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The sluggish oxygen evolution reaction (OER) kinetics in water splitting makes it crucial to design highly
active OER catalysts. Spinel oxides are considered as promising candidates due to their various compo-
sitions, valence states and electronic configurations. This paper reports a facile procedure to prepare
V-doped hollow CozO4 nanoprisms for the OER. The introduction of V can effectively modulate the elec-
tronic structure of CozOy, therefore improving its intrinsic catalytic activity. The hollow prismatic structure
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ensures the exposure of catalytically active sites and rapid mass transport, thereby improving the extrinsic
catalytic activity. As a result, optimized V-Co3s04-5 exhibits a small overpotential of 288 mV at 10 mA
cm™2 with good durability. This work provides an innovative direction for designing efficient OER electro-

Published on 13 May 2025. Downloaded on 8/2/2025 8:26:28 PM.

rsc.li/dalton catalysts via heteroatom doping.

1. Introduction

Hydrogen has long been considered as a promising sustain-
able energy source due to its renewability.? It holds signifi-
cant potential for reducing dependence on fossil fuel and
addressing global climate change.>® Electrocatalytic water
splitting technology is considered as a green and sustainable
method for hydrogen production, and attracts significant
attention.>® In theory, H,O can be completely decomposed
into H, and O, at a thermodynamic potential of 1.23 V. Due to
the slow four-electron transfer process, the anodic oxygen evol-
ution reaction (OER) is the bottleneck for overall water
splitting.””® To address the sluggish kinetics and improve OER
efficiency, noble metal oxides like RuO, and IrO, are widely
employed to reduce the overpotential of the OER.'>'
However, their widespread application is constrained by their
high cost, low abundance, and limited stability. Therefore,
more efforts are needed for large-scale production of non-
noble metal-based catalysts with both high activity and
stability."**®
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Recently, transition metal catalysts have been widely investi-
gated for the OER, including oxides/hydroxides, sulfides,
nitrides, phosphides, and borides. Among these, transition
metal oxides are prized for their low cost, high stability, adjus-
table chemical composition, and lattice oxygen.'®>° Spinel
oxides, with a formula of AB,O,, attract specific attention
owing to the dual active sites in the crystal structure and the
diverse oxidation states of transition metal cations.*’>* Spinel-
type oxide Co;0,, where Co®" and Co®" occupy tetrahedral and
octahedral sites, respectively, is one of the most investigated
spinel oxides for the OER.**® For example, by integrating
metal vacancies and tensile strain into CozO,4, Guo et al. pre-
pared Coz0, with a small overpotential of 327 mV at 10 mA
Cm_2.27

To further improve the catalytic activity of Co;0,, different
strategies such as morphology engineering, defect engineer-
ing, and heteroatom doping have been applied. Heteroatom
doping can improve the intrinsic catalytic activity of Coz0,4 via
optimizing the adsorption energy of intermediates, adjusting
the electronic structure of metal active sites and reducing the
reaction barrier.”*** For example, by introducing highly active
W sites into Co;0,4, W-Co3;0, prepared by Cao et al. exhibited a
small overpotential of 251 mV at 10 mA cm >*® Li et al. pre-
pared Nd and Ni co-doped Co;O, and found that Ni could
induce the formation of CoOOH and Nd could reduce the
barrier for the formation of CoOOH, therefore leading to
improved catalytic activity.>* In addition, recent works have
demonstrated that V doping can improve the catalytic activity
of electrocatalysts such as Ni,P and CoP, by promoting the
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formation of NiOOH and Co;0,, while the role of V should be
further investigated.**~°

On the other hand, designing an appropriate nanostructure
can improve the extrinsic catalytic activity. Firstly, a regular
nanostructure can induce the effective exposure of catalytically
active sites. Secondly, by designing catalysts with high specific
area, the mass transport can also be promoted.*’° In
addition, it has been proposed that the electronic structure
such as the d band center of catalysts can also be optimized by
size/morphology engineering.*>*'

Based on the advantage of spinel oxides and regular nano-
catalysts, in this work, we report a facile method to prepare V
doped Co;0, (V-Coz0,) with a hollow prismatic structure. The
hollow features ensure the exposure of active sites as well as
electron/reactant transport and gas release. V doping induces
the formation of oxygen vacancies in low coordination sites
and regulates the electronic structure of Co;0,4, therefore
improving the conductivity and intrinsic catalytic activity of
Co30,4. Optimized V-Co3;0,-5 exhibits an overpotential of
288 mV at 10 mA cm™?, a Tafel slope of 65.43 mV dec™, and
good durability for more than 90 hours, demonstrating its
practical application.

2. Experimental

2.1 Preparation of Co precursors

0.75 g of cobalt acetate tetrahydrate and 2 g of PVP (MW.
58 000) were dissolved in 100 ml ethanol. After refluxing at
85 °C for 4 h, the product was filtered and washed using
ethanol. The product was dried at 60 °C overnight.

2.2 Preparation of V-Co;0,

0.04 g of Co precursor was dispersed in 40 ml ethanol, and
then a certain amount of sodium orthovanadate (NazVO,) in
10 ml water was added. The solution was stirred for two hours
at room temperature. Afterwards, the obtained product was fil-
tered and washed using ethanol. After drying at 60 °C, the
materials were calcined at 400 °C for 2 hours to obtained
V-Co30,4. By changing the amount of sodium orthovanadate
(0 mg, 5 mg, 10 mg and 20 mg), the obtained catalysts are
denoted as Co03;0,, V-C0o30,-5, V-C030,-10, and V-C03;0,4-20
respectively.

3. Results and discussion

As shown in Fig. 1, a series of V-Co;0,-M (M = 5, 10, 20) were
prepared using NazVO, as the vanadium source and a cobalt-
based nanoprism as the template. The composition of the
cobalt-based nanoprism is Cos(OH),(Ac)s-2H,0, which has
been well demonstrated in previous literature reports.*®*?
During reaction with NazVO,, ion-exchange reaction occurs
and due to the Kirkendall effect, hollow CoVO, is achieved.
After calcinating at 400 °C in air, V doped Co;0, was success-
fully prepared. SEM images demonstrate the structural
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Fig. 1 Schematic illustration of the synthesis of V doped CozO,.

change, where the Co precursor exhibits a prismatic structure
with a length of 1 pm and a width of 0.5 pm (Fig. 2a). After cal-
cination of the Co precursor, the obtained Coz;0, exhibits
agglomerated nanoparticles due to its decomposition
(Fig. S11). However, the morphology of V-Coz;0, is well pre-
served, except that the surface becomes rough and the interior
becomes hollow (Fig. 2b, c, Fig. S2 and S3t). This is due to the
formation of rigid CovO, by the reaction of the Co precursor
with NazVO,, which can preserve the framework during the
calcination process. The hollow structure can improve the
specific surface area of V-Coz;0,4, as demonstrated by the N,
adsorption-desorption isotherms in Fig. S4.1 The N, uptake of
V-Co30, is obviously higher than that of Co;0,, and the calcu-
lated Brunauer-Emmett-Teller (BET) specific surface areas are
105 and 50 m*> g~ for V-Coz04 and Co30,4, respectively. The
pore size distribution curves demonstrate the existence of
micropores at 1 nm and mesopores between 7 and 15 nm for
V-C030,4. This hollow structure with high specific surface area
can enhance the contact between the electrocatalyst and the
electrolyte, thereby boosting the OER. The hollow structure
was further demonstrated by the TEM image (Fig. 2d). In
addition, the lattice distances of 2.43 and 2.85 nm can be
attributed to the (311) and (220) planes of Coz;0, (Fig. 2e). The
diffraction rings shown in Fig. 2f further demonstrate the for-
mation of Co;0,. Energy-dispersive X-ray spectroscopy (EDX)
elemental mapping of V-Co;0,-5 demonstrates the uniform
distribution of Co, V, and O elements (Fig. 2g).

X-ray powder diffraction (XRD) was employed to further
characterize the structures of Co;O, and V-Co;0,. The XRD
patterns of prepared Coz;0,, V-C03;04-5, V-C03;0,-10, and
V-C030,4-20 exhibit nearly identical patterns, indicating that
the doping of vanadium does not alter the crystal phase struc-
ture of Co30, (Fig. 3a). The diffraction peaks located at 31.3°,
36.8°, 59.4°, and 65.2° correspond well to the (220), (311),
(511), and (440) planes of cubic spinel Co;04 (PDF#42-1467).*?

To investigate the surface composition and valence state
information of V-doped Co;O, samples, XPS measurements
were conducted on Coz;0, and V-Co30,4. As shown in Fig. S5,
apparent characteristic peaks corresponding to Co, V, and O in
V-Co3;04-5 were observed, further confirming the successful
preparation of V-Coz0,.

Specifically, for V-Co;0,4-5, the Co 2p XPS spectrum exhibits
spin-orbit split peaks of Co 2p;, and Co 2ps., indicating

Dalton Trans., 2025, 54, 9296-9302 | 9297
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(a—c) SEM images of the Co precursor, CoVO, and V-Coz0,4-5. (d—f) TEM and HRTEM images, and diffraction rings of V-Co304-5. (g)
Element mapping of V-Co30,4-5.
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(a) XRD patterns of Coz04 and V-Co30;,. (b and c¢) Co 2p and O 1s spectra of Coz0,4 and V-Co0304-5. (d) V 2p spectra of V-Coz04-5.
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binding energies of 780.9 eV and 796.1 eV for Co*" and 782.6
eV and 798.2 eV for Co*", respectively (Fig. 3b). In contrast, the
peaks corresponding to Co;0,4 appear at slightly lower binding
energies, specifically 780.0 eV and 795.2 eV for Co®* and 781.7
eV and 797.3 eV for Co**.** It is noteworthy that upon V
doping, the peaks corresponding to Co 2p;/, and Co 2ps), in
V-Co30,4-5 shifted positively by 0.9 eV. This indicates that the
addition of V effectively tunes the electronic structure of Co in
Co30,, leading to more high valent Co species, and high valent
Co species have been demonstrated to be highly active catalytic
centers for the OER.

In O 1s spectra, peaks located around 530.2, 531.2, and
532.3 eV can be attributed to lattice oxygen (Lo), oxygen
vacancies in low coordination sites (Oy), and adsorbed oxygen,
respectively (Fig. 3c). Compared to Co;0,4, the O 1s peaks in
V-Co30, also shift towards higher binding energies, indicating
the formation of Oy on the Co;0, surface, which induces new
defect states near the bandgap.”” Electrons localized on
oxygen vacancies are easily excited to the conduction band,
thereby promoting the electronic conductivity of the electroca-
talyst. To further confirm the oxygen vacancies in V-C0;0,,
electron paramagnetic resonance (EPR) characterization was
performed. As shown in Fig. S6,f the EPR spectrum of both
Co30, and V-Co30, exhibit a symmetric peak at g = 2.004, indi-
cating the presence of abundant oxygen vacancies in the cata-
lysts. However, the intensity of the oxygen vacancy peak in
V-Co30, is obviously higher than that in Co;0,, suggesting a
higher concentration of oxygen vacancies in V-C030,4.***’

The high-resolution V 2p spectrum of V-Co;04-5 can be
divided into V 2p;;, and V 2p,, regions (Fig. 3d). The V 2p3,
region shows peaks at 516.4, 516.9, and 517.3 eV, while V 2,,,»
exhibits peaks at 523.1, 524.1, and 525.2 eV, corresponding to
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V¥, V¥, and V™", respectively.*® This indicates the coexistence
of V¥*, v*', and V** in V-C050,-5.

In a word, the XPS results not only demonstrate the for-
mation of Co;0,4, but also indicate the optimized electronic
structure of V-Co3;0,4-5, which is responsible for its improved
electrocatalytic performance shown below.

A traditional three-electrode system is used to assess the
OER performance of the catalysts. For comparison, the cata-
Iytic performance of RuO, is also measured under identical
testing conditions. Their linear sweep voltammetry (LSV)
curves are shown in Fig. 4a. V-Co;0,-5 exhibits a 288 mV over-
potential at 10 mA cm ™2, which is significantly lower than that
of Co;0, (367 mV). Similarly, at a high current density of
100 mA cm™?, the overpotential of V-Co;0,-5 (360 mV) is also
much lower than that of undoped Co;0, (471 mV) (Fig. 4b).
This indicates that V-Coz0,-5 exhibits superior -catalytic
activity, highlighting the beneficial effect of V doping. It is
worth noting that among these reported non-precious metal
OER catalysts, the V-Co30,-5 catalyst exhibits a relatively low
overpotential (Table S1t), demonstrating outstanding OER
performance.**™°

Based on polarization curves, Tafel slopes were calculated
to investigate their electrocatalytic kinetics using n = blogj + a,
where j is the current density and b is the Tafel slope (Fig. 4c).
The Tafel slopes for Coz;0,, V-C030,-10, and V-C030,-20 are
71.16 mV dec™?, 70.28 mV dec™?, and 71.48 mV dec™ .
However, for V-Co;0,-5, the Tafel slope is only 65.43 mV dec™,
significantly lower than those of other comparative samples,
indicating faster reaction kinetics. The small Tafel slope indi-
cates fast current increase with the increase of potential, and
this is also demonstrated by the increased overpotential from
10 to 100 mA cm > (Fig. 4b). With the current density increase
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Fig. 4 Electrocatalytic performance of the catalysts. (a) LSV polarization curves in 1.0 M KOH. (b) Overpotentials at 10 and 100 mA cm™2. (c) Tafel
slopes. (d) Nyquist plots. (e) Cq, values derived from CV curves. (f) Stability of V-Co304-5 for the OER.
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from 10 to 100 mA cm™2, the increased overpotential is the
smallest for V-Co;0,-5, indicating its potential at large current
density.

Electrochemical Impedance Spectroscopy (EIS) was used to
test the kinetics and charge carrier migration resistance at the
electrolyte/electrode interface (Fig. 4d). A model of an equi-
valent circuit consisting of one current-induced resistance (R;),
one constant-phase impedance (CPE) and one charge-transfer
resistance (R;) is used to fit the Nyquist plots. Typically, the
conductivity of a sample can be reflected by the semicircle of
the Nyquist plots. A smaller diameter semicircle indicates a
higher conductivity of the sample.®” The Nyquist plots show
that V-Co;0,4-5 exhibits the lowest charge transfer resistance,
indicating that V doping can enhance electron transfer.

It is well-known that the double-layer capacitance (Cq;) is
directly proportional to the electrochemically active surface
area (ECSA), which is another crucial parameter to access the
catalytic performance of catalysts. Cq; can be derived by cyclic
voltammetry at the non-faradaic region (Fig. S71). As shown in
Fig. 4e, it can be observed that the Cq4; of V-doped Co30;, is sig-
nificantly higher than that of undoped Coz;0,, indicating that
V doping can increase the ECSA, probably due to the for-
mation of a hollow structure. Higher ECSA can ensure the
effective exposure of active sites, thereby improving the cata-
Iytic activity.”®>°

To assess the potential of the V-Co;0,4-5 catalyst in practical
applications, its long-term stability was tested using chronopo-
tentiometry test at 10 mA cm™> by loading V-Co;04-5 on Ni
foam. In Fig. 4f, V-Co;0,-5 can maintain its catalytic perform-
ance for at least 80 hours without degradation, indicating
good stability of V-Co;0,4-5. To investigate phase stability and

o
S
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morphology retention of V-Co;O4, the SEM image and XRD
pattern of the catalyst after stability test were obtained. It can
be seen the prismatic morphology preserves to a certain extent
(Fig. S8T). However, the XRD pattern only exhibits the charac-
teristic peaks of Ni foam, indicating the crystalline V-Co30,
becomes amorphous (Fig. S91). This phase transition behavior
is common for OER catalysts due to the occurrence of the oxi-
dation reaction.**?®

To further demonstrate the practical application of
V-C0304-5, a full water splitting device using nickel foam
(1 cm? with 100 pL catalyst ink) supported Pt/C and V-C03;04-5
as the cathode and anode, respectively, was assembled
(Fig. 5a). It can be seen that the combination using Pt/C and
V-Co304-5 exhibits better catalytic activity than the traditional
Pt/C and RuO, (Fig. 5b). Additionally, at a fixed current density
of 50 mA em™> (H, yield of 0.35 ml min~"), the generated
hydrogen and oxygen are collected. Obviously, the H, and O,
exhibit a volume ratio of 2:1 (Fig. 5c), and the faradaic
efficiency approaches 100%, demonstrating that V-Co;0,4-5 can
be used for overall water splitting (Fig. 5d).°%°

The above electrochemical results indicate that V doping
can effectively enhance the OER catalytic performance of
Co030,. As illustrated above, on one hand, V doping can modu-
late the electronic structure of Co, and induce the formation of
more highly active sites. On the other hand, V doping could
induce oxygen vacancies in low coordination sites (Oy) and
improve the conductivity of V-Co;0,-5. Combining with the
hollow structure that boosts mass transport, V-Co;0,-5 demon-
strates superior catalytic performance and stability compared
to most reported non-precious metal-based materials, show-
casing significant potential for widespread applications.

w 'S
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Fig. 5 (a) The assembled full water splitting device. (b) LSV curves of Pt/C-V-Co030,4-5 and Pt/C—-RuO, for full water splitting. (c) The pictures of col-
lected H, and O,. (d) Faradaic efficiency of Pt/C—-V-Coz04-5 for overall water splitting.
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4. Conclusions

In conclusion, we synthesized a series of V doped Co3;0, using
sodium metavanadate as the source of vanadium. The doping
of V can modify the electronic structure of Coz;0,, therefore
optimizing the binding energies between the catalyst and reac-
tants or intermediates. In addition, the conductivity of the cat-
alysts is also improved due to the formation of Oy. The opti-
mized V-Co3;0,-5 exhibits a small overpotential of 288 mV at
10 mA em~? with good stability. This work presents an alterna-
tive strategy for improving the catalytic performance of spinel
catalysts.
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