Ru-CoVO-P before
and after cycling. After 12 hours of operation, no significant
increase in overpotential is observed. Post-cycling Bode and
DRT analyses (Fig. 7h and i) demonstrate that the enhanced
catalytic activity originates from reduced resistances in both the
charge transfer and hydrogen adsorption steps, thereby accel-
erating the overall electrocatalytic kinetics.

The enhanced OER performance in alkaline seawater can be
attributed to the synergistic effects of the highly alkaline envi-
ronment: the competing chlorine evolution reaction (CIER) is
effectively suppressed, while the elevated OH™ concentration
directly facilitates the OER process® In contrast, the HER
performance shows significant deterioration primarily due to
the complex ionic environment of seawater. During HER oper-
ation, the localized pH increase near the cathode triggers the
precipitation of cations (particularly Mg>* and Ca®"), forming
insoluble blocking layers of Mg(OH), and CaCO;. These insu-
lating deposits progressively cover and deactivate the catalytic
sites, ultimately compromising both the efficiency and long-
term stability of hydrogen generation.®>*

3.4 Overall water splitting performance of the catalyst

To explore the practical application potential of the electro-
catalyst, overall water splitting tests were carried out in a two-
electrode system. The corresponding schematic diagram is
shown in Fig. 8a, where OER takes place at the anode with OH™
oxidized to O,, and HER occurs at the cathode through the
reduction of H' to H,. Fig. 8b displays the LSV curves of the
catalysts. It can be observed that the Ru-CoVO-P catalyst is
capable of driving water splitting at a lower cell voltage and
delivers a higher current density under the same applied
potential, indicating enhanced catalytic activity and improved
energy efficiency for hydrogen and oxygen production. To
visually evaluate the gas management capability of the elec-
trodes during the overall water splitting process, an iz situ video
was recorded for the two-electrode system using Ru-CoVO-P as
both the cathode and anode (SI Movie S1). The video clearly
shows the generation of a large number of dense and fine
bubbles on the electrode surfaces. These microbubbles detach
rapidly after their formation with almost no residence or coa-
lescence on the surface, which is a typical characteristic of
a superaerophobic surface. This efficient bubble detachment
ensures that the catalyst's active sites are not covered or blocked
by an insulating bubble layer, thus maintaining continuous and
intimate contact between the electrolyte and the catalyst
surface. This is crucial for sustaining stable catalytic activity at
high current densities. The long-term stability of Ru-CovVO-P
was evaluated through a 240 hours cycling test in 1 M KOH
solution (Fig. 8c). The results show that the potential required
to drive the reaction remained highly stable, exhibiting excel-
lent durability. This result is further confirmed by the LSV
curves before and after the test, and the potential increased only
slightly to 1.753 V at a current density of 50 mA cm™ > after
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cycling. Notably, the catalyst still exhibited significant stability
in the more challenging 1 M KOH + seawater, where the
potential remained stable and the LSV curves were essentially
unchanged (Fig. 8d). This indicates that the catalyst can main-
tain good structural integrity and high catalytic activity even in
the presence of corrosive chloride ions, demonstrating its broad
prospects for practical applications.

4 Conclusion

In summary, this work demonstrates the successful fabrication
of Ru-CoVO-P polymetallic phosphide electrocatalysts sup-
ported on nickel foam (NF), featuring ultrathin nanosheet
structures. This unique morphology affords a vast electro-
chemical active surface area and facilitates efficient charge and
mass transport. Consequently, Ru-CoVO-P demonstrates
exceptional bifunctional activity in 1 M KOH, requiring low
overpotentials of just 248.3 mV for the OER and 88.7 mV for the
HER to achieve a current density of 10 mA cm™>. The catalyst
maintains high efficiency and remarkable long-term stability in
simulated seawater, underscoring its potential for application
in corrosive environments. The outstanding performance is
attributed to the synergistic electronic effects among its
metallic components and the in situ formation of dynamic
active species during electrolysis. This work provides a robust
strategy for developing efficient, stable, and low-precious-metal
bifunctional water-splitting catalysts.
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