
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

0/
18

/2
02

5 
4:

52
:5

8 
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
View Journal  | View Issue
Preparation of a
aState Key Laboratory of Advanced Processi

Lanzhou University of Technology, Lanz

zhouxq301@sina.com
bSchool of Materials Science and Engineer

Lanzhou, 730050, Gansu, China
cSchool of Materials Engineering, Longdon

China

Cite this: RSC Adv., 2025, 15, 35728

Received 18th July 2025
Accepted 3rd September 2025

DOI: 10.1039/d5ra05179g

rsc.li/rsc-advances

35728 | RSC Adv., 2025, 15, 35728–3
nanoporous CoFe2O4/CoMoO4

composite electrode material and a study on its
performance in water electrolysis

Haorui Liu, bc Qi Zhou*ab and Dedong Duanb

In this study, a CoFe2O4/CoMoO4 composite electrode material with a spinel structure (CoFe2O4) and

a scheelite structure (CoMoO4) was prepared by a hydrothermal method. The rich valence states and its

unique morphological and structural advantages made the CoFe2O4/CoMoO4 composite electrode

material play a more effective synergistic catalytic role. Results of the electrochemical characterization

showed that CoMoO4 was attached to the CoFe2O4 skeleton structure in the composite electrode in

a sheet form. At a current density of 50 mA cm−2, the hydrogen evolution overpotential was 193 mV and

the respective Tafel slope was 100.44 mV dec−1, while the oxygen evolution overpotential was 319 mV

and the corresponding Tafel slope was 70.47 mV dec−1. At the same time, the overall water

decomposition voltage was 1.55 V at a current density of 10 mA cm−2, and the voltage changed only

11 mV for a 12 h continuous electrolysis, which suggested a good electrocatalytic water decomposition

performance.
1 Introduction

The development of safe, clean and sustainable energy sources
is a major topic and technological challenge of the 21st
century.1–5 As a green energy source with high energy density, H2

is widely regarded as the most promising clean and renewable
energy source. Electrolysis of water for hydrogen production is
an extremely attractive solution, which can produce hydrogen
sustainably.6,7 Because the overpotential loss caused by the
oxygen evolution reaction (OER) is usually much greater than
the potential loss caused by the hydrogen evolution reaction
(HER), the OER is oen regarded as the bottleneck of water
decomposition.8–10 Although precious metal catalysts such as Pt
and RuO2 have high catalytic activity, they are expensive and
their reserves are limited, making it difficult to achieve large-
scale application. In recent years, transition metal alloys,11,12

oxides,13,14 suldes15,16 and phosphates17,18 have become hot
topics in the eld of electrocatalysis. Transitionmetal oxides are
attractive alternatives to noble metal catalysts due to their low
cost and high redox activity.

The development of non-precious metal oxide-based cata-
lysts in alkaline solutions has become one of the most active
ng and Recycling of Non-ferrous Metals,
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g University, Qingyang 745000, Gansu,

5738
research areas in chemistry and materials science. Du et al.19

designed NiCo2O4 nanowires as the precursors with NiMoO4

nanosheets compounded on the surface. The ower-like
NiCo2O4@NiMoO4 core–shell hybrid nanostructures were
prepared by hydrothermal calcination. The OER overpotential
of the composites was 250 mV at a current density of 10 mA
cm−2. When applied to integral water decomposition, the
decomposition voltage was 1.55 V at a current density of 10 mA
cm−2. Zhang et al.20 reported a novel NiMoO4−x/MoO2 hybrid
electrocatalyst with atomically coupled nanointerfaces and
a large number of Mo5+ ions. The NiMoO4−x/MoO2 electro-
catalyst showed excellent electrocatalytic performance for both
the HER and OER in alkaline media. The Tafel slopes were
31 mV dec−1 and 69 mV dec−1, and the overpotential of the HER
and OER at a current density of 10 mA cm−2 were 41 mV and
233 mV, respectively. It was used as a bifunctional electrode
material for integral water decomposition and achieved
a current density of 10 mA cm−2 at a voltage of only 1.56 V.

In order to further improve the catalytic activity and stability
of polymetallic oxide nanoporous electrode materials,
a composite functional material was synthesized in this study.
The ake-like CoMoO4 was hydrothermally synthesized on
a CoFe2O4 spinel skeleton, forming a composite with synergistic
catalytic effects for efficient overall water splitting. The
composite electrode exhibited a high catalytic activity and
durable stability for the electrochemical reactions of OER and
HER. In this study, the electrocatalytic water decomposition
performance of transition metal oxides and their composites
was also tested. The relationship between phase composition,
microstructure and electrocatalytic performance was studied,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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which provided a reference for the preparation of transition
metal oxides and their composites in the eld of electrocatalytic
water decomposition.

2 Experimental
2.1 Preparation of the electrocatalysts

The precursor alloy ingots with theoretical atomic ratios of
Co1.7Fe3.3Al95 and Co2.5Mo2.5Al95 were prepared by arc-melting
the metal particles of cobalt (Co), iron (Fe), molybdenum (Mo)
and aluminium (Al) with purity higher than 99.9%. Aer
removing the oxide skin of the alloy ingots, the alloy strips were
rapidly solidied in a vacuum strip machine under an argon
atmosphere (the pressure of the quartz tube of the strip
machine was 0.12 MPa, and the speed of the copper roller was
25 r s−1), and subsequently, precursor alloy strips with a width
of about 3–5 mm and a thickness of about 30–40 mm were ob-
tained. The nanoporous Co–Fe and Co–Mo alloys were obtained
by chemical dealloying. The corrosion of the Co2.5Mo2.5Al95
alloy thin strip was carried out in a 1 mol L−1 KOH solution at
25 °C for 24 h, while the corrosion of Co1.7Fe3.3Al95 was carried
out in a 6 mol L−1 KOH solution at 65 °C for 12 h. The dealloyed
samples were thoroughly rinsed with deionized water and
anhydrous ethanol until a neutral pH was achieved, followed by
drying in a 563 vacuum oven at 60 °C for 6 h. The dried samples
were then transferred to a porcelain boat and placed in a heat
treatment furnace, with the temperature increased at a rate of
1 °C min−1. The samples were heated to 350 °C and maintained
at this temperature for 2 h. Finally, nanoporous CoFe2O4 and
CoMoO4 were obtained aer cooling to room temperature.

Preparation of the CoFe2O4/CoMoO4 composite electrode: A
mixture of 0.01 mol L−1 Co(NO3)2, 0.01 mol L−1 Na2MoO4 and
0.1 mol L−1 urea was prepared for ultrasonic treatment. 30 mg
of CoFe2O4 was added to this mixture and reacted at 150 °C for
8 h. Then, the obtained product was dried in a vacuum drying
oven at 60 °C for 6 h. The dried powder was placed in a porcelain
boat and kept at 400 °C in a heat treatment furnace for 2 h. Aer
cooling to room temperature, the CoFe2O4/CoMoO4 composite
electrode material was obtained.

Preparation of CoMoO4 on nickel foam: The nickel foam was
rst pretreated with 3 mol L−1 HCl and anhydrous ethanol for
10 minutes by sequential ultrasonic cleaning to remove surface
impurities and oxide scales, respectively. Then, it was trans-
ferred to a vacuum drying oven and dried at 60 °C for 6 hours.
CoMoO4 was then synthesized via a hydrothermal method,
using the same solution preparation and experimental condi-
tions as those employed for the preparation of the CoFe2O4/
CoMoO4 composite electrode.

20 mg of the porous material obtained aer drying was taken
as the active material and mixed evenly with acetylene black,
conductive graphite and polytetrauoron according to the mass
percentage of 80 : 7.5 : 7.5 : 5. Appropriate amount of anhydrous
ethanol was added to this paste, coated on pre-treated nickel
foam with an area of 1 cm2, and pressed into sheets aer
vacuum drying at 60 °C for 6 h. A three-electrode system was
selected for the electrocatalytic test. The auxiliary electrode was
a 15 mm × 10 mm platinum sheet, the reference electrode was
© 2025 The Author(s). Published by the Royal Society of Chemistry
saturated with calomel electrode, the working electrode was
a foam nickel collector loaded with the active substances, and
the electrolyte was a 1 mol L−1 KOH solution. N2 was permeated
throughout the electrocatalytic test.
2.2 Electrochemical measurements

A standard three-electrode cell system was employed, using the
as-prepared sample as the working electrode, a 15 mm × 15
mm Pt sheet as the counter electrode, and a saturated calomel
electrode (SCE) as the reference electrode. The electrolyte was
a 1 mol L−1 KOH solution. Throughout the electrochemical
measurements, the electrolyte was continuously purged with
N2 to maintain a saturated environment. Prior to LSV testing,
the prepared electrode was electrochemically activated by
performing 30 cycles at a fast scan rate of 20 mV s−1 until the
curve was stabilized. Then LSV measurements were conducted
at 5 mV s−1. For the HER and OER LSV test results, 80% IR
compensation was applied; for the overall water splitting test
results, IR compensation was not performed.
3 Results and discussion

Fig. 1 shows the XRD patterns of the Co1.7Fe3.3Al95 and Co2.5-
Mo2.5Al95 precursor alloys before and aer strip dealloying and
aer oxidation. As can be seen from Fig. 1(a), the Co1.7Fe3.3Al95
alloy is composed of two phases, Al (PDF#89-2769) and Co2Al9
(PDF#65-6460). No corresponding peak lines of Fe and Fe-
containing phases are observed in the gure, which is due to
the existence of a face-centered cubic structure of Co and Fe at
the same time, resulting in a solid solution between them. Aer
dealloying, two phases, namely, Co–Fe and Fe3O4, (PDF#88-
0315) are obtained. Due to the formation of the solid solution
between Co and Fe, compared with the standard Fe (PDF#85-
1410), the peak position here is shied to a higher angle by
0.43°. Some amount of Fe is easily oxidized to Fe3O4 in the hot
alkali environment of dealloying. So, there is a peak of Fe3O4. As
can be seen from Fig. 1(b), the Co2.5Mo2.5Al95 alloy is composed
of two phases, Al (PDF#89-2769) and Al12Mo (PDF#29-0052). No
Co is detected in the XRD pattern, which is also caused by the
formation of a solid solution between Co and Mo. Compared
with the standard Co (PDF#89-7093), the overall diffraction
peak of the Co–Mo alloy obtained aer dealloying of Co2.5-
Mo2.5Al95 is shied to a lower angle by 0.74° as the atomic
radius of Mo is greater than that of Co aer the formation of the
solid solution between Co and Mo, resulting in the lattice
distortion of Co. At the same time, the half-peak width of the
diffraction peak becomes signicantly wider aer dealloying,
indicating that the crystallinity of the Co–Mo alloy obtained
aer dealloying is low. Comparing XRD patterns aer deal-
loying, it is found that no Al phase is detected aer dealloying of
the two precursor alloys, indicating that the dealloying is basi-
cally complete. Fig. 1(c) shows the phases of the CoFe2O4 and
CoMoO4 bimetallic oxides obtained by oxidation aer deal-
loying. It can be seen from the gure that pure CoFe2O4

(PDF#79-1744) and CoMoO4 (PDF#21-0868) are obtained aer
oxidation.
RSC Adv., 2025, 15, 35728–35738 | 35729
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Fig. 1 XRD patterns of the precursor alloys (a) Co1.7Fe3.3Al95 and (b) Co2.5Mo2.5Al95 after dealloying and after oxidation (c).
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Fig. 2 shows the SEM images of the precursor alloys aer
dealloying and oxidation. According to the SEM image of
Co1.7Fe3.3Al95 aer dealloying (Fig. 2(a)), it can be seen that
a small skeleton structure of 100 nm grows on a large skeleton
structure, forming a unique “attachment” structure. It is worth
noting that small mesoporous structures are distributed on the
surface of both large and small scaffolds. This kind of “depen-
dent” structure loaded with mesoporous structures can provide
a broad active surface area in electrochemical processes and
more active sites for electrocatalytic processes. Fig. 2(b) shows
CoFe2O4 obtained aer oxidation of Co1.7Fe3.3. Compared with
the structure before oxidation, the small skeleton structure
becomes rough, while the large skeleton structure supporting
the small skeleton remains intact. It can be seen from Fig. 2(c)
that the skeleton structure of the Co–Mo alloy aer the corro-
sion of Co2.5Mo2.5Al95 by KOH solution presents an “island”
structure connected by ligaments. This is because the
Fig. 2 SEM images of the precursor alloys after dealloying and oxidation

35730 | RSC Adv., 2025, 15, 35728–35738
Co2.5Mo2.5Al95 alloy is composed of two phases: Al and Al12Mo.
Al, as an active phase, preferentially reacts at the solid/liquid
interface to form a large pore structure, and then, the corro-
sive liquid enters the deep structure to react with Al atoms in the
Al12Mo phase. At the same time, under the unique “pinning”
action of the Mo element,21 the corrosion liquid is able to react
with the Al atoms in the Al12Mo phase, forming an “island”
structure with ligamentous connections. Fig. 2(d) shows that
the ligament structure of the Co–Mo alloy still exists aer
oxidation, but the former “island” structure disappears and
changes into a smaller skeleton structure, and a secondary
ligament structure with a size of about 10–20 nm grows on the
ligament structure. The evolution of this structure is due to the
fact that aer the Co–Mo alloy skeleton structure is oxidized, the
introduced oxygen atoms cause the skeleton structure to be
rough and the volume to expand, and the original “island”
structure is completely transformed into a ligament-like
: (a) Co1.7Fe3.3; (b) CoFe2O4; (c) Co2.5Mo2.5; and (d) CoMoO4.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structure, which is benecial to the electrode material to
provide more abundant reaction sites during the catalytic
process.

Fig. 3(a) shows the XRD patterns of CoMoO4 synthesized by
the hydrothermal method on the nickel foam (NF) matrix. As
can be seen from the gure, the peak position of CoMoO4

(PDF#21-0868) is clearly visible, indicating that simple CoMoO4

samples can be synthesized by this method. Fig. 3(b) shows the
XRD patterns of the CoFe2O4/CoMoO4 composite. It can be seen
from the gure that the phase structure of the CoFe2O4 matrix
(PDF#79-1744) did not change aer the introduction of CoMoO4

composite, indicating that two oxides with different phase
structures were successfully prepared in this experiment.

Fig. 4 shows the SEM image of the CoFe2O4/CoMoO4

composite electrode material. It can be seen from the gure that
CoMoO4 grows vertically on the surface of the CoFe2O4 skeleton
in the form of sheets and folds in situ. This heterostructure with
good compatibility can not only exert a synergistic effect of the
composite materials but also increase the active surface area of
the material, which is conducive to more abundant H+ and OH−

adsorption and desorption, improving the electrocatalytic
performance of the electrode material. In addition, the CoMoO4

and CoFe2O4 structures show great structural compatibility. The
vertically grown CoMoO4 does not extensively cover the abun-
dant structures on the CoFe2O4 matrix, thus preserving and
Fig. 3 XRD patterns of (a) CoMoO4/NF and (b) CoFe2O4/CoMoO4.

Fig. 4 SEM images of the CoFe2O4/CoMoO4 composite electrode mate

© 2025 The Author(s). Published by the Royal Society of Chemistry
taking full advantage of its high specic surface area. The
combination of the two structures will further increase the
active sites for the electrochemical reaction and offer the
structural advantages of both in the electrocatalytic reaction.
Therefore, the CoFe2O4 matrix plays an important role in the
composite material, providing support strength for the
composite electrode material, and CoMoO4 prepared by the
hydrothermal method grows uniformly on the surface of the
matrix. Both of them play important roles in the catalytic
performance of the composite material due to their unique
structural advantages.

In order to further study the composition of the CoFe2O4/
CoMoO4 composite electrode material and the distribution of
each element, EDS surface scanning analysis was performed, as
shown in Fig. 5. The EDS mapping shows a spatially uniform
distribution of all elements (Co, Fe, Mo, O) without clear phase
boundaries. This suggests that CoMoO4 grows uniformly over
the CoFe2O4 skeleton, thereby conrming the good compati-
bility between the two phases. It is worth noting that the
distribution of the O element is more dense, indicating the
higher content of O in CoFe2O4 and CoMoO4 than those of other
elements. At the same time, combined with the illustrations in
the EDS spectrum, it can be found that the atomic percentage
contents of the Co, Fe andMo elements in the CoFe2O4/CoMoO4

composite are 1 : 2 and 1 : 1, respectively, which further indicate
rial at different magnifications (a and b).

RSC Adv., 2025, 15, 35728–35738 | 35731
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Fig. 6 TEM images of CoFe2O4 (a and b), CoFe2O4/CoMoO4 (c and d) a

Fig. 5 Surface scan element distribution diagram of CoFe2O4/CoMoO4.
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that the composite material is reasonable in composition,
uniform in distribution, and in line with the expected design. In
addition, a small amount of Al (3.73 at.%) was detected, whi-
ch is attributed to inadequate removal of AlO2

− ions during
washing, as well as the possibility of unreacted Al atoms
remaining in the skeleton due to incomplete corrosion.

The microstructure of the two bimetallic oxides and the
CoFe2O4/CoMoO4 composite electrode material is studied and
characterized by TEM. The TEM image of CoFe2O4 shown in
Fig. 6(a) shows a rod-like skeleton structure distributed at
multiple levels, while small holes distributed on the large
skeleton structure can be seen, which is consistent with the
structure shown by SEM. Fig. 6(b) shows the high-resolution
transmission image of CoFe2O4. The crystal face spacings
calculated by the analysis are 0.261 nm and 0.483 nm, corre-
sponding to the (311) and (111) crystal faces of CoFe2O4.
Fig. 6(c) shows the TEM image of the CoFe2O4/CoMoO4

composite, in which the sheet-like CoMoO4 is grown on the
nd CoMoO4 (e and f).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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skeleton structure, and the distributed mesoporous structures
can still be observed on the matrix skeleton of CoFe2O4, indi-
cating that the skeleton structure of CoFe2O4 is not affected or
damaged aer CoMoO4 is compounded. Laminar CoMoO4

intergrowths will provide a more favorable reaction site for
electrochemical reactions. Fig. 6(d) is the high-resolution
transmission image of the CoFe2O4/CoMoO4 composite, in
which mesoporous structures of about 10 nm exist on the
skeleton structure, and ligament structures and lattice stripes
are also observed on the skeleton. Themeasured lattice spacings
of 0.261 nm and 0.323 nm correspond to the (311) plane of
CoFe2O4 and the (002) plane of CoMoO4 in the CoFe2O4/
CoMoO4 composite, respectively. Fig. 6(e) shows the TEM image
of CoMoO4, in which abundant ligament structures are wrap-
ped around the skeleton, agreeing well with the rich ligament
structures shown in the SEM image. Fig. 6(f) shows its high-
resolution transmission image, in which lattice streaks with
different orientations can be observed on the laminar structure
with a hierarchical distribution. The crystal face spacing of
0.323 nm in the gure corresponds to the (002) crystal face of
CoMoO4. These TEM ndings further conrm the composite
structure indicated by XRD. Moreover, they offer a more direct
view of the heterogeneous structure—a lamellar CoMoO4 phase
supported by the CoFe2O4 skeleton—compared to the SEM
images.

The CoFe2O4/CoMoO4 composite was analyzed by X-ray
photoelectron spectroscopy (XPS). Fig. 7(a) shows the high-
resolution spectral tting of the Co element. The peaks at the
Fig. 7 XPS spectra of the CoFe2O4/CoMoO4 composite: (a) Co 2p; (b) F

© 2025 The Author(s). Published by the Royal Society of Chemistry
binding energies of 780.95 eV and 796.59 eV correspond to the
characteristic peaks of Co 2p, which belong to the Co 2p3/2 and
Co 2p1/2 orbitals, respectively, indicating that Co exists in the +2
valence state.22 At the same time, satellite peaks appeared at
784.01 eV, 787.11 eV, 790.35 eV, and 803.01 eV. Fig. 7(b) is the
spectral diagram obtained by tting the high-resolution spec-
trum of the Fe element. The peaks at 710.79 eV and 724.08 eV
are assigned to Fe2+, while those at 713.64 eV and 727.48 eV are
assigned to Fe3+. This shows that Fe exists in the +2 and +3
valence states,23,24 while satellite peaks appear at 716.98 eV,
720 eV, and 732.85 eV. Fig. 7(c) is the spectrum obtained by
tting the high-resolution spectrum of Mo. The characteristic
peaks corresponding to the energies of 232.44 eV and 235.56 eV
belong to the Mo 3d5/2 and Mo 3d3/2 orbitals, respectively, with
an energy difference of 3.12 eV. It is shown that Mo exists in the
+6 valence state,25,26 while satellite peaks appear at 233.73 eV
and 236.52 eV. Fig. 7(d) is the spectrum obtained by tting the
high-resolution spectrum of O. The two peaks at the binding
energies of 530.09 and 531.17 eV correspond to the character-
istic peaks of O 1s, which is due to the interaction between Co–
O, Fe–O and Mo–O in the sample of the CoFe2O4/CoMoO4

composite electrode material. At the same time, oxygen present
due to the physical adsorption or chemisorption in the OH or
C–O functional groups is reected in it. To sum up, there are
abundant valence states of Co, Fe andMo in spinel CoFe2O4 and
scheelite CoMoO4, which contribute to electron transfer during
the hydrogen evolution and oxygen evolution reactions and
enhance the conductivity of the material.
e 2p; (c) Mo 3d; and (d) O 1s.
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Fig. 8 Cathode polarization curves (a) and anode polarization curves (b) of each electrode material.

Table 1 Catalytic kinetic parameters of each electrode material

Electrode

b (mV−1 dec1) h@50 mA cm−2 mV−1

HER OER HER OER

CoMoO4 121.21 132.09 248 381
CoFe2O4 111.84 82.06 216 351
CoFe2O4/CoMoO4 100.44 70.47 193 319
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Fig. 8(a) shows the cathode polarization curves of each
electrode material. The overpotential of each electrode material
at a current density of 50 mA cm−2 is compared, as shown in
Fig. 9 Tafel curves of CoFe2O4 (a), CoMoO4 (b) and CoFe2O4/CoMoO
material (d).

35734 | RSC Adv., 2025, 15, 35728–35738
Table 1. As can be seen from the gure, CoFe2O4/CoMoO4 has
the best electrocatalytic hydrogen evolution activity, the lowest
overpotential at the current density of 50 mA cm−2, and the best
catalytic hydrogen evolution activity. Combined with its SEM
and TEM results, it is clear that CoMoO4 nanosheets grown on
the CoFe2O4 skeleton provide abundant active sites for the
adsorption of H+. In addition, it is worth noting that CoFe2O4

has an obvious reduction peak in the low overpotential region.
Combined with the XPS analysis results, it can be seen that this
is due to the inherent REDOX pairs of Co2+/Co3+ and Fe2+/Fe3+ in
the spinel structure CoFe2O4 and abundant valence state
changes of CoMoO4. Therefore, the composite electrode
4 (c) at different temperatures and Arrhenius curve of each electrode

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 CV curves of CoFe2O4 (a), CoMoO4 (b), and CoFe2O4/CoMoO4 (c) at different scan rates. Relationship curve of Dj and scan rate of each
electrode material (d).

Table 2 Surface parameters of each electrode material

Electrode Cd mF−1 Sr cm
−2 r

CoFe2O4 27 740 462 462
CoMoO4 24 340 406 406
CoFe2O4/CoMoO4 30 130 505 505

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

0/
18

/2
02

5 
4:

52
:5

8 
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
material has a more favorable electron and ion transport
process. At the same time, it can be seen from the Fig. 8(a) that
the hydrogen evolution performance of CoMoO4 is lower than
that of CoFe2O4, which is mainly due to the unique structure of
the small skeleton of CoFe2O4 dependent on the large skeleton
and the rich valence states of their respective elements.
Furthermore, the skeleton structure of CoFe2O4 aer oxidation
is rough and uneven, and there is a mesoporous structure of
about 10 nm. Fig. 8(b) shows the anode polarization curves of
electrocatalytic oxygen evolution of the above-mentioned elec-
trode materials, and their overpotentials at a current density of
50 mA cm−2 are compared. CoFe2O4/CoMoO4 has the best
electrocatalytic oxygen evolution activity and the lowest oxygen
evolution overpotential at the current density of 50 mA cm−2.
This shows that CoFe2O4/CoMoO4 has the advantages of an
excellent bifunctional catalyst. The hydrogen evolution proper-
ties and oxygen evolution properties of all electrode materials
have the same catalytic properties, indicating that the oxide
materials have similar properties in electrocatalytic hydrogen
evolution and oxygen evolution.

Table 1 shows that CoFe2O4/CoMoO4 has the lowest HER and
OER Tafel slopes, with the HER slope of 100.44 mV dec−1,
indicating that its hydrogen evolution process is controlled by
the Volmer–Heyrovsky step,26 which indicates that at low over-
potentials, the CoFe2O4/CoMoO4 composite electrode material
can rapidly absorb/desorb H+ and OH− ions in the electrolyte,
thus breaking the dynamic balance between the oxidation and
reduction reactions at the electrode/solution interface, and H+

and OH− in the solution begin to accumulate on the electrode
© 2025 The Author(s). Published by the Royal Society of Chemistry
surface. A sufficiently fast interfacial reaction rate is critical to
effectively mitigate surface polarization. The lowest Tafel slope
of the CoFe2O4/CoMoO4 composite conrms its superior
kinetics and thus the strongest depolarization ability during
electrocatalysis. Fig. 9(d) shows the apparent activation energy
of each electrode. The CoFe2O4/CoMoO4 composite electrode
has the lowest apparent activation energy of 7.23 kJ mol−1,
indicating that it has the highest conversion efficiency and the
fastest reaction speed in the catalytic reaction process.

In order to further study the electrochemically active surface
area of CoFe2O4, CoMoO4 and the CoFe2O4/CoMoO4 composite
electrode material participating in the reaction during electro-
catalysis, the charging current in the potential window of the
non-Faraday process was tested, obtaining a double-layer
capacitance. Fig. 10(a)–(c) show the CV curves of the electrode
materials at 0.47–0.57 V vs. RHE at scanning rates of 20, 40, 60,
80 and 100 mV s−1. It can be seen from the gure that the CV
curves of the three electrodes all exhibit typical rectangular
characteristics of double-layer capacitors. By calculating the
current density difference Dj between the cathode and anode at
0.52 VvsRHE, the double layer capacitance values of CoFe2O4,
RSC Adv., 2025, 15, 35728–35738 | 35735
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Fig. 11 Electrochemical impedance spectra and equivalent circuit
diagrams of each electrode (inset). (1) CoMoO4 and CoFe2O4/CoMoO4

and (2) CoFe2O4.
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CoMoO4 and the CoFe2O4/CoMoO4 composite electrode mate-
rial are 27.74, 24.43 and 30.13 mF cm−2, respectively. The
calculated surface parameters of each electrode are shown in
Table 2. The CoFe2O4/CoMoO4 composite electrode material
has the largest electrochemical active surface area and rough-
ness, indicating that it has the most exposed active sites.

To further probe the electrode reaction kinetics during the
catalytic OER process, electrochemical impedance spectroscopy
(EIS) measurements are performed within a frequency range of
10−2 to 105 Hz, using an AC potential amplitude of 5 mV s−1

(Fig. 11 and Table 3). For all samples, the tests were conducted at
an overpotential of 100 mV. The comparable solution resistance
(Rs) conrms consistent electrolyte environments.27Nyquist plots
reveal that the CoFe2O4/CoMoO4 composite electrode material
exhibits the lowest charge-transfer resistance (Rct = 0.2657 U
Table 3 Fitting data of the equivalent circuit diagrams of different elect

Electrode Rs/U cm−2 Cdl/mF Rct/U cm

CoMoO4 1.622 0.1732 0.8904
CoFe2O4 1.792 0.4309 6.919
CoFe2O4/CoMoO4 1.619 0.4927 0.2657

Fig. 12 . Linear scanning curve (a) and stability (b) of the CoFe2O4/CoMoO

35736 | RSC Adv., 2025, 15, 35728–35738
cm−2), which was signicantly lower than those of CoMoO4 (Rct
= 0.8904 U cm−2) and CoFe2O4 (Rct = 6.919 U cm−2). This
reduction indicates accelerated electron transfer across engi-
neered interfaces, attributed to the synergistic effects of the
CoFe2O4/CoMoO4 heterojunction. Concurrently, the composite
achieves the highest double-layer capacitance (Cdl = 0.4927 mF),
conrming an expanded electroactive surface area, while its
minimal Warburg impedance (Y0 = 0.06289 S sec^.5) demon-
strates an optimized ion diffusion. Flaky CoMoO4 nanosheets are
vertically aligned on the CoFe2O4 skeleton surface, providing
abundant electrochemically active sites and maintaining effi-
cient ion diffusion channels. Moreover, electronic structure
modulation at the heterointerfaces reduces the energy barrier for
electron transfer. Consequently, synergistic effects at the
CoFe2O4/CoMoO4 interface collectively enhance the OER activity.

The HER and OER together constitute electrolytic water
reaction. Compared with the individual CoFe2O4 and CoMoO4,
the CoFe2O4/CoMoO4 composite exhibited the best electro-
catalytic performance for both HER and OER. Therefore, to
evaluate its overall water-splitting performance, a two-electrode
electrolyzer was constructed with the composite serving as both
the anode and the cathode. The corresponding electrolytic
curve is shown in Fig. 12(a). The electrolyzer achieved a low cell
voltage of 1.55 V at a current density of 10 mA cm−2, demon-
strating the excellent bifunctional electrocatalytic activity of the
composite electrode. To preliminarily investigate the durability
of the CoFe2O4/CoMoO4 catalyst, a short-term stability test is
performed at a constant current density of 30 mA cm−2 for 12
hours, as shown in Fig. 12(b). The cell voltage increased by only
11 mV (0.6%) aer continuous electrolysis, suggesting that the
electrode maintains relatively stable performance under mild
conditions. The porous skeleton obtained by dealloying and
oxidation provides good support strength for the composite
rodes

−2 Cp/F Rp/U cm−2 Warburg Y0/S sec^.5

0.07965 74.72 0.102
— — 0.1344
0.142 8.563 0.06289

4 composite electrode material for the overall water splitting reaction.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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material and further indicates the good bonding strength
between the aky CoMoO4 and CoFe2O4.
4 Conclusion

In this study, a type of oxide composite material with different
phase structures was synthesized by a hydrothermal method.
CoFe2O4 was used as the skeleton structure, and the sheet and
fold structures of CoMoO4 grew vertically on the surface of the
CoFe2O4 skeleton structure. This unique attachment structure
was conducive to exposing more active sites. The structure
offers abundant active sites and a extensive reaction interface,
thereby facilitating highly efficient mass transport of H+ and
OH− ions as well as rapid charge transfer. In addition, the Co,
Fe and Mo elements with abundant valence states provided
favorable conditions for the transport of electrons and ions
through abundant REDOX reactions in the electrocatalytic
process, which helped to improve the electrocatalytic activity
and reduce the reaction overpotential. Based on the unique
structural advantages of spinel structure and scheelite structure
and their synergistic effect, CoFe2O4/CoMoO4 offered the best
electrocatalytic activity. The skeleton structure obtained by
dealloying combined with oxidation treatment exhibited a good
structural stability and stable catalytic performance aer long-
term electrolysis.
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