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SPECIAL TOPIC — Ion beam modification of materials and applications

Oxygen vacancies and V co-doped Co3O4 prepared by ion
implantation boosts oxygen evolution catalysis∗

Bo Sun(孙博), Dong He(贺栋), Hongbo Wang(王宏博), Jiangchao Liu(刘江超),
Zunjian Ke(柯尊健), Li Cheng(程莉)†, and Xiangheng Xiao(肖湘衡)‡

Department of Physics, Hubei Nuclear Solid Physics Key Laboratory, Wuhan University, Wuhan 430072, China

(Received 27 May 2021; revised manuscript received 4 July 2021; accepted manuscript online 12 July 2021)

Introducing heteroatoms and defects is a significant strategy to improve oxygen evolution reaction (OER) perfor-
mance of electrocatalysts. However, the synergistic interaction of the heteroatom and defect still needs further investi-
gations. Herein, we demonstrated an oxygen vacancy-rich vanadium-doped Co3O4 (V–Ov–Co3O4), fabricated by V-ion
implantation, could be used for high-efficient OER catalysis. X-ray photoelectron spectra (XPS) and density functional
theory (DFT) calculations show that the charge density of Co atom increased, and the reaction barrier of reaction pathway
from O∗ to HOO∗ decreased. V–Ov–Co3O4 catalyst shows a low overpotential of 329 mV to maintain current density of
10 mA·cm−2, and a small Tafel slope of 74.5 mV·dec−1. This modification provides us with valuable perception for future
design of heteroatom-doped and defect-based electrocatalysts.

Keywords: ion implantation, oxygen vacancy, oxygen evolution reaction, heteroatom doping

PACS: 61.80.−x, 61.72.U−, 88.30.em, 63.20.dk DOI: 10.1088/1674-1056/ac1339

1. Introduction

In the face of the rapid growth of energy demand and the
consumption of traditional fossil fuels, it is urgent need to de-
velop sustainable energy sources.[1,2] As is well known, hy-
drogen has long been considered as an ideal energy carrier
to replace traditional fossil fuels because of its high energy
density and carbon neutral.[3,4] As one of the most promis-
ing methods for hydrogen production, electrochemical water-
splitting mainly includes hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER). However, as a sluggish
kinetics process, OER involves a four-electron and four pro-
tons transfer process, which impedes the energy conversion
efficiency of hydrogen production by water electrolysis.[1,5–8]

Currently, the commercial catalysts for water splitting are no-
ble metals and their compounds such as ruthenium dioxide
(RuO2)/iridium dioxide (IrO2) for OER in practical applica-
tion, but their high price and instability limit the large-scale
commercial application of those electrocatalysts.[9–11] Thus, it
is urgent to develop earth-abundant and high-efficient catalysts
to replace noble metal-based catalysts for OER catalysis.

Recently, transition metal oxides (TMO) such as
Ni/Co/Fe-based oxides have been widely concerned by
researchers, considered to be the promising OER cata-
lysts. Among TMO materials, Co3O4, B-doped Co3O4,
CoO/Co3O4, CoFe2O4, etc., as potential non-precious metal

OER electrocatalysts have been intensively investigated.[12–15]

Specifically, Co3O4 have been widely regarded as the well-
studied OER catalysts due to low cost, multivalence oxi-
dation states, and high stabilities.[16,17] However, the rela-
tively poor conductivity and unfavorable absorption ability to
oxygen-containing reaction intermediates of Co-based TMOs
impede their practical application.[18] Therefore, improving
the conductivity and properly adjust the absorption behav-
ior of Co3O4 during the OER process is expected for a long
time.[19,20] Recently, defects and oxygen vacancies (Ov) have
been intensively explored as effective method to coordinate
the electronic structure of Co3O4 toward improving catalytic
activity.[18,21] Creating oxygen vacancies are effective strat-
egy to enhances the adsorption of intermediates and promote
the electronic conductivity of Co3O4, and oxygen vacancies
filled with OH• first could facilitate the pre-oxidation has
been confirmed by operando spectroscopy and electrochem-
ical measurement for Co3O4 with oxygen vacancies (Ov–
Co3O4).[12,22] Furthermore, doping suitable heteroatoms is
widely used to improve conductivity and further enhance its
OER performance of Co3O4. Although it has been reported
that doping heteroatoms into cobalt oxide can improve the
OER activity, but more work has focused on cation doping
with some atomic whose size similar to Co atoms, limited by
conventional chemical doping methods.[23] So far, compared
with iron, nickel and manganese, there are rarely studies on
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vanadium as a dopant for electrocatalysts, so it is very mean-
ingful to develop cobalt oxides with V-doping and oxygen
vacancies.[24–26] Meanwhile, it is very important and mean-
ingful to analyze on the synergistic interaction of V dopant
and oxygen vacancies. However, limited by methods that si-
multaneously generate oxygen vacancies and V doping, the
mechanism of the synergistic interaction still needs to be stud-
ied in depth. The development and application of simple, ef-
ficient and controllable doping and defect generated methods
have always been the focus and deficiencies of research.

Herein, we report an oxygen vacancy and V co-doped
Co3O4 (V–Ov–Co3O4) as an OER catalyst, prepared by novel
and controllable V ion implantation. The increased of low va-
lence state of Co species (demonstrated by XPS results) in
V–Ov–Co3O4 is higher than that of pristine Co3O4 (Co3O4)
and V–Co3O4 represent the generated of oxygen vacancies
by V ions implantation. At the contributed of the vanadium
doping and the generation oxygen vacancies for the optimiza-
tion of electronic properties, the overpotential of V–Ov–Co3O4

on Ti foil was reduced to 329 mV, compared with Co3O4

(403 mV) and V–Co3O4 (381 mV). The Tafel slope of V–
Ov–Co3O4 is much smaller, 74.5 mV·dec−1, which is obvi-
ously better than that of Co3O4 (172 mV·dec−1) and V–Co3O4

(152.9 mV·dec−1). The density functional theory (DFT) sim-
ulations confirm synergistic interaction between V doping and
oxygen vacancies generated by ions implantation. Apart from
improving conductivity, another factor for the significantly im-
proved OER activity is due to the energy barrier from O∗ to
HOO∗ was decreased, caused by the increase of the charge
density around Co atoms and the improvement of HOO∗ ab-
sorption.

2. Results and discussion
Cobalt hydroxide is prepared on Ti foil substrate using a

general electrochemical deposition method, and it was con-
verted to Co3O4 after a thermal annealing process.[27] And
then, Co3O4 was subjected to vanadium ion-implantation at
40 kV (V–Ov–Co3O4) to the dosage of 4× 1016 ions·cm−2,
and V− Co3O4 was prepared from annealed V–Ov–Co3O4

(Fig. 1(a)) in air atmosphere. The x-ray diffraction (XRD)
patterns of Co3O4, V–Co3O4, and V–Ov–Co3O4 were firstly
tested as show in Fig. 1(b). The diffraction peaks of Co3O4

sample located at 31.2◦, 36.7◦, 59.2◦, and 65.2◦ , can be corre-
sponded to (200), (211), (321), and (400) planes of the spinel
Co3O4 phase (JCPDS No. 43-1003), apart from diffraction
peaks belongs to Ti foil. Meanwhile, the V–Ov–Co3O4 (ir-
radiated Co3O4) and V–Co3O4 (annealed V–Ov–Co3O4) ex-
hibited the similar diffraction pattern as Co3O4, indicating no
obvious phase changes occurred during the implantation pro-
cess. The morphology change of the high-energy vanadium-
ion implantation Co3O4 was analyzed by scanning electron

microscope (SEM). Figure 1(c) showed that the Co3O4 sam-
ple was consisted of smooth and continuous two-dimensional
(2D) nanosheets oriented and interconnected other. After the
high-energy vanadium-ion implantation, broken surface and
porous framework was observed for V–Ov–Co3O4 (Fig. 1(d))
which was constructed by ion sputtering, and the similar mor-
phology was also found in the sample of V–Co3O4 (Fig. S1).
Energy dispersive spectrometer (EDS) reveals that Co, O, and
V elements homogenously distribution throughout the V–Ov–
Co3O4 (Fig. 1(e)). Compared to Co3O4 (Fig. S2), the elemen-
tal mapping images of V–Ov–Co3O4 and V–Co3O4 (Fig. S1)
suggested that V element was successfully homogenously
doped into Co3O4 after the V-ion implantation. The vanadium
content in V–Ov–Co3O4 is 0.34 wt%. In short, V-ion implanta-
tion realized the doping of V element and increases the surface
area in Co3O4 nanosheets, which was supported by SEM and
XRD results.
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Fig. 1. Illustration of fabrication, structural, and morphology characteriza-
tion. (a) Schematic diagram of preparation Co3O4, V–Co3O4, and V–Ov–
Co3O4. (b) XRD patterns of Co3O4, V–Co3O4, and V–Ov–Co3O4. SEM
images of (c) Co3O4. SEM images (d) and elemental mapping images (e) of
V–Ov–Co3O4.
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Fig. 2. Electronic structure characterization: Co 2p XPS spectra of
Co3O4 (a) and V–Ov–Co3O4 (b). The O 1s XPS for Co3O4 (c) and V–
Ov–Co3O4 (d).

Since electrochemical reaction usually occurs on the
solid–liquid interface between the surface of the electrocata-
lyst and the electrolyte, probing the surface electronic struc-
ture of the prepared catalyst samples is crucial to study
the OER reaction. Hence, x-ray photoelectron spectroscopy
(XPS), as a universal and super-sensitive instrument, was used
to study electronic states on prepared catalyst surfaces. Fig-
ures 2(a), 2(b), and S3 show that the Co 2p XPS spectra of
Co3O4, V–Co3O4, V–Ov–Co3O4. Two typical peaks at around
795 eV and 779.9 eV should be specified to Co 2p1/2 and Co
2p3/2 for Co3O4 and V–Co3O4, respectively. After V-ion im-
plantation, it could be distinctly observed that the peaks of
the two new satellites are located at 787 eV and 803 eV, re-
spectively, and the Co 2p of V–Ov–Co3O4 peaks shift nega-
tively (about 0.2 eV) (Fig. 2(b)), which indicates the increase
of electron density in the Co species. In order to explore the
differences in the chemical valence of Co atoms before and
after V-ion implantation, Co 2p spectra were fitted. There are
two fitted peaks, located at 779.8 eV and 781 eV, which belong
to Co3+ oxidation state and Co2+ oxidation state for Co 2p3/2,
respectively.[27,28] From the fitted result, it is obviously exhib-
ited that atomic ratios of Co2+/Co3+ of V–Ov–Co3O4 (1.1) is
significantly higher than that Co2+/Co3+ of Co3O4 (0.4). The
higher atomic ratios indicate that there is a higher proportion
of Co2+ in the V-ion-implanted Co3O4, and oxygen vacancies
were created by sputtering effect of V-ion implantation. The
atomic ratios of Co2+/Co3+ of V–Co3O4 are similar to that
of Co3O4. The oxygen vacancies in V–Co3O4 were also val-
idated by fine-scanned O1s spectrum. Figures 2(c), 2(d), and
S4 shows that there are two typically oxygen peaks located at
529.8 eV (O1) and 531.6 eV (O2) of Co3O4, V–Co3O4 and V–
Ov–Co3O4.[27,29] O1 is identified as a typical metal–oxygen
bonds. The O2 with higher binding energy peak is consid-
ered to be oxygen defect species.[27] Comparing with O2 peak
of Co3O4 and V–Co3O4, the stronger intensity O2 peak of V–
Ov–Co3O4 (Fig. 2(d)) reveals a large number of oxygen defect
sites with Co2+ species are formed. The results shown in XPS
for three samples indicated that Co2+ species were produced
with creating oxygen vacancies by V-ion implantation. Com-
bined with the characterization of structure, morphology, and
composition, it is confirmed that V-ion implantation can re-
alize both of the doping of V element and the generation of
oxygen vacancy in Co3O4 without distinct phase change.

The role of oxygen defect and doped V sites on Co3O4

nanosheets were investigated herein by carefully evaluating
the as-prepared catalysts performance for OER activity. All
electrocatalytic performance tests are performed in a three-
electrode cell with workstation (CHI 760E) at 25 ◦C in 1-M
KOH solution. Due to Co3O4, V–Co3O4, and V–Ov–Co3O4

electrocatalysts were supported on Ti foil, which were tested
directly as work electrodes. The OER electrocatalytic activity
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of the prepared samples were measured by polarization curves
with a scan rate of 5 mV·s−1 and the data were presented
with IR corrected by 90%. Figure 3(a) illustrates OER po-
larization curves of the Co3O4, V–Co3O4, and V–Ov–Co3O4.
The V–Ov–Co3O4 catalysts displayed outstanding OER cat-
alytic activity. To maintain a current density of 10 mA·cm−2,
the V–Ov–Co3O4 only needs overpotential of 329 mV. The
V–Co3O4 (381 mV) and Co3O4 (403 mV) need higher over-
potential, indicating the great OER catalytic performance of
V-ion implantation Co3O4. Tafel slope is a commonly used
descriptor for studying the catalytic mechanism of OER catal-
ysis. According to the Tafel equation, Tafel slope was fitted
from the LSV curves.[30,31] It can be seen from Fig. 3(b) that

the Tafel slope of V–Ov–Co3O4 is 74.5 mV·dec−1, which is
smaller than that of Co3O4 (172 mV·dec−1) and V–Co3O4

(152.9 mV·dec−1), suggesting the rapid reaction kinetics of
V–Ov–Co3O4. As displayed in Fig. 3(c), the overpotential and
Tafel of among all as-prepared samples are put together to em-
phasize the improve of the OER activity of V–Ov–Co3O4. Fur-
thermore, electrochemical impedance spectroscopy (EIS) test,
a cogent method to analyses the electrode kinetics in electro-
catalytic process, performed from high frequencies 100 kHz to
low frequencies 0.1 Hz in 1.0-M KOH. The Nyquist diagram
of V–Ov–Co3O4, V–Co3O4, and Co3O4 were compared un-
der same potential in Fig. 3(d). Apparently, the semicircle of
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V–Ov–Co3O4 at the high-frequency range in Nyquist diagram,
is much smaller compared with Co3O4 and V–Co3O4, which
indicated a smaller charge transfer resistance (Rct). As show in
Fig. S8, the charge-transfer resistance values of V–Ov–Co3O4

is 2.2 Ω, which is far less than of V–Co3O4 (10.3 Ω) and
Co3O4 (34.9 Ω). The smaller Rct suggest that high intrinsic
activity performance can be ascribed to the great improvement
interfacial electron-transfer kinetics and improved electrical
conductivity. It is well known that the activity of a catalyst
depends on the number of active centers and the inherent ac-
tivity of each active centers. It is a widely recognized method
to compare the electrochemical active surface area (ECSA) by
measuring the electrochemical double-layer capacitance (Cdl).
The Cdl was obtained by measuring the C–V curve at differ-
ent scan rates (Fig. S5).[32] As shown in Fig. 3(e), the Cdl of
V–Ov–Co3O4 is 50.6 mF·cm−2, higher than that of the Co3O4

(37.6 mF·cm−2). The Cdl of V–Co3O4 (33.2 mF·cm−2) is sim-
ilar than that of Co3O4, which due to the reduction in the num-
ber of active sites caused by defect repair during thermal an-

nealing. This confirms that high-energy V-ion implantation
produced and exposed more active sites. Moreover, the long-
term stability is crucial factors of the OER catalyst. The sta-
bility measure of V–Ov–Co3O4 was tested by chronopotentio-
metric curves at 10 mA·cm−2 and 20 mA·cm−2 for continu-
ous 27 h, respectively. Indicating a good durability without
appreciable increase in potential (Fig. 3(f)). The OER activ-
ity of three samples indicate that V-ion implantation is an ef-
ficient and stable method to generate oxygen vacancies and
dope V element in Co3O4 for improving electrochemical ac-
tivity. From the point of view of the reaction process, it is
essential to in-depth investigate the mechanism of oxygen va-
cancy and vanadium doping to enhance the activity of OER.

Through density functional theory (DFT) calculations,
the effects of oxygen vacancies and V doping on the elec-
tronic and catalytic properties of Co3O4 at the atomic level
were studied. As shown in Fig. 4(a), the Co3O4 (001) crys-
tal plane was first constructed, V-doped Co3O4 (V–Co3O4,
Fig. S5) and coexistence models of V and oxygen vacancies
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(V–Ov–Co3O4, Fig. 4(b)) were also constructed by V atom
replacing and oxygen atom removing. As shown in Figs. 4(c)
and 4(d), due to the V doping and the oxygen vacancies caused
by V ion implantation, the excess electrons generated by the
oxygen vacancies are completely redistributed to the surround-
ing Co atoms, resulting in a decrease in the chemical state of
the Co element compared with the original Co3O4, which is
consistent with the result of XPS test. It can be clearly seen
that the Millikan charge value of the exposed Co atom at the
surface decreased from 0.87 to 0.84, which means that the
charge density of the Co atom has increased. Therefore, its
electronic structure can be effectively modulated to affect its
catalytic activity. In addition, we found that the introduction
of oxygen vacancies and V impurities can effectively adjust its
band structure (Fig. 4(e)). It can be seen that oxygen vacancies
and V doping can introduce a large number of impurity states
in the Co3O4 band gap, thereby effectively enhancing the con-
ductivity of the sample and accelerating its charge transfer pro-
cess. The results are consistent with the EIS test data.

In order to further reveal the enhancement essence of V-
ion implantation on catalytic activity from the perspective of
the reaction mechanism, we calculated the energy profile of
OER reaction pathway as shown in Fig 4(f).[33–35] It can be
found that the limiting energy barrier of OER reaction path-
way is from O∗ to HOO∗ step for Co3O4 (001) plane (Fig. S7).
There is a 2.05 eV energy barrier for OER reaction. Interest-
ingly, as a result of V-ions implantation, the adsorption ca-
pacity of the Co3O4 surface for OOH groups increases as the
charge density of Co atoms increases, so the OER reaction
barrier is effectively reduced. The OER reaction barriers of V–
Co3O4 and V–Ov–Co3O4 are reduced from 2.05 eV to 1.82 eV
and 1.75 eV, respectively. This calculation result is fully cou-
pled with the LSV test, which provides an in-depth analysis of
the enhancement mechanism of ion implantation.

3. Conclusion
In summary, we have confirmed that introducing V

dopant and oxygen vacancy can significantly improve the OER
activity of Co3O4. XPS, EDS, and DFT consistently proved
that V-doping and oxygen vacancy produced by V-ion implan-
tation effectively regulated the electronic density of Co3O4,
which increased the electrical conductivity of Co3O4 and ob-
viously decreased the energy barrier from O∗ to HOO∗. The
reducing of the reaction barrier is attributed to the improved
HOO∗ absorption. The optimized V–Ov–Co3O4 shows a lower
overpotential of 329 mV, compared with Co3O4 (403 mV)
and V–Co3O4 (381 mV). Also, V–Ov–Co3O4 has a low Tafel
slope of 74.5 mV·dec−1. Therefore, ion implantation can be
used precise approach to manipulating electronic properties of
metal oxide based OER catalysts.
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