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ABSTRACT: The polyanion of formula {Coy(H,0)s(OH);(HPO,),(PW,0;,);}'¢~
(Coy) contains a central nonacobalt core held together by hydroxo and hydrogen
phosphate bridges and supported by three lacunary Keggin-type polyphosphotungstate
ligands. Our data demonstrate that Co, is a homogeneous catalyst for water oxidation.
Catalytic water electrolysis on fluorine-doped tin oxide coated glass electrodes occurs
at reasonable low overpotentials and rates when Co, is present in a sodium phosphate
buffer solution at neutral pH. We carried out our experiments with an excess of 2,2'-
bipyridyl as the chelating agent for free aqueous Co" ions, in order to avoid the
formation of a cobalt oxide film on the electrode, as observed for other
polyoxometalate catalysts. In these conditions, no heterogeneous catalyst forms on
the anode, and it does not show any deposited material or significant catalytic activity
after a catalytic cycle. Coy is also an extremely robust catalyst for chemical water
oxidation. It is able to continuously catalyze oxygen evolution during days from a
buffered sodium hypochlorite solution, maintaining constant rates and efficiencies without any significant apparition of fatigue.

B INTRODUCTION

Water oxidation catalysis is one of the biggest challenges that
inorganic chemistry is facing today. The discovery of a fast,
robust, and readily available catalyst would be key for the
realization of artificial photosynthesis, an achievement that
could probably solve the energy problem worldwide.! Oxygen
evolution from water is a complex redox process. It occurs at
high oxidation potentials, and it involves four electrons. An
active catalyst for such a high-energy multielectron process will
probably® need the participation of metal ions, as occurs in
natural photosynthesis.”

2H,0 - O, + 4H" + 4e”
E = +1.229 — 0.059(pH) V vs NHE at 25 °C (1)

Several heterogeneous water oxidation catalysts (WOCs)
have been known for many years.* Oxides and hydroxides of
transition metals show catalytic activity and, in some cases,
long-term stability.” The straightforward preparation of these
WOCs has allowed for their easy incorporation into devices.®
On the latter, the most remarkable result has been the
incorporation of an electrodeposited phosphate oxide cobalt
layer (Pi-Co) onto the anode of a silicon-based solar cell.” This
“artificial leaf” is able to split water by direct irradiation with
sunlight working at neutral pH.® Regarding industrial
applications, this Pi-Co WOC shows a pH-dependent
degradation with time,” making the artificial leaf, at the
moment, too costly to compete with other hydrogen
production procedures.
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Homogeneous WOCs are less stable than their solid-state
counterparts, but, on the other hand, they allow for a better
understanding of the reaction mechanisms and easier
optimization."” The most studied molecular WOCs have
been ruthenium complexes,'* since the discovery of Meyer’s
original “blue dimer”,"* where two Ru ions are bound through
oxo bridges and coordinated by polypyridyl ligands. Many
other ruthenium complexes with different nuclearity have
shown high catalytic activity."® Iridium organometallic com-
plexes are also efficient WOCs."* Because ruthenium and
iridium are precious metals, these catalysts do not meet one of
the crucial requirements for a technologically relevant WOC:
inexpensive starting materials. First-row transition-metal
complexes with coordination geometries analogous to those
of ruthenium-based WOCs have also shown significant catalytic
activity, with examples found in cobalt,"® iron,16 manga-
nese,"”'® and copper'® chemistry. Still, these candidates lack
long-term stability, usually related to the presence of organic
ligands. Organic ligands are needed for the formation of the
complexes, but they are unstable toward oxidative deactivation
in water oxidation conditions.

There is an important problem in the characterization of true
homogeneous catalysts. Many of them are precursors for metal
oxides, which can also act as WOCs. If the corresponding
oxides form in water oxidation conditions, the activity of the
molecular precursors can be questioned.”® This is even more
important in the case of electrocatalysis. The anode surface can
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promote decomposition of the homogeneous species into an
active electrodeposited material.*' It is crucial to discard the
participation of any decomposition product in the character-
ization of new, or old, WOCs. The catalytic activity of the
electrode after water electrolysis and the presence of any
electrodeposited material need to be ruled out.
Polyoxometalates (POMs) are a versatile family of inorganic
molecular clusters.” In these complexes, a transition-metal core
can be stabilized by discrete metal oxide frameworks, usually
tungstate or molybdate in high oxidation state. These inorganic
polyanionic ligands are perfectly stable toward oxidative
degradation, and their oxo-bridged structure also allows for
reversible proton exchange with the solvent, a feature usually
combined with the subsequent oxidation steps in the reaction
mechanism of WOCs. A tetranuclear ruthenium-based POM
was the ﬁrst purely inorganic species to show WOC
activity.”>** Later, it was reported that a single-site ruthenium
POM can also catalyze water oxidation.”* In 2010, Hﬂl and co-
workers®® reported that [Co,(H,0),(PW,0;,),]*" (Coy
Figure 1)*’ is able to catalyze the oxidation of water. This
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Figure 1. Representation of the molecular structure of the polyanions
[C°4(Hzo)2(PW9O34)2]10_ (Coy, left), [C°4(H20)2(P2W15056)2]10_
(Co,-Dawson—Wells, center), and
{C°9(Hzo)5(OH)3(HPO4)2(PW9O34)3}16_ (Coy, right). WO, =
gray octahedra; PO, = black octahedra; Co = pink; P = black; O = red.

‘_.'

WOC represented the first carbon-free homogeneous WOC
obtained from abundant metals. It contains a rhomblike
tetranuclear cluster of CoOg4 octahedra sharing edges
encapsulated by two trivacant Keggin-type [PW,0,,]°” units.
All bridges between Co atoms are oxo groups, and two terminal
water molecules complete the coordination positions.

The activity of Co, as a homogeneous WOC has been put
into question. It was first reported that it decomposes during
electrocatalytic water oxidation to §enerate a CoO, film that
rapidly becomes the major catalyst.”® More recently, its activity
as a catalyst for water chemical oxidation with [Ru(bpy);]** as
the oxidant has also been ruled out.”® Thus, the appearance of
cobalt oxide has prevented a precise quantitative character-
ization of its performance, if any.

Surprisingly, seven other cobalt-containing POMs were
tested by Hill's group, but none of them showed any significant
activity, although their stability in solution should not differ
much from that of Co,. Even the Co,-Dawson—Wells analogue
(Figure 1), with an identical rhomblike tetracobalt active site,
was found to be inert. Among all of the POMs tested, the main
difference seems to be the pH range in which these polyanions
are stable. Co, is prepared at the highest pH among them.
More recently, another cobalt-containing polymolybdate has
been regorted as a WOC but with very different structural
features.

We decided to test a cobalt-containing POM with higher
nuclearity:>' the nonanuclear {Coy(H,0)s(OH);(HPO,),-
(PW,044);}'%~ cluster (Coy; Figure 1). This POM is prepared
and stable at a higher pH than Co,. It forms in a solution of
sodium tungstate, sodium phos ;)hate, and cobalt(II) acetate at
pH > 7. Its molecular structure’ contains three triads of edge-
sharing Co"Og octahedra supported by three trivacant Keggin-
type [PW40;,]° units. The triads are interconnected through
three OH™ and two HPO,>” bridges. Six of the Co ions
complete their coordination sphere with terminal water
molecules. The structural differences with Co, are (i) a triangle
of triangles versus rhombohedral core structure, (ii) the
presence of hydroxyl bridges versus only oxo bridges, (iii)
available hydrogen phosphate bridges that are not embedded in
the POM structure, and (iv) a higher percentage of terminal
water molecules. Here, we report the performance of Cog as a
WOC, carefully avoiding the formation of any other
heterogeneous species in turnover conditions.

B RESULTS AND DISCUSSION

Characterization of the Electrocatalytic Water Oxida-
tion Activity of Cog. We initially carried out bulk water
electrolysis experiments under stirring in a two-chamber cell
with both chambers connected through a glass frit (Figure S1 in
the Supporting Information, SI). As the anode and cathode, we
used fluorine-doped tin oxide (FTO) coated glass and platinum
mesh electrodes, respectively. Negligible current values were
obtained in a pH = 7 sodium phosphate buffer (NaPi, 50 mM)
solution with NaNO; (1 M) as the electrolyte when an anodic
overpotential of ~#600 mv was applied (1.41 V vs NHE). With
the addition of Coy (1 mM) to the anode compartment, the
current rapidly increases over 1 order of magnitude, reaching
typical values over 3 mA. However, through this process, a
brown film slowly deposits on the anode. As oxidation
proceeds, the film grows thicker and the current intensity
decreases until it reaches a constant value after 1 h. The film
was characterized as a cobalt oxide with some phosphate traces,
in good agreement with Finke’s data.”® We tested the activity of
this film with a successive bulk electrolysis using the CoO,-
covered anode in the absence of Co,. No significant change in
the current is observed (Figure 2), indicating that the deposited
cobalt oxide is the main active WOC. The presence of the
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Figure 2. Water electrolysis under an applied voltage of 1.41 V vs
NHE in a pH = 7 sodium phosphate buffer (50 mM) water solution
with NaNO, (1 M) as the electrolyte. Initial blank (black line); 1.0
mM Coy (red line); blank after Coy-catalyzed electrolysis (blue line).
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Figure 3. Typical scanning electron microscopy (SEM) image and EDAX histogram of the surface of a FTO glass electrode after 1 h of catalytic
water electrolysis under an applied voltage of 1.41 V vs NHE in a pH = 7 sodium phosphate buffer (50 mM) solution with NaNO; (1 M) as the
electrolyte, containing 1.0 mM Co, (left). SEM image and EDAX histogram of the surface of a FTO glass electrode after the same procedure with

the addition of 2.8 mM bpy (right).

cobalt oxide film on the electrode was confirmed by electron
microscopy (Figure 3). It is important to note that, in the same
experimental conditions, a simple Co>' salt shows no
electrocatalytic activity because the corresponding hydroxide
readily precipitates out of solution, and no film is formed. Thus,
the cobalt-containing POMs are important for the preparation
of the active heterogeneous film, but it is not clear if they are
indeed genuine homogeneous WOCs or just precursors for
other active species.

2H,0 = O, + 4H"' + 4e”
E = +0.816 vs NHE (pH = 7.0 and 25 °C) ()

Through UV—vis spectroscopy, we estimated that about 15%
of the initial Coy concentration is lost during water electrolysis.
No further decomposition occurs even at very long times (>8
h). This result suggests that the oxide formation occurs mainly
on the surface of the electrode. Once the electrode is
completely covered, decomposition quantitatively stops. We
rationalized that if free Co™ ions were a needed intermediate
between decomposition of the POM and formation of the
oxide, the addition of 2,2’-bipyridyl (bpy) could prevent film
deposition. The free cations would be rapidly trapped by the
chelating ligands to form [Co(bpy);)]**, which in oxidation
conditions yields the highly inert [Co(bpy);)]*" species.

We repeated bulk electrolysis experiments with the addition
of bpy to account for a 30% loss of Co, (Figure 4). In this case,
after the addition of the catalyst, the current also increases, but
it does not reach such high values as in the previous conditions.
Stable current values remain below 1 mA, less than one-third
that observed in the absence of bpy. This already suggests that
the main catalyst is different in both experiments. After 1 h
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Figure 4. Water electrolysis under an applied voltage of 1.41 V vs
NHE in a pH = 7 sodium phosphate buffer (50 mM) water solution
with NaNO; (1 M) as the electrolyte. Initial blank (black line); 1.0
mM Co, + 2.8 mM bpy (red line); blank after Cog-catalyzed
electrolysis (blue line).

cycles, we checked the catalytic activity of the anode by
repeating the electrolysis experiments with the same “as used”
electrode in a buffer solution without the addition of Coy. No
significant activity was observed (Figure 4) with intensities very
close to the original blank. In addition, no traces of cobalt were
detected on the surface of the FTO-coated glass electrodes.
Also, the electrode surface appears clean, with no sign of film
deposition, in contrast with the same bpy-free experiment
(Figure 3). All of this experimental evidence confirms that, in
these conditions, Coy is a genuine homogeneous WOC.
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We determined, with a fluorescence probe, the efliciency for
oxygen evolution of this electrocatalytic reaction (Figure S2 in
the SI). It is quantitative for the first 15 min, and then it
maintains ~90% efficiency for over 1 h. The current not
involved in water oxidation probably comes from the expected
oxidation of the [Co(bpy);)]** species generated in solution.
Indeed, at the end of the catalytic cycle, a fine pink precipitate
appeared at the bottom of the reactor. This precipitate was
characterized as a [Co(bpy);)]** salt of the Co, polyanion. IR
spectrometry shows typical spectra of Coy, with some
additional bands that can be assigned to a tris(bipyridyl)metal
complex (Figure S3 in the SI). Metal analysis showed a 1:2 Co/
W ratio, consistent with [Co**(bpy);)],A,{Co,} stoichiometry,
where A = Na" or K* (Figure S4 in the SI). This highly
insoluble precipitate can also be prepared by the addition of
[Co(bpy);)]** to a Co, solution.

In cyclic voltammetry measurements, a catalytic water
oxidation wave is observed, as expected (Figure SS in the SI).
In the presence of bpy, the current curve deviates from the
blank above 1.10 V, as the catalytic water oxidation wave starts.
On the contrary, when bpy is not present in solution, the
current signal deviates from the blank just above 0.75 V. This
voltage is not enough to oxidize water, and this current should
be related to the formation of a cobalt oxide film without any
water oxidation occurring, as was already stated by Nocera and
co-workers.>> The current increases much faster after 1.10 V,
indicating the onset of catalytic water oxidation. The current
values are higher than those in the only Cog-catalyzed case.
These features corroborate again the presence of a cobalt oxide
catalyst in this second case and they also completely rule out its
participation when a chelating agent is present in solution.

The Tafel plot from steady current density data follows the
expected linear trend (Figure S). For a 1 mM catalyst
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Figure 5. Steady-state Tafel data acquired with FTO anodes in a pH =
7 sodium phosphate buffer (50 mM) water solution with NaNO; (1
M) as the electrolyte at different Coo/bpy concentrations: 1.00/2.80
mM, Tafel slope = 138 mV decade™ (blue); 0.25/0.68 mM, Tafel
slope = 63 mV decade™ (red); 0.06/0.16 mM, Tafel slope = 55 mV
decade™ (green). Ohmic drop was compensated for using a positive
feedback compensation.

concentration, a measurable current density was observed
over 1.15 V vs NHE, corresponding to an overpotential 77 = 353
mV. The calculated Tafel slope is consistently in the 130—140
mV decade™ range, measured with different sample batches.
This slope implies that the rate-determining step is electro-
13435 :
chemical, arising from electron- or mass-transport issues. A

1 = 776 mV would be needed to reach 1 mA s~ cm™. In more
dilute conditions, the kinetics of the catalyzed water electrolysis
change as the Tafel slope decreases. Below 0.25 mM, the slope
is in the 55—65 mV decade™ range, consistent with a chemical
step becoming the rate-limiting one.***® Thus, a lower
overpotential is needed to reach the same current densities.
For example, we found that # = 695 mV would be needed to
reach 1 mA s™' cm™ with a 0.06 mM Co, concentration. It
needs to be stated that the current densities obtained in these
experimental conditions are lower than those observed for
cobalt oxides, where an overpotential below 450 mV typically
allows one to reach analogous i. It is also worth mentioning that
this comparison is not fair to the homogeneous catalyst because
the current density is concentration-dependent. Unfortunately,
limiting the turnover frequency (TOF) cannot be directly
calculated from our electrochemical experiments. Without a
noncatalytic redox process, it is difficult to calculate the
diffusion layer to determine the number of molecules
interacting with the electrode at a given time.'””” Bulk
chemical water oxidation is helpful in this regard.
Characterization of the Catalytic Activity of Cos with
NaClO. When Co, is added to a sodium hypochlorite solution
with a pH = 8 sodium phosphate buffer [0.9 M], oxygen
evolution starts immediately (Figure 6). We confirmed through
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Figure 6. Oxygen evolution profile for a 1.0 mM Coy solution after the
addition of different equivalents of NaClO as the oxidant (10% green;
103 red; 3.3 X 10 black; 3.3 X 10 blue) in a NaPi buffer at pH = 8.0.
The reaction was stopped in each case once a constant oxygen partial
pressure was reached.

online mass spectrometry (MS) that the gas evolved is
exclusively oxygen (Figure S6 in the SI). No traces of any
other gas were found. We monitored quantitative oxygen
evolution with differential manometry at various oxidant/
catalyst ratios. The built-in pressure difference between the
blank reaction and after the addition of Cog can be converted
directly to oxygen equivalents. A maximum turnover number
(TON) of 20 is reached for an initial 100:1 oxidant/Coy ratio
after 1 h, with an initial TOF over 40 h™!. NaClO is a two-
electron oxidant. So, this TON reflects 40% efficiency. This
efficiency, far from being quantitative, indicates that there are
competing reactions, probably disproportionation of hypo-
chlorite to yield chloride and chlorite (vide infra). The TON
and TOF increase dramatically when the oxidant equivalents
are increased, whereas the efliciency decreases. For example, a
3.3 X 10%:1 ratio yields a TON of over 400 and an initial TOF
of 350 h™', for a rough efficiency of 2.5%. As expected, higher
temperatures improve the dynamics and efficiency of catalysis.
The total yield doubles from 15 to 25 °C, and we found an
optimum performance at 35 °C, with 50% efficiency. Although
faster WOCs have been reported, we need to stress that TOF
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depends not only on the catalyst but also on the oxidant.
Hypochlorite is particularly slow. The fastest WOC for
hypochlorite water oxidation showed a much slower TOF of
12 h™.'® All of our experiments were repeated at least twice,
and the results were confirmed with gas chromatography (GC).
The GC and manometry data show excellent agreement.
Oxygen evolution data are summarized in Table 1.

Table 1. Manometry Data for Catalytic Oxygen Evolution in
a 0.9 M Sodium Phosphate Buffer Solution (pH = 8) with
NaClO as the Oxidant, after the Addition of Co, at 25 °C*

[Cos] oxidant [NaClO] reaction TOF,
(mM)  equivalents (mM) time (h) TON (h™') TONgc
1 10? 107 1.7 20 42 23
107! 10° 10° 3.5 75 70 72
107! 33x 100 33 x 10 1.4 121 246
1072 33 x 100 3.3 X 10* 5.5 410 351

“Reaction time refers to the time when oxygen evolution stops; TON
= total turnover number at the final reaction time; TOF, = slope of the
oxygen evolution curve at the starting time; TONgc = compared GC
data.

When 100:1 catalytic oxidation is performed at pH = 7 or 9,
comparable TON numbers are obtained (Figure 7). Some
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Figure 7. Oxygen evolution profile for a 1.0 mM Coy solution after the
addition of 100 equivalents of NaClO as the oxidant in a NaPi buffer:
(left) as a function of the temperature (15 °C, black; 2S5 °C, red; 35
°C, green; pH = 8.0); (right) as a function of the pH (7.0, black line;
8.0, red line; 9.0, green line; 9.0 in the presence of a 10-fold excess of
bpy, dotted blue line; T = 25 °C).

differences are observed for the initial TOFs. The reaction is
slower at lower pH, and the catalytic cycle is twice as fast at
higher pH. The possible decomposition of Cogy to yield free
Co®" ions into a CoO, precipitate had to be ruled out. After
oxidation, the solutions were studied by UV—vis spectroscopy,
where no significant change in the absorbance was detected.
Dynamic light scattering (DLS) analysis also ruled out the
presence of heterogeneous nanoparticles because identical data
were found for the solution before and after oxygen evolution
(Figure S7 in the SI). Co, can be recovered from solution by
recrystallization with additional alkali cations or by slow
evaporation of the reaction media. The resulting salt is identical
with the starting sample, as was proven by IR spectroscopy and
X-ray diffraction (Figures S8 and S9 in the SI). Following our
strategy for electrochemical studies, we repeated the experi-
ments, adding a 10-fold excess of bpy per Co atom. The results
were consistent. No significant differences in TON or TOF
were found in the presence of bpy. Only at pH = 9 was a
decrease in these parameters observed. This decrease in activity
should be due to decomposition of the POM to a new species

11711

that does not improve the catalytic performance. All of these
experimental results confirm that our catalyst is the main active
species throughout oxidation. The temperature also has an
impact in the catalytic cycle (Figure 7).

We also studied oxygen evolution with '®O-labeled water.
When 19.4% H,'®0-labeled water was used as the solvent in the
100:1 reaction, MS analysis of the evolved O, showed an
accurate agreement with the expected statistical distribution.
This suggests that water is the main source for O atoms.
However, it has been reported how ClO™ rapidly exchanges the
O atom with the solvent and, therefore, this experiment cannot
be taken as proof for long reaction times.

Hypochlorite as the Primary Oxidant for WOCs. The
water oxidation catalytic activity at neutral pH is a an important
technological objective. Nevertheless, few homogeneous WOCs
work in these conditions. Maybe because of this, most chemical
oxidants commonly used for the characterization of new WOCs
are only active at very low pH. For example, cerium(IV), a
preferred oxidant, precipitates out of solution at pH > 3. We
found other typical oxidants such as [Ru(bpy);]**, oxone, and
periodate,”*® but no catalytic activity was detected. It has been
reported that Co, does not react with periodate either,
suggesting that it is not a good primary oxidant for POM
oxidation catalysts.

We selected sodium hypochlorite as our primary oxidant
because it is kinetically inert toward water oxidation, highly
soluble, and stable at neutral pH. It was used as a model water
oxidant'® until it was found that ClO~ exchanges the O atom
with the solvent, reaching equilibrium at 30 s, for a half-life of
about 10 s."” This put into question the isotope-labeling
experiments required to confirm the source of O atoms. This is
a common problem for all oxidants containing oxygen,
including the lately accepted periodate that also shows rapid
0x0 exchange.38 In the case of ClO7, it has been well
established that the main dismutation pathway yields chloride
and chlorite, another strong oxidants. The oxygen-evolving
pathway is much slower and typically negligible.””

3CI0O° — CIO;™ + 2CI” (3)

4)

We performed and compared studies of the very initial
kinetics of the oxygen-evolving reaction dissolving alternatively
the oxidant or catalyst in isotope-labeled water. If water is the
main O, source, oxygen evolution should be identical in both
cases (diffusion control) because the labeled water ratio has the
same evolution during oxidation. On the contrary, if ClO™ is
the main O, source, the initial dynamics should be different
(exchange control). For instance, when using 97% '®O-labeled
water for preparation of the ClO™ solution, we would have an
initial 97% CI'8O~ content. After mixing it with a nonlabeled
Co, solution, if CI'*0~ is the main O, source, we should
observe higher 3*O, and 3°0, initial ratios because the CI'*O~
content would actually decrease from its initial maximum value
to the 19.4% '®O content at equilibrium, because of exchange
with the solvent. When using nonlabeled water for preparation
of the ClO™ solution, after mixing it with a 97% '3O-labeled
Co, solution, we should observe, initially, much slower **O,
and 30, evolution dynamics because the CI'O~ content
would increase up to 19.4% '*O at equilibrium. Although the
MS data need a few seconds to become stable, both
experiments showed identical 3*0,:3*0,:%0, dynamic evolu-
tion at very short times (<30 s) before equilibrium was reached

2C10° — O, + 2CI°
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(Figure S10 in the SI). According to these results, the most
plausible hypothesis is that water is the main O, source. Still, as
Crabtree concludes, the use of primary oxidants gives solid
information on the catalytic water oxidation activity, including
rates and stability, even if the real source of oxygen cannot be
unambiguously determined.

If water is the main source, the mechanism for oxygen
evolution should proceed through a two-step oxidation of the
POM by two hypochlorite molecules, probably including
proton extraction from the ligated water molecules. The
electrons extracted from the Co" centers would generate at
least one Co' center. Also, this would be the active species able
to oxidize water. The complex structure of Co, precludes a
more detailed picture of the mechanism at this time.

Comparison between Co, and Co, as Chemical
Oxidation Catalysts. We carried out the same experiments
with Hill's Co, catalyst (Table 2). A comparison with our

activity per gram of catalyst because not only the Co content is
important regarding costs. Taking into account the M,, of the
POM salts, we can estimate that 250 and 29 mg of O, can be
obtained per gram of POM with a 1000:1 oxidant/POM ratio
for Coy and Co,, respectively. These data demonstrate that
both catalysts show very similar kinetics, with comparable turns
per second. On the other hand, the total O, yield indicates that
Coy is much more efficient. This might be related to how
robust this POM appears to be in turnover conditions.
Long-Term Stability of Co, in Turnover Conditions. In
our opinion, Co, really surpasses all expectations regarding
stability and continuous performance. Once oxygen evolution
stops, we added additional equivalents of oxidant or catalyst to
determine the limiting reagent. The addition of catalyst did not
show any effect. Successive additions of oxidant to the reaction
restarted oxygen evolution, maintaining consistent and
essentially identical TON and TOF (Table 3). These data

Table 2. Comparison of Manometry Data for Catalytic
Oxygen Evolution in 1 M Sodium Phosphate Buffer
Solutions (pH = 8) with NaClO as the Oxidant, after the
Addition of Coy or Co, at 25 °C*

[Cos] oxidant [NaClO] TOF,

POM (mM) equivalents (mM) TON (b1
Coy 1 10? 10* 20 42
107! 10° 10° 67 70
Co, 1 10? 10* 2 6
107! 10° 10° 5 34

“TON = total turnover number at the final reaction time; TOF,; =
slope of the oxygen evolution curve at the starting time.

results puts into perspective the remarkable catalytic perform-
ance of Co,. Co, yields only 2 TON (Figure 8) when it is
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Figure 8. Oxygen evolution profile for 1.0 mM Co, (black) and Co,
(red) solutions, respectively, after the addition of 100 equiv of NaClO
as the oxidant in a pH = 8 phosphate buffer solution.

added to a sodium hypochlorite solution in a 100:1 ratio in a
NaPi pH = 8 buffer (0.9 M). This corresponds to 4% efficiency.
Calculated initial TOF data indicate that Co, is at least 8 times
faster than Co,. These differences are maintained for a 1000:1
ratio, giving 75 and S TON, respectively, although the initial
Coy TOF is just twice that of Co,. Because these experiments
were carried out with the same POM concentration, it can be
argued that the different cobalt content might account for the
observed differences. If we calculate the catalytic activity
numbers per Co atom, the superior performance of Coy is
corroborated, with 2.2 vs 0.5 (7.4 vs 1.3) TON for a 100:1
(1000:1) ratio, although the turns per WOC get closer. From a
technological perspective, it is also interesting to compare the

Table 3. Manometry Data for Coy-Catalyzed Oxygen
Evolution in Sodium Phosphate Buffer Solutions (pH = 8)
after Successive Additions of NaClO as the Oxidant at 25
oCa

[Cos] oxidant time of addition TOF,

(mM) equivalents (h) TON (™) TON¢
107! 10° 0 75 70 75
107! 10° 2.5 55 69 130
107! 10° 5.0 50 67 180
1072 3.3 x 10* 0 148 391 148
1072 3.3 x 10* 1.6 158 379 306
1072 3.3 x 10* 3.0 217 367 523
1072 3.3 x 10* 4.5 200 355 723
1072 3.3 % 10* 6.0 165 343 888
1072 3.3 x 10* 0 255 391 255
8 x 1073 3.3 x 10* 84.0 215 468 470
6% 1073 3.3 x 10* 108.0 180 586 650
5x 1073 3.3 x 10* 131.0 173 689 823

“TON = total turnover number at the next addition or final time;
TOF,; = slope of the oxygen evolution curve at the oxidant addition
time; TON( = cumulative TON.

demonstrate that Coy remains quantitatively intact in solution
once the reaction is complete, as expected. As shown before,
the rate and yield of the catalytic oxidation of water with
hypochlorite are very sensitive to changes in the oxidant/Co,
ratio, and a significant decrease in the catalyst concentration
would affect the results. Furthermore, decomposition to other
species would result in further changes in the catalytic activity,
as observed for Co,.>® The addition of 1000 equiv of oxidant to
a Co, (0.1 mM) NaPi pH = 8 buffer [0.9 M] solution every 2 h
yielded a final cumulative TON of 180 and a constant initial
TOF of 69 + 2 (after three cycles). The addition of 3.3 X 10°
equiv of oxidant every ~2 h yielded a total cumulative TON >
880 and a constant initial TOF ~ 370 + 20 h7! (after five
cycles). The mean TOF over the reaction time holds over 100
h™"

In order to test the stability limits of Coy in solution, we
repeated these experiments by adding the additional equivalents
of oxidant after longer periods of time (Figure 9) and in the
presence of a 10-fold excess of bpy. We found that the Coq
solution remains completely active for over 1 week, without any
sign of fatigue or decomposition. To the best of our knowledge,
no other reported WOC can remain active for such a long time
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Figure 9. Oxygen evolution profile in 1 M sodium phosphate buffer
solutions (pH = 8) after successive additions of NaClO as the oxidant
at 25 °C.

either under chemical, electrochemical, or photoinduced water
oxidation conditions. Oxygen evolution data for all of these
stability tests are shown in Table 3.

B CONCLUSIONS

We have discovered the catalytic activity of a novel cobalt-
containing POM, the {Coos(H,0)4(OH);(HPO,),-
(PW,044);}'¢™ polyanion (Co,). We have demonstrated that
this nonanuclear cobalt cluster stabilized by a polyoxophos-
photungstate moiety is a true homogeneous WOC at neutral
pH. As an electrocatalyst, its decomposition to yield a thin
cobalt oxide film on the anode can be easily avoided by the
addition of chelating agents. Our experimental data confirm
that catalytic water oxidation occurs in the absence of any
heterogeneous species generated in situ, and Co, can be
recovered from solution after the catalytic cycles. In diluted
conditions, it shows kinetic features similar to those of cobalt
oxides at reasonable overpotentials. Furthermore, Coy is
amazingly stable and robust in chemical water oxidation
experiments. It is able to catalyze oxygen evolution from a
sodium hypochlorite solution in the 7 < pH < 9 range for days,
without any sign of fatigue or decomposition. We have shown
how weeks old Coy solutions present activity identical with that
of freshly prepared ones, even after multiple cycles of catalytic
oxidation. All our data corroborate that Co, is a viable
candidate to be incorporated into an artificial photosynthesis
device.

B EXPERIMENTAL SECTION
All reagents were purchased from Sigma-Aldrich (>99% purity) and

used without further purification. A sodium hypochlorite solution was
bought from Sigma-Aldrich (16% free chlorine). The metal content in
POM catalysts was analyzed with a JEOL-JMS6400 environmental
scanning electron microscope equipped with an Oxford Instruments
X-ray elemental analyzer. Thermogravimetric analysis (TGA) was
performed with power samples using a TGA/SDTA851 Mettler
Toledo with a MT1 microbalance. UV—vis spectroscopy was
performed on a Cary SO (Varian) spectrophotometer in standard 1
cm quartz cuvettes. Single-crystal X-ray diffraction was performed with
a Bruker-Nonius diffractometer equipped with a APEX2 4K CCD area
detector, a FRS91 rotating anode with Mo Ka radiation, Montel
mirrors as the monochromator, and a Kryoflex low-temperature
device. Powder X-ray diffraction data were collected with a Bruker D8
Advance Series equipped with a VA NTEC-1 PSD detector.
Synthesis and Characterization. The Co, and Coy POMs were
prepared from optimized literature methods.>”*" The recrystallized
solids were collected by filtration and dried in vacuum. The
countercations and solvent content were determined by energy-
dispersive analysis of X-rays (EDAX) microanalysis and TGA,

respectively. The molecular formulas are
Na;Ks[Co,(H,0),(PW,03,),]-31H,0 (M, = 5599.7) and
NagKs[Coo(OH);(H,0)4(HPO,),(PWo03,);]-43H,0 (M, =
8842.6). The compounds were also characterized by spectroscopy
and powder X-ray diffraction. Identical spectroscopic and structural
data were found for Co, samples recovered after water oxidation.
Single-crystal X-ray diffraction (Bruker-Nonius diffractometer FRS91
with a APEX2 4K CCD detector) confirmed consistent unit cells: P65/
m, a = 20.243(3) A, ¢ = 20.343(4) A, and V = 7220 A® (before) and
P6;/m, a = 20.701(6) A, ¢ = 20.399(5) A, and V = 7571 A3
(recrystallized after oxidation catalzrsis), both isostructural and in
agreement with the reported data.*” The small unit cell differences
found are due to different water and alkali cation contents.

Physical Methods. UV—vis spectroscopy was performed on a
Cary 50 (Varian) UV—vis spectrophotometer in standard 1 cm quartz
cuvettes. TGA measurements were performed with a MT1-type TGA/
SDTA851 Mettler Toledo microbalance. Microanalysis was performed
with a JEOL-JSM6400 scanning electron microscope equipped with an
Oxford EDAX analyzer (Oxford Instruments). DLS data were
obtained with a Malvern nanoZS$ analyzer.

Electrochemistry. Bulk water electrolysis was carried out with
stirring in a two-chamber cell, with a porous frit connecting both
chambers. In one chamber, we placed a platinum mesh counter
electrode, and in the other chamber, we placed a FTO-coated glass
working electrode and a Ag/AgCl (3 M NaCl) reference electrode.
Data were collected with a Biologic SP-150 potentiostat. Typical
electrolysis experiments were carried out in a NaPi buffer pH = 7
solution with NaNO; (1 M) as the electrolyte. Tafel data were
gathered in the same experimental conditions, taking as stable current
data after 10 min of electrolysis. The ohmic drop was compensated for
using the positive feedback compensation implemented in the
instrument. Oxygen evolution was determined with an Ocean Optics
NeoFOX oxygen-sensing system equipped with a FOXY probe
inserted into the anodic compartment.

Manometric Measurements. A gas evolution profile of catalytic
experiments was monitored by a Testo 521 manometer, with an
internal differential pressure sensor from 0 to 100 hPa and accuracy
within 0.2% of the measurement. One manometer port was connected
to a thermostatted vessel for the online monitoring of the headspace
pressure above the catalysis reaction. The other manometer port was
connected to a thermostatted vessel containing the same solvent and
headspace volume as the sample vial. In a typical catalyzed reaction, 2
mmol of catalyst dissolved in 1.8 mL of a 1 M phosphate buffer
solution at pH = 8.0 was introduced in a vessel, and the pressure was
stabilized. Then, a solution of 200 mmol of NaClO (100 equiv) in 0.2
mL of a phosphate buffer was added to the initial solution. The entire
system was thermostatted at the desired temperature between 15 and
35 °C.

GC Measurements. The oxygen content was determined by using
an Agilent 6890N gas chromatograph with a thermal conductivity
detector. In a typical experiment, the desired amount of catalyst was
introduced in a 10 mL round-bottomed flask, and it was extensively
degassed under cycles of vacuum and nitrogen for 30 min. Then, the
catalyst was dissolved in 9 mL of a degassed phosphate buffer solution
at pH = 8.0. After this, 1 mL of a degassed 1 M NaClO solution was
added in order to start catalysis. Samples of 200 yL from the generated
gas phase in the reaction flask headspace were taken with a 250 uL
Hamilton gastight syringe and immediately injected into the
instrument for analysis. Calibration of the method was carried out
by employing the previous procedure, using water instead of the
reaction mixture. A calibration slope was obtained by the addition of
different quantities of oxygen (0, S, 10, 20, and 30 gmol of O,) in the
headspace of the reaction flask. After each addition, gas and aqueous
phases were stirred until equilibrium was achieve. The integrated data
peaks were correlated with the amount of oxygen added. The slope
from the integrated data points was employed for quantification of
oxygen in the catalysis experiments carried out.

'®0 Labeling. All solutions were degassed prior to use. In a typical
procedure, 2 mmol of the complex was dissolved in 1.4 mL of a
phosphate buffer solution at pH = 8.0 and introduced into a flask.
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Then water oxidation catalysis was performed by by adding 100 equiv
of NaClO in a mixture of 0.2 mL of phosphate buffer and 0.4 mL of
H,"®0 (water '®0, 97%, Cambridge Isotope Laboratories, Inc.). The
final ratio of solvent labeled was 19.4% in this case. The same
experiment was also performed by dissolving the catalyst in H,'*O and
the oxidant in water and at different H,'®0/H,°O ratios. The
composition of the gas phase (190, m/z 32; 0180, m/z 34; 1*0,, m/
z 36) was monitored online by an Omnistar GSD 301 C (Pfeiffer)
quadrupole mass spectrometer apparatus. All solutions were prepared
in such a way that they contained a final 0.9 M phosphate buffer
solution at pH = 8.0.

B ASSOCIATED CONTENT
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Additional experimental data including MS, spectroscopy,
labeling experiments, and X-ray diffraction. This material is
available free of charge via the Internet at http://pubs.acs.org.
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