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Herein, we introduce a novel engineered polypeptide contains tyrosine around a nano-sized manganese-
calcium oxide, which was shown to be highly active catalyst toward water oxidation at low overpotential
(240 mV) with high turnover frequency 1.5 x 10” s™ at pH = 6.3.
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Synthesis of new efficient catalysts inspired by Nature is a key goal in production of clean

fuel. Different compounds based on manganese oxide have been investigated in order to find
their water-oxidation activity. Herein, we introduce a novel engineered polypeptide contains
tyrosine around a nano-sized manganese-calcium oxide, which was shown to be highly active
catalyst toward water oxidation at low overpotential (240 mV), with high turnover frequency
1.5 x 102 s at pH = 6.3 in the Mn(l111)/Mn(IV) oxidation-range. The compound is a newfound
structural and efficient functional model for the water-oxidizing complex in Photosystem I1. A
new proposed clever strategy used by Nature in water oxidation is also discussed. The new
model of the water-oxidizing complex opens a new perspective for synthesis of efficient water
catalysts.

Introduction

Finding a method to split sea water into hydrogen, as a
sustainable and clean fuel source, has been an old dream of
human.! Although using two pencil cores as electrodes, and a
battery, the reaction seems to be easy to perform, but neutral
water splitting in large scale and under ambient conditions has
a difficult and different story according to energy and
appreciated electrodes issues.?*® Water oxidation is a neck bottle
for water splitting, and environmentally friendly, low-cost but
efficient catalysts by new and sophisticated strategies are
required for the reaction.*

The CaMn,Os cluster in Photosystem Il (PSII), one of the
photosynthetic reaction centers in cyanobacteria, algae and
plants, is the only known water-oxidizing catalyst in Nature,
and may be used as a model to design an efficient water-
oxidizing catalyst.>® The photosynthesis process commences
with the excitation of chlorophyll a (Pggo) and removal of one
electron by light absorption.” In the next steps, the Pggo"

captures its electron deficient from the side tyrosine 161 amino
acid (YY) and subsequently, Y, provides its lack of electron by
a nano-sized CaMn,Os cluster (Fig. 1).3°

This journal is © The Royal Society of Chemistry 2013

Fig. 1 The redox cofactors in PSIl. The arrows indicate the different
electron transfer reactions in PSII. The lower part of the figure shows
the oxygen evolving cycle (the S state cycle or Kok cycle) in the WOC.
O, is released in the S;—[S4]—S, transition. Adapted with permission
from ref. 8. Copyright (2012) by Elsevier.

The water oxidation into O, provides electron for the water-
oxidizing complex (known as WOC or oxygen-evolving
complex (OEC)).5>7 The discovery of such efficient water-
oxidizing compounds is highly desirable in artificial
photosynthesis,***® and thus, many water-oxidizing compounds
have been reported by different groups.!’? Among these
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compounds, Mn compounds are promising because they are
non-toxic, low-cost and environmentally friendly as well as it is
selected after the 3 billion year evolutionary experiments by
Nature.>”

Among different Mn compounds,?*?® Mn oxides are known as
stable and efficient catalysts for water oxidation.°

In 1968, Glikman and Shcheglova were the first groups that
introduced water-oxidizing activity of MnO, in the presence of
ceric perchlorate.®® Electrochemical water oxidation of MnO,
was reported by Morita’ group in 1977.% Harriman’s group in
1988 indicated that Mn(lll) oxide is an efficient catalysts for
water oxidation in the presence of Ce(lV) or Ru(bpy)s®* as
chemical oxidant.® In 2010, Najafpour and Kurz reported Mn-
Ca oxides as a structural and functional models for the WOC.**
It is revealed that the oxides are among the most efficient Mn
based catalysts toward water oxidation.®* Dismukes’ group
reported that the pure and crysalline a-Mn,O3; and Mn3;O, are
the most active Mn oxides phases toward water oxidation.
There are some similarities between Mn oxide and the
CaMn,Os cluster in the WOC.*® However, comparing with
these Mn oxides, the Mn cluster of the WOC is much more
efficient than Mn oxides toward water oxidation. In contrast to
Mn oxides, the WOC is embedded in a special protein
environment, which such organic matrix is believed to improve
water-oxidizing activity of CaMn,Os cluster.>® In other words,
environment of the CaMn,Os cluster consists of hundreds of
amino acids that only a few residues come in contact directly
with the cluster and other residues are involved in stability of
the structure of this cluster and also proton, water or oxygen
transfer.>® Among these residues, Y functions as a redox
mediator between the photo-oxidized primary electron donor
(Peso™) and the CaMn,Os cluster. The phenolic group of Y5 is
not coordinated to Mn or Ca ions in the cluster (Fig. 1).>°

On the other hand, there is another tyrosine (Yp) around the
WOC, which is bound to the D2 core protein, but does not
participate in linear electron transfer in PSIl and stays fully
oxidized during PSIl function (Fig. 1).>® The Yp can be
oxidized by the WOC in both of the S, and S; states but not
when the WOC is in the Sy or S; state.® The proposed roles for
Yy, are: electrostatic role where results in presence of a positive
charge (H"), increasing the potential energy of Pgg,
accelerating the Y oxidation, the repair cycle of PSII.®
facilitating the photoactivation process and localization of the
highly oxidizing species. Y oxidizes the S, state to the S, state
in the dark, and consequently moving the S cycle one-step
forward without charge separation. Carboxylate groups from
glutamic acid resides in the WOC structure have important
roles such as: buffering, proton management, electrochemical,
biomineralization, chelating, dispersing, electron transfer
effects.>”’

Here, we introduce new model of the WOC which lead to
presentation of new outlook for synthesis of efficient water
catalysts. The compound is polypeptide/MnCaO, that shows
efficient water oxidation.

Experimental

Synthesis of Glu-Glu-Glu-Glu-Glu-Glu-Glu-His-Val-Val-Tyr-
Val-Val-Tyr-Val-Val (G;HV,(TV,),)/MnCaOy

All reagents were purchased from commercial sources and were
used without further purification. The engineered polypeptide
(purity ~ 95%) was ordered to Proteo Genix (France). The
G;HV,(TV,),/MnCaO, (Fig. 2) was synthesized by a very
simple method. In brief, Mn(OAc),.2H,0 (5 mg, 0.024 mmol)
and Ca(NO3), (3 mg, 0.018 mmol) were added to the engineered
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polypeptide (Glu-Glu-Glu-Glu-Glu-Glu-Glu-His-Val-Val-Tyr-
Val-Val-Tyr-Val-Val) (25 mg, ~ 0.013 mmol) (Fig. 2) in water
(10 mL), and stirred for 1 h at 5°C. Then, a solution of KMnO,
(2 mg, 0.013 mmol) in water (2 mL) containing Ca (OH), (pH =
9) was added and stirred for 30 minutes at 5°C. The solution
was used for characterizations.

Hydrophilic Groups

A
r N\
Glu-Glu-Glu-Glu-Glu-Glu-Glu-His-Val-Val- -Val-Val
[S—

-Val-Val-
e et
Hydrophobic Groups

Fig. 2 Structure of engineered polypeptide.

Characterization and electrochemical measurement

MIR spectra of KBr pellets of compounds were recorded on a
Bruker vector 22 in the range between 400-4000 cmt. TEM
and SEM images were obtained with Philips CM120,
VEGA\TESCAN-XMU and LEO 1430VP, respectively. The
X-ray powder patterns were recorded with a Bruker, D8
ADVANCE (Germany) diffractometer (Cu-Ka radiation).
Atomic absorption spectroscopy (AAS) was used to detect and
measure Ca and Mn. DLS result was obtained by a Nano ZS
(red badge) ZEN 3600 from Malvern company.

Cyclic voltammetry and chronoamperometric studies were
performed using an Autolab potentiostat-galvanostat model
PGSTAT30 (Utrecht, The Netherlands). In this case, a
conventional three electrode set-up was used in which a FTO
slide or Pt, a AgJAgCI|KClg, electrode and a platinum rod
served as the working, reference and auxiliary electrodes,
respectively. The working potential was applied in the standard
way using the potentiostat and the output signal was acquired
by Autolab Nova software.

Water Oxidation

The rate of oxygen evolution (mg O,/L.s) from aqueous
solutions was measured using an HQ40d portable dissolved
oxygen meter connected to an oxygen monitor with digital
readout. AAS was used to calculate Mn ions in sample. The
turnover frequency was calculated regarding the rate of oxygen
evolution and Mn content.

Fabrication of modified electrodes

Fluorine-doped tin oxide (FTO) slide (Sigma-Aldrich) was
washed in acetone under sonication and rinsed with three-
distilled water. An area of ~ 2 cm™ was used for loading the
catalyst. The Pt electrode was polished with 1, 0.3 and 0.05 pm
alumina and washed ultrasonically with absolute ethanol and
distilled water. Then, 30 uL of compound suspension was
dripped on the Pt electrode surface and dried at room
temperature.

Finally, 10uL of 0.5 wt % Nafion solution was cast on the
surface of FTO slide and Pt modified electrode. A three-
electrode system includes FTO slide or Pt electrode as working,
Pt rode as counter, and Ag/AgCIl as reference electrodes was
applied for investigation of electrochemical properties of
modified electrodes. The reversible potential for the H,0/0,
couple is given by:

E =+ 1.230 V - (0.059 V) pH vs. standard hydrogen electrode
(SHE).

The potential for H,O oxidation at pH 6.3 can be calculated to
+ 0.86 V (0.66 vs. Ag|AgCI). Chronoamperometry technique
was applied to examine the required overpotential of compound
toward water oxidation.

This journal is © The Royal Society of Chemistry 2012
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Results and Discussion

Characterization of G;HV»(TV,),/MnCaO,

We synthesized an engineered polypeptide contains tyrosine
around nano-sized MnCaO,, which shows superb catalytic and
electrochemical characteristics toward water oxidation. The
sequence of polypeptide is G;HV,(TV,), that, in addition to
hydrophobic sites, forms hydrophilic sites around the Mn-Ca
oxide.

Besides, in the polypeptide, tyrosine is placed among
hydrophobic resides to inhibit coordination directly to Mn or
Ca ions. Interestingly, regarding this strategy, it is possible to
synthesize different Mn oxides with different characteristic
such as soluble-like Mn oxide as a hydrophilic peptides, or
hydrophobic Mn oxides using hydrophobic resides.

Fig. 3a,b illustrates the scanning electron microscopy (SEM)
images of the G;HV,(TV,),/MnCaO,, which is representative
of the non-crystalline nano-sized Mn-Ca oxide-particles
nanoparticles of less than 50 nm diameter.

- e\ sat’ s
’ -2
Aiwn Signal A=QBSD  Date :28 Dec 2013
EHT=1500k/ WD= 5mm Photo No. = 5877 Time :18:28:16

Signal A=QBSD  Date :28 Dec 2013
Photo No. = 5876  Time :18:26:40

EHT=15.00kV  WD= 5mm

Fig. 3 The SEM images of G;HV(TV,)/ MnCaOy with 1p and 300 nm scale
bars. Small nanoparticles of less than 50 nm diameter is observed in these
images.

The transmission electron microscopy (TEM) images confirm
the formation of nanoparticles of less than 50 nm diameter from
amorphous Mn oxide (Fig. 4). High Resolution TEM shows a
high dispersion of Mn oxide in polypeptide matrix (Fig. 4). The
technique shows no crystalline phase for Mn oxide that
indicates the method forms amorphous Mn oxides. Dynamic
light scattering (DLS) results show bigger size than the size

This journal is © The Royal Society of Chemistry 2012
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shown by TEM or SEM. The result is related to the
agglomerated particles (Figure S3).

Mode BF  HT 150kV

Mode BF  HT 150kV

Mode BFf

HT 150kV

Fig. 4 The TEM and HRTEM images of G;HV,(TV,),/ MnCaOy. The red
arrows show dark area which is related to Mn oxide particles.

The presence of functional groups was analyzed by Fourier
transform infrared spectra (FTIR). The FTIR spectrum of the
homogeneous film with higher amounts of MnCaO, shows a
broad band at ~ 3200-3500 cm™ related to asymmetric and
symmetric O-H stretchings and at ~ 1630 cm™ related to H-O-H
bending. Other peaks at 1599, 1413, 1093 and 1026, and 697
cm™ related to the modes of polypeptides were also observed
(Figure S4).° On the other hands, Ca and Mn ions in
G/HV,(TV,),/MnCaOy are detected by EDX-SEM which show
good dispersion of these ions in compounds (Fig. 5).

J. Name., 2012, 00, 1-3 | 3
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Fig. 5 EDX-SEM (Ca: purple; Mn: red) from G;HV2(TV;),/MnCaOx.
EDX from the nano-sized particles which, indicates high amounts of Ca
and Mn.

Although XRD from G;HV,(TV;),/MnCaO, is complicated but
the related peaks for layered Mn oxide is detectable (Fig. 6a).
The Raman spectra of G;HV,(TV,),/MnCaO, shows similar
vibrational bands which is previously reported for Mn-O and
Ca-O bands in MnCaO, (Fig. 6b).** Finally, as shown in Figure
S5, the peak in ~ 400 nm in UV-Vis is related to Mn oxide in
G;HV,(TV,),/MnCaO, compound (Figure S5) (see also ref.
41).
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Fig. 6 XRD patterns (a) and Raman spectrum (b) from
G7HV2(TV2)2/MnCan.

Electrochemical properties

For investigation of electrochemical characterization of
G/HV,(TV,),/MnCaO, (Figure S6), its electrochemical
behaviour was surveyed. Fig. 7a shows the cyclic voltammetry
(cVv) curves of G/HV,(TV,),, MnCaO,, and

G;/HV,(TV,),/MnCaO, on the Pt surface as the working
electrode in 0.1 M LiClO,4 (pH = 6.3) at room temperature. The
CV curves demonstrate a peak about 0.9 V for both MnCaO,,
and G;HV,(TV,),, but such a peak was not observed for
G/HV,(TV,),. Thus, we relate it to oxidation of Mn(lll) to
Mn(1V) (see also ref. 31 and 32). A related peak for tyrosine
oxidation is observed around 0.6 V for G;HV,(TV,), and
G7HV,(TV,),/MnCaO,.

It was found that G;HV,(TV,),/MnCaO, on Fluorine doped Tin
Oxide (FTO) can act as an efficient catalyst for oxidation of

This journal is © The Royal Society of Chemistry 2012
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water in potential 0.9 V vs. Ag|AgCl. This reaction was
monitored via O, production using oxygen meter. The catalyst
behaves like a capacitor for the first seconds, and then oxygen
evolution is observed. Such result was not obtained by
G;HV,(TV,), or MnCaO,. As shown in Fig. 7c, the O, output
was stopped when the applied potential was disconnected.
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Fig. 7 Electrochemical characterizations. (a,b) Cyclic voltammograms
(CVs) of G/HV,(TV,),- Pt electrode (red), G;HV2(TV,),/ MnCaOy-Pt
(green), and MnCaOx on Pt (black) (LiClO, in water(0.1M), pH = 6.3)
at a scan rate of 100 mV s in both -0.5-1.75 V and -0.25-1.5 V (vs.

Ag|AgCI). The range of Mn(l11) to Mn(1V) oxidation is 0.75-1.0 V (vs.
Ag|AgCI) (blue arrows) and the peak for tyrosine oxidation is around
0.6 V (vs. Ag|AgCIl) (violet arrows) (c) Oxygen evolution by

This journal is © The Royal Society of Chemistry 2012

G7/HV,(TV2)2/ MnCaOy on FTO at 900 mV (vs. Ag/AgCl) at the same
conditions of CV.

This catalyst also showed water oxidation in the presence of
water from Persian Gulf (Fig. 8).
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Fig. 8 Oxygen evolution by G;HV2(TV;),/MnCaOy on Pt at 0.7 V (vs.
AQ/AQCI) in the presence of water from Persian Gulf without any
additional electrolyte (vs. Ag/AgCl) pH ~ 8.0). Before water oxidation
at 0.7 V (vs. Ag/AgCI), the G/HV,(TV,)./MnCaOy on Pt was under
potential of 1.0 (black) or 0.9 (red) (vs. Ag/AgCl) for 300 second before
water oxidation.

The introduced catalyst was synthesized in aqueous
environments under mild conditions using simple Mn
compounds and an engineered polypeptide. We speculate for
similarities  between G;HV,(TV,),/MnCaO, and PSIl:
Carboxylate groups®” in both structures may be responsible for
proton management, inhibit acidic condition and provide a
bufferic environment for MnCaO,. The carboxylate and
imidazole groups stabilize Mn(lI1).** The stability and
increasing the amounts of Mn(lll) ions in catalyst as proposed
by R. Nakamura* can reduce overpotential for water oxidation.
Such functional groups may even prevent chloride or other
anions to access to the surface of Mn oxide by electrostatic
repulsive forces. Tyrosine may be helpful to reduce oxidation
state of Mn ions from IV to Il and also from Il to I11.2
According to electrochemical data (Fig. 9), the range of Mn(ll)
to Mn(l11), and Mn(l11) to Mn(IV) oxidation are 0.6 and 0.75-
1.0 V (vs. Ag|AgCl) (blue arrows), respectively. The peak for
tyrosine oxidation is higher than 0.6 V (vs. Ag|AgCl) (Fig. 9).
Thus, the oxidized tyrosine can oxidize Mn(ll) to Mn(lll). In
other words, regarding the related peaks for Mn(I1)/Mn(lll),
Mn(l1)/Mn(1V) and tyrosine oxidation (Fig. 9a), we propose
that the increasing amount of Mn(lll) ions is because of Mn(lI)
oxidation and (or) Mn(lIV) reduction by tyrosine (Fig. 6b).
Thus, high amounts of Mn(lll) ions produced in this condition
using tyrosine could be an important factor in efficiency of the
system.* As Mn(ll) is labile, oxidation of the ion to Mn(lll)
also inhibits from Mn leaching to the solution.*?

J. Name., 2012, 00, 1-3 | 5
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Fig. 9 CVs of a reduced layered Mn oxide. (a) The cyan band shows the
range of tyrosine oxidation. The data show that oxidized tyrosine can
oxidize Mn(ll) to Mn(lll) or reduce Mn(lV) to Mn(lll). (b)The
schematic electron transfer between tyrosine and Mn ions.

Polypeptide in the system has some advantages. It is known
that chelate effect can hamper ion leaching from materials
especially nano-sized materials with high surface. Leaching Mn
and Ca ions and instability of cluster in the WOC was inhibited
by the carboxylate and imidazole groups.>” Also, the peptide
bonds and phenolic groups in tyrosine can transfer electron to
electrode (electron transfer effect).*?

Polypeptide itself is a medium for electronic coupling between
an electron donor (D) and an electron acceptor (A).** According
to the super exchange mechanism, the electron transfer process
occurs in a single-step reaction.®” On the other hand, the charge
also migrates through the protein using certain amino acids as
relay stations with stepping stones (hopping mechanism).*® In
this model, one long and relatively slow electron transfer is
replaced by several shorter and faster electron transfer steps.*®
Tyrosine is one of the most important amino acids involves in
hopping mechanisms. Mn oxides are not conductor. Thus,
converting the bulk Mn oxide and dispersing them into a
conducting matrix, polypeptide can accelerate electron transfer
between electrode and Mn-Ca oxide.

The polypeptide around Mn-Ca oxides is also important to
obtain a soluble form of Mn-Ca oxide with high dispersion if a
hydrophilic sequence for peptide is selected. Clearly, this high
dispersion is not accessible without polypeptide. The
polypeptide with carboxylate residues also stable in the
presence of powerful oxidants.

G;HV,(TV,),/MnCaO, can be considered as an artificial
enzyme with high active sites density as we need for water

6 | J. Name., 2012, 00, 1-3
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splitting in large scale. In other words, the higher ratio of Mn
sites to amino acids comparing with natural enzymes is a
promising strategy to design artificial enzymes.

We found that G;HV(TV,),/MnCaO, can perform water
oxidation by low overpotential (240 mV) with high turnover
frequency 1.5 x 102 s™%. The observation of oxygen evolution in
a potential near Mn(l11)/(1V) oxidation range is very interesting
and can be related to a capacitor like behavior. In other words,
as shown in Fig. 9c, a capacitor like behavior is observed in the
system for the first seconds and then oxygen evolution is
observed. The experiment shows that a charge accumulation
related to Mn(l11) to Mn(IV) oxidation occurs before the water
oxidation.®® Interestingly, such charge accumulation was known
for the WOC of PSII in Kok cycle (Fig. 10).** So, a clever
strategy used by Nature is decreasing the potential for the
charge accumulation with appreciated potential to oxidize of
Mn(111) to Mn(1V) ions just before water oxidation (Fig. 7c and
Fig. 8). Nature performs such a task by using appreciated
selection of ligands around Mn ions. Stability of Mn(lll) and
inhabitation from its disproportion, as discussed by
Nakamura,* is also important and such an interesting strategy
can be used in artificial water-oxidizing catalyst.
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Fig. 10 Proposed mechanisms for water oxidation. A proposed cycle for
water oxidation by the peptide/Mn-Ca oxide. Center image: Classical S-
state cycle of photosynthetic water oxidation (Kok cycle) for water
oxidation. Starting in the dark-stable S; state, absorption of a photon
causes formation of Yz within less than one us. Reduction of Yz by
electron transfer (ET) from the Mn complex results in the Si—Si:1
transition; typical time constants of the ET step are indicated. A
plausible set of oxidation-state combinations of the four Mn ions is
shown. Outer image: Proposed mechanisms of water oxidation by Mn
oxide.

Chloride oxidation and catalyst decomposition to MnO, are

two problems in splitting sea water by Mn based catalysts.?*%°
For the system in such low overpotential, the chloride

This journal is © The Royal Society of Chemistry 2012



Dalton Transactions

oxidation, and catalyst decomposition to MnO,” do not occur
regarding thermodynamic limitations.

Conclusions

The engineered polypeptide around a nano-sized metal oxide is
a promising way to synthesize new catalysts with high active
site densities compering natural enzymes. Such strategies give
us the possibility of design high efficiently engineered catalysts
with promising characteristics such as substrate transfer and
access groups as well as sections with bufferic, proton
management, electrochemical, biomineralization, chelating,
dispersing, and electron transfer effects for not only water
oxidation but also for many different reactions (Fig. 11). The
engineered sections can also control electronic, magnetic
properties, etc. solubility of the inorganic cores.
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Fig. 11 Schematic image from engineered groups around catalyst. A
schematic image from engineered groups around catalyst particles.
Such groups as present in enzymes can efficiently increase catalytic

activity of active sites.

On the other hand, using an oxygen meter, we detected oxygen
evolution in an area related to Mn(lll)/(IV) oxidation. We
propose that oxygen evolution and Mn oxidation occur in the
same time in the potential.
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