Downloaded viaDALIAN INST OF CHEMICAL PHY SICS on September 15, 2020 at 12:24:54 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

J]OURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Mechanism of Oxygen Evolution Catalyzed by Cobalt Oxyhydroxide:
Cobalt Superoxide Species as a Key Intermediate and Dioxygen
Release as a Rate-Determining Step

Aliki Moysiadou,i Seunghwa Lee,” Chia-Shuo Hsu, Hao Ming Chen, and Xile Hu*

Cite This: J. Am. Chem. Soc. 2020, 142, 11901-11914

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations ‘

@ Supporting Information

ABSTRACT: The oxygen evolution reaction (OER) is the performance-limiting half

reaction of water splitting, which can be used to produce hydrogen fuel using renewable
energies. Whereas a number of transition metal oxides and oxyhydroxides have been
developed as promising OER catalysts in alkaline medium, the mechanisms of OER on
these catalysts are not well understood. Here we combine electrochemical and in situ
spectroscopic methods, particularly operando X-ray absorption and Raman spectroscopy,
to study the mechanism of OER on cobalt oxyhydroxide (CoOOH), an archetypical
unary OER catalyst. We find the dominating resting state of the catalyst as a Co(IV)
species CoO,. Through oxygen isotope exchange experiments, we discover a cobalt
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superoxide species as an active intermediate in the OER. This intermediate is formed
concurrently to the oxidation of CoOOOH to CoQ,. Combing spectroscopic and electrokinetic data, we identify the rate-determining
step of the OER as the release of dioxygen from the superoxide intermediate. The work provides important experimental fingerprints

and new mechanistic perspectives for OER catalysts.

1. INTRODUCTION

The oxygen evolution reaction (OER) is the oxidative half-
reaction of the water-splitting reaction, which can be used to
produce hydrogen using renewable energies.'”> Many
transition metal oxides and oxyhydroxides containing Co, Fe,
and Ni have been developed for OER in alkaline medium,* ¢
where their activity rivals that of precious metal oxides such as
IrO, and RuO,. Despite the progress in catalyst development,
the mechanistic understanding of OER catalyzed by these
oxides and oxyhydroxides remains incomplete. Hydroxide
attack of a metal oxo moiety,é_9 and, to a lesser degree, the
radical coupling of two metal oxo units,'”"" is typically
assumed to be the rate-determining step of OER. However,
spectroscopic evidence of metal oxo intermediates is scarce.'”
Moreover, the proposed mechanisms are rarely supported by
kinetic data."”">'* Here we report spectroscopic and electro-
kinetic evidence for the mechanism of OER catalyzed by Co
oxyhydroxide (CoOOH), which involves a superoxide species
as an intermediate and oxygen release as the rate-determining
step. These mechanistic features are unusual not only for Co-
based catalyst, but also metal oxide and oxyhydroxide catalysts
in general. Their experimental identification challenges the
common assumptions of the field and enhances the general
mechanistic understanding of OER.

We chose to study amorphous CoOOH because it exhibits
one of the highest activities for a unary metal oxide or
oxyhydroxide.” As Co is the only metal in the catalyst, it is the
unequivocal active site. This scenario facilitates the mechanistic
study. As a contrast, the active site of mixed metal oxides and
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oxyhydroxides containing two or more potentially active metals
such as Fe, Co, and Ni can be difficult to assign, making
mechanistic studies difficult. In this context, our study of
CoOOH provides an important reference for the elucidation of
the mechanisms of OER catalyzed by mixed metal oxides
containing Co.

2. RESULTS

2.1. Preparation and Characterization of Cobalt
Oxyhydroxide. Amorphous cobalt oxyhydroxide (CoOOH)
was prepared by anodic electrodeposition onto a nano-
structured Au substrate following a previously reported
procedure.”>™"" The morphology and thickness of the
substrate and film were investigated by scanning electron
microscopy (SEM). SEM images of a smooth Au and a typical
nanostructured Au are shown in Figure Sla and b, ¢
respectively. The electrochemical surface area (ECSA) of a
smooth Au increased by nearly two times after the roughening
procedure resulting in a typical roughness factor of ~9.5
(Figure S2, Table S1) in accordance with previous reports.'®
To estimate the thickness of a film on the roughened Au,
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CoOOH was electrochemically deposited on a flat FTO glass
(0.196 cm?) applying an equal anodic charge (9171 uC per
geometrical surface area). The thickness of the film on the
FTO glass was around 20—24 nm (Figures S1d and e), which
corresponded to an estimated thickness of 2.0—2.5 nm on the
nanostructured Au (roughness factor, RF ~ 9.50, Table S1).
From double-layer capacitance measurements by cyclic
voltammetry (CV) shown in Figures S3a, b, the roughness
factor of CoOOH was ~63 + 15, which was similar to the
value obtained by fitting the electrochemical impedance
spectroscopy (EIS) data (~70 =+ 15, Table S2). The real
active surface areas might differ from ECSAs due to the
intrinsic limitations of the methods based on capacitances such
;sl )plegrrzréeability and poor conductivity (for a discussion, see the

The chemical composition of the films was analyzed by XPS
(Figure S4, SI). Due to spin—orbit splitting, the high-
resolution Co 2p spectrum comprises two main peaks
attributed to Co 2p,, and Co 2pj;,, respectively. The binding
energy of the Co 2p;, peak is about 780.4 eV. Because Co(II)
and Co(III) compounds have similar binding energies,”"** the
spectrum cannot be used to assign the oxidation state of Co.
The high resolution O 1s XPS spectrum is fitted with three
separate peaks: a main peak at 531.3 eV assigned to oxygen
atoms of surface hydroxyl groups (OH™), a second peak at
529.8 eV related to lattice oxygen (O*7), and a third one ca.
533 eV associated with adsorbed water molecules.””"** The
chemical composition of films after a short-term galvanostatic
electrolysis (at S mA cm™ for 3 h) is depicted in Figure S4c,d.
The high-resolution Co 2p spectrum shows no significant
difference from the as-prepared catalyst. A new peak appeared
at about 530.8 eV in the high-resolution O 1s spectrum, which
was previously attributed to peroxo-like species (0,*7).”>**

Figure la depicts a typical voltammogram of CoOOH film
on carbon cloth recorded in 0.1 M Fe-free KOH at a scan rate
of 100 mV s™'. We refer all potentials toward the RHE scale
unless differently stated. The two pairs of redox events (E,,
E, and E,, E,.) observed were tentatively attributed to Co-
related reactions according to literature (eqs 1 and 2,
respectively).”>~* In the forward scan, the Co(II) to Co(III)
oxidation peak appeared at ca. 1215 + 0.005 V (E,). A
second oxidation wave, assigned to the Co(III)/Co(IV) redox
couple, peaked at ca. 1.500 + 0.005 V (Ej,).

Co(OH), + OH™ < CoOOH + H,0 + ¢~ (1)

CoOOH + OH™ < CoO, + H,0 + ¢~ )

Based on ICP-OES, the total number of Co atoms in the
CoOOH film is about 13.10 + 1.10 nmol, and the total
number of Jattice oxygen is about 26.00 + 2.20 nmol. Based on
the ECSA, the number of surface Co atoms is about 12.50 +
2.90 nmol, indicating that more than 95% of the electro-
deposited Co ions are on the surface. By integrating the charge
of Co(III) to Co(IV) transition (between 1.30 and 1.56 V vs
RHE, Figure la), we estimate the number of active surface Co
atoms as about 1.50 nmol of Co. This number corresponds to
about 12% of the total surface Co atoms (with respect to the
total number of surface atoms based on ECSA). This result
agrees with the work of Baltruschat et al.,”” who reported that
12% of the surface cobalt atoms were catalytically active in the
case of 50 nm thick Co;0,.

2.2. Electrochemical Impedance Analysis. Electro-
chemical impedance spectroscopy (EIS) was applied to
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Figure 1. (a) Cyclic voltammogram of CoOOH in 0.1 M Fe-free
KOH electrolyte. Substrate: carbon cloth. Scan rate: 100 mV s™*. (b)
Bode plot of as-prepared CoOOH with respect to the applied
potential. Conditions: Au substrate, 0.1 M Fe-free KOH electrolyte.

elucidate the redox processes at different potentials. The EIS
response could be fit by a Randles circuit comprising three
elements: a resistor (R,) for the electrolyte resistance, a resistor
(R, related to the charge-transfer resistance of an electro-
chemical process, and a constant phase element (CPE) which
simulates the double-layer capacitance (Figure SSb). The Bode
plot (Figure 1b) is dominated by one interfacial charge-transfer
process at the CoOOH-electrolyte interface. The electro-
chemical processes related to the oxidation of Co(Il) to
Co(III) (at about 1.20 V) and the oxidation of the Au
substrate (at about 1.30 V, Figure S2b) were observed by the
EIS; the two processes had large time constants (Figure S6).
At 1.45 V and above, the phase angle maximum in the Bode
plot moved to lower values while the charge-transfer resistance
and the time constant decrease with increasing applied
potentials (Figures SS and S6). These changes were attributed
to the OER process, which had an onset potential of 1.45 V.
The oxidation of CoOOH to Co0O,, observed in CV at about
1.5V, could not be detected by EIS due to overlap with the
OER process.

2.3. X-ray Absorption Spectroscopy. To probe the
oxidation state and reveal the structural transformation at
various applied potentials, in situ X-ray absorption spectros-
copy (XAS) was conducted. Figure 2a displays the X-ray
absorption near-edge structure (XANES) that reveals the
average oxidation state of Co ions at various potentials as well
as reference samples including Co foil (0), CoO(II), Co;0, (II
and III), and Co,04(Ill). The linear relationship of the
oxidation state is illustrated in Figure 2b. Initially, the oxidation
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Figure 2. Operando X-ray absorption spectroscopy. (a) XANES spectra of COOOH at various potentials, as well as reference samples Co foil (red),
CoO (brown), Co;0, (green), and Co,0; (purple). (b) Linear relationship of oxidation state. (c) Fourier transform of Co K-edge EXAFS spectra

w/o phase correction for CoOOH under various conditions.

state of Co ion in the dry sample of CoOOOH was between II
and III, being slightly higher than that of Co;0,. Thus, the Co
ions were mostly Co(III), mixed with some Co(II). After
immersing in the electrolyte, the oxidation state of Co ions
slightly increased, which might be attributed to the oxidation
of some residual Co(II) into Co(III) by the OH™ electrolyte at
unsaturated surface sites.”’ The average oxidation state of Co
ions gradually increased with increasing applied potential. At
1.45 V, the oxidation state increased dramatically to higher
than Co(III), indicating the appearance of Co(IV) ions. Note
that the oxidation state continued to slightly increase at 1.55 'V,
suggesting the further formation of Co(IV) in the catalyst.
Regarding the local structural evolution in CoOOH, EXAFS
reveals that (Figure 2c and S7) there were two scattering paths
around the absorbing Co ions. The first peak located at 1.90 A
was the first coordination shell of the Co—O scattering path,
and the second peak located at 2.84 A could be referred to the
second coordination shell of Co—Co path. To further
understand the structural parameters under various conditions,
the quantitative analysis involving a simulation of k* weighted
EXAFS spectra was conducted (Figure S8 and Table S3).
Upon increasing the potential, the coordination number of
Co—O path increased from about 5.5 to 6.0 and then stayed at

a constant value of approximately 6.0, while the interatomic
distance gradually decreased from 1.90 to 1.86 A. This finding
indicates that the initial stage of the catalyst contains a mixture
of 4- or 5-coordinated Co(II) (R¢,_o = 2.043 A) ions and 6-
coordinated Co(III) (Re,_o = 1.895 A) ions, and the Co(II)
ions were oxidized to Co(III) below 1.45 V.'” At 1.45 V, there
were no longer Co(II) ions, so that the coordination number
of Co—O path reached a constant value of 6.0. On the other
hand, the coordination number of Co—Co path slightly
increased from 5.1 to 5.7 while the interatomic distances of
Co—Co stayed at 2.84 A under various conditions. These
changes were due to the oxidation of residual Co(Il) to
Co(III). Notably, the local structures were almost identical
even when the potentials were increased to 1.45 V and above,
while the oxidation state of Co increased. This observation was
attributed to a similar structure between Co(III) and Co(IV)
oxyhydroxides, with no significant change in the coordination
number as well as the interatomic distance. A similar
observation was made previously on CoO, deposited on
Au(111), where the spectral feature at high potentials was
correlated with Co(IV) in a nonstoichiometric H,CoO, (x <
1) phase, f-H,sCoO,. No major difference was found in the
structural parameters between f-CoOOH (with Co(III)) and
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B-Hy5C00,." Likewise, a recent XAS study showed similar
structural parameters for Co(III)OOH and Co(III/1V)-
OOH,_.*'

2.4. In Situ Surface-Enhanced Raman Spectroscopy
(SERS). 2.4.1. Potential-Dependent Spectra. The in situ
SERS spectra of CoOOH are shown in Figure 3. Two broad
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Figure 3. (a) In situ Raman spectra of COOOH at increasing applied
potential from OCP to 1.75 V (0.1 V per step) in 0.1 M Fe-free '°O-
KOH. (left) Co—O bands. (right) Bands attributed to active oxygen
species. (b) In situ Raman spectra of Co'®O, in 0.1 M Fe-free '°O-
KOH (black) and of Co'0, in 0.1 M Fe-free '*0-KOH (red)
recorded at 1.75 V vs RHE. The peak of the A;, mode of CoO,
shifted by ~26 cm™, while the peak of the superoxidic species OO~ at

the higher wavenumbers shifted by ~50 cm™.

spectral features, corresponding to A;, and E, vibrational
modes of Co—O, were visible at around 608 and 508 cm™!
already at the open circuit potential (OCP). Such a spectrum is
commonly attributed to amorphous CoOOH.'®**™** Thus,
the as-prepared sample contained a large portion of CoOOH,
probably in a mixture with other forms of Co oxides, notably
Co(OH),, that were invisible in the Raman spectrum. The
formation of CoOOH was a result of the anodic oxidation
process in the synthesis. When the applied potential was
increased up to 1.25 V, these two bands were shifted to slightly
lower frequencies, from 608 to 600 and from 508 to 500 cm™,
respectively. As both CV and EIS data indicate that oxidation
of Co(I) to Co(III) should complete at 1.25 V and above, the
small spectral change probably reflected the conversion of
residual Co(II) species into CoOOH, which resulted in better-
resolved spectra. Above 1.35 V, the two Co—O peaks gradually
red-shifted indicating another phase transformation (Figure 3).
The positions of the two peaks stabilized at around 581 and
474 cm™" at 1.50 V and above (Figure 3 and Figure S9a). The

final peaks are attributed to the A, and E, vibrational modes of
a disordered CoQ, (Figure S10b).***

Yeo and Bell previously reported a Raman study of CoO,
deposited on Au(111)."® They measured two types of samples:
0.4 and 87 monolayers (MLs) of CoO,. For the 87 ML sample,
the as-prepared compound was Co;0, which exhibited
multiple peaks in the region of 485—-691 cm™'. Upon
oxidation, the peaks due to Co;0, attenuated, and two new
peaks at 503 and 565 cm ™' appeared, which were assigned to
CoOOH. For the 0.4 ML sample, the as-prepared compound,
assigned to a dispersed CoO,, exhibited a main Raman peak at
609 cm™' at 0 V (vs Hg/HgO, equivalent to 0.878 V vs
RHE)."® This peak red-shifted to 579 cm™ at 1.578 V (vs
RHE), and the shift was attributed to the formation of a
Co(IV) phase.'® The electrodeposition procedure in the
current study is similar to the procedure employed in the
work of Yeo and Bell.'"> Our CoOOH film has a thickness of
2—3 nm, so we expect our sample to be similar to the 0.4 ML
sample of Yeo and Bell. Indeed, their Raman spectra were
similar. Although not noted in the previous study, the
spectrum of the 0.4 ML sample before oxidation had a broad
absorption at around 500 cm™. Upon oxidation of Co(III) to
Co(IV), a similar red-shift of the 608 cm™ peak was observed
for both the 0.4 ML CoO, and our CoOOH samples. The
small red-shift of the 508 cm™ peak was visible for our
CoOOH sample but less obvious for the 0.4 ML sample
because again only a broad feature was seen. We suspect that
due to a higher spectroscopic resolution of our experimental
setup, we were able to detect and differentiate the peaks at
508—500 cm ™! for our samples, unlike in the previous study.'®

Au might promote the OER activity of CoO, due to a more
facile oxidation of Co(III) to Co(IV) as well as to a reduced
resistance of the catalyst.'"®”’ 7> However, Raman peaks
attributed to CoO, were observed prior to OER for catalysts
deposited on FTO?® and Pt.** Thus, we expect the spectral
features observed in this study to arise from the CoOOH
catalyst itself and are not limited to samples on Au. This
judgment is supported by the agreement in the observations of
potential-dependent oxidation of Co(III) to Co(IV) by CV,
EIS, XAS, and Raman for samples deposited on different
substrates (Au for EIS and Raman and carbon cloth for CV
and XAS).

In the SERS spectra, a broad band was observed at the 800—
1200 cm ™' range (culminating at ca. 1075 cm™') at 1.35 V and
above. The position of the band remained unchanged with
increasing potential. The intensity of the band increases with
increasing potential, suggesting an increase in the concen-
tration of the involved species at higher potentials (Figure S9b,
SI). The position of the band is similar to that of the IR band
of a Co-superoxide intermediate (at 1013 cm™') detected
during photolytic OER catalyzed by spinel Co;0, in near-
neutral water.'> Similar Raman bands were also observed in
nickel and nickel iron oxyhydroxides, where those bands were
assigned to the so-called active oxygen species.""~** The Raman
spectra of the reference compounds Co;0, LiCoO,, and
Co(OH), are shown in Figure S10a—c.

2.4.2. '80-Labeling Experiments. We performed isotope
labeling experiments to probe the nature of the active oxygen
species. The as-prepared CoOOH films were subjected to
potentiostatic electrolysis at 1.75 V in 0.1 M Fe-free "*O-KOH.
After electrolysis, the peak at 581 cm™' related to the Ay
vibrational mode of CoO, shifted by ca. 26 cm™" compared to
the peak from '°O-labeled sample, confirming the complete
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Figure 4. (a) Raman peak positions of the two main bands corresponding to CoO, and OO~ of four different samples: (black half-full circle)
freshly prepared Co'*OOH in 0.1 M Fe-free *O-KOH; (red half-full triangle) labeled Co'®0, in 0.1 M Fe-free *0-KOH; (red triangle) freshly
prepared Co'®*OOH in 0.1 M Fe-free '*0-KOH; (black circle) labeled Co'®O, in 0.1 M Fe-free '*O-KOH. (b) Typical Raman peaks of freshly

prepared Co'®*OOH in 0.1 M Fe-free '9O-KOH as a reference.

80 labeling of the lattice O in CoO, (Figure 3). The broad
peak at the range of 800—1200 cm™"' shifted by approximately
50 cm™’, indicating the replacement of two 'O atoms by two
0 atoms. Thus, the broad peak can be assigned to a
superoxidic species (CoOO~) similar to the Co-superoxo
species on Co0;0,," as well as the adsorbed active oxygen
observed on NiO,H, and NiFeO,H, catalysts.”' ~** This
assignment is also consistent with a previously reported
Raman peak at ca. 1075 cm™" for the OO~ stretch mode of
dibridged p-superoxo-dicobalt complexes™ as well as the
Raman peak position of v(OO) in g-amido- u-hyperoxo
bis[tetraminecobalt(IIT)] complexes at 1075 cm™’, which was
shifted to 1015 cm™ for '®O-substituted analogous.”® Our
result contradicts a previous study where a broad Raman band
centered at 1068 cm™' from spinel Co;O, was assigned to a
surface superoxide species.”” In that study, an oxygen isotopic
shift of 25 cm™' was observed in '*O-KOH, indicating the
exchange of only one O atom. It might be that the observed
peak is due to a crystalline CoOOH phase, which was shown
to exhibit a broad Raman peak in a similar region.”>**

We then performed isotope exchange experiments to probe
how lattice oxygen and active oxygen species were exchanged
with electrolyte. For this purpose, we monitored the in situ
Raman spectra of both '0- and '®O-labeled catalysts in 0.1 M
Fe-free '°O-KOH and 'O-KOH from 1.15 to 1.75 V (Figure
S1la—c). At each potential, the spectrum was collected after
10 min of electrolysis. For '®O-labeled catalyst, the freshly
prepared CoOOOH was used; for '*O-labeled catalyst, we used
Co'0, as described in Figure 4. The peak positions for
Co'®O0H in *O-KOH and Co'0, in ®O-KOH serve as
reference points for fully '®O- and '8O-labeled samples,
respectively. At 1.15 to 1.25 V, the observed isotopic shifts
of Co—O bands were smaller than expected even for fully '°O-
and '®O-labeled samples (Figure S1la—c), which was likely
due to the poor resolution of the Raman peaks at these
potentials. At 1.35 V and above, the observed isotopic shifts
were consistent with fully '°O- and '®O-labeled samples,
indicating that the resolution of Raman peaks was sufficient for
analysis at these potentials (Figure 4).

For 'O-labeled CoOOH in *O-KOH, both the Ay band of
Co—O0 and the OO band have peak positions that were nearly
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identical to those of '*O-labeled CoO, in '*0-KOH, indicating
that both lattice O and OO~ atoms in CoOOH quickly
exchanged with the electrolyte during the operando Raman
experiments, at potentials no higher than 1.35 V. For '*O-
labeled CoO, in *O-KOH, the peak positions of the Ay, band
of Co—O and OO~ band were close to those of '*O-labeled
Co0, in "O-KOH at 135 V, and they gradually moved
toward the positions of 'O-labeled CoOOH in 'O-KOH.
Even at 1.75 V, the peak positions were between those of fully
160- and '®O-labeled samples, leading toward the fully '°O-
labeled sample. This observation indicates that both lattice O
and OO~ atoms in CoO, significantly exchanged with the
electrolyte only at 1.45 V and above in the time scale of the
operando Raman experiments. Moreover, the exchange was
incomplete.

To further probe whether the lattice oxygen and active
oxygen species exchange with the electrolyte through the OER,
we applied a three-step isotope labeling and monitoring
approach (Figure 5). First, an as-prepared Co'*OOH film was
labeled with '*O by electrochemical oxidation at 1.75 V in 0.1
M Fe-free "*O-KOH to give Co'®0,. Next, the electrolyte was
replaced with 0.1 M Fe-free '®O-KOH, while the potential of
the electrochemical cell was set to 1.45 V to avoid the
reduction of CoO, to CoOOH.

Once the electrolyte was replaced, we recorded the in situ
Raman spectra of Co'®0, in '*O-KOH from 1.45 to 1.75 V
(with an interval of 0.10 V). At each potential, the spectrum
was collected after 10 min of electrolysis. We chose the 1.45 V
as starting potential because, according to electrochemical data
at this potential, the oxidation of Co(OH), to CoOOH as well
as CoOOH to CoO, is completed and only OER is the
relevant charge transfer process. The Raman peaks related to
the A, and E, vibrational modes of CoO, as well as OO~ were
shifted to higher frequencies upon OER (Figure Sb), indicating
that both lattice O and OO~ can exchange with electrolyte
through the OER process. The peaks were not completely
shifted to the positions for a fully '°O labeled CoO, sample at
all potential measured. The most significant shift was observed
at 1.75 V, where the A;; Co—O peak blueshifted by 17 cm™,
about 65% of the complete shift of about 26 cm™ for a full
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isotopic exchange. Likewise, the OO~ peak shifted by about
70% of the value expected for a full isotopic exchange.

In our experiments, 10 min of electrolysis was conducted
before a Raman spectrum was taken. By integrating the charge
passed through electrolysis, we estimated the number of moles
of O atoms that were evolved as O, (SI, Figure S12). At 1.45
V, this number corresponded to about 54% of the total number
of lattice oxygen in the catalyst. At potentials from 1.55 V and
higher, the O evolved at each step is sufficient to enable the
complete exchange of lattice oxygen (see section 7, SI). The
potential-dependent and incomplete O isotope exchange might
be due to several factors: 1. Not all surface sites in CoO, are
active. 2. A higher potential leads to a higher percentage of
surface active sites. 3. The exchange through the whole lattice
is slow at the time scale of the experiments.

2.4.3. D-Labeling Experiments. In 0.1 M Fe-free KOD, the

A, peak of CoO, appeared at about 571 cm™", which is about

10 cm™" lower than that in 0.1 M Fe-free KOH (Figure 5c).
The shift suggests that there are still OH groups in CoO,, and
the OH group can exchange with OD in the electrolyte.
Alternatively, the shift might be due to the hydrogen-bonding
interaction of Co—O with water or OH™. The OO~ peak,
however, remained at the same position in KOD as in KOH
(Figure Sc). This result suggests that the superoxide moiety is
neither protonated nor having a hydrogen bonding with a
nearby OH group, in contrast to the Co-superoxide
intermediate in photocatalytic OER in near-neutral solutions
catalyzed by Co;0,."> According to D-labeling experiments,
that superoxide had hydrogen-bonding interaction with a
nearby OH group, which led to a D isotope shift of 38 cm™ in
the FT-IR spectrum.

2.5. Electrokinetic Study. The Tafel slopes of OER in
various concentrations of Fe-free KOH (0.01 to 1.50 M) in the
region of 1.57—1.63 V vs RHE are all about 60 mV dec™" for
catalysts deposited on both carbon cloth and Au substrates
(Figure 6a, Figure S13a and Table S4, SI), which is a typical
value for cobalt oxides in Fe-free KOH.*>*’ The similar Tafel
slopes for catalysts on Au and carbon cloth suggest that the
reaction mechanism is the same on both substrates. Previous
studies have observed a similar Tafel slope for cobalt oxide
(about 60 mV dec™") on different substrates and in a wide pH
range (3.5—14) as well."**”*’ This Tafel slope suggests that
the OER proceeds by a pre-equilibrium step involving one-
electron transfer and followed by a rate-determining step
involving only a chemical reaction."**”*° The catalytic activity
increases with increasing hydroxide concentration (Figure 6b).
The potential required to reach 1 mA cm™ (vs Ag/AgCl)
decreased by about 70.0 + 10 mV per unit of log[OH™]
(Figure 6¢). Based on eq 3,”' the catalytic activity (current
density) has an approximately first-order dependence on the
concentration of [OH™]. (This result indicates that in total
only one hydroxide is transferred during the pre-equilibrium
and rate-determining steps.'*)

] =, 55
opH ; dlog j o opH B 3)

The peak potentials for the Co(III)/Co(IV) couple (due to
overlap of the oxidation current with OER, E|. was used) shift
by about 92.0 + 1.5 mV per unit of [OH™] (Flgure 6d, Figure
S13b, SI). A similar super-Nernstian behavior was previously
observed for other metal oxides.””**~>° For example, both the
Ni(II)/Ni(III) redox couple in electrodeposited Ni(OH), and
the Fe(II)/Fe(III) redox couple in Fe(OH), exhibit a shift of
—88 mV/pH.>> ™ According to the literature, such a super-
Nernstian behavior is characteristic of hydrous or hyper-
extended oxides and arises from the hydrolysis of the system
during the redox transition.””**™>’ LSV curves of freshly
prepared CoOOH were recorded in Fe-free KOH and KOD
solutions with different concentrations (0.10, 0.25, 0.50, and
1.00 M; see Figure S14).

The Tafel slope remained unchanged at about 60 mV dec™’
in the KOD solutions (Table SS, Figure S15a), indicating no
change in the OER mechanism. The potential required to
reach 1 mA cm™ (vs RHE or RDE) shifted positively by about
30 mV in all KOD solutions compared to in KOH solutions
(Figure 7a). Similarly, the E; of the Co(III) to Co(IV) couple
(Figure S15) shifted posmvely by about 31 mV in all KOD
solutions compared to in KOH solutions (Figure 7b). Similar
shifts were observed by Dau and co-workers on amorphous Co
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Figure 6. (a) Tafel plots at various pHs. (b) Electrochemical activity in Fe-free KOH solutions of various concentrations (1.50, 1.00, 0.50, 0.25,
0.10, 0.05, 0.01 M). (c) Fitting plot of the potentials at 1 mA cm™ versus the logarithm of [OH™]. (d) Fitting plot of the reduction potential
E};C(CO(IV) /Co(III)) versus the logarithm of [OH™]. Due to the change of pHs; the reference potentials were chosen as Ag/AgCl (E°(Ag/AgCl) =
+0.197 V vs NHE).
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Figure 7. (a) Plots of potential (V vs RHE and RDE) at 1 mA cm ™2 versus the logarithm of [OH™] or [OD™] in Fe-free KOH and Fe-free KOD,
respectively. (b) Plots of redox potential of the Co(III)/Co(IV) couple (EI’,C) versus the logarithm of [OH™] or [OD ] in Fe-free KOH and Fe-free
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effect (KIE) by comparing the current densities in KOH and KOD at same overpotentials in (c) 1.0 and (d) 0.10 M electrolyte solutions.
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oxide films in neutral pH."” They attributed the shifts to an
equilibrium isotope effect (EIE), which affected the redox
potential of the Co(IlI) to Co(IV) couple. Their DFT
computations predicted a shift of 33.3 mV for the EIE. Thus,
the Co(IlI) to Co(IV) oxidation (CoOOH to CoO,) is
responsible for the EIE observed in our study. The kinetic
isotope effect (KIE) was calculated by comparing the current
densities in KOH and KOD at the same overpotentials (Figure
7¢, d). A small KIE of about 1.03(+0.02)—1.05(+0.04) was
obtained in both 1.0 and 0.1 M Fe-free KOH.

3. DISCUSSION

3.1. Resting State of Catalyst. Taken together, our
electrochemical, XAS, and Raman data indicate the dominance
of a Co(IV) phase, commonly denoted as CoO,, under OER
conditions. This CoQ, starts to form from CoOOH (1.35 V)
even before the onset of OER (1.45 V). Thus, the resting state
of CoOOH under OER is CoO,. This finding is consistent
with several previous reports. For example, Co(IV)=0 sites
on Co;0, were detected during photocatalytic OER by fast-
scan FTIR."> Co(IV) species were also detected during
electrocatalysis by electron paramagnetic resonance spectros-
copy (EPR) for amorphous CoQ, in a wide pH range”” and for
Co-Pi films in neutral pH.”” XAS data also revealed a higher
than III oxidation state for Co-Pi’" and CoOOH nanosheets.’
There are also reports, where CoOOH but not CoO, was
detected under OER conditions. The discrepancy might be
attributed to a different form of Co oxide (spinel versus
CoOOH)" or a thick film where the bulk might be largely
inactive.”” While the dominating resting state is Co(IV), the
XAS data suggest that other phases which contain Co(III) ions
might be present as well.

3.2. Lattice Oxygen Isotope Exchange. The results from
oxygen isotope labeling experiments (Figures 4, Sb) indicate
that, for CoOOOH, the lattice oxygen can rapidly exchange with
the electrolyte at potentials lower than that of OER. The
exchange might occur via a dissociative mechanism where a
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lattice O atom first moves to an O vacancy site to liberate a
binding site for the O atom from the OH™ electrolyte.
Alternatively, the exchange might occur via an associative
mechanism. For CoO,, the lattice O atom can only exchange
with the electrolyte via OER. This exchange, in turn, indicates
the participation of lattice oxygen in OER, which has now been
reported in a number of systems.***"*>%3

3.3. Superoxide Intermediate. In situ Raman data
(Figures 3a, S9) reveal the presence of an active oxygen
species and isotope labeling experiments (Figures 3b—S5)
confirm this species as a superoxide. The superoxide species is
formed at the same time as the oxidation of CoOOH to CoO,,
which occurs before the onset of OER. Moreover, both O
atoms of the superoxide moiety can exchange with the O
atoms of OH™ electrolyte. The exchange takes place either via
lattice O exchange before OER as in CoOOH or via OER as in
Co0,. Thus, the superoxide species is a precursor to dioxygen.

Our results indicate that O—O bond formation occurs
before the rate-determining step OER, which contradicts most
current mechanistic proposals.”’”'**’ Gold and nickel oxides,
however, were reported to have peroxo or superoxo species
formed before OER.*"**** Because lattice O participates in
OER, at least one of the O atoms in the superoxide moiety
comes from lattice O. Two possibilities exist for the formation
of the superoxide:'>** nucleophilic attack of an OH™ from the
electrolyte or in the catalyst on a lattice O followed by
concerted oxidation and deprotonation, or combination of two
lattice O atoms. The deuterium-EIE and -KIE values obtained
in our study (Figures 7c, d) suggest that the hydroperoxide
pathway is unlikely. Otherwise, the transformation of hydro-
peroxide to superoxide species would contribute to either the
EIE or KIE. The latter pathway has precedents in lithium-ion
batteries,”>**°~%® where anion redox chemistry leads to
2(0*7)/(0,)"" conversion. The reversibility of this reaction
depends on the interaction of the (O,)"” species with the
metal ions. A strong covalent bond can stabilize (O,)",
increasing the battery’s capacity.”” A weak bond facilitates the
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evolution of O, from (0,)"".” The involvement of O redox in
OER was already invoked for Co oxyhydroxides, where the
onset of the catalytic OER was coupled to a formal Co(III)/
Co(IV) redox transition, as well as oxidized Co***? ions bound
to terminal O~?~% ligands.” Likewise, a recent study suggests
the active species of delithiated Li,C0,0, in OER has a
Co(IV)—O moiety where the O ion is oxidized.”

The mechanism of the formation of Co-superoxide species
in this study differs from that of the Co-superoxide
intermediate in photocatalytic OER in near-neutral solutions
catalyzed by Co;0,."” The latter intermediate was proposed to
form by nucleophilic addition of H,O to a dimeric O=
Co(IV)(m-0),Co(IV)=0 to give a hydroperoxide-Co
species followed by 1 e oxidation. The two systems actually
exhibit notable differences in properties and reactivity. Our
CoOOH readily exchanges lattice O with OH™ electrolyte
while the Co;0, system did not; our system does not involve a
hydroperoxide intermediate while the Co;0, system did.
These differences might arise from the different external inputs
(photo vs electro), forms of catalysts (Co;0, versus CoOOH),
or reaction media (near neutral vs alkaline) employed in the
two studies.

3.4. Mechanism of OER. An OER mechanism that is
consistent with our spectroscopic and electrokinetic data is
proposed in Figure 8 (see the SI for details of the electrokinetic
model). The super-Nernstian behavior of the Co(IIl) to
Co(IV) oxidation can be reconciled by considering a di-Co
active site, where the oxidation of the first Co(IIl) ion is
accompanied by a loss of 2 protons (A to B) and the oxidation
of the second Co(III) ion is accompanied by a loss of 1 proton
(B to C). In a proton coupled electron transfer step,
deprotonation and oxidation of the resting state CoO, by 1-
electron occurs at the O anion to give a Co(IV)—O® species
(C to DI1). We propose this species is in equilibrium to a
bridging Co-superoxide-Co species D2, which is the active
oxygen species observed in the Raman spectra. The oxidation
of C to D1/D2 is considered as a pre-equilibrium. The rate-
determining step is then release of O, from D2 with a
concomitant H,O binding (D2 to E). Binding of another H,0
and a further le oxidation then regenerates the starting Co(III)
form of the catalyst (CoOOH). This sequence would give a
Tafel slope, a first order in [OH ], as well as D-EIE and -KIE
that agree with experimental values. The mechanism predicts
that the concentration of the superoxide species would increase
with increasing potentials, which was also observed (Figure
S9b, SI). Given the observation of both CoO, and Co—OO~
species (C and D2) before the onset of OER, we propose the
potential-determining step is the oxidation of the second
Co(III) to Co(IV) (B to C).

While previous studies mostly invoke Co(IV)=O or
Co(III)—O* as the highest valent Co species responsible for
0-0 bond formation,'”'*'** a Co(IV)—0* intermediate is
most consistent with our spectroscopic and electrokinetic data.
Such an intermediate is also proposed by previous
experimental”’ and theoretical studies,”””® which show that
the formation of Co(IV)—O® is necessary for O—O bond
formation catalyzed by various small Co-oxides fragments. A
theoretical study suggested that assuming four consecutive
PCET as the mechanism of OER, the most active site of
crystalline f-CoOOH has a resting state of Co(IIl) instead of
Co(IV).”* Such a mechanism would not apply to our system as
our electrokinetic data cannot be fit by four PCETs.

Even though dioxygen release as a rate-determining step in
OER has not been proposed for Co-based catalysts, it does
have several precedents in other types of catalysts. For
example, water oxidation by some Ru-based molecular catalysts
was shown to be kinetically gpverned by the liberation of
dioxygen from Ru(IV) species. >76 Moreover, it was reported
that on Ni oxide there is a slow OER cycle that involves
dioxygen release as a rate-determining step.”’ Finally, a
theoretical study simulating different active sites of Co3;0,
surface reported that the kinetics of water addition and
dioxygen release steps might determine the rate of the reaction
in lower potential regions at certain sites.”’

We compare our mechanism to representative mechanisms
previously proposed for Co-based catalysts. First we compare
among amorphous Co oxides and oxyhydroxides (CoO, and
CoOOH), which likely have similar active sites. Gerken et al.*’
proposed that for electrodeposited CoO, at pH 3.5—14 the
resting state was a mixed-valent (OH)Co(III)—(u-O),—
Co(IV)=O0 species, which was in pre-equilibrium with a
CoO,-type species O=Co(IV)—(u-0),—Co(IV)=O0 via a
PCET. The RDS is the attack of a hydroxide to the CoO,
species to give a (OH)Co(III)—(u-O),—Co(IlI)—OOH,
which upon two further PCET releases O, and yields a Co(I1I)
species (OH)Co(IlI)—(y-0),—Co(IlI)—OH. The latter
undergoes a PCET to regenerate the resting state. A similar
mechanism was proposed for CoPi catalyst in near neutral pH,
except that the O—O bond forming step was coupling of two
oxo species.' """ This mechanism features a similar active
site, but a different resting state and RDS, to our present
mechanism. Notably, like the present work, Gerken et al
revealed a Tafel slope of 60 mV dec™' and the presence of
Co(IV)-containing resting species before OER. However, they
reconciled these findings by proposing a mixed Co(III)—
Co(IV) resting state which would be oxidized via PCET to a
more active Co(IV)—Co(IV). Nucleophilic attack of OH™ on
a Co(IV)=0 moiety of the latter led to O—O bond
formation, which was proposed as the RDS. This mechanism is
not consistent with our data, especially the observation of the
superoxide intermediate. On the other hand, the data in the
study of Gerken et al. can be reconciled by our mechanism,
pointing to a need for additional experimental probes such as
the in situ Raman and full kinetic study described here to
differentiate multiple mechanisms.

We then compare our mechanism to those proposed for
crystalline Co;0,, which has a different structure than
CoOOH. In particular Co;0, has both tetrahedrally (Td)
and octahedrally (Oh) coordinated Co ions whereas CoOOH
has only Oh Co sites.”® It has been shown that under
electrocatalytic conditions, Co;0, would be converted into
CoOOH, which was the active phase for OER.*"*~* For
photocatalytic OER on Co;0,, Frei and co-workers proposed a
similar active di-Co site'” as those of CoOOH. Two
consecutive oxidations of (OH)Co(IIl)—(u-O),—Co(IIl)—
OH via PCET gives O=Co(IV)—(u-0),—Co(IV)=0.
Nucleophilic attack of water on the Co(IV)=O0 unit then
yields a (OH)Co(Ill)—(u-0),—Co(1l1)—OOH, which
undergoes a further PCET to give a superoxide species
(OH)Co(1II)—(u-0),—Co(III)—OO. This superoxide in-
termediate was detected by infrared (IR) spectroscopy, which
also indicated that the superoxide is involved in hydrogen
bonding with the neighboring HO-Co unit. Oxidation of the
superoxide in a fourth PCET event leads to O, release and the
regeneration of the di-Co(III) species. This step is the RDS.
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This mechanism was supported by spectroscopic data. Both
this and our mechanisms feature O—O bond formation before
the RDS. The main differences between the two mechanisms
are the O—O bond forming and O, release steps. As
mentioned in section 3.3, the differences may have originated
from different materials, different pHs (neutral vs alkaline),
and different oxidation conditions (pulse laser vs continuous
electrochemical potential). These differences also suggest a
mechanistic diversity among OER catalysts.

4. CONCLUSION

A comprehensive electrochemical and spectroscopic study of
CoOOH, an archetypical OER catalyst in alkaline medium,
was conducted. The dominating resting state of the catalyst
under OER conditions is a Co(IV) species, termed CoO,. The
Co(IV) species seems to coexist with minor Co(Il) or
Co(III/IV) species. Notably, a Co-superoxide intermediate is
identified by Raman spectroscopy. The chemical nature of the
Co-peroxide as well as its participation in OER is established
unequivocally by oxygen isotope exchange experiments. The
Co-superoxide intermediate is formed upon transformation of
CoOOH to CoO,, before the rate-determining step. Based on
spectroscopic and electrokinetic data, the mechanism of OER
by CoOOH is proposed to involve the combination of two
lattice O atoms to form the Co-superoxide intermediate and
the release of dioxygen from the Co-superoxide intermediate as
the rate-determining step. This study provides new mecha-
nistic insights in OER, possibly provoking a re-evaluation of
commonly assumed mechanisms.

5. EXPERIMENTAL METHODS

5.1. Film Preparation. Thin films of cobalt (oxy)hydroxide were
prepared by galvanostatic electrodeposition applying an anodic
current of 10 pA for 3 min (51 uA cm™2), unless otherwise stated.
The deposition bath comprised 0.01 M cobalt nitrate (Co(NO;),
6H,0, >98%, Sigma-Aldrich) in 0.1 M sodium acetate (NaCH;CO,,
anhydrous, >99%, Sigma-Aldrich) as supporting electrolyte. Milli-
pore water (182 MQ cm) and analytical grade reagents were
employed.

5.2. Preparation of Fe-Free KOH. The electrolyte (1 N KOH
standard solution, Merck KGaA, diluted with 18.2 MQ cm H,0) was
purified usip§ high purity cobalt nitrate salts following a reported
procedure.”>*' 0.5—1.0 g of Co(NOs;),-6H,0 were dissolved in S mL
of ultrapure water, which was added to 20 mL of 0.1 M KOH. The
resulting Co(OH), precipitate was centrifuged and washed three
times with ultrapure water. Next, the Co(OH), precipitate was
suspended in 50 mL of 1.0 M KOH, and the mixture was
mechanically agitated overnight to absorb the Fe impurities. For the
80 experiments, 0.10 M '®O-KOH was prepared using '*O-water
with a 97% isotopic purity (H,'®0, 97% atom '*0O, Sigma-Aldrich)
and pellets of potassium hydroxide (KOH, >85%, Sigma-Aldrich). Fe
ions were removed from the as prepared 0.1 M *O-KOH using the
same method.

5.3. Electrochemical Tests. For electrochemical measurements,
we used a three-electrode setup comprising an Au/carbon cloth
substrate as working electrode, a Pt-wire counter electrode, and a
custom-made double-junction Ag/AgCl in a saturated KCI solution
reference electrode in a Teflon cell. Clean Pt surfaces were obtained
by dipping the wire in aqua regia for a few seconds, rinsing it with
copious amounts of water, and annealing it with gas—O, flame. All
experiments were carried out in Fe-free solutions. CV and
electrokinetic tests were done on samples deposited on carbon
cloth; Raman and EIS were done on samples deposited on Au.

5.4. Electrochemical Surface Area. The ECSA of the cobalt
oxyhydroxide on Au was calculated using both cyclic voltammetry and
electrochemical impedance spectroscopy (EIS). For the cyclic

voltammetry, the electrode potential was cycled from 1.255 to
1.345 V vs RHE at different scan rates (10, 20, 50, 100, 150, 200 mV
s7!), where we observed only the capacitive behavior of the films, not
redox events. The double-layer capacitance, Cq, is calculated
according to eq 4, where j, and j. are the anodic and cathodic
current densities, respectively, and v is the scan rate. Once the Cy is
calculated at 1.30 V vs RHE, the ECSA is determined by dividing the
Cg with the specific capacitance, C, (eq 5), assuming a specific
capacitance of 40 uF cm™2."? For the specific capacitance, a value of
40 yF cm™? in 1 M NaOH for this type of materials has been used in
the literature, although variations might be expected.**™** The
geometric surface area of the electrode used in these measurements is
0.196 cm® The roughness factor was determined by dividing ECSA
with the geometric area.

|jﬂ - jcl
47 gy (4)
C
ECSA = &
G ()

The impedance of the films was measured in a frequency range from
10 kHz to 0.1 Hz. The amplitude of the applied alternating potential
was 10 mV. The EIS response was recorded at OCP and potentials
from 1.15 to 1.75 V vs RHE. Before the EIS measurement, the
electrode was set to stabilize for 30 s at each respective potential. We
analyzed and fitted the impedance data using Zview software. Based
on the values of the double-layer capacitance, Cg, we calculated the
ECSA at different potentials for each catalyst, according to eq 5.

For the ECSA of Au, we performed cyclic voltammetry in 0.1 M
phosphate buffer solutions (pH 7.4) between the potential values of
0.5 and 1.9 V vs RHE with a scan rate of 50 mV s7.*° The actual
surface area is equal to the stripping charge of the oxide, Q.0 (#C),
divided by 482 uC cm™>; the theoretical mean surface concentration
of gold atoms on a flat surface.*® The stripping charge is calculated by
integrating the reduction peak of the gold oxide appearing in the
cathodic scan.

5.5. In Situ Surface Enhanced Raman Spectroscopy. In situ
Raman experiments were performed in a single-compartment, three-
electrode, custom-made electrochemical Teflon cell at room temper-
ature. A 63X water-immersed objective (Leica-Microsystems) was
coupled with the Raman microscope (in Via Raman microscope,
Renishaw). The wavenumber of the excitation light source was 78S
nm, with a laser power of ~1% at the grading of 1200 | mm™". Twenty
consecutive scans, with 3 s exposure time per scan, produced each
spectrum with a resolution of 1 cm™". To ensure high confidence and
reproducibility in the quality of the obtained spectra, we calibrated the
energy shift using the 520 + 0.5 cm™" peak of silicon. We roughened
the gold supports to obtain the surface-enhanced effect.'®*" After
mechanically polishing with 0.1-0.3 gm alumina powder, the Au
substrates were sonicated twice in 1:1 mixture of ethanol and acetone
and twice in ultrapure water for 10 min. Before the electrochemical
roughening procedure,'® the clean Au substrates were dipped in
concentrated sulfuric acid solution and washed with ultrapure water to
mitigate cross-contamination between different experiments. We
performed potential cycling between —0.28 and 1.22 V vs Ag/AgCl
while letting the potential to rest for 10 and S s at the lower and upper
limits, respectively. The cycling was followed by a S min
chronoamperometry at —0.3 V vs Ag/AgCl. The dark-brown
roughened Au surfaces proved to be critical for the SERS experiments
and affected the deconvolution and detection of Raman peaks. The
counter electrode was a platinum wire, and the reference electrode
was a custom-made double-junction Ag/AgCl electrode in a saturated
KCl solution (+ 0.197 V vs NHE at 25 °C). The Raman signals were
recorded in situ at OCP and under different applied potentials
spanning from 1.15 to 1.75 V vs RHE. In all SERS experiments, the
electrolyte was 0.10 M Fe-free KOH in order to mitigate the bubble
generation under OER potentials.

5.6. Characterization Methods. ICP-OES analyses were
performed on as-deposited samples by a Nexlon 350 (PerkinElmer)
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machine. The samples were digested in 65% HNO; (Merck) and
diluted in water to reach a final concentration of 2% w/w HNO;.
Three samples were analyzed to give averaged results.

5.7. Scanning Electron Microscopy (SEM). Surface character-
ization was performed with a Gemini field-emission scanning electron
microscope. A 1-3 kV accelerating voltage was chosen for the
analysis. Secondary electrons were collected with an in-lens detector,
and the surfaces were imaged directly with no further treatment. The
thickness of the films was measured by viewing a cross-section of the
catalyst deposited on a flat FTO/glass substrate. The roughened gold
substrates were also characterized.

5.8. X-ray Photoelectron Spectroscopy (XPS). X-ray photo-
electron spectroscopy analyses were carried out using a PHI
VersaProbe II scanning XPS microprobe (Physical Instruments AG,
Germany). An Al Ka source with a power of 24.8 W and a beam size
of 100 pm generated the monochromatic X-rays. The spherical
capacitor analyzer was set at a 45° takeoff angle with respect to the
sample surface. The pass energy was 46.95 eV yielding a full width at
half-maximum of 0.91 eV for the Ag 3d 5/2 peak. The adventitious
carbon 1s peak was calibrated at 284.8 eV and used as an internal
standard. XPS data analysis was performed using the PHI MultiPak
software.

5.9. X-ray Absorption Spectroscopy (XAS). The XAS data
were collected in fluorescence mode, which recorded at beamline 12B
in Spring-8 of Taiwan beamline of the National Synchrotron
Radiation Research Center (NSRRC). Samples were deposited on a
carbon cloth substrate (12000 pc/cm?®). The electron storage ring
was operated at 8.0 GeV with a constant current of ~100 mA. The
incident beam energy was monochromatized using a Si (111) double
crystal monochromator. The scan range was kept in an energy range
of 7600—8500 eV for Co K-edge. The data collected were normalized
to the incoming incident photon flux and processed with Athena
software from the IFEFFIT package. E, values of 7709.0 eV were used
to calibrate all data with respect to the first inflection point of the
absorption K-edge of iron foil. Extended X-ray absorption fine
structure (EXAFS) analysis was conducted using Fourier transform on
k>-weighted EXAFS oscillations to evaluate the contribution of each
bond pair to Fourier transform peak.
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