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ABSTRACT: Spinel oxides (AB2O4) with unique crystal
structures have been widely explored as promising alternative
catalysts for eﬃcient oxygen evolution reactions; however,
developing novel methods to fabricate robust, cost-eﬀective,
and high-performance spinel oxide based electrocatalysts is
still a great challenge. Here, utilizing a complementary
experimental and theoretical approach, pentavalent vanadium
doping in the spinel oxides (i.e., Co3O4 and NiFe2O4) has
been thoroughly investigated to engineer their surface
structures for the enhanced electrocatalytic oxygen evolution
reaction. Speciﬁcally, when the optimal concentration of
vanadium (ca. 7.7 at. %) is incorporated into Co3O4, the
required overpotential to reach a certain jGEOM and jECSA decreases dramatically for oxygen evolution reactions in alkaline media.
Even after 30 h of chronopotentiometry, the required potential for V-doped Co3O4 just increases by 16.3 mV, being much lower
than that of the undoped one. It is observed that the pentavalent vanadium doping introduces lattice distortions and defects on
the surface, which in turn exposes more active sites for reactions. DFT calculations further reveal the rate-determining step
changing from the step of *-O to *-OOH to the step of *-OH to *-O, while the corresponding energy barriers decrease from
1.73 to 1.57 eV accordingly after high-valent V doping. Moreover, the oxygen intermediate probing method using methanol as a
probing reagent also demonstrates a stronger OH* adsorption on the surface after V doping. When vanadium doping is
performed in the inverse spinel matrix of NiFe2O4, impressive performance enhancement in the oxygen evolution reaction is as
well witnessed. All these results clearly illustrate that the V doping process can not only eﬃciently improve the electrochemical
properties of spinel transition metal oxides but also provide new insights into the design of high-performance water oxidation
electrocatalysts.
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INTRODUCTION
The oxygen evolution reaction (OER) plays a key role in water
splitting and carbon dioxide reduction processes. However,
due to the intrinsic sluggish kinetics originating from a series of
proton-coupled electron transfer steps, there are still
substantial challenges encountered during the search of robust
and cost-eﬃcient OER electrocatalysts.1−3 Although noblemetal-based electrocatalysts, such as IrO2 and RuO2, have been
widely studied because of their inherent superior activity and
stability for water oxidation under both acidic and alkaline
conditions,4,5 their scarcity and associated high cost inevitably
limit their practical applications. Therefore, exploring the
© 2019 American Chemical Society

promising alternative electrocatalysts is of great interest in the
community.
In general, transition-metal-based spinel oxide (AB2O4) is
one of the most studied candidates owing to their earth
abundance, low cost, unique structures, and multiple valence
sites.6,7 Typically, the spinel oxides can be classiﬁed into three
main types, namely, normal spinel, inverse spinel, and mixed
spinels. It is found that their physical properties highly depend
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on the associated crystal structures.8 For example, for inverse
spinels (e.g., Fe3O4), their short B−B bond length can facilitate
the eﬃcient electron transfer and enhance the electrical
conductivity; nevertheless, normal spinels (e.g., Co3O4)
involve longer A−B hop distances exhibiting the poor
conductivity, which constitutes a major concern for electrocatalysis.9 Such special properties have hence attracted a lot of
attention in manipulating the altering spinel structures and
improving their properties for enhanced OER activities.
At the same time, engineering the surface structure of
electrocatalysts has also been demonstrated as an eﬀective
route to optimize their performance.10−12 Based on a recent
report, it is experimentally elucidated that surface Co2+ sites
(i.e., the A site in spinel) are responsible for the formation of
CoOOH, which serves as the active sites for water oxidation.13
This study provides a feasible strategy to enhance the OER
activity of catalysts by regulating the ratio of Co2+ to Co3+. By
using the plasma-engraving strategy, Xu et al. prepared Co3O4
nanosheets with abundant oxygen vacancies (VO) and showed
remarkable promotion for water oxidation in which this
improved OER activity can be attributed to the formation of
vacancies in lowering the average valent state of Co and
increasing the Co2+ percentage.14 Likewise, the NaBH4
treatment is as well observed to generate surface VO and to
subsequently increase the ratio of Co2+/Co3+.15,16 Another
common method of tuning the surface structure is to substitute
the ions in the host matrix with foreign ones. For example,
Zhang et al. have recently reported a facile method to
introduce VO on the CoO surface by introducing the B anion,
and the vacancy-rich CoO exhibits a low overpotential of 280
mV at a current density of 10 mA cm−2.17 By utilizing in situ Xray absorption near edge structure and extended X-ray
absorption ﬁne structure spectroscopy, Liu’s group experimentally pointed out that the introduced Ni3+ on the Ni−Co
oxide surface is likely to occupy the tetrahedral sites
transforming into NiOOH, which is the main active site for
the OER process.18 In any case, until now, as compared with
Fe, Co, Ni, and Mn, V with various valence states has been
rarely studied as a dopant for electrocatalysts.19−21
Enlightened by the previous works, we perform a
complementary experimental and theoretical study to incorporate the high-valent vanadium cations into spinel structured
Co3O4 nanoparticles in order to regulate their surface
structures. The electrochemical results show that the
pentavalent V-doped Co3O4 nanoparticles with ∼7.7 at. %
dopant concentration display a much better OER performance
in both activity and stability than the pristine ones and other
counterparts with diﬀerent dopant concentrations. The
integration of pentavalent V can facilitate the fast charge
transfer and expose more active sites on the catalysts’ surface,
which results in a considerable enhancement in their activity
toward OER. It is also found that the rate-determining step of
the OER process changes from the step of (*-O to *-OOH) to
the step of (*-OH to *-O) with the corresponding energy
barriers decreasing from 1.73 to 1.57 eV after high-valent V
doping. Similarly, V doping can as well lead to the impressive
OER performance of the inverse spinel oxide of NiFe2O4. All
these promotions in the OER performance can be ascribed to
the optimization of the catalysts’ surface structures via optimal
pentavalent vanadium doping.
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EXPERIMENTAL SECTION

Preparation of Pristine Co3O4 and V-Doped Co3O4 Nanoparticles. In the typical preparation, 1 mmol of Co(CH3COO)2·
4H2O was dissolved in 10 mL of absolute alcohol to obtain 0.1 M
solution, while 1 mmol of oxalic acid was dissolved in 1 mL of
absolute alcohol to obtain 1.0 M solution. After the complete
dissolution, the oxalic acid solution was added dropwise into the
Co(CH3COO)2 solution. After stirring for half an hour, the mixture
solution was transferred into a Teﬂon-lined stainless steel autoclave
followed by heating at 150 °C for 6 h. Then it was cooled to room
temperature naturally. The precipitates were collected, washed with
anhydrous ethanol and deionized water, and then dried at 60 °C
overnight. The collected precursor was subsequently calcined in air
with a ramp rate of 5 °C min−1 to 400 °C and maintained for 2 h. For
the preparation of V-doped Co3O4 nanoparticles with various dopant
concentrations, diﬀerent molar ratios of Co(CH3COO)2·4H2O to
VCl3 (i.e., 2:1, 3:1, 4:1, 9:1, and 19:1) were added into 10 mL of
alcohol with a total concentration of 0.1 M followed by the same
procedures above.
Preparation of Pristine NiFe2O4 and V-Doped NiFe2O4. The
NiFe2O4 sample was prepared via a sol−gel method followed by
calcination according to the previous literature.22 In the typical
preparation, 2.5 mmol of Ni(NO3)2·6H2O and 5 mmol of Fe(NO3)3·
9H2O were dissolved in 25 mL of deionized water. Subsequently, 0.2
g of K30 PVP and 7.5 mmol of citric acid were added into the
solution. The ﬁnal solution was magnetically stirred overnight at room
temperature. The obtained gel was calcinated at 400 °C for 2 h. After
calcination, the products were washed by absolute ethanol and
deionized water three times each to remove the Cl− anion and then
dried in an oven overnight. For preparing the V-doped NiFe2O4, an
appropriate amount of VCl3 was added into the solution together with
the Ni and Fe sources and then followed by the same procedures
above.
Characterization. The crystalline structures of prepared samples
were conﬁrmed by powder X-ray diﬀraction (XRD, SmartLab XRD,
and Bruker D2) equipped with monochromatized Cu Kα radiation,
employing a scanning rate of 0.05° s−1 in a 2θ range from 10 to 80°.
The morphologies, chemical compositions, and elemental mapping
were characterized by scanning electron microscopy (SEM, Philips
XL30 ESEM) equipped with an energy dispersive X-ray spectrometer
system and transmission electron microscopy (TEM, FEI F20). The
chemical compositions of the samples were as well analyzed by
inductively coupled plasma atomic emission spectrometry (ICP-AES,
PerkinElmer Optima 8000). The chemical states of the surface
elements were studied by using X-ray photoelectron spectroscopy
(XPS, PHI 5802) using the monochromatic Al Kα radiation under
vacuum at a pressure of 1 × 10−9 torr. All the binding energies were
referenced to the C 1s peak at 284.8 eV of the surface adventitious
carbon. The Raman scattering spectra were obtained by a Raman
spectrometer (WITec alpha300 access) with a laser of 532 nm
wavelength.
Electrochemical Measurements. Typically, 5 mg of electrocatalyst samples was dispersed in a mixed solution, which includes 100
μL of DI water, 340 μL of ethanol, and 20 μL of Naﬁon (5 wt %) by
sonication for 2 h to obtain a homogeneous ink. Then 10 μL of ink
was drop-casted on the polished glassy carbon (GC) electrode with a
diameter of 5 mm, resulting in a mass loading of about 0.553 mg
cm−2. The fabricated electrodes were dried at room temperature
naturally. Except for the estimation of double-layer capacitance (Cdl),
all the electrochemical tests were investigated on a Gamry 300
electrochemical workstation equipped with a standard three-electrode
conﬁguration under 25 °C using a constant temperature bath. The
fabricated GC, saturated calomel electrode (SCE), and carbon rod
were used as the working electrode, reference electrode, and counter
electrode, respectively. 1 M KOH solution was used as the electrolyte.
The reported potentials in this work were calibrated to the reversible
hydrogen electrode (RHE) using eq 1:

E RHE = ESCE + 0.2415 + 0.059pH
33013
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Figure 1. Typical XRD patterns of (a) pristine Co3O4 and V-doped Co3O4 and (b) corresponding magniﬁed XRD patterns.
The Gibbs free energy change (ΔG) of the chemical reaction, as
compared to the free Gibbs energy of the clean surface, was calculated
using eq 6:

For activating the electrocatalysts, 20 cycles of cyclic voltammetry
were conducted ﬁrst within a potential window from 0.1 to 0.7 V
versus SCE at a scan rate of 100 mV s−1 without any iR-drop
compensation. Linear sweep voltammetry (LSV) with a scan rate of 1
mV s−1 was conducted to estimate the OER performance within a
potential window from 0.15 to 0.65 V versus SCE. Electrochemical
impedance spectroscopy (EIS) was applied in the frequency range
between 0.05 Hz and 300 kHz at an ac voltage of 10 mV rms to
evaluate the charge transfer resistance. The electrochemically active
surface area (ECSA) was estimated from the electrochemical doublelayer capacitance (Cdl) of the catalytic surface.23−25 For estimating the
Cdl, CHI 660E was used to record the CV curves under diﬀerent scan
rates (2, 4, 6, 8, 10 mV s−1).
DFT Calculations. First-principles calculation was performed in
the spin-polarized density functional theory framework as implemented in the Vienna ab initio simulation package (VASP).26−29
Generalized gradient approximation in the Perdew−Burke−Ernzerhof
(PBE) functional was applied to describe the electron exchangecorrelation interaction with the projector augmented wave (PAW)
potentials.30,31 The energy cutoﬀ was set at 400 eV. The structure was
optimized until the forces were less than 0.01 eV Å−1 and selfconsistent calculations were converged until 10−5 eV. The Brillouin
zone of a six-layer Co3O4 (100) slab was sampled using 10 × 10 × 1
Monkhorst−Pack grids with a vacuum of ∼10 Å.32
The reaction steps are as follows33 where * means substrate:

where ΔE, ΔZPE, T, and S denote the calculated adsorption energy of
intermediates, zero point energy, temperature, and entropy,
respectively. We note that ΔZPE is negligible and the pH level was
not considered in our calculations. Thus, for each reaction coordinate,
ΔG was then calculated using eqs 7−10:
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ΔG1 = ΔG − O − ΔG − OH − ΔUideal
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*

(12)

ΔG2 = ΔG − OOH − ΔG − O − ΔUideal
*
*

(13)

ΔE − O = ESub + O − ESub − (E H2O − E H2)
*

(3)

(14)

RESULTS AND DISCUSSION
At ﬁrst, the crystal phases of V-doped and undoped samples
are evaluated by XRD. As shown in Figure 1a, both XRD
patterns can be identiﬁed as the cubic Co3O4 phase. No
characteristic peaks for other phases are observed. In
comparison with that of Co3O4, all the peaks of V-doped
Co3O4 become broader and get decreased in the intensity,
suggesting that the V doping leads to the reduction of both
crystallite size and crystallinity. Besides, there is a slight shift
toward a lower 2θ value after vanadium doping as given in
Figure 1b, which demonstrates the successful incorporation of
V into the host matrix. Similar changes have also been found in
other samples with diﬀerent initial precursor ratios as displayed
in Figure S1. To be speciﬁc, we prepare various samples with
ﬁve diﬀerent starting precursor ratios of Co to V (i.e., 2:1, 3:1,
4:1, 9:1, and 19:1). Even at a high ratio of 2:1, there is not any
additional diﬀraction peaks observed, suggesting that no trace
of separated phase or no other phases such as vanadium

The adsorption energies of intermediates (O, OH, OOH, and O2)
on the substrate were calculated using eqs 2−5:34

ΔE − OO = ESub + OO − ESub − (2E H2O − 2E H2)
*

(11)

■

* − OOH → * − O2 + e− + H+ * − O2

3
i
y
ΔE − OOH = ESub + OOH − ESub − jjj2E H2O − E H2zzz
*
2
k
{

ΔG0 = ΔG − OH − ΔG − ΔUideal
*
*

ΔG3 = ΔG − OO − ΔG − OOH − ΔUideal
*
*
where ΔUideal = 1.23 eV.34

* − O + H 2O → * − OOH + e + H * − OOH

(2)

(10)

where at T = 300 K, TSH2 = 0.41, and TSH2O = 0.67.
The reversible potentials, with respect to the ideal catalyst, are
given by eqs 11−14:

+

1
i
y
ΔE − OH = ESub + OH − ESub − jjjHH2O − E H2zzz
*
2
k
{

(9)

34

* − OH + H 2O → * − O + H 2O + e + H * − O
−

(8)

ΔG − OO = ΔE − OO − T[− (2SH2O − 2SH2)]
*
*

* + 2H 2O → * − OH + H 2O + e− + H+ * − OH
−

(6)

ΔG = ΔE + ΔZPE − T ΔS

(4)
(5)

where ΔE* − OH, ΔE* − O, ΔE* − OOH, and ΔE* − OO are adsorption
energies (eV); ESub + OH, ESub + O, ESub + OOH, and ESub + OO are total
energies (eV) of the substrate with adsorbed intermediates; ESub is the
total energy (eV) of the clean substrate; EH2O is the total energy (eV)
of an isolated H2O molecule; and EH2 is the total energy (eV) of an
isolated H2 molecule.
33014
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cubic Co3O4, respectively (Figure 2c). In contrast, the
HRTEM image in Figure 2f suggests that the V-doped
Co3O4 nanoparticle features the lower crystallinity and the
smaller grain size than pristine Co3O4, which are consistent
with the XRD results above. Meanwhile, both regular and
twisted atomic arrangements (marked by white ovals), as well
as the lattice defects, are witnessed on the surface of the Vdoped Co3O4 nanoplate. The existence of surface defects may
change the vibrational modes in the system.35 Figure S3 shows
the Raman spectrum of pristine Co3O4 and V-doped Co3O4,
and there is an obvious blue shift after V doping. This kind of
surface lattice distortion probably originates from the localized
Coulomb interaction around the V atoms arising from the
introduction of the incoordinate electron spin.36 Such
distortions and defects imply the presence of more dangling
bonds and surface unsaturation, which are anticipated to
increase the electronic conductivity and the number of active
sites of the catalysts, as well as to decrease their surface energy,
being advantageous to electrocatalysis.37−39
In addition, X-ray photoelectron spectroscopy (XPS) is
performed to assess the surface chemical compositions and the
chemical states of fabricated electrocatalysts. All the XPS
spectra are calibrated by using the adventitious carbon peak at
284.8 eV (Figure S4a). As depicted in Figure 3a, there are two
characteristic peaks observed at 517.0 and 524.4 eV with a
spin-energy separation of ∼7.4 eV, which can be assigned to V
2p3/2 and V 2p1/2, respectively, demonstrating the existence of
vanadium on the surface in the form of V5+.40 Figure 3b
demonstrates the high-resolution XPS proﬁles of Co 2p for
both V-doped and undoped Co3O4. Two main peaks witnessed
at 779.7 and 794.8 eV with two weak satellite peaks can be
attributed to Co 2p1/2 and 2p3/2 spin−orbit split components,
respectively.41 After V doping, both Co 2p core level peaks
shift to higher binding energies of about 780.3 and 795.4 eV.
These increases of the binding energy can be a clear evidence
of the successful substitution of V(V) for Co in which the
electronegativity of V5+ (2.03) is larger than those of Co2+
(1.38 LS, 1.32 HS) and Co3+ (1.69 LS, 1.62 HS);42,43
therefore, the peak shift of Co 2p spectra toward the higher
energy is for the V-doped catalyst. Also, a similar shift is
observed for O 1s XPS proﬁles here (Figure S4b). Meanwhile,
the two ﬁtted peaks allocated at 779.5 and 780.6 eV for Co
2p3/2 can be assigned to Co3+ and Co2+, respectively. In
general, once the high-valent ions are doped into the host
matrix with relative low-valent states, the electronic structure
of the host will be modiﬁed accordingly. In this case, as

(hydro-)oxides are formed here. In the following discussion,
we would concentrate on the study with an optimal initial
precursor ratio of 4:1 as an example.
Apart from that, the morphologies and elemental compositions of prepared samples are also characterized. Comparing
with the SEM images of pristine Co3O4 (Figure S2a,c), there is
not any signiﬁcant change found on the morphology of Vdoped Co3O4 (Figure S2b,d). Elemental mapping shows that
Co, V, and O are distributed homogeneously (Figure S2e).
Both samples are composed of multiple nanorods and small
irregular nanoparticles. The average ratio of Co to V is found
to be about 12:1 (Figure S2f), which means that a dopant
concentration of ∼7.7 at. % is obtained. Notably, the dopant
concentration can be regulated via introducing diﬀerent initial
precursor molar ratios of Co to V as demonstrated by the EDS
and ICP-AES analysis (Tables S1 and S2).
Simultaneously, TEM and HRTEM can provide more
details about the morphologies and surface structures of the
samples. As illustrated in Figure 2a,d, both the pristine Co3O4

Figure 2. Typical TEM and HRTEM images of (a−c) pristine Co3O4
and (d−f) V-doped Co3O4.

and V-doped Co3O4 exhibit the aggregation of small
nanoparticles and nanoplates, which are consistent with the
SEM results above. However, the magniﬁed images in Figure
2b,e show that the average diameter of V-doped Co3O4
nanoparticles is much smaller than that of the pristine one.
Moreover, the clear lattice fringes of an individual pristine
Co3O4 nanoplate are observed with lattice spacings of 0.24 and
0.29 nm, which are assigned to the (311) and (220) planes of

Figure 3. XPS proﬁles of (a) O 1s and V 2p of V-doped Co3O4, (b) Co 2p of pristine Co3O4 and V-doped Co3O4.
33015
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Figure 4. Electrocatalytic performance. (a) LSV curves of Co3O4, V-doped Co3O4, and commercial RuO2 with a scan rate of 1 mV s−1. The inset
shows the partially enlarged LSV curves around the redox peaks of Co3O4 and V-doped Co3O4. (b) Corresponding Tafel plots. (c) Nyquist plots
with frequency from 300000 to 0.05 Hz at a dc voltage of 0.5 V vs SCE. (d) Double-layer capacitance (Cdl) estimation using voltammetry method
between 0.15 and 0.2 V vs SCE at various scan rates (2, 4, 6, 8, 10 mV s−1) and (e) chronopotentiometric stability at a current density of 5 mA
cm−2.

compared with the pristine Co3O4, the ratio of Co2+/Co3+ for
V-doped Co3O4 increased from 0.62 to 0.74, indicating the
changes of the electronic structure of the V-doped catalyst.
To shed light on the electrochemical performance, the Vdoped Co3O4 catalyst is thoroughly investigated for electrochemical water oxidation in O2-saturated 1.0 M KOH solution.
For comparison, pristine Co3O4 and others with diﬀerent
doping concentrations are also characterized under the same
conditions. As shown in Figure 4a, the overpotential for
reaching a current density (jGEOM) of 10 mA cm−2 is found to
decrease signiﬁcantly from 344.6 to 293.6 mV after V doping.
For a direct comparison, a state of the art OER electrocatalyst,
commercial RuO2, was chosen as the comparison counterpart.
It requires 228.2 mV to reach the ﬁxed current density. At an
overpotential of 350 mV, the V(V)-doped Co3O4 catalyst can
deliver a current density of 84 mA cm−2, which is about 7-fold
higher than that of the pristine Co3O4. The peak located at an
overpotential of ∼150 mV (1.38 V vs RHE) for the pristine
Co3O4 is due to the oxidation of Co3+ to Co4+.44 Because of

the higher electronegativity of V(V), its incorporation into the
host lattice of Co3O4 will further lower the valence state of Co,
resulting in an obvious anodic shift of the oxidation peak as
depicted in the ﬁgure inset of the enlarged LSV curves.45 On
the other hand, the Tafel slopes of pristine Co3O4 and Vdoped Co3O4 are evaluated to be 48.9 and 53.3 mV dec−1,
respectively (Figure 4b). In order to illuminate the remarkable
enhancement in OER performance, charge transfer resistance
(Rct) and double-layer capacitance (Cdl) are carefully assessed
by EIS and voltammetry methods. Figure 4c displays that the
V-doped Co3O4 sample has a much smaller semicircle radius
than pristine Co3O4, indicating a much lower charge transfer
resistance of V-doped Co3O4 during the OER process.
Moreover, a Cdl value of 2.09 mF is obtained for the Vdoped Co3O4 sample being much higher than that of the
pristine Co3O4 (Cdl = 1.46 mF) (Figure 4d), suggesting that
the former one possesses a larger electrochemically active
surface area (ECSA). Notably, the ECSA normalized LSV
curves and corresponding Tafel slopes are also evaluated as
33016
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Figure 5. ECSA normalized (a) LSV curves and corresponding (b) Tafel slopes for pristine Co3O4 and V-doped Co3O4 nanoparticles. The
reported speciﬁc capacitance (Cdlref) for Co is about 43 μF cm−2. From the Cdl estimation, the capacitances for pristine and V-doped Co3O4 are 2.09
and 1.46 mF. ECSA =

Cdl
.
Cdlref

Figure 6. (a) Atomic structure of optimized six-layer Co3O4. (b) Gibbs free energy landscape.

practical applications; hence, chronopotentiometry at a current
density of 5 mA cm−2 is utilized to assess the electrochemical
stability of diﬀerent catalysts here. It should be noted that a
constant current density of 10 mA cm−2 is typically used for
this process; however, after a long duration of the test, the
inked sample deposited on the GC electrode is prone to
peeling oﬀ at such current density as shown in Figure S7. In
any case, Figure 4e illustrates that the required overpotential
for V-doped Co3O4 is only increased to about 16.3 mV after 30
h. In contrast, for pristine Co3O4, the overpotential increases to
around 22.2 mV after only 12 h, indicating that the
incorporation of vanadium can as well eﬀectively promote
the catalytic stability of Co3O4. TEM and HRTEM images of
the sample after the stability test are shown in Figure S8. There
is not any obvious change in the morphology, size, and crystal
structure after the chronopotentiometry test except for the
formation of an amorphous layer near the surface. Also, Figure
S9 shows the comparison of XPS proﬁles of V-doped catalysts
before and after the OER process. It is clear that there is no
obvious peak shift or change of Co 2p proﬁles after OER. As to
the V 2p proﬁles, the peak intensity decreases signiﬁcantly after
the OER process where this can be attributed to the corrosion
of doped vanadium. All these results indicate the good stability
of V-doped Co3O4 catalysts for OER.
In order to further understand the experimental results as
well as the corresponding OER performance enhancement
mechanism of V-doped Co3O4 catalysts, the detailed DFT
simulation is performed. Speciﬁcally, the OER steps for both
pristine and V-doped Co3O4 surfaces are simulated by

displayed in Figure 5 where the same consistent results are
obtained. The speciﬁc capacitance (Cdlref) for Co here is 43 μF
cm−2 as referred to the previous report.24
In view of the critical importance of V doping for the above
electrochemical performance enhancement, other samples with
various dopant concentrations are also investigated. As shown
in Figure S5a,b, all the samples with vanadium doping display
the superior water oxidation performance as compared with
the undoped Co3O4, demonstrating that V doping is beneﬁcial
for boosting the OER kinetics. Such improvement can be
attributed to the optimization of the local coordination
environment and surface electronic structure after the highvalent vanadium incorporation into the host matrix.20 Among
them, the sample with 7.7 at. % dopant concentration
outperforms other samples, following the order 9:1 > 3:1 >
2:1 > 19:1 (initial ratio of Co:V), indicating that the OER
activity is highly dependent on the dopant concentration. EIS
and Cdl estimations are as well carried out to look into the
OER performance trend as described in Figures S5c,d and S6.
At the higher dopant concentration, the enhancement in OER
activity is mainly ascribed to the decrease of charge transfer
resistance of the catalyst. However, at the lower dopant
concentration, the performance improvement results from a
combination of factors, including the decrease of charge
transfer resistance and the increase of the number of active
sites of the catalyst.
Furthermore, catalytic stability is another important
parameter to evaluate the catalytic performance especially for
33017
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Figure 7. Electrocatalytic performances of NiFe2O4 and V-doped NiFe2O4. (a) LSV curves, (b) Tafel plots, (c) Nyquist plots with the frequency
from 300000 Hz to 0.05 Hz at a dc voltage of 0.45 V vs SCE; the inset is the Nyquist plots at high frequency (d) double-layer capacitance (Cdl)
estimation using voltammetry method between 0 and 0.1 V vs SCE at various scan rates (2, 4, 6, 8, 10 mV s−1) and (e) chronopotentiometric
stability at a current density of 5 mA cm−2 for 30 h.

step of *-O to *-OOH, being similar to the one reported in the
previous literature.21 On the other hand, as given in Figure 6b,
the orange line (i.e., the Co site on the clean Co3O4 surface)
shows that the rate-determining step is located between the
*-O and *-OOH intermediates with a ΔG of 1.73 eV, which is
in perfect agreement with previous studies on the pure Co3O4
(001) surface.47,48 After V doping, the rate-determining step is
changed and located between *-OH and *-O. Moreover, the
calculated Gibbs free energy change is 1.57 eV, which is the
smallest among all the calculation values, demonstrating that
the top Co site of V-doped Co3O4 contributes to the best
catalytic site among the three conﬁgurations. As a result, the
barrier of OER is subsequently reduced from 1.73 eV on clean
Co3O4 to 1.57 eV on V-doped Co3O4, suggesting the
performance enhancement due to V doping here. To have a
better understanding about the kinetic change in the OER
process after V doping, we adopt a general experimental
approach to probe the adsorption intermediates, which has
been proposed by Liu’s group49 recently. In this method,
methanol is employed as a probing reagent, which can easily

constructing the Co3O4 (100) surface with six layers from the
optimized bulk structure. The V atom is substitutionally doped
into the topmost ﬁrst layer of Co3O4, while the corresponding
surface structures with diﬀerent intermediates are shown in
Figure 6a. After obtaining the optimized structures, we then
compared and analyzed the Gibbs free energy proﬁle of the
associated OER process to gain insights on the electrocatalytic
performances of pure and V-doped Co3O4 (Figure 6b). For an
alkaline medium, the OER process consists of ﬁve reaction
steps involving electron transfer accompanied by proton
expulsion.46 Diﬀerent adsorption sites for [OH−] are ﬁrst
systematically investigated for both pure and V-doped catalyst
surfaces. It is found that the adsorption sites preferred by
[OH−] are on top of the Co atom for undoped Co3O4,
whereas the preferred site changes from on top of the Co atom
to on top of the V atom for the V-doped Co3O4 surface.
Throughout the processes, the V site has the lowest energy
conﬁguration as compared with the Co site of either V-doped
or clean Co3O4. However, if the V atom acts as the active site
(red line), it has the largest energy diﬀerence of 2.92 eV in the
33018
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capture the oxygen intermediates (especially for *OH). As
shown in Figure S10, in comparison with the methanol
oxidation reaction (MOR) current on pure Co3O4 (black line),
a much higher MOR current can be observed for V-doped
Co3O4 (red line), demonstrating that, during the OER process,
the concentration of OH* on the surface of V-doped Co3O4 is
much higher than that of Co3O4. This observation might be
the result of the rate-determining step changing from step
three (M-O to M-OOH) to step two (M-OH to M-O).
Inspired by the impressive eﬀect of V doping for Co3O4, we
further incorporated V into the inverse spinel metal oxide of
NiFe2O4. Similar to the case of spinel structured Co3O4, all the
XRD peaks become broader and the crystallinity of NiFe2O4 is
decreased after the introduction of V into the host lattice
(Figure S11). The incorporation of V would also lead to the
formation of more Fe2O3 phase within the crystal. Typical
SEM and TEM images display the obvious porous structures
for both undoped and V-doped samples where this porosity
probably comes from the calcination of the dry gel (Figures
S12 and S13). The elemental mapping shows that Ni, Fe, and
V are distributed homogeneously (Figure S14). Moreover, the
V-doped sample features the lower crystallinity, which agrees
with the XRD results above, even though there are some
amorphous parts observed near the fringe, which has been
demonstrated with the better OER activities as compared with
their crystalline counterparts.50−52 Interestingly, as shown in
Figure 7a, in order to reach a current density of 10 mA cm−2,
the V-doped NiFe2O4 catalyst only requires an overpotential of
∼271.3 mV, which is ∼90 and 20 mV lower than the undoped
NiFe2O4 and V-doped Co3O4, respectively. Apparent decreases
in both Tafel slope and semicircular diameter of the Nyquist
plot are also witnessed, which implies the favorable kinetic
behavior toward electrochemical OER and the faster charge
transfer on the V-doped sample (Figure 7b,c). Nevertheless,
the ECSA of NiFe2O4 does not change much after V doping
(Figure 7d). The durability of the V-doped catalyst is also
improved (Figure 7e). Speciﬁcally, the required overpotential
of V-doped NiFe2O4 increases by ∼18 mV as compared with
the undoped one of 32 mV after 30 h of chronopotentiometry.
It should be noticed that, after being normalized with ECSA,
there is an obvious change in the Tafel slope, decreasing from
129.4 to 43.9 mV dec−1 after incorporating V into the host
catalyst (Figure S15). All these results evidently illustrate the
OER performance enhancement associated with V doping into
the inverse spinel oxide of NiFe2O4.

to be an eﬃcacious way to improve the electrocatalytic
performance of another inverse spinal metal oxide of NiFe2O4.
All these ﬁndings can provide further insights into the rational
design of high-performance electrocatalysts for water oxidation.
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CONCLUSIONS
In summary, we prepare a series of V(V)-doped Co3O4
nanoparticles with various dopant concentrations and demonstrate that the incorporation of V(V) into the host catalyst can
dramatically enhance its electrocatalytic activity and stability of
the OER process. The introduction of high-valent V dopants is
found to make the surface lattice more disordered, creating
more surface defects and subsequently optimizing surface
electronic structures of the host. In this case, the resulting
eﬃcient charge transfer ability and the more active sites
exposed on the surface would yield the lower overpotential and
the higher stability of the catalyst for water oxidation.
Importantly, our DFT calculation results agree well with the
experimental observation where a decrease in the barrier of the
rate-determining step is demonstrated. In addition, a methanol
oxidation probing method has been applied to illustrate the
RDS change in this work. Despite this, V doping is also proven
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