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Abstract: In natural photosynthesis, the oxygen evolving center is a tetranuclear manganese
cluster stabilized by amino acids, water molecules and counter ions. However, manganese
complexes are rarely exhibiting catalytic activity in water oxidation conditions. This is also
true for the family of water oxidation catalysts (WOCs) obtained from POM chemistry. We
have studied the activity of the tetranuclear manganese POM [Mn4(H2O)2(PW9O34)2]10−

(Mn4), the manganese analog of the well-studied [Co4(H2O)2(PW9O34)2]10− (Co4), one of
the fastest and most interesting WOC candidates discovered up to date. Our electrocatalytic
experiments indicate that Mn4 is indeed an active water oxidation catalysts, although
unstable. It rapidly decomposes in water oxidation conditions. Bulk water electrocatalysis
shows initial activities comparable to those of the cobalt counterpart, but in this case current
density decreases very rapidly to become negligible just after 30 min, with the appearance
of an inactive manganese oxide layer on the electrode.
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1. Introduction

Water oxidation catalysis is currently one of the hot topics in chemistry research [? ? ? ], since it
is regarded as the bottleneck in the development of an artificial photosynthesis scheme [? ? ? ]. Fuels
production by harvesting solar energy to reduce a substrate (as protons to hydrogen) needs to occur
concomitant to the oxidation of water into oxygen. If this second process is not fast enough and energy
efficient, cost-effective solar fuels production will never become a technological reality.

Polyoxometalates (POMs) are some of the most promising electrocatalysts to promote water
oxidation [? ? ] due to their dual nature. Being molecular species, POMs possess all advantages of
homogeneous catalysts, being fast, monodispersed and easy to process. At the same time, as fragments
of metal oxides, POMs also exhibit some of the advantages of heterogeneous catalysts, as they possess
the right catalytic active sites, and appear to be highly robust and stable in water oxidation conditions [? ].

The first POM reported as a water oxidation catalyst (WOC) was the tetraruthenium polyanion
[(SiW10O36)2Ru4O5(OH)(H2O)4)]9− [? ? ]. Although very fast and rugged [? ? ? ? ], its noble
metal content precluded to envision technological impact since realization of artificial photosynthesis
will require inexpensive and readily-available catalysts.

The breakthrough in the area appeared when the tetracobalt POM [Co4(H2O)2(PW9O34)2]10− (Co4),
obtained from earth abundant metals, was reported to be one of the fastest WOCs up to date [? ? ]. Some
studies suggested that this POM may not be stable in water oxidation conditions [? ? ? ]. Although
this is true for certain conditions, and it can put into question the quantification of its catalytic activity,
it is important to note that the genuine WOC activity of Co4 has been confirmed beyond any reasonable
doubt [? ? ? ], and corroborated even by the most (initially) critical research teams [? ]. Following these
results, several related POMs have shown WOC activity [? ? ? ? ? ? ], most of them containing CoII as
water-ligated active center.

Artificial photosynthesis takes inspiration from natural photosynthesis in green plants and algae,
where a tetramanganese cluster is responsible for the catalysis of the water oxidation reaction [? ? ? ?
]. However, Mn-containing POMs have not been so successful. There is only one Mn-based example,
reported very recently [? ]. This trend of few Mn examples is not exclusive of POMs [? ], and even if
one considers heterogeneous catalysts, Mn oxide is much less active than the corresponding Co or Ni
analogs [? ]. Still, the use of Mn is attractive because it is earth abundant and relatively nontoxic when
compared with the other more active metal-based catalysts.

In the search for Mn-containing POMs which could exhibit WOC activity we decided to test the MnII

structural equivalent of the tetra cobalt WOC reported by Hill et al. [? ]. The water electrochemistry
of this polyanion [Mn4(H2O)2(PW9O34)2]10− (Mn4) confirms its activity as a water oxidation catalysts,
albeit its intrinsic instability in water oxidation conditions.
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2. Results and Discussion

Mn4 was prepared as a mixed Na/K salt following literature procedure. The structure of the
polyanion consists of rhomblike tetranuclear cluster of MnO6 octahedra sharing edges encapsulated
by two lacunary Keggin-type [PW9O34]9− units (Figure ??b). All bridges between Mn atoms are oxo
groups from WO6 or PO4 polyhedra. Two terminal water molecules complete the coordination positions
of the Mn centers in the long diagonal of the rhomb.

We carried out cyclic voltammetry experiments in a pH 7 sodium phosphate buffer ( NaPi, 50 mM)
solution with a amorphous carbon disc anode, a Pt wire cathode and a Ag/AgCl (NaCl 3 M) reference
electrode (Figure ??). In the presence of Mn4 (1 mM) a significant catalytic water oxidation wave is
observed above 1.0 V, which is accompanied by significant gas bubbling at the anode. This suggests
that Mn4 is indeed a WOC at neutral pH. The catalytic activity appears to be slower In comparison with
the activity of Co4 in the same conditions, since the Mn4-catalyzed wave appears below the Co4 cyclic
voltametry at all potentials. It is also worthy to mention that no pre-catalytic features are observed in the
data, indicating that no additional redox processes occur before catalysis.

Figure 1. Cyclic voltammetry in a pH 7 sodium phosphate buffer (50 mM) water solution
as electrolyte: 1.0 mM Co4 (blue line); 1.0 mM Mn4 (green line); blank (black line). E
reported vs. Ag/AgCl (3 M) reference electrode.

We carried out bulk water electrolysis experiments under stirring in a two-chamber cell with both
chambers connected through a glass frit (Figure ??). As anode and cathode we used FTO-coated glass
(1 cm × 1 cm) and Pt mesh electrodes, respectively. The Ag/AgCl (NaCl 3 M) reference electrode
was located close the anode, in the anodic compartment. Negligible current values were obtained
when an anodic overpotential of ≈ 600 mV was applied (1.40 V vs. NHE) to this set-up with a pH
7 sodium phosphate buffer (NaPi, 50 mM) solution with NaNO3 (1 M) as electrolyte in the absence of
a catalyst. The addition of Mn4 (1 mM) to the anodic compartment resulted in rapid gas evolution, with
a fast current increase reaching typical currents (i) over 0.03 mA. After a short induction time, i keeps
decreasing slowly to reach negligible values after just 30 min. During this time, the solution maintains
essentially its original orange color, but a thin brown film grows on the anode. Chemical analysis of
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this film, which exhibited amorphous X-ray powder patterns, showed that manganese is the only metal
significantly present. This suggests that, while the POM is stable and active in solution, there is a second
process where it rapidly decomposes under an oxidation potential to yield a manganese oxide phase that
growing on the electrode. This phase appears to be inactive as a WOC, and catalysis stops when the
access of the remaining Mn4 in solution to the electrode is blocked by this film. Indeed, the as-used
electrode does not show any significant remnant catalytic activity. A similar process was observed
for other Co-containing POM-based WOCs [? ], although the deposited Co-oxide is a highly active
WOC. The inactivity of the Mn-oxide film observed in our case makes easier to identify the genuine
catalytic activity of Mn4. Although mixed valence MnOx are active WOCs [? ? ? ], the MnO2 phase
is inactive [? ]. Thus, this should be the major species in the deposited films. The formation of this
oxidized MnOx film precludes quantitative oxygen production during this water electrolysis.

Figure 2. (a) Bulk water electrolysis under an applied anodic potential of 1.40 V /vs. NHE)
with an fluorine-doped tin oxide (FTO) anode and Pt mesh cathode in a pH 7 sodium
phosphate buffer (50 mM) water solution as electrolyte with 1.0 mM Mn4 (red line); a
consecutive experiment with the as-used electrode in a Mn4-free electrolyte solution (blue);
blank (black line). (b) analogous experiment with addition of bpy(10 mM).

In Co-containing POMs, the formation of metal-oxide films has been assigned to the solution
equilibria of the POMs, and not to a redox instability at the electrode [? ]. Chelating agents able to
trap traces of aqueous [M(H2O)6]2+ (M2+ = Co2+) generated in solution have been very effective to
prevent the formation of such oxides. Unfortunately, the same strategy was not successful to prevent
formation of the corresponding oxide in this case. Analogous bulk water electrolysis experiment in the
presence of 2,2’-bipyridyl showed even faster catalyst decomposition (Figure ??b), suggesting this tetra
manganese POM is not redox stable.

In other homogeneous WOCs their incorporation into a heterogeneous matrix has significantly
improved their stability, while maintaining their catalytic activity [? ]. Following the same strategy,
we incorporated the insoluble Cs10[Mn4(H2O)2(PW9O34)2]xH2O salt into an amorphous carbon paste
anode. However, the incorporation of the Cs-Mn4 component showed no effect in the catalytic current,
indicating that Mn4 is also unstable in such conditions.
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3. Experimental Section

3.1. Materials and Instrumentation

All reagents were purchased from Sigma-Aldrich (Madrid, Spain)(>99% purity) and used without
further purification. Metal content in POM salts was analyzed with an Environmental Scanning
Electron Microscope JEOL-JMS6400 equipped with an Oxford Instruments X-ray elemental analyzer.
Thermogrammetry was performed with power samples using a TGA/SDTA851 Mettler Toledo with MT1
microbalance.

3.2. Synthesis and Characterization

Co4 and Mn4 were prepared from optimized literature methods as alkali salts [? ? ]. The
compounds were recrystallized from water, collected by filtration, dried in vacuum and characterized
by IR spectroscopy. The counter cations and solvent content were determined by EDAX microanalysis
and thermogravimetry, respectively. The molecular formulas are: Na5K5[Co4(H2O)2(PW9O34)2] 31H2O
(Mw = 5599.04) and Na5K5[Mn4(H2O)2(PW9O34)2] 31H2O (Mw = 5583.08). The molecular structure
of these polyanions is represented in Figure ??.

Figure 3. Molecular structure of the [Mn4(H2O)2(PW9O34)2]10− (Mn4) polyoxometalate.

3.3. Electrochemistry

Bulk water electrolysis were carried out with stirring in a two-chamber cell, with a porous frit
connecting both chambers. In one chamber we placed a Pt mesh counter electrode, and in the other
chamber a fluorine-doped tin oxide (FTO)-coated glass working electrode and a Ag/AgCl (NaCl 3 M)
reference electrode. All potentials are reported versus NHE (E = Eobs+0.208). Data were collected with
a Biologic SP-150 potentiostat. Typical electrolysis experiments were carried out in a sodium phosphate
(NaPi) buffer pH = 7 solution with NaNO3 (1 M) as electrolyte. Ohmic drop was compensated using the
positive feedback compensation implemented in the instrument.
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4. Conclusions

Electrochemistry data of a [Mn4(H2O)2(PW9O34)2]10− at pH = 7 confirms its genuine activity of
this POM to promote water oxidation. Nevertheless, its activity is lower when compared with the Co
counterpart and, more significant, its stability is poor. During electrocatalytic water splitting, Mn4

decomposition products (oxides) deposit on the anode precluding the catalytic activity. After a few
minutes, catalysis becomes negligible, reaching values identical to those of the bare electrodes.

These results suggest that, although chosen by natural evolution, Mn may not be the best option for the
development of water oxidation catalysts. In POMS, and also in other homogeneous catalysts, Mn-based
WOCs appear to be intrinsically unstable during water oxidation [? ]. In living entities, the instability
of Mn WOCs may be an advantage, since it allows for easier self-repair mechanism in photosystem II.
However, this is an important disadvantage when developing working devices.
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