RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 105 Toyrnal Name

2

2

3

3

4

4

o

o

S

S

0

s

=3

o

Cite this: DOI: 10.1039/c0xx00000x

WWW.I'SC.Org/XXXXXX

RSC Advances

Dynamic Article Links »

ARTICLE TYPE

Efficient electrochemical water oxidation catalysis by nanostructured

Mn203

A. Singh,** D. Roy Chowdhury,” S. S. Amritphale,” N. Chandra,” I.B. Singh”

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

DOI: 10.1039/b000000x

Prompted by recent research studies on the higher catalytic
efficiency of the Mn,0; over MnQ,, efforts have been made to
develop nanostructured MnO, and Mn,O; and explore their
comparative electrocatalytic response for water oxidation.

Water oxidation reaction has always been seen as a key reaction
for the production of hydrogen; an alternative energy source of
future fuels.'” In a water splitting process, the anodic reaction
that involves four electrons transfer is energetically more
demanding and often requires the catalyst to accomplish the
oxygen production at a relatively lower overpotential.*® The
challenge in this process is the development of an efficient
catalyst made of cost effective, non toxic elements. So far, the
maximum efficiency has been achieved by using metal oxides or
complexes based on metal ions such as Ru and Ir.”'® However,
the limited availability and higher price of metals such as Ru and
Ir, limit their use from large scale application. Nature is able to
accomplish the water oxidation reaction efficiently using visible
light and a molecular system (oxygen evolution center, OEC)
consisting of a cheap and abundant element manganese. The OEC
cluster has been reported to have structure Mn,O,Ca cluster.'' Tt
is believed that the higher efficiency of the system lies in the
ability of the Mn metal ion to switch between different redox
states in presence of visible light.

Inspired by nature, many manganese complexes and oxides
have been synthesized and demonstrated as water oxidation
catalyst.>*'?!® Manganese oxides have been reported to be
present in different polymorphs with different crystal structures
as well as in different oxidation states of Mn. The impact of the
crystal structure of the manganese oxides on the water oxidation
catalytic activity has not yet been systematically explored. Rao et
al. has synthesized Mn,0; using sol-gel method and
demonstrated that the material is an efficient water oxidation
catalyst with turnover frequency of 5 x 10 s™."7 Frei et al. also
reported efficient water oxidation catalyst by different phases of
manganese oxide impregnated in silica nanoparticles and
concluded that among
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different phases, Mn,0O; showed the best response for water
oxidation activity.'® It has been proposed that the presence of Mn
in +3 oxidation states in manganese tri oxide (Mn,03) provides a
favourable electronic environment that makes it an excellent
catalyst among other oxides. Recently, Jiao et al. have shown that
the crystal structure and the morphology of MnO, have no impact
on the photocatalytic response towards water oxidation.' They
demonstrated that the activity is strongly dependent on the
surface area of the materials. In all the specified studies, the water
oxidation catalysis has been achieved using [Ru(bpy);]*" as a
photosensitizer and persulfate as a sacrificial agent. The catalysis
driven by chemicals has its own benefits but is not favourable for
the practical applications. However, the electrochemical water
oxidation catalysis offers a way to fabricate the electrodes that
can be used for large scale production of hydrogen.

The present work is focussed on further exploration of the
morphology versus oxidation states of Mn in manganese oxide
for water oxidation reaction. We focussed on the synthesis of
nanostructured -MnO, and Mn,O; and investigated their
electrochemical catalytic response for water oxidation. To the
best of our knowledge, Mn,O; nanorods have never been
implemented as an electrochemical water oxidation catalyst in
literature. We hereby demonstrate that the oxidation state of Mn
in manganese oxide has strong impact on the electrocatalytic
response towards water oxidation reaction.

First, the synthesis of B-MnO, was carried out under
hydrothermal conditions following a literature procedure.”’ The
synthesis process has been briefly mentioned in the supporting
information. The synthesized f-MnO, was then acid treated by
immersing B-MnO; in a solution of 1 M HNO; for overnight. In a
next step, the acid untreated f-MnO, was calcined at 600°C for
one hour to get the Mn,O;. B-MnO,, acid treated f-MnO, and
Mn,0; will be abbreviated as L-MnO,, L1-MnO, and L-Mn,0;
respectively in further discussion.

The synthesized manganese oxide was first characterized by
powder X-ray diffraction method (PXRD) (Fig.1). Well defined
XRD patterns obtained for different samples confirmed the high
crystalline nature of the synthesised manganese oxide. As can be
seen from Fig.1 and is consistent with the literature report that the
PXRD pattern of L-MnO, matches with the majority of the
phases attributed to the p-MnO, phase.' This PXRD pattern
confirms that the synthesized manganese oxide had B-MnO,
structure. However, there is also minor contribution of other
phase that can be indexed to the 0-Mn,O5 bixbyte phase.”’ The
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formation of mixture of two phases during the hydrothermal
synthesis of manganese oxide has previously been observed by
Kim and group.”’ The synthesized manganese oxide was then
subjected to acid treatment. Interestingly, as can be seen from
Fig.1 that the corresponding PXRD of the acid treated sample
shows the complete disappearance of the contribution from the a-
Mn,0; and the peaks corresponding to only B-MnO, phase
remains. Dismukes et al. demonstrated a significant increase in
the catalytic efficiency on acid treatment of LiMn,0,** The
10 increase in the catalytic response was attributed to the delithiation
of LiMn,0, and formation of A-MnO, with cubical Mn,O, cores
as active sites to carry out water oxidation catalysis. However, on
acid treatment, a change in the oxidation state of Mn was
observed. Nitric acid is a well known oxidant and it may be
possible that due to the acid treatment, the amount of Mn present
in the +3 state as Mn,O; undergo oxidation to produce
completely pure B-MnQO, phase. It is a known fact that on
calcination at temperature higher than 500°C MnO, results in the
formation of manganese oxide with Mn in lower oxidation state
20 than +4. Calcination at 600°C produces a-Mn,O; phase, which is
considered as the most interesting phase from the catalytic point
of view. Samples were further annealed at 600°C for an hour.'®
Corresponding PXRD of L-Mn,0; clearly confirms the formation
of pure a-Mn,0; phase with no remaining contribution from the
25 MnO,.
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Fig. 1: Top; PXRD patterns obtained for L-MnO,, L1-MnO, and
L-Mn,0;.where %k refers to the peaks corresponding to the B-
MnO; phase, A refers to the contribution of Mn,O; in the f-MnO,
and # refers to the peak corresponding to pure Mn,Oj; phase.
50
The results obtained from XRD were further complemented
with the XPS measurements (Fig. S1). The oxidation state of Mn
was determined by the position of the Mn 2p multiplet splitting
for both the samples. According to literature reported by various
ss groups, for different manganese oxides, the peak between 641.8
to 646.8 eV has been assigned for Mn(IV) while for Mn(III)
corresponding peak is observed between 641.3 to 641.9 eV. %
2ps;, position for the MnO, sample was obtained at 641.8 eV,

while for Mn,O; the peak shifts to the lower energy side at 641.6
60 eV. The shift in the peak position from higher (for L-MnO,) to
lower energy (for L-Mn,03) clearly suggests that annealing of the
MnO, results in the reduction of valence state of Mn. The Mn 2p
spectra were further deconvlouted to determine the presence of
variable Mn valence states. However, it was realised that
deconvolution of the L-MnO, spectra revealed no multiplet
splitting pattern, suggesting the absence of the significant
contribution of Mn in different valence states. However,
deconvoluted L-Mn,O; spectra consist of the multiplets as has
been reported by other groups (Fig. 1).>** Position of different
multiplets along with their percentage contribution has been
summarized in Table S1. The deconvolution indicates the
maximum contribution from the peak at 641.3, that has been
attributed to the Mn(IIT) in Mn,Oj in literature,”® indicating the
presence of Mn in +3 state in L-Mn,Os. Although the results
show the decrease in the binding energy for L-Mn203 compared
to L1-MnO2 still the position of 2p3/2 for two samples are too
close making it bit difficult to justify the change in oxidation
state.
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s Fig. 2: Low (left hand side) and high (right hand side)
magnification SEM images of the L-MnO, (A, A-1), L1-MnO,
(B, B-1) and L-Mn,0; (C, C-1).

To further support the presence of Mn in +3 oxidation

ssin  L-MnyOs, oxides were further characterized by the
electrochemical method. As has been reported by Nathan et al
that CV of Mn,O; film in alkaline medium shows the anodic and
cathodic peak corresponding to the oxidation followed by
reduction of Mn in Mn,0; however MnO, did not show any such

90 pattern under similar experimental conditions.”” The CV recorded
(Fig. S1) for the L-Mn,0O; showed oxidation peak at 0.140 V vs
Ag/AgCl and reduction peak at 0.07 V vs Ag/AgClin 1 M NaOH
electrolyte. However, we did not find any such feature for L-
MnO, film. Although the trend is same as reported by Nathan
os but there is difference in the obtained redox potential value. We
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assume that the difference is due to the different choice of the
substrates.In present case ITO was used as substrate while Nathan
et al have used stainless steel. These results also supports that the
Mn in L- Mn,O; is present in lower oxidation state compared to
L-MnO,.

Morphology of the L-MnO,, L1-MnO, and L-Mn,0; was
further analysed by scanning electron microscopic (SEM)
experiments (Fig. 2). The morphology of L-MnO, shows that it
was consist of nanowires of the length ranging from 2.5-1 um.
The thicknesses of the wires were in between 10-20 nm. On acid
treatment, the morphology remains unchanged and nanowires
with the length ranging between 3-0.5 um were observed. The
thicknesses of the nanowires were found to be between 10-25 nm.
The images of both L-MnO, and L1-MnO, also showed that
some structure grown along with the nanowires. We assume that
these are the structure that is not grown completely to the
nanowire morphology during the synthesis. On calcination, the
morphology of the L-Mn,O; changed little bit with wider
diameter between 150-200 nm and length of 4—1 pm.

Electrochemical water oxidation catalysis was performed using
a three electrode electrochemical cell. Manganese oxide coated
on ITO conducting glass, Ag/AgCl (3 M KCl), and Pt sheet were
used as working electrode, reference electrode and counter
electrode respectively. Linear scan voltammograms (LSV) were
recorded for different films in 1 M NaOH and shown in Fig. 3. L-
MnO, film showed the water oxidation catalytic activity at the
onset potential of 0.970 V (overpotential of ~ 0.570 V) while the
overpotential further increased for the L1-MnO, film with the
onset potential of 1.115 V (overpotential of 0.715 V, inset of Fig.
3). On the other hand for L-Mn,0; this onset potential shifted
significantly to a negative potential at 0.685 V corresponding to
the overpotential of only 0.285 V. Not only an impressive over-
potential drop was observed but also significant current density
was obtained at relatively low overpotential for the L-Mn,0;
film. Current density of I mA/cm?® was observed for the L-Mn,0;
films at an overpotential of just 0.40 V.
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Fig. 3: Linear scan voltammograms for L-MnQO,, L1-MnO, and
L-Mn,O0; films recorded in 1 M NaOH at scan rate of 5 mV/sec.
Inset shows the magnified image of the LSV of the L-MnO, film
and L1-MnO, film with difference in the onset potential of water
oxidation activity. Inset also shows the LSV of Mn,0O; film

60 recorded in 0.1 M TBAPFg/acetonitrile solvent (brown color

65

-
S

-
S

%
=3

©
S

100

105

11

S

115

trace).

To further prove that the observed current is due to the water
oxidation, LSV of the L-Mn,05 film was recorded in acetonitrile
solvent (0.1 M tetrabutyl ammonium hexafluro phosphate
electrolyte solution, inset of Fig. 3). The figure shows that no
current was observed in the absence of water. LSV of the films
coated with the binder and charcoal only also did not show any
significant activity in the 1 M NaOH electrolyte under same
experimental conditions. Also, LSV of the L-Mn,0O; films were
recorded in different volumes percentage of water to organic
solvent (acetonitrile). As can be seen from Fig. S2, that as the
percentage volume of water to the acetonitrile increases the
observed current also increases monotonically thus confirming
that water is source for the obtained current. These observations
are strong evidence suggesting that the current observed arises
primarily from water oxidation and both manganese oxide and
water are necessary for the observed current density. However,
logical step would be to determine the Faradic efficiency by
quantifying the oxygen and hydrogen production. Assuming all
the Mn present in the L-Mn,0O; film are catalytically active, the
turnover frequency was found to be 1x107 s at 0.400 V
overpotential which is higher by a factor of 10 than observed in
recent work where 5x10™ s™' turnover frequency was observed at
overpotential of ~ 0.38 V in presence of 100 W halogen lamp
with the light intensity kept equivalent to 25,000 flux.'” However,
based on the available information in the literature on the
catalytic activity of the Mn,Os, proper comparison cannot be
made since in all the previous studies the driving forces were
chemical oxidant as well as the light. In order to check the
photoresponse of the film, LSV of films were recorded in NaOH
in presence of bias and light (Fig. S3). A small increase in current
was observed for L-Mn,O; at higher potentials; however for L-
MnO, no increase in the activity was obtained. Further efforts
will be made in future like doping with different metal ions in an
effort to enhance the photo response of these catalysts.

To further explore the reason for the observed difference in the
catalytic activity, surface area measurements were performed
using Brunauer-Emmett-Teller (BET) method. L-MnO,, L1-
MnO,; and L-Mn,0; samples were found to have surface areas of
26, 30 and 5 m?/g respectively. L-MnO, and L1-MnO, have
nearly same surface area which is also consistent with the SEM
images of both oxides as they did not show any change at all in
the morphology before and after acid treatment. The surface area
of the L-Mn,0; films was found to be significantly less than the
L-MnO, and L1-MnO,. The decrease in surface area of L-Mn,03
may be due to the transformation of the morphology from
nanowires to more like nanorods. These results clearly indicate
that the observed difference in activity is due to variation in the
oxidation state of Mn.

To further analyse the impact of nanorod like morphology of
Mn,0; on the electrochemical water oxidation response, Mn,0;
nanoparticles were tested as water oxidation catalyst under
similar experimental conditions. Commercial MnO, (C-MnQO,)
nanoparticles were annealed at 600°C for an hour in order to get
the Mn,O; nanoparticles (C-Mn,0;).The crystal structure and the
morphology of the C-MnO, and C-Mn,0; was confirmed using
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XRD and SEM (Fig S4 and Fig. S5). The LSV recorded for C-
MnO, and C- Mn,O; (Fig. S6) clearly demonstrates the higher
activity of L-Mn,O; over the C-Mn,O; confirming the
importance of nanorod like structure to get higher efficiency. The
low activity of the C-Mn,O; may be due to their denser loading
compared to the nanorod structure. As has been observed by
Dyer” that for NiO, denser loading results in the blockage
effect. Because of morphology of the C-Mn,0s3, it may result in
limited exposure to the electrolyte which may not allow the
participation of the all the Mn center in the water oxidation
reaction, on contrary morphology of Nano rod like structure may
lead to the higher participation of the metal center relative to the
naanoparticles and thus result in the higher efficiency. Also the
C-Mn,O; outperforms the C-MnO, and LI1-MnO, again
suggesting that oxide with Mn in +3 state is highly favorable to
achieve higher electrochemical catalytic response over +4 state.

Among different samples L-MnO,, L1-MnO, and L-Mn,0; as
water oxidation catalyst, it was observed that although all of the
manganese oxides have very close surface area as suggested by
the surface area measurements value, they significantly differ in
their electrocatalytic response. Presence of the manganese ion in
+3 oxidation state has been demonstrated as an important factor
for the design of the electrocatalyst with improved catalytic
response, 17.29. 30 hgwever there is no clear understanding for the
role of the presence of Mn in +3 state to achieve efficient
catalysis. Recent work done by Rao et al suggests that trivalency
of Mn ions provide appropriate electronic environment around
the metal ion of the electrocatalyst that increases its accessibility
towards the oxygen and related intermediates species during the
electrochemical oxygen evolution process and thereby results in
better performance.'” It was proposed that the presence of l¢ in
the antibonding orbital for Mn*" ion (t2g3, egl) results in a strong
interaction between the metal center and oxygen that leads to a
high catalytic activity of the Mn,05 over MnO,."” It is because of
this reason; a significant difference in the onset potential for
water oxidation was also observed for L-MnO, and L1-MnO,
(inset of Fig. 3). The later has got some contribution from Mn™?
ion due to the presence of Mn,0; while after acid treatment all
Mn was oxidized to +4 oxidation state results in higher
overpotential required to achieve the water oxidation process.

In summary, we report that the Mn,O3; nanorods act as an
efficient water oxidation electrocatalyst. The favourable oxidation
state of Mn along with its nanorod like structure makes it an
efficient electrochemical water oxidation catalyst at fairly low
overpotential. The next step forward will be to synthesize Mn,05
nanostructure with different morphology and develop a protocol
where solar driven water oxidation catalysis could be achieved.
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Hydrothermally synthesized Mn,Os; nanorods have been demonstrated as efficient

electrochemical water oxidation catalyst over the MnO, beside the fact that later has high surface
area.



