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ABSTRACT: The precise mechanisms of four-electron-trans-
fer water oxidation processes remain to be further understood.
Oxide-based precipitation from molecular catalysts as a
frequent observation during water oxidation has raised
extensive debates on the differentiation between homogeneous
and heterogeneous catalysis. Although soluble cobalt salts are
known to be active in water oxidation, CoOx species formed in
situ were generally considered to be the true catalyst. Here we
report on the possibility homogeneous water oxidation with
cobalt chloride in acidic conditions, which prevent CoOx
precipitation. Interestingly, both the buffer media and counteranions were found to significantly influence the oxygen evolution
activity, and their roles in the water oxidation process were analyzed with various techniques. This study sheds new light on Co2+

ions in key transformation processes of homogeneous water oxidation catalysts.
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The current worldwide demand for sustainable solar energy
has triggered intense research on solar water splitting.1

Efficient water oxidation remains a particular challenge in water
splitting that calls for the development of robust and economic
water oxidation catalysts (WOCs), preferably based on earth-
abundant transition metals.2

Co-WOCs are in the focus of water oxidation research as a
competitive alternative to noble-metal-based catalysts, and a
wide range of molecular and (nano)crystalline heterogeneous
compounds have been reported over recent years.3 In 2008, the
introduction of self-healing amorphous CoPi catalysts via
electrodeposition of Co2+ in a pH 7 phosphate buffer4 aroused
widespread interest in amorphous Co, Mn, Fe, and Ni oxides
for both electrochemical5 and photochemical6 water oxidation.
In parallel, forefront investigations at the interface between
homo- and heterogeneous WOCs indicated that molecular
catalysts frequently act as precatalysts, giving rise to
precipitation of oxide species as the true catalysts.7

Cobalt ions are a central species in this interplay of water
oxidation catalysis types, as outlined by the following
inspirational trends: (1) The self-repair mechanisms of CoPi
were found to depend on the redeposition of dissolved cobalt
ions under electrochemical water oxidation conditions.8 (2)
Several molecular Co-WOCs are in the focus of intense debates
concerning their differentiation from active heterogeneous
CoOx catalysts, which may be formed in subsequent processes
from leached cobalt ions.9 (3) Soluble cobalt salts, such as

Co(NO3)2 have long been used as active standards for newly
designed WOCs, whose activities they frequently surpass.7f,9c,10

This role of cobalt ions as a key player in homo- and
heterogeneous catalyst transformations stands in sharp contrast
to the actual mechanistic insight into the Co2+ pathways of
soluble cobalt salts as WOCs. Although some earlier studies
proposed Co2+ ions as homogeneous catalysts in neutral
media,11 current investigations indicate that Co2+ is merely a
precatalyst that gives rise to CoOx, Co(OH)2, or CoPi catalysts
in situ under photo- or electrochemical conditions.12

Interestingly, a recent study indicated that Co2+ ions may act
as homogeneous catalysts during electrochemical water
oxidation in acidic conditions.13

In the following, we explore the options of homogeneous
water oxidation with cobalt chloride in acidic conditions (HCl,
pH 3) to avoid precipitations. Moreover, a notable influence of
buffer/solution media (citrate, glycine, hydrochloric acid) and
counteranions (Cl−, NO3

−, Br−, ClO4
−, and SO4

2−) on the
water oxidation performance was revealed.
Photochemical water oxidation activity was evaluated

according to a standard protocol using [Ru(bpy)3]
2+ as the

photosensitizer and S2O8
2− as the electron acceptor. Oxygen

evolution was monitored online with Clark electrodes in
solution and quantified by gas chromatography (GC) in the
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headspace. Control experiments with CoCl2, Na2S2O8, photo-
sensitizer, or combinations thereof demonstrate that oxygen
evolution requires the presence of all three components (Figure
S1), thus confirming the catalytic role of CoCl2. H2O was
verified as oxygen source with 18O labeling experiments
(Figures S2−S3).
The exact superposition of the 1H NMR spectra of the

solution before and after water oxidation (Figure S4) points to
a constant concentration of Co2+ during water oxidation, that is,
the absence of Co-related precipitations, because the peak
width varies with the concentration of paramagnetic Co2+

ions.12b Homogeneous water oxidation is further corroborated
by the absence of any peaks arising from insoluble particles in
dynamic light-scattering (DLS) measurements (Figure S5). In
addition, the solution remained transparent after water
oxidation (Figure S6a) without further visual changes, even
after a storage period of 5 months (Figure S6b). These
observations are in line with the thermodynamic instability14 of
CoOx under the given conditions. Formation of secondary
molecular cobalt related WOCs through complex formation
with 2,2′-bipyridine ligands dissociated from [Ru(bpy)3]

2+ (cf.
reference spectra in Figure S8) was excluded because of
negligible oxygen evolution upon addition of 2,2′-bipyridine to
the standard reaction protocol (Figure S9).
The influence of CoCl2 concentration on the photochemical

water oxidation performance was investigated over a wide
concentration range of 0.1−50 mM (Figures 1 and S10). In

contrast to previous studies, which revealed high activities for 2
μM Co2+ in basic conditions,9c no significant activity was
observed below 1 mM. This activity difference strongly points
to a different water oxidation pathway in basic conditions,
implying that heterogeneous CoOx is the active catalyst.
Although the total oxygen evolution amount keeps increasing
with the CoCl2 concentration, the initial oxygen evolution rate
reaches a maximum at around 15 mM.
Electron paramagnetic resonance (EPR) measurements were

conducted to investigate the intermediate species during water
oxidation (Figure 2). A mixed solvent (CH3CN and pH 3 HCl
in 2:1 volume ratio) was used to protect the quartz capillary
sample holders from freezing damage. Oxygen evolution in this
mixed solvent system was confirmed in reference experiments
(Figure S12). Background measurements with [Ru(bpy)3]

2+/

Na2S2O8 mixtures displayed two low-intensity bands of the
[Ru(bpy)3]

3+ and SO4
.‑ radicals at g = 2.78 and g = 2.09,

respectively. Small amounts of [Ru(bpy)3]
3+ are formed from

autoxidation of [Ru(bpy)3]
2+ in the presence of Na2S2O8 and

natural light. Addition of CoCl2 gave rise to a strong absorption
band of paramagnetic Co2+, with the most intense peak at g =
4.73 and a shoulder extended to g ∼ 2.00. Similar spectra were
reported for Co(NO3)2, which can be assigned to high spin
Co2+.5d However, a notable intensity decrease by ∼50% was
observed after 10 min of irradiation at 460 nm, most probably
due to the partial oxidation of Co2+ to EPR-silent Co3+ species.
This was accompanied by the disappearance of the [Ru-
(bpy)3]

3+ and SO4
•− radical bands in the course of the water

oxidation. In contrast to recent reports on molecular Co-
WOCs,15 the suggested Co4+ intermediate species with a
characteristic resonance at g ∼ 2.005d was not observed under
the present conditions, probably implying a different water
oxidation pathway in acidic conditions. Spontaneous release of
oxygen observed for specific Co3+ complexes, such as
[Co(H2O)6]

3+, furthermore indicates that Co4+ species are
not indispensable for oxygen evolution, especially in acidic
media.16

Furthermore, the influence of different buffer media on the
water oxidation activity of CoCl2 at pH 3 was investigated in
detail. The general advantages of buffers in water oxidation
systems include the prevention of a sharp pH decrease and the
facilitation of proton-coupled electron transfer processes.17

However, the highest oxygen evolution with CoCl2 WOCs was
observed in nonbuffered HCl solution, and glycine and
potassium citrate buffers had a detrimental effect on the overall
activity (Figure 3). This trend indicates that buffer ions
significantly influence the water oxidation performance. Further
information on their coordination to Co2+ centers was obtained
by density functional theory calculations. Coordination of
citrate (Figures S34−S36) and glycine (Figure S37) buffer
molecules to [Co(H2O)6]

2+ complexes was investigated in
more detail and allowed to identify a range of possible isomers
as well as energetically preferred coordination modes. The
computed reaction free energies also support a strong binding
of the tridentate citrate molecule to the Co2+ ion.
UV/vis and 1H NMR spectroscopic characterizations of Co2+

species in different buffer media point in the same direction

Figure 1. Initial oxygen evolution rate during photochemical water
oxidation with CoCl2 (10.5 mM Na2S2O8, 0.83 mM [Ru(bpy)3]Cl2;
oxygen evolution was online monitored by Clark electrode in solution;
visual guidelines have been added).

Figure 2. EPR spectra (10 K) of [Ru(bpy)3]Cl2 (10 mM), Na2S2O8
(50 mM), and CoCl2(0.83 mM) mixtures (solvent: CH3CN and pH 3
HCl in 1:2 volume ratio; the solution was frozen after 10 min of
irradiation in liquid N2 within less than 5 s).
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(Figure 4). The absorption intensity of Co2+ at 450−550 nm
decreased in the following order: potassium citrate buffer >
glycine buffer > HCl solution (Figure S17, the absorption
difference related to HCl solution is shown in Figure 4d). This
is in line with the water oxidation activity trends: peak
performance at pH 3 (HCl), followed by a weak but detectable
oxygen evolution in glycine buffer and inactivity in potassium
citrate buffer. Comparison of the respective 1H signals around
4.7 ppm and of the buffer-related peaks in the 1H NMR spectra
illustrates these different complexing properties in a more
straightforward manner (Figures 4a−c). The presence of
paramagnetic Co2+ leads to a line-broadening and shift to
4.82 ppm for HCl and glycine media, whereas the stronger
coordination of citrate anions to the cobalt centers increases the
peak shift to 4.85 ppm. Concerning the buffer peaks, the
characteristic signal of glycine at 3.55 ppm is shifted to 2.97
ppm, with a notably lower intensity that indicates weaker and
nonquantitative coordination to Co2+ (Figure 4b). Accordingly,
the water oxidation activity is slightly improved in dilute glycine

media (Figure S18). The stronger and more efficient
complexation of the Co2+ centers by the citrate buffer is
evident from the disappearance of the four peaks corresponding
to citrate (2.73, 2.78, 2.88, and 2.93 ppm; Figure 4c). These
results highlight that buffer media can indeed exert an adverse
effect on the oxygen evolution performance.
Electron transfer processes as another crucial parameter for

water oxidation efficiency were investigated by laser flash
photolysis. Generally, deactivation of the excited [Ru(bpy)3]

2+*
photosensitizer follows two main pathways, namely, either
relaxation to [Ru(bpy)3]

2+ via fluorescence or persulfate
quenching to [Ru(bpy)3]

3+ and subsequent regeneration to
[Ru(bpy)3]

2+ by hole transfer to the WOC. Because the
fluorescence lifetime of [Ru(bpy)3]

2+* is in the 200−300 ns
range (Figure S19), the absorption bleaching of [Ru(bpy)3]

2+

after irradiation on the microsecond scale arises from the
formation of [Ru(bpy)3]

3+. The faster the recovery of the
[Ru(bpy)3]

2+ absorption, the more efficient the hole injection
from [Ru(bpy)3]

3+ to WOC. Flash photolysis measurements in
citrate buffer display a strong absorption bleaching after
irradiation at around 40 μs, followed by immediate recovery
to a certain level through fluorescence within 279 ns (Figure
S19). The absorption level remains constantly low without
further increase up to 100 μs (Figure 5), thus indicating the
absence of hole transfer between [Ru(bpy)3]

3+ and WOCs.
This agrees well with the observed water oxidation inactivity of
CoCl2 in potassium citrate buffer. In contrast, the absorption
bleaching of [Ru(bpy)3]

2+ in both glycine buffer and HCl
solution displays gradual recovery (Figure 5). The notably
higher oxygen evolution observed in HCl solution exactly
agrees with the faster absorption recovery within no more than
60 μs compared with glycine buffer. The analogous trends of
UV/vis, 1H NMR, and hole injection rate for different
solutions/buffers strongly suggest a significant influence of
the coordinative effects of the buffer/solution compositions on
the catalytic performance.
The electrochemical water oxidation activity of Co2+ centers

in buffered (pH 3) and nonbuffered conditions was
furthermore compared with the photochemical results. The

Figure 3. Photochemical water oxidation with CoCl2 in buffered vs
nonbuffered conditions (52.6 mM CoCl2, 10.5 mM Na2S2O8, 0.83
mM [Ru(bpy)3]Cl2, 0.1 M pH 3 buffer medium or pH 3 HCl).

Figure 4. 1H NMR (a−c) and UV/vis absorption (d) spectra in buffered or nonbuffered conditions. (168.1 mM CoCl2, 0.01 M buffer, solvent:
H2O/D2O = 1/9).
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detrimental influence of buffer media on water oxidation is also
evident from the electrochemical results (Figure 6). Reference

experiments with an additional electrolyte (Figure S33) showed
that conductivity differences of the electrolyte solutions did not
exert a significant effect on the electrocatalytic performance
(Figure S33). Thus, the electrochemical performance difference
in different buffer media is not arising from their conductivity
difference.
The strongly buffer-dependent performance indicates that

the role of the buffer includes far more effects than just
stabilizing the pH level or facilitating PCET. Adverse buffer
effects, such as slower electron transfer rates and, most
importantly, blocking of active catalyst sites, may even outweigh
their benefits.18 This was recently demonstrated for the notable
influence of the electrolyte on heterogeneous electrocatalysts,
such as the CoPi OEC.5a,13 The self-healing mechanisms of
these WOCs probably imply a partial contribution of
homogeneous water oxidation processes mediated by the
release of Co2+ cations into solution.

The deposition of secondary heterogeneous Co-electro-
catalysts on the electrode surface was excluded with several
analytical methods. First, EDS spectra of the FTO electrodes
after water oxidation (Figure S20) did not display any cobalt
signals. Moreover, electrodes were rinsed with water after
CoCl2-assisted water oxidation and tested for water oxidation in
freshly prepared HCl (pH 3) solution in the absence of CoCl2.
The rinsed FTO electrodes did not display different currents
compared with blank reference FTO electrodes (Figure S21),
indicating that no WOC active species were deposited on the
surface. Moreover, ICP-AES analyses of the Co contents of
FTO electrode samples before and after 50 water oxidation
cycles afforded values below the detection limit of 0.1 μmol
throughout. XPS as a more sensitive technique was used to
screen the FTO electrodes for residual cobalt after water
oxidation. As shown in the inset of Figure 6, the characteristic
Co 2p1/2 could not be detected, thus indicating the absence of
any cobalt precipitation.
In addition to the exploration of the effect of different buffer

media, the influence of the counteranion on the water oxidation
performance was investigated for Co(NO3)2 in HNO3 (pH 3)
with respect to photo- and electrochemical water oxidation.
The presence of NO3

− turned out to be detrimental for the
photochemical performance in the presence of Co2+ cations
(Figure S23). The same trend was observed in electrochemical
investigations (Figure S24). Further reference experiments with
CoBr2, Co(ClO4)2, and CoSO4 for photochemical water
oxidation indicate that the activity of CoBr2 is comparable to
CoCl2, whereas Co(ClO4)2 displays minor activity, and CoSO4
is completely inactive (Figure S25; note that CoBr2 forms a
precipitate). These remarkably different activity trends highlight
the complex behavior toward parameter changes of this simple
oxygen evolving system based on cobalt salts.
Reference experiments with NiCl2, MnCl2, and FeCl3 were

investigated for water oxidation, as well (Figures S26−S31). All
of these systems displayed considerably lower water oxidation
activities under comparable conditions. MnCl2 was entirely
inactive and formed amorphous manganese oxide precipitates
during photochemical (photographs: Figure S27, PXRD
pattern: Figure S28) and electrochemical (photographs: Figure
S32) water oxidation, but NiCl2 and FeCl3 solutions remained
homogeneous.
The respective influence of the counteranions (Cl−, NO3

−,
Br−, ClO4

−, and SO4
2−) and cations (Co2+, Ni2+, Fe2+, and

Mn2+) on the water oxidation activity remains to be clarified
with detailed studies. Concerning CoCl2 in pH 3 HCl,
[Co[(H2O)5Cl]

+ is one of the major Co2+ species.19 Chloride
coordination is thus likely to exert a certain influence on the
water oxidation process. A recent study furthermore indicated
that Cl− can be more easily oxidized to chlorine after
complexation into [AgCl2]

− in the presence of Ag+.20 We
explored this possibility for Co2+, as well, in the present study
by GC/MS measurements; however, no chlorine was detected
under the present conditions. A follow-up mechanistic study to
differentiate the respective influence of transition metal cations
and their counteranions on the water oxidation is underway.
In summary, we have newly investigated simple cobalt salts

for water oxidation in a selected parameter window (pH 3) that
prevents the formation of CoOx. However, this exploration of
homogeneous water oxidation with cobalt salts under acidic
conditions came at the cost of rather moderate activity. It is
noteworthy that the presence of different buffer systems
dramatically reduced both photo- and electrochemical oxygen

Figure 5. Transient absorption of [Ru(bpy)3]
2+ at 480 nm after

irradiation with a 355 nm laser (10.5 M CoCl2, 2.1 mM Na2S2O8, 0.17
mM [Ru(bpy)3]Cl2; absorption intensities were normalized for
comparison).

Figure 6. Electrochemical water oxidation in buffered vs nonbuffered
conditions (63.0 mM CoCl2, 0.1 M buffer, pH 3; inset: absence of Co
in XPS spectra of the FTO electrode after electrochemical water
oxdiation).
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evolution. This sheds new light on the crucial role of the buffer
media in water oxidation, which goes beyond mere proton
reservoirs. The significant role of counteranions in the water
oxidation process was revealed, as well. Further investigations
on the influence of counteranions on the underlying water
oxidation reaction pathways are now in progress.
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