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Electrochemical water splitting based on Co oxide electrocatalysts provides a promising means for
renewable hydrogen production from water. Identifying the structure evolution and real-time active
structure of Co-based electrocatalysts under operational conditions is crucial for understanding the OER
mechanism and rational design of efficient catalysts. Here, we systematically synthesized three types of
Co-based precatalysts, including Co/graphene oxide (GO), Co—CoO/GO and Coz04/GO, to clarify the
critical effects of the precatalyst structure for OER. The electrochemical test results confirm that the
Co-CoO/GO precatalyst shows a lower overpotential compared to Co/GO and Coz04/GO precatalysts
and commercial RuO,/C. A thorough in situ analysis by XAFS revealed that the Co—CoO/GO precatalysts
are oxidized and self-assembled into CoOOH during water oxidation and possess a much higher O
vacancy density compared with the CoOOH derived from Co/GO, while the Coz04/GO precatalyst
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a guideline for the rational design of future catalysis systems.

1. Introduction

Clean fuels synthesized from renewable energy have been
regarded as an alternative source to fossil fuels due to their high
energy density and low greenhouse gas emission.” Electro-
catalytic water splitting has emerged as an attractive approach
for producing clean and renewable hydrogen with high
purity.*® However, the overall efficiency of water splitting is
severely limited by the sluggish oxygen evolution reaction (OER)
that occurs at the anode, which needs a large overpotential due
to the complex four-electron reaction mechanism. Efforts in
this area are mainly focused on developing highly efficient and
stable electrocatalysts capable of mediating the OER at lower
overpotential and the acquisition of mechanistic insights into
the catalytic process.”* Besides the noble metal-based catalysts
such as IrO, and RuO,,"* many earth-abundant, low cost, tran-
sition metal-based (e.g., Co, Ni, and Fe) electrocatalysts are also
OER active and highly stable in an alkaline environment.®
Among these earth-abundant electrocatalysts, Co-based
compounds such as spinel Coz0,, CoO, MCo0,0,, CoM,0y,,
perovskite-type MCoO; (M, metal) and amorphous CoO, have
been proved to exhibit desirable activity in alkaline electrolyte
and attract significant attention.***®* However, the lack of
understanding about the complex relationship between catalyst
composition and OER activity hinders further optimization of
Co-based OER catalysts.
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Notably, cobalt-based oxides usually undergo a structural
change during the OER. The formation of CoOOH through
oxidation of cobalt ions to higher valence states under OER
conditions is crucial since the newly generated CoOOH is
considered the active species for the OER.>° This trans-
formation process from a Co-based precatalyst to CoOOH is
strongly related to its initial structure, which might be a key
reason for the observed different OER activities of different Co-
based compounds.***® For instance, based on operando XAS and
other electrochemical techniques, it has been disclosed that for
spinel Co;0,4, the Co>" sites act as active sites that release
electrons under applied bias with a close affinity to oxygen to
form CoOOH, while the Co®" sites are relatively stable and thus
limit its catalytic activity.” To overcome the partial conversion
of Co;0, to CoOOH, a Co(OH), layer was prepared on Co30, to
improve the catalytic activity through a facile chemical trans-
formation process from Co(OH), to CoOOH.***" Despite these
studies, our understanding of the direct relationship between
the initial structure and activation results is still shallow, and
many phenomena cannot be explained in depth. For instance,
recent research found that some unique treatments for the
initial Co-based precatalyst could effectively enhance the final
performance. CoO nanostructures with abundant oxygen
vacancies and heterogeneous Co/CoO electrocatalysts could
both boost the catalytic activity and durability of the OER
compared with standard CoO or Co.**** To fully understand the
in situ activation of Co-based compounds, detailed experi-
mental work should be conducted to illustrate the atomic-level
dynamics of their local coordination environment during the
reaction by advanced instrumental techniques such as EXAFS
and XANES.*®

Herein, we synthesized different phases of cobalt-based
precatalysts (Co/GO, Co-CoO/GO and Co30,/GO) by annealing
the CoO, precursors in H,, Ar and air. The sample annealed in
Ar composed of Co and CoO mixture phases shows higher
alkaline OER activity than Co/GO and Co3;0,/GO precatalysts,
with an overpotential of 372 and 433 mV reaching a current
density of 50 and 100 mA cm™>. XRD and XPS after the OER test
demonstrate that Co/GO and Co-CoO/GO are converted into Co
(oxy)hydroxide, while the Co;0,/GO structure is robust against
oxidation. The in situ XAFS results further showed critical
information that the oxidation of the Co sample resulted in the
formation of CoOOH with a low density of defects during the
OER, while the oxidation of the Co and CoO mixture during the
OER resulted in a defective CoO,OH,, structure. This research
provides a potential solution for the defect engineering of OER
catalysts.

2. Results and discussion

Three cobalt-based precatalysts with different oxidation states
were prepared by high-pressure hydrothermal treatment of the
Co precursor (Co(NOj3),-6H,0), followed by H,, Ar, or air
annealing ambiance, respectively, to obtain the corresponding
products (Fig. 1a). The X-ray diffraction (XRD) patterns were
first recorded to explore the influence of the annealing atmo-
sphere on the crystal structure. It can be seen in Fig. 1b that the
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annealed samples exhibit several distinct peaks, indicating
their high crystallinity. The XRD pattern of the H, treated
sample is in accordance with the standard metal Co (red line,
PDF# 15-0806) and this sample is named Co/GO. The phase of
the air treated sample is identical to that of Co;0, without an
impurity peak (brown line, PDF# 43-1003) and is named Co;0,/
GO. Impressively, the diffraction peaks of metallic Co and CoO
(blue line, PDF# 43-1004) can be observed in the Ar treated
sample, and this sample is named Co-CoO/GO. X-ray absorp-
tion spectra further revealed the local atomic structure of Co-
based precatalysts (Fig. 1c, S1 and S27). The Fourier transform
(FT) k*-weighted extended X-ray absorption fine structure
(EXAFS) and X-ray absorption near-edge structure spectroscopy
(XANES) of Co/GO and Co;0,/GO are identical to those of Co foil
and Coz0,, respectively (Fig. 1c and S17). Notably, the absorp-
tion edge of Co-CoO/GO lies between that of the Co foil and
CoO, implying that the valence state of Co in Co-CoO/GO is
between 0 and +2 (Fig. S11). The FT curve of Co-CoO/GO in
Fig. 1c reveals two dominant peaks at 2-3 A that are assigned to
the Co-Co coordination of Co metal and CoO. This is another
piece of evidence that ties in closely with the XRD results that
metallic Co and CoO simultaneously exist in the Ar annealed
sample. Moreover, the FT curve-fitting analysis of Co-CoO/GO
by including one Co-O and two Co-Co coordinations gives
the best fitting quality with the Co-O (R = 2.07 A and N = 3.61)
path plus the short (R = 2.51 A and N = 5.44) and long (R = 3.03
A and N = 5.04) Co-Co bonds (Table S1 and Fig. 52+). We use
Linear combination fitting (LCF) method to determine the
sample composition considering the contribution of the stan-
dard spectra of Co and CoO in Co K-edge XANES.*® And the
metallic Co and CoO in Co-CoO/GO are calculated to be 53.3%
and 46.7% by LCF, which is approximately one-to-one (Fig. S37).

The morphology and atomic structure of Co-based pre-
catalysts were further investigated by transmission electron
microscopy (TEM) and high resolution TEM (HRTEM). As
shown in Fig. 1d-f, the mean sizes of Co-based nanoparticles
are 7, 16 and 19 nm for Co/GO, Co-CoO/GO and Co3;0,/GO,
respectively, in agreement with the calculated results based on
the Scherrer formula from the XRD results, which show that the
sizes of the corresponding samples were about 8, 14 and 21 nm
(Fig. S4t). The HRTEM image (Fig. 1d) of Co/GO shows the
interplanar spacing was measured to be 0.207 nm, corre-
sponding to the Co(111) plane. For Co-CoO/GO, the HRTEM
image in Fig. 1e displays distinct lattice fringes of 0.208 nm and
0.258 nm corresponding to the (111) plane of the Co crystal and
(111) plane of the CoO crystal, suggesting the Co and CoO are in
simultaneous coexistence on the surface. The HRTEM image of
C030,4/GO shown in Fig. 1f well agrees with the XRD and XAFS
results that Co;0,/GO samples match well with Co;0, phase.
The composition analysis of the annealed samples was
confirmed by energy dispersive spectroscopy (EDS) mapping,
showing the homogeneous dispersion of Co, O and C
throughout the entire sample (Fig. 1g-i).

To further investigate the effect of precatalyst oxidation
states on catalytic activity, the alkaline OER activities were
evaluated with catalyst-modified glassy carbon electrodes
(GCEs) and commercial RuO,/C for comparison. In the OER

This journal is © The Royal Society of Chemistry 2022
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Fig.1 (a) Schematic illustration of the synthesis of Co/GO, Co—CoO/GO and Coz04/GO. (b) XRD patterns of Co/GO, Co—CoO/GO and Coz0,4/
GO. (c) The corresponding k*-weighted FT spectra of Co/GO, Co~CoO/GO and Cos04/GO. The TEM images of Co/GO (d), Co-CoO/GO (e)
and Coz04/GO (f), and the insets display the HRTEM images of Co-based catalysts. EDS mapping images of Co/GO (g), Co—CoO/GO (h) and

Co0304/GO (i).

polarization curves (Fig. 2a), Co-CoO/GO exhibits the best OER
activity, requiring the lowest overpotential of 372 mV and
433 mV to achieve a current density of 50 and 100 mA cm ™2,
slightly outperforming RuO,/C (394 and 464 mV to 50 and 100
mA cm?). In these OER polarization curves, the anodic oxida-
tion peaks of Co/GO, Co-CoO/GO and Co3;0,/GO gradually shift
to higher potentials, where the anodic peaks at 1.15 and 1.24 V
vs. RHE are attributed to the oxidation of Co*" to Co®*, and the
peak at 1.47 V vs. RHE is usually assigned to the oxidation of
Co’" to Co™".?* These results indicate that the valence states of
the Co element increase during the OER. To reflect the intrinsic
activity, the Tafel slopes were obtained from a cathodic polari-
zation scan.’” The lowest Tafel slope of 89.5 mV dec " is ob-
tained for Co-CoO/GO (Fig. 2b), smaller than that for RuO,
(93.8 mV dec™"), C0;0,/GO (99.8 mV dec™') and Co/GO
(139.2 mV dec™ '), which indicates that Co-CoO/GO can show
faster reaction kinetics.

This journal is © The Royal Society of Chemistry 2022

Fig. 2c shows the electrochemical impedance spectroscopy
(EIS) results of cobalt-based precatalysts. The EIS data are
characterized by two semicircles and an equivalent circuit used
to fit the impedance data is shown in Fig. 2c. The high
frequency semi-circle (CPE;-R;) can be viewed as a total charge
transfer resistance for the combined steps of the OER, while the
low frequency semi-circle (CPE,-R,) is related to the rate of
production of one or more surface intermediates.***° As can be
seen, Co-CoO/GO shows a charge transfer resistance (R;) of ~7
Q at 1.65 V vs. RHE, which is smaller than that of Co/GO and
C030,/GO (~11 Q). Moreover, the Co-CoO/GO sample shows
the lowest R, (29 Q) compared with Co/GO (61 Q) and C030,/GO
(41 Q), indicating that the intermediate is more readily formed
on Co-CoO/GO electrocatalysts. In addition, the electro-
chemical double-layer capacitance of Co-CoO/GO was
measured to be 16.9 mF cm ™2, higher than that of Co/GO (6.4
mF cm ?) and Co;0,/GO (1.5 mF cm ™ ?), suggesting that Co-

J. Mater. Chem. A, 2022, 10, 20011-20017 | 20013
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Fig.2 (a) LSV curves and (b) corresponding Tafel slopes of Co/GO, Co-CoO/GO, Co304/GO and commercial RuO, in 1 M KOH. (c) EIS plots of
Co/GO, Co-CoO/GO and Coz04/GO at an overpotential of 420 mV. (d) The long-term amperometric (i—t) stability of Co-CoO/GO was

measured at 1.63 and 1.71 V vs. RHE for 12 h.

CoO/GO has a larger number of active sites (Fig. S5t). More
importantly, the stability of Co-CoO/GO was assessed by
current-time (i-t) measurements for 12 h (Fig. 2d). It can be
seen that the current density of ~50 mA cm™ > without apparent
degradation and that of ~120 mA cm ™2 has ~7% loss over a 12
hour operation period, demonstrating excellent long-time
durability at high current density.

To understand the influence of the initial oxidation state of
Co-based precatalysts on the OER activity, we measured the
structure of Co-based electrocatalysts after OER tests. XRD
patterns in Fig. 3a reveal that after the OER Co/GO and Co-CoO/
GO exhibit the same diffraction peaks corresponding well to the
different lattice planes of COOOH (pink line, PDF# 73-1213) and
Co(OH), (green line, PDF# 02-0925). Considering that there is
a reversible transformation between Co(OH), and CoOOH, it is
not sure from the XRD test which structure is responsible for
the activity of alkaline OER."™**** C0;0,/GO after OER condi-
tioning still retains the crystallinity of Co;0, (brown line, PDF#
43-1003), consistent with the reported result.>* The TEM results
in Fig. S6-S8t show that the samples after the OER still exhibit
clear lattice fringes, where the measured lattice fringe spacing
of Co/GO and Co-CoO/GO is consistent with the crystallo-
graphic plane of Co(OH), and the CoOOH phase, and C030,/GO
matches well with the Co;0, phase. Notably, the full width at
half maximum (FWHM) of Co/GO and Co-CoO/GO after the
OER is much smaller than that before the OER, corresponding
to a larger particle size of 18 and 31 nm (Fig. 3b-d). These

20014 | J Mater. Chem. A, 2022, 10, 20011-20017

structure characterization studies suggest that Co/GO and Co-
CoO/GO precatalysts are totally transformed into cobalt (oxy)
hydroxide with a layered structure during the OER, and small
particles are assembled into larger particles.

Near-surface composition and element valences before and
after the OER were characterized by X-ray photoelectron spec-
troscopy (XPS). As shown in Fig. 3e, the fitting of the Co 2p XPS
spectra of Co/GO and Co-CoO/GO shows the two peaks located
at ca. 778.5 and 793.4 eV, well consistent with Co metal parti-
cles, suggesting that metallic Co exists on the surface of Co/GO
and Co-CoO/GO.* The peaks at ca. 780.6 and 796.1 eV indexed
to Co** 2p can be observed in Co-CoO/GO that originates from
CoO. After the OER, the peak attributed to Co>" 2p remains and
the new peaks at ca. 779.8 and 794.7 eV assigned to Co’" 2p
emerge. Taking XRD analysis into account, the Co** and Co®*
come from Co(OH), and CoOOH, separately. It is noteworthy
that before and after the OER, the peaks attributed to Co®" and
Co>" of C0;0,/GO remain, and no other Co valence can be
found, indicating that Co30,/GO keeps the same valence.

To probe the active structure of Co-based catalysts in the
working environment, in situ XAFS was used to collect the Co K-
edge spectra of Co-CoO/GO, Co/GO and Co3;0,/GO at different
applied OER potentials (Fig. 4). The structure of Coz0,/GO is
unchanged, where the curve is characterized by three iconic
peaks of standard Coz;0, at 1.45, 2.45 and 3.03 A, consistent
with the XRD and TEM results. It is clear that dramatic struc-
tural changes have already happened for Co-CoO/GO and Co/

This journal is © The Royal Society of Chemistry 2022
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(d) after OER tests. The inset is the corresponding size distribution. (e) Co 2p XPS spectra of Co/GO, Co-CoO/GO and Coz04/GO before and

after OER tests.

GO at 1.1 V, where the anodic oxidation peaks first emerge
(Fig. 4a). The FT k*-weighted spectra confirm that the Co valence
of Co/GO and Co-CoO/GO are oxidized at 1.1 V vs. RHE before
the OER process and form a CoOOH structure. These samples
show two dominant peaks at approximately 1.48 and 2.45 A that
can be assigned to the Co-O and Co-Co coordination of
CoOOH. Moreover, the Co-O coordination of around 1.68 A and
Co-Co coordination of around 2.79 A corresponding to Co(OH),
are absent in the spectra. A Co-Co characteristic peak of Co foil
at 2.05 A is found in Co-CoO/GO, indicating that a part of
metallic Co exists in Co-CoO/GO, and Co is incompletely

This journal is © The Royal Society of Chemistry 2022

oxidized. The intensity of the white-line peak (Fig. S9at), cor-
responding to a Co 1s-3d transition, is lowest in Co-CoO/GO,
which indicates that the Co oxidation state is lower in
Co-Co0O/GO compared with that in Co/GO.

Raising the potential to 1.6 V, the peak of metallic Co at
2.05 A disappears in Co-CoO/GO, suggesting that Co-CoO/GO
is also completely oxidized to CoOOH under working condi-
tions (Fig. 4b, ¢ and S107). It can be observed that the intensity
of the Co-O first coordination shell of Co-CoO/GO is lower than
that of the Co/GO sample, and this difference is described by
curve-fitting analysis in detail (Table S1 and Fig. S11f). The

J. Mater. Chem. A, 2022, 10, 20011-20017 | 20015
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EXAFS fitting of standard CoOOH gives six Co-O bonds (R =
1.91 A and N = 6). Compared with standard CoOOH, the formed
CoOOH by direct oxidation of Co/GO at 1.6 V is more similar to
standard CoOOH, and the self-assembled CoOOH formed from
Co-CoO/GO at 1.6 V has defects in Co-O coordination (R =
1.89 A and N = 5.24). These defects can also be found in the
lower intensity of oscillation of Co-CoO/GO relative to standard
CoOOH as shown in Fig. S10.f The oxygen vacancies are re-
ported to influence the surface reconstruction of Co-based
catalysts and can also modulate the electron configuration of
Co cations and optimize the energy of the adsorption/
desorption behavior of the oxygenated intermediates, such as
OH™ and O*, thus contributing to fast OER dynamics.****

Based on these experimental results, we propose a hypoth-
esis for the activation mechanism of precatalysts with different
Co oxidation states. Co30, with a high oxidation state is struc-
turally stable and does not undergo overall structural changes
in an OER environment. Metallic Co and semi-oxidized Co can
be completely oxidized to CoOOOH in an OER environment. The
oxidation of metallic Co occurs at a lower potential, and the
particles will assemble with each other during the oxidation
process to form CoOOH with a larger size and fewer defects. The
Co in Co-CoO is relatively difficult to oxidize, so a higher
potential is required. Because the oxidation of Co and CoO does
not occur simultaneously, the assembly process of the particles
does not occur uniformly, resulting in a large number of O
vacancies. The oxygen vacancies are reported to greatly facilitate
the bonding of oxygen species on the catalyst surface and
promote the OER activity of Co-based catalysts.

3. Conclusions

In summary, Co-based precatalysts with different oxidation
states are synthesized by annealing CoO, precursors in H,, Ar
and air. From the electrochemical OER test results, it is
demonstrated that the Co-CoO/GO precatalyst shows a lower
overpotential compared to Co/GO and Co;0,/GO precatalysts
and commercial RuO,/C. The XRD and XPS results after OER
tests suggest that Co;0,/GO retains its initial structure, while
Co/GO and Co-CoO/GO samples are oxidized and transformed

20016 | J Mater. Chem. A, 2022, 10, 20011-20017

into layered structures of CoO,OH,,. In situ analysis by XAFS
further reveals that the Co-CoO/GO precatalysts are oxidized
and self-assembled into COOOH during water oxidation and
possess a much higher O vacancy density compared with the
CoOOH derived from Co/GO. This work provides atomic-level
insights into the structural evolution of different cobalt oxides
during the OER process.
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