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A bioinspired soluble manganese cluster as
a water oxidation electrocatalyst with low
overpotential

Galia Maayan®'?*, Naama Gluz' and George Christou®?2

The electrocatalytic oxidation of water is a challenging step towards the production of hydrogen as an alternative fuel. In nature,
water oxidation is catalysed by a high oxidation state Mn,CaO, cluster. The corresponding industrial development of manga-
nese catalysts for water oxidation is very attractive due to the low cost of this metal. A few manganese complexes have been
previously explored as water oxidation catalysts using various chemical oxidants in homogeneous and heterogeneous systems.
Efficient electrochemical water oxidation catalysed by a soluble manganese-oxo cluster, however, has not been achieved. Here,
we report the synthesis and characterization of [Mn,,0,,(0,CC,H,(OH),),,(H,0),]1 (Mn,,DH), a unique example within this
class of compounds in being both highly soluble and stable in water. We demonstrate that Mn,,DH, which is readily prepared
from cheap and environmentally benign starting materials, is a stable homogeneous water oxidation electrocatalyst operating
at pH 6 with an exceptionally low overpotential of only 334 mV.

bio-inspired challenge for chemists seeking to find renew-

able alternatives to fossil fuels. In nature, the oxygen-evolving
complex (OEC) near photosystem II in green plants and cyanobac-
teria catalyses the oxidation of H,0O, employing solar energy to drive
electron transfer'”. This four-electron redox reaction (equations
(1)-(3)) is a formidable process accomplished by a Mn,CaO, clus-
ter*'. A few synthetic Mn,CaO, clusters structurally similar to the
OEC have been published®”’, but catalytic water oxidation by these
clusters has not been reported.

_|_he catalytic splitting of water into hydrogen and oxygen is a

2H,0 - O, +4H* +4e” n
E =123V -0.059V x pH (at 25 °C vs NHE)
4H* +4e” > 2H, )
2H,0— 0, +2H, (3)

Nevertheless, attempts over many years to emulate both the
structure and function of the OEC have yielded various small Mn,
(x<4) compounds®, some of which catalyse water oxidation in
heterogeneous’'" or homogeneous'>> systems'®. The catalytic
activity of these clusters, however, is hampered by their low stabil-
ity either in water or under reaction conditions. Mn-based water
oxidation catalysts typically utilize chemical oxidants such as per-
oxides, limiting the choice of catalysts to those that can structurally
withstand such reactive reagents and often leading to uncertain-
ties about the source of the obtained O, (ref. *). In order to avoid
the latter, the oxidants Ce" and Ru™ have been employed in a few
homogeneous*'**" and heterogeneous’” Mn-based catalytic systems,
albeit with very low (<2h™) or no turnover number (TON)" and at
high oxidant loading (for example, 480 equiv. of Ru'")*’. Moreover,
Ce" is only stable at low pH and Ru™ is a precious metal. Although

water oxidation electrocatalysts containing metal ions*' such as Ru
(refs. 2%*), Co (refs. *=), Ir (ref. *’), and Cu (refs. ***) are undergo-
ing extensive development, there is currently only one example of
homogeneous electrocatalytic water oxidation by a Mn-based com-
pound—a Mn porphyrin dimer reported more than twenty years
ago. However, the highest activity—a turnover frequency (TOF) of
0.11 min~'—was obtained in MeCN solution containing 5% v/v H,O
at a high potential of 2.0V versus Ag/Ag* (2.58 V versus NHE) and
in the presence of NBu",OH (ref. *°). Therefore, efficient homoge-
neous electrocatalysts for water oxidation based on water-soluble
and -stable Mn clusters have yet to be developed.

It was previously suggested that the Mn'V-O-Mn"™-H,O motif
(Fig. la, marked in pink) plays an important structural role in the
activity of the OEC and its mimics'**". Interestingly, this motif is a
multiple structural element in the [Mn,,0,,(O,CR) ((H,0),] (Mn,,;
R=Me, Et, Ph, and so on) clusters’ (Fig. 1b) but there are only
two examples of their use as oxidation catalysts™**. Nevertheless,
these Mn,, clusters were attractive to us as potential water oxida-
tion electrocatalysts for several reasons. First, they have a struc-
ture that greatly resembles that of the OEC: their core consists of
a [Mn",0%,] cube held by eight additional O* ions within a non-
planar ring of eight Mn™ jons. Sixteen bridging carboxylate groups
and four terminal water molecules complete the peripheral liga-
tion. The eight outer Mn'" jons are divided by fourfold symmetry
into two groups of four ions each, Mn2 and Mn3, the latter binds
the labile water molecules. Second, Mn,, clusters display multiple
one-electron redox processes, whose exact values can be tuned by
the choice of carboxylate R group*. Finally, Mn,, clusters can be
easily synthesized from readily available starting materials includ-
ing Mn(acetate),, KMnO, and organic acids, under normal aerobic
conditions at room temperature®’. Overall, these unique biomimetic
properties of Mn,, clusters, namely the presence of high oxidation
state Mn and four water binding sites that could facilitate water oxi-
dation catalysis, as well as their straightforward and environmentally

'Schulich Faculty of Chemistry, Technion - Israel Institute of Technology, Haifa, Israel. 2Department of Chemistry, University of Florida, Gainesville, FL, USA.

*e-mail: gm92@technion.ac.il

48

NATURE CATALYSIS | VOL 1| JANUARY 2018 | 48-54 | www.nature.com/natcatal

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


mailto:gm92@technion.ac.il
http://orcid.org/0000-0001-5711-7339
http://orcid.org/0000-0001-5923-5523
http://www.nature.com/natcatal

NATURE CATALYSIS ARTICLES

(9
oM @eMn* @0 OC

Fig. 1| Mn,,Ac as a structural mimic of the OEC capable of reversible
oxidation processes. a, The structure of the OEC and its surrounding
peptide environment®. b, The structure of [Mn;,0,,(0,CMe),,(H,0),]
(Mn,,Ac) viewed along the molecular z axis. Hydrogen atoms are omitted
for clarity. The Mn'V-O-Mn'"'-H,O motif is marked in pink, a representative
carboxylate group is marked by an orange circle, and the labile water
molecules are marked by a purple circle. Panel a adapted from ref. ¢, AAAS.

benign synthesis from low-cost reagents, make them extremely
attractive as potential catalysts for water oxidation. Unfortunately,
almost all Mn,, complexes are insoluble in water, and those that
do dissolve hydrolyse rapidly to insoluble Mn oxides and hydrox-
ides. Consequently, the electrochemical performance of four Mn,,
clusters deposited on tin oxide electrodes was recently examined.
These clusters were shown to be heterogeneous electrocatalysts for
water oxidation at natural pH with overpotentials of 640-820mV
(ref. **), but were also very unstable under the reaction condi-
tions, and their decomposition was detected within one minute
of electrolysis.

In this report, we describe how we have overcome this stabil-
ity problem by using a ligand that is both bulky and hydrophilic,
thereby providing access to a Mn,, derivative that is both soluble
and stable in water. Electrochemical investigations allowed us to
determine that it is an excellent homogeneous catalyst for water
oxidation at an oxidation potential as low as 1.21 V (versus NHE).
First, O, evolution was clearly detected by its reduction peak to
superoxide observed in cyclic voltammograms. Second, controlled
potential electrolysis and scan rate experiments indicate that this
catalyst performs at pH 6 with high TON, high Faradic efficiency,
and with low overpotential, establishing the Mn,, clusters, and by
extension other high nuclearity Mn-oxo molecular clusters, as a
viable new approach in this highly topical area.

Results

Synthesis and characterization of water-soluble Mn ,DH. It is
known that Mn,,Ac is very soluble in water, but rapid hydrolysis
occurs and gives a brown Mn oxide flocculent precipitate within
seconds (Supplementary Fig. 1). In contrast, [Mn,,0,,(O,CPh),
(H,0),] (Mn,,Bz) is completely insoluble in water (Supplementary
Fig. 2), as are almost all other Mn,, clusters. We therefore envi-
sioned a compound that possesses bulky benzoate ligands to protect
the core, but with at least two hydrophilic groups on each ligand
to impart water solubility. In addition, the carboxylic acid moi-
ety of this ligand should have a pK, lower than that of MeCO,H
(4.76), as the preparation of such a cluster would involve a carbox-
ylate substitution®” on Mnj,Ac driven to completion by the excess
of the substituting acid and its greater acidity versus MeCO,H.
To meet these requirements, we chose 3,5-dihydroxybenzoic acid
(CsH;(OH),CO,H; dhbH), which is readily available, cheap and
has a high water solubility of 51g 1" at 25°C and a pK, of 4.04
(for its acid group). [Mn,,0,,(dhb),(H,0),] (Mn,,DH) was pre-
pared in one step by treatment of Mn,,Ac with 42 equiv. of dhbH
in MeCN (equation (4)); Mn,,Ac is available in high yield from a
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one-step reaction of Mn" acetate and KMnQ, in aqueous acetic acid
(Supplementary Methods)*.

[Mn,,0,,(0,CMe), (H,0),]+ 16 dhbH

(4)
— [Mn,,0,,(dhb),¢(H,0),] + 16 MeCO,H

The product Mn,,DH, which precipitated overnight from the
reaction solution as a brown powder, was collected, washed and
dried, and found to be very soluble in water giving a clear brown
solution (Supplementary Fig. 3) that persists for long periods
(months) with no flocculent precipitate. Mn,,DH was characterized
by combustion analysis as well as in solution by Fourier-transform
infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy
(XPS) and UV /vis spectroscopy. The spectra were comparable with
the corresponding characteristic spectra of Mn;,Ac and Mn,,Bz
(ref. *°). It was anticipated that the numerous polar ~-OH groups
on the surface of Mn,;,DH would lead to many hydrogen-bonded
interstitial solvent molecules in the solid state, and indeed anlaysis
indicated it as [Mn,,0,,(0,CCH,(OH),),,(H,0),]-10H,0-2MeCN.
The IR spectrum of Mn,DH is very similar to that of Mn,,Bz but
with three differences: (i) the broad absorbance band at v =3,300
cm™! assignable to O-H stretching modes is much stronger, due to
the additional H,O content; (ii) the carboxylate bands are broader,
due to the extensive hydrogen-bonding they are involved in; and
(iii) there is a new band at =856 cm™" assignable (on the basis of
the free dhbH spectrum) to the hydroxy-Ph ring (Supplementary
Fig. 4). IR spectra were also employed to probe the stability of
Mn,,DH in water: an aqueous solution of Mn,,DH was maintained
at room temperature for three days, and then the solid re-isolated
by freeze-drying. The IR spectrum of this solid was identical to that
before dissolution (Supplementary Fig. 4), confirming no hydro-
lysis. These IR spectra are consistent with Mn ,DH retaining the
[Mn,,0,,(0,CR),,(H,0),] structure. This was further supported
by the Mn,,DH XPS spectrum, which is similar to that of Mn,,Ac
(ref. *°), exhibiting two typical Mn-O peaks (Supplementary Fig. 5).
Additionally, the UV/vis spectrum of Mn,,DH in water shows two
absorption bands near 240 and 300nm, which are shifted about
10nm relative to dhbH and can be assigned to the dhb- ligands
(Supplementary Fig. 6). Overall, the combined data confirm that
Mn,,DH is a new member of the Mn,, family.

Cyclic voltammetry experiments. The oxidation of Mnj,Ac
was investigated by cyclic voltammetry (CV) in dry MeCN in an
inert-atmosphere glove box (Fig. 2a). This CV exhibits four revers-
ible one-electron processes, two oxidations at E/E,=1.18/1.06
and 1.44/1.27V, and two reductions at 0.23/0.35 and 0.49/0.56 V
(versus NHE) — E;and E, are the E, peak potentials for the forward
(f) and reverse (r) scans of each redox process. Previous studies of
the reduction processes of various Mn,, clusters have confirmed
their one-electron nature by isolation of [Mn,,]" (n=1-3) salts,
including crystallographic characterization of n=1 and 2 examples,
which also showed reduction of the Mn3 ions to Mn" (ref. ).
Extension to the oxidations shown in Fig. 2a confirms that these
are also one-electron processes, assigned to the oxidation of Mn™ to
Mn" (equation (5)).
[MngIMnE‘V] - [MnI7HMn§V]Jr - [MnI6HMn16V]2+ (5)
The electrochemistry of Mn,;,DH was explored in aqueous
acetate buffer at pH 6.0, the prevailing pH at the OEC, in which
Mn,,DH was found to be stable for long periods and which is
often used for water oxidation studies of dinuclear Mn, clusters®”*.
The CV of Mn;,DH in this medium, scanning initially in the
anodic direction, shows two oxidation waves at E,=0.95and 1.6 V
versus NHE and two cathodic peaks at E,= 0.8 (small) and —0.45V
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Fig. 2 | Cyclic voltammograms. a, Mn,,Ac (1.74 mM) in dry deoxygenated MeCN in an inert-atmosphere glove box, showing four consecutive cycles at

10 mV s scanning initially from 0.5V in the positive direction. b, Deoxygenated 0.1 M acetate buffer at pH 6.0 (black); 0.1 M acetate buffer at pH 6.0
containing 0.5mM Mn,,DH (red); deoxygenated 0.1 M acetate buffer at pH 6.0 containing 8 mM dhbH (green). All initial CV scans were in the anodic
direction at 100 mV s™. ¢, 0.1 M acetate buffer at pH 6.0 (black); after bubbling O, through for Tmin (blue); deoxygenated 0.1 M acetate buffer at pH 6.0
containing 0.5 mM Mn,;,DH (red and green). All the initial CV scans were in the cathodic direction at 100 mV s™. d, Deoxygenated 0.1 M acetate buffer at
pH 7.0 containing 0.5mM Mn,,DH (black); at pH 6.0 (red); at pH 5.0 (blue); at pH 4 (green) and at pH 3 (orange). The potential was measured versus
the Ag/AgCl reference electrode and converted to versus NHE by using E (NHE) =E£ (Ag/AgCl) + 0.21V. Deoxygenation was accomplished by bubbling N,

through the solutions for 5min.

(intense, Fig. 2b, red line); under the same conditions, dhbH
exhibited an oxidation peak at 1.15V versus NHE, and a very
small reduction peak at —0.45V (Fig. 2b, green line). Interestingly,
when the scan direction for Mn,;,DH was reversed, the —0.45V
feature was absent in the first cycle (Fig. 2¢, red line) but appeared
again in the following cycle (Fig. 2¢, green line), indicating that it
arises from the high potential oxidation processes. A control solu-
tion of acetate buffer at pH 6.0 saturated with O, and containing
no Mn,,DH identified the —0.45V feature as the reduction of O,
to superoxide (Fig. 2b, blue line). The CV scans thus indicate that
the oxidation of Mn,,DH triggers electrocatalytic water oxidation
to O,. The small cathodic wave at E,=0.8V corresponds to the
re-reduction of remaining oxidized cluster back to its resting state
Mn,,DH; continuous CV scans over four cycles showed essentially
superimposable profiles (Supplementary Fig. 7), supporting the
high stability of Mn;,DH under these conditions. The irrevers-
ible oxidation wave of free dhbH at 1.15V shows significant decay
of its intensity over four scans (Supplementary Fig. 8), suggest-
ing a non-reversible oxidation of at least one hydroxyl group. As
this decay is absent from the continuous CV scans of Mn,;,DH we
can assume that the hydroxyl groups do not get oxidized at this
potential range.
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On the basis of these measurements, an important follow-up
question was which oxidation event was triggering the water oxida-
tion. To answer this, the CV scans were switched (reversed) at vari-
ous potentials in the 0.71 to 1.81V range (Fig. 3), and an interesting
trend was observed. As the switching potential decreases from
1.81V (Fig. 3a), the height of the reverse peak on the first oxidation
increases and the amount of O, generated decreases (as gauged by
the size of the O, reduction wave), becoming essentially constant for
switching potentials after the first oxidation but before the second,
that is, 1.21-1.41 V. Decreasing the switching potential at or below
1.21V (Fig. 3b) has little effect on the O, evolved until it is switched
at 0.91V, which causes a significant decrease in the amount of O,.
Switching at 0.81 or 0.71V gives only traces of O,. We conclude
that scanning through both oxidation processes leads to a more-
efficient water oxidation electrocatalyst, but that the first oxidation
alone is enough to yield O,. The CV study thus provides strong evi-
dence that Mn,,DH is an excellent catalyst for the electrochemical
oxidation of water to O,, and at a low overpotential —the thermo-
dynamic potential for water oxidation at pH 6.0 at 25 °C is 0.88 V
versus NHE, while we already observe significant oxygen evolution
by 1.0 V. We suspect that the increased evolution of O, on scanning
past the second oxidation is due to water oxidation catalysis now
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Fig. 3 | Cyclic voltammograms at 100 mVs™ for Mn,,DH in deoxygenated
0.1M acetate buffer at pH 6.0. a, The anodic scans were reversed

at 1.21V (red), 1.31V (orange), 1.41V (light green), 1.51V (green),

1.61V (blue), 1.71V (purple) and 1.81V (black) versus NHE.

b, The anodic scans were reversed at 0.71V (black), 0.91V (blue),

1.01V (green) and 1.21V (red) versus NHE. All scans were initially in the
anodic direction.

taking place at multiple sites on the Mn,,DH molecule, consistent
with the multiple water binding sites in the structure; however, the
multiple sites within such an oxide-bridged cluster are not necessar-
ily completely independent of each other. This would rationalize the
fact that scanning only through the first oxidation still gives signifi-
cant O, evolution. If two-electron oxidation was required to trigger
water oxidation, then O, generation would not be expected to be
significant on switching after only the first oxidation.

The pH dependence of the electrochemical behaviour of
Mn,,DH was investigated by CV scans in acetate buffer in the pH
3.0-7.0 range (Fig. 2d). Significant catalytic currents as well as oxy-
gen evolution, indicated by the oxygen reduction peak, were only
observed at pH values of 5, 6 and 7. The E, values for the catalytic
water oxidation peak current decrease slightly as the pH increases
and the most-intense catalytic peaks were obtained at pH 6 and 7.
These observations are consistent with the water oxidation process,
which is kinetically not favoured in acidic solution.

Catalyst stability. In order to exclude the possibility of electrode-
position of decomposition products on the electrode, and confirm
that the catalytic process is homogeneous, we explored whether a
manganese oxide film was being formed on the surface of the elec-
trode. To do so, we removed the glassy carbon electrode from a
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Fig. 4 | Scan rate dependence experiments. a, CV of Mn,,DH at different
scan rates in 0.1 M acetate buffer at pH 6. b, The relation between the
catalytic current of Mn,,DH and the square root of the scan rate.

solution of Mn;,DH (0.5mM in 0.1 M acetate buffer, pH 6) after
carrying out 25 continuous CV scans from —1.0V to 1.81V ver-
sus NHE, rinsed it with water (the electrode was not polished), and
placed it in fresh 0.1 M acetate buffer solution at pH 6 containing
no Mn,,DH. The CV scan of this solution showed no oxidation
peaks and was the same as the CV scan of the blank solution in
Fig. 2b (Supplementary Fig. 9). In addition, we examined the scan
rate dependence of the Mn,,DH oxidation currents in 0.1 M acetate
buffer at pH 6 (Fig. 4a). A linear fit was obtained when the inten-
sity at the peak of each oxidation event was plotted against the
square root of the scan rate (Fig. 4b), confirming that the oxidation
currents are diffusion controlled and the catalytic process is
truly homogeneous™.

Bulk electrolysis experiments and kinetic data. As oxygen evo-
lution was observed at the low potential of 1.01V and in order to
assess the efficacy of Mn;,DH at a low overpotential, controlled
potential electrolysis (CPE) experiments were initially carried out
for 30 min in a double-compartment cell at pH 6 and an applied
potential of either 1.01V or 1.21V versus NHE (Supplementary
Fig. 10). In these conditions, oxygen evolution was detected only
when a potential of 1.21V was applied. Thus, we conducted a five-
hour CPE experiment at 1.21V with 2.5umol Mn,;,DH (Fig. 5a,
red line), which afforded charge accumulation of 43.8 C whereas
a control experiment run under identical conditions, but without
the catalyst (blank, Fig. 5a, black line), showed a charge accumula-
tion of only 2.2 C. A CPE experiment conducted under the same
conditions with 40 umol of dhbH (this was calculated based on
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Fig. 5 | Bulk electrolysis and direct oxygen measurements. a,b, Electrolysis
data showing charge passed versus time (a) and molecular oxygen values
as measured during CPE showing oxygen evolution versus time (b), for a
5ml solution containing 2.5 pmol of Mn;,DH in 0.1 M acetate buffer at pH 6
(red lines), and data for the buffer solution alone (black lines), with the cell
operating at a potential of 1.21V versus NHE.

2.5umol, which is the amount of used cluster, multiplied by 16, as
there are 16 ligand molecules per cluster molecule; Supplementary
Fig. 11) afforded charge accumulation similar to the blank solution,
indicating that the catalyst for O, evolution is Mn,,DH.

Direct O, measurements were carried out during the CPE exper-
iment using an optical fibre oxygen meter probing the headspace of
the solution. Accordingly, about 190 pM oxygen was evolved over
5 h with Mn,;,DH and only 13 pM without it (Fig. 5b). These results
translated to a total of 38.1 pmol of evolved oxygen, representing a
TON of about 15.5 in 5 h based on 2.5 pmol of catalyst in the bulk
solution. An additional way to calculate the TON of this reaction
is based on the apparent rate constant of the reaction, k,,,, which
could be obtained from a foot-of-the-wave analysis (FOWA)**!.
Following the literature***?, we performed FOWA from the data pre-
sented in Fig. 4a and found an average k,,, of 0.035 s*, and calculated
a TON of 629 in 5 h (Supplementary Figs. 12,13, Supplementary
Equations 1,2 and Supplementary Table 1).

Catalyst efficiency. As the catalysis slows down over the period
of 5 h, it is convenient to calculate the Faradic efficiency based on
the initial rate of the process. Accordingly, the Faradic efficiency in
the first 20 min was calculated to be 77.9%. This Faradic efficiency,
together with the observation that about 91% of the measured O,
is being evolved in the first 3 h, suggests that another product, in
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addition to O,, is being generated during the catalytic process.
This might be CO,, which could evolve due to catalyst decompo-
sition. UV/vis spectra of Mn;,DH before and after 5 h bulk elec-
trolysis at 1.21 V versus NHE show that the spectral intensity after
bulk electrolysis decreased slightly but the two absorption bands
remain intact and there is no evidence for the formation of new
peaks (Supplementary Fig. 14). In addition, CV scans before and
after 5 h bulk electrolysis show that both oxidation peaks as well as
the oxygen reduction peak are maintained, but there is a decrease
in the intensity of all three peaks (Supplementary Fig. 15). Both
the UV/vis and CV results indicate a decrease in the overall con-
centration of Mn,;,DH, which might be attributed to some degree
of catalyst decomposition. These results are consistent with the
Faradic efficiency and with the decrease in catalytic activity over
time. Nevertheless, it is evident that some of the catalyst is still pres-
ent in solution even after 5 h of CPE, demonstrating its stability
relative to other similar catalysts™. This is efficient electrochemical
water oxidation by a manganese cluster in a homogeneous cata-
Iytic system, and moreover, this electrocatalyst performs with a low
overpotential of only 334 mV.

Discussion

One reason for the unique electrocatalytic activity of Mn,DH
might be related to its high nuclearity. Mn,, clusters are distinctly
different from other catalysts studied in this area in that they are
high nuclearity, homometallic molecular clusters that are interme-
diate between small molecules and bulk metal oxides. In addition,
their multiple water-binding sites, twelve intimately associated
Mn ions, and multiple reversible redox processes offer the pos-
sibility of homogeneous water oxidation catalysis at multiple sur-
face sites with a core that could function as a charge reservoir to
facilitate the multi-electron transformations involved. A second
reason might be related to the hydroxyl substituents on the dhb-
ligands. It is possible that the hydroxyl groups contribute more to
the catalysis than just ensuring the aqueous solubility and stability
of Mn,,DH, by allowing the ligands to provide multiple shuttle
pathways through hydrogen bonding, helping to bring H,O mol-
ecules to the Mn ions in one direction and in the other direction
removing H* ions generated from H,O oxidation. Further studies
are necessary to probe the exact role of the number and positions
of hydroxyl or other hydrogen-bonding substituents on the elec-
trocatalytic activity.

In conclusion, we have demonstrated the initial use of a high
nuclearity Mn,,—oxo cluster as an efficient water oxidation elec-
trocatalyst at low overpotential and in homogeneous solution.
The use of Mn and readily available carboxylate ligands makes
this result particularly pertinent to the search for efficient, cheap
and environmentally benign catalysts that are highly active and
robust in aqueous media. Via a simple carboxylate substitution,
the bulky dhb- ligands not only impart both water solubility and
stability, but also probably assist the catalytic process by serving
as hydrogen-bonding sites to provide H,0 and H* shuttle path-
ways to and from the catalytic Mn sites. The dhb- ligands can
thus be described as mimicking the polypeptide around the
hydrolytically unstable Mn/Ca-oxo cluster of the OEC. Mn,,DH
is a molecular cluster, which is significant because its properties
can be tuned in a controlled manner, allowing future improve-
ments in catalyst stability and activity. One possibility is adjust-
ing the ligation environment and hydrogen-bonding properties
by using hydroxy-benzoic acids differing in either the position
of the hydroxy group(s) and/or their number. Ongoing efforts
are also focusing on the use of other water-solubilizing carboxyl-
ate ligands for the generation of Mn,, clusters, as well as smaller
nuclearity, high oxidation state Mn and Mn/Ca complexes to fur-
ther facilitate charge- and light-driven catalytic processes relevant
to sustainable energy.
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Methods

Electrochemical methods. Cyclic voltammograms (CV) were conducted in a
standard three-electrode cell assembly consisting of a glassy carbon electrode
as the working electrode, Pt mesh as the counter (auxiliary) electrode, and a
Ag/AgCl/3 M KCl reference electrode (+210 mV versus NHE). The CVs were
typically recorded at a scan rate of 100mV s7'; E,;, of 20/50 mV and sensitivity
of 0.1 mA V! in acetate buffer pH 6 containing 0.5mM Mn,,DH. No IR
compensation was employed. Quoted potentials are versus NHE by the addition
of 210 mV to the electrode values. In typical experiments, a stream of N, gas at
atmospheric pressure was bubbled into the solution for 5min prior to scanning.
Controlled potential electrolysis experiments were performed in a three-
compartment ‘H-cell’ separated by a medium-porosity sintered glass frit.
Three-electrode assembly was used consisting of vitreous carbon-3000C Foam
as the working electrode, Pt mesh as the counter (auxiliary) electrode, and

a Ag/AgCl/3 M KCl reference electrode (+210mV versus NHE). Only the side
equipped with working and reference electrodes was loaded with the catalyst
(typically 2.5 pmol). In typical experiments, a stream of Ar gas at atmospheric
pressure was bubbled into the cell for 30 min prior to scanning.

Oxygen measurements. Direct oxygen measurements during bulk electrolysis
were conducted using an optic fibre sensor housed inside the needle of a syringe.
The needle is inserted into the cell at the anode compartment, and the evolved
oxygen is measured at the headspace of the cell. The instrument displays the
oxygen levels in uM, and in order to know the absolute amount of oxygen
produced, in umol, a calibration of the instrument was performed.

The synthesis and characterization of Mn,,DH are detailed in
the Supplementary Methods.

Data availability. The data that support the plots within this paper and
other findings of this study are available from the corresponding author upon
reasonable request.
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