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ABSTRACT: Spinel Co3O4, comprising two types of
cobalt ions: one Co2+ in the tetrahedral site (Co2+Td) and
the other two Co3+ in the octahedral site (Co3+Oh), has
been widely explored as a promising oxygen evolution
reaction (OER) catalyst for water electrolysis. However,
the roles of two geometrical cobalt ions toward the OER
have remained elusive. Here, we investigated the geo-
metrical-site-dependent OER activity of Co3O4 catalyst by
substituting Co2+Td and Co3+Oh with inactive Zn2+ and
Al3+, respectively. Following a thorough in operando
analysis by electrochemical impedance spectroscopy and
X-ray absorption spectroscopy, it was revealed that Co2+Td
site is responsible for the formation of cobalt oxyhydroxide
(CoOOH), which acted as the active site for water
oxidation.

Water electrolysis provides a promising way to supply and
store clean and sustainable energy,1−3 which consists of

two half reactions: the hydrogen evolution reaction (HER) and
the oxygen evolution reaction (OER).4 Among these two
reactions, water oxidation is the rate-determining step because of
the thermodynamic uphill reaction that involves a stepwise four-
electron transfer, which usually requires a high overpotential to
drive the reaction.5 Thus, it becomes extremely important to
develop efficient OER electrocatalysts. Spinel cobalt oxide
(Co3O4) is an earth-abundant and efficient OER catalyst with
competitive activity which has been extensively studied as a
replacement to noble metal-based catalysts.6−8 It has been
disclosed that the catalytic activity of Co3O4 is sensitively
dependent on the exposed crystal facets, which could influence
the adsorption/desorption of reactants/products.9 Spinel Co3O4

comprises two types of geometrical cobalt ions with different
oxidation states: one Co2+ ion in the tetrahedral site and two
Co3+ ions in the octahedral site (denoted as Co2+Td and Co

3+
Oh,

respectively). The population of Co2+Td and Co
3+

Oh on different
exposed facets of Co3O4 nanostructures has been demonstrated
as the key to influence the catalytic performance.10,11 For
example, in heterogeneous catalysis, Co3O4 nanorods with
predominately exposed Co3+Oh sites showed superior catalytic
activities toward CO9,12 and ethylene oxidation.13 In electro-
catalysis, the vigorous electrochemical water oxidation of

phosphate containing cobalt oxide (or Co-Pi) was ascribed to
the CoO6 octahedra geometry,

14,15 where active Co ion could be
reversibly oxidized and reduced between Co(II) and Co-
(IV).16,17 Meanwhile, the observed high turnover frequency
(TOF) of OER on cobalt-based perovskite18−20 and delithiated
Li1−xCoO2

21,22 was attributable to the modified electronic states
of d-orbital configuration of Co3+Oh species. Several previous
works have proposed that the electrochemical OER performance
of spinel Co3O4 is also geometry-site-dependent,23−26 where
Co3+Oh with a higher oxidation state should dominate the water
oxidation reaction, yet Co2+Td is relatively inactive. However, the
chemical environment of Co3O4 is contributed by both Co2+Td
and Co3+Oh species, and more importantly, such environment is
dynamically changeable during electrocatalysis with applied bias.
Without conclusive evidence, the OER active sites in Co3O4
remain elusive.
To differentiate the catalytic active sites for water oxidation in

spinel Co3O4, we separately studied the activity of Co2+Td and
Co3+Oh for OER based on a simple ion-substitution strategy.
Catalytically inactive Zn2+ and Al3+ with d0 electronic
configuration were used to replace Co2+ and Co3+ in their
corresponding tetrahedral and octahedral sites, respectively. To
disclose the real-time OER activities of substituted cobalt oxides,
electrochemical water oxidation was probed in operando by
electrochemical impedance spectroscopy and X-ray absorption
spectroscopy. Our results indicate that Co2+Td and Co

3+
Oh differ

from each other in surface kinetics and electrochemical reactivity
toward OER and, more importantly, that Co2+Td, which is
capable of releasing electrons under applied bias, is responsible
for the formation of cobalt oxyhydroxide (CoOOH) on the
Co3O4 surface, which acts as the main active site for OER.
Substituted cobalt oxides were prepared by a simple sol−gel

method (see the Supporting Information). As displayed in Figure
1a, both zinc-substituted Co3O4 (ZnCo2O4) and aluminum-
substituted Co3O4 (CoAl2O4) maintain the cubic-spinel
structure, which is identical to that of pure Co3O4. However,
the size and morphology were unavoidably influenced due to
different ionic size and electronic state of foreign atoms as
compared with those of the host cobalt in Co3O4 (see Figure 1b−
d). The polyhedron-like Co3O4 particles are ∼100 nm in
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diameter (Figure 1b), while the size of ZnCo2O4 and CoAl2O4
particles become larger and smaller, respectively (Figure 1c,d).
The valence states of cobalt in substituted cobalt oxides were
revealed using X-ray absorption near edge structure (XANES),
where the position of the absorption edge could be used as an
indicator. Figure 1e shows the valence state of cobalt in different
Co3O4 samples, which follows the order of ZnCo2O4 > Co3O4 >
CoAl2O4. This trend agrees well with our expectation that Co3+

was preserved in ZnCo2O4, while Co2+ was preserved in
CoAl2O4, and an average oxidation state (Co+2.67) of cobalt is
expected for Co3O4. Furthermore, X-ray photoelectron spec-
troscopy (XPS) spectra (Figure S1) confirm the exposed metal
ions: Co3+ on ZnCo2O4, Co

2+ on CoAl2O4, and Co2+ and Co3+

on Co3O4. The structural position of various metals in
substituted cobalt oxides was probed by extended X-ray
absorption fine structure (EXAFS). As displayed in Figure 1f−
i, the first peak at∼1.5 Å can be assigned to single scattering paths
of the metal ion to the closest neighboring crystal oxygen. The
second and third peaks at ∼2.5 and ∼3.0 Å, respectively, are
attributable to the scattering paths of the metal ion to its closest
neighboring metal ion in octahedral or tetrahedral site,
depending on the position where the metal ion initially stays.
Figure S2 illustrates a clear relationship of the interatomic
distance between the two geometrical metal ions. Octahedrally
coordinated cations should possess two different atom−atom
bond distances (interatomic distances of ∼2.5 and ∼3.0 Å) from
surrounding metal ions in octahedral and tetrahedral sites,
respectively. On the other hand, the tetrahedrally coordinated
cations only have one atom−atom bond distance of ∼3.0 Å.
Therefore, it is concluded that Co2+ in the tetrahedral site has
been successfully replaced by Zn2+ in ZnCo2O4, while Co

3+ in the
octahedral site has been successfully replaced by Al3+ in CoAl2O4,
and both ZnCo2O4 and CoAl2O4 still maintain the spinel
structure, AB2X4 (A

2+ = tetrahedral metal ion, B3+ = octahedral
metal ion, and X = chalcogen), the same as that of spinel Co3O4.
The OER activities of pristine and substituted cobalt oxides

were evaluated by cyclic voltammetry (CV) and linear scanning
voltammetry (LSV) with corresponding Tafel plots (Figure S3).

To make a fair comparison, the OER activities were normalized
to the electrocatalytic active surface area as determined by
double-layer capacitance (DLC) method (Figure S4). As shown
in the normalized CV curves (Figure 2a), a pair of redox peaks for

Co3O4 at 1.49 V (anodic) and 1.47 V (cathodic) vs RHE are
observable, which can be assigned to the redox couple of
Co(III)/Co(IV),27 but such a characteristic feature vanishes for
ZnCo2O4, where only a typical capacitive current is observed. It
was proposed that the redox process could only take place at the
Co2+ tetrahedral sites in Co3O4.

25 CV curve of CoAl2O4 exhibits
an almost noncapacitance feature in the voltage range between
1.0 and 1.55 V vs RHE. However, a small pair of redox peaks can
still be identified at 1.13 V (anodic) and 1.10 V (cathodic) vs
RHE (Figure 2a, insert), which can be attributed to the redox
couple of Co(II)/Co(III) in the tetrahedral site.28,29 A sharp
rising in OER current after 1.55 V vs RHE indicates that a high
overpotential is needed to trigger the reaction of water oxidation
for Co2+Td predominated CoAl2O4. It is interesting to find the
absence of redox peak at around 1.45 V vs RHE for CoAl2O4,
which is usually assigned to the Co(III)/Co(IV) couple as that in
Co3O4. The oxidation of Co(III) at the tetrahedral site is
suggested to be postponed and appears together with OER
current rising due to the influence of Al substituent. A series of
variation of OER currents behaving as a function of Zn and Al
substituting amount are shown in Figure S6. Tafel plots (Figure
3b) obtained from the normalized polarization curves (Figure
S5) reveal surface kinetic properties of OER. The general OER
mechanism in alkaline solution on the metal site (M) begins with
a proton-coupled electron transfer from a surface-bound aquo
species followed by an O−O bond formation,30,31 which is
described as follows:

Figure 1. Structural information on substituted Co3O4. (a) XRD
patterns and (b−d) SEM images of Co3O4, ZnCo2O4, and CoAl2O4. (e)
Normalized ex situ Co K-edge XANES spectra, from which we could
determine the Co valence states to be +2, between +2 and +3, and +3 in
CoAl2O4, Co3O4, and ZnCo2O4, respectively. (f−h) Co K-edge EXAFS
spectra for Co3O4, ZnCo2O4, and CoAl2O4, respectively. (i) Zn K-edge
EXAFS spectrum for ZnCo2O4. The interatomic distances are shorter
than the actual values owing to the fact that Fourier transform (FT)
spectra were not phase corrected. Note: Enlarged version of this figure is
shown in Figure S9.

Figure 2. Electrochemical performance toward OER. (a) Normalized
cycling voltammetry curves and (b) corresponding Tafel slopes for
Co3O4, ZnCo2O4, and CoAl2O4.

Figure 3. In operando EIS. (a−c) Phase angle vs log(frequency) plots of
EIS data recorded at various voltages and (d−f) the corresponding
Nyquist plots for Co3O4, ZnCo2O4, and CoAl2O4, respectively, where
the applied voltage is referenced to SCE. (g) Phase angle vs
log(frequency) plots from Co3O4, ZnCo2O4, and CoAl2O4 based on
similar OER current densities. Note: Enlarged version of this figure is
shown in Figure S10.
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− + → − + +− −M OH OH M OH H O e2 2 (1)

− + → − * + +− −M OH OH M O H O e2 (2)

− * + → − +− −M O OH M OOH e (3)

− + → − + +− −M OOH OH M OH O e2 2 (4)

Among different samples tested, ZnCo2O4 shows a Tafel slope
of 113 mV/dec, indicating that the OER process in ZnCo2O4 is
rate limited at the first stage where the surface of catalyst is
strongly bonded with −OH groups (reaction order = 1 with
respect to OH− species with featured Tafel slope of 120 mV/
dec).32 The Tafel slopes for CoAl2O4 (∼56 mV/dec) and Co3O4
(∼69 mV/dec) are much smaller than that for ZnCo2O4 and
close to a featured Tafel slope of 60 mV/dec, suggesting a
different rate-determining step. The OER reactions of CoAl2O4
and Co3O4 are controlled by the equilibrium state between the
−OH adsorption and O−O formation in an intermediate
coverage regime of −OH groups on the active sites.32

To gain in-depth information on underlying controlling
factors for water oxidation, in operando electrochemical
impedance spectroscopy (EIS) measurements were carried out.
The current response was measured over a frequency range from
105 to 10−1 Hz under AC perturbation voltage with a small
amplitude (10 mV) superimposed on an applied DC bias.
Figure 3a−c shows the phase angle relaxation as a function of

frequency in terms of various electrochemical reactions (Bode
phase plot). As displayed in Figure 3a, two phase peaks in Co3O4
(one at middle frequency and the other at low frequency)
gradually move toward each other with an increase in applied
external bias. The corresponding Nyquist plot (Figure 3d) shows
two semicircles at high applied potential (0.7 V vs SCE). Only
one phase peak was observed in ZnCo2O4 at the middle
frequency region if Co2+ in the tetrahedral site of Co3O4 was
replaced by Zn2+ (Figure 3b), and the corresponding Nyquist
plot (Figure 3e) only displays one large semicircle in the entire
bias range of testing. Interestingly, if Co3+ in the octahedral site of
Co3O4 was replaced by Al3+, only one phase peak could be
identified at the low frequency region in the Bode phase plot,
which moved toward lower frequency with an increase in applied
bias, opposite as compared to Co3O4 and ZnCo2O4. The
corresponding Nyquist plot shows steep straight lines nearly
perpendicular to the x-axis (Figure 3f) in the potential range of
0−0.55 V vs SCE, indicating infinite charge-transfer resistance.
This observation is consistent with the result obtained in the CV
measurement, in which almost no capacitive feature could be
identified due to weak electronic interaction. When applied bias
was higher than 0.55 V vs SCE, a corresponding semicircle
appeared in its Nyquist plot. Figure 3g merges the relaxation
curves selected from Co3O4 (0.6 V vs SCE), ZnCo2O4 (0.75 V vs
SCE), and CoAl2O4 (0.6 V vs SCE). The relaxation curves were
selected at different applied potentials based on comparable OER
current densities (Figure 2b). As shown in Figure 3g, two
electrochemical processes at two different frequency regions can
be clearly identified: the middle frequency region (102−103 Hz)
is associated with surface DLC,33,34 and the low frequency region
(100−101 Hz) should be related to the nonhomogeneous charge
distribution caused by surface oxidized species (e.g., Co3+ →
Co4+).34−36 Thus, based on the EIS results, it is reasonable to
deduce that Co3+Oh in Co3O4 is responsible for surface DLC,
while Co2+Td is responsible for water oxidation. Our conclusion
coincides well with the observation in CV and Tafel plots, where
ZnCo2O4 exhibits pure capacitive behavior with strong −OH

affinity, while CoAl2O4 shows weak electronic interaction
followed by rising in OER current. Meanwhile, the synergistic
effect of Co2+Td and Co3+Oh in Co3O4 needs to be emphasized.
The−OH accumulation induced DLC should benefit the overall
catalytic driving force, which could be seen from the CV curve as
shown in Figure 2a. As compared with Co3O4, the OER onset is
postponed, and the potential of redox couple of Co(III)/Co(IV)
is shifted after OER current for CoAl2O4. On the other hand, the
kinetics of Co2+Td could also be masked by DLC,35 as a larger
Tafel slope (69 mV/dec) was observed in Co3O4 as compared to
that of CoAl2O4 (56 mV/dec).
In operando EXAFS was performed to probe the variation of

chemical environment on the catalyst during OER using a
homemade in operando cell (Figure S7). Figure 4a−c displays

the Co K-edge spectra, which show that the corresponding
interatomic distances of Co3+Oh and Co

2+
Td to their neighboring

atoms in all catalysts remain nearly constant at the voltage range
between 1.2 and 1.8 V vs RHE, indicating a highly stable bulk
structure of spinel.38 However, slightly compressed Co−O bond
could still be observed in Co3O4 during OER (Figure 4d),
indicating partial oxidation of the catalyst surface. Interestingly,
the shrinking in length of Co−O bond with applied bias could
only be observed on Co2+Td predominated CoAl2O4, but not on
ZnCo2O4 (Figure 4d). The corresponding k

3-weighting k-space
spectra (Figure S8) also reveal the variation between 1.0 and 1.8
V vs RHE in Co3O4 and CoAl2O4. The Co K-edge EXAFS
spectra (Figure 4e) show that the white line intensity remains
constant for ZnCo2O4, but keeps growing up for CoAl2O4 with
increase in applied positive bias (Figure 4f), indicating
accumulation of positive charges on the cobalt ions on
CoAl2O4, i.e., Co

2+
Td with an initially low oxidation state is

able to release electrons under applied bias, which can facilitate
the interaction with oxygen intermediates on the catalyst surface.
This electron-releasing and oxygen-adopting process suggests
the formation of CoOOH (eq 3), which acts as the main active
sites in the turnover-limiting pathway for water oxidation on
Co3O4.

32,37 As compared with reported phosphate containing
cobalt oxide (or Co-Pi), where the octahedral Co center in a
cubane structure39,14 is capable to be oxidized to Co(IV) in the
OER cycle involving a chemical turnover-limiting process of

Figure 4. In operando X-ray absorption spectroscopy. (a−c) Co K-edge
EXAFS spectra for Co3O4, ZnCo2O4, and CoAl2O4, where the applied
voltage is referenced to RHE. (d) Enlarged Co K-edge EXAFS spectra
on Co−O interatomic distance for Co3O4 (blue), ZnCo2O4 (red), and
CoAl2O4 (green). (e and f) Normalized in operando Co K-edge XANES
spectra for ZnCo2O4 and CoAl2O4. Note: Enlarged version of this figure
is shown in Figure S11.
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CoOOH formation,16 our work reveals that the Co3+Oh species
should be relatively inactive as compared to Co2+Td in Co3O4
spinel. Based on the fact of the present result, it is concluded that
to form CoOOH intermediate species, the oxidation process on
an active Co ion is the critical process, and Co2+Td is disclosed as
the active species in Co3O4, which can be oxidized under applied
anodic bias. Thus, the accumulated positive charge within the
catalyst can greatly assist the CoOOH formation (eq 3) on
Co3O4 surface.
In summary, we have successfully identified distinct kinetics

and electrochemical reactivity of Co2+Td and Co
3+

Oh toward OER
in spinel Co3O4. Our study showed that Co2+Td in Co3O4 is
capable of releasing electrons under applied bias, promoting the
affinity to oxygen ions on the catalyst surface to form CoOOH,
which acted as the main active site for OER. However, the Co3+Oh
predominated catalyst, ZnCo2O4, tended to stably bond with
−OH groups, thus limiting its catalytic activity. Our work further
emphasizes the importance of in operando investigations on
electrocatalysis for instantaneously probing the real-time electro-
chemical kinetics and surface reactions.
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