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ABSTRACT: In this study, we report for the first time on the
use of a water-soluble BF,-annulated cobaloxime, Co-
(dmgBF,),(OH,), (Co-DMB, dmgBF, = difluoroboryl-dimethyl-
glyoxime), as a catalyst precursor for electrocatalytic water
oxidation. Oxygen gas bubbles were clearly produced on the FTO
electrode at a low overpotential under neutral pH conditions
containing Co-DMB. Interestingly, stable green films were
produced under these conditions. The current densities can
reach to >5 mA/cm?® at 1.1 V and >10 mA/cm” at 1.5 V (vs Ag/
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AgCl). The morphologies of the films showed nanoribbon structures, which were characterized by scanning electron microscope

(SEM), energy-dispersive X-ray analysis (EDX), and X-ray photoelectron spectroscopy (XPS).
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he development of renewable carbon-free energy using
the sun is a major scientific and technological challenge in
meeting the increasing energy needs of the future.”” Our
current energy resources are mainly derived from fossil fuels,
which have resulted in numerous environmental problems.
Thus, the utilization of solar energy to make carbon-neutral
fuels could be an interesting pathway to solve the energy
problem and environmental issues. Hydrogen is an ideal energy
carrier, but the problem of generating it in an environmentally
friendly way and low-cost manner remains to be solved.>*
Artificial photosynthesis provides a promising approach to
convert solar energy into the form of chemical fuels, for
example, producing hydrogen via water splitting.”~* Generally,
overall water splitting consists of two half reactions: water
reduction and water oxidation. Significant progress has been
made regarding water reduction in the past decade;>**'’
however, water oxidation is particularly difficult because it is a
4e” /4H" process and requires suitable water oxidation catalysts
(WOCs) to lower the driving potential (2H,0 — O,1 + 4H" +
4em). 1713
Photosynthetic water oxidation can be carried out using a
tetranuclear manganese cluster in a membrane-bound protein
complex photosystem II (PSII).'*'® Although metal oxides
made of noble metals (mainly Ru'®"” and Ir'*7>°) show great
water oxidation activities, their practical application may be
hampered due to their scarcity and high cost."*' Hence, the
development of efficient WOCs made of earth-abundant
elements, such as metal oxides based on cobalt, nickel, and
manganese,”'****? is an important subject in the field of solar
energy conversion. The WOCs based on cobalt oxide (CoO,)
are of interest for both fundamental and applied research
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because of their robustness, elemental abundance, and mild
operating conditions.”**> Many reported cobalt-based WOCs
are made starting from inorganic cobalt salts (such as cobalt
chloride), which typically show black color with micrometer-
sized particles on the electrode.*”**™>® Previous studies have
shown that nanostructured materials might be the key for
achieving great catalytic activity for water oxidation.”"**~*
However, a direct shape control for making novel, nanoscale
cobalt-based WOCs using organic precursors has not been well
investigated. Thus, we conducted research on organic cobalt
complexes as the precursors to discover novel shape-controlled
catalysts for water oxidation.

Molecular cobaloximes have received much attention for
hydrogen evolution in the past decade (Scheme 1).>%3*

Scheme 1. Molecular Structures of BF,-Annulated
Cobaloximes
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Figure 1. (a) Cyclic voltammograms obtained using FTO working electrodes in 0.1 M buffered solution containing 0.5 mM Co-DMB. Red plot, 0.1
M Bi (pH 9.2); blue plot, 0.1 M MePi (pH 8.0); green plot, 0.1 M Pi (pH 7.0). The black plot was recorded as the control test in a 0.1 M Bi (pH
9.2) solution containing no Co-DMB. The scan rate was S0 mV/s, and there was iR compensation (~5 ohms). (b) Bulk electrolysis of the FTO
electrode in 0.1 M Bi solution (pH = 9.2) containing 0.5 mM Co-DMB cobaloxime at different potentials. Black, 1.1 V; red, 1.3 V; blue, 1.5 V. (c)
The colors of the different Co-based catalysts deposited on the FTO. The upper one represents the Co-DMB-based film deposited in Pi buffer at pH
7.0. The lower two display the inorganic Co**-based Co—Pi film deposited in Pi buffer at pH 7.0 and Co—Bi film deposited in Bi buffer at pH 9.2.
(d) Bulk electrolysis of the FTO electrode in a 0.5 M Bi aqueous solution (pH = 9.2) containing 0.5 mM Co-DMB at different controlled potentials.

Black, 1.1 V; red, 1.3 V; blue, 1.5 V.

However, very few reports have used these for the water
oxidation side. Recently, we have reported a series of H-capped
cobaloximes as catalyst precursors to deposit uniform cobalt
oxide nanoparticles for electrocatalytic water oxidation with
good catalytic activity.”® In the present study, we report novel
green cobalt oxide film with nanoribbon structures that is
electrodeposited from a BF,-annulated cobaloxime, Co-
(dmgBF,),(OH,), (Co-DMB, Scheme 1), as a WOC for
oxygen evolution from water. Co(dmgBF,),(OH,)Py (Co-
DMBP, Py is pyridine) was used for comparison. The green
catalyst film on the fluorine-doped tin oxide (FTO) electrode
could efliciently catalyze water oxidation.

Figure la shows cyclic voltammetry (CV) scans of FTO as
the working electrode in the following media: a 0.5 mM Co-
DMB in 0.1 M potassium phosphate (Pi) electrolyte at pH 7.0;
0.1 M potassium methylphosphonate (MePi) electrolyte at pH
8.0; and 0.1 M borate (Bi) electrolyte at pH 9.2. Interestingly, a
significant catalytic wave is observed with the onset potential of
E = 1.17 V in the Pi buffer (note: the potentials in this paper
are versus Ag/AgCl). In the MePi electrolyte, the catalytic wave
is n starting at E = 1.11 V. The corresponding catalytic wave in
the Bi electrolyte is much more pronounced with the onset
potential of E = 0.89 V. For a fixed catalytic current of 200 yA/
cm?, the observed potentials are 1.34 V for Pi, 1.27 V for MePj,
and 098 V for Bi electrolyte, respectively. The control
experiments show no appreciable catalytic current below 1.5
V in the Bi electrolyte (Figure la, black plot), indicating that
the presence of Co-DMB is essential to the observed catalytic
waves.

10930

The apparent catalytic currents for water oxidation prompted
us to examine controlled potential electrolysis catalyzed by Co-
DMB. Water oxidation experiments were carried out at a fixed
potential (1.5 V) in 0.1 M Bi electrolyte containing 0.5 mM
Co-DMB, as shown in Figure 1b (blue plot). At first, the
catalytic current rapidly rose, but no film was observed. After
1-2 h, the current density increased to >5.0 mA/cm?, and a
dark green film was apparent on the FTO. The film became
thicker as the operating time increased. After 10 h, the stable
current density was ~5.8 mA/cm’. During electrolysis, gas
bubbles were clearly observed, and these bubbles have been
confirmed as oxygen molecules by gas chromatography and a
fluorescence-based oxygen sensor. Moreover, when the applied
potentials were 1.3 and 1.1 V, the stable current densities
reached ~4.0 and ~1.9 mA/cm? respectively. Similar dark
green films were also obtained under these conditions. The
color of the Co-DMB film was different from the Co—Pi and
Co—Bi films reported by Nocera and co-workers.”**
Generally, the latter two films are black after several hours of
electrodeposition (Figure 1c). It should be noted that all of the
films were grown under the same conditions. In addition, the
Co-DMB film is quite stable, and the same current density
could be obtained when the fresh prepared film was transferred
into a 0.1 M Bi solution containing no Co-DMB (Figure S1,
Supporting Information). The green films are insoluble in water
and in generally available organic solvents in the lab, indicating
their heterogeneous character. The absorption spectra of the
films formed on FTO plates were measured by UV-—vis
spectroscopy (Figure S2, Supporting Information). There were
obvious broad absorption bands in the visible region, and it is
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Figure 2. SEM images of Co-DMB-based green-colored films deposited on the surface of the FTO at 1.1 V for 10 h in (a) 0.1 M Pi at pH 7.0; (b)
0.1 M MePi at pH 8.0; and (c) 0.1 M Bi at pH 9.2. (d) The cross profile of a green film formed at pH 9.2 in 0.1 M Bi for 10 h. (e) and (f) HR-TEM

images of the green film deposited in 0.1 M Bi electrolyte.
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Figure 3. (a) Survey scans of XPS data for a film formed in 0.1 M Bi at pH 9.2; (b) EDX spectrum of the green film formed in 0.1 M Bi at pH 9.2;
(¢) X-ray diffraction pattern of films formed in three different conditions: black, 0.1 M Pi at pH 7.0; red, 0.1 M MePi at pH 8.0; blue, 0.1 M Bi at pH
9.2; (d) XRD data of the powder scraped from film deposited at pH 9.2 in Bi buffer solution.

difficult to assign the maximum peaks of the green materials in
the solid state. In addition, the infrared (IR) spectra of the
green colored film and the black Co—Bi film also showed large
differences in their functional groups (Figure S3, Supporting
Information). For example, the peak of 1634.97 cm™ displays
an apparent stretching vibration of —C=N- in the ligand,
which is absent in Co—Bi film.

The ionic strength has a significant impact on the catalytic
activity. When the Bi electrolyte was used in a fixed
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concentration of 0.5 M, the values of current densities
significantly increased to ~6.0, ~7.0, and ~10 mA/cm* under
the controlled potentials of 1.1, 1.3, and 1.5 V, respectively
(Figure 1d). In contrast to the Co—Pi or Co—Bi catalyst, the
formation of green-colored catalyst film also proceeded on the
FTO electrode if Bi was replaced by a 0.1 M KCI electrolyte
(pH = 9.2, Figure S4a, Supporting Information). However,
during bulk electrolysis, the current density rapidly dropped to
a level of <0.01 mA/cm? When the freshly made green film was
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Figure 4. (left) Tafel plot, n = (V,,, —
sensor. Black plot, theoretical data; red plot, experimental data.
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transferred into a 0.1 M Bi electrolyte, the current density
increased to ~2.0 mA/cm® (Figure S4b, Supporting Informa-
tion), revealing the crucial roles of the proton-accepting
electrolyte for the present catalytic water oxidation. This
point of view is also affirmed by the fact that the current density
dropped rapidly to <0.4 mA/cm” when the green catalyst film
deposited in 0.1 M Bi solution was put into a 0.1 M KCl
solution (Figure S4c, Supporting Information).

The morphologies of the catalyst films were further
characterized by scanning electron microscopy (SEM), as
shown in Figure 2 and Figures SS and S6 (Supporting
Information). The images show that all of the deposited
materials mainly consist of nanoribbons on FTO, which are
novel nanostructures for cobalt oxide-based WOCs deposited
from an organic cobalt complex precursor.>® The widths of the
nanoribbons are in the range of 100—400 nm. Some nanoplates
are also seen in these SEM images. After 10 h of bulk
electrolysis, the thickness of the green film was approximately
650 nm (Figure 2d). The thickness of the present film is in a
range similar to previously reported Co-WOCs,**** indicating
that the present green color is not due to the Co-DMB being
thinner than other Co-WOCs. The film grown at pH 9.2 was
further examined by high-resolution transmission electron
microscopy (HR-TEM), which showed the same nanoribbon
structures and an amorphous character (Figure 2e,f). The SEM
image of the green film after electrolysis in a 0.1 M Bi solution
containing no Co-DMB showed similar morphology to the
freshly prepared film (Figure SSa, Supporting Information),
indicating good morphological stability of the green film before
and after the water oxidation reaction. The small particles in
Figure SS (Supporting Information) are the KBi electrolyte.
Surprisingly, the film that formed in a 0.1 M KCl solution
exhibited very different morphology, lacking nanoribbons and
leaving only small particles on the electrode (Figure SSb,
Supporting Information). During electrochemical oxidation, the
axial ligands of CoDMB are possibly cleaved from the cobalt
metal center, and the cobalt metal ion strongly interacts with
the adjacent complex molecules, resulting in a one-dimensional
columnar structure. With the longer time of oxidation, the
nanoribbons are formed.

To demonstrate the importance of the ligands to the catalyst
film formation, we used a similar cobaloxime, Co-DMBP, as the
precursor. The CV scans in Figure S7a (Supporting
Information) show an apparent catalytic current wave after
1.05 V for the water oxidation reaction. The resulting film
exhibited slightly lower current density than Co-DMB under
the same applied potential. Bulk electrolysis was carried out in a
0.1 M Bi solution at 1.1 V. The stable current density reached
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~1.5 mA/cm? and a similar green catalyst film was observed
(Figure S7b,c, Supporting Information). The SEM image of the
green film electrodeposited from Co-DMBP also shows
nanoribbon structures (Figure S7d, Supporting Information),
indicating the ligand containing BF, species plays an important
role in producing the green film with a controlled morphology.
In addition, the CV results also indicate that this catalyst film
made of Co-DMB precursor exhibits higher catalytic activity
than the catalyst film made of Co(dmg),PyCl precursor (Figure
S8, Supporting Information).

The composition and chemical states of the electrodeposited
ribbon-like films on the FTO substrate were further analyzed by
X-ray photoelectron spectroscopy (XPS), as shown in Figure 3a
and Figure S9a—f (Supporting Information). The survey data
revealed that all the catalyst films deposited from Co-DMB in
different electrolytes mainly contained Co 2p, O 1s, C Is, F 15,
and N 1s, as well as a small peak indicating B 1s. The large F 1s
peak could be from both the FTO substrate and the Co-DMB
precursor. The B 1s may account for the elements in the buffer
solution and/or from the cobaloxime precursor. However,
unlike the reported Co—Bi catalyst, the peaks of K elements in
the present study are not observed, indicating a different
composition for the green film.>® The existence of N, C, F, and
B elements suggests the codeposition of dimethylglaoximate
ligands, which may control the formation of nanoribbon
structures. The characteristic peaks of the Co 2p at 780.91 and
796.21 eV (pH 7.0); 781.47 and 796.27 eV (pH 8.0); and
781.09 and 795.99 eV (pH 9.2) reveal the presence of Co(II)
or Co(III) oxide species.’® The oxygen peak can be attributed
to the oxide on the surface of the films.

The green catalyst films were further investigated by energy-
dispersive X-ray analysis (EDX) and powder X-ray diffraction
(XRD) measurements. The film deposited in Bi buffer mainly
contains Co, O, C, and N elements, as well as small amounts of
B and F elements (Figure 3b). The Co:C:N ratio is 1.3:2.7:1.0.
The C and N elements could be from the cobaloxime
precursor. Moreover, both films deposited in buffered solutions
at pH 7.0 and pH 8.0 were found to contain a phosphorus
element, indicating that both electrolytes were involved in the
formation of catalyst films (Figure S10a,b, Supporting
Information). The weight ratio of Co:P:C:N is 3.1:1.0:1.5:2.4
for pH 7.0, while the Co:P:C:N ratio is 1.7:0.1:2.7:2.4 for the
catalyst deposited in the pH 8.0 buffer. Figure S11 (Supporting
Information) shows the EDX data for the catalyst film formed
in a 0.1 M KCI solution, which exhibits a different character
from the films grown in a Bi-buffered solution. The absence of
B, N, and F elements indicated the absence of cobaloxime
ligand participation in the formation of the film, suggesting an
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important role for the organic ligand in controlling the
formation of nanoribbon morphology. The XRD patterns of
three electrodeposited catalysts on the FTO show only the
peaks associated with the FTO character (Figure 3c). No
characteristic peaks are present that indicate the existence of
crystalline phases of cobalt oxide, which is consistent with the
observations made in the HR-TEM images. Figure 3d shows
XRD data of the green-colored catalyst powder scratched from
the FTO electrode. An amorphous feature is also observed for
the catalyst.

The tafel plot (log(j) vs #7) for the green film deposited in Bi
buffer was further studied. The current density for O, evolution
(j) obtained for the green catalyst film was measured as a
function of the overpotential (7). The plot was obtained with a
60 mV/decade, indicating that the catalyst exhibits approx-
imately Nernstian behavior at this pH (Figure 4a). At pH 9.2,
appreciable catalytic current is observed beginning at n = 0.25
V. The Faradaic efficiency of the catalyst film was measured
using a fluorescence-based oxygen sensor when bulk electrolysis
was performed at 1.5 V in 0.1 M Bi buffer at pH 9.2 (Figure
4b). Oxygen detected in the headspace rose with the increase of
passed charge. A Faradaic yield of >95% for oxygen production
was achieved during electrolysis. Compared with other cobalt-
based water oxidation catalysts, the present Co-DMB-based
green film shows very good catalytic activity and quite low
overpotential for catalytic water oxidation (please see Table S1,
Supporting Information). After 1 h of electrolysis, 24.5 ymol of
oxygen was detected by the fluorescence sensor. The amount of
oxygen increased proportionally with the extension of time.

Bl CONCLUSIONS

In conclusion, this study reports the use of a BF,-annulated
cobaloxime, Co-DMB, to deposited cobalt oxide films for
electrocatalytic water oxidation. The catalyst films exhibited an
interesting green color and nanoribbon structures. Such
nanoribbon structures may be controlled by the codeposition
of the organic ligands from the cobaloxime precursor. The
current density can reach to >5.0 mA/ cm? at 1.1 V and >10
mA/cm? at 1.5 V in a Bi-buffered solution at pH 9.2. A Faradaic
yield of >95% was achieved.
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