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Exploring the intrinsic reasons for the dynamic reconstruction of catalysts during electrocatalytic reac-
tions and their impact on activity enhancement still face severe challenges. Herein, the bifunctional cat-
alyst Ru/V-CoO/CP with doping strategy and heterostructure was synthesized for overall water splitting.
The Ru/V-CoO exhibits excellent activity for HER and OER with low overpotentials of 49, 147 mV at a
current density of 10mA/cm? in 1.0 mol/L KOH, respectively. The assembled electrolytic cell just needs
voltages of 1.47 and 1.71V to achieve 10 and 350mA/cm? current density under the same conditions
and delivers an outstanding stability for over 100 h, which is far superior to the commercial RuO,||Pt/C
cell. Experimental and theoretical results indicate that the doping of V species and the formation of het-
erostructures lead to charge redistribution. More importantly, the leaching of V species induces elec-
tron transfer form Co to O and then Ru through the Co-O-Ru electron bridge, optimizes the adsorption
strength of the key intermediate, thereby reducing the free energy barrier of the rate-determining step
and improving catalytic activity. This work proposes an effective strategy of using cation dissolution to in-
duce electron transfer through the electron bridge and thus regulate the electronic structure of catalysts,

providing new ideas for the design and development of efficient and stable electrocatalysts.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In the context of the global implementation of carbon neutrality
goals and energy transformation, the task of developing sustainable
new clean energy is urgent. Hydrogen, as a new type of energy
with high energy density and zero carbon emissions, is considered
a reasonable alternative to traditional fossil fuels [1]. As one of
the most important green hydrogen production methods, electrol-
ysis of water for hydrogen production has attracted attention from
countries around the world [2]. The process of electrolyzing water
involves two simultaneous reactions: the hydrogen evolution reac-
tion (HER) at the cathode and the oxygen evolution reaction (OER)
at the anode [3]. However, the slow multi electron transfer process
in the anodic OER (40H~ — 0, 4+ 2H,0+4e~, E? =1.23V vs. RHE)
and the high activation energy barrier required for water oxida-
tion to form oxygen seriously hinder its industrial application [4,5].
Therefore, it is crucial to develop effective electrocatalysts to opti-
mize electron transfer during the reaction process and lower the
OER reaction energy barrier [6]. So far, the majority of electrolytic
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water catalysts used in industry are Ru-based and Ir-based materi-
als [7,8], such as RuO, and IrO, are regarded as benchmark cata-
lysts for OER, and Ru-based catalysts exhibit the best intrinsic OER
activity (with an initial overpotential less than 200 mV). However,
the high costs, scarcity and poor stability limit their further devel-
opment and practical application [9-11]. Therefore, exploring and
developing transition metal based electrocatalysts with reasonable
prices and abundant reserves is currently a hot topic in the field of
energy catalysis research [12,13].

In recent years, Co based catalysts have been widely studied
in the fields of HER and OER due to their low cost and natu-
ral abundance [14]. Many types of Co based catalysts are grad-
ually being explored and utilized, including oxides [15], hydrox-
ides [16], nitrides [17], phosphates [18], sulfides [19], layered dou-
ble hydroxides (LDH) [20]. Among them, Co oxides exhibit excel-
lent electrochemical performance due to their unique electronic
properties, variable chemical valence states and intrinsic OER cat-
alytic activity. Co in its oxides has multiple oxidation valence states
(such as Co?** and Co3t), and its ratio can be easily controlled
and regulated. For example, Li et al. demonstrated the dual regula-
tion of cation substitution and oxygen vacancy on ultra-thin Co304
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nanosheets resulted in excellent OER catalytic activity. The unique
electronic state and ultra-thin structure ensure fast electron trans-
fer and accessible customized active sites [21]. Lu’s group [22] have
been successfully prepared efficient OER electrocatalyst through
electrospinning and carbonization processes. The Fe doped CoO/C
nanofibers has faster charge transfer and reaction kinetics, exhibit-
ing excellent OER activity and good cycling stability in alkaline
electrolyte. In addition, numerous experiments have shown that
the actual active species may differ from the initial ones. In the
OER, most transition metal-based materials typically go through
surface reconstruction process to generate truly active substances,
which is an important step for enhancing electrocatalytic activity
[23]. For Co-based catalysts, it has been confirmed that the disso-
lution or leaching of high valence metal ions can promote surface
reconstruction or pre-activating of catalysts, thereby promoting the
generation of actual active species CoOOH [24,25]. For example,
Li’s group [26] proved the dissolution of MoO42~ promotes surface
reconstruction of CoMoO,4 to Co304/CoM00,4 and CoOOH/CoMo0Q4
heterostructures. After activation and surface reconstruction, par-
tial electrons transfer from Co to Mo, making it easier to gener-
ate high valence Co species, which contributes to the superior OER
activity. Fan et al. [27] induced the formation of high valent Co
species on CoFeAl-LDH through a cationic leaching strategy. In situ
Raman spectroscopy revealed that after CV activation to leach A3+,
partial Co species in CFAgg-LDH/NF were reconstructed into high
valence Co species CoO,, which is the reason for the enhanced OER
activity.

Based on the above ideas, we designed a vanadium doped het-
erogeneous catalyst. The designed catalyst Ru/V-CoO/CP was syn-
thesized in situ on carbon paper (CP) by a simple strategy of hy-
drothermal followed by reduction. Fortunately, electrocatalysts ex-
hibit excellent catalytic activity and stability in both HER and OER,
achieving a current density of 10 mA/cm? with only 49 and 147 mV
overpotentials in 1.0 mol/L KOH, respectively. The assembled elec-
trolytic cell requires only 1.47V to reach the same current density
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and can operate stably for 100 h. The XPS spectrum shows that the
doping of V atoms has a synergistic effect with the formation of
Ru/CoO heterostructures, which together promote electron trans-
fer between metal atoms. Meanwhile, during the OER process, the
dissolution of V can promote the transfer of electrons from Co to
Ru through “Co-O-Ru” electron bridge, which facilitates the recon-
struction of the catalyst to form the truly active species. Theoretical
calculations further indicate that doping and interface engineering
have optimized the electronic structure of Co, improved the en-
ergy level position of the d-band center, and facilitated the adsorp-
tion of intermediates, reduced the free energy barrier of the rate-
determination step (RDS) (O* — HOO*), thereby enhancing catalytic
performance. This work provides new insights about the design of
efficient electrocatalytic water decomposition through doping and
interface engineering strategies.

The sample is synthesized through two steps. As shown in Fig.
1a, a certain amount of cobalt chloride, vanadium chloride, and
ruthenium trichloride in situ growth on CP by the sample hy-
drothermal method to form the yellow precursor, then the precur-
sor was transferred to a tube furnace for high-temperature anneal-
ing under the H,/Ar atmosphere to obtain the final black sample.
Fig. S1 (Supporting information) shows the optical images of bare
CP, precursor/CP, and Ru/V-CoO/CP. The specific experimental de-
tails can be found in Supporting information. The surface morphol-
ogy of the catalyst was analyzed through the scanning electron mi-
croscopy (SEM). It can be observed that the catalyst with or with-
out the introduction of V exhibits a completely different morphol-
ogy. The pure CoO sample exhibits a spherical morphology formed
by stacking thick nanosheets (Fig. S2 in Supporting information),
while the Ru/V-CoO, V-CoO and Ru/CoO follow the same morphol-
ogy, exhibiting a nanoneedles grown on nanosheets (Figs. 1b and
¢, Figs. S3 and S4 in Supporting information). This change in mor-
phology can increase the specific surface area of the catalyst, which
is beneficial to expose more active sites for electrochemical water
decomposition. The transmission electron microscope (TEM) was
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Fig. 1. (a) The synthesis diagram of Ru/V-CoO/CP. (b, c) SEM images of Ru/V-CoO. (d-h) TEM images of Ru/V-CoO. (i) EDX elemental mapping distribution diagram of Ru/V-

CoO.
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Fig. 2. (a) XRD patterns of Ru/V-CoO and other comparative samples. (b) XPS total spectra of Ru/V-CoO. (c, d) XPS spectra of Co 2p and O 1s in CoO, V-CoO and Ru/V-CoO.
(e) XPS spectra of V 2p in V-CoO and Ru/V-CoO. XPS spectra of (f) V 2p, (g) Co 2p, (h) O 1s and (i) Ru 3p in various samples before and after OER testing.

used to study the more detailed microstructure of the catalyst and
its nanoneedle structure was preliminarily demonstrated in Fig. 1d.
As shown in Fig. 1e, the crystal plane spacing of 0.213, 0.246, and
0.205 nm correspond to the (200), (111) crystal plane of CoO and
the (101) crystal plane of Ru, respectively [28,29]. A clearer hetero-
geneous interface can be observed by zooming in on the central
region in Fig. 1f. Through Fourier transform, the clear and regular
lattice fringes of CoO and Ru can be observed, and lattice distortion
occurs at the interface (Figs. 1g and h). At the same time, through
the selected area electron diffraction (SAED) pattern along the re-
gion axis, it can be observed that there are single crystal diffraction
rings of CoO and Ru at the interface, which directly verifies the
formation of heterostructures. The energy dispersive spectroscopy
(EDS) mapping has provided evidence of a homogeneous disper-
sion of Co, O, V and Ru elements throughout the Ru/V-CoO (Fig. 1i),
confirming the homogeneity of the sample. The above morphology
and structural characterization clearly confirm the successful syn-
thesis of Ru/V-CoO heterostructure catalysts.

As shown in Fig. 2a, the phase structure and crystallographic
information of the different samples were analyzed by the X-
ray diffractometer (XRD). The peaks at 36.5°, 42.4°, 61.5°, 73.7°
and 77.6° correspond precisely to (111), (200), (220), (311) and
(222) crystal planes of CoO (PDF#43-3004), respectively. Due to the
slightly larger ion radius of V3*+ compared to Co?*, the introduc-
tion of V leads to lattice expansion, the diffraction peak between
42° to 43° degrees corresponding to the crystal plane (200) shifted
slightly towards a small angle, which preliminarily proves the suc-
cessful doping of V [30,31]. No relevant characteristic diffraction
peaks of Ru and its compounds were detected, possibly due to the
low content of Ru or its existence in a small size form [29,32].
The characteristic diffraction peaks of the precursor match well
with CoCH (PDF #48-0083), which is consistent with most prod-
ucts obtained from similar hydrothermal reactions (Fig. S5 in Sup-

porting information). The information about element composition
and chemical state near the surface of materials were investigated
by the X-ray photoelectron spectroscopy (XPS). Agreed with the el-
ement mapping results, the element of Co, O, V, and Ru were de-
tected from the XPS spectrum in Fig. 2b, which further demon-
strating the successful introduction of V and Ru. From Fig. 2c, it
can be observed that the Co 2p spectrum of the sample shows four
distinct peaks, including the peaks with binding energy at 781.1
and 796.9eV belong to Co 2p3;, and Co 2py, respectively, and
the peaks at 786.4 and 803.0eV belong to the satellite peaks of
Co [33,34]. The peaks situated at 532.82, 532.66 and 530.06eV in
the O 1s spectrum (Fig. 2d) correspond to adsorbed H,0, hydroxyl
(-OH) and lattice oxygen (M-0) on the catalyst surface, respec-
tively [35]. The peak of Co%* (782.52eV) in V-CoO has a positive
shift (0.44eV) compared to the pristine CoO (782.08 eV), indicat-
ing that the doping of V affects the electron distribution around
Co. After the introduction of Ru, the peak of Co** (782.79eV) ex-
hibits a further positive shift (0.27eV) compared to V-CoO. Fig.
2e shows the XPS spectrum of V 2p, with three peaks located at
516.4, 517.1, and 517.9eV corresponding to V3+, V4t and V3*, re-
spectively [36,37]. The presence of V4*+ and V>* may be due to the
oxidation of some V during the hydrothermal reactions or testing
process [38]. Consistent with the situation of Co, the peak of V3+
has a positive shift after the formation of a heterostructure be-
tween V-CoO and Ru, indicating the existence of electron transfer
between Ru and V-CoO, which also proved the formation of het-
erogeneous interfaces between Ru and V-CoO. To further explore
the role of cationic V doping in OER process, we tested the XPS of
the sample after OER for comparative analysis. Fig. 2f shows that
the peak intensity of V species is significantly weakened after OER
testing, indicating that the high valent V species on the surface
of the sample are leached and dissolved in a 1.0 mol/L KOH solu-
tion. According to the ICP results, part of V in the catalyst dissolves
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Fig. 3. (a) Polarization curves of all samples for HER. (b) Overpotential of all samples at different current densities. (c) Comparison with other works of HER performance. (d)
Tafel slopes. (e) Nyquist plots. (f) The Cy values obtained based on current density and scanning rates. (g) Normalized curves of HER. (h) Chronopotentiometry at 10 mA/cm?

of Ru/V-CoO/CP.

rapidly at the beginning of OER testing and then tends to stability
(Table S1 in Supporting information). Meanwhile, the weakening
of the mapping signal of V species after OER testing also indicates
the dissolution of V during the OER process (Fig. S6 in Support-
ing information) [38,39]. Compared to CoO, the diffraction peak of
Co2t in V-CoO and Ru/V-CoO shifts towards high binding energy
by 0.46eV after OER testing (Fig. 2g), while the diffraction peak
of M-O and Ru** also shift towards low binding energy by 0.37
and 0.16 eV, respectively (Figs. 2h and i). In addition, the peak area
ratios of Sy.o/Sm-on and Se3+/Sc.2+ (Fig. S7a in Supporting infor-
mation) indicate that after OER testing, the catalyst surface with V
doping has more oxides converted to hydroxyl oxides. The peaks
situated at 485.5 and 463.1eV in the Ru 3p spectra (Fig. 2i) corre-
spond to Ru® on the catalyst surface [40]. The peak of Ru** shifts
towards low binding energy, and the peak area of Ru*t decreases
compared to that of Ru/CoO after OER (Fig. S7b in Supporting in-
formation), proved that Ru gained electrons and maintained a low
oxidation state during the reaction process. Therefore, it can be
inferred that the change in binding energy should originate from
the electron transfer from Co to O during the dissolution of V, and
then oxygen further transfers electrons to Ru through the “Co-O-
Ru” electron transport bridge. The main function of the “Co-O-Ru”
electron bridge is to provide a pathway for electron transfer dur-
ing the OER process. The dissolution of V enhances the ability of
oxygen to receive electrons from Co and then transfer them to Ru,
thereby promoting the reconstruction of the catalyst surface and
boosting the stability of Ru.

The HER activity of Ru/V-CoO/CP and other control sam-
ples were evaluated by a standard three-electrode system un-
der 1.0mol/L KOH. The HER polarization curves of all samples
and Pt/C are shown in Fig. 3a, and the prepared Ru/V-CoO/CP
exhibits excellent activity with low overpotential of 49mV to

reach a current density of 10mA/cm2, which is almost equiva-
lent to Pt/C (42 mV), far lower than Ru/CoO/CP (59 mV), V-CoO/CP
(90mV), CoO/CP (127mV) and most recently reported catalysts
(Fig. 3b and Table S2 in Supporting information). Fig. S8 (Sup-
porting information) shows HER LSV curves of the Ru/V-CoO sam-
ples with different amount of Ru. Besides, Ru/V-CoO/CP required
lower overpotential (92 and 136 mV) than the Pt/C electrode (127
and 235mV) at large current density of 100 and 300 mA/cm?2
(Fig. 3c). The Tafel slope related to catalyst kinetics was calcu-
lated and obtained through LSV curves. As shown in Fig. 3d, com-
pared with Ru/CoO/CP (73.8mV/dec), V-CoO/CP (155.3 mV/dec),
CoO/CP (159.2 mV/dec) and Pt/C (80.8 mV/dec), Ru/V-CoO/CP needs
a smaller Tafel slope of 53.3 mV/dec, revealing Ru/V-CoO/CP has a
faster kinetics behavior. In addition, the low Tafel slope of Ru/V-
CoO/CP also reflects a conventional Volmer-Tafel mechanism, in
which the rate-determining step (RDS) is associated with the H,
desorption (Tafel step) [41]. In addition, the Nyquist plot (Fig. 3e)
fitted based on the equivalent circuit diagram (Fig. S9 in Support-
ing information) is another key information for evaluating the ki-
netic behavior of catalysts. Obviously, Ru/V-CoO/CP possesses the
smallest semicircle and the smallest charge transfer resistance (Rct)
of 1.7 © (Table S3 in Supporting information), which are lower
than Ru/CoO/CP, V-CoO/CP and CoO/CP, indicates the Ru/V-CoO/CP
has fast charge transfer capability and better electronic conductiv-
ity. The ECSA (Fig. S10 in Supporting information) obtained through
cyclic voltammetry scanning in the Non-faradaic interval and the
derived electrochemical double layer capacitance value (Cy) (Fig.
3f) can provide a more intuitive understanding of catalytic activ-
ity [42]. Compared to Ru/CoO/CP (279.4 mF/cm?2), V-CoO/CP (221.5
mF/cm?) and CoO/CP (168.6 mF/cm?2), Ru/V-CoO/CP (337.0 mF/cm?)
possesses largest Cy; value, indicating that Ru/V-CoO/CP has larger
electrochemical specific surface area to expose more active sites.
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of Ru/V-CoO/CP.

This is consistent with the increase in active area caused by mor-
phological changes observed in SEM. Furthermore, this also proves
that the strategy of introducing Ru as the HER active site in
the catalyst is effective. The HER normalized curve shown in Fig.
3g also confirmed that the Ru/V-CoO has greater intrinsic activity.
Fig. 3h shows that the current density of Ru/V-CoO/CP only de-
creased by 4% after continuous testing for 100 h in 1.0 mol/L KOH,
indicating its outstanding durability. As displayed in Fig. S11 (Sup-
porting information), the overpotential of Ru/V-CoO at 10 mA/cm?
only has a small increase of 8 mV, confirming that Ru/V-CoO has
outstanding HER durability.

The OER performance of all samples were studied under the
same conditions as HER. Similarly, Ru/V-CoO/CP exhibits outstand-
ing OER performance with extremely low overpotential of 147 mV
at 10 mA/cm?, which is obviously better than Ru/CoO/CP (204 mV),
V-CoO/CP (182 mV), CoO/CP (275 mV) and the commercial RuO,/CP
(256 mV) (Fig. 4a), and is also far superior to most recently re-
ported cobalt based electrocatalysts (Fig. 4b and Table S4 in Sup-
porting information). Ru/V-CoO/CP required lower overpotential
than other comparative samples at current density of 100 and
300mA/cm? (Fig. 4c). Fig. S12 (Supporting information) shows the
OER LSV curves of V-CoO sample with different V doping amount.
The Tafel slope of Ru/V-CoO/CP is 90.9mV/dec (Fig. 4d), lower
than Ru/CoO/CP (95.2mV/dec), V-CoO/CP (115.2 mV/dec), CoO/CP
(164.9 mV/dec) and RuO, (216.3 mV/dec), which indicates that both
the doping of V and the introduction of Ru significantly improve
the reaction kinetics of Ru/V-CoO/CP. Similarly, among all the sam-
ples, Ru/V-CoO/CP has the smallest R¢ value (11.3 2) (Fig. 4e and
Table S5 in Supporting information) in OER, indicating its optimal
conductivity, which facilitates charge transfer between the catalyst
and electrolyte. The Nyquist plots and Bode-phase ones at different
potentials further demonstrate that the V doping accelerates the

kinetic of the catalyst (Fig. S13 in Supporting information). Mean-
while, the ECSA (Fig. S14 in Supporting information) and Cg val-
ues indicate that the catalyst Ru/V-CoO (244.4 mF/cm?2) has a large
electrochemical surface area to provide more active sites for OER
(Fig. 4f). The normalized curve further confirms that Ru/V-CoO has
better intrinsic activity without considering the influence of ECSA
(Fig. 4g). The results of turnover frequency also demonstrate that
Ru/V-CoO has excellent intrinsic activity (Fig. S15 and Table S7 in
Supporting information). Fig. 4h displays that Ru/V-CoO/CP has ex-
cellent OER durability in 1.0 mol/L KOH, and only a small decay of
12mV is presented after stability testing (Fig. S16 in Supporting in-
formation).

Considered its excellent performance in HER and OER, the
Ru/V-CoO/CP was used as both cathode and anode to assemble
an electrolytic cell for the overall water splitting (OWS), and the
RuO,||Pt/C cell was also assembled for comparison. The LSV curves
in Fig. 5a showed that the Ru/V-CoO/CP||Ru/V-CoO/CP cell (Fig.
5b) only requires 147V and 1.71V to achieve the current densi-
ties of 10 and 350 mA/cm? in 1.0 mol/L KOH, which is lower than
RuO,||Pt/C cell (1.51V and 1.76 V) and most recently reported cat-
alysts (Fig. 5c and Table S6 in Supporting information). In addi-
tion, the assembled Ru/V-CoO/CP||Ru/V-CoO/CP cell ran stably for
over 100h at a current density of 10 mA/cm? without significant
performance degradation, and the LSV curves match well with ini-
tial curves after 1000 CV cycles (Fig. S17 in Supporting informa-
tion), which is far superior to commercial catalyst, demonstrating
the great potential of this catalyst for application (Fig. 5d).

Density functional theory (DFT) calculations were employed to
investigate the possible mechanism by which the introduction of
V and Ru enhances the OER and HER catalytic activity. The theo-
retical models (Fig. S18 in Supporting information) of the samples
(Co0, V-Co0, Ru/V-Co0) were constructed based on the TEM char-
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acterization result, and then structural optimization was carried
out (Fig. S19 in Supporting information). In order to further inves-
tigate the reasons for the improvement of HER/OER performance,
the adsorption free energies of the intermediates in the HER/OER
process were calculated on the optimized models, and the corre-
sponding calculation models are shown in Figs. S20-S23 (Support-
ing information). In addition, the charge density difference was cal-
culated to understand the electron transfer. As shown in Fig. S24
(Supporting information), the O and Ru atoms are in electron ac-
cumulation state (the yellow area), while Co is in an electron de-
ficient state (the pale blue area), indicating electron transfers from
Co to O and Ru. The HER activity can be reasonably described by
the Gibbs free energy of the H* (AGy, * is the active site) inter-
mediate adsorbed on the catalyst surface. The adsorption free en-
ergy (AGy) of ideal HER electrocatalyst should be zero or close to
zero, which means that H* can easily adsorb and desorb on active
sites in dynamic equilibrium [43-45]. Considering the significant
increase in HER activity of the catalysts after introducing Ru, the
AGy on the Co and Ru sites were calculated separately (Fig. 6a).
Compared to the pure CoO (—0.43eV), both V-CoO (—0.37eV) and

Ru/V-CoO (—0.26 eV) exhibit H adsorption Gibbs free energy closer
to 0 when Co as the active sites, indicating their superior HER ac-
tivity. More importantly, the AGy on the Ru site is closest to 0
(—0.09eV), which suggests that the introduced Ru not only reduces
the adsorption energy of H* by regulating the electronic structure
of the catalyst, but also serves as an active site for HER, greatly
enhancing the HER performance of Ru/V-CoO [46].

For OER (Fig. 6b), the projected density of state of Co 2p or-
bitals for each sample are shown in Fig. 6d. Evidently, the calcu-
lated positions of the d-band center [47,48] for CoO, V-CoO and
Ru/V-CoO are —1.77, —1.70 and —1.68eV, respectively. Compared
with the pure CoO, the d-band center of Ru/V-CoO slightly shifts
towards the Fermi level (0eV), indicating an increase in the ad-
sorption strength of the produced OER intermediates on the Ru/V-
CoO surface after the introduction of V and Ru. A larger adsorption
strength indicates a stronger electronic interaction between the in-
termediate and the catalyst surface, which is beneficial for the ac-
tivation of the intermediates and thus promotes the improvement
of catalytic performance (Note that the adsorption strength should
not be too strong, otherwise the intermediates will be trapped in
a deep potential well and difficult to carry out the subsequent re-
actions). The calculated results (Fig. 6d) shown that for all mod-
els, the Gibbs free energy change (AG) of the elementary reac-
tion O* — HOO* is higher than those of the other elementary steps
(H,0* — HO*, HO* — O*, HOO* — *0,), illustrating that this step is
the rate-determining step (RDS) of the OER process. The RDS free
energy change (AGygo+) of CoO is about 2.18 eV, while that of V-
Co0, Ru/V-CoO (Co site) and Ru/V-CoO (Ru site) are 1.85, 1.75 and
2.06 eV, respectively. Obviously, the introduction of V and Ru atoms
enhances the adsorption of water splitting intermediates on the
catalyst surface by modulating the electronic structure of the cat-
alyst, thereby reducing the free energy change of the RDS reaction
and improving the OER activity. The theoretical results above are
completely consistent with the experimental analysis.

In summary, the Ru/V-CoO/CP electrocatalysts with doping
strategy and heterostructure has been fabricated by a simple two-
step method for efficient electrocatalytic water splitting. The ex-
perimental characterizations confirmed that the leaching of V dur-
ing OER can effectively induce electron transfer from Co to O and
then to Ru through the electron bridge of “Co-O-Ru”, which pro-
motes the evolution of Co into an active species while protecting
Ru from excessive oxidation, thereby achieving efficient and stable
HER and OER activity. As a result, the Ru/V-CoO/CP exhibits excel-
lent bifunctional catalytic performance with overpotentials of 49
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and 147mV at a current density of 10mA/cm? for HER and OER,
respectively. The assembled Ru/V-CoO/CP||Ru/V-CoO/CP electrolytic
cell can operate continuously for more than 100 h under a current
density of 10mA/cm? with a low voltage of only 147V for over-
all water splitting. The DFT results suggest that the introduction
of V and Ru regulates the electronic structure of Ru/V-CoO and
shifts the d-band center upwards, thereby enhancing the adsorp-
tion strength of key intermediates and reducing the RDS free en-
ergy change; meanwhile, the introduced Ru also serves as the ac-
tive sites for HER. These effects together improve the overall wa-
ter splitting performance of the Ru/V-CoO/CP catalyst. The present
work provides a deeper understanding of the roles of V doping in
electrocatalytic water splitting, as well as new insights into the de-
sign of high-performance electrocatalysts.
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