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ABSTRACT: Considering the importance of water splitting as the best solution for clean
and renewable energy, the worldwide efforts for development of increasingly active
molecular water oxidation catalysts must be accompanied by studies that focus on
elucidating the mode of actions and catalytic pathways. One crucial challenge remains the
elucidation of the factors that determine the selectivity of water oxidation by the desired
4e−/4H+ pathway that leads to O2 rather than by 2e−/2H+ to H2O2. We now show that
water oxidation with the cobalt−corrole CoBr8 as electrocatalyst affords H2O2 as the main
product in homogeneous solutions, while heterogeneous water oxidation by the same
catalyst leads exclusively to oxygen. Experimental and computation-based investigations of
the species formed during the process uncover the formation of a Co(III)−superoxide
intermediate and its preceding high-valent Co−oxyl complex. The competition between the
base-catalyzed hydrolysis of Co(III)−hydroperoxide [Co(III)−OOH]− to release H2O2
and the electrochemical oxidation of the same to release O2 via [Co(III)−O2

•]− is identified
as the key step determining the selectivity of water oxidation.

■ INTRODUCTION

A desirable goal of water oxidation, which has now been
identified as the bottleneck of the water-splitting reaction, is to
obtain selectivity over H2O2, via 2e

−/2H+ oxidation, or O2, via
a 4e−/4H+ oxidation.1−19 Product selectivity is one of the key
aspects in multiproton/multielectron transformation, and it is a
contemporary interest in the electrochemical oxygen reduction
reaction. Similarly, water can be oxidized via 2e−/2H+ to form
H2O2 (E

0 = 1.76 V vs NHE) or by 4e−/4H+ to afford O2 (E
0 =

1.23 V vs NHE). Of course, water oxidation to oxygen is
thermodynamically more favorable than its oxidation to H2O2,
and hence, the issue has not attracted attention until recently
when H2O2 was reported as a product during water
oxidation.20−22 H2O2 is an inorganic bulk material, and
logically, its electrosynthesis from water is also a topic of
interest. The erstwhile focus of the water oxidation community
has been accelerating the rate and efficiency of the water
oxidation process using cheap first-row transition-metal-based
materials and complexes.23−30 Several Co-based complexes/
composites have been recently used as catalysts for water
splitting in this regard.31−49 Macrocyclic corrole, a porphyrin-
like moiety, has recently emerged as a unique ligand to carry
out several catalytic transformations. It has the capability to
support both high and low formal metal oxidation states.50−57

This nature of the corrole ligand encouraged exploration of its
potential for electrocatalysts for supporting the oxygen
evolution reaction (OER), hydrogen evolution reaction
(HER), oxygen reduction reaction (ORR), etc.23,58−67

Recently, a system for molecular OER was reported containing
a hangman β-octafluoro corrole cobalt complex with a high-
valent Co(IV) corrole cation radical as the precatalyst.68 β-
Halogen substitution on the corrole ring in a metallocorrole
complex has a dominant effect in controlling the redox
potential of the metal and their subsequent reactivity.61,69

Furthermore, the β-positions of the corrole macrocycle are
prone to oxidation, leading to dearomatization.70 Hence, β-
halogenation helps in rendering stability to the system.50,55

Nevertheless, this catalyst is efficient for water oxidation in
aqueous medium over a large range of pH values with
considerably high turnovers.68 There are theoretical reports on
the mechanism of cobalt corrole-based water oxidation
catalysis.71,72 However, identification of the reactive inter-
mediates involved is the key for understanding the mechanism
of action which precedes rational design of better catalysts.
With the development of a number of reasonable catalysts,

the focus has now shifted toward understanding the factors
that control the selectivity of the process. To be able to tune
selectivity one needs a detailed understanding of the
mechanism of water oxidation. There has been some
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development in understanding the mechanism of Co−Pi and
Ru catalysts.73−75 A Co−Pi catalyst, which is well known for its
high catalytic activity in neutral water and a Co(IV)−OH/
Co(III)−O• intermediate, is proposed to be involved in the
catalytic process.76−79 Very recently, Hu et al. studied the
mechanism of the OER with cobalt oxyhydroxide, and the in
situ Raman data reveal the involvement of a superoxide species
at the same time as the oxidation of CoOOH to CoO2, which
occurs before the onset of the OER.80 Through a labeling
experiment it is concluded that this superoxide species is a
precursor to dioxygen. It is also proposed that O−O bond
formation took place prior to the rate-determining step, which
contradicts most of the mechanisms reported in the
literature.81−84 Rational design of efficient catalysts using
mechanistic insights obtained from spectrochemical data has
been recently demonstrated by achieving a facile and selective
4e−/4H+ ORR in simple mononuclear iron porphyrins by
identifying the chemical steps responsible for product
selectivity.85−88 Similar mechanism-based catalyst design is
being undertaken for water oxidation as well.10,89 In particular,
the ability to control the chemical steps involved in water
oxidation that determine the product selectivity can enable
selective production of O2 and H2O2 using the catalyst.
Here, we report that the tris(5,10,15-pentafluorophenyl)-

2,3,7,8,12,13,17,18-octabromocobalt corrole (CoBr8; Figure 1)

complex shows water oxidation activity under homogeneous
and heterogeneous electrochemical conditions. Oxidation of
H2O leads to H2O2 under homogeneous electrochemical
conditions and O2 under heterogeneous conditions. A
Co(III)−corrole cation radical intermediate is trapped and
identified during homogeneous water oxidation. A Co(III)−
superoxide, [Co(III)−O2

•]− intermediate is also identified
during homogeneous electrocatalysis, providing direct evi-
dence for the O−O bond formation process. A competition
between the base-catalyzed hydrolysis of intermediate species
to release H2O2 or the electrochemical oxidation of [Co(III)−
O2

•]− to release O2 is identified as the key step in determining
the selectivity of 2e− vs 4e− H2O oxidation.

■ RESULTS
Homogeneous Electrochemistry in an Acetonitrile/

Water Mixture. Cyclic voltammetry (CV) of the complex in
degassed acetonitrile shows two quasireversible waves at 0.95
and 1.4 V (Figure 2, red). These processes are best described
as [corrole−Co(III)−OH2]/ [corrole•+−Co(III)−OH] at
0.95 V and [corrole•+−Co(III)−OH]/ [corrole•+−Co(III)−
O•−] at 1.4 V.71,90 Upon addition of aqueous base, a catalytic
current is observed with an onset corresponding to the redox

wave at 1.4 V, and the current increases with increasing
amount of base, suggesting the catalytic process to be
associated with the oxidation of this aqueous hydroxide
species. The catalytic onset potential also shifts to a lower
value with increasing concentration of base, spanning from 1
mM to 32 mM (Figure S1), suggesting that the oxidation is
coupled to a deprotonation step as may be expected for a
proton-coupled electron transfer (PCET) process. Further-
more, the catalysis is first order with respect to the catalyst
concentration, suggesting it to be a single-site molecular
catalyst (Figure S2), and simultaneously eliminates the
possibility of formation of any Co−oxide films on the
electrode surface as observed by many Co-based WOC
systems (see Supporting Information for further details).91,92

The linear increase of the square of the water oxidation current
(ip) with base concentration indicates that the catalytic process
is first order with respect to base (Figure S3). The decrease in
catalytic current with increasing scan rate indicates a mass
transfer chemical step, presumably an O−O bond formation
step (Figure S4), as the rate-determining step of the reaction.
The evolved O2 was detected in situ by reverse cathodic scan
(Figure S5). A controlled potential electrolysis (CPE)
experiment was performed at 1.3 V with 0.5 mM catalyst in
acetonitrile having 32 mM aqueous NaOH (Figure S6). The
Faradaic yield (FY) thus calculated for water oxidation to
oxygen is determined to be 18% by measuring the volume of
oxygen produced (0.2 mL) by displacement of water at 1 atm
pressure (Figure S6). Water oxidation can lead to formation of
O2 as well as H2O2. Simultaneously, H2O2 is detected in
solution using a xylenol orange assay (detailed description is
given in the Supporting Information, Figure S7). The FY of
H2O2 production is 70 ± 2%. Thus, in acetonitrile:water
medium, both the 2e− and the 4e− oxidation products H2O2
and O2, respectively, are observed. The yield of H2O2 is higher
than the yield of O2 under these experimental conditions, and
the total amount of H2O2 and O2 detected yields 88% FY for
the overall process.

Heterogeneous Electrochemistry. To gain further
insight into the process, the CoBr8 complex is physiadsorbed
on edge-plane graphite (EPG) electrode, and this electrode
shows water oxidation in aqueous buffered solutions, spanning
pH values from 7 to 12. The electrocatalytic water oxidation
current (absent in a bare EPG electrode; Figure S8) increases
with increasing pH (analogous to increasing base concen-

Figure 1. Chemical structure of the investigated cobalt(III) corrole
complex (CoBr8).

Figure 2. Homogeneous electrocatalytic water oxidation with CoBr8.
Cyclic voltammograms of 0.5 mM CoBr8 in degassed acetonitrile in
the absence (red) and presence of 32 mM NaOH (green) using GCE
as the working electrode, Pt as the counter electrode, and Ag/AgCl as
the reference electrode. Scan rate = 100 mV/s. Potential at which
electrochemical experiments were performed is indicated with an
asterisk.
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tration in acetonitrile solution), and simultaneously the onset
potential of catalysis shifts to lower values (Figure 3A). At pH

12 the catalytic onset potential (E0
onset, potential at which the

catalytic current is ∼10 times with respect to the background
current at same pH) for CoBr8 is 0.84 V. A plot of the onset
potential (Eonset) versus pH shows a monotonic decrease from
pH = 7 to 11 with a slope of 57 mV/pH for CoBr8 (Figure
3B), suggesting the involvement of a 1H+/1e− PCET step (i.e.,
ΔE = 59 mV/pH decade) as the potential-determining step
(pds) of the water oxidation process in an aqueous
environment, and this reinforces the involvement of PCET
in homogeneous nonaqueous medium. At further higher pH
(pH = 12) a sharp jump of the catalytic onset potential is seen
and is presumably associated with a pKa event of [Co(III)−
OOH]−/[Co(III)−O2]

2− and not likely due to formation of
cobalt−oxide or other degradation as this process is reversible
with the change of pH. Bubble formation on the electrode
surface occurs during the anodic run consistent with oxygen

gas evolution due to water oxidation (Figure S9). In a rotating
ring disk electrochemistry (RRDE) setup, any H2O2 formed
can be detected by a Pt ring that encircles the working
electrode, which is held at a constant potential where it
oxidizes the H2O2, produced at the working electrode and
diffused outward toward it due to the hydrodynamic flow
created by the rotation of the shaft bearing the electrode, to O2.
No H2O2 is detected in this setup, indicating that H2O is
exclusively getting oxidized by 4e− to O2 under heterogeneous
electrochemical conditions in water (Figure 3C and 3D). This
is different from the observation in organic medium where 70%
H2O2 formation was detected. It is worth noting from the
thermodynamic analysis performed under the electrolysis
conditions in homogeneous water oxidation that the applied
potential is enough to drive water oxidation to both oxygen
and hydrogen peroxide (Figure S10). This holds true for
heterogeneous water oxidation as well (Figure S11, see the
Supporting Information for details). The fact that water
oxidation to hydrogen peroxide (E0

H2O/H2O2(aq) = 1.76 V) is
always thermodynamically more uphill than water oxidation to
oxygen (E0

O2/H2O(aq) = 1.23 V) and in spite of having enough
driving force in both homogeneous and heterogeneous
conditions for both processes, in homogeneous conditions
hydrogen peroxide is the major product and in heterogeneous
conditions exclusively oxygen is formed due to water oxidation.
These results suggest that there is a more relevant kinetic
pathway that dictates the product selectivity for water
oxidation with this catalyst (vide infra).

UV−vis Spectroelectrochemistry. This difference in
product selectivity in water oxidation is very interesting, and
this caused us to further study the mechanism of the water
oxidation process. In the literature, Nocera et al.68 and Shaik et
al.72 proposed a formal Co(V) or Co(IV) cation radical to be
the active form of the cobalt corrole-based water oxidation
catalyst. However, recently, Cramer et al.71 and Cao et al.59

proposed a [corrole•+−Co(III)−O•−] species to be active
form for such catalysis. In our pursuit, the mechanistic details
of the water oxidation by CoBr8 are investigated using
spectroelectrochemical techniques.
The initial Co(III) corrole has a well-defined Soret band at

448 nm and a less intense Q-band at 608 nm in acetonitrile,
and the intensity of the bands decreases upon electrochemical
oxidation in acetonitrile of the species at 1.3 V, indicating
consumption of the initial species (Figure 4A). In the presence
of aqueous base, when the electrolysis is performed at 1.3 V,
the Soret band at 448 nm decreases in intensity and red shifts
to 454 nm and the band at 608 nm loses its intensity (Figure
4B). Thus, during electrolysis in the presence of base (i.e.,

Figure 3. Heterogeneous electrocatalytic water oxidation with CoBr8.
(A) LSV of CoBr8 physiadsorbed on EPG electrode at different pHs,
(B) plot of peak potential vs pH for CoBr8, and H2O2 detection under
heterogeneous conditions using RRDE with the Pt ring encircling the
EPG electrode kept at a constant potential of (C) 0.4 V at pH 10 and
(D) 0.2 V at pH 12. Rotation speed = 300 rpm for RRDE. Scan rate
of 50 mV/s for LSV and 10 mV/s for RRDE using Pt as the counter
electrode and Ag/AgCl (saturated KCl) as the reference electrode.

Figure 4. UV−vis spectroelectrochemistry in noncatalytic and catalytic conditions. UV−vis spectral changes of CoBr8 during (A) controlled
potential oxidation at 1.3 V in acetonitrile with water, containing 100 mM TBAP, and (B) the same with aqueous base.
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when the catalyst is involved in a steady state OER), multiple
well-defined isosbestic points in the spectra serve to indicate
formation of a single oxidation product. The new broad band
that starts growing at 722 nm suggests formation of a high-
valent Co−O species as the electrolysis proceeds.51,93 Density
functional theory (DFT) calculations on a Co(III)−oxyl
corrole cation radical species predict a broad absorption
band centered around 700 nm, consistent with the
experimental data (Figure S12).
Electron Paramagnetic Resonance. The species accu-

mulated during water oxidation is further investigated using
EPR. When 0.5 mM catalyst solution in acetonitrile is oxidized
with ceric ammonium nitrate (CAN) solution in MeOH, a
radical signal (g = 1.98) is observed (Figure S13). The
observed g value is characteristic of the organic radical, and
based on the previous literature on high-valent corroles, this
species is likely to be a Co(III) corrole radical cation rather
than Co(IV) corrole.94 When a 0.5 mM catalyst solution in
acetonitrile is subjected to controlled potential electrolysis
(CPE) at 1.3 V with or without water, the same radical species,
Co(III) corrole radical cation, with g value = 1.98 is formed
(Figure 5A, green and red). Thus, the redox event at 1.3 V can
be assigned as a Co−corrole/Co−corrole π-cation radical.
DFT calculations on a hypothetical one-electron-oxidized
Co(III) corrole show that in the calculated spin densities of
the complexes with neutral axial ligand (py, H2O) ∼100% of
the spin resides on the corrole ring (Figure S14, Table ST1).
This suggests the one-electron-oxidized form of Co(III)
corrole is a Co(III) corrole cation radical rather than Co(IV)
corrole, consistent with the previous theoretical calculations.71

This observation is also supported by the EPR data obtained
during chemical oxidation of the sample with CAN and
electrochemical oxidation of the sample in acetonitrile with or
without water (Figure S13, Figure 5A, red and green).
Electrolysis at the same potential in the presence of aqueous

base renders a new rhombic EPR signal with the g value shifted
to >2 (g value = 2.01) (Figure 5B, blue) and the signal is
significantly different from a Co(II) corrole, which shows a
very anisotropic g value.95 Furthermore, the signal of the
species immediately after water oxidation is identical with the
spectrum that is obtained from oxygenation of a Co(II) corrole
at cryogenic temperatures (Figure 5B, green). Previous
reports58,94 show that oxygenation of Co(II) corrole results
in formation of a [Co(III)−O2

•]− metastable species which is
EPR active with g values close to 2.95 Thus, part of the reactive
species that is obtained via sampling of the bulk during

controlled potential catalytic turnover of H2O to O2 is
identified as [Co(III)−O2

•]−. Integration of the signal (EPR
spin quantification) represents 15 ± 5% of the species in
solution. The EPR signal decays (total spin loss ≈ 70−74%)
within minutes (i.e., a half-life, t1/2 of 60 s) on standing (Figure
S15), indicating that it is not a stable product of O2 binding to
a CoII species. The 15% population of [Co(III)−O2

•]− is very
close to 18% FY as observed for formation of O2, clearly
indicating that [Co(III)−O2

•]− is the predecessor to the O2
evolved.

■ DISCUSSION

The OER data of brominated cobalt corrole show that during
homogeneous conditions the amount of H2O2 produced is
70% and only 18% O2 is generated. However, under
heterogeneous conditions, in an aqueous medium, the complex
produces O2 exclusively. Heterogeneous electrocatalysis
distinguishes itself from homogeneous electrocatalysis, result-
ing in much faster electron transfer (ET) rates from the
electrode to the catalyst, directly absorbed on the electrode. In
homogeneous electrocatalysis the ET rate is limited by catalyst
diffusion to the electrode. Thus, the observed difference in
selectivity in the OER between heterogeneous and homoge-
neous conditions likely originates from a key ET step in the
mechanism. Spectroelectrochemistry data indicate that while in
the absence of base (substrate) the oxidation results in
formation of a Co(III)corrole radical species, during catalysis
(in the presence of base) a [Co(III)−O2

•]− species is
observed. A plausible mechanism has been proposed for the
process (Scheme 2). Spectroelectrochemical data suggest
species 1 gets oxidized to 2 (first redox event). Species 2 is
characterized through EPR during electrocatalytic water
oxidation in the presence of H2O and is likely to be a Co(III)
corrole cation radical, consistent with a previous literature
report.59 The second oxidation process is responsible for water
oxidation, and based on the theoretical data in the literature,
[Cor•+−CoIII−O•−] (3) is proposed to be the active species
for water oxidation. Nocera et al. also proposed a formal
Co(V) species as the active water oxidation species.68 This
species is formed through a PCET process from 2, which is
consistent with the 57 mV/pH shift in the onset potential
under heterogeneous conditions and is the potential-
determining step (pds). Species 3 then undergoes a hydroxide
nucleophilic attack which is likely to be the rds from the
electrochemical data analyzed at the mass transfer region
where electron transfer rates are fast. Nucleophilic attack of

Figure 5. EPR of cobalt(III)−superoxide intermediate involved in water oxidation. EPR spectra of (A) the oxidized CoBr8 produced by
electrochemical oxidation in degassed acetonitrile (red), in water:acetonitrile mixture (green), in aqueous-base:acetonitrile mixed solvent (blue),
and (B) Co(III) superoxo corrole as obtained by oxygenation of the reduced Co(II) corrole (green) and after electrochemical oxidation in
degassed aqueous-base:acetonitrile solvent mixture (blue).
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H2O or OH− on 3 yields a [Co(III)−OOH]− species (4).
Under homogeneous conditions, [Co(III)−OOH]− undergoes
competitive hydrolysis to afford the 2e− oxidation product
H2O2. The [Co(III)−OOH]− species is oxidized in a PCET
step, resulting in a [Co(III)−O2

•]− species which is identified
through EPR. Oxidation of the [Co(III)−O2

•]− species at the
electrode yields the 4e− oxidation product O2. Note that an
Mn−corrole−peroxide intermediate has also been identified in
mass spectrometry during chemical oxidation of Mn corrole
with tBuOOH.96

Our kinetic data in homogeneous medium further reveal
that the reaction is first order in both catalyst and base
concentration and that the catalytic current decreases with
increasing scan rate, suggesting a mass transfer step as the rate-
limiting step of the overall reaction. This step is likely to be the
nucleophilic hydroxide attack on the [Cor•+−CoIII−O•−]
species. This is reasonable since the latter species built up in
a significant amount during spectroelectrochemistry in the
presence of base during catalytic turnovers (Figures 4B and
S16). The band at ∼700 nm is attributed to the high-valent
cobalt oxyl species as confirmed by the time-dependent density
functional theory calculations (Figure S12). Nevertheless, the
hydroxide attack on [Cor•+−CoIII−O•−] affords a hydro-
peroxide intermediate which is expected to be readily
deprotonated to a peroxide intermediate under alkaline
conditions followed by one-electron oxidation at high anodic
potential to afford [Co(III)−O2

•]−. This mechanism of
cobalt−superoxide formation during water oxidation is differ-
ent from the recently reported mechanism of Hu et al., where
the hydroperoxide deprotonation and oxidation pathway is
ruled out and instead a combination of two lattice O atoms as
the cobalt−superoxide formation step is invoked.80 However,
the pathway discussed in this report bears similarity to the
mechanism proposed by Frei et al., where water nucleophilic
attack followed by oxidation leads to the cobalt−superoxide
intermediate in a near neutral photocatalytic OER. A Mn
corrole is also reported in this regard to afford an Mn−OOH
intermediate during the OER.97 It is further interesting in this
report that these intermediates intercept the product selectivity

in the water oxidation reaction. The fact that under
homogeneous electrocatalytic conditions 18% O2 is formed
and 70% is H2O2 suggests that there occurs a competition
among hydrolysis of hydroperoxide and superoxide inter-
mediates to afford H2O2 and oxidation of the cobalt−
superoxide intermediate (∼15% as detected in spectroelec-
trochemistry) to release oxygen. Thus, this observation is in
congruence with Hu et al. that a cobalt−superoxide species is
precursor to oxygen formation but with a contrast that this
selectivity-determining step occurs after the rate-determining
step of the reaction (if cobalt−superoxide oxidation would be
rate limiting in this case, the amount of H2O2 would be 50% at
maximum; vide infra). The occurrence of a selectivity-
determining step after the rate-limiting step is very common
in the ORR.98 These steps become relevant in homogeneous
water oxidation where the electron transfer is limited by
diffusion and these intermediates can undergo hydrolysis to
afford H2O2. However, in heterogeneous conditions, where the
electron transfer steps are fast, these intermediates after the
rate-limiting step become less prominent, prone to hydrolysis,
and afford oxygen as the exclusive product. The fact that even
under nonaqueous medium when the catalyst is adsorbed on a
graphite electrode with Nafion only 6.1% H2O2 is detected in
the ring current in the rotating ring disk electrochemistry
(RRDE) experiment indicates that rapid ET leads to selectivity
for O2 formation over H2O2 (Figure S21A and S21B).
DFT calculations of the proposed mechanism show

reasonably good agreement between the calculated potential
and the experimentally observed potential for the first two
oxidation steps (1→ 2 and 2→ 3, Scheme 1: experimental data
in black and theoretically calculated data in green). Formation
of the O−O bond via a nucleophilic attack of hydroxide on the
oxyl species 3 involves a thermodynamic barrier and is
consistent with the observation of the same species in solution
in operando (Figures 4B and S12). Hydrolysis of the CoIII−
OOH species (4) is calculated to have a small endergonic
requirement, suggesting that the release of H2O2 from this
species is likely consistent with 70% H2O2 observed during
homogeneous water oxidation. The calculated potentials for

Scheme 1. Plausible Mechanism of Water Oxidation by Co Corrolea

aSpecies in violet rectangles are identified: 2 by chemical and spectroelectrochemical 1-electron oxidation, 3 by spectroelectrochemical 2-electron
oxidation, 5 by EPR of an interrupted controlled-potential water oxidation solution. DFT-calculated potentials are given in green, whereas
experimental values are given in black; these are all reported vs AgCl/Ag. Change in free energies for the chemical steps are given in navy blue.
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the oxidation of 4 and 5 (0.09 and −0.03 V, respectively)
which lead to release of O2 are thermodynamically downhill
relative to the calculated PCET oxidations of 2 to 3 (0.9 and
1.45 V, respectively). Thus, unsurprisingly, the applied
potential required to achieve oxidation of 2 to 3 is sufficient
to drive the oxidation of both 4 and 5.
The 70% H2O2 and 18% O2 observed under homogeneous

conditions also help diagnose the steps in the mechanistic
cycle. Hydrolysis of the proposed [Co(III)−OOH]− inter-
mediate would lead to as much as 100% H2O2 (step I, Scheme
2). On the other hand, this species can undergo deprotonation
along with 1e− oxidation to the [Co(III)−O2

•]− species (step
II, Scheme 2). Involvement of a [Co(III)−O2

•]− in water
oxidation, identified in this investigation, has recently been
proposed for a Co-based material as a kinetically competent
intermediate.97 The [Co(III)−O2

•]− species can hydrolyze to
generate Co(III) and O2

•− (step III, Scheme 2). In the case of
hydrolysis of the [Co(III)−O2

•]− species, the resultant O2
•−

would disproportionate to yield 50% O2 and 50% H2O2, i.e., a
maximum 50% FY for H2O2. Since, we only observe 15% of
[Co(III)−O2

•]−, which accounts for the oxygen formed, it is
unlikely that this species hydrolyzes. This is not consistent with
the 70% H2O2 under homogeneous conditions. Alternatively,
oxidation of the same [Co(III)−O2

•]− species at the electrode
will generate Co(III) + O2 (step IV, Scheme 2) with no H2O2
formation. Thus, 70% H2O2 observed under homogeneous
conditions suggests competition between the hydrolysis of a
[Co(III)−OOH]− intermediate and the PCET oxidation of
this species to [Co(III)−O2

•]−. Oxidation of the [Co(III)−
OOH]− can be expected to be much faster under
heterogeneous conditions where the catalyst is directly
attached to the electrode. Thus, under heterogeneous
conditions, oxidation of the [Co(III)−OOH]− is faster than
its hydrolysis, which drives selective 4e− oxidation of water to
O2. Under homogeneous conditions hydrolysis of the [Co-
(III)−OOH]− species is faster than its diffusion-controlled
oxidation at the working electrode, resulting in 70% H2O2. The
rest of the species (30%) is converted to [Co(III)−O2

•]−

through electrode oxidation (step II, Scheme 2), which is
observed, and the amount of this species detected is ∼15%
(EPR spin quantification). This [Co(III)−O2

•]− species thus
generated and observed (∼15%) is oxidized to afford the
∼18% O2 collected during homogeneous water oxidation.

■ CONCLUSION
In summary, cobalt corrole can be used as an efficient water
splitting catalyst facilitating both proton reduction to H2 and
water oxidation to O2 under both homogeneous and
heterogeneous conditions in organic and aqueous medium,
respectively.60,68 Here, it is demonstrated that the selectivity of
the OER can be tuned by changing the reaction conditions.

Homogeneous water oxidation with CoBr8 affords H2O2 as the
main product, while heterogeneous water oxidation leads to O2
exclusively. In situ spectroelectrochemical investigation of the
CoBr8 involved in homogeneous electrocatalytic water
oxidation shows formation of a [corrole•+−Co(III)−O•] and
a [Co(III)−O2

•]− intermediate, providing direct evidence for
the mechanism of O−O bond formation from water.
Competition between the base-catalyzed hydrolysis of a
[Co(III)−OOH]− intermediate species to release H2O2 and
its the electrochemical oxidation to [Co(III)−O2

•]− is
identified as the key step determining the selectivity for 2e−

vs 4e− H2O oxidation. Under homogeneous conditions where
its oxidation is slower than its hydrolysis, 70% H2O2 is
produced. Alternatively, under heterogeneous conditions
where its direct attachment to the electrode results in rapid
ET, O2 is observed as the sole product of the OER. These
results herald a new catalyst design and reaction engineering
approach to control the rates and selectivity of water oxidation
by cobalt-based molecular complexes. The fact that the same
intermediates were observed in Co-based materials further
reinstates the generality of these findings in water oxidation
catalysis.

■ EXPERIMENTAL METHODS
Materials and Instrumentation. All chemicals were commer-

cially available, of the highest purity grade, and used without further
purification. Tetrabutylammonium perchlorate (TBAP), potassium
hexafluorophosphate (KPF6), ceric ammonium nitrate (CAN), and
sodium hydroxide pellet as base in aqueous media were purchased
from Sigma-Aldrich. Disodium hydrogen phosphate dihydrate
(Na2HPO4·2H2O), potassium chloride (KCl), potassium nitrate
(KNO3), and the solvents (HPLC grade) used in the electrochemical
studies were purchased from Merck. Acetonitrile was dried over
calcium hydride and stored over 4 Å molecular sieves before being
used in the electrochemical experiments. Glassy carbon (GC)
electrodes, edge-plane graphite (EPG) electrodes, platinum counter
electrode, and sealed aqueous Ag/AgCl (saturated KCl) electrodes
were purchased from Pine Instruments, USA. The spectroelectro-
chemical UV−vis cell was purchased from ALS, Japan.

All electrochemical experiments were performed using a CH
instruments (CHI710d) electrochemical analyzer (bipotentiostat).
RRDE data were collected using the RRDE setup from Pine
Instruments, USA (E6 series with change disc tips with AFE6M
rotor). All electron spin resonance (ESR) spectra were collected at 77
K using a Jeol ESR instrument. UV−vis absorption data were taken in
an AgilentTtechnologies spectrophotometer model 8453 fitted with a
diode-array detector.

Construction of the Modified Electrode (EPG Electrode). A
100 μL amount of 1 mM catalyst in chloroform was deposited on a
freshly cleaned EPG electrode mounted on an RRDE setup. Once the
solvent was fully evaporated, the surface was rinsed with chloroform,
ethanol, and Milli-Q water gradually and thoroughly dried under N2
atmosphere before each of the electrochemical experiments.

Scheme 2. Probable Fate of [Cor−CoIII−OOH]− and [Cor−CoIII−OO•]− a

aThe percent of H2O2 that should be detected is indicated in parentheses.
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Electrocatalytic Water Oxidation. In all of the electrochemical
experiments, aqueous Ag/AgCl (saturated KCl) and Pt were used as
the reference and counter electrodes, respectively, unless otherwise
mentioned.
Homogeneous Electrochemistry. A 0.5 mM solution of the

complex was prepared in degassed acetonitrile for the electrochemical
studies. TBAP was used as the supporting electrolyte. Glassy carbon
(GC), sealed aq. Ag/AgCl (saturated KCl), and Pt wire were used as
the working, reference, and counter electrodes, respectively. All CVs
were collected with scan rates of 100 mV/s. For the electrocatalytic
water oxidation studies in acetonitrile:water medium, sodium
hydroxide was used as the aqueous base (1 M initial stock; the
base equivalents were added as per the millimolar amount depicted)
and H2O2 was the product detected by xylenol orange assay
(sensitivity limit 15 ng/mL). Turbidity occurs beyond 40 mM base
concentration. The homogeneity test was performed under the
operating conditions (see Supporting Information for details; Figure
S19A−D), and no nanoparticle formation was detected. The
background current in the absence of catalyst is also provided in
the Supporting Information (Figure S20).
Heterogeneous Electrochemistry. The edge-plane pyrolytic graph-

ite electrode (EPG) was cleaned using an electrochemical polishing
kit and inserted into the RRDE tip. It was cleaned thoroughly with
triple-distilled water, ethanol, and chloroform and dried using N2. The
chloroform solution of the catalyst was loaded on to the EPG
electrode and left for 10 min. It was rinsed with chloroform, ethanol,
and triple-distilled water and dried with N2 gas, which was then
mounted on the rotor and immersed into a cylindrical glass cell
equipped with Ag/AgCl reference and Pt wire counter electrodes.
LSV data were collected at a scan rate of 50 mV/s and RRDE data
were collected at a scan rate of 10 mV/s, and the rotation speed was
maintained at 300 rpm. The experiments were carried out in
phosphate buffer with KPF6 as supporting electrolyte.
Spectroelectrochemical Experiments. UV−vis Spectroelectro-

chemistry. Spectral changes were measured with UV−vis spectros-
copy with the catalyst in dry acetonitrile and with the catalyst in
acetonitrile:aqueous base (32 mM) during controlled potential
electrolysis at 1.3 V.
Electron Paramagnetic Resonance (EPR) Spectroscopy. A 0.5

mM solution of the complex in degassed acetonitrile was electrolyzed
under anaerobic conditions at potentials as mentioned in each case for
0.5 h using a GCE working electrode, Ag/AgCl reference electrode,
and Pt wire counter electrode. TBAP was used as the supporting
electrolyte. Samples for EPR were collected from the electrolytic
solution after 0.5 h of electrolysis at 1.3 V and frozen in liquid N2, and
the EPR data were recorded for these samples at 77 K.
Density Functional Theory Calculations. All of the calculations

were performed on the Inorganic HPC cluster at IACS using the
Gaussian 03 software package.99 The geometries were optimized with
the spin-unrestricted formalism using both the BP86 functional and
the 6-311G* basis set for Co and the 6-31G* basis set for other
atoms. Frequency calculations were performed on each optimized
structure using the same basis set to ensure that it was a minimum on
the potential energy surface. Total energy calculations were performed
using the 6-311+G* basis set in acetonitrile solvent (PCM) and a
convergence criterion of 10−8 Hartree.100,101 Further details on the
solvation energies are given in the Supporting Information.
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