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A Robust Molecular Catalyst Generated In Situ for Photo-
and Electrochemical Water Oxidation

Hussein A. Younus,® " <9 Nazir Ahmad,”® ® 9 Adeel H. Chughtai,””’ Matthias Vandichel,
Michael Busch,™ Kristof Van Hecke,'” Mekhman Yusubov," Shaoxian Song,” and

Francis Verpoort*® <

Water splitting is the key step towards artificial photosystems
for solar energy conversion and storage in the form of chemi-
cal bonding. The oxidation of water is the bottle-neck of this
process that hampers its practical utility; hence, efficient,
robust, and easy to make catalytic systems based on cheap
and earth-abundant materials are of exceptional importance.
Herein, an in situ generated cobalt catalyst, [Co"(TCA),(H,0),]
(TCA =1-mesityl-1,2,3-1H-triazole-4-carboxylate), that efficiently
conducts photochemical water oxidation under near-neutral
conditions is presented. The catalyst showed high stability
under photolytic conditions for more than 3 h of photoirradia-
tion. During electrochemical water oxidation, the catalytic
system assembled a catalyst film, which proved not to be
cobalt oxide/hydroxide as normally expected, but instead, and

Introduction

Nature, represented in plants and a few microorganisms, has
provided an extraordinary way to utilize solar energy for
making life on our planet and given us an ideal blueprint to
mimic their comportment. Inspired by the natural oxygen-
evolving complex (OEC) in photosystem I,/ remarkable efforts
have been devoted towards the development of single-site
and multinuclear transition-metal (TM) complexes that enable
water oxidation (WO) for artificial photosynthesis.”’ Several mo-
lecular catalytic systems for WO have been developed based
on ruthenium,® iridium,” cobalt,”’ copper” manganese,”
iron® and nickel.”! Moreover, tremendous efforts have been

for the first time, generated a molecular cobalt complex that
incorporated the organic ligand bound to cobalt ions. The cat-
alyst film exhibited a low overpotential for electrocatalytic
water oxidation (360 mV) and high oxygen evolution peak cur-
rent densities of 9 and 2.7 mAcm ™ on glassy carbon and
indium-doped tin oxide electrodes, respectively, at only 1.49
and 1.39V (versus a normal hydrogen electrode), respectively,
under neutral conditions. This finding, exemplified on the
in situ generated cobalt complex, might be applicable to other
molecular systems and suggests that the formation of a catalyt-
ic film in electrochemical water oxidation experiments is not
always an indication of catalyst decomposition and the forma-
tion of nanoparticles.

devoted to materials based on TM oxides and hydroxides."”
Because of cost considerations, the development of highly
active catalysts for WO based on earth-abundant TMs is essen-
tial for practical applications and would greatly enhance the
commercial viability of solar energy.®™ ' Although cobalt is sig-
nificantly less abundant (20-30 ppm) than iron (6.3 %), manga-
nese (0.1%), nickel (90 ppm), or copper (68 ppm) in the outer
layer of the earth’s crust, it is now the most researched metal
for its catalytic power in both WO and hydrogen evolution."?
Catalyst robustness, effectiveness, and benign operating condi-
tions (such as neutral pH, low-to-moderate overpotential, and
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temperature) make cobalt-based catalysts the most promising
candidates for both WO and reduction.!"*

Molecular catalytic systems are recognized for their tunable
redox properties and facile characterization of their active in-
termediates, which are necessary for related mechanistic stud-
ies. However, the identity of the active catalyst must be investi-
gated in depth before a detailed interrogation of the water ox-
idation catalyst (WOC) mechanism. The identification of the
real catalyst is extremely challenging, especially in studies on
cobalt-based homogeneous WOCs.®™' This is mainly because
small amounts of cobalt oxide may be produced from the de-
composition of the molecular catalyst that work as an efficient
catalyst during the WO reaction."*'¥ Indeed, some catalysts
thought to be the real WOCs have subsequently been demon-
strated to act as precursors of heterogeneous materials, which
are the active catalysts."*>' In other cases, cubane Co,0, clus-
ters in Co,04(Ac),(py)s (py = pyridine) were primarily introduced
as homogeneous WOCs, but recently it was confirmed that the
observed WO activity originated from Co" impurities rather
than the Co,0, clusters."® Nonetheless, there are also exam-
ples of cobalt complexes that do function as homogeneous,
molecular WOCs.">'”

All cobalt WOCs reported so far, in both homo- and hetero-
geneous systems, are mainly based on polydentate ligands,
which are likely to be necessary for stabilizing cobalt ions in
higher oxidation states. In most cases, the ligand is rigid,
which might prevent the complex from any expected confor-
mational changes during the catalytic mechanism to finally de-
liver oxygen. Additionally, most of the reported homogenous
molecular cobalt complexes, if not all, are based on tetra- or
pentadentate ligands that require a special design and may
not be easy to tune or even synthesize. This inspired us to ex-
plore cobalt complexes based on a bidentate ligand to see
whether the polydentate ligand nature was crucial to maintain
the homogeneity of the catalytic system or not. Moreover, the
strong influence of an anionic carboxylate ligand on ruthenium
WOCs proved to be very effective at stabilizing higher oxida-
tion states, resulting in unprecedentedly high reaction rates
with a turnover frequency comparable to the rate of the OEC
of the natural photosystem.®

Herein, we present the in situ generated mononuclear co-
balt(ll) complex [Co(TCA),(H,0),] (1; TCA=1-mesityl-1,2,3-1H-
triazole-4-carboxylate) as a molecular catalyst for both electro-
and photochemical WO. The catalyst was prepared in situ from
commercially available cobalt acetate and 1-aryl-1H-1,2,3-tri-
azole-4-carboxylic acid in an acetate buffer solution under
near-neutral conditions (pH 6-7). Several lines of evidence,
such as those obtained by dynamic light scattering (DLS), ESI-
MS, "H NMR spectroscopy, and FTIR spectroscopy, demonstrate
that the system works as a molecular catalyst under visible-
light irradiation, with [Ru(bpy);]** (bpy=2,2-bipyridine) as
a photosensitizer (PS) and persulfate as a sacrificial electron ac-
ceptor. Moreover, the catalytic system generates a catalytic
active film on a glassy carbon electrode (GCE) that is highly ef-
ficient for electrocatalytic WO. The current density reaches
about 9 mAcm™ at only 149V (versus a normal hydrogen
electrode (NHE)) at pH6 (=600 mV overpotential). Several
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characterization techniques, including SEM, energy-dispersive
X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy
(XPS), and Raman spectroscopy, of the deposited film on both
glassy carbon (GC) and indium-doped tin oxide (ITO) elec-
trodes revealed that brown film deposition is not indicative of
cobalt oxide nanoparticle formation during electrochemical
WO, as normally expected, but might be a result of the forma-
tion of a molecular species incorporating the organic ligand
bound to the cobalt ions. More interestingly, the deposited
brown film could be dissolved in organic solvents, such metha-
nol and chloroform, which enabled its further characterization
by 'H NMR and FTIR spectroscopy; these results matched com-
pletely with the isolated product after photochemical WO ex-
periments.

Results and Discussion
Synthesis and characterization

Ligand design and consequently catalyst optimization are in-
fluential for O, production and many multi-coordinating li-
gands are accessible to produce new catalytic systems. To de-
velop a low-cost and viable catalyst for the WO reaction, we
took care to use earth-abundant metal cobalt complexes that
could be prepared in an aqueous medium upon direct mixing
from easily accessible sources. The straightforward construc-
tion of a triazole ring, along with possible immobilization on
any azide- or alkyne-functionalized surface, is also very attrac-
tive for using a substituted triazole ring as a bidentate ligand
for WO."™ The bidentate ligand, 1-aryl-1H-1,2,3-triazole-4-car-
boxylic acid, was readily prepared through the copper-cata-
lyzed azide-alkyne cycloaddition click reaction of aryl azide
and propiolic acid. Then, the catalyst was prepared by adding
cobalt acetate to a predissolved ligand in acetate buffer
(Scheme 1). In situ catalyst formation was established based on
UV/Vis spectroscopy and ESI-MS results, and also confirmed in
the solid state from X-ray single-crystal analysis.

In the UV/Vis absorption spectra of TCA ligand, there are
two weak absorption bands with maxima at A=269 and
274 nm, in both MeOH and acetate buffer (pH 6; Figure S1 in
the Supporting Information), whereas cobalt acetate has an ab-
sorption band at A =519 nm. Mixing ligand and cobalt acetate
in a 2:1 ratio in buffer directly resulted in complete disappear-
ance of the band corresponding to cobalt acetate and the ap-
pearance of a new broad band from 1=580 to 400 nm with
a maximum at A=483 nm (Figure S2). The new band did not
differ over time after several scans at different intervals and
was in excellent agreement with the band of the as-synthe-
sized complex. The use of different ratios of ligand to cobalt
ions did not lead to any differences in the UV/Vis spectra of
the complexes (Figure S3). The colors of the different in situ
generated complexes in acetate buffer are identical, except in
the case of a 1:1 ratio; the color remained light pink and was
derived from the cobalt acetate source. This can be interpreted
as the result of two ligands coordinating to one cobalt ion and
the coexistence of free cobalt ions. This point was also con-
firmed by isolating the same product with different ligand-to-
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Scheme 1. Synthesis of [Co(TCA),-2H,0] (1).

metal ratios, as indicated by solid-state X-ray single-crystal
analysis. UV/Vis spectroscopy did not show a clear difference
in case of a 1:1 ratio owing to the low molar absorptivity of
cobalt acetate. Trials to follow complex formation under the
same conditions (in acetate buffer prepared in D,0O) failed
owing to the instant precipitation of the complex at the
higher concentrations used for NMR sampling.

Slow evaporation of an aqueous solution of complex (5 mm)
in acetate buffer results in light brown crystals within two
days. The ESI-MS spectrum of the separated catalyst crystals
exposed a strong signal at m/z 553.42, corresponding to
[Co(TCA),(H,0),] IM*—2H™]. Interestingly, crystals suitable for
X-ray crystallography were obtained from low-concentration
solutions (1 mm) within three to four weeks from acetate
buffer (pH 6); this supports the notion that the complex struc-
ture is highly robust in buffer solution for a long time. Com-
pound 1 crystallized in the centrosymmetric triclinic space
group P1. As it is clear from this space group, the inverted
structure or mirror image is present in the crystal for 50% of
the unit cells, but the asymmetric unit contains two halves of
crystallographically independent, isostructural Co(TCA),(H,0),
complexes, with both Co" ions located on inversion centers, to-
gether with two solvent water molecules. Hence, a complete
Co(TCA),(H,0), complex is built up by an inversion center
itself. As a consequence, this means that the inverted struc-
tures of the first Co(TCA),(H,0), complex, as well as that of the
second complex, are exactly the same and can be perfectly su-
perposed on each other, preserving the configuration (see Fig-
ure S5). Therefore, it is not likely that induced chirality might
influence the efficiency of catalysis. Each cobalt center exhibits
an octahedral coordination geometry, that is, two TCA ligands
bidentately coordinate through both nitrogen and carboxylate
oxygen donor atoms, forming the octahedron equatorial
plane, along with two aqua ligands, occupying the axial posi-
tions (Figure 1). The Co—O and Co—N distances range from
2.070(3) to 2.124(3) A and 2.115(3) to 2.138(3) A, respectively. In
the crystal packing, - stacking interactions are observed be-
tween the aromatic triazole and mesityl rings (centroid-cent-
roid distances in the range of 5.053(2)-5.948(2) A). CH-m inter-
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Figure 1. Thermal ellipsoid plot of 1 (at the 50% probability level).

actions are observed between mesityl rings (C-centroid distan-
ces between 3.798(5) and 3.893(5) A). The two cobalt centers
prominently feature the presence of an exchangeable two
aqua-coordination site on each of cobalt(ll) ions. Most likely,
the use of the flexible bidentate coordinating ligands allow the
ligand to remain constantly coordinated to the metal center
within the complete catalytic cycle. Another feature of the cat-
alyst structure is the sheet-like hydrogen-bond network in the
(010) plane, which interlocks the oxo bridges, coordinated
water, and solvent water molecules (Figure S6).

Electrocatalytic investigations

We started our study by investigating the electrochemical
properties of cobalt acetate in acetate buffer (pH 6.0-6.03). A
1 mm solution of cobalt acetate showed an irreversible current
wave with an onset potential of about 1.15V versus Ag/AgCl
(all potentials presented herein are referenced to the Ag/AgCl
electrode). The current reaches about 125 pA at 1.3V in the
first scan, with no substantial increase in the catalytic current
with the next 100 cyclic voltammetry (CV) scans in the range
0-1.3 V (Figure 2A). LSV with a fresh GCE exhibited a relatively
high catalytic current of about 192 pA at 1.3 V and the catalytic
oxidation wave did not show significant changes after
100 scans (Figure 2B). The SEM topography of the electrode-
posited materials on the GCE surface showed the formation of
an amorphous powder similar to material, which proved to be
cobalt oxide, reported recently in case of using an ITO elec-
trode (Figure S7).”” Nevertheless, based on LSV data, moni-
tored after using the GCE for several CV scans, the growth of
these materials was very slow. EDX analysis enabled the deter-
mination of the elemental composition of the deposited mate-
rial (Figure S7). Data confirm the presence of cobalt, sodium,
and oxygen. The oxygen to cobalt ratio in the deposited mate-
rial is consistent with the formation of an oxide/hydroxide film.
Moreover, when the GCE was removed from the catalyst solu-
tion after 100 CV scans, thoroughly rinsed with water, and
then placed into cobalt-free acetate buffer solution, nearly the
same catalytic current was observed as that when the elec-
trode was used in the presence of cobalt acetate. This behavior
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Figure 2. a) Cyclic voltammogram of 1 mm cobalt acetate in 0.1 M sodium
acetate (pH 6) at a scan rate of 50 mVs~' with a 3 mm GC working electrode,
platinum wire as a counter electrode, and a Ag/AgCl (with a 3 m aqueous so-
lution of KCl) reference electrode. b) Linear sweep voltammetry (LSV) of

1 mm cobalt acetate in 0.1 M sodium acetate (pH 6); scans were taken by
using a fresh GCE (blue) and a previously used electrode for several consec-
utive CV scans, 25 (red), 50 (black), and 100 cycles (green), in the range 0-

1.3 V. The scan rate was 50 mVs™".

supports the hypothesis of cobalt oxide/hydroxide film forma-
tion on the surface of the GCE.

The addition of TCA ligand in a 2:1 ratio to cobalt ions re-
sulted in a significant change in the electrochemical properties.
Two equivalents of the ligand were dissolved in 0.1 m acetate
buffer, followed by the addition of one equivalent of cobalt
acetate. Directly after mixing, the cyclic voltammograms of the
Co-2TCA system showed an irreversible oxidation peak with
an initial current of about 121 pA at 1.3 V (versus Ag/AgCl elec-
trode; Figure 3A). As shown in the cyclic voltammograms,
after 100 scans, the catalytic current increases about fourfold,
which suggests the formation of a catalyst film on the elec-
trode surface. After 100 CV scans, the current reached a mea-
sured value of 403 pA at 1.30V, corresponding to a current
density of 5.75mAcm™? (at pH 6); the onset potential also
reached a value of 1.03 V (corresponding to an overpotential
of 360 mV). This current density is much higher than those re-
ported recently for a cobalt(ll)-based catalyst for WO deposited
on fluorine-doped tin oxide (FTO) electrodes, showing a current
density of <1 mAcm 2 at 1.5V (versus Ag/AgCl) in pH 7 phos-
phate buffer, at the same scan rate (50 mVs™').?" In addition, it
is favorable to compare our system with other excellent WOCs
reported previously. For example, a highly efficient cobalt car-
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Figure 3. Electrochemical response of Co—2TCA under different experimen-
tal conditions. a) 100 consecutive CV scans were performed on an aqueous

1 mm solution of Co—2TCA in 0.1 m acetate buffer, pH 6, scan

rate=50 mVs~'; 1 (blue), 5 (green), 10 (red), 25 (pink), 50 (brown), and

100 cycles (black). b) LSV results for 1 mm Co—2TCA in 0.1 M sodium acetate
(pH 6); scans were taken by using a fresh GCE (blue) and a previously used

electrode for 5 (brown), 25 (green), 50 (pink), and 100 consecutive CV scans
(black), in the range 0-1.3 V.

bonate (Co—Ci) film generated from cobalt(ll) in neutral bicar-
bonate buffer showed a current density of 4.1 mAcm™ with
a GCE at 1.3V (versus Ag/AgCl), at pH 7. To check any possi-
bility of ligand oxidation under the operating conditions, CV in
the absence of cobalt acetate with the TCA ligand only in ace-
tate buffer (pH 6) showed only double-layer charging currents,
with no significant Faradaic component (Figure 3A). In some
other cases in which mononuclear cobalt complexes with or-
ganic ligands decomposed to give nanoparticles in the photo-
catalytic WO systems, the organic ligand suffered electrochemi-
cal oxidation at a potential lower than 1.0 V (versus a saturated
calomel electrode (SCE)) under similar operating conditions.”

LSV was used to confirm the catalyst film growth by screen-
ing the catalytic current after several successive CV scans. For
a freshly polished GCE, LSV showed an oxidative wave with an
onset potential of about 1.1V (versus Ag/AgCl) and a wave
catalytic current of 106 pA at 1.3 V. As the number of CV scans
increases, the oxidation wave increases fivefold in magnitude
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and shifts to lower onset potentials after the first 100 CV scans
(Figure 3B). Because the catalytic oxidation wave increases
over time, the initial catalyst cannot be the most active catalyst
and may be converted into another more active form. An equi-
librium between monomer diaqua cobalt complex 1 and
oligo-/polymer or other molecular species that can be generat-
ed under the external potential can account for film formation.
Moreover, the current crossover observed in the first cycle of
CV at the onset potential, at which the catalytic wave of the
anodic scan showed a higher current than that of the reverse
scan, presumably owing to the resolvation of the deposited
film.

Several obtained data support the point that the deposited
film from the Co—2TCA catalytic system is a molecular cobalt
species rather than oxide/hydroxide film formation. The in situ
generated complex maintains a high hydrolytic stability and
solubility (with concentrations up to 2 mm) in acetate solution
(pH 6-8), as confirmed by UV/Vis spectroscopy and electro-
chemical measurements. UV/Vis spectroscopy did not show
any change for a solution of catalyst in acetate aged for one
month compared with that of a freshly mixed one. LSV results
for a freshly mixed and one-month aged solution were also
identical. This confirms that the most active form of the cata-
lyst is formed upon applying the potential and not because of
decomposition of the complex under operating conditions,
such as pH or aqueous hydrolysis. This is different from some
other catalytic systems based on cobalt polyoxometalates, for
which nanoparticles formed directly after dissolution in buffer
solutions.™ After 100 CV scans, the electrode was removed
from the catalyst solution and rinsed thoroughly with deion-
ized water. CV in catalyst-free acetate buffer shows a clear
drop in the catalytic current. This can be interpreted as fol-
lows: Initially, a film is formed on the electrode surface with
continuous scanning owing to an equilibrium between solu-
tion and surface species. Then, in catalyst-free acetate buffer,
this equilibrium is subjected to change and the film redissolves
in the buffer solution, resulting in a clear drop in the catalytic
current after several CV scans, as shown in Figure S§A.*¥
Thereafter, under the same conditions, LSV revealed a decrease
in the magnitude of the catalytic current by about fivefold and
shifted to a higher onset potential (Figure S8B). In the case of
cobalt acetate, a rinsed electrode in buffer alone shows the
same features as those seen in the solution of cobalt acetate;
however, no signals are present after polishing.

By using a highly oriented pyrolytic graphite (HOPG) elec-
trode (basal plane), the in situ generated complex shows differ-
ent electrochemical features. Cyclic voltammograms showed
a quasi-reversible oxidation wave at 0.75V that was assigned
to Co"" oxidation and an irreversible catalytic wave with an
onset potential of about 1.05V, which reached an initial cur-
rent of about 161 pA at 1.3V (versus Ag/AgCl electrode; Fig-
ure 4A). In DPV, the peak of Co"" appears clearly at 0.668 V
(Figure 4B). Remarkably, catalytic film electrodeposition on the
HOPG electrode was slower than that on a GCE because the
wave current was amplified by 50% after 25 CV cycles com-
pared with 250% in case of GCE. This catalytic current of the
HOPG film declined within 20 CV scans when used in catalyst-
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Figure 4. CV (A) and differential pulse voltammetry (DPV; B) electrochemical

responses of a 1 mm solution of Co—2TCA in 0.1 m acetate buffer, pH 6, with

a HOPG electrode (basal plane), scan rate=50 mVs™'.

free acetate buffer owing to film dissolution in the aqueous
medium (Figure S9).

To obtain a more comprehensive insight into the electro-
chemical behavior of the catalytic system, the dependence of
the onset potentials on pH was investigated in the pH range
of 45-9.0. In the pH range 5.5-7.0, the onset of catalysis is
shifted to higher potentials as the pH is lowered. The onset
potential versus pH plot shows typical Nernstian behavior with
60 mV per pH shift, revealing that one-electron oxidation is ac-
companied by the transfer of one proton (proton-coupled
electron transfer (PCET)), which is ascribed to the [Co"“=0]/
[Co"—OH] redox couple. At higher pH values (7.0 < pH <8.7),
the oxygen onset potential remains constant. This is in con-
trast with the shift of approximately 60 mV per pH unit for the
oxygen onset potential, which means that the electron transfer
step is not coupled to proton transfer.® At pH>9, the onset
potential shifts to higher values and the catalytic current for
the WO reaction decreases to more than 65% of its value at
pH 8.7; this is a result of the decomposition of the catalyst
under these basic conditions and the formation of cobalt hy-
droxide precipitate (Figure S10). Below pH 5.5, a large positive
shift in the onset potential and diminished current density is
observed.

An initial investigation of the deposited catalyst film on the
GCE surface after 100 CV cycles by means of Raman spectros-
copy showed two strong bands at 2654 and 2910 cm™', and
another weak band at 3239 cm™ (Figure 5). These bands corre-
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Figure 5. Raman spectrum (top) and field-emission (FE) SEM images of the
deposited film on a GCE (bottom); after 100 CV scans in the range 0-1.3 V
versus Ag/AgCl electrode with a scan rate of 50 mVs™' (a, b), and after 1 h
of electrolysis (c, d) at 1.2 V versus Ag/AgCl electrode, of an aqueous 1 mm
solution of Co—2TCA in 0.1 m acetate buffer (pH 6).

spond to C—H aliphatic/aromatic stretching vibrations that
cannot arise from the cobalt oxide film. Interestingly, the band
at 3479 cm™' fits with the O—H stretching vibration of the
cobalt-coordinated aqua ligand. The relatively low feature ob-
served in the range 544-712 cm™' for the Co—O bond is what
would have been expected if Co were present as a metal-or-
ganic film rather than as cobalt oxide.” Moreover, the weak
band in the range 302-575 cm™' can be ascribed to the Co—N
bond from the metal complex.?”!

SEM images of the electrodeposited catalytic film on a GCE
showed complete coverage of the electrode surface, with a uni-
form film distribution across the surface. Notably, the high-
energy (=15 keV) incident electron beam resulted in burning
of the deposited film, which indicated the organometallic
nature of the film (Figure 5). EDX revealed that the deposited
catalytic film contained Co, O, and C with an approximate Co/
O ratio of 1:2.59. This high oxygen to cobalt ratio cannot be
justified based on cobalt oxide structures, such as CoO or
Co;0,, in which the oxygen content is lower than that of
cobalt. In a molecular film of the complex, the Co/O ratio is
calculated to be 1:2, which is closer to the observed value.
Moreover, the absence of any traces of sodium ions from the
buffer solution in the deposited film strongly supports the mo-
lecular identity of the film. In contrast, for cobalt oxide catalyst
films, cations from the buffer solution, typically sodium and
potassium, are commonly observed in the film struc-
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ture.®20.28 The |ow ratio of nitrogen content detected by EDX
might be attributed to the low sensitivity of this method to
the surface composition (Figure S11).%¥ EDX results of the de-
posited film in the case of the ITO electrode gave evidence of
carbon incorporation into the catalyst film.

For further characterization and to confirm the molecular
identity of the deposited catalytic active film, we used an ITO
electrode with a larger surface area (0.5cm? in a controlled
potential electrolysis experiment. After 11 h of electrolysis at
1.2V (versus Ag/AgCl), a transparent brownish film about
400 nm thick was formed on the ITO electrode (Figure 6). The
elemental composition of the post-electrolysis ITO electrode
and the valence states of metal elements were studied by
means of XPS. The XPS survey spectra recorded for the catalyst
film indicated the presence of N1s, C1s, O1s, and Co2p peaks,
along with In and Sn from the electrode surface (Figure 6). The
HR-XPS spectrum of cobalt showed two major peaks at 780.9
and 796.5 eV, corresponding to Co2p;, and Co2p,,, respec-
tively. The absence of broad satellites (shake-up peaks), along
with Co2p,,,—2ps/, spin—orbit level energy spacing (= 15.5 eV),
supports the presence of low-spin Co".2% XPS signals at 60
and 102 eV are also consistent with the presence of Co3s and
Co3p.

The C1s core-level spectrum displayed several peaks owing
to different functionalized carbon atoms. The spectrum sug-
gests the presence of C=C, C—C, C—N, and COO in the deposit-
ed film, as observed in the peaks at 284.5, 285.2, 286.6, and
288.5 eV, respectively. Remarkably, no C1s peak corresponding
to carboxylic carbon (—COOH) appeared in the spectrum,
which indicated the absence of free ligand.®" This rules out
ligand codeposition with a metal oxide film and confirms
ligand coordination to the cobalt ion in the formed catalyst
film. This C1s spectrum differs from the case of using cobalt
acetate only in acetate buffer, for which two peaks at 285.1
and 288.3 eV represent ionization of the C1s core level of the
methyl and carboxylate carbon atoms, respectively, from the
acetate ion.””

The O1s peaks of Co;0, and CoO nanoparticles appear in
the range of 529.4-530.3 eV.*? Deconvolution of the O 1s peak
gives three contributions at 531.8, 534.5, and 535.5 eV, which
are in a higher binding energy region compared with those of
lattice oxygen O®~ from cobalt oxides. This result clearly shows
that no persistent oxide layers are formed at any stage of the
catalytic cycle. In addition, based on their binding energy
values, these peaks are assigned to O=C, O—C=0, and OH, re-
spectively, from a molecular catalytic film. The N1s XPS spec-
trum was deconvoluted into three major components at 399.2,
400.2, and 401.4 eV. The two peaks at high binding energy
(400.2 and 401.4 eV) are assigned to free nitrogen atoms from
the triazole structure.®’® A change in binding energy of metal-
bound nitrogen has been reported in the literature to cause
this peak to shift to a lower binding energy of about
399.2 eV.®¥ Consequently, the third nitrogen atom from the tri-
azole moiety also preserves its coordination to the cobalt ion
in the deposited film.

More very conclusive evidence of the organometallic nature
of the formed film was gained by dissolving the film in organic
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Figure 6. FE-SEM image (top left; scale bar corresponds to 400 nm and the line in the middle to 400 nm), XPS survey spectrum (top right), and high-resolu-
tion (HR) scans for Co2p, C1s, O1s, and N 1s regions (bottom) of the deposited film on an ITO electrode after 11 h of CPE at 1.2 V (versus Ag/AgCl), in acetate

buffer (pH 6).

solvents. First trials to dissolve the brown film deposited on
the ITO electrode in organic solvents, such as chloroform,
methanol, ethanol, and acetone, failed. Interestingly, the use of
the same deposited catalyst film in complex-free acetate buffer
during bulk electrolysis resulted in leaching of the film from
the electrode surface into the aqueous solution. This brownish
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material was soluble in organic solvents, such as chloroform
and ethanol. The FTIR spectrum of the film dissolved in chloro-
form matched well with the isolated product from the photo-
chemical WO experiment, with [Ru(bpy);]*" as a PS and persul-
fate as the sacrificial electron acceptor (as characterized and
discussed in detail below) (Figure 7).
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ucts (top) and a comparison of the FTIR spectra of the ligand, complex, and
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FTIR spectra of the brown film separated after bulk electroly-
sis show clear indications of the metal-organic nature of the
deposited film. The spectrum of as-synthesized cobalt complex
has a broad band in the range of 7=2880-3470 cm™' for coor-
dinated water with superimposed weak bands at 7=2852,
2918, and 3161 cm ™' assigned to C,;—H symmetric and asym-
metric stretching vibrations and C,.—H stretching vibrations,
respectively. In addition, there are strong stretching frequen-
cies at 7=1598, 1554, 1444, 1384, and 1062 cm™' assigned to
C=0,,, (=C, CHjpenas and C—O, features, respectively. The
post-electrolysis/photocatalysis separated brown powder
showed a similar pattern to that of the as-synthesized complex
with a slight shift in some bands. The aliphatic C—H stretching
vibrations, from methyl groups, can be clearly seen as strong
bands at 7=2848, 2929, and 2952 cm ™' together with a weak
band at 3200 cm ™' owing to aromatic C—H,,. stretching vibra-
tions. Moreover, there are weak to strong bands at 7=1635,
1593, 1460, 1375, 1263, and 1062 cm ' assigned to C=O,
C=C,,, =N, CHjpng, and C—O,, features, respectively. It is
worth noting that the broad band in the O—H region of the
complex was replaced by a weak, sharp band in the case of
the post-electrolysis film.

To further explore the structure of the cobalt species depos-
ited on the working electrode, the brown film formed during
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the bulk electrolysis experiment was analyzed by HR-ESI-MS.
Analysis of the post-electrolysis film confirmed the existence of
complex 1 at m/z 542.10999, which fit well with the calculated
value of m/z 542.10889 [Co(TCA),—H,0+Na*]. The same value
was observed for the as-synthesized catalyst. However, we
could not exclude the formation of some new molecular spe-
cies because the ESI-MS spectrum of the film exhibited some
new signals compared with that of the as-synthesized complex
(Figure S12). At the same time, the deposited film was free
from any uncoordinated ligand (m/z 231) or cobalt aqua ions
[Co(H,0)s*t (m/z 167).

Controlled potential electrolysis (CPE) for 11 h in a one-com-
partment cell with the in situ generated complex did not result
in any metal deposition on the counter platinum electrode,
whereas in the case of cobalt acetate a black deposition was
clearly observed on the counter electrode. Optical spectra of
the solution after 11 h of electrolysis at 1.2 V (versus Ag/AgCl)
indicated only about 8% decrease in the catalyst concentra-
tion; this is expected owing to the deposition of cobalt com-
plex on the working electrode surface (Figure S13). Hence, the
catalyst is still present after a long period of electrolysis. More-
over, the catalyst displayed a linear dependence of catalytic
current on the catalyst concentration (Figure S14). This de-
pendence is unlikely to be caused by a surface-adsorbed spe-
cies because similar catalysis is observed with three different
electrode materials (GC, HOPG, and ITO). Furthermore, the
in situ generated cobalt complex discloses a catalytic current
dependence on the electronic structure of the complex. Thus,
the use of the electron-deficient bidentate ligand 1-phenyl tri-
azole-4-carboxylic acid leads to a decrease in the catalytic cur-
rent of more than 50% and an increase of the WO overpoten-
tial compared with the use of TCA (Figure S15). Llobet and co-
workers very recently reported similar findings in their mono-
nuclear copper-based WOC, with which they demonstrated
that, as the electron-donating capacity at the aromatic ring in-
creased, the overpotential was drastically reduced.®”

The apparent catalytic currents for WO prompted us to ex-
amine CPE catalyzed by the insitu generated complex
Co(TCA),2H,0. The experiment was performed at a fixed po-
tential (1.2V versus Ag/AgCl) in 0.1m acetate electrolyte
(pH 6.0) containing 1 mm of catalyst. The system had a very
stable oxygen evolution current density of about 2.0 mAcm™2,
and a transparent brown film was observed on ITO after 2 h of
electrolysis (Figure S16). The electrocatalyst remains very active
during extended periods of CPE over 11 h with a high current
density for oxygen evolution (Figure 8). During electrolysis, gas
bubbles were clearly observed, and these bubbles were con-
firmed as oxygen molecules by GC. No apparent O, evolution
current was observed on the bare ITO immersed in catalyst-
free acetate buffer. After 11 h of CBE, the electrode was trans-
ferred to a catalyst-free acetate electrolyte of pH=7.5 to show
a stable current density of 2.7 mAcm 2 (Figure 8, inset).

Photochemical WO

The catalytic efficiency of the insitu generated complex
Co(TCA)(OH,), for visible-light-driven WO was studied by using
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Figure 8. Long-term CPE of ITO electrode in 0.1 m acetate (pH 6.0) contain-
ing 1 mm Co—TCA at 1.2 V (versus Ag/AgCl). The inset shows CBE results
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[Ru(bpy);]Cl, as the PS and Na,S,0; as the sacrificial oxidant, in
a solution of sodium acetate (pH 7.0) under visible-light irradia-
tion (1>420 nm; Figure 9). Oxygen evolution was monitored
by using GC with a thermal conductivity detector (TCD). Under
photocatalysis, oxygen evolution starts and throughout the
first hour the amount of O, increases linearly to reach about
90 pmol oxygen in the gaseous phase after 1 h of photocataly-
sis; this corresponds to a turnover number (TON) of 90 (mol of
O, per mol of 1). Oxygen production stops around 1 h after
the start of photoirradiation owing to [Ru(bpy);]*" degrada-
tion, as indicated by a partial decrease of the absorption band
at A=450 nm (Figure S17).

Determination of the complex stability for WO under operat-
ing conditions such as aqueous medium, pH, and oxidation
potential is the first step in proving the molecular nature of
the catalytic system. Subsequently, catalyst speciation or isola-
tion and exsitu characterization, where possible, could give

100

80 1
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40 |

0O, evolved / pmol
>
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Figure 9. Plot of oxygen evolution versus time for visible-light-driven
(A>420 nm) WO catalyzed by Co(TCA)(OH,), (100 um) in aqueous acetate
solution (0.1 m, 10 mL; pH 7.5) containing Na,S,05 (10 mm) and [Ru(bpy);]1Cl,
(1 mm) under N,.
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further breakthroughs about the active species during reaction.
The molecular identity of the cobalt catalyst (1) was proven
based on both insitu and exsitu catalyst characterization.
First, a solution containing the insitu generated complex
Co(TCA)(OH,), (0.05 mm), [Ru(bpy);]Cl, (10 equiv), and Na,S,04
(20 equiv) in a solution of acetate (pH 7.5) was subjected to
ESI-MS and after 3 h of photoirradiation the solution was ana-
lyzed again by means of ESI-MS. The mass spectrum of the
photoirradiated sample confirmed the exact molecular weight
of the catalyst in solution at m/z 553.41 [Co(TCA)(OH,),—2H"],
which was the same as that before photocatalysis. This means
that the catalyst is very stable under the photocatalysis condi-
tions because it maintains its structure for long periods of pho-
tocatalysis (Figure S18). No signal for free dissociated ligand
was observed in the ESI-MS spectrum after photocatalysis,
which would otherwise appear as at m/z 231, corresponding
to TCA. Additionally, no signals from cobalt aqua ions were de-
tected.

Moreover, time-dependent DLS was used to rule out the for-
mation of any cobalt species nanoparticles under photolytic
conditions, above the limit of detection, whereas those cata-
lyzed by cobalt acetate did produce particles that were pre-
sumably cobalt oxide. Several samples of the photoirradiated
catalyst solution were collected at different time intervals (up
to 2 h) and no nanoparticles could be detected (Figures S19
and S20).

In situ ESI-MS characterization of the reaction solution
before and after the photochemical WO reaction suggested
the high stability of the cobalt catalyst and DLS analysis ruled
out the formation of nanoparticles during the process. A
second and conclusive step in distinguishing homo- and het-
erogeneous catalysis is isolation of the catalyst and exsitu
characterization of any detected forms of the catalyst. There-
fore, first, a solution containing 0.1 mm of catalyst 1, 1 mm of
[Ru(bpy);]Cl,, and 10 mm of Na,S,0Og in acetate buffer (0.1 m) at
pH 7.5 was irradiated under visible light for 2 h. After water
evaporation at room temperature, the reaction residue was
dissolved in chloroform. Providentially, both TCA ligand and
cobalt complex Co(TCA),-2 H,O are soluble in chloroform, as in-
dependently tested. The solution in chloroform was then ana-
lyzed by ESI-MS and 'H NMR and FTIR spectroscopy. ESI-MS
analysis of the post-photocatalysis isolated product revealed
an identical mass spectrum to that of the as-synthesized com-
plex, with the absence of any signals corresponding to the free
ligand (Figure 10).

The "H NMR spectrum of the free TCA ligand revealed two
sharp signals in the aliphatic region at §=2.00 in Figure 10
and 2.39 ppm, which were equivalent to 6H and 3H, respec-
tively, from the three methyl groups on the mesityl moiety.
After coordination, in the as-synthesized cobalt complex
Co(TCA),2H,0, these two signals have clearly shifted to the
right with an exchange of their positions. Thus, in the complex,
the two signals appeared at 0 =1.99 (equivalent to 3H) and
2.11 ppm (equivalent to 6H), whereas the signals in the aro-
matic region, which were localized close to the cobalt ion,
were not well defined because the complex contained the
paramagnetic Co" ion. Similarly, the signals of the product iso-
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sized catalyst (blue), and the isolated product after photocatalysis (red).

lated after photoirradiation are analogous to those of the as-
synthesized catalyst (Figure 10). The absence of any signals
from the dissociated ligand or its oxidation products, along
with retention of the integration ratio of the two signals corre-
sponding to the methyl groups—the same as those in the as-
synthesized catalyst—strongly support that the catalyst pre-
serves its molecular identity under photocatalysis conditions.
The "H NMR spectrum of the post-photocatalysis product no-
ticeably exhibited sharp resonances, with slight changes in
chemical shifts that might be a result of oxidation of the com-
plex to the diamagnetic Co" analogue. The ligand oxidation
products can be easily detected in 'HNMR spectroscopy;
nonetheless, '"H NMR spectroscopy did not detect any ligand
dissociation or its oxidation products. Also, during photochem-
ical WO, MS could not detect any CO, gas; this excludes ligand
decomposition under harsh photocatalysis conditions.
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DFT calculations

For WO, an electrochemical potential of 1.23 eV per electron is
required at pH 0.9 Some possible catalytic cycles were mod-
eled (Figure 11) and compared with the calculated per-
formance of our complex with other possible WOCs in a volca-
no plot (Figure 12, see below).

To elucidate the potential WO mechanism, DFT calculations
were performed (see the Supporting Information for more de-
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Figure 11. a) WO mechanism pathways. From complex lll, there are three
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1 and Rxn4-1), 2) a mononuclear mechanism (through Rxn3-2 and Rxn4-2),
and 3) a bifunctional mechanism (through Rxn3-3 and Rxn4-3) in which an
acceptor (Acc) has a cocatalytic role. b) Stepwise representation of the WO
according to the mononuclear mechanism (following Rxn1, Rxn2, Rxn3-2,
and Rxn4-2).
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tails about the level of theory used). The mechanisms were
studied by considering only key intermediates reached
through PCETs. The redox potentials were computed by taking
advantage of the theoretical NHE developed by Rossmeisl
et al.®” For convenience, we discuss our results with respect to
the reversible hydrogen electrode (RHE), which adds a pH cor-
rection of 59 meV per pH unit. Accordingly all redox potentials
discussed here become pH-independent. In Figure 11a, the
three most common potential water oxidation mechanisms are
shown. The first two reaction steps (Figure 11a, Rxn1 and
Rxn2) comprise the subsequent abstraction of H* /e~ couples,
resulting in the formation of Co"~OH hydroxo and Co"=0 oxo
intermediates. In the present set of calculations, we find that
potentials of 1.21 and 1.47 eV are required for these oxidations
steps (versus RHE). The Co"=0 species (lll in Figure 11a) corre-
sponds to a branching point from which O—O bond formation
can proceed through a variety of different mechanisms. The
most common reaction paths summarized in the literature are
the binuclear path®® (Figure 11a, Rxn3-1), the mononuclear
path®”3? (Figure 11a, Rxn3-2), and the recently discovered bi-
functional path“” (Figure 11a, Rxn3-3). Each of the three mech-
anisms is characterized by different structural requirements.
The binuclear mechanism requires the presence of two
easily available adjacent cobalt sites to proceed.”” Due to the
mononuclear nature of the complex, the only possibility to ful-
fill this requirement is the cooperative interaction between
two preoxidized complexes, resulting in the formation of
a Co—0—0—Co peroxo bridge between them. The rather large
n-m-stacking distance of 5-6 A, however, renders this possibili-
ty unlikely. Despite this unfavorable steric hindrance, it is
still not impossible to form such a bridge, at the cost of a con-
siderable activation barrier. However, the fact that the complex
still displays considerable current density, even after being
placed on an ITO electrode upon which freely moving Co=0
moieties are no longer available prompts us to exclude this
mechanism.

This renders the nucleophilic attack of a water or OH™ mole-
cule the most likely path to O—O bond formation (Figure 11a,
Rxn3-2 and Rxn4-2). Assuming this path, the nucleophilic
attack of water is generally assumed to result in the formation
of a Co"-OOH intermediate under abstraction of a H'/e~
couple (Figure 11a, Rxn3-2).”*? Following this mechanism,
a potential of 1.38 eV is required for O—O bond formation fol-
lowed by the release of O, which requires a potential of
0.86 eV. Thus, the oxidation of Co—OH to Co=0 appears, with
an overpotential of 0.24 eV, to be potential determining (Fig-
ure 11b).

Recently, a bifunctional mechanism for the nucleophilic 0—O
bond-formation step has also been proposed in the heteroge-
neous electrochemistry community (Figure 11a, Rxn3-3).4" In
contrast to the classical mononuclear mechanism, O—O bond
formation is assumed to occur here in a concerted reaction
step, comprising the nucleophilic attack of a water molecule,
the abstraction of the H*/e™ couple, and the transfer of the
second hydrogen to an adjacent hydrogen Acc unit (Fig-
ure 11a). This mechanism allows for the direct formation of O,
and avoids the formation of Co—OOH [Rxn3-3 in Figure 11a].
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Co=0 + 2H,0 + Acc — [Co—H,0 + Acc—H] + O, + 0.5H,
(Rxn3 — 3)

A prerequisite for this mechanism is, however, the availabili-
ty of a reasonably reactive hydrogen acceptor in close vicinity
to the active site. In the present complex, only a nitrogen
atom in the triazole ring or a second Co=0 could act as a coca-
talyst. The former can be excluded because the triazole ring
has a redox potential of 0.34 eV versus RHE, rendering it
a poor hydrogen acceptor. Indeed, O—O bond formation
would, with a redox potential of 1.90 eV versus RHE, become
the potential-determining step. Similarly, also hydrogen trans-
fer to Co=0, provided it is accessible under the reaction condi-
tions, would not change the energy landscape because this
would not avoid the potential-determining reaction step (Fig-
ure 11a, Rxn2). Additionally, it would add an equally unfavor-
able reaction step (Figure 11a, Rxn4-3) for the recovery of the
Co=0 acceptor unit. Thus, the bifunctional mechanism can be
excluded for the present system.

Based on the energetics of the key intermediates, a compari-
son of the activity of the catalyst with state-of-the-art molecu-
lar and solid-state WOCs can be performed by using a volcano
plot.®**¥ Volcano plots are drawn by plotting the activity (here
the overpotential, 77) on the y axis and a descriptor for the ac-
tivity (here Rxn2 in Figure 11a) on the x axis. The plot is
a graphical representation of Sabatier’s principle, which states
that for the best possible catalyst all reaction steps display
comparable energetics.*” These ideal catalysts are found at
the top of the volcano, whereas less ideal materials are shifted
away from the top and appear either on the left branch of the
volcano, if the intermediates are bound too strongly, or at the
right branch, if they are too unstable. Details on the construc-
tion and interpretation of volcano plots can be found in the lit-
erature®®® and the Supporting Information.

Let us begin the discussion of the volcano plot shown in
Figure 12 by considering the general shape of the oxygen evo-
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Figure 12. A DFT-based volcano plot relating the theoretical limiting overpo-
tential of various TM complexes and oxide surfaces to general oxygen reduc-
tion reaction reactivity trends. RuO,, IrO,, Co;0, (Ref. [39]); a-MnO,

(Ref. [45]); B-CoOOH (Ref. [46]); (Ni,Fe)OOH (Ref. [47]); [Co(H,0)¢] (Ref. [48]);
Co,0, cubane (Ref. [49]); [Fe(Pytacn)] (Pytacn = 1-[2'-(pyridyl)methyl]-4,7-di-
alkyl-1,4,7-triazacyclononane; Ref. [50]); [Ru(tpy)(bpy)] (tpy =2,2';6,2"-terpyri-
dine; Ref. [51]); [Cu,(BPMAN)] (BPMAN = 2,7-[bis(2-pyridylmethyl)laminometh-
yl1-1,8-naphthyridine; Ref. [52]); [Ru(bpc)] and [Ru(bpy)] (Ref. [42]); [Co(TCA),]
(this work).
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lution reaction volcano. The most prominent feature is the
peak of the volcano, which is placed at a reaction free energy
of 1.6 eV for Rxn2 (Figure 11 a), rather than the thermodynamic
potential of 1.23 eV. This is a direct result of the constant
energy difference of 3.2 eV observed for a large number of
very different systems, ranging from TM oxides to TM-doped
graphenes.****3 \With a theoretical overpotential of only
0.24 eV and a free energy of 1.47 eV for Rxn2 (Figure 11a), our
catalyst falls close to the top of the volcano, slightly shifted to
the left branch of the volcano at which point catalysts with in-
termediates that are too stable are placed. This resembles the
excellent performance of the complex observed experimental-
ly. To which extent minor improvements through destabiliza-
tion of the intermediates with less-electron-donating ligands
can be achieved is unclear considering the computational un-
certainties associated with the modeling of TM complexes.””
Furthermore, it is equally active as state-of-the-art dimensional-
ly stable anodes (DSAs) used in industrial WO, which rely on
IrO, and Ru0,,**** and outperforms many of the recently dis-

covered homogeneous WOCs based on abundant T™M
Oxides.[39,42,46752,56]
Conclusions
We have demonstrated that the insitu generated

Co(TCA),-2H,0 (TCA =1-mesityl-1,2,3-1H-triazole-4-carboxylate)
is an active catalyst for both the photo- and electrochemical
water oxidation (WO) reactions. In electrochemical investiga-
tions, the catalyst was found to self-assemble into a catalyst
film on the surface of different electrodes, such as glassy
carbon (GC), highly oriented pyrolytic graphite (HOPG), and
indium-doped tin oxide (ITO) electrodes. The film was proved
not to be cobalt oxide/hydroxide, as normally expected, but,
for the first time, was a molecular cobalt complex that incorpo-
rated the original ligand ligated to cobalt. The film was evi-
denced based on SEM, Raman, FTIR, and X-Ray photoelectron
spectroscopy (XPS) results, along with its physical properties.
Similar results were observed with the copper(ll)/6,6-dihy-
droxy-2,2-bipyridine catalytic system when used for electro-
chemical WO, during which a deposit was observed on the
electrode during electrolysis experiments and it was demon-
strated that this film was oligo- or polymers of the copper
complex instead of copper oxide.”” Moreover, in the photo-
chemical WO, the catalytic activity of the complex competes
with some of the best water oxidation catalysts (WOCs) report-
ed so far in terms of stability and turnover number (TON). The
molecular identity of the catalyst in the photocatalysis process
was evidenced based on ESI-MS, dynamic light scattering
(DLS), FTIR, and "H NMR spectroscopic characterization. Proof
of the high stability of the in situ generated complex and its
high catalytic activity under neutral conditions, based only on
a bidentate ligand, shed light on the ability of small ligands, in-
stead of presynthesized polydentate ligands, to stabilize cobalt
ions in lower and higher oxidation states. Furthermore, DFT
calculations predicted a mononuclear oxidation mechanism
and showed that this Co(TCA),-2H,0 catalyst lay very close to
the top of the theoretical volcano plot. Based on these compu-
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tational results, we are confident that small modifications of
this type of catalyst can lead to a superb, easily synthesized, in-
dustrial WOC.
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