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MnO,/graphene oxide composite coating has been prepared by
electrochemical anodic deposition method. Optimization of current
density and deposition efficiency is reported. The formation of
a-MnO,/graphene oxide nanocomposite is elucidated through X ray
diffraction and infrared reflection measurements. Morphological studies
reveal the increase in porosity and exfoliation of graphene oxide by
MnO, particles. The extent of oxygen reduction reaction occurring at the
surface of MnO»/graphene oxide composite coating have been analyzed
by cyclic voltammetry and electrochemical impedance spectroscopy in
aqueous 1 M Li,SO, solution. The composite coating is observed to
possess better catalytic properties towards oxygen reduction.
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The energy storage devices have become indispensable
components in most of the electronic equipments used
for communication, remote sensing and automotive
applications. Owing to the increasing functionality of
electronic gadgets, the power demand by these
equipment have also increased. However, the available
footprint areas for energy storage devices are shrinking
due to the miniaturization of electronic equipment. The
key features expected from an energy storage device to
be used in state of the art electronic equipment are
(1) lightweight, thin with low footprint area demand,
(i1) high cycle-life, float-life & low self-discharge, and,
(iii) high power and energy density. Since lithium ion
battery has most of the properties compatible with the
need of electronic equipment, it is widely deployed as
energy storage device'. Nevertheless, the power density
and specific charge capacity of lithium ion battery is
still inferior to the market demand. Hence concentrated
efforts are being carried out by many research groups to
explore new battery systems possessing gravimetric
and volumetric energy, and power density higher than

lithium ion batteries. In order to reduce the weight-to-
volume ratio and in turn to increase the gravimetric
energy density, metal-air batteries are being developed
by many researchers™. One of the significant features
of metal air batteries is oxygen reducing catalytic
porous cathode material, which reduces the weight of
the battery significantly and at the same time increases
the specific capacitance of the cathode”.

Though metal air battery technologies like zinc-air
battery already exist, they are primary and non-
rechargeable in nature’. This is mainly due to the
irreversible nature of oxygen reduction reaction (ORR)
and the corresponding irreversible product formation
reaction in cathode and anode respectively. To address
this issue, lithium air batteries are being developed,
which have completely reversible byproduct® like Li,O,.
In lithium air batteries, the anodes conventionally used
for oxygen reduction are RuO,, IrO, and Pt/C based
composites and these anodes are basically noble metals
and offer slow oxygen reduction kinetics’. Recently,
researchers have started using graphene oxide based
composites to increase the oxygen reduction reaction. To
increase the electrocatalytic activity, graphene oxide
MnO, has also been added®. MnO, is widely been
preferred due to unassailable advantages like low cost,
environment friendliness and high ORR kinetics’.
However, the aggregation of graphene oxide in the
presence of MnO, composite is perceived as a major
issue. Moreover, the multistep complex preparation
process of graphene oxide, MnO, and their composite is
less attractive in the case of bulk production.

As an alternative to the existing methodologies to
fabricate MnO,/graphene oxide nanocomposite, the
feasibility of their preparation by means of electrolytic
co-deposition method has been demonstrated herein.
The preparation of NiO attached graphene oxide
nanocomposites by electrolytic co-deposition has
already been investigated by Wu et al.'® Graphene
oxide are naturally negatively charged and hence are
attracted by columbic forces of attraction towards the
anode. Subsequent oxidation of Mn** to Mn*" in the
surface of graphene oxide takes place in the anode,
resulting in MnO,/graphene oxide nanocomposite'.
The structural, morphological and electrochemical
properties of the MnO,/graphene oxide nanocomposites
are also reported herein.
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Experimental

MnO, film was prepared by the electrodeposition
method from the electrolyte containing 0.5 M
manganese acetate tetrahydrate (Merck) and 0.5 M
sodium sulfate (Merck). The deposition was carried
over 0.3 mm AS316 stainless steel (SS) substrate. Prior
to the deposition, the substrate was degreased in
acetone followed by ultrasonic cleaning in doubly
distilled water for 30 min. To optimize the current
density for electrodeposition, Hull cell experiments
were carried out by applying 30 mA for 10 min. As a
result of the current density variations in the substrate,
the quality of the deposit varied with respect to length
of the electrode. The adherent, less porous deposit was
observed in the anode area corresponding to the current
density 0.6 mA/cm” and hence this current density was
identified as optimized current density. Further
experiments were carried out in this current density for
30 min on SS electrode. The oxidation reaction
occurring at SS electrode (anode) is as follows:

Mn?** (electrolyte)>Mn** + 2¢” ..(D)
Mn* +2 e + 0,”MnO, (deposited at SS electrode)
...(2)

Graphene oxide (GO) was synthesized by modified
Hummers method from a precursor containing 15 g of
KMnO, (Sigma Aldrich), 5 g of graphite powder
(Sigma Aldrich) dissolved in 115 mL of H,SO,4 (98%)
(Merck)" The precursor was prepared under
controlled temperature ~10 °C and the pH was
maintained at ~5. Then the precursor was subjected to
continuous stirring at 90 °C for 5 h and filtered and
dried under vacuum for 110 °C for 1 h. Fine GO
powder was used to prepare the MnO,/GO composite
through electrodeposition method.

The MnO,/GO electrodeposition bath was prepared
by adding 1.5 g L' of synthesized GO powder in the
MnO, plating bath. The electrodeposition of
MnO,/GO was carried out with current density of
0.6 mA/cm® for 30 min in SS substrate. For the
homogenous MnO,/GO composite preparation, the
plating was carried out under mechanical stirring at
600 rpm and ultrasonication. The structural properties
of MnO, and MnO,/GO films were characterized by
XRD using Philips PW 1710 X ray diffractometer and
the structural parameters were studied by Powder
X software. Morphological analysis of the films was
carried out by scanning electron microscopy (Tescan

SBH). The morphological parameters like surface
roughness, porosity, pore area were calculated using
the Image J software’’. The morphology of the
coatings were further elucidated by atomic force
microscopy. The oxygen reduction reaction of the
samples and their electrochemical impedance were
recorded wusing Micro Autolab electrochemical
workstation in 1.0 M Li,SO, electrolyte. The MnO,
and MnO,/GO films were used as working electrode,
while platinum and saturated calomel electrodes were
used as counter and reference electrodes respectively.

Results and discussion

The structural properties of the materials are
analyzed using X-ray diffraction and infrared
spectroscopy. The XRD patterns of MnO,/graphene
nanocomposite prepared under mechanical stirring
and ultrasonication show the presence of o-MnO,
peaks that are formed while -electrodeposition
(Fig. 1(a & b)), as per JCPDS reference file 530633.
Song et al.'* have reported that among the various
to undergo fast electrochemical reaction without
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Fig. 1 — X-ray diffraction patterns of MnO,/graphene nanocomposite
prepared by (a) ultrasonication, and, (b) mechanical stirring.
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polymorphic forms of MnQO,, a-MnO, has the ability
structural distortion. Hence, electrochemical method is a
facile way to synthesize a-MnO, coatings. In order to
increase the conductivity of a-MnO, coatings, graphene
oxide has been co-deposited along with MnO,. The
XRD patterns of MnO,/graphene oxide composite
powders synthesized by stirring and ultrasonication are
identical except for the peak intensity. The peak intensity
is observed to decrease on ultrasonication and this may
be attributed to the reduction in crystallite size during
ultrasonication. The structural parameters derived from
XRD measurements are presented in Table 1. The
o-MnO, formed while stirring has undergone lattice
elongation in ¢ axis. However, the 0-MnQO, formed while
ultrasonication has not suffered from any such distortion.
Hence, it may be assumed that electrodeposition with
ultrasonication is best suited for preparation of a-MnO,
coatings. The graphene oxide powders dispersed in the
electrolyte show a peak at around 14.27° as seen in Fig. 1a
and 1b; according to the JCPDS reference file no.
500926, it may be attributed to hexagonal type carbon.
FTIR spectrum of graphene oxide shows vibrational
bands at around 3425, 1714, 1600, 1100 and 468 cm™
corresponding to —OH group, C=0 stretching, C-C
stretching, C-O stretching, C-O bending respectively.

Table 1 — Structural and morphological parameters and impedance
data of MnO,/graphene oxide

Parameter MnO,/graphene oxide
Stirring Ultrasonication

Crystallite size (nm) (£ 0.1) 11.8 9.5
Lattice strain (£0.001) 0.0029 0.0036
Porosity (%) (£0.1) 314 38.5
Aspect ratio 1.354 1.291
Surface roughness(nm)

R, 135 132

R, 132 141
Rt (ohm) 31.38 38.46
Cawp 1.354 1.291
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The vibrational and around 1600 cm” is due to
stretching of sp” C-C bond present in graphene oxide".
This may be assumed as a fingerprint for the unaltered
hexagonal arrangement of carbon in graphene oxide.
Moreover, the presence of peaks around 1714 cm™ and
1100 cm™ corresponding to C=0 and C-O stretching
shows the successful cleavage of graphite lamellar
layer and subsequent oxidation of armchair carbon and
the peripheral carbon'®.

The FTIR spectrum of MnQO,/graphene oxide
composite prepared by ultrasonication shows blue shift
in the vibrational bands corresponding to —OH group,
C=0 and C-C stretching. This may be attributed to the
stiffening of C-C bond in graphene oxide due to the
presence of Mn-Og octahedral arrangement around
graphene oxide and also due to the presence of defects
in graphene oxide'’. This may be attributed to the
hydrophilic nature of graphene oxide resulting in higher
dispersion with Mn®" ions in the electrolyte. The Mn**
ions have the possibility to interact with every single
atom of graphene oxide and form a lamellar composite
structure with graphene oxide. During oxidation of
Mn** ions, the graphene oxide acts as buffer for
shuttling of electrons over some distance in the
electrolyte and hence acts as a nucleation point for
MnO, formation. The spectrum also shows that the
intensity of vibration corresponding to —OH group has
increased during formation of the composite. This may
be attributed to the -COOH formation at the end of the
graphene oxide chain'®. A new peak around 2350 cm’
corresponding to carboxylic group stretching
substantiates the above assumption.

Figure 2 shows the morphological features of
electrodeposited MnO, and MnO,/GO materials using
scanning electron microscopy. The micrograph
of MnO, shows the pristine crystalline MnO, grains
formed during electrodeposition and this is in good

Fig. 2 — Scanning electron micrographs of (a) MnO,, and, (b) MnO,/graphene oxide nanocomposite.
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Fig. 3 — Atomic force micrograph of (a) MnO,, and, (b) MnO,/graphene oxide nanocomposite.

concomitance with the observations from XRD
studies. On inclusion of graphene oxide with MnO,,
significant reduction in grain sizes is observed. Hence,
it may be inferred that the graphene oxide prevents the
agglomeration of MnQO, into coarse aggregates. The
porosity of MnQ, is observed to increase with
graphene addition. However, the surface roughness
values calculated from AFM image remains
unchanged (Fig. 3). The morphological parameters
derived from SEM and AFM are presented in Table 1.

The MnO, and MnO,/GO samples were tested for
oxygen reduction capacity by cyclic voltammetry in
the potential range —0.4 to 1.4 V at a scan rate of
5 mV/s. The cyclic voltammograms of the MnO, and
MnO,/GO electrodes in 1 M Li,SO, electrolyte are
presented in Fig. 4a. The area covered between
oxidation and reduction pathways are observed to
increase due to the presence of graphene oxide in
MnO,; this may be attributed to the increase in
electrochemical active surface area’. The MnO,
electrode exhibits reduction peak around 0.9 V,
attributed to the reduction of dissolved oxygen present
in the electrolyte. The plausible reduction reaction is
as follows (Egs 3-5).

Mn* +¢e > Mn** (fast) ...3)
Mn**+ 0,2 Mn’*-0,, ads (fast) (4
Mn* -02, ads> Mn*" -0 ,ads (slow) ..(3)

Initially, the Mn*" in the electrode reduces to Mn’*
according to Eq. (3) and becomes active site for the
adsorption of O, (ads) according to Eq. (4). The
adsorbed oxygen act as electron acceptor due to its
high electronegativity and accepts one electron from
Mn** and results in Mn*-O” product (Eq. 5). In the
presence of graphene oxide, the reduction peak
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Fig. 4 — CVs of MnO, and MnO,/GO electrodes. [(a) in 1 M Li,SOy;
(b) in oxygen saturated 1 M Li,SO,].

broadens and this may be due to the exfoliation of
graphene oxide by the MnO,. As a result the electrolyte
has more active sites available for reduction®.
Similarly, in the oxidation pathway, release of electron
and subsequent evolution of oxygen is observed near
0.7 V for MnO, and MnO,/GO electrodes. The CV of
the electrodes in the oxygen saturated 1 M Li,SO,
electrolyte presented in Fig. 4b shows that the half-
wave onset potential for oxygen reduction is shifted
towards positive value for MnO,/graphene oxide
electrode, indicating the higher oxygen reduction
activity of MnO/graphene oxide electrode".
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Fig. 5 — Impedance spectra of MnO, and MnO,/graphene oxide
composite.

The AC impedance characteristics of the MnO, and
MnO,/GO electrodes were tested in the frequencies
ranging from 1 mHz to 1 MHz and the resultant
Nyquist plots are presented in Fig. 5. Both the
electrodes show the presence of semicircle in high
frequencies followed by straight line in low
frequencies. The high frequency semicircle may be
attributed to the single electron transfer occurring in the
process shown in Egs (3), (4) and (5). The numerical
value of the diameter of the semicircle is approximately
equal to the charge transfer resistance offered by the
electrode. From the Fig. 5, it is evident that while
introducing graphene oxide into MnQO,, the charge
transfer resistance decreases and this effect highlights
the contribution of graphene oxide in improving the
conductivity of pristine MnO, electrode. The reduced
charge transfer resistance due to graphene oxide is
responsible for the improvement in oxygen reducing
catalytic effect of MnO,/GO composite. Moreover,
from Fig. 5 it may also be observed that the presence of
graphene oxide does not increase the double layer
capacitance of the MnO, electrode. The parameters
calculated from impedance analysis are presented in
Table 1. The Warburg diffusion plots of the electrodes
were linear for both the electrodes, illustrating more
diffusion in the case of MnO,/GO electrode. This effect
may be attributed to the exfoliation of graphene oxide
layer by MnO,, facilitating more ions to diffuse in the
free space between graphene oxide.

The present study demonstrates that co-deposition
of MnO,/GO composite is a facile way to synthesize

composite functional coatings. From XRD patterns, it
is inferred that the simultaneous ultrasonication of
graphene oxide during electrodeposition of MnO, is
efficient in preparation of MnO,/GO composite
coating. IR analysis shows the defect in graphene
oxide due to its exfoliation by MnO, particles. This
exfoliation results in higher porosity for MnO,/GO
composite as elucidated from SEM results. From the
electrochemical measurements, it is inferred that the
MnO,/GO composite coating has low over-potential
for oxygen reduction as compared to MnO,. It may be
concluded that in terms of structural stability,
morphology and electrochemical activity, the
MnO,/GO electrodes are far superior than pristine
MnO, electrodes.
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