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The water splitting reaction represents an appealing approach
to store solar energy. The 4e� /4H+ oxidation of water
generating O2 is considered as the bottleneck in this reaction
and usually requires a rather large over potential. We report on
the synthesis and application of a binuclear cobalt(III) complex,
1, with two μ-OH ligands and tripodal triazole ligands, L, in the
electrochemical water oxidation reaction (WOR; L= tris((1-
phenyl-1H-1,2,3-triazol-4-yl)methyl)amine). The cobalt(III)
centres in the complex exhibit an octahedral coordination

geometry and the complex is stable in water. Electrochemical
studies revealed that solutions of 1NO3 catalyse the WOR in
phosphate or borate buffer. However, further analysis showed,
that 1NO3 is a precursor and decomposes under the applied
potential. A smooth deposit is formed on the electrode surface,
which is a highly active water oxidation catalysis. The deposit
consists of mainly cobalt oxide/hydroxide, which accounts for
the catalytic activity, and small amounts of 1NO3.

Introduction

Water splitting is an attractive way for solar energy storage in
chemical bond energy. The oxygen evolution reaction in this
process is associated with high barriers for some individual
redox steps and kinetically slow due to the O� O bond
formation step. Heterogeneous cobalt oxide has been inves-
tigated intensively as electrocatalysts in the electrochemical
water oxidation reaction.[1] This prompted the synthesis of well-
defined di- and multinuclear molecular analogues to obtain
insight into the structure of key intermediates and the catalytic

mechanism during water oxidation catalysis.[2] However, deter-
mining whether the homogeneous WOC remains intact under
the harsh oxidative conditions of the electrolysis or is actually a
precursor for heterogeneous WOC is a crucial question in these
studies. CoOx is highly active and even hardly measurable
amounts may serve as active species. For example,
[Co2(TPA)2(OH)(O2)]

3+ was reported by Wang et al. as homoge-
neous photo- and electrochemical water oxidation catalyst
(Figure 1).[3] However, later studies indicated that the complex
likely decomposes under certain conditions in the electro- or
photochemical water oxidation catalysis and that CoOx is
actually the main active species then.[4] By modifying the ligand
set, that is changing from a (py)3,R3N ligand set as in TPA to an
(py)2,(R3N)2 to increase the stability, no catalytic activity was
observed.[4a] These studies prompted us to investigate binuclear
cobalt complex with a triazole ligand, 1NO3, in the electro-
chemical water oxidation reaction (Figure 1). Triazole ligands
have become increasingly popular as they can be derived rather
straight-forward via copper(I) catalysed click chemistry. They
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can coordinate either as N or C donor ligand. Such complexes
have been explored for a large variety of application including
solar energy conversion reactions, light emitting compounds, or
other catalytic applications.[5]

Results and discussion

Complex synthesis and characterisation. The complex has been
synthesised similar to the procedure that has been published
previously for the related complex with benzyl instead of
phenyl substituents in the ligand backbone.[6] Co(ClO4)2*6H2O
and the ligand were dissolved in MeCN, subsequently, H2O2 was
added, and the solution was stirred overnight. 1ClO4,
[Co2L2(OH)2](ClO)4), was isolated after work-up and purification
as red solid in 24% yield. The NMR spectra reveals a
diamagnetic compound and exhibits the expected signal set for
a C2h symmetric complex. The

1H signal of the hydroxo-ligand
appears as a singlet at 0.7 ppm. Formation of the dimer was
supported by mass spectrometry and the complex has also
been characterized by single X-ray diffraction. The results are
depicted in Figure 2, Table 1, and details on X-ray refinement
can be found in the SI. The cobalt(III) ions both exhibit a slightly
distorted octahedral coordination geometry and are bridged by
two hydroxide ligands (continuous shape measurement, CShM,

for octahedral Co=0.615[7]). The amine and one triazole unit
coordinate in the equatorial position, the other two in the axial
positions. The Co� O bond distances are within the range
expected for a Co(III) low spin configuration and all bond
lengths angles are similar to the one observed for the previous
reported benzyl derivative of 1ClO4.[6] Analysis by the bond
valence method supported a low spin Co(III) configuration (Σ=

3.06, see SI).[8]

Water oxidation catalysis. Since the water solubility of the
perchlorate complex was limited, the nitrate complex
[Co2L2(OH)2](NO3)4, 1

NO3, was used for all further studies. All CV
measurements in water have been referenced vs. NHE. The CV
of 1NO3 in aqueous phosphate buffer at pH=7 with a glass
carbon (GC) electrode exhibits a catalytic wave at Ep,1=1.53 V
and a second slightly smaller wave at Ep,2=1.74 V (Figure S3,
ν=0.1 Vs � 1, I=0.1 m phosphate, c1NO3�1 mm). Upon succes-
sive CV scans the first wave vanishes and the second one shifts
to slightly higher potentials, but the current holds rather
constant (Figure S3). Polishing of the electrode re-establishes
the initial CV (Figure S4). Changing to boron doped diamond
(BDD) as electrode material did not have any impact, which
indicates that the effect is not caused by changes of the carbon
electrode surface under the harsh oxidative conditions, but an
intrinsic property of the complex (Figure S5). Similar behaviour
was observed at pH=8: The CV data of 1NO3 showed one
catalytic wave at Ep,1=1.55 V, which also vanishes upon
successive scanning and a second wave occurs at 1.8 V
(Figure S6). The original CV was established after polishing the
electrode (Figure S7). This indicates decomposition of the
material during catalysis in phosphate-buffered water and
formation of a heterogeneous material on the electrode surface,
which is (also) active. This was corroborated by controlled
potential electrolysis experiments (CPE). After CPE at 1.39 V for
15 minutes, the electrode was carefully taken out of the
solution and a CV was recorded in a pure buffer solution (rinse
test). The CV showed a large catalytic current, which is indeed
characteristic for the deposition of an active material during
CPE (Figure S8, Figure S9).

Since the buffer anion can have an impact on the stability
and catalytic activity, catalysis with 1NO3 was also investigated in
boric acid. Indeed, the CV of 1NO3 in aqueous boric acid at pH=

8 exhibits a catalytic wave at Ep1=1.43 V, which vanishes again
upon successive scanning and a new one appeared at Ep,1=

1.71 V (Figure S10), however, when the potential is switched at
less oxidative potentials, the catalytic current holds constant
and the peak shift is less pronounced (Figure 3). Over time the
catalytic wave shifts to Ep1=1.35 V in the 10th cycle.

The CV data are not scan rate independent, which indicates
that the catalysis is not under catalytic control and side
phenomena occur (Figure S11). Concentration dependent meas-
urements revealed a saturation behaviour of the maximum
current at concentrations of above 0.25 mm and an S-shaped
CV curve at 0.25 mm, which is indicative for catalysis under
kinetic control (Figure S12).

CPE showed a large catalytic current, which decreased over
time (Figure S13). Since the conductivity of the solution was
rather low, 0.1 m sodium sulphate/0.1 m boric acid solution was

Figure 2. Molecular structure of 1ClO4*4MeCN. ClO4
� -ions, hydrogen

atoms and solvent molecules were omitted for clarity. Thermal
ellipsoids were set at the 50% level.

Table 1. Selected bond lengths /Å for 1ClO4*4MeCN.

Atoms 1ClO4 Atoms 1ClO4

Co1� O1 1.903(4) Co1� N10 1.899(4)
Co1� O1’ 1.918(4) Co1� N20 1.890(5)
Co1� N1 2.011(4) Co1� N30 1.922(3)
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used for further investigation. The current held constant then
during CPE (Figure S14) and oxygen evolution was confirmed,
however, the Faraday efficiency was rather low with 50%
indicating that large amounts of the current end up in other
processes. This prompted us to investigate the stability of 1NO3

under catalytic conditions in more depth. The concentration of
1NO3 decreased during electrolysis as confirmed by UV/Vis
spectroscopy, which indicates that 1NO3 partially decomposes
during electrolysis also in boric acid (Figure S2). The rinse test
indicated the formation of a catalytically active deposit. The CV
of the electrode after CPE in a freshly prepared sodium
sulphate/boric acid solution exhibit large catalytic currents
(Figure S15). CPE with the re-used electrode in freshly prepared
sodium sulphate/boric acid solution led to almost the same
charge injection and FE indicating that the material deposited
on the electrode surface is the sole active species (Figure S16).

In order to shed light on the active species, we also
investigated a solution of cobalt(II) nitrate, which is known to
be active in water oxidation catalysis, under similar condition-
s.1a,2a The CV of Co(NO3)2 in 0.1 m sodium sulphate/0.1 m boric
acid solution showed a catalytic wave at Ep,1=1.36 V (ν=0.1
Vs� 1, Figure S17), which is similar to the peak potential of the
wave in the experiment with 1NO3 in the 10th cycle. However,
CPE at an applied potential of 1.36 V revealed a much lower
current than for 1NO3, although the concentration was three
times higher (1.5 times higher normalized to the Co ion
concentration, Figure S18). The CV of the electrode in boric acid
solution after CPE exhibits the same features as after electrolysis
of 1NO3 indicating the formation of a similar material (Figure 4).
Though, 1NO3 seems to a better precursor than Co(NO3)2.

Scanning electron microscopy (SEM) of the electrode sur-
face after CPE employing 1NO3 showed that the electrode was
all-over coated (Figure 4, Figure S19). The material was smooth
with only a few cracks. EDX analysis indicated cobalt ions as
main component (Figure S20). Since EDX is not sensitive for
light elements, XPS was conducted in order to shed light on the
composition of the material. For comparison, a dropcast sample
of 1NO3 was also investigated. Survey XPS showed that both
samples consist of C, N, O, and Co atoms, as well as Si atoms,
likely as an impurity from grease (Figure S21, Figure S22). In the
dropcast sample, K and S atoms were also present. The detail

XPS spectra of the N 1s peak are very similar in both samples,
indicating that the deposit contains 1NO3 (Figure S23, Fig-
ure S24). However, the molar ratio of N and Co atoms is much
higher in the CPE sample, namely 1 :0.80, than in the dropcats
sample (cf. 1 :0.14), which indicates that the deposit mainly
consist of cobaltoxide/hydroxide and only minor amounts of
1NO3. The binding energies of the 2p electrons of Co are only
very little affected by the oxidation state of the metal centre,
and thus it is not possible to distinguish between Co(II) and
Co(III) ions, though, the satellite peaks at 785 eV indicate that
Co ions in the oxidation state of + II are present.[9] Taking all
measurements together, we conclude that the complex partially
decomposes during electrolysis, forming cobalt(II) and/or
cobalt(III) oxide and that this material is active in the WOC.

Conclusion

The reaction of tris((1-phenyl-1H-1,2,3-triazol-4-yl)methyl)amine
with Co(II) salts under oxidative conditions led to the formation
of the dinuclear cobalt(III) complex with two bridging OH
ligands. The complex was investigated in the water oxidation
catalysis and solutions of 1NO3 were very active, though with
only moderate FE. Post catalytic analysis by XPS, SEM and EDX
revealed that the complex decomposes during water oxidation
catalysis and that a highly active cobalt oxide is formed on the
electrode surface. The study highlights that careful post analysis
is necessary to elucidate the active species in homogeneous,
electrochemical water oxidation catalysis.

Experimental Section
All Electrochemical measurements were recorded with a Gamry
Instruments Reference 600 or Reference 600 Plus using degassed
Millipore© water. A three-electrode setup was used with a glassy
carbon (CH Instruments, A=7.1 mm2) or boron doped diamond
(Windsor Scientific, A=7.1 mm2) working electrode, a platinum wire
as counter electrode (99.999%, 1 mm diameter) and a SCE as
reference electrode (ALS). All electrochemical data were referenced
against NHE by adding 0.244 V. If not otherwise noted, before each
scan the GC working electrode was pre-treated by rinsing with
Millipore© water, 30 seconds polishing with an alox-slurry (0.05 μm),
rinsing with Millipore© water, 3 minutes sonification in Millipore©

water, rinsing with Millipore© water and drying. Electrolyte solution

Figure 3. CV data of 1NO3 in boric acid, pH=8, GC electrode,
[1NO3]�1 mm, I=0.1 m BO3

3� , ν=0.1 Vs� 1.

Figure 4. Left: CV of the re-used electrodes after CPE for 15 minutes,
red [1NO3]=0.29 mm, black [Co(NO3)2]=1.0 mm, pH=8, GC elec-
trode, I=0.1 M B(OH)3+0.1 M Na2SO4, ν=0.1 Vs� 1. Right: SEM of
the electrode surface after electrolysis.
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(0.1 m) were prepared by titrating a 0.1 M KH2PO4 or 0.1 M B(OH)3
with base. Unless otherwise noted, the electrolyte solution was
stirred over Chelex® (100–200 mesh particle size, sodium form) for
20 minutes and the filtrate was used to improve the reproducibility.
For the bulk electrolysis experiments, a glassy carbon rod (7 mm
diameter) was used as working electrode and a platinum spiral as
counter electrode. The electrolysis was conducted in a custom-
made airtight two compartment cell. Working and counter
electrode were separated by a porous glass frit. The working
electrode was cycled 30 times between 1.84 V and � 0.76 V with
500 mVs� 1 in electrolyte solution before electrolysis. The O2

amounts in the CPE experiments were determined by a Shimadzu
GC-2014 equipped with a TCD detector and a molecular sieves
column. Methane was used as an internal standard in order to
determine nO2. The faradaic efficiency was determined by n-
(measured)O2/(Q/4F), Q=electric charge. A calibration curve for
CH4/O2 was determined by injecting known quantities of the
mixtures. GC plates (1×1 cm) were used for the electrolysis
experiments with subsequent surface analysis.

Co(ClO4)2 · 6H2O (183.0 mg, 0.5 mmol) and the ligand (0.5 mmol)
were dissolved in MeCN (5 mL). The reaction mixture was stirred for
30 min and afterwards a 30% H2O2 solution (0.05 mL) was added.
1ClO4, [Co2L2(OH)2](ClO4)4, precipitated during the reaction and could
be obtained by filtration and washing with acetone. 1NO3,
([Co2L2(OH)2](NO3)4, was synthesized according to the same proce-
dure using 0.5 mmol Co(NO3)2 · 6H2O as precursor, and was obtained
as orange-red solid. 1H NMR (401 MHz, CD3CN, 22 °C): δ=8.68 (s,
4H, ax. triazole CH), 8.01 (s, 2H, eq. triazole-CH), 7.53–7.62 (m, 10H,
eq. phenyl), 7.25–7.41 (m, 20H, ax. phenyl), 5.40 (d, 4H, JH� H=15.3,
ax. CH2), 4.82 (d, 4H, JH� H=15.3, ax. CH2), 4.43 (s, 4H, eq. CH2), 0.74
(s, 2H, OH) ppm. 13C-NMR (101 MHz, C3D7NO, 21 °C): δ=151.9,
150.2, 136.7, 136.1, 130.4, 130.2, 121.0, 118.6, 118.5 ppm; hr-ESI-MS:
[14+� H+] 375.6740 (calc. 375.7665).
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