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Abstract: Water electrolysis is among the simplest method for
generating hydrogen as an alternative renewable fuel. A major
challenge associated with this process is the development of
cheap, simple, and environmentally benign catalysts that lead
to a minimum overpotential for water oxidation. Inspired by
the Mn4CaOx cluster that catalyzes water oxidation in photo-
system II, described here is the synthesis and characterization
of the manganese cluster [Mn12O12(O2CC6H2(OH)3)16(H2O)4]
(Mn12TH) along with its electrocatalytic activity at pH 6.
Electrochemical, spectroscopic, and electron microscopy stud-
ies show that Mn12TH is a homogeneous electrocatalyst for
water oxidation and enables oxygen evolution with a reaction
rate of 22 s@1, high Faradic efficiency (93 %), and an over-
potential of only 74 mV, the lowest reported to date. Based on
the electrochemical data, the organic ligands, which can be
described as the second coordination sphere of the catalytic
manganese core, play a key role in facilitating the oxidation
process and accelerating the reaction.

One of the promising approaches for clean fuel generation
is water splitting to produce molecular oxygen and hydrogen,
the latter being a renewable energy source.[1] The production
of molecular hydrogen from water involves two half reac-
tions: 1) water oxidation: 2H2O = O2 + 4H+ + 4e@ and
2) proton reduction: 2H+ + 2e@= H2. From these two, water
oxidation (WO) is the bottleneck of the whole water splitting
process because of the transfer of multiple protons and
electrons and the very high thermodynamic potential
required for this reaction [E0 = 1.23 V vs. normal hydrogen
electrode (NHE), EpH 6 = 0.876 V vs. NHE].[2] Over the years,
many heterogeneous WO catalysts have been developed.[3]

Compared to heterogeneous catalysts, homogeneous systems
enable rational design of molecular catalysts, facilitate under-
standing of reaction mechanism, and can be systematically
tuned and optimized. Given these advantages, several tran-
sition-metal complexes have been developed as homogene-
ous catalysts for WO and are based on the metal ions Ru,[4]

Ir,[5] Fe,[6] Co,[7] Cu,[8] and Mn.[9] Further advances require the
development of catalysts that are not only based on earth-
abundant metals, but are also stable, fast and, most impor-
tantly, can perform with as low overpotential as possible to
meet practical applications. One approach to address these

goals is to mimic the structure and function of the oxygen-
evolving complex (OEC) in photosystem II (PSII), which
is a manganese-oxo cluster. Although various structural
mimics of the OEC are reported,[10] manganese-based homo-
geneous water oxidation electrocatalysts are very scant.[11]

Recently, our group reported the water-soluble manganese-
based electrocatalyst [Mn12O12(O2CC6H3(OH)2)16(H2O)4]
(Mn12DH),[12] which structurally mimics the OEC and oper-
ates at pH 6 with a low overpotential of only 334 mV, average
kobs of 0.035 s@1 (based on Foot-of-the-wave analysis, FOWA),
and Faradic efficiency (FE) of 80 % (see Table T1 in the
Supporting Information). We suggested that the hydroxy
groups on the organic ligands, which can be described as the
second coordination sphere of the manganese catalyst, may
contribute to the catalysis by either proton transfer or
shuttling and/or by facilitating the formation of high-valence
species required for water oxidation. To probe the role of the
hydroxy substituent in the electrocatalytic activity, aiming to
increase the rate and efficiency of the reaction and to lower its
overpotential even further, we are currently developing
similar manganese clusters from different organic ligands.

Herein we describe the successful synthesis of a new
cluster, [Mn12O12(O2CC6H2(OH)3)16(H2O)4] (Mn12TH, Fig-
ure 1a), which is based on the ligand 3,4,5-trihydroxy benzoic
acid (thbH), and its electrocatalytic WO activity. We have
discovered that this small change in the second coordination
sphere about the metal center leads to almost three orders of
magnitude faster (kobs = 22 s@1) and highly efficient (93% FE)
catalytic water oxidation activity at pH 6 with an overpoten-
tial of only 74 mV. This value is the lowest overpotential
reported for homogeneous a WO electrocatalyst by any first-
row transition-metal complex to date (see Table T2). Based

Figure 1. a) Suggested structure of [Mn12O12(O2CC6H2(OH)3)16(H2O)4]
(Mn12TH) viewed along the molecular x axis. The Mn4+-O-Mn13+-H2O
motif is highlighted in yellow. Hydrogen atoms are omitted for clarity.
The structure was adapted from Ref. [13]. b) Powder XRD pattern of
the cluster Mn12TH (red line) and Mn12Ac (blue line). Inset: UV/Vis
spectrum of the complex Mn12TH (red line) and thbH ligand (green
line).
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on the pH-dependent redox properties of thbH and Mn12TH,
and on our electrochemical data, we propose the first two
steps of the reaction with Mn12TH and suggest that the
oxidation of the additional OH group by the applied potential
assists in stabilizing the higher oxidation state of the catalytic
manganese ion, thus enhancing the reaction rate and lowering
the overpotential.

The highly water-soluble Mn12TH cluster was prepared in
aqueous medium by adopting, with some modifications, the
synthetic procedure used for the synthesis of [Mn12O12-
(O2CCH3)16(H2O)4] (Mn12Ac)[14] . The full synthesis is de-
scribed in the Supporting Information. Mn12TH was charac-
terized by a collection of different analytical methods. The IR
spectrum showed some distinct peaks in the range of u = 610–
720 cm@1 corresponding to the various Mn@O stretching
modes and at u = 1023, 1041 cm@1 for the Ar-O-H stretching
frequencies.[15] This spectrum was further compared to the IR
spectrum of [Mn12O12(O2CC6H5)16(H2O)4] (Mn12Bz), which
we synthesized according to a literature method.[14] The high
similarity between the two spectra, specifically in the region
of the carboxylate bands (u = 2000–1000 cm@1), suggests that
Mn12TH retains the [Mn12O12(O2CR)16(H2O)4] structure (see
Figure S2). This structure was further supported by powder
XRD analysis showing diffraction peaks at 2q values of 7.17,
8.96, 10.06, and 13.66, consistent with the reported powder
XRD pattern of Mn12 stearate[16] and of pure crystals of
Mn12Ac synthesized in our lab (Figure 1b). Additionally, the
ESI-MS analysis of Mn12TH in water showed a peak at 3627.1
(cal. Mw = 3627.46) corresponding to the full mass of the
cluster (see Figure S3). Furthermore, the UV/Vis spectrum of
Mn12TH showed an absorption band near lmax = 260 nm
corresponding to the p–p* transition of thbH and two broad
bands near l = 335 nm and 420 nm, which arise from the
ligand-to-metal charge-transfer transition and metal d–d
transition, respectively (Figure 1b, inset). Experimental data
from a C, H, N analysis indicated the presence of 20 water
molecules outside the cluster moiety. Thermogravimetric
analysis supported these results, showing that 9.6% weight
loss is taking place in the temperature range between 90 88C
and 150 88C (see Figure S4), and is in agreement with the
calculated weight loss (9.03 %) for 20 water molecules.
Collectively, the experimental analysis provides strong evi-
dence for the formation of the Mn12TH structure as shown in
Figure 1a.

Cyclic voltamograms (CVs) of thbH and Mn12TH were
performed in aqueous acetate buffer at pH 6.0, the pH at
which the OEC within PSII shows optimal catalytic perfor-
mance,[17] and at which Mn12TH was found to be stable for
a long time. The CV of thbH shows two oxidation waves at
0.7 Vand 0.95 V vs. NHE (Figure 2a, black line). These waves
are attributed to the oxidation of the para OH group
(paraOH) to form a semiquinone radical, followed by the
oxidation of a meta OH group to form a quinone, respectively
(see Scheme S1).[18] Both processes involve one proton and
one electron oxidation each, with no peaks on the reverse
scan, indicating that this process is irreversible, as previously
demonstrated.[18,19] We note here, that the pH-dependence
study of thbH is also well described in the literature, showing
that the peak potential shifts to a lower potential region as the

pH is increased from 2 to 7, indicating that the electrode
process is influenced by the protonation reactions.[18] The CV
of Mn12TH at pH 6, scanning in the anodic direction, shows
three oxidation waves at Ep = 0.5, 1.0, and 1.67 V vs. NHE and
two reduction peaks at Ep = 0.75 and @0.5 V vs. NHE
(Figure 2a, red line). The first oxidation wave is assigned to
the oxidation of the paraOH, the second and third waves at
1.0 V and 1.67 V, respectively, can be each assigned to the
oxidation of one Mn+3 to Mn+4.[14b] As the carboxylate group
of thb@ is bonded to the manganese ion(s), the oxidation of
the paraOH is further facilitated and hence takes place at
lower potential compared to the same oxidation within thbH
(0.5 vs. 0.7 V). The absence of a corresponding reduction peak
suggests that the oxidation of paraOH within Mn12TH is also
irreversible. The pH-dependent reduction peak at 0.75 V
could be assigned to the reduction of Mn+4=O to Mn+3-OH.
The new reduction peak at @0.5 V could be assigned to the
reduction of produced O2 to O2

@ ,[12] suggesting that the
oxidation of Mn12TH triggers electrocatalytic WO to O2. To
verify that the reduction peak at @0.5 V corresponds to the
O2/O2

@ reduction, we reversed the CV scan direction after
purging the solution with argon gas and scanned first in the
cathodic direction from 0 to @1.0 V and then continued to the
anodic direction until 1.7 V vs. Ag/AgCl. This CV experiment
showed that the @0.5 V feature was absent in the first cycle
but appeared again in the following cycle, indicating that it
arises from the high-potential oxidation process, in which
oxygen is being produced (see Figure S5).[8a, 12]

The pH-dependent CV study performed with Mn12TH at
pH 4–7 showed that the intensity and oxidation potential of
the wave at 1.0 V at pH 6 and 7 are very similar. When
decreasing the pH to 5 and then to 4, this oxidation wave
shifts towards higher potential and its intensity decreases
significantly at pH 4 (see Figure S6a). The slope of
129 mVpH@1 obtained from plotting the E (V) against the
pH suggests that the oxidation at 0.95 V takes place by a loss
of two protons (see Figure S6b).[18,19]

To find out the minimum potential at which evolution of
oxygen occurs, we performed CV experiments with Mn12TH,
scanning at 100 mVs@1 from 0 to 0.8 (which is the onset
potential for the oxidation of the first Mn3+ to Mn4+), 0.9, 0.95,
1, 1.1 and 1.2 V vs. NHE (Figure 2b). The CV data showed
that oxygen evolution takes place already at a potential as low

Figure 2. a) CV scans of a 0.1m acetate buffer at pH 6 (green line),
with 0.5 mm thbH (black line) and with 0.5 mm Mn12TH (red line)
using a glassy carbon electrode (S =0.07 cm2). b) CV scans of Mn12TH
in 0.1m acetate buffer pH 6 taken at different potential ranges.
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as 0.95 V vs. NHE, by the appearance of the wave at @0.45 V
vs. NHE, which corresponds to the O2/O2

@ couple.[12] The shift
in reduction potential from @0.5 to @0.45 V suggests that the
oxidation process is diffusion controlled.

Controlled potential electrolysis (CPE) was therefore
performed at 0.75 V vs. Ag/AgCl (0.95 V vs. NHE) to
quantify the total evolved oxygen. Evolution of molecular
oxygen was investigated by a 5 hour CPE experiment with
a porous glassy carbon working electrode in 0.1m acetate
buffer solution, at pH 6, containing 5 mL of 0.5 mm Mn12TH.
This electrolysis experiment afforded a total of 157 mm of
oxygen, which is 32.5 mmole in 5 hours of electrolysis in 0.1m
acetate buffer at pH 6 (Figure 3 a). The total accumulated

charge during this process was 13.8 C (Figure 3b). Based on
a 4e@ process and initial amount of catalyst in solution, the FE
and the catalytic TON were calculated to be 93% and 13.2 in
5 hours, respectively (see details in the Supporting Informa-
tion). The pH of the solution measured at the end of the
reaction was 4.9, consistent with the production of protons
during electrocatalytic WO.[8b,c] The overpotential for this
catalytic process was only 74 mV, the lowest in homogeneous
electrocatalytic WO reactions reported to date (see Table
T2).

To investigate whether the catalytic process is truly
homogeneous, we performed a CV scan in acetate buffer at
pH 6 in the absence of Mn12TH, added the cluster, and
performed 25 continuous CV scans, and then took out the
electrode and rinsed it with water without polishing it. This
electrode was then placed in an acetate buffer solution at
pH 6 that did not contain Mn12TH, and another CV scan was
performed (see Figure S8,S9). This scan was almost identical
to the first one taken in the absence of the cluster, suggesting
no deposition of the catalyst on the electrode surface.
Moreover, the CV scan of the first cycle is also almost
identical to that of the 25th cycle, with the only difference
being the wave at 0.5 V, which is missing in the 25th cycle
because of the irreversible oxidation of thb@ . Additionally, we
performed another rinse test, according to Artero et al.,[20] in
which we took out the glassy carbon electrode after 25
continuous CV scans, dried it in air without rinsing or
polishing its surface, dipped it in 0.1m acetate buffer solution

at pH 6, and ran another CV scan. The obtained voltamogram
(blue line, Figure 4a) was also almost identical to this of the
blank buffer solution (green line, Figure 4a). Overall, these
CV measurements suggest that there is no deposition of any

particle on the working electrode surface and that Mn12TH is
a stable catalyst in solution. To support this conclusion, SEM
analysis of the working glassy carbon electrode, before and
after the 25 scans, was performed and further confirmed that
no particles were adsorbed on the electrode surface (see
Figure S10). HRSEM analysis of the glassy carbon electrode
before (see Figure S11) and after 5 h of a control potential
electrolysis (see Figure S12) also showed that there is no
deposition of any particle on the electrode surface. In
addition, DLS analyses of the Mn12TH cluster before and
after 5 hours of electrolysis in 0.1m acetate buffer solution
(see Figure S13) showed that the particle distribution is in the
range of 0.9–1.5 nm, which is the molecular hydrodynamic
diameter of the cluster only, indicating that there is no
formation of new particles taking place during electrolysis.
Collectively, these experiments strongly suggest that Mn12TH
is a truly homogeneous WO electrocatalyst.

Additionally, CVs were recorded at different scan rates
(Figure 4b) to verify that the catalytic process is diffusion
controlled (thus homogeneous). We examined the scan rate
dependence oxidation currents at@0.5 V, 1.0 V, and 1.67 V vs.
NHE respectively in 0.1m acetate buffers at pH 6 and
obtained a linear fit when the intensity at the peak of each
oxidation event was plotted against the square root of the
scan rate (Figure 4b, see Figures S14 and S15). These results
indicate that the oxidation currents are diffusion controlled
and the catalytic process is truly homogeneous.

To find out the kobs value of this catalytic reaction we
followed a methodology that was developed by Saveant et al.
for electrocatalytic processes, known as foot-of-the-wave
analysis (FOWA).[21] Considering no side-phenomenon per-
turbs the catalytic reaction (at the very beginning of it), the
reaction is fast as compared to Fn/RT, in which n is the scan
rate, thus it is independent of scan rate and can be described
by the following equation:

Figure 3. a) Evolution of O2 measured with a fluorescence probe and
b) Total accumulated charge during CPE, both from a solution contain-
ing 0.5 mm Mn12TH (red lines), and the buffer only (blue lines), using
a porous carbon working electrode at 0.95 V vs. NHE. All solutions
contained 0.1 m acetate buffer at pH 6.

Figure 4. a) CVs of 0.1m acetate buffer solution at pH 6 in the absence
of Mn12TH (green), in the presence of Mn12TH (red), and in the
absence of Mn12TH but with the electrode used for 25 scans in the
presence of Mn12TH, which was neither rinsed nor polished (blue).
b) CVs of a 0.5 mm Mn12TH in different scan rates using a glassy
carbon electrode (S =0.07 cm2, pH 6, 0.1 m acetate buffer). Inset:
a plot of the catalytic peak current (ic) vs. the square root of the scan
rate (R =0.99).
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The peak current of the catalyst in the absence of
substrate[22] may serve to calibrate the catalytic response in
terms of electrode surface area, S, catalyst concentration, Cp

0,
diffusion coefficient, Dp, and scan rate, n.
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Here ic, catalytic peak current at 0.95 V; id, non- catalytic
peak current at 0.75 V; E0 = 0.95 V, k = catalytic rate con-
stant = kobs.

Plotting ic/id vs. 1/{1 + exp [F/RT (E0@E)]} thus gives rise
to a straight line. The slope of this line, 2.24{(RT/Fn)1/2}.-
(2k CA

0)1/2, provides immediate access to the value of kobs.
With Mn12TH, kobs = 22.18 s@1 was obtained from the slope at
the very beginning of the catalytic process, and is independent
of the scan rate [23] (see Figure S16 and Table T3). This value is
about 630 times higher than the one calculated for Mn12DH
using the same method (0.035 s@1). This value is a remarkable
result considering that the only difference between thb@ and
dhb@ is that thb@ has an additional OH group at its para
position.

We then wished to understand the role of paraOH in the
high rate and low overpotential of the reaction. Recently,
several plausible pathways for WO with transition-metal
catalysts have been postulated.[24] Among these, the “water
nucleophilic attack” pathway is one of the most common
mechanisms proposed.[4,8, 25] Accordingly, an initial Mn+3-OH2

! Mn+4=O oxidation step should take place by a proton-
coupled electron-transfer reaction, and this should further
lead to oxygen production from water. Adopting this
approach, and based on our electrochemical data, we propose
the first two steps in this reaction catalyzed by Mn12TH
(Scheme 1). The CVof Mn12TH (Figure 2a, red line) shows an
irreversible oxidation peak at 0.5 V, resulting from the
oxidation of paraOH [states (i) and (ii) in Scheme 1]. We
believe that this oxidation is a key to the high reaction rate
and low overpotential. It enables the formation of an ionic

bond between Mn1+3 and the carboxylate part of thb@ , and
this ionic bond, which is anticipated to be stronger than the
initial coordinate bond, should stabilize the formed Mn1+4 ion
in state (iii), thus facilitating the oxidation of Mn1+3 to Mn1+4

[state (ii) to state (iv) via state (iii) in Scheme 1]. A CV scan
taken after 5 hours of CPE showed the two oxidation waves at
1 V and 1.67 V vs. NHE, but the oxidation wave at 0.5 V was
missing (see Figure S17). This result supports the presence of
state (ii) in solution, as the carbonyl group cannot be oxidized
further. Current efforts in our group focus on isolating/
synthesizing and characterizing some intermediates to sup-
port this proposed oxidation sequence and suggest a mecha-
nism for the activity of Mn12TH.

Notably, a CPE experiment done under the same con-
ditions described above, but for 15 hours, revealed that
oxygen evolution only occurs in the first 5 hours of the
reaction (see Figure S18,19). Our continuous CV scan experi-
ment and rinse tests of the electrode showed that no particles,
typically decomposition products, are deposited on the
electrode surface during the electrolysis. A CV scan, as well
as UV/Vis, IR, and DLS measurements taken after 5 hours
CPE of Mn12TH showed that the waves, bands, and particle
size are retained (see Figure S20,21). HRSEM and EDS
analysis further support that there is no deposition of any
particle or surface-bound material on the glassy carbon
electrode surface. In contrast, a CV scan taken in acetate
buffer solution at pH 4.9, which is the pH measured at the end
of the 5 hour CPE experiment, was similar to the one taken in
pH 6, showing all the redox waves, but the O2 reduction wave
at @0.5 V was missing (see Figure S22). In addition, the
intensity of this CV was about three times lower than the
intensity of the CV taken in pH 6. Adjusting the pH of the
solution back to 6 did not restore its activity. According to
these results, we can suggest that at pH< 5, some protonation
event(s) takes place and lead to a permanent deactivation of
the catalyst. Although 5 hours of catalytic activity is already
a great achievement for such manganese-based clusters,
which are typically active for only a few minutes,[26] we are
currently investigating the source of our findings, aiming to
develop efficient and longer-last electrocatalytic Mn-based
clusters.

Disclosed here are the synthesis, characterization, and
electrocatalytic WO activity of the highly water-soluble
Mn12TH cluster. This catalyst performs in 0.1m acetate
buffer at pH 6 with a TON of 13.2, high FE (93 % in
5 hours), and an overpotential of only 74 mV, the lowest
reported to date. We show that a slight change in the ligands
bound to the Mn3+ ions results in a significant enhancement in
the rate of the reaction and an increase in its FE. We suggest
that the oxidation of the thb@ ligand is playing a role in the
catalytic activity by stabilizing the oxidation of Mn3+, and
might even assist in electron and proton shuttling within the
WO process. This formidable effect of the ligands about the
catalytic manganese center, which provide its second coordi-
nation sphere, on its catalytic activity is a conceptual advance
in this field. We are currently investigating the mechanism of
action of this catalyst to better understand this effect. We are
also working towards improving the catalytic activity of this
cluster, aiming to increase its duration of activity and TON, by

Scheme 1. Plausible initial oxidation sequence for WO by the Mn12TH
cluster in 0.1m acetate buffer solution at pH 6. (i) One out of four
identical units, within Mn12TH, which is most likely responsible for
catalysis, (ii) the oxidized form of (i) at 0.5 V vs. NHE, (iii), and (iv)
the oxidized forms of (ii) at 0.95 V vs. NHE.
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systematically modifying the ligand, and by developing new
biomimetic metal clusters as efficient catalysts for water
electrolysis and photolysis.
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Efficient Homogeneous Electrocatalytic Water Oxidation by
a Manganese Cluster with an Overpotential of Only 74 mV
Totan Ghosh and Galia Maayan*

Abstract: Water electrolysis is among the simplest method for
generating hydrogen as an alternative renewable fuel. A major
challenge associated with this process is the development of
cheap, simple, and environmentally benign catalysts that lead
to a minimum overpotential for water oxidation. Inspired by
the Mn4CaOx cluster that catalyzes water oxidation in photo-
system II, described here is the synthesis and characterization
of the manganese cluster [Mn12O12(O2CC6H2(OH)3)16(H2O)4]
(Mn12TH) along with its electrocatalytic activity at pH 6.
Electrochemical, spectroscopic, and electron microscopy stud-
ies show that Mn12TH is a homogeneous electrocatalyst for
water oxidation and enables oxygen evolution with a reaction
rate of 22 s@1, high Faradic efficiency (93 %), and an over-
potential of only 74 mV, the lowest reported to date. Based on
the electrochemical data, the organic ligands, which can be
described as the second coordination sphere of the catalytic
manganese core, play a key role in facilitating the oxidation
process and accelerating the reaction.

One of the promising approaches for clean fuel generation
is water splitting to produce molecular oxygen and hydrogen,
the latter being a renewable energy source.[1] The production
of molecular hydrogen from water involves two half reac-
tions: 1) water oxidation: 2H2O = O2 + 4H+ + 4e@ and
2) proton reduction: 2H+ + 2e@= H2. From these two, water
oxidation (WO) is the bottleneck of the whole water splitting
process because of the transfer of multiple protons and
electrons and the very high thermodynamic potential
required for this reaction [E0 = 1.23 V vs. normal hydrogen
electrode (NHE), EpH 6 = 0.876 V vs. NHE].[2] Over the years,
many heterogeneous WO catalysts have been developed.[3]

Compared to heterogeneous catalysts, homogeneous systems
enable rational design of molecular catalysts, facilitate under-
standing of reaction mechanism, and can be systematically
tuned and optimized. Given these advantages, several tran-
sition-metal complexes have been developed as homogene-
ous catalysts for WO and are based on the metal ions Ru,[4]

Ir,[5] Fe,[6] Co,[7] Cu,[8] and Mn.[9] Further advances require the
development of catalysts that are not only based on earth-
abundant metals, but are also stable, fast and, most impor-
tantly, can perform with as low overpotential as possible to
meet practical applications. One approach to address these

goals is to mimic the structure and function of the oxygen-
evolving complex (OEC) in photosystem II (PSII), which
is a manganese-oxo cluster. Although various structural
mimics of the OEC are reported,[10] manganese-based homo-
geneous water oxidation electrocatalysts are very scant.[11]

Recently, our group reported the water-soluble manganese-
based electrocatalyst [Mn12O12(O2CC6H3(OH)2)16(H2O)4]
(Mn12DH),[12] which structurally mimics the OEC and oper-
ates at pH 6 with a low overpotential of only 334 mV, average
kobs of 0.035 s@1 (based on Foot-of-the-wave analysis, FOWA),
and Faradic efficiency (FE) of 80 % (see Table T1 in the
Supporting Information). We suggested that the hydroxy
groups on the organic ligands, which can be described as the
second coordination sphere of the manganese catalyst, may
contribute to the catalysis by either proton transfer or
shuttling and/or by facilitating the formation of high-valence
species required for water oxidation. To probe the role of the
hydroxy substituent in the electrocatalytic activity, aiming to
increase the rate and efficiency of the reaction and to lower its
overpotential even further, we are currently developing
similar manganese clusters from different organic ligands.

Herein we describe the successful synthesis of a new
cluster, [Mn12O12(O2CC6H2(OH)3)16(H2O)4] (Mn12TH, Fig-
ure 1a), which is based on the ligand 3,4,5-trihydroxy benzoic
acid (thbH), and its electrocatalytic WO activity. We have
discovered that this small change in the second coordination
sphere about the metal center leads to almost three orders of
magnitude faster (kobs = 22 s@1) and highly efficient (93% FE)
catalytic water oxidation activity at pH 6 with an overpoten-
tial of only 74 mV. This value is the lowest overpotential
reported for homogeneous a WO electrocatalyst by any first-
row transition-metal complex to date (see Table T2). Based

Figure 1. a) Suggested structure of [Mn12O12(O2CC6H2(OH)3)16(H2O)4]
(Mn12TH) viewed along the molecular x axis. The Mn4+-O-Mn13+-H2O
motif is highlighted in yellow. Hydrogen atoms are omitted for clarity.
The structure was adapted from Ref. [13]. b) Powder XRD pattern of
the cluster Mn12TH (red line) and Mn12Ac (blue line). Inset: UV/Vis
spectrum of the complex Mn12TH (red line) and thbH ligand (green
line).
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on the pH-dependent redox properties of thbH and Mn12TH,
and on our electrochemical data, we propose the first two
steps of the reaction with Mn12TH and suggest that the
oxidation of the additional OH group by the applied potential
assists in stabilizing the higher oxidation state of the catalytic
manganese ion, thus enhancing the reaction rate and lowering
the overpotential.

The highly water-soluble Mn12TH cluster was prepared in
aqueous medium by adopting, with some modifications, the
synthetic procedure used for the synthesis of [Mn12O12-
(O2CCH3)16(H2O)4] (Mn12Ac)[14] . The full synthesis is de-
scribed in the Supporting Information. Mn12TH was charac-
terized by a collection of different analytical methods. The IR
spectrum showed some distinct peaks in the range of u = 610–
720 cm@1 corresponding to the various Mn@O stretching
modes and at u = 1023, 1041 cm@1 for the Ar-O-H stretching
frequencies.[15] This spectrum was further compared to the IR
spectrum of [Mn12O12(O2CC6H5)16(H2O)4] (Mn12Bz), which
we synthesized according to a literature method.[14] The high
similarity between the two spectra, specifically in the region
of the carboxylate bands (u = 2000–1000 cm@1), suggests that
Mn12TH retains the [Mn12O12(O2CR)16(H2O)4] structure (see
Figure S2). This structure was further supported by powder
XRD analysis showing diffraction peaks at 2q values of 7.17,
8.96, 10.06, and 13.66, consistent with the reported powder
XRD pattern of Mn12 stearate[16] and of pure crystals of
Mn12Ac synthesized in our lab (Figure 1b). Additionally, the
ESI-MS analysis of Mn12TH in water showed a peak at 3627.1
(cal. Mw = 3627.46) corresponding to the full mass of the
cluster (see Figure S3). Furthermore, the UV/Vis spectrum of
Mn12TH showed an absorption band near lmax = 260 nm
corresponding to the p–p* transition of thbH and two broad
bands near l = 335 nm and 420 nm, which arise from the
ligand-to-metal charge-transfer transition and metal d–d
transition, respectively (Figure 1b, inset). Experimental data
from a C, H, N analysis indicated the presence of 20 water
molecules outside the cluster moiety. Thermogravimetric
analysis supported these results, showing that 9.6% weight
loss is taking place in the temperature range between 90 88C
and 150 88C (see Figure S4), and is in agreement with the
calculated weight loss (9.03 %) for 20 water molecules.
Collectively, the experimental analysis provides strong evi-
dence for the formation of the Mn12TH structure as shown in
Figure 1a.

Cyclic voltamograms (CVs) of thbH and Mn12TH were
performed in aqueous acetate buffer at pH 6.0, the pH at
which the OEC within PSII shows optimal catalytic perfor-
mance,[17] and at which Mn12TH was found to be stable for
a long time. The CV of thbH shows two oxidation waves at
0.7 Vand 0.95 V vs. NHE (Figure 2a, black line). These waves
are attributed to the oxidation of the para OH group
(paraOH) to form a semiquinone radical, followed by the
oxidation of a meta OH group to form a quinone, respectively
(see Scheme S1).[18] Both processes involve one proton and
one electron oxidation each, with no peaks on the reverse
scan, indicating that this process is irreversible, as previously
demonstrated.[18,19] We note here, that the pH-dependence
study of thbH is also well described in the literature, showing
that the peak potential shifts to a lower potential region as the

pH is increased from 2 to 7, indicating that the electrode
process is influenced by the protonation reactions.[18] The CV
of Mn12TH at pH 6, scanning in the anodic direction, shows
three oxidation waves at Ep = 0.5, 1.0, and 1.67 V vs. NHE and
two reduction peaks at Ep = 0.75 and @0.5 V vs. NHE
(Figure 2a, red line). The first oxidation wave is assigned to
the oxidation of the paraOH, the second and third waves at
1.0 V and 1.67 V, respectively, can be each assigned to the
oxidation of one Mn+3 to Mn+4.[14b] As the carboxylate group
of thb@ is bonded to the manganese ion(s), the oxidation of
the paraOH is further facilitated and hence takes place at
lower potential compared to the same oxidation within thbH
(0.5 vs. 0.7 V). The absence of a corresponding reduction peak
suggests that the oxidation of paraOH within Mn12TH is also
irreversible. The pH-dependent reduction peak at 0.75 V
could be assigned to the reduction of Mn+4=O to Mn+3-OH.
The new reduction peak at @0.5 V could be assigned to the
reduction of produced O2 to O2

@ ,[12] suggesting that the
oxidation of Mn12TH triggers electrocatalytic WO to O2. To
verify that the reduction peak at @0.5 V corresponds to the
O2/O2

@ reduction, we reversed the CV scan direction after
purging the solution with argon gas and scanned first in the
cathodic direction from 0 to @1.0 V and then continued to the
anodic direction until 1.7 V vs. Ag/AgCl. This CV experiment
showed that the @0.5 V feature was absent in the first cycle
but appeared again in the following cycle, indicating that it
arises from the high-potential oxidation process, in which
oxygen is being produced (see Figure S5).[8a, 12]

The pH-dependent CV study performed with Mn12TH at
pH 4–7 showed that the intensity and oxidation potential of
the wave at 1.0 V at pH 6 and 7 are very similar. When
decreasing the pH to 5 and then to 4, this oxidation wave
shifts towards higher potential and its intensity decreases
significantly at pH 4 (see Figure S6a). The slope of
129 mVpH@1 obtained from plotting the E (V) against the
pH suggests that the oxidation at 0.95 V takes place by a loss
of two protons (see Figure S6b).[18,19]

To find out the minimum potential at which evolution of
oxygen occurs, we performed CV experiments with Mn12TH,
scanning at 100 mVs@1 from 0 to 0.8 (which is the onset
potential for the oxidation of the first Mn3+ to Mn4+), 0.9, 0.95,
1, 1.1 and 1.2 V vs. NHE (Figure 2b). The CV data showed
that oxygen evolution takes place already at a potential as low

Figure 2. a) CV scans of a 0.1m acetate buffer at pH 6 (green line),
with 0.5 mm thbH (black line) and with 0.5 mm Mn12TH (red line)
using a glassy carbon electrode (S =0.07 cm2). b) CV scans of Mn12TH
in 0.1m acetate buffer pH 6 taken at different potential ranges.
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as 0.95 V vs. NHE, by the appearance of the wave at @0.45 V
vs. NHE, which corresponds to the O2/O2

@ couple.[12] The shift
in reduction potential from @0.5 to @0.45 V suggests that the
oxidation process is diffusion controlled.

Controlled potential electrolysis (CPE) was therefore
performed at 0.75 V vs. Ag/AgCl (0.95 V vs. NHE) to
quantify the total evolved oxygen. Evolution of molecular
oxygen was investigated by a 5 hour CPE experiment with
a porous glassy carbon working electrode in 0.1m acetate
buffer solution, at pH 6, containing 5 mL of 0.5 mm Mn12TH.
This electrolysis experiment afforded a total of 157 mm of
oxygen, which is 32.5 mmole in 5 hours of electrolysis in 0.1m
acetate buffer at pH 6 (Figure 3 a). The total accumulated

charge during this process was 13.8 C (Figure 3b). Based on
a 4e@ process and initial amount of catalyst in solution, the FE
and the catalytic TON were calculated to be 93% and 13.2 in
5 hours, respectively (see details in the Supporting Informa-
tion). The pH of the solution measured at the end of the
reaction was 4.9, consistent with the production of protons
during electrocatalytic WO.[8b,c] The overpotential for this
catalytic process was only 74 mV, the lowest in homogeneous
electrocatalytic WO reactions reported to date (see Table
T2).

To investigate whether the catalytic process is truly
homogeneous, we performed a CV scan in acetate buffer at
pH 6 in the absence of Mn12TH, added the cluster, and
performed 25 continuous CV scans, and then took out the
electrode and rinsed it with water without polishing it. This
electrode was then placed in an acetate buffer solution at
pH 6 that did not contain Mn12TH, and another CV scan was
performed (see Figure S8,S9). This scan was almost identical
to the first one taken in the absence of the cluster, suggesting
no deposition of the catalyst on the electrode surface.
Moreover, the CV scan of the first cycle is also almost
identical to that of the 25th cycle, with the only difference
being the wave at 0.5 V, which is missing in the 25th cycle
because of the irreversible oxidation of thb@ . Additionally, we
performed another rinse test, according to Artero et al.,[20] in
which we took out the glassy carbon electrode after 25
continuous CV scans, dried it in air without rinsing or
polishing its surface, dipped it in 0.1m acetate buffer solution

at pH 6, and ran another CV scan. The obtained voltamogram
(blue line, Figure 4a) was also almost identical to this of the
blank buffer solution (green line, Figure 4a). Overall, these
CV measurements suggest that there is no deposition of any

particle on the working electrode surface and that Mn12TH is
a stable catalyst in solution. To support this conclusion, SEM
analysis of the working glassy carbon electrode, before and
after the 25 scans, was performed and further confirmed that
no particles were adsorbed on the electrode surface (see
Figure S10). HRSEM analysis of the glassy carbon electrode
before (see Figure S11) and after 5 h of a control potential
electrolysis (see Figure S12) also showed that there is no
deposition of any particle on the electrode surface. In
addition, DLS analyses of the Mn12TH cluster before and
after 5 hours of electrolysis in 0.1m acetate buffer solution
(see Figure S13) showed that the particle distribution is in the
range of 0.9–1.5 nm, which is the molecular hydrodynamic
diameter of the cluster only, indicating that there is no
formation of new particles taking place during electrolysis.
Collectively, these experiments strongly suggest that Mn12TH
is a truly homogeneous WO electrocatalyst.

Additionally, CVs were recorded at different scan rates
(Figure 4b) to verify that the catalytic process is diffusion
controlled (thus homogeneous). We examined the scan rate
dependence oxidation currents at@0.5 V, 1.0 V, and 1.67 V vs.
NHE respectively in 0.1m acetate buffers at pH 6 and
obtained a linear fit when the intensity at the peak of each
oxidation event was plotted against the square root of the
scan rate (Figure 4b, see Figures S14 and S15). These results
indicate that the oxidation currents are diffusion controlled
and the catalytic process is truly homogeneous.

To find out the kobs value of this catalytic reaction we
followed a methodology that was developed by Saveant et al.
for electrocatalytic processes, known as foot-of-the-wave
analysis (FOWA).[21] Considering no side-phenomenon per-
turbs the catalytic reaction (at the very beginning of it), the
reaction is fast as compared to Fn/RT, in which n is the scan
rate, thus it is independent of scan rate and can be described
by the following equation:

Figure 3. a) Evolution of O2 measured with a fluorescence probe and
b) Total accumulated charge during CPE, both from a solution contain-
ing 0.5 mm Mn12TH (red lines), and the buffer only (blue lines), using
a porous carbon working electrode at 0.95 V vs. NHE. All solutions
contained 0.1 m acetate buffer at pH 6.

Figure 4. a) CVs of 0.1m acetate buffer solution at pH 6 in the absence
of Mn12TH (green), in the presence of Mn12TH (red), and in the
absence of Mn12TH but with the electrode used for 25 scans in the
presence of Mn12TH, which was neither rinsed nor polished (blue).
b) CVs of a 0.5 mm Mn12TH in different scan rates using a glassy
carbon electrode (S =0.07 cm2, pH 6, 0.1 m acetate buffer). Inset:
a plot of the catalytic peak current (ic) vs. the square root of the scan
rate (R =0.99).
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dp2kC0

A
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1þ exp F

RT ðE@ E0Þ
h i ð1Þ

The peak current of the catalyst in the absence of
substrate[22] may serve to calibrate the catalytic response in
terms of electrode surface area, S, catalyst concentration, Cp

0,
diffusion coefficient, Dp, and scan rate, n.

i0
p

FS
¼ 0:446Cp0

ffiffiffiffiffiffiffiffi
Dp:

p ffiffiffiffiffiffiffi
Fv
RT

r
ð2Þ

It is thus convenient to observe the variation of i/ip
0 as:

i
i0
p

¼
2:24

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RT
Fv 2kC0

A

q
1þ exp F

RT ðE@E0Þ
h i ð3Þ

Here ic, catalytic peak current at 0.95 V; id, non- catalytic
peak current at 0.75 V; E0 = 0.95 V, k = catalytic rate con-
stant = kobs.

Plotting ic/id vs. 1/{1 + exp [F/RT (E0@E)]} thus gives rise
to a straight line. The slope of this line, 2.24{(RT/Fn)1/2}.-
(2k CA

0)1/2, provides immediate access to the value of kobs.
With Mn12TH, kobs = 22.18 s@1 was obtained from the slope at
the very beginning of the catalytic process, and is independent
of the scan rate [23] (see Figure S16 and Table T3). This value is
about 630 times higher than the one calculated for Mn12DH
using the same method (0.035 s@1). This value is a remarkable
result considering that the only difference between thb@ and
dhb@ is that thb@ has an additional OH group at its para
position.

We then wished to understand the role of paraOH in the
high rate and low overpotential of the reaction. Recently,
several plausible pathways for WO with transition-metal
catalysts have been postulated.[24] Among these, the “water
nucleophilic attack” pathway is one of the most common
mechanisms proposed.[4,8, 25] Accordingly, an initial Mn+3-OH2

! Mn+4=O oxidation step should take place by a proton-
coupled electron-transfer reaction, and this should further
lead to oxygen production from water. Adopting this
approach, and based on our electrochemical data, we propose
the first two steps in this reaction catalyzed by Mn12TH
(Scheme 1). The CVof Mn12TH (Figure 2a, red line) shows an
irreversible oxidation peak at 0.5 V, resulting from the
oxidation of paraOH [states (i) and (ii) in Scheme 1]. We
believe that this oxidation is a key to the high reaction rate
and low overpotential. It enables the formation of an ionic

bond between Mn1+3 and the carboxylate part of thb@ , and
this ionic bond, which is anticipated to be stronger than the
initial coordinate bond, should stabilize the formed Mn1+4 ion
in state (iii), thus facilitating the oxidation of Mn1+3 to Mn1+4

[state (ii) to state (iv) via state (iii) in Scheme 1]. A CV scan
taken after 5 hours of CPE showed the two oxidation waves at
1 V and 1.67 V vs. NHE, but the oxidation wave at 0.5 V was
missing (see Figure S17). This result supports the presence of
state (ii) in solution, as the carbonyl group cannot be oxidized
further. Current efforts in our group focus on isolating/
synthesizing and characterizing some intermediates to sup-
port this proposed oxidation sequence and suggest a mecha-
nism for the activity of Mn12TH.

Notably, a CPE experiment done under the same con-
ditions described above, but for 15 hours, revealed that
oxygen evolution only occurs in the first 5 hours of the
reaction (see Figure S18,19). Our continuous CV scan experi-
ment and rinse tests of the electrode showed that no particles,
typically decomposition products, are deposited on the
electrode surface during the electrolysis. A CV scan, as well
as UV/Vis, IR, and DLS measurements taken after 5 hours
CPE of Mn12TH showed that the waves, bands, and particle
size are retained (see Figure S20,21). HRSEM and EDS
analysis further support that there is no deposition of any
particle or surface-bound material on the glassy carbon
electrode surface. In contrast, a CV scan taken in acetate
buffer solution at pH 4.9, which is the pH measured at the end
of the 5 hour CPE experiment, was similar to the one taken in
pH 6, showing all the redox waves, but the O2 reduction wave
at @0.5 V was missing (see Figure S22). In addition, the
intensity of this CV was about three times lower than the
intensity of the CV taken in pH 6. Adjusting the pH of the
solution back to 6 did not restore its activity. According to
these results, we can suggest that at pH< 5, some protonation
event(s) takes place and lead to a permanent deactivation of
the catalyst. Although 5 hours of catalytic activity is already
a great achievement for such manganese-based clusters,
which are typically active for only a few minutes,[26] we are
currently investigating the source of our findings, aiming to
develop efficient and longer-last electrocatalytic Mn-based
clusters.

Disclosed here are the synthesis, characterization, and
electrocatalytic WO activity of the highly water-soluble
Mn12TH cluster. This catalyst performs in 0.1m acetate
buffer at pH 6 with a TON of 13.2, high FE (93 % in
5 hours), and an overpotential of only 74 mV, the lowest
reported to date. We show that a slight change in the ligands
bound to the Mn3+ ions results in a significant enhancement in
the rate of the reaction and an increase in its FE. We suggest
that the oxidation of the thb@ ligand is playing a role in the
catalytic activity by stabilizing the oxidation of Mn3+, and
might even assist in electron and proton shuttling within the
WO process. This formidable effect of the ligands about the
catalytic manganese center, which provide its second coordi-
nation sphere, on its catalytic activity is a conceptual advance
in this field. We are currently investigating the mechanism of
action of this catalyst to better understand this effect. We are
also working towards improving the catalytic activity of this
cluster, aiming to increase its duration of activity and TON, by

Scheme 1. Plausible initial oxidation sequence for WO by the Mn12TH
cluster in 0.1m acetate buffer solution at pH 6. (i) One out of four
identical units, within Mn12TH, which is most likely responsible for
catalysis, (ii) the oxidized form of (i) at 0.5 V vs. NHE, (iii), and (iv)
the oxidized forms of (ii) at 0.95 V vs. NHE.
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systematically modifying the ligand, and by developing new
biomimetic metal clusters as efficient catalysts for water
electrolysis and photolysis.
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