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ABSTRACT: The complexity and energy demand of the H,O oxidation half-reaction represents the bottleneck for the de-
velopment of sustainable, environmentally friendly H, economies using H,O as energy feedstock. In Nature, photosynthetic
H.O oxidation processes occur in photosystem-II (PS-II) and are facilitated by the Oxygen Evolving Complex (OEC), a
manganese-oxo cluster {Mn,CaO,} with cubane-like topology. In recent years, the use of manganese-based H,O oxidation
catalysts has attracted significant scientific attention, not only to mimic and understand naturally occurring processes, but
also due to the low toxicity and high abundancy of Mn in the Earth’s crust. Here we report the catalytic H,O oxidation
activity at pH 7.2 of a high-nuclearity manganese-oxo cluster. The species, which contains multiple cubane motifs and
which is stabilized by redox-active aromatic organic ligands, gives rise to an onset overpotential as low as 255 mV when
dispersed in a carbon paste matrix, achieving high current densities of 10 mA cm™ and even 100 mA cm™ at 1) = 482 and 654
mV, respectively. The electrodes show good stability under turnover conditions for 7 hrs. Additionally, direct light-induced
O, evolution measurements confirm a reaction rate of 0.72 s and turnover number (TON) of up to 55. The outlined exper-
imental concept demonstrates how a synergistic effect between non-innocent, redox-active organic ligands and bio-inspired
Mn oxo-clusters resembling the natural {Mn,CaOs} unit, that are dispersed in a conductive carbon matrix and protected by
a Nafion membrane, can facilitate remarkably high catalytic activity under neutral, environmentally friendly pH conditions.

KEYWORDS: Oxygen Evolution Reaction; Manganese; Redox-active Ligand; Heterogeneous Electrocatalysis

INTRODUCTION

Growing global energy demands to reach the projected 70

individual reaction steps.® To date, noble metal oxides or
related molecular Ru or Ir complexes are promising cata-

terawatts requirement by 2050 and rinsing atmospheric
CO, levels impose imperatives for the development of sus-
tainable, carbon-neutral energy concepts."3 Owing to its
natural abundance, water represents the ideal source of re-
ducing equivalents to generate H,, thus storing energy in
chemical bonds and providing a non-carbon fuel with high
gravimetric energy density.* However, technological
breakthroughs are hampered by the lack of cost-effective
catalysts for the highly endergonic 4-electron H,O oxida-
tion half-reaction (Eq. 1) of the overall water splitting pro-
cess, also known as the oxygen evolution reaction (OER).5
7 The complexity and energy demand of this reaction are
illustrated by large overpotentials (n) associated with the

lysts that highlight conceptual pathways to viable systems
with satisfactory O, conversion rates.'* However, scarcity
and prohibitive costs prevent their large-scale application.
In recent years, catalysts containing earth-abundant metal
ions are emerging." Noteworthy are molecular species,
containing Co", Cu" and Fe" ions,“® colloidal particles
and homo- and heterometallic oxides.”7'

2H,0() = Oy, + 4H* +4e~  E’=1.23VvsRHE
(Eq. 1)
Environmental and economic concerns arise from the cur-

rently applied industrial electrolyzers that operate, either
in strongly acidic or basic media, in which charge-carrier
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Figure 1. Water oxidation catalysis and electron transport. (A) Schematic representation of the water oxidation process in green
plants in photosystem-II (PS-II); D1, D2 are the protein subunits that form the core of the PS-II. These two proteins contain different
cofactors among which are electron acceptor quinones (Qa, Qg), the chlorophyll special pair P68o, pheophytin (Pheo), non-haem
iron (Fe), and the Oxygen Evolving Center (OEC), in which the {Mn,CaOs} cluster and the tyrosine Y161 are highlighted. (B) Sche-
matic representation of the applied electrocatalytic water oxidation setup using a Mn-oxo cluster and electron-mediating ligands
in Mn,oBr, dispersed in a conductive carbon matrix and using a Nafion membrane as a proton conductor. (C) Comparison of the
organic moieties present within Mn,¢Br and the OEC. Structures of the redox-active p-cresol ligand Hy;LMe which stabilizes Mn,,Br,
and the tyrosine residue that oxidizes the {Mn,CaOs} cluster of the OEC in PS-II. Analogous structural elements are highlighted

green.

transfers proceed at optimum performance.*> This opera-
tional boundary impedes the use of photoanodes for direct
‘solar-to-fuel’ technologies as light-absorbing semiconduc-
tors suffer from fast degradation under such extreme con-
ditions. Hence, external photovoltaic (PV) cells are used in
indirect processes in combination with external electrolyz-
ers whereby light is initially harvested, stored and then
converted into fuel in consecutive steps.” In addition to
high investment costs and environmental considerations,
the efficiencies of such two-step approaches are limited to
ca. 60 % due to input energy losses. Catalysts that perform
under mild conditions at neutral pH values circumvent
these intrinsic drawbacks,* can directly be used in photo-
electrocatalytic (PEC) devices and are conceptionally em-
ployable to electrolyze raw seawater at offshore plants.”
Significant advances have recently been reported on the
use of electrocatalysts that are composed of earth-abun-
dant metal ions and that operate at neutral pH condi-
tions.?53° However, improvements are required to achieve
satisfactory current densities of 10 mA cm™3"33 at low over-
potentials to target direct solar-to-fuel conversion efficien-
cies of 10 %.53435 Particularly, the discovery of OER cata-
lysts composed of non-toxic earth-abundant elements that
meet such benchmark characteristics, as outlined by

Symes and co-workers,? are expected provide a break-
through for the advancement of new artificial photosyn-
thetic systems.

Nature uses a {Mn,CaOs} oxo-cluster in the oxygen evolv-
ing complex (OEC) to oxidize water at close-to-neutral pH
values. Spectroscopic and computational studies have
yielded new mechanistic insights into the naturally occur-
ring OER.3%37 Active bio-inspired catalysts should be com-
patible with Kok redox cycle and the proposed acid-base
(AB) or direct coupling (DC) mechanisms,” and enable
multiple electron transfers (ET) or proton-coupled pro-
cesses (PCET) within a narrow potential range3®. Under
this purview, Mn-oxo clusters featuring cores containing
cubane motifs resembling the {Mn,CaO} cluster of the
OEC and non-innocent organic ligands are highly appeal-
ing and have not yet satisfactorily been explored for cata-
lytic purposes. These clusters can accumulate multiple
charge equivalents in a single molecule, thus facilitating
demanding multiple-electron redox processes. In addition,
the high abundance of Mn in the Earth’s crust (12" larg-
est),? its availability’ and low toxicity, make Mn-based
OER catalysts highly attractive. However, Mn-oxo clusters
typically suffer from stability issues under harsh OER
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conditions, resulting either in the in-situ formation of ac-
tive, catalytically persisting, heterogeneous manganese ox-
ides (MnOy),* or fast catalytic decay due to catalyst deac-
tivation.* Examples of previously investigated synthetic
Mn catalysts include cubane-like {Mn,O,} dia-
rylphosphinates,* an acetate-stabilized tetramanganese
polyoxometalate (onset overpotential of 530 mV at pH =
5.2)¥ and a Mn-based Weakley-type polyoxometalate OER
electrocatalyst that operates at neutral pH.* Amongst the
most interesting Mn-oxo clusters, are dodecanuclear
[Mn,,0.,(OAc)6xL«(H,O),] complexes (L = acetate, benzo-
ate, benzenesulfonate, diphenylphosphonate or dichloro-
acetate)* that display onset overpotentials varying be-
tween 640 and 820 mV (at 0.2 mA cm™) under heterogene-
ous conditions, whilst the introduction of di- or trihy-
droxybenzoate ligands increases the solubility of the {Mn,,}
derivatives leading to high catalytic OER performance that
is observed at pH = 6 in homogeneous solutions.#46

Indeed, the limited stability exhibited by Mn-oxo clusters
is not surprising, considering that the OEC and its sur-
roundings also constantly undergo degradation during O,
evolution; however, self-repair mechanisms re-constitute
the OEC’s integrity, without which its activity would cease
within 30 minutes.* It is notable that the efficacy of the
biological enzymatic systems in green plants is determined
by effective charge separation and electron mobility mech-
anisms (Figure 1A).#® Initial chlorophyll-based photoexci-
tation causes charge separation involving the oxidation of
P68o to a radical cation P680™ and the reduction of a phe-
ophytin molecule. Subsequent electron transfer processes
facilitate plastoquinone reduction to plastoquinole. Water
constitutes the ultimate source of the electrons that are ab-
stracted by the {Mn,CaOs} cluster and are directly trans-
ferred to a tyrosine residue Y161 of the D1 peptide. The 4-
methylene phenol moiety of the latter tyrosine amino acid
can be considered as a cresol derivative and provides an
oxidizable side-chain. It locates directly at the periphery of
the {Mn,CaOs} cluster and is responsible for the recovery
of the P68o ground state through rapid electron injection.
Whilst the photoexcitation process is a one-photon/one-
electron process, plastoquinone reduction and water oxi-
dation are two- and four-electron processes, respectively.
Hence, these chemical transformations require charge ac-
cumulation coupled to protonation reactions involving in-
termediates that are stabilized by the protein environment.

Here we report the electrocatalytic OER activity of a bio-
inspired, high-nuclearity Mn-oxo cluster, [Mn",,Mn",(p,-
O)S(H}'OCHa)z(uz'

Br)s(HLM¢),,(MeOH)s(MeCN)]Br,-gMeCN -MeOH
(Mn,yBr), which can facilitate high catalytic OER perfor-
mance characteristics under neutral pH conditions. As part
of a modified carbon paste electrode, Mn,oBr displays an
onset overpotential as low as 255 mV and achieves high
current densities of 10 mA cm™ and even 100 mA cm™ at
applied overpotentials of 482 and 654 mV at pH = 7.2, re-
spectively. Direct O, evolution measurements under light-
induced OER conditions corroborates the catalytic activity.
Post-catalytic characterizations identify the Mn,oBr com-
plex as the true catalyst, whereby no other active species
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could be detected. The Mn,Br system reveals remarkable
OER activity at pH = 7, whereby the combination of achiev-
able current densities, onset overpotentials and good turn-
over characteristics stems from a synergistic effect between
non-innocent, redox-active organic ligands and multiple
Mn sites that are dispersed in a conductive carbon-based
matrix which is separated from the bulk water electrolyte
using a Nafion membrane that acts as a proton shuttle. The
applied approach adopts some key-principles of the co-fac-
tor of PS-II and highlights a new conceptional avenue for
the development of effective catalysts for direct ‘solar-to-
fuel’ energy conversion technologies using benign, abun-
dant cluster-based compounds which are stabilized by bio-
relevant oxidizable organic ligands that mimic the natural
tyrosine Y161 or plastoquinone functionalities.

RESULTS

The Structure of Mn,,Br. Mixed-valent, polynuclear Mn
complexes in which the transition metal ions are organized
to form supertetrahedral structures establish rational syn-
thetic avenues to species with multiple {Mn,0,} cubane
motifs. Their underlying synthetic approaches, and a judi-
cious choice of stabilizing redox-active ligands enable the
preparation of polynuclear Mn complexes that potentially
mimic both the Mn core structure of the OEC and its sur-
rounding organic tyrosine Y161 mediator or plastoquinone
environment. Hence, such oxo-clusters can facilitate the
establishment of new electrochemical systems that repli-
cate key features of the natural enzymes (Figure 1B).

The use of the tridentate 2,6-bis(hydroxymethyl)-p-cresol
ligand (H,LM¢) (Figure 1C) in the presence of MnBr, in an
acetonitrile/methanol mixture results in the formation of
a variant of Mn cluster with supertetrahedral core struc-
ture, [Mn"'.,Mn";(11,-O)s(p1;-OCH,). (15~
Br)s(HLY¢),,(MeOH);(MeCN)]Br,-gMeCN-MeOH
(Mn,,Br). {Mn,y} coordination clusters with supertetrahe-
dral core structures were previously reported by Powell co-
workers, revealing ferromagnetic interactions between the
spin centers and leading to a maximum-spin ground state
of S=83/2.99%° Noteworthy, the use of Mn,yBr as catalysts
for the oxidation of benzyl alcohol to benzaldehyde was re-
cently reported.>

The compound reproducibly forms phase-pure in good
yields. Single-crystal X-ray analyses (Table S1) confirmed
that it consists of a molecular, nonadecanuclear {Mn,,} spe-
cies and can be regarded as a dimer of two supertetrahedral
{Mn"'sMn",} units sharing a common Mn" vertex. The
{Mn™¢Mn',} unit is composed of a central {Mn's} assem-
bly with octahedral atom arrangement (Figure 2). Four of
the 8 triangular faces of the octahedron are stabilized by
;-Br or p;-OMe- ligands; the remaining faces are capped
by u,-O* oxo ligands that connect the inner {Mn'"'} unit
to four outer Mn" atoms that adopt a tetrahedral {Mn'.,}
topology. In contrast to the 6-coordinate Mn'" ion that con-
nects the two supertetrahedra, each of the peripheral 7-co-
ordinate Mn" ions is coordinated by a MeOH or MeCN sol-
vent molecule. The {Mn,,} cation is stabilized by 12 partially
deprotonated organic (HLM¢)>- ligands, whereby one
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Figure 2 Single crystal X-ray structure of Mn,Br. (A) Molecular structure of [Mn",,Mn",(u,-O)s(p;-OCH;),(ps-
Br)s(HLMe),,(MeOH)5(MeCN)]**; (B) Core structure of Mn,oBr in which the organic ligands have been omitted for clarity. (C)
{Mn'"'¢Mn',} supertetrahedral core in Mn,Br. The labile solvent ligands that bind to the active Mn" centers are highlighted as
red wireframe representation. (D) and (E) Cubane-type arrangements in the {Mn"'¢Mn'!,} core of Mn,,Br. Color code: Mn'"' (dark
blue), Mn!"" (pale blue), Br (green), C (grey), O (red), N (blue), H (white/grey); solvent position in D and E are shown as yellow

spheres.

methyl alcohol moiety remains protonated while the sec-
ond methyl alcohol and the phenolic hydroxyl functions
are deprotonated. The constitutional formula of Mn,,Br
and the assignment of the oxidation states are unambigu-
ous and in agreement with bond valence sum analyses, ob-
served geometrical parameters and charge balance

considerations. The assignment further agrees with the
temperature-dependent magnetic susceptibility measure-
ments by which ferromagnetic interactions between 12
high-spin Mn"" (S = 5/2) and 7 high-spin Mn" (S = 2) ions
impart the max. possible spin ground state of S = 83/2 (Fig-
ure S1).495° Moreover, a cyclic voltammogram of a 1 mM
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34 Figure 3. Electrocatalytic OER activity of Mn,Br. (A) Cyclic voltammogram of a 20 wt.-% Mn,,Br/CP blend working electrode
35 (red) compared to a carbon-paste-only (CP) electrode (black). (B) Linear sweep voltammetry using Mn,,Br/CP electrodes at vari-
36 ous catalyst loadings. (C) Calculation of the onset potential from linear sweep voltammetry. The arrows indicate the onset of
37 electrocatalytic water oxidation. (D) Plots of 1 vs. log j obtained from Mn,oBr/CP electrodes at different catalyst loadings. Grey
38 open circles highlight the Tafel plot obtained after catalyst deactivation.
39
40 solution of Mn,oBr in DMF reproduces the previously re- atoms facilitate binding sites for water substrates and in
41 ported electrochemical response, showing the irreversible which closely-located p-O-bridged Mn atoms provide di-
42 oxidation of the seven Mn! atoms to Mn'" at 0.75 V vs SCE rect electronic pathways to distribute oxidation equiva-
43 (Figure S2).5 lents, prompted us to evaluate its electrocatalytic OER ac-
44 A closer examination of the Mn,¢Br core topology reveals tiVit%-e Izmportantly, 'the .electronic features of th"3 p-cresol
45 some resemblance to the {Mn,CaOs} cluster in the OEC. (HLY¢)*- ligand derivatives were expected to aid the ab-
16 The reactive site of Mn,Br can be regarded as a {Mn,BrOs} straction of electrons from water similarly to Y161, resulting
47 cluster in which two cubane structures are fused and the ir} the formatif)n of.qt'linone derivatives and thus le.ading to
48 ‘dangling’, peripheral, partially-solvated Mn" atoms may higher Catahl/lytl? activity.” Fu'rther, thf? hYdr.OPhOb'lc nature
act as the catalytically active centers (Figure 2). It is further of the (HLY¢)* ligands provides a dielectric environment
49 noteworthy that the presence of the Br atoms in the that prevents the dissolution of the Mnjoxo c?luster in wa-
50 Mn,,Br structure is not negligible. Akin to the larger Ca** ter at room temperature (.ave.rage particle size of ca. 310
51 ion in the {Mn,CaOs} cluster, the Br- anion imposes distor- nm, see DLS experiments in Flgure. S3), th'us allowmg afl'
52 tion to the {Mn,BrOs} unit. Such structural effects are often vantageous, defined electrocatalytic studies in the solid
53 considered to play a pivotal role for high OEC activity;* state. Heterogeneous electrocatalytic OER activity experi-
54 here, a possible participation of the halide centers within a ments were conc'lucted using commer cial carbon paste
55 catalytic reaction mechanism cannot be discarded. (CP) as a conductive matrix. For this purpose, Mn,Br was
56 blended with CP at different weight ratios (wt.-%), to pro-
57 duce  Mn,Br-modified carbon paste electrodes
=8 Electrocatalytic QER 'Activ'ity. The str.uctural attributes (Mn,,Br/CP) which were used as working electrodes.5* In
59 of the Mn,,Br species, in which six partially solvated Mn- an attempt to replicate the mild, aqueous operation
60
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conditions of PS-II, the experiments were conducted in
aqueous phosphate buffer at pH 7.2 using KNO; (1 M) as
electrolyte.

Initially performed cyclic voltammetry (CV) experiments
employing a 20 wt.-% Mn,,Br/CP electrode resulted in sig-
nificantly increasing current densities which contrasts
with the electrochemical behavior of pure CP electrodes
(control experiment) and clearly demonstrates Mn,oBr-de-
rived catalytic OER activity (Figure 3A). Following, the cat-
alyst content within the carbon blends was varied and op-
timized using linear sweep voltammetry (LSV) experi-
ments. The Mn,,Br loading within the CP blend was lim-
ited to 30 wt.-% as higher relative quantities resulted in
brittle materials that were mechanically difficult to handle.
The LSV responses from Mn,Br/CP electrodes with 10, 20,
and 30 wt.-% catalyst content are shown in Figure 3B. Gen-
erally, increasing Mn,yBr quantities in the CP blend results
in higher catalytic OER activity, hence 30 wt.-%
Mn,,Br/CP electrodes exhibit the best performance, reach-
ing 10 mA cm™ at 1 = 482 mV and even 100 mA cm™ at 1 =
654 mV (Table 1). Moreover, the 30 wt.-% Mn,,Br/CP elec-
trodes display a remarkably low onset overpotential of only
255 mV under working conditions at pH = 7.2 (Figure 3C).

The origin of these, cumulatively, high activity character-
istics warranted a more detailed analysis. In agreement
with other electrochemical studies using biomimetic cub-
ane-type Mn clusters and other Mn" compounds, the
Mn,,Br/CP electrode shows an irreversible redox process
centered at 1.22 V vs NHE which was previously attributed
to the irreversible oxidation of the seven Mn" atoms to
Mn" of the Mn,¢Br cluster.> Interatomic distances within
the cluster are expected to vary upon oxidation as the elec-
tronic structure of the oxo-cluster changes. Nevertheless,
we could not observe such structural transitions during the
post-catalytic characterization experiments, most proba-
bly as Mn" ions are recovered during the catalytic cycle af-
ter O, release upon water displacement.

Particularly characteristic in the Mn,,Br/CP system are
crossover loop processes that take place during the first 3
CV cycles and which result in significantly higher current
densities and increased catalytic activity (Figure S4). This
electrochemical behavior derives from the redox activity of
the (HLM¢)* ligands of the Mn,oBr cluster, as demonstrated
by CV experiments using the Mn-free H;LM¢/CP electrodes
(Figure S5). Under these conditions, the organic p-cresol
type ligand undergoes oxidation to form a semihydroqui-
none, semiquinone or carboxylate derivatives.>> Interest-
ingly, the crossover behavior is only observed when dis-
persed in a CP matrix, suggesting that the resulting radical
species interact with this carbon material. Thus, the data
clearly underlines that the organic ligand promotes elec-
tron transport between the Mn cluster core and the stabi-
lizing carbon matrix, and its function is comparable to the
role of the redox mediators that provide electron transport
pathways within the protein environment of PS-II.

Kinetic Data and Bulk Water Electrolysis. The kinetics
of different Mn,Br/CP blends were studied using Tafel

plots, which were derived from the LSV data (Figure 3D).
The three different electrodes yield consistent slopes vary-
ing closely between 197 and 205 mV dec™. The slope exclu-
sively depends on the rate-determining step of an electro-
chemical process. The data is consistent with the features
observed during the CV experiments. The obtained values,
which are higher than the typical Tafel slopes (<120 mV
dec™), suggest that the kinetics of the catalytic OER is lim-
ited by a diffusion process and electron transfer within the
Mn,,Br/CP electrodes.>

Table 1. Comparison of the linear sweep voltammetry
data obtained using Mn,,Br/CP working electrodes
containing different catalyst loadings.

wt.-% Mn,,Br/CP 10 20 30
rlonset (mV) 438 297 255
Vv
N () 521 367 296
@j=1mA cm™

el 710 544 482

@ j =10 mA cm™
e - 755 654

@ j =100 mA cm™

nvs. logj (slope)

1 1 20

(mV dec?) 9 o7 >

Following, chronopotentiometry experiments (Figure 4A)
were conducted using 20 wt.-% Mn,,Br/CP electrodes and
employing a common procedure,* involving a Nafion film
to cover the electrode surface. The Nafion polymer gener-
ally acts as proton shuttle, transferring protons that are
generated during the PCET steps from the electrode sur-
face to the bulk. A similar process occurs in PS-II within
the surrounding protein environment of the OEC and re-
sults in proton transport through the thylakoid membrane
into the lumen (Figure 1A).5” We decided to use 20 wt%
blends as these provide a good compromise between OER
performance and quantity of Mn,,Br required in each ex-
periment (ca. 10 mg for each experiment). The good me-
chanical stability of the 20 wt% Mn,Br/CP electrodes fur-
ther allows for detailed characterizations over extended
periods of time. Throughout the chronopotentiometry ex-
periment using Mn,Br/CP electrodes at 1 mA cm?, the
overpotential remained stable below 400 mV for a period
of over 7 hrs. This chronopotentiometric response is con-
sistent with the LSV measurements. After this time, the
catalytic activity gradually decreases suggesting partial cat-
alyst deactivation generating inactive species. Control ex-
periments were conducted to identify other, potentially ac-
tive species in solution that could derive from Mn'""leach-
ing over the course of the experiment. For that purpose, CV
experiments of the buffer solutions before and after the
bulk electrolysis were carried out using unmodified CP
electrodes. The recorded voltammograms (Figure 4B) are
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Figure 4. Characterization and stability of the catalyst. (A) Chronopotentiometry data of a 20 wt.-% Mn,,Br/CP blend working
electrode (blue) and of a carbon-paste-only electrode in the absence of catalyst (red) at a constant current density of 1 mA ¢cm™ in
an aqueous phosphate buffer at pH 7.2 using KNO; (1 M) as electrolyte. (B) Cyclic voltammetry of a carbon-paste-only electrode
performed in the same phosphate buffer solution before (red) and after (black) the chronopotentiometry experiment. (C) Repeti-
tive linear sweep voltammetry showing the catalyst deactivation; the 1** (blue) and the 20" (red) scan are highlighted. (D) Evolution
of the cyclic voltammograms over 300 cycles employing a 20 wt.-% Mn,,Br/CP blend working electrode. (E) Comparison of the
Raman spectrum of Mn,yBr with those of Mn,,Br/CP blends, obtained at different stages of the cyclic voltammetry experiment.
The data clearly demonstrates that activity correlates with the quantity of Mn,,Br which is the main component within the blends
after 10 CV cycles (blue), whereas no other species can be identified within the system. (F) Acquired powder XRD patterns of
Mn,,Br and Mn,Br/CP blends. Asterisks indicate signals arising from the zero-background sample holder (see also Figure S7).

identical, revealing no signs of OER activity. Thus, the
presence of catalytically active species in the buffer solu-
tion prior, during or after bulk water electrolysis, can
strictly be ruled out.

Identification of Mn,,Br as the True Catalyst. The out-
lined experiments clearly demonstrate that Mn,,Br/CP
electrodes facilitate electrocatalytic water oxidation at low
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onset overpotentials and promote high current densities at
moderate overpotentials exceeding most of those reported
by other OER catalysts at neutral pH. However, possible
Mn cluster transformations and the fate of the catalytically
active species were not elucidated by these activity assess-
ments. To unambiguously characterize the Mn catalyst un-
der working conditions, a combination of electrochemical
and post-catalytic analyses was conducted. It is important
to remark that for those experiments, the stabilizing
Nafion membrane was not employed in order to force cat-
alyst decomposition and allowing unequivocal characteri-
zation of the composite. The assignment of Mn,,Br as a
genuine molecular OER catalyst was initially substantiated
by repeated LSV using 20 wt.-% Mn,,Br/CP electrodes to
follow the kinetics of the catalytic reaction throughout
consecutive repetitions (Figure 4C). Tafel plots were con-
structed from LSV data to evaluate the kinetics and time-
dependency of the catalytic activity. As highlighted in Fig-
ure 3D, the Mn,Br/CP electrode initially shows a slope of
197 mV dec?, which is characteristic for a diffusion-limited
catalytic OER process. After 20 LSV repetitions, however,
the slope has increased to 507 mV dec™ indicating the ap-
pearance of a catalytically inactive species.

Repetitive CV experiments were carried out to follow pos-
sible transformations in the Mn,oBr/CP electrodes (Figure
4D). Hence, the Mn,,Br/CP blends were characterized at
different stages over 300 cycles. Raman spectra of pristine
Mn,,Br samples were compared to those of ex-situ col-
lected Mn,,Br/CP blends (Figure 4E). The study involved
the analysis of Mn,,Br/CP blends before electrocatalytic
tests, after 10 cycles during which maximum current den-
sities are observed and following complete deactivation at
300 cycles. In addition, a pale brown precipitate (pbp) that
formed on the electrode surface after the conclusion of the
experiment was also analyzed. It is well-established that
Raman spectroscopy is a highly sensitive surface technique
useful for the identification of trace species or intermedi-
ates formed under turnover conditions.>® Figure 4E shows
that after 10 cycles, Mn,Br constitutes the main com-
pound present in the blend, however, a new band at 1054
cm™ clearly identifies an emerging new species. This latter
species, which is assignable to pbp that appears on the
electrode surface, becomes singular in the spectrum of the
de-activated blends collected after 300 cycles. The Raman
spectra of pbp exclusively feature bands that originate
from carbonate vibrations (715 and 1054 cm™) whereas typ-
ical vibrations from MnOj species are not observed.>® Thus,
these Raman spectroscopy experiments demonstrate that
electrocatalytic activity correlates directly to the presence
and quantity of Mn,,Br whereby no traces of other active
species are identifiable. This data is further supported by
the X-ray powder diffraction patterns (XRD) obtained at
the corresponding stages of the reaction (Figure 4F). XRD
patterns of pristine Mn,,Br/CP blends and blends col-
lected after 10 cycles show identical signals that solely de-
rive from Mn,oBr and the CP matrix. The XRD patterns of
blends recovered after 300 cycles and of pbp reveal no re-
semblance to Mn,,Br-derived patterns. Thus, the XRD pat-
terns also support the singular presence of Mn,,Br when

35
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Figure 5. Light-Induced OER Catalysis. Oxygen evolution
profiles recorded using a Clark oxygen sensor at different
Mn,Br loadings; Sample dispersed in an aqueous phosphate
buffer at pH 7.0 containing [Ru(bpy).(deeb)](PF¢), as photo-
sensitizer, and Na,S,0s as sacrificial electron acceptor.

the OER prevails, whilst decomposition products that
could give rise to OER activity could not be detected. Ad-
ditionally, XPS data of pristine Mn,,Br was compared to
that of the Mn,,Br/CP blend after 10 cycles (Figure S6).
Generally, the profile of the Mn2p,;, XPS signal is strongly
influenced by minor changes in the coordination environ-
ment of the Mn'" ions.*® Comparison of the Mn2p,, lines of
as-prepared Mn,Br with those of post-catalytic
Mn,Br/CP blends show identical features which reveal
minor energy shifts from 641.3, 642.8 and 645.4 eV to 641.8,
643.6 and 646.0 eV, respectively. These deconvoluted sig-
nals derive from Mn' and Mn'" centres, respectively. The
latter is a Mnl-derived shake-up satellite peak.* The small
signal variation to higher energies is characteristic of sub-
tle structural modifications that can result from the partial
oxidation of the organic ligands. The assignment is also
consistent with the features of the O1s XPS spectra. The
signal at 533.1 eV in the spectrum of freshly prepared
Mn,Br corresponds to the aliphatic alcohol and phenol
moieties of the (HLM¢)> ligands, whereas in the spectrum
of recovered Mn,,Br/CP blends, two peaks appear at 532.3
and 533.9 eV. An explicit assignment of the latter signals is
not trivial as structurally closely related species can give
rise to similar binding energies. Hence, the two signals may
derive from two distinctive coordinative oxygen atoms of
carboxylate functionalities that form upon oxidation of the
primary aliphatic alcohol. Alternatively, the peak at 532.3
eV can be assigned to a carbonyl moiety that stems from
the partial oxidation of the aliphatic alcohol, whereas the
signal at 533.9 eV derives from the phenolic O-donor atom.
In both likely scenarios, partial oxidation of the primary al-
cohol is postulated to be the main pathway of catalyst de-
activation. It is noteworthy that XPS signals corresponding
to carbonate decomposition product (ca. 535.0 €V) were
not detected after 10 electrochemical cycles and under
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conditions of highest catalytic activity. Moreover, the
peaks observed at 531.1 and 530.9 eV, in the spectra of pris-
tine and recovered Mn,,Br, respectively, can directly be as-
signed to the coordination cluster. All conducted analytical
experiments are consistent and confirm that Mn,,Br, or a
species whose structure is very close to the cluster core of
Mn,,Br, is a genuine OER electrocatalyst that outperforms
any other molecular, earth-abundant active OER material
working under heterogeneous conditions and at pH =7 re-
ported to date in terms of catalytic activity.

The morphology and composition of pbp were conse-
quently investigated by scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDX).
The material is composed of a 1:1:1 Mn:K:P atomic ratio and
elemental mapping confirms a homogeneous elemental
dispersion throughout the solid (Figure S8). A detailed FT-
IR analysis identifies this inactive amorphous precipitate as
manganese-potassium carbonate-phosphate (Figure Sg).%
The bands at 540, 574, and 616 cm™ can be assigned to the
dv valence vibrations of the PO,3 group, whilst symmetric
v, vibrations reveal bands between 780 and 995 cm?,
whereas the v; asymmetric vibrations result in signals be-
tween 1034 and 1225 cm™. The v; deformation vibrations of
the CO;> group give rise to a band at 1376 cm™. The signal
at 1634 cm™ derives from the OH™ deformation vibrations
of water molecules which further result in a band at 474
cm™ It is evident that the inorganic carbonate ions derive
from the 2,6-bis(hydroxymethyl)-p-cresol ligand and their
presence confirms the prevailing decomposition pathway
of Mn,,Br. Thus, potential future structural modifications
of Mn,,Br should involve the modification of the H;LMe lig-
and to achieve robust cresol derivatives to increase the cat-
alyst stability under the harsh oxidative conditions.

Light-Induced OER Catalysis. The intrinsic OER charac-
teristics of the Mn,,Br system at neutral pH conditions are
advantageous for the development of photoanodes within
artificial photosynthetic cells. To this end, Mn,Br is re-
quired to perform photocatalytically in combination with
light absorbers on electrode surfaces. Therefore, it was im-
portant to substantiate the catalytic performance of
Mn,,Br under light-driven OER conditions. A well-estab-
lished literature protocol,® involving a three-component
system consisting of a colloidal suspension of Mn,,Br,
[Ru(bpy).(deeb)](PFs), as photosensitizer and Na,S,0s as
sacrificial electron acceptor was applied. Further, control
experiments in which one of each of the three photocata-
lytic components were removed resulted in negligible O,
evolution, demonstrating that all three components are in-
tegral for overall OER activity (Table S2). Moreover, when
equivalent quantities of the 2,6-bis(hydroxymethyl)-p-cre-
sol ligand (H;LM¢) or MnBr,-4H,O were used instead of
Mn,,Br, demonstrate that the observed activity does not
arise from the ligand, impurities, Mn"ions leaching, or in-
situ MnO, formation (Figure S10).

The O, evolution activity of Mn,,Br in an aqueous, deaer-
ated phosphate-buffered solution was confirmed and mon-
itored in real-time using a Clark electrode. Upon light-ir-
radiation (LED lamp, A = 470 nm), nanomolar catalyst
loadings (1.25 nmol - 10.00 nmol) give rise to high activity,
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whereby the dissolved O, quantity continuously rises for
ca. 120 seconds, before reaching a plateau (Figure 5). Net
O, production increases with the catalyst concentration
following pseudo first-order kinetics, which is indicative of
0-0 bond formation via nucleophilic attack by H,O mole-
cules. Maximum O, liberation of 160 nmol was achieved at
a catalyst loading of 10.00 nmol, with a corresponding TON
= 16. Decreasing the loading of Mn,Br further coincided
with increasing TONs, e.g. a TON = 40 was achieved at a
catalyst loading of 1.25 nmol. Following the cessation of O,
evolution by Mn,,Br, the catalyst was recycled by adding
fresh quantities of photosensitizer and sacrificial oxidant
to the reaction vial and repeating the experiment (Figure
Su1). Although the activity decreased with each subsequent
photocatalytic test probably due to a combination of cata-
lyst deactivation, its insolubility and increase of the ionic
strength of the solution, a total TON = 55 was achieved
over 25 minutes.

The highest turnover frequency (TOF) of 0.72 s* was ob-
served at a catalyst loading of 2.50 nmol within the first 10s
of the reaction (see Table 2). This is several times higher
than the TOFs of any previously reported MnO; species,
and the highest of any other molecular, heterogeneously
operating Mn coordination cluster under neutral pH con-
ditions;% hence the data is supportive of the electrochem-
ical studies. However, it is worth noting that the deter-
mined TONs and TOFs do not fully represent the activity
of the complex, considering that Mn,,Br is insoluble in
aqueous systems and only a minor number of Mn sites are
readily available to promote the water oxidation reaction.
Therefore, calculated TONs are underestimated, and
higher values would be expected using soluble cluster de-
rivatives in molecular solutions in which all the catalyti-
cally active metallic centers are readily accessible for H,O
molecules.

Post-catalytic Mn,,Br isolation and characterization are
difficult tasks due to the low quantities of catalyst em-
ployed in these experiments. Hence, Raman spectroscopy
experiments of the dried residues of the photocatalytic three-
component mixture were performed before and after irradiation
(Figure S12). As expected, Mn,oBr-derived signals disap-
pear during the experiments indicating catalyst decompo-
sition. Significantly, signals between 200 - 750 cm™ that
may arise from the in-situ formation of OER-active MnOy
species could not be detected in the spectrum of the post-
irradiated catalytic mixture. Hence, as MnO, compounds
are typically highly Raman active in this region and OER
active, the experiments rule out the formation of MnO, un-
der the working conditions of the photocatalytic O, evolu-
tion.55%
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Table 2. Turnover number (TON) and turnover fre-
quencies (TOF) for light-induced OER catalysis exper-
iments. Data obtained at various Mn,,Br catalyst load-
ings.

Catalyst Loading TON TOF (s7)
(nmol)
10.00 16 0.33
5.00 26 0.53
3.75 30 0.64
2.50 36 0.72
1.25 40 0.48

DISCUSSION AND CONCLUSION

In summary, we report a bio-inspired, high-nuclearity Mn-
oxo cluster (Mn,,Br) composed of cubane motifs that
yields high catalytic OER activity in the solid state. As a
part of modified carbon paste electrodes, Mn,,Br gives rise
to a very low onset potential for the catalytic oxidation of
water at 1 = 255 mV. Additionally, high current densities of
100 mA cm? are delivered at 1 = 654 mV. In combination
with a proton-conducting Nafion membrane-layer, the
OER catalyst delivers a current density of 1 mA cm™ for
over 7 hrs at an overpotential below 400 mV. This overpo-
tential can be reduced by increasing the quantity of Mn,,Br
in the carbon blend, as demonstrated by linear sweep volt-
ammetry experiments. Under light-induced water oxida-
tion conditions, TONs and TOFs of 40 and 0.72 s™ were cal-
culated. A thorough characterization protocol of the mod-
ified Mn,oBr/CP electrodes allowed us to unambiguously
identify the fate of the catalytically active species.

The observed OER activity directly correlates with the
quantity of Mn,,Br and clearly results from a synergistic
effect of a bio-inspired Mn-oxo cluster and the stabilizing
redox-active organic ligands that interact with a conduc-
tive stabilizing carbon-based matrix. The Nafion mem-
brane efficiently removes the produced protons from the
electrode surface and protects the catalyst for prolonged
periods of time. Hence, the system replicates key features
of OEC environment in PS-II. It is important to note that
the present study was carried out at neutral pH values, at 1
atm, and room temperature, where Mn,,Br/CP electrodes
have shown good OER performance that is desired for the
development of artificial photosynthetic cells for direct so-
lar-to-fuel applications. To date, the most attractive, noble
metal free material operating under neutral pH conditions
is a cobalt oxide-phosphate catalyst (Co-P;) as established
by the seminal work by Nocera and co-workers more than
one decade ago.” Deposited on the surface of an indium

tin oxide (ITO) electrode, Co-P; (and its Co-B; derivative)
catalyzes water oxidation delivering 1 mA cm™ at an ap-
plied overpotential of 410 mV at pH = 7 whereas higher cur-
rent densities of 100 mA cm™gom could only be achieved
using high-surface area electrodes such as Ni foams and
carrying out the experiment in a flow-through electro-
chemical cell at pH 9.2.57 Such experimental difficulties in
providing high charge-carrier mobilities at moderate over-
potentials, underline the activity characteristics of the
Mn,,Br composite system. The observed catalytic activity
of the Mn,yBr system derives from the polynuclear core
structure of the oxo-cluster which contains ‘dangling’ Mn"
centers that can interact with water substrates and which
can accumulate charge equivalents along the different me-
tallic centers, hence facilitating multiple-electron redox
processes. The latter characteristic is one of the most im-
portant features of natural enzymes to facilitate rapid mul-
tiple electron/cascade transformations® and is well-estab-
lished for molecular oxo-clusters, including polyoxomet-
alates.® 7 Equally important for the reactivity of Mn,,Br,
within the electrochemical setup, is the oxidizable p-cresol
(HLMe)> ligand derivative that promotes the electron
transport between the Mn cluster core and the stabilizing
carbon matrix, thus providing analogies to the natural ty-
rosine-Y161 or plastoquinone functionalities within the D1
unit of PS-II. The outlined concept establishes a synthetic
avenue to highly active catalysts using abundant, non-toxic
metal ions which will be applicable to other cluster com-
pounds and diverse redox-active ligands. The latter can
synthetically be modified to increase the stability of the
catalytic systems whilst computational modelling might
elucidate mechanistic analogies or differences between
Mn,,Br and the OEC.
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A bioinspired high-nuclearity manganese-oxo cluster containing multiple cubane motifs and which is stabilized by
redox-active aromatic organic ligands shows heterogeneous water oxidation catalytic activity at neutral pH values
achieving high current densities.
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