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chemical performance with Co-
V-O bridges and dual active sites for water
electrolysis applications

Kangkang Zhao,†ac Yongren Yu,†b Yixuan Jia,a Yunjie Ke,a Jian Wang,a Shiwei Song,a

Yucai Li,c Fang Hu,b Depeng Zhao c and Lihua Miao *ac

Vanadium pentoxide (V2O5) exhibits broad application prospects in the field of battery cathode materials

due to its layered structure and high theoretical specific capacity. However, its inherent low electrical

conductivity and structural instability during cycling severely restrict its electrochemical performance. To

overcome these bottlenecks, cobalt (Co)-doped V2O5 materials were successfully prepared via

a hydrothermal synthesis method in this study. Characterization confirmed that Co ions were

successfully incorporated into the V2O5 lattice, which effectively expanded the interlayer spacing and

improved the electronic conductivity of the material. Electrochemical test results showed that compared

with pure V2O5, the Co-V2O5 sample demonstrated excellent hydrogen evolution reaction and oxygen

evolution reaction performances, with lower overpotentials and Tafel slopes. As a catalyst for driving

water electrolysis, the sample exhibited a cell voltage of 1.38 V at 10 mA cm−2 and excellent long-cycle

stability.
1. Introduction

With the development of modern society, traditional fossil fuels
can hardly meet long-term demands due to limited resources
and environmental issues. Hydrogen energy has thus emerged
as an ideal alternative energy source. Water splitting is an
effective method for hydrogen production,1–5 which involves the
hydrogen evolution reaction and oxygen evolution reaction. In
electrocatalysis, the performance of catalysts determines the
efficiency and cost of devices.6–8 Although noble metal catalysts
exhibit high activity, their high price and insufficient stability
prevent them from meeting the requirements of long-term
operation. Therefore, developing electrocatalysts with low cost
and excellent performance is a core research direction
currently. These catalysts can reduce activation energy, accel-
erate reactions, improve energy conversion efficiency and
economy, and lay the foundation for industrialization.9–13

Vanadium pentoxide (V2O5), as a transition metal oxide, has
advantages such as wide availability, low cost, and easy
synthesis. Its unique layered crystal structure is suitable for the
intercalation and deintercalation of metal ions. However, it
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264
faces many challenges in practical applications: its inherent
electrical conductivity is low, and poor kinetic performance
during charge–discharge processes leads to rapid attenuation of
battery capacity.14–18 To overcome these limitations of the
material, doping metal cations into vanadium pentoxide is
a simple and effective method.19–21 Liu and colleagues compared
V2O5 doped with different cations (Fe, Co, Ni) and found that
vanadium pentoxide doped with Co ions exhibited excellent
electrochemical performance. In particular, the introduction of
Co ions signicantly enhanced the conversion kinetics of
Localized interfacial polarization sites (LIPSs).22 Zong and
colleagues intercalated Zn2+ into V2O5, which expanded the
lattice spacing, promoted ion diffusion kinetics, maintained the
stability of the layered structure, and effectively improved cycle
stability and cycle life.23–26

In this study, we prepared cobalt-doped V2O5 materials via
a simple hydrothermal synthesis method. Compared with pure
V2O5, the Co-V2O5 samples exhibited excellent HER and OER
performances in different electrolyte environments, with lower
overpotentials and Tafel slopes. As a catalyst for driving water
electrolysis, the sample showed a cell voltage of 1.38 V at 10 mA
cm−2 and excellent stability aer 12 hours of cycling.
2. Experimental section
2.1 Preparation of Co-V2O5 nanomaterials

Before material synthesis, the nickel foam (2 × 3 cm−2)
required for the experiment needs to be pretreated to remove
surface impurities and grease. The prepared nickel foam was
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d6ra00151c&domain=pdf&date_stamp=2026-03-03
http://orcid.org/0000-0001-8054-3926
http://orcid.org/0000-0001-8244-5211
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00151c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016014


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

5/
20

26
 1

1:
15

:1
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
immersed in 1 M HCl and sonicated for 30 minutes, then
repeatedly cleaned with deionized water and ethanol, followed
by drying for later use.

The synthesis steps of Co-V2O5 samples were as follows: add
0.9 g of V2O5 powder, 1.89 g of oxalic acid, and 50 mL of water
into a 100 mL beaker. Stir the mixture at a constant temperature
of 80 °C until the powder is completely dissolved. Aer cooling
to room temperature, add 30% H2O2 and continue stir-
ring.Then add ethanol and x mg (x = 0.03, 0.06, 0.09) of
Co(NO3)2$6H2O. Transfer the solution into a 100 mL autoclave
and heat it at 170 °C for 8 hours. Aer natural cooling, take out
the synthesized product, clean it, dry it, and then calcine it.
Finally, grind the synthesized product and coat it on the
prepared nickel foam. The corresponding samples are denoted
as Co-V2O5-3%, Co-V2O5-6%, and Co-V2O5-9% respectively.

3. Results and discussion
3.1 Structural characterization of materials

The crystal structure of the target material is shown in the
Fig. 1a. The gure presents the XRD patterns of pure V2O5 and
V2O5 with different cobalt doping contents. The blue curve
shows the diffraction peaks of pure-phase V2O5 powder, with no
other impurity peaks observed. The diffraction peaks at 2q
values of 15.3°, 20.3°, 26°, 31°, and 32.3° correspond to the
(200), (001), (110), (400), and (011) crystal planes of the V2O5

phase (JCPDS No. 41-1426), respectively. Compared with pure
V2O5, the Co-doped V2O5 materials also exhibit the same
diffraction peaks, and no impurity peaks (that are absent in
Fig. 1 Structural characterization of the prepared samples (a) XRD patter
spectrum (c) XPS spectrum of V 2p. (d) O 1s (e) Co 2p (f) C 1s.

© 2026 The Author(s). Published by the Royal Society of Chemistry
pure V2O5) are detected. When comparing the (110) crystal
plane near 26°, it can be observed that the introduction of Co
causes a small-angle shi in the diffraction peak of the (110)
crystal plane of V2O5. The potential reason may be that the
incorporation of Co ions changes the lattice size of V2O5, con-
rming the successful doping of Co into V2O5.

Subsequently, the chemical valence states and elemental
composition of the material surface were evaluated using X-ray
photoelectron spectroscopy.27 As shown in Fig. 1b, the V 2p
spectrum reveals the change in V valence states caused by
doping. In the V 2p spectrum, V5+ is located at binding energies
of 517.2 eV and 524.3 eV, while the binding energies of V4+ are
516.2 eV and 523.4 eV, respectively. The change in vanadium ion
valence states indicates that Co2+ is successfully doped into the
lattice of V2O5. The O 1s spectrum is shown in Fig. 1c. As shown
in the gure, a large number of oxygen vacancies appear at
531.5 eV, which indicates that Co ion doping can induce the
generation of a large number of oxygen vacancies in V2O5. For
Co-V2O5, the other two peaks at 530.5 eV and 532.5 eV are
attributed to V–O bonds and crystal water in Co-V2O5, respec-
tively. As shown in Fig. 1d, the Co 2p energy spectrum of Co-
V2O5 exhibits characteristic peaks with binding energies of
780.6 eV and 797.3 eV, each followed by two satellite peaks. This
conrms that Co is doped into Co-V2O5 in the form of Co2+.

Scanning electron microscopy (SEM) is used for morpho-
logical characterization. The SEM images of V2O5 and Co-V2O5

catalysts are presented in Fig. 2a–b. Fig. 2a and b are low-
magnication and high-magnication SEM images of pure
ns of V2O5 and V2O5 with different Co doping contents. (b) Survey XPS

RSC Adv., 2026, 16, 12256–12264 | 12257
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Fig. 2 Morphological and structural characterization of the prepared products (a) low-magnification SEM image of V2O5 (b) high-magnification
SEM image of V2O5 (c) low-magnification SEM image of Co-V2O5 (d) high-magnification SEM image of Co-V2O5 (e) HRTEM image of the V2O5

sample (f) Co-V2O5 (g) elemental mapping image of the Co-V2O5 sample.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

5/
20

26
 1

1:
15

:1
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
V2O5, respectively. From the low-magnication SEM image, it
can be observed that pure V2O5 exhibits a nanorod shape and
adheres to the smooth nickel foam skeleton, but it also shows
a certain degree of agglomeration. Such massive accumulation
of V2O5 nanorods may be caused by the aggregation of V2O5

crystal nuclei in the initial stage of the reaction, which results in
insufficient exposure of active sites on the V2O5 nanorods. From
the high-magnication SEM image, it can be seen that each
nanorod is intertwined, with an average size of 5 mm and
a relatively smooth surface.

The morphology of Co-V2O5 nanospheres aer Co doping is
shown in Fig. 2c–d. From Fig. 2c, it can be observed that the Co-
doped material exhibits a spherical structure, which stacks into
a rod-like structure with small sizes and is accompanied by
agglomeration. The high-magnication image shows that the
surface of the Co-V2O5 material becomes rough. This rough
surface structure enables V2O5 to expose more active sites and
a larger specic surface area, which is benecial for proton
transfer in the electrolyte and hydrogen evolution. Fig. 2e–f
show HRTEM images of V2O5 and cobalt-doped V2O5 samples,
respectively. From the HRTEM image of the V2O5 sample in
Fig. 2e, the interplanar spacing is measured to be 0.336 nm,
which can be indexed to the (110) crystal plane. The Co-doped
V2O5 sample has a larger lattice spacing of 0.341 nm, which is
larger than that of pure V2O5. This indicates that Co has been
12258 | RSC Adv., 2026, 16, 12256–12264
doped into the V2O5 lattice. Fig. 2g further conrms the pres-
ence of various elements. From the gure, it can be observed
that elements such as Co, V, and O are uniformly distributed on
the Co-V2O5 nanospheres, thus conrming the presence of Co.
3.2 Hydrogen evolution performance of samples in alkaline
solution

To investigate the electrocatalytic performance of these mate-
rials under different pH conditions, a series of hydrogen
evolution reaction and oxygen evolution reaction experiments
were conducted using a three-electrode system. Fig. 3 shows the
HER performance of the samples in different electrolytes, and
Fig. 3a–c present the electrochemical performance measured in
1 M KOH solution. As shown in Fig. 3a, the linear sweep vol-
tammetry (LSV) curves of the four prepared materials, nickel
foam, and noble metals are compared. It was found that at
a current density of 10 mA cm−2, the Co-V2O5-6% sample
exhibited an overpotential of only 104 mV. As shown in Table 1,
the pristine V2O5 exhibits a relatively high overpotential of
168 mV at 10 mA cm−2, which is a common limitation of pure
vanadium oxide catalysts in alkaline HER. By introducing Co
doping, the overpotential of V2O5 is signicantly reduced: the
Co-V2O5-6% catalyst achieves an overpotential of 104 mV, out-
performing representative non-noble metal catalysts such as
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 HER performances of the electrocatalysts (a) LSV curves in 1.0 M KOH (b) Tafel plots (c) double-layer capacitance (d) LSV curves in acidic
solution (e) Tafel plots (f) double-layer capacitance (g) LSV curves in 1.0 M PBS (h) Tafel plots (i) double-layer capacitance.

Table 1 HER electrocatalytic performance of several electrode materials

Materials Overpotential (mV) Electrolyte Ref.

V2O5 168 (10 mA cm−2) 1.0 M KOH This work
Co-V2O5-3% 125(10 mA cm−2) 1.0 M KOH This work
Co-V2O5-6% 104 (10 mA cm−2) 1.0 M KOH This work
Co-V2O5-9% 156 (10 mA cm−2) 1.0 M KOH This work
Co/VN/NC-8 116 (10 mA cm−2) 1.0 M KOH 36
Co2CuO4 127 (10 mA cm−2) 1.0 M KOH 37
CuCoS 158 (10 mA cm−2) 1.0 M KOH 38
Co–NiSe2/NF 136 (10 mA cm−2) 1.0 M KOH 39
Co9S8Cu2S 134 (10 mA cm−2) 1.0 M KOH 40
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Co/VN/NC-8 (116 mV), Co2CuO4 (127 mV), and Co–NiSe2/NF
(136 mV) under the same test conditions. This comparison
claries the research motivation: pure V2O5 suffers from high
© 2026 The Author(s). Published by the Royal Society of Chemistry
HER overpotential in alkaline media, while existing non-noble
metal catalysts still have room for activity optimization. Our
research objective is to regulate the electronic structure of V2O5

via transition metal (Co) doping, thereby improving its HER
performance and providing a feasible strategy for developing
efficient vanadium-based non-noble metal electrocatalysts. This
indicates that Co doping improved the HER performance. The
overpotentials of other samples were as follows: V2O5 (168 mV),
Co-V2O5-3% (125 mV), and Co-V2O5-9% catalyst (156 mV).
Subsequently, the measured polarization curves were linearly
tted to analyze the Tafel slopes of these samples, thereby
exploring the reaction kinetics mechanism of HER in more
detail. As observed in Fig. 3b, the Tafel slope of the Co-V2O5-6%
electrode (159.9 mV dec−1) was much smaller than those of
V2O5 (246.1 mV dec−1), Co-V2O5-3% (177.9 mV dec−1), and Co-
V2O5-9% (226.9 mV dec−1). A smaller Tafel slope indicates that
RSC Adv., 2026, 16, 12256–12264 | 12259
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the HER reaction of the Co-V2O5-6% electrode follows the
Volmer–Heyrovsky mechanism and exhibits faster HER reaction
kinetics compared to other materials.

In alkaline solutions, the HER process consists of three
steps: (i) volmer reaction (120 mV dec−1), (ii) Heyrovsky reaction
(40 mV dec−1), and (iii) Tafel reaction (30 mV dec−1).28,29 Based
on the Tafel slope of the Co-V2O5-6% material, the electrode
undergoes HER via the Volmer–Heyrovsky mechanism, where
the electrochemical desorption step determines the reaction
rate.30–32 Investigate ECSA through Cdl to further explore the
mechanism and kinetics of electrocatalytic reactions.33 As
observed in Fig. 4c, the Cdl values of the prepared V2O5, Co-
V2O5-3%, Co-V2O5-6%, and Co-V2O5-9% samples were 0.04 mF
cm−2, 0.052 mF cm−2, 0.102 mF cm−2, and 0.047 mF cm−2,
respectively. The Cdl value of the Co-V2O5-6% sample was much
larger than those of the other samples, conrming its optimal
performance. A larger Cdl value indicates a larger specic
surface area of HER active sites and a higher density of active
sites. In conclusion, appropriate Co doping modies the
morphology of the original material, which in turn changes the
size of the electrochemical active surface area and ultimately
enhances the electrocatalytic performance of the material.
Electrochemical impedance spectroscopy (EIS) measurements
were performed in alkaline electrolyte to investigate electron
and ion transport. Fig. S1a presents the Nyquist plots of the
prepared materials. The high-frequency region of the curve
represents the charge transfer resistance, while the low-
frequency straight line represents the ion diffusion resistance.
Compared with other doping concentrations and pure V2O5, the
Co-V2O5-3% material exhibited the highest slope of the low-
Fig. 4 OER performances of the as-prepared samples (a) LSV curves in 1.0
10 mA cm−2 and 50 mA cm−2 (c) Tafel plots (d) CV curves of double-laye

12260 | RSC Adv., 2026, 16, 12256–12264
frequency straight line, indicating the smallest ion diffusion
resistance, faster ion transport rate, and better electronic
conductivity.

The ion diffusion rate can also be analyzed using eqn:

Z = Rs + Rct + sw u−1/2

where sw is the Warburg factor, u is the angular frequency, and
Z is the diffusion resistance of OH−.

Stability is one of the key indicators for evaluating catalyst
performance. Therefore, Fig. S1b shows the long-term HER
cycling stability tests of the Co-V2O5-3%, V2O5, Co-V2O5-6%, and
Co-V2O5-9% electrode materials. The tests revealed that the Co-
V2O5-3% material exhibited excellent cycling stability. Further-
more, the Co-V2O5-3% catalyst maintained excellent stability at
a current density of 10mA cm−2 for 12 hours. The other samples
showed no signicant changes within 12 hours at current
densities of 9, 12, and 13 mA cm−2, respectively. These results
conrm that the prepared Co-V2O5 materials exhibit excellent
stability in an alkaline environment.

3.3 Hydrogen evolution performance of samples in acidic
solution

Subsequently, the HER activity of different materials under
acidic conditions was tested. Fig. 3d shows the polarization
curves of different materials in 0.5 M H2SO4 solution. At
a current density of 10 mA cm−2, the overpotential of the Co-
V2O5-6% material (127 mV) was lower than that of V2O5 (190
mV), Co-V2O5-3% (147 mV), and Co-V2O5-9% (173 mV). Aer the
introduction of Co ions, the HER activity of V2O5 materials with
M KOH solution (b) overpotentials of the material at current densities of
r capacitance (e) Nyquist curves (f) chronoamperometric stability tests.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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different Co contents was improved. Through comprehensive
analysis, it was concluded that the Co-V2O5-6% material
exhibited higher electrocatalytic activity than the Co-V2O5-9%
and Co-V2O5-3% samples. This may be attributed to the exces-
sive Co ions depositing on the catalyst surface, thereby covering
some of the active sites.

In addition, in-depth research was conducted on the Tafel
plots to explore the HER kinetic characteristics of these mate-
rials. As shown in Fig. 3e, the Tafel slope of the Co-V2O5-6%
material (172.4 mV dec−1) was smaller than that of V2O5

(190 mV dec−1) and the remaining Co-doped V2O5 materials.
This indicates that the doped substance can signicantly
enhance the catalytic efficiency of the samples and improve
HER kinetics.34,35 The Co-V2O5-6% material exhibited a lower
Tafel slope, implying that the HER process follows the Volmer–
Heyrovsky mechanism:

H+ + e− + Cat. / Hads(Volmer step)

H+ + e− + Hads / H2 (Heyrovsky step)

Subsequently, electrochemical impedance spectroscopy
(EIS) technology was used to conduct an in-depth study on the
impedance characteristics of the electrode materials. As shown
in Fig. S1d, the Co-V2O5-6% material had the highest slope of
the low-frequency straight line and the smallest ion diffusion
resistance, which means it has a faster ion transport rate and
excellent electronic conductivity. The results show that the Co-
V2O5-6% product has a faster electron transfer rate at the
interface between the electrolyte and the electrocatalyst and
exhibits the optimal HER kinetics. Experimental results
demonstrate that the Co-V2O5-6% product shows a high elec-
tron transfer rate and excellent HER kinetic performance at the
interface between the electrolyte and the electrocatalyst.

3.4 Hydrogen evolution performance of samples in neutral
solution

Finally, the HER performance of the target material in a neutral
electrolyte (1.0 M PBS solution). As shown in Fig. 3g, under the
neutral electrolyte environment, the Co-V2O5-6% material
exhibited a lower overpotential (167 mV) and higher catalytic
activity than the other comparative materials (V2O5: 220 mV, Co-
V2O5-3%: 175 mV, Co-V2O5-9%: 207 mV). Experimental results
conrm that either excessive or insufficient doping content does
not signicantly enhance the HER activity of the material. As
observed in Fig. 3h, the Tafel slope of the Co-V2O5-6% material
(175.9 mV dec−1) was signicantly lower than that of V2O5

(221.5mV dec−1), Co-V2O5-3% (176.4mV dec−1), and Co-V2O5-9%
catalyst (207.6 mV dec−1). This indicates that the Co-V2O5-6%
material has the fastest reaction rate during the HER process.
According to Fig. S1e, electrochemical impedance spectroscopy
(EIS) was used to analyze the reaction kinetics of all studied
materials. The results show that the Co-V2O5-6% material
exhibited a higher slope in the high-frequency region than other
materials, indicating it has the smallest ion transfer resistance.
Compared with the other three materials, the Co-V2O5-6%
© 2026 The Author(s). Published by the Royal Society of Chemistry
material demonstrated excellent charge transfer capability and
HER kinetics. The HER mechanism in neutral electrolytes is
generally consistent with that in acidic and alkaline electrolytes.
However, in neutral conditions, the low proton concentration
increases electron transfer resistance, leading to a higher over-
potential. Therefore, the Co-V2O5-6% material exhibited a lower
overpotential in alkaline conditions than in the other two elec-
trolytes, suggesting an accelerated HER reaction rate in the
alkaline environment. It can thus be concluded that Co-V2O5-6%
more effectively promotes the electrochemical reaction of
hydrogen ions in alkaline electrolytes.
3.5 Oxygen evolution performance of samples in alkaline
solution

Subsequently, the OER performance of the samples under the
same alkaline environment was studied, with specic results
shown in Fig. 4 below. Fig. 4a depicts the LSV curves of different
samples. It can be observed that when the current density
reached 10 mA cm−2, the overpotential of the Co-V2O5-6%
material was 290 mV, while those of V2O5, Co-V2O5-3%, and Co-
V2O5-9% were 370 mV, 320 mV, and 350 mV, respectively.
Compared with these materials, Co-V2O5-6% had the lowest
overpotential, indicating its OER activity is much higher than
that of other materials. Appropriate Co doping signicantly
improved OER activity. By comparing the overpotentials of
differentmaterials, it was observed that the catalytic performance
of V2O5 was much lower than that of other materials. With the
introduction of Co, the performance of Co-V2O5 materials grad-
ually improved: Co-V2O5-3% showed enhanced performance, Co-
V2O5-6% exhibited the optimal performance, and Co-V2O5-9%
showed a decline when the Co content continued to increase.
Subsequently, the Tafel slope method was used to explore the
electron transfer kinetics on the catalyst surface during the OER
process. As shown in Fig. 4c, the Tafel slope of the Co-V2O5-6%
material was 47.24 mV dec−1, while that of V2O5 was 76.05 mV
dec−1 (much higher than Co-V2O5-6%). Co doping modied the
morphology of the original V2O5 material, signicantly
improving electron and ion transfer for OER and increasing
active sites. The Co-V2O5-6% material had the lowest Tafel slope
among the doped samples; the Tafel slopes of other materials
were 64.76mV dec−1 (Co-V2O5-3%) and 74.84mV dec−1 (Co-V2O5-
9%), indicating that 6% Co content enhances reaction kinetics.
Fig. 4d shows the electrochemical double-layer capacitance (Cdl)
values of the synthesized materials. It can be observed that the
Cdl value of the Co-V2O5-6% material (0.13 mF cm−2) was much
higher than that of the other samples (V2O5: 0.039 mF cm−2, Co-
V2O5-3%: 0.08 mF cm−2, Co-V2O5-9%: 0.068 mF cm−2). Accord-
ingly, Co-V2O5-6% exhibited the optimal electrocatalytic perfor-
mance. Fig. 4e presents the impedance spectra of the studied
materials. It can be seen that the Co-V2O5-6% material had the
largest linear slope compared with other doped materials and
pure V2O5. Since the linear slope represents the rate of ion
diffusion, the Co-V2O5-6% material had the fastest diffusion rate
and the smallest resistance, which to a certain extent reduced the
OER overpotential of the material. Based on the tted data, Co-
V2O5-6% exhibits superior charge transfer efficiency over other
RSC Adv., 2026, 16, 12256–12264 | 12261
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samples. To ensure physical consistency and reliable material
comparison, the electrochemical impedance spectroscopy data
were analyzed using the equivalent circuit shown below, which
comprises a solution resistance (Rs) in series with a parallel
combination of a constant phase element (CPE, representing the
non-ideal double-layer capacitance) and the charge transfer
resistance (Rct).

The tted Rs values are 3.162, 2.651, 2.403, and 2.973 U, and
the tted Rct values are 79.502, 72.735, 53.931, and 62.401 U (see
Table S1). In particular, Co-V2O5-6% displays the lowest Rct

value, indicating the smallest charge transfer barrier and the
fastest interfacial electron transfer kinetics for this optimal
sample. Furthermore, the CPE parameters elucidate the struc-
tural characteristics of the electrode surface. Co-V2O5-6% ach-
ieves the highest CPE-P value among all samples, signifying the
most ideal capacitive behavior and the most uniform electrode–
electrolyte interface. Consistently, Co-V2O5-6% shows the nar-
rowest semicircle in the high-frequency region. (page 14 of the
revised manuscript).

3.6 Performance of the assembled overall water splitting
system

Next, an overall water splitting system was assembled to
investigate the performance of the synthesized materials as
bifunctional catalysts for water electrolysis. Through a series of
experiments, the measured experimental data are shown in the
gures below. As observed in Fig. 5a, a simple two-electrode
Fig. 5 Overall water splitting performance of the samples (a) schematic
voltage cycling plot.

12262 | RSC Adv., 2026, 16, 12256–12264
water electrolysis system was constructed using the prepared
materials as electrodes and electrolytic cell devices. During the
reaction, H2 evolution was observed at the cathode and O2

evolution at the anode, with a large number of bubbles
appearing on the surface of thematerials (as shown in the gure
below). By observing the LSV curves of all materials in Fig. 5b, it
was found that at a current density of 10 mA cm−2, the cell
voltages of V2O5, Co-V2O5-3%, Co-V2O5-6%, and Co-V2O5-9%
materials were 1.65 V, 1.5 V, 1.38 V, and 1.63 V, respectively. It
can be seen that the Co-V2O5-6% material had the lowest over-
potential compared with the other materials, thus exhibiting
the most excellent electrocatalytic performance. In addition, by
studying the impedance spectra of the prepared materials
(Fig. S1f), it can be observed that the Co-V2O5-6% material had
the largest linear slope in the low-frequency region. A larger
slope indicates a higher ion diffusion rate and smaller ion
diffusion resistance, which in turn means the Co-V2O5-6%
material has a faster electron and ion conduction rate. Finally,
the cycling stability of the materials was investigated (Fig. 5c). A
long-term overall water splitting stability test of the samples in
the electrolyte showed that the Co-V2O5-6% material main-
tained a stable potential aer 12 hours without signicant
uctuations, indicating excellent long-term stability.

3.7 Structural characterization of catalyzed materials

Fig. S2a and b show morphological features were examined by
SEM and TEM images of the post-catalyzed Co-V2O5, which
diagram of the overall water splitting device (b) LSV curves (c) constant

© 2026 The Author(s). Published by the Royal Society of Chemistry
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revealed that the catalyst largely retained its original nano-
spheres without obvious collapse or aggregation, indicating
excellent structural robustness. As shown in Fig. S3a, compared
with the pristine state before water electrolysis, the character-
istic peaks of O 1s, V 2p, Co 2p, and C 1s in the XPS survey
spectrum of the Co-V2O5 catalyst show no obvious shis, and
the chemical state composition of each element remains stable.
Although the intensities of some peaks decrease slightly, all
characteristic peaks are clearly distinguishable, indicating that
the surface elemental composition and chemical environment
of the catalyst do not undergo essential changes aer long-term
electrolysis. Based on the XPS analysis is shown in Fig. S3(b–d),
the Co-V2O5 catalyst undergoes reversible valence state recon-
struction (V5+ / V4+ and Co3+ / Co2+) during water electrol-
ysis, which enhances its electrocatalytic activity while
maintaining excellent structural stability.

As shown in Fig. S5(a and b), selected area electron diffrac-
tion measurements of the material before and aer electro-
catalysis show diffraction rings corresponding to crystal planes
of V2O5, which is consistent with the XRD results. Materials
prior to electrocatalysis, the SAED pattern exhibits a clear, well-
dened and continuous polycrystalline diffraction ring with
clear boundaries and regular spot distribution. Aer electro-
catalysis, the SAED pattern shows a slightly broadened but still
pronounced polycrystalline diffraction ring with no apparent
amorphization or new impurity phase signal. This indicates
that the electrocatalyst maintains a good polycrystalline crys-
tallinity aer catalysis, and the crystallinity decreases only
slightly due to electrochemical cycling, reecting its excellent
structural stability under catalytic conditions.
4. Conclusion

In summary, we successfully prepared cobalt (Co)-doped V2O5

materials via a simple hydrothermal synthesis method. The Co-
doped materials exhibited a spherical structure, which can
expose more active sites and a larger specic surface area—both
benecial for proton transfer in the electrolyte and hydrogen
evolution. The Co-V2O5-6% material showed excellent HER and
OER performance in 0.5 M H2SO4, 1.0 M PBS, and 1.0 M KOH
solutions, with advantages such as low overpotential, low Tafel
slope, large capacitance, and long-term cycling stability. In
addition, it exhibited excellent electrocatalytic performance for
efficient water splitting, with a cell voltage of 1.38 V and long
durability.
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