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Electrochemical water splitting is the preeminent method for
storing solar energy in the form of chemical fuels."* Water splitting
involves the four-electron—four-proton oxidation of water to oxygen
and the reduction of the resultant protons to hydrogen. Of the two
half-reactions, the oxygen evolution half-reaction is particularly
demanding because it requires the distribution of multiple redox
processes over a narrow potential range, the coupling of multiple
proton and electron transfers, and the formation of two oxygen—oxygen
bonds.®> We have effected this challenging reaction in neutral water
with a heterogeneous Co—Pi catalyst formed from the electrolysis
of aqueous Co(Il) in phosphate-buffered, neutral-pH electrolyte
solutions.*~® This catalyst enhances the efficiency of electrochemical
water oxidation when deposited on inert fluorine tin oxide (FTO)
or indium tin oxide (ITO) anodes and enhances the efficiency of
photoelectrochemical water oxidation when deposited on ZnO and
Fe,0; photoanodes.”® An understanding of the mechanism of water
oxidation intimately depends on detailed characterization of the
catalyst in an active form.

The mechanism of catalytic water oxidation at Co(IL I1I) spinels
and perovskites has been studied extensively under alkaline
conditions (pH > 13).>~"* For these oxides, it is believed that
polarization induces the formation of surface Co(IV) sites, which
serve as key intermediates in the pathway for O, evolution.” "?
Despite the ubiquity of putative Co(IV) intermediates in the
literature on cobalt oxide-catalyzed water oxidation, neither in situ
nor ex situ spectroscopic characterization of Co(IV) species in these
systems has been reported to date, leaving a definitive assignment
ambiguous. Herein, we provide electron paramagnetic resonance
(EPR) evidence of the presence of Co(IV) species formed in Co—Pi
films during electrocatalytic water oxidation.

For this study, Co—Pi catalyst films were electrodeposited onto
large FTO plates (~200 cm?) by bulk electrolysis of aqueous 0.5
mM solutions of Co(NOs); in 0.1 M potassium phosphate (pH 7.0)
(Pi electrolyte) at potentials greater than 1.0 V (all potentials in
this study are reported vs NHE).> Electrolysis of Co(II)-containing
Pi electrolyte solutions for 12 h at a potential of 1.34 V led to a
thick brown/black catalyst film. Upon conclusion of electrolysis,
the film was dried and manually removed from the electrode surface
to yield ~5 mg of black powder that was immediately loaded into
an EPR tube and then frozen and stored at 77 K.

The continuous-wave (CW) X-band EPR spectrum of this frozen
catalyst is shown in Figure 1b. A broad resonance at ge;r ~ 5 along
with a broad derivative line shape at g.; = 2.27 is observed. The
feature at g.¢r & 5 is reminiscent of EPR spectra measured for many
Co(II)-containing compounds, including Co3;0,4, Cos3(PO,),, and a
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Figure 1. CW X-band EPR spectra of (a) the frozen electrolysis solution
(black solid curve), Co3(PO,), (red dotted curve), Co30, (blue dashed curve);
(b) Co—Pi catalyst films deposited at 1.34 V; and (c)
[C0404(CsHsN)4(CH;CO,)4](C104). The vertical dotted line indicates g =
2.27. T = 5.7 K; microwave power = 1.02 mW.

frozen solution of the electrodeposition bath (Figure 1a). Each of
these examples exhibits a broad, prominent peak with a maximum
at g.ir = 5—8. On the basis of this similarity, we have assigned the
gert ~ 5 feature in the catalyst to an S = 3/, Co(Il) species in the
material.

Results from X-ray absorption spectroscopy (XAS) studies
suggest that Co—Pi consists of Co—oxido clusters composed of
edge-sharing CoOg octahedra.'*'> This geometry should enforce
a low-spin, EPR-silent configuration on Co(IlI) centers in the film.
Examples of high-spin Co(II) species are rare and exist only with
weak-field ligands.'®'” Furthermore, the EPR spectrum of the
model system, Co(ILIII) spinel (Co3;04), does not exhibit any
prominent features attributable to Co(IIl). Thus, we are confident
that all of the Co(Ill) sites in the film are indeed low-spin. We
expect this low-spin configuration to be preserved upon further
cobalt-centered oxidation to yield S = '/, Co(IV) species.'®

To aid in the assignment of the g = 2.27 feature, we
investigated the EPR properties of a unimolecular Co-containing
cubane, [C0404(CsHsN)4(CH;CO,)4](ClO,) (1).'° The CosO4 core
of this model compound is composed of one Co(IV) and three
Co(III) centers and is structurally similar to the cuboidal framework
believed to exist in the catalyst film.'*'> The cubane exhibits an
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Figure 2. CW X-band EPR spectra of Co—Pi catalyst films deposited from
aqueous 0.5 mM Co(NOs), solutions in 0.1 M Pi electrolyte (pH 7.0) at
1.03 V (blue dashed curve), 1.14 V (red dotted curve), and 1.34 V (black
solid curve). Spectra were scaled by the amount of cobalt in each sample,
as measured by atomic absorption spectroscopy. 7' = 5.7 K; microwave
power = 1.02 mW.

axial EPR signal (Figure 1c) with g, = 2.33 and g, = 2.06,
diagnostic of an S = !/, system arising from the low-spin Co(IV)
center and the three EPR-silent Co(III) centers. Both the model
cubane and the catalyst film share a zero-crossing point at g =
2.27, as indicated by the vertical dashed line in Figure 1b,c.
Furthermore, we examined the potential dependence of the EPR
signals observed in Co—Pi films. The EPR spectra of films prepared
at potentials of 1.03, 1.14, and 1.34 V are shown in Figure 2. For
the film prepared at 1.03 V, where the rate of water oxidation is
negligible, a large Co(Il) feature together with a small signal at
gerr = 2.27 is observed. For films prepared at 1.14 and 1.34 V,
where the rates of water oxidation are significant, the Co(II) feature
is dramatically diminished, with an associated rise in intensity of
the gy = 2.27 feature. Indeed, this increase in signal intensity
between the 1.14 and 1.34 V samples parallels an increase in the
rate of water oxidation by greater than 2 orders of magnitude.
The progressive rise in the intensity of the g.;s = 2.27 feature as
the potential is increased, together with its similarity to the signal
observed in the cubane model compound, provides strong evidence
for the assignment of the g.s = 2.27 signal to low-spin Co(IV)-
containing species. Moreover, the potential dependence of this signal
suggests that it arises predominantly from species generated during
electrocatalytic water oxidation. Consistent with the high oxidizing
power of Co(IV) species in the catalyst, the observed Co(IV) signal
decays over the course of minutes at room temperature even in the
dry, isolated film (Figure S1 in the Supporting Information).
To estimate the populations of Co(IV) spins in catalysts prepared
at 1.14 and 1.34 V, the spectrum of the material grown at 1.03 V
was scaled to the intensity of the Co(II) feature in each of the high-
potential spectra. Subtraction of the low-potential spectrum from
the high-potential spectra permitted the Co(II) feature to be removed
and revealed a spectrum consisting predominantly of the S = !/,
Co(IV) signal (Figure S2). From double integration of this signal
relative to that of an S = !/, spin standard, Cu(EDTA)(SO,), we
calculated that 3 and 7% of all the Co centers in the films grown
at 1.14 and 1.34 V, respectively, were in this Co(IV) oxidation
state. In quantitating Co(IV) spins in the solid-state catalyst with a
frozen-solution spin standard, we assumed that neighboring dia-
magnetic Co(IIl) ions provided a sufficiently magnetically dilute
environment that spin—spin interactions that could have distorted
the spectrum were negligible (see the Supporting Information).
In the foregoing discussion, changes in the redox speciation of
the films were induced by growing the films at elevated potentials
where water oxidation and film formation occur simultaneously.
For this situation, we expect that some of the Co(IV) species
generated during catalytic turnover may be trapped in the film by
newly formed catalyst layers. This trapping would inhibit quenching
of Co(IV) intermediates, thereby permitting their observation in
an ex-situ experiment. To test this hypothesis, two electrodes were
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prepared in an identical manner at 1.04 V, below the onset of water
oxidation catalysis. Catalyst material was isolated from the first
electrode immediately following deposition, whereas the second
electrode was transferred to Co-free Pi electrolyte solution and
electrolyzed at a potential sufficient for water oxidation catalysis
(>1.2 V). Time points ranging from 5 min to 12 h were investigated.
The catalyst performing water oxidation without additional film
formation exhibited a decrease in the Co(Il) signal concomitant
with an increase in the Co(IV) signal (Figure S3). These changes
in redox speciation are similar to those observed for films
electrodeposited at 1.21 V under identical conditions (Figure S4),
suggesting that the g.;s = 2.27 signal is due at least in part to redox
transformations that occur in the material over the course of water
oxidation catalysis. We note that the g.; = 2.27 signal formed after
only 5 min of water oxidation catalysis has >60% of the amplitude
of that observed after 12 h of electrolysis.

In conclusion, we have shown that Co—Pi catalyst films exhibit
paramagnetic signals corresponding to populations of both Co(II)
and Co(IV) species. As the deposition voltage is increased to a
value sufficient to support water oxidation catalysis, the population
of the Co(IV) species rises, with an attendant decrease in the
proportion of the Co(II) species. The changes in the redox speciation
of the film can also be induced in part by prolonged water oxidation
catalysis in the absence of additional film formation. These results
provide spectroscopic evidence for the formation of Co(IV) species
during water oxidation catalysis by these thin films and open the
door to the implementation of in situ and double-resonance EPR
techniques aimed at characterizing the coordination environment
of the active Co(IV) species.
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