
In Situ Identification and Time-Resolved Observation of the
Interfacial State and Reactive Intermediates on a Cobalt Oxide
Nanocatalyst for the Oxygen Evolution Reaction
Yangming Lin,* Linhui Yu, Ling Tang, Feihong Song, Robert Schlögl, and Saskia Heumann*

Cite This: ACS Catal. 2022, 12, 5345−5355 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Cobalt oxide (assigned as CoOx) is an efficient
oxygen evolution reaction (OER) nanocatalyst, which has been
extensively studied as a replacement to noble metal-based catalysts.
The recent observations and understandings for the interfacial
state, adsorbed intermediate products, and rate-determining steps
(RDS) on CoOx, however, have remained elusive because of the
dynamic transformation of different Co ions and the transient
nature of the intermediates formed during the OER process. In this
work, we propose that under the chosen experimental conditions,
the redox process between Co(III) and Co(IV) species does not
follow a proton-coupled electron transfer mechanism that is
thought to be common prior to the OER, but it involves a proton-
decoupled electron transfer, clarified by isotope labeling experi-
ments and in situ electrostatic modulation. The interfacial state of CoOx is negatively charged prior to the formation of Co(IV)O
species. The theoretical concentration of the resulting Co(IV)O species is approximately 0.1229 × 1019 cm−2. The Co(IV)O
species are demonstrated to directly regulate the OER performance. Moreover, we experimentally monitor the dynamic evolution
behaviors of Co(IV)O, Co(O)O−, OOH*, and O2

−* intermediates during the OER with in situ time-resolved infrared
spectroscopy, and the following elementary step OOH* + OH− → OO−* + H2O is likely to be the unexpected RDS in the OER
process.
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■ INTRODUCTION

The oxygen evolution reaction (OER) is one of the most
important technological reactions for renewable energy storage
systems such as water electrolyzers, fuel cells, and metal−air
batteries.1−3 When driven with voltage, the OER is a
thermodynamic downhill reaction involving the distribution
of multiple oxidation processes over a narrow potential range
and the coupling of multiple proton and electron transfers.4

Conductive first-row transition metal oxides as potential
catalysts have been shown to promote the OER with a low
cost, sustainability, and high efficiency.5 Among these oxides,
cobalt oxide (assigned as CoOx) is one of the most
representative binary nanocatalysts. The electrocatalytic
activity of CoOx is mainly dominated by its surface area,
exposed crystal facets, surface oxygen vacancies, and electronic
states. Recently, different Co ions including Co(II), Co(III),
and Co(IV) have been proposed to be active sites with various
investigation methods.6−11 The surface/interfacial states of
CoOx are subject to the formation of Co−oxo species, such as
cobalt oxyhydroxide (CoOOH) and CoO2 intermediates, prior
to or during the OER, which also act as potential active
phases.12,13 For example, Mefford et al. reported that β-

Co(OH)2 was found to be inactive for the OER, while β-
CoOOH and CoO2 were suggested to be potentially active
phases for the OER.14 Density functional theory (DFT)
calculations have been used generally to reveal some possible
elementary steps (most of them contain 4−5 steps) based on
the proton-coupled electron transfer (PCET) mechanism
during the OER process.15 The possible rate-determining
step (RDS) was admitted to the formation of key intermediate
O−O bonds with DFT calculations and Tafel slopes, and the
adsorbate evolving mechanism was widely used to explain the
formation of O2.

16,17 Interestingly, combined with thermody-
namic and steady-state microkinetic approaches, different RDS
and involved mechanism theories have been proposed for
CoOx. Taking CoO2 intermediate originating from the
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oxidation of CoOx during the OER as an example, its potential
limiting step was found to be the deprotonation process of the
adsorbed OH species (that is OH*→ O*), while the RDS was
determined to be the adsorption process of −OH on active
sites (that is *→ OH*).14 Additionally, O2 generated on some
highly active oxides can come from lattice O instead of the
conventional −OH adsorbate evolving mechanism clarified by
in situ mass spectrometry.18 Therefore, the mechanistic
understanding of the OER at CoOx is a matter of controversy,
and it is still not well-understood partially because of the

dynamic transformation of different Co−oxo species and the
transient nature of the formed intermediate oxygen species
upon oxidation potential. In short, elucidation of the key
mechanism and intermediates of the conversion of H2O to O2

on a CoOx surface may provide valuable insights into oxygen-
evolving solid oxide catalysts in general.
Combination of spectroelectrochemical characterization

techniques and isotope labeling experiments allows us to
study in situ the reaction process at the electrode interface
without affecting the performance of the catalyst and can

Figure 1. Physical characterizations of CoOx. (a) XRD. (b) HRTEM at different resolutions. The scale bars are 10 and 5 nm.

Figure 2. Electrochemical measurements of CoOx in different media. (a) Cyclic voltammogram (CV) curves of CoOx at 50 mV s−1 scan rate for 50
scans in 0.1 M standard KOH. (b) fiftieth CV curves of CoOx measured with isotope-labeled electrolytes with iR correction. The concentration of
the electrolytes is 0.1 standard M. (c, d) CV curves of CoOx in 0.1 M purified electrolytes. (e) Possible oxidation process of Co(III) to Co(IV)
involving a proton transfer (PT)-decoupled electron transfer (ET) mechanism. Here, two octahedral structures bridged with O atoms were used as
an ideal model because Co(III) typically lies in the octahedral site. Using two octahedral structures was only applied to roughly describe the
possible interfacial state of CoOx.
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therefore be used to track the changes in the CoOx during the
OER. Under the chosen experimental conditions, we propose
an unexpected evolution process of Co(III) to Co(IV) species.
Different from the reported PCET mechanism, a proton
transfer (PT)-decoupled electron transfer (ET) is involved.
Our results indicate that the interfacial state of CoOx is
negatively charged and is terminated by oxygen anion species

prior to the formation of Co(IV) species. We also demonstrate

a positive relationship between the concentration of Co(IV)

species and the OER performance with in situ electrostatic

adsorption. Specifically, key peroxide OOH* and O2
−*

intermediates are monitored during the OER. Together with

the kinetic isotope effect (KIE), a possible RDS involving a

Figure 3. In situ electrostatic adsorption for interfacial state identification on CoOx at potentials above 1.3 VRHE in standard KOH and purified
KOH. (a) Schematic Illustration of the electrostatic interaction between the interface of CoOx terminated with the oxygen anion and the cationic
surfactant (CTAB)/anionic surfactant (SDS). Here, four octahedral structures bridged with O atoms were used as an ideal model. (b, c) CV curves
of Co species in the presence of CTAB/SDS at different concentrations, respectively, to investigate the relationships between the redox peaks. (d,
e) LSV curves of CoOx in the presence of CTAB/SDS with different concentrations, respectively. (f−i) CV and LSV curves of CoOx using purified
KOH as an electrolyte in the presence of CTAB/SDS at different concentrations, respectively. The inset of f is the partially enlarged region at the
specific potential window of 1.4−1.5 V on CTAB with 3.9 μM (orange line), 4.0 μM (sky blue line), and 4.1 μM (black line) contents. All data are
corrected by iR.
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deprotonation process rather than conventional O−O bond
formation is shown experimentally.

■ RESULTS AND DISCUSSION
In Situ Identification of the Oxidation Process of

Co(III) to Co(IV) and the Interfacial State and
Quantification of the Active Phase. Recently, extensive
research has been conducted to explore the reactive roles of
different Co species in the OER. In general, due to the
presence of structural defects, such as oxygen vacancies, some
Co species will be possibly exposed in the form of cations.
Such Co cations enable first the absorption of OH− species
and then the formation of active Co species with higher
oxidation states, which are terminated with oxygen species at a
specific oxidative potential. The most common PCET
mechanism has been proposed for the formation of Co-
(IV)O species on CoOx, in which the terminated −OH
groups will donate one proton simultaneously combined with
one electron to complete the oxidation of Co(III)−OH to
Co(IV)O species.19 However, such a concerted PCET
mechanism may not be considered as an elementary reaction
and does not provide evidence about the detailed interfacial
state of CoOx during the oxidation process.
In the present work, we used commercial CoOx as a model

that was basically characterized. As displayed in Figure 1a,
CoOx consists of Co3O4 and CoO, and its crystal phase mainly
involves cubic structures as indicated by X-ray powder
diffraction (XRD) characteristic peaks of different facets.
High-resolution transmission electron microscopy (HRTEM)
images were applied to observe the morphology of the catalyst
(Figure 1b). The particle size of CoOx is in the nanoscale
region. The identified interlayer spacings of 0.283, 0.243, and
0.465 nm correspond to (220), (311), and (111) of Co3O4,
respectively. Additionally, (111) of CoO is found based on its
interlayer spacings of 0.247 nm. The results of HRTEM are
consistent with the XRD results. With the four-point probe
method, the conductivity of the used CoOx was determined to
be about 3 × 10−4 S cm−1.
Figure 2a shows an anodic peak of the CoOx sample in the

cyclic voltammogram (CV) at around 1.45 V vs RHE (VRHE),
which is assigned to the transformation of Co(III)−oxo
(typically, Co(III)(O)OH) to Co(IV)−oxo species.7,11,20,21

After 50 cycles, a slight increase of the intensity is observed. To
elucidate the underlying oxidation process on CoOx during the
formation of Co(IV)O species, some isotope labeling
experiments were carried out (Figure 2b). The substitutions
of H with D and 16O with 18O have been implemented
extensively due to the large differences in reaction rates
originating from the reduced mass differences between the
isotopes.22 Ideally, when KOD or K18OH is used as a
substitute for KOH, the redox wave involving Co(III)−OH to
Co(IV)O species can be expected to be shifted to more
positive potentials as a stronger D-bonding relative to the H-
bonding network, or a stronger 18O−H relative to the 16O−H
network can be produced.23 Here, the position of the redox
wave measured with KOD does not obviously shift (Δ = 4
mV) compared with KOH. Additionally, we do not observe
visible peak shifts and current density changes in the case of
K18OH. These findings suggest that Co(III) cations may not
be terminated with −OH species to generate active Co(III)−
OH components prior to the appearance of the oxidation peak.
Moreover, comparing CV curves operated in KOH, both KOD
and K18OH do not show any obvious difference in the

separation between oxidation and reduction peaks, reflecting
that a proton-involving transfer (PT, PCET) is dominant for
the oxidation of Co(III) to Co(IV) species. To study the
potential role of the Fe impurity in electrolytes for the redox
process, purified electrolytes are obtained, based on the
reported treatment method.24 As shown in Figure 2c, the
intensities of the CV peaks obtained in purified KOH are
significantly lower than those measured in standard KOH, and
their positions shift to more positive potentials (Δ = 35 mV).
After 50 cycles, a decrease of the intensity in CV is observed as
the presence of Fe could improve the stability of Co-based
catalysts. Of note, compared with standard electrolytes, the
redox wave shows similar features in different purified
electrolytes (Figure 2d). For example, the position of the
redox wave measured with purified KOD and K18OH does not
obviously shift compared with purified KOH. Based on these
results, we propose a possible mechanism concerning the
transformation of Co(III) to Co(IV) species, in which a PT-
decoupled ET mechanism is suggested (Figure 2e), and ET
dominates the oxidation process. The related evidence will be
further provided in the following part.
To confirm the interfacial state of CoOx, an electrostatic

adsorption strategy was used with surfactants, as shown in
Figure 3a. Given the surface charge property, cetyltrimethyl
ammonium bromide (CTAB) as the most common and stable
cationic surfactant was first applied. As a comparison, sodium
dodecyl sulfate (SDS) was selected as an anionic surfactant.25

The contents of CTAB and SDS were controlled below the
critical micelle concentration (CMC) to avoid the formation of
micelles that could directly cover the electrodes and might
change the ionic mobility of the electrolyte.26 During the
collection of CV curves, CTAB and SDS were added in situ.
After the introduction of CTAB at different concentrations
(Figure 3b), the intensity of the redox peaks gradually
decreases, suggesting that less and less Co(III)−OH species
will be oxidized to Co(IV)O species. Moreover, the redox
peaks profoundly shift to higher potentials (Δ = 40 mV for the
oxidation peak and Δ = 20 mV for the reduction peak),
indicating that there is a strong electrostatic interaction
occurring between the interface of CoOx and the CTAB.
Attenuated total reflectance infrared (ATR-IR) spectra support
this fact based on the shift of C−N vibration on CTAB and
CTAB + CoOx samples (Figure S1a). It should be noted that
the incorporation of SDS does not obviously influence the
intensity and the position (Δ = 6 mV) of redox peaks, even
using 4.0 mM SDS (Figure 3c). Furthermore, no shift of the
SO vibrations could be determined for the SDS + CoOx
sample in comparison to the pure SDS in the ATR-IR spectra
(Figure S1b). This reflects that no electrostatic interaction
takes place between the interface of CoOx and the SDS.
Moreover, in situ electrostatic adsorption experiments were
carried out in purified KOH to exclude the influence of the Fe
impurity. As shown in Figure 3f,g, CV and LSV results
collected from purified KOH show similar features in
comparison to standard KOH, suggesting a noncritical role
of Fe in the interfacial state of CoOx except for current density.
Combining these results allows us to conclude that (i) the
interfacial state of CoOx is negatively charged in the form of
Co(III)−O− species possibly originating from deprotonation
of Co(III)−OH species. The form of suggested Co(III)−O−

species can also be supported by the results of CV curves
(Figure 2). Subsequently, the Co(III)−O− species donate one
electron to form Co(IV)O species at the elevated potential
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(Figure 2e) and (ii) the presence of CTAB could interact with
terminal oxygen anion species, ultimately leading to the
reduction of the amounts of Co(IV)O species. Previously,
the interfacial states of NiFe LDH and CoOOH catalysts were
proposed to be negatively charged, which was revealed by
titration of organic cations and operando Raman spectroscopy,
respectively. The former suggested that a negatively charged
interface can be attributed to active oxygen species formed
upon deprotonation. The latter found that during the OER
process, the formation of CoOO− species is responsible for the
negatively charged interface.27,28

The quantification of surface concentration of Co(IV)O
species is of significance to understand the following OER
process. In the present work, to have a more accurate access to
the theoretical values of Co(IV)O species, we further
optimized the concentration of CTAB in purified KOH. As
displayed in Figure 3f, the presence of 3.9 μM CTAB shows a
little bit higher current density than 4.0 μM, while there is no
difference between the concentrations of 4.0 and 4.1 μM on
current density. This indicates that at a concentration of 4.0
μM CTAB, saturation for the neutralization of negatively
charged interfaces may have been reached. These findings
indicate that using in situ titration of surfactants to quantify
charged Co species is reasonable. By in situ addition of CTAB,
the Co(IV)O species can be determined to a theoretical
value of 0.1229 × 1019 cm−2 in purified KOH, where we
assume that all Co(III)−O− species take part in the formation
of Co(IV)O species, and every Co(III)−O− species absorb
only one CTAB molecule. Depending on the chemical
formulas of CoOx, the percentage of Co(III)−O− species
theoretically present on the surface of CoOx is calculated to be
0.06−0.192% in purified KOH.

After sweeping to the OER working potential, a noticeable
difference on the current density in the presence of CTAB or
SDS could be detected. With increasing concentration of
CTAB, the OER performance is gradually reduced, while the
onset potential remains constant (Figure 3d). It should be
noted that there are no obvious differences in the Faradaic
efficiency (FE(O2), ∼96−98%) and the selectivity of peroxide
(H2O2, ∼0%) in the absence/presence of CTAB (Figure
S2a,b). These findings suggest a decreasing amount of active
component. This behavior can be explained by less oxidation
of Co(III)−O− to Co(IV)O species caused by the
electrostatic interaction between Co(III)−O− species and the
CTAB. However, the OER performance, the FE(O2) (95.7%),
and the selectivity of H2O2 (∼0%) are independent of the
content of SDS (Figures 3e and S2a,c). By calculating the
related Tafel slopes (Figure S3a,b) in the absence/presence of
CTAB, two facts are reflected: (a) the kinetic reaction rate is
not influenced by CTAB and (b) CTAB could interact with its
terminal oxygen anion species in an oriented manner rather
than roughly covering the whole surface of CoOx. The trends
observed in activity and Tafel slopes obtained in CTAB and
SDS under Fe-free conditions are analogous to standard KOH
(Figures 3h,i and S3c,d). In view of these results, we conclude
that under the chosen experimental conditions, (i) Co(IV)
O is advantageous to accelerate the OER and (ii) the
Co(IV)O concentration can be simply tuned by changing
the CTAB concentration.
Furthermore, we compared the activity measured in

standard KOH and purified KOH. The result of Figure 4a
implies that the absence of Fe significantly decreases the
current density of the OER. As reported, the tafel slope will be
affected with varying the concentration of Fe in the

Figure 4. (a) LSV curves and (b) Tafel slopes of CoOx measured in standard KOH and purified KOH. The Tafel slopes are calculated at 1.58−
1.62 and 1.62−1.69 VRHE in standard KOH and purified KOH, respectively. XPS spectra of (c, d) fresh CoOx and used CoOx subjected to 30 min
potentiostatic electrolysis at 1.65 VRHE in purified KOH.
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electrolyte.27 The tafel slope of the Co-based catalyst in
purified KOH is about 60 mV dec−1. This value will be
gradually decreased to about 30−40 mV dec−1 along with the
increase of concentration of Fe. In other words, the
incorporation of Fe changes the Co-based intrinsic mechanism
of the OER. However, in our present work, the tafel slope
obtained in standard KOH is 60 mV dec−1 (Figure 4b), while
this value does not show marked change in purified KOH (58
mV dec−1). Combined with the results of isotope labeling
(Figure 2) and in situ electrostatic adsorption experiments
(Figure 3), it is assumed that the presence or absence of Fe
does not have an obvious impact on the OER reaction steps.
The chemical compositions of fresh CoOx were additionally
analyzed by X-ray photoelectron spectra (XPS) (Figure 4c,d).
Due to spin−orbit splitting, the Co 2p spectrum consists of
two main peaks attributed to Co 2p1/2 and Co 2p3/2. The
binding energy of the Co 2p3/2 peak is about 780.2 eV. Due to
similar binding energies between Co(II) and Co(III)
compounds,28,29 the spectrum cannot be used to assign the
oxidation state of Co. The O 1s XPS spectrum is divided into

three main peaks: a peak at 529.6 eV related to lattice oxygen
(O2−), a peak at 531.5 eV assigned to O atoms of surface
hydroxyl groups (OH−), and one peak at 533 eV associated to
the adsorbed water molecules.29,30 The chemical composition
of used CoOx after a short-term potentiostatic electrolysis (at
1.65 VRHE for 30 min) is depicted, and its Co 2p spectrum
shows only minor differences compared to fresh CoOx. A new
peak appeared at about 530.6 eV in the O 1s spectrum, which
was previously attributed to peroxo-like species (O2

2−).31,32

In Situ Time-Resolved Observation of Reactive
Intermediates and Determination of the Rate-Deter-
mining Step. With density functional theory calculations,
Co−oxo intermediate species have been predicted as
commonly active platforms to proceed the absorption/
desorption of surface intermediate oxygen species (e.g. OH*,
O*, and OOH*) that mainly dominate the OER process.33,34

Some achievements have been conducted to experimentally
determine Co−oxo species and their valence states with ex situ
electron paramagnetic resonance and X-ray absorption near-K-
edge structure spectroscopy.11,35 For other metal oxides, such

Figure 5. In situ ATR-IR spectra monitoring and identification of the involved intermediate products during the OER process. (a, b) Active Co−
oxo species and (c, d) oxygen species. Here, two specific regions at 820−850 and 1100−1120 cm−1 are additonally enlarged in (a−c), respectively.
Some control experiments including Ar-saturated 0.1 M standard electrolytes (e.g., KOH, KOD, and K18OH) were carried out at 1.6 VRHE. O2

−*
and OOH* represent the adsorbed O2

− and OOH species, respectively. (e, f) Relationships between the intermediate Co−oxo, O2
−*, and OOH*

species and the CTAB/SDS surfactants operated at 1.6 VRHE, respectively. N
+−R stands for the N-containing cationic group of CTAB. All the data

were collected after 30 s of potential operation.
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as Fe2O3 and TiO2, transient absorption spectroscopy and in
situ infrared spectroscopy were used to observe the potential
surface peroxide moieties during the photodriven OER
process.36,37 However, the exact role of Co−oxo species, the
precise nature of critical mechanistic steps such as O−O bond
formation, and the observation of intermediate oxygen species
still remain the subject of debate. In the present work, in situ
attenuated total reflectance infrared (ATR-IR) spectroscopy
was applied to elucidate the evolution processes of the surface
relevant species and their importance during the OER process.
As shown in Figure 5a, the spectrum obtained under open-
circuit potential (OCP) conditions does not show difference
compared to the spectrum performed at 1.3 VRHE. The peak
located at 845 cm−1 exhibits a reversible behavior with
potential change. Interestingly, this peak shows the highest
intensity at 1.6 VRHE rather than at 1.7 VRHE, suggesting that
the formation rate of the corresponding species at 1.7 VRHE is
equal to its subsequent reaction rate triggered by other
intermediate species. The peak located at 835 cm−1 exhibits a
reversible potential-dependent behavior, and it initially
emerges at 1.3 VRHE, indicating its appearance earlier than
that of the species observed at 845 cm−1. Given that OO
stretching modes of Co(III)OOH typically lie in the region of
920−740 cm−1,38 we used an isotope labeling strategy to
determine these two species. No obvious change for these two
peaks appeared at 835 and 845 cm−1 positions when KOD was
used as an electrolyte (Figure 5b), whereas some obvious red
shifts could be monitored in K18OH electrolyte. This indicates
that these two species contain only oxygen atoms and no
protons. Thus, the peak appearing at 835 cm−1 does not
belong to Co(III)OOH moieties. As mentioned above, O−
Co(III)−OH moieties easily generate O−Co(III)−O− moi-
eties by deprotonation prior to 1.3 VRHE. We therefore propose

that the peak appearing at 835 cm−1 is most likely related to
O−Co(III)−O− moieties. This finding is analogous to the
proposed CoO− (∼840 cm−1) and (O−Ni(III)−O)− (∼849
cm−1) moieties.39,40 Additionally, the reported frequency shift
associated with OO isotope exchange is between 20 and 30
cm−1 for partially labeled (18O16O) moieties and between 44
and 61 cm−1 for fully labeled (18O18O) moieties.38,41 Similar
shift results were reported with operando Raman spectrosco-
py.28 The appearance of the 835 cm−1 band with an 18O
isotopic shift of 35 cm−1 probably indicates a 16O−
Co(III)−18O− moiety rather than a 18O−Co(III)−18O−

moiety. The observed shift of 39 cm−1 of the 18O labeled
and nonlabeled species agrees well with Co(IV)O moieties
as reported for a CoOx surface, which is characterized by hole
injection of a visible light sensitizer and an S2O8

2− electron
acceptor.42 In addition, the onset potential of this absorption
peak is 1.4 VRHE (Figure 5a), at which the oxidation process of
Co(III)−O− to Co(IV)O species was occurring. This
finding further indicates that the absorption peaks at 845
and 806 cm−1 might be Co(IV)O and Co(IV)18O
species, respectively.
Moreover, dynamic evolution processes are monitored by

two other peaks located at 1108 and 1054 cm−1 (Figure 5c).
Given that the infrared vibration peaks of the O2

−* and OOH*
are typically located in the ranges of 1200−1070 and 1100−
980 cm−1,43−46 respectively, some control experiments were
carefully introduced, to further differentiate O2

−* and OOH*
species. The results of Figure 5d reveal that (i) an apparent
red-shift behavior (Δ = ∼28 cm−1) appears at the 1026 cm−1

position for KOD electrolyte, whereas the other vibration band
at 1108 cm−1 is unaffected, indicating that the vibration band
at 1054 cm−1 is most likely to be OOH* rather than O2

−*
species; thus, the vibration band at 1108 cm−1 might be

Figure 6. IR band analysis of time-resolved ATR spectra. (a) νCo(IV)O and νO−Co(III)−O− observed in the first 4 s during chronoamperometric scan
from 1.4 to 1.7 V and (b) during a real-time scan (with fitting lines) at 1.6 V for 30 s in a standard KOH electrolyte. (c) νOOH* and νO2

−
* observed

in the first 4 s during chronoamperometric scan from 1.4 to 1.7 V and (d) during real-time scan (with fitting lines) at 1.6 V for 30 s in a standard
KOH electrolyte.
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ascribed to O2
−*; (ii) a significant red-shift behavior (Δ = ∼44

cm−1) occurring at the 1064 cm−1 position can be observed in
K18OH, further suggesting that the vibration band at 1108
cm−1 belongs to O2

−* (Figure 5d); and (iii) there is a red-shift
behavior (Δ = ∼40 cm−1) existing at the 1014 cm−1 position in
K18OH, which can be assigned to fully labeled 18O18OH
species. The resulting 18O2

−* and 18O18OH species indicate
that CoOx involves a conventional −OH adsorbate evolving
mechanism. Additionally, O2

−* and OOH* species cannot be
observed under OCP conditions (Figure 5c).
The relationships between the intermediate Co−oxo and

oxygen species and the surfactants are studied. After the
introduction of SDS, we do not find any apparent change in
Co(IV)O, O−Co(III)−O−, O2

−*, and OOH* species
(Figure 5e,f). It should be noted that after adding CTAB,
the Co(IV)O species disappear, and a red shift of partial O−
Co(III)−O− species to 792 cm−1 attributing to the electro-
static interaction between oxygen anion species (i.e., Co(III)−
O−) and the N-containing cationic group (N+−R) of CTAB is
monitored. Meanwhile, both O2

−* and OOH* species vanish
away in the presence of CTAB. It was mentioned above that
the potential for the formation/appearance of both O2

−* and
OOH* species is 1.4 VRHE (Figure 5c), which is consistent
with the formation of Co(IV)O (Figure 5a). All these results
demonstrate that (i) the onset potential of the OER is around
1.4 VRHE at which Co(IV)O species were partially formed,
but the amount is still low; (ii) Co(IV)O species rather than
Co(III)−oxo species play the critical role in proceeding the
OER; and (iii) the formation of O2

−* and OOH* species is
associated with Co(IV)O sites.

The relationships between IR peak positions and applied
potentials are shown in Figure 6a,c. With increasing potentials,
IR signals of Co(IV)O, O−Co(III)−O−, O2

−*, and OOH*
exhibit a red-shift behavior. It can be attributed to the Stark
effect.47 All species show similar slopes of the shift (dν/dΦ,
approximately 40 cm−1 V−1). Further kinetic investigation of
these four species during the OER was fulfilled by time-
resolved ATR-IR analysis on the time scale of seconds at 1.6
VRHE. As shown in Figure 6b,d, Co(IV)O, O−Co(III)−O−,
OOH*, and O2

−* show similar tendencies, suggesting that
they have highly correlated kinetic relationships. At an early
stage (10−15 s), the species exhibit an obvious red-shift
behavior during real-time scan. It may be attributed to the
steric hinderance effect between the Co species (Co(IV)O
and O−Co(III)−O−) and adsorbed OOH* and the generation
of the follow-up O2

− species from OOH*. After 15−30 s, an
equilibrium of the Co and adsorbed oxygen species (O2

−* and
OOH*) seems to be reached, the peak positions remain
constant, suggesting that the dipole coupling effects between
adsorbed species tend to be stable. In contrast to a similar
equilibrium time between Co(IV)O and O−Co(III)−O−

species, OOH* shows a shorter equilibrium time (∼11 s) than
that of O2

−* (∼15 s), suggesting that the formation of O2
−*

species originating from OOH* possibly determines the OER
reaction.
Depending on the thermodynamic steps, calculated by DFT,

the most common rate-determining step (RDS) was suggested
to involve the formation of key intermediate O−O bonds
(commonly O* + OH− → OOH* + e−). The results of DFT
calculations are closely associated with the established model
structures to some degree; using effectively experimental

Figure 7. Isotope electrochemical studies and determination of possible rate-determining steps of CoOx. (a) LSV curves performed in Ar-saturated
0.1 M standard electrolytes. (b) Kinetic isotope effect (KIE) values measured at different potentials. Here, KIE values are calculated by KIE = kH/

kD = j0
HC0

D/j0
DC0

H or KIE = k16
O/k18

O = j0
16OC0

18O/j0
18OC0

16O. (c) Chronoamperometry (CP) protocol (gray) showing an oxidative and reductive
bias with the current response in different standard electrolytes. (d) KIE values measured at different potentials. Here, KIE values are calculated by
the ratios of steady-state current density at different potentials (at 180, 300, and 420 s, respectively). (e) LSV curves performed in Ar-saturated 0.1
M purified electrolytes. (f) Kinetic isotope effect (KIE) values measured at different potentials with purified electrolytes.
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measurements to elucidate the most likely RDS during the
OER is therefore imperative. The use of KIE is an established
experimental technique to study chemical reactions involving
PT and oxygen evolving, and its value is an important indicator
to determine the RDS.48−51 First, pH dependence of steady-
state electrode potential at a constant current (0.2 mA/cm2) in
KOH with varying concentrations was studied with the
chronoamperometry (CP) protocol. As shown in Figure S4,
the tendency is almost unaffected by repeating the titration in
the presence of excess inert electrolyte (0.5 M KNO3),
suggesting that the diffuse double-layer effects originating from
the transport of OH ions (or H2O molecules) are ruled out.19

Isotope-based electrochemical studies were then performed
(Figure 7a). Compared with KOH, the use of KOD leads to
the reduction of current density of CoOx, while the
introduction of K18OH almost exhibits the same activity. All
of them show no distinct difference on the tafel slopes at a
specific region (Figure S5). By calculating, the KIE values at
different potentials in KOH and K18OH are approximately 1.0,
indicating that there is no significant primary isotope effect.
Theoretically, if the cleavage or the formation of the O−O
bonds is involved in the RDS, their KIE ratios should be at
least larger than 1.0 because the generation of 18O−18O bonds
and 16O−16O bonds could obviously influence reaction rates
owing to their different mass values. Herein, we can anticipate
that the RDS of the OER process does not involve a cleavage
or formation of the O−O bonds (O* + OH− → OOH* + e−).
It should be pointed out that KIE values around 2.0−2.1 at
different potentials in KOH and KOD are obtained (Figure
7b), suggesting a significantly primary isotope effect.52 To
exclude the impact of capacitance on the current density, a CP
protocol was used to collect the steady-state current density
(Figure 7c). The calculated KIE values are approximately 1.7−
2.5 at different potentials (Figures 7d and S6). Similar results
of KIE values and tafel slopes are found in purified electrolytes
(Figures 7e,f and S7), suggesting that Fe may not positively
affect the OER mechanism. These KIE values based on LSV
and CP methods reflect that the RDS of the OER process
involves a cleavage of the O−H bonds. It indicates that the
introduced deuterated water is most likely to influence the
formation of active oxygen species *O from the deprotonation
process of *OD (OD* + OD− → O* + D2O + e−) or hinder
the deprotonation process of active oxygen species *OOD
(OOD* + OD− → OO−* + D2O). Recently, these two
deprotonation processes are the most common steps in the
OER.19,52,53 As mentioned above, OOH* and OO−* species
are distinctly detected with in situ ATR-IR. Therefore, we
conclude that the following elementary step OOH* + OH− →
OO−* + H2O is likely to be the potential RDS in the OER
process.

■ CONCLUSIONS
In summary, we have proposed experimental insights into the
interfacial state and transient reactive intermediates of the
OER on a CoOx catalyst with in situ electrostatic modulation,
time-resolved ATR-IR, and isotope labeling methods. We
introduced an unexpected mechanism concerning the trans-
formation of Co(III) to Co(IV) species, in which the
interfacial active Co(III)−OH species first deprotonate to
generate Co(III)−O− species, followed by the formation of
Co(IV)O species combined with one electron. Co(IV)O
species are very important to proceed the OER and can be
quantified in situ. The dynamic evolution processes of

Co(IV)O, Co(III)(O)O−, O2
−*, and OOH* intermediates

are monitored and are identified during the OER process.
These four species show similar kinetic behaviors and take 11−
30 s to achieve the dynamic equilibrium. We believe that the
deprotonation process of OOH* is the most likely RDS in the
OER process, evidenced by the reversible emergence of O2

−*
intermediates and KIE experiments. This work convincingly
discloses important intermediate products and reaction
mechanisms of CoOx during the OER process, thus providing
a revelation for investigating other metal-based catalytic
reactions.
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