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Abstract

Stable low cost environmentally benign Mn3O4 nanomaterial for supercapacitor application were synthesized by
combustion method by concentration of the precursors. The formation of Mn3O4 nanoparticles were confirmed by
x-ray diffraction (XRD), scaninnng electron microscopy (SEM) and energy dispersive absorption spectroscopy
(EDAX) studies. The average particle size have been found to be about 40-45 nm. UV Visible spectroscopy results
showed maximum transmittance in the visible regions, it revealed poor transmittance in the ultraviolet
region. The electrochemical performance of Mn3O4 electrode was examined in poly-tetrafluoroethylene, which
exhibited a high specific capacitance of 211 F/g at a scan rate of 1mV/s over a potential range -0.1V to 0.8V and
showed excellent electrochemical stability during cycling. The capacitive retention of Mn3QO4 electrode showed
about 86% of the initial capacitance.The good conductivity and good cyclic stability suggested that MnzO4 could
be used as an electrode material in electrochemical capacitors.

Keywords: Nanocrystals, Supercapacitor, Cyclic voltammetry, Galvanostatic charge discharge

cycle, EDAX, Trimanganese tetroxide.

1. Introduction

As a new energy storage device, supercapacitors (ECs) have awakened prodigious consideration due to its superior
power delivery and cycling life compared to those of rechargeable batteries, and superior density delivery
compared to those of conventional electrolytic capacitors [Xl. Hence, ECs offer a promising method to meet the
increasing power demands of energy storage systems 241 Based on the electrochemical behavior and charge/energy
storage mechanisms, the supercapacitors are classified into, electrical double layer capacitors and pseudo-

capacitors. Typical electrode materials that consist of metal oxides or conducting polymers, transfer faradic
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charges between an electrolyte and electrode 571, Composite materials based on metal oxides/conducting polymers

have attracted a great deal of attention for their higher energy/power capability 11,

Among the various metal oxides, manganese oxide as a supercapacitor electrode has been extensively studied due
to its high theoretical capacitance (1370Fg-1), low cost, low toxicity and resource abundance !, Manganese
dioxide offers high pseudo capacitance through fast and reversible redox reactions near the surface of active
materials [*2, The natural abundance and low cost of Mn oxides, along with their satisfactory energy-storage
performance in mild electrolytes and environmental compatibility, has made them the most promising novel
electroactive material for the pseudo capacitor applications. Mn3O4 can be synthesized via thermal decomposition,
sol-gel processes, electrochemical deposition, solution-based chemical routes, and solid-state reactions.[*316],
Changes in the synthesis parameters such as current density, temperature, reactant concentration and pH, results
in different physical, chemical, and electrochemical properties of manganese oxide. The synthesis conditions
determine the properties of the manganese oxide produced. Previously reported manganese oxides demonstrated
specific capacitances as high as 600 Fg* for thin films and 150-300 Fg* for powder-based electrodes within a
potential window of 0.9-1.2V in aqueous electrolytes containing KCI, K2SO4, NaCl, or NazSO41"?°!, Herein the
present work, MnszOs nanopowder is synthesized using a single step auto igniting combustion technique, and
consequently its structural, morphological, optical and electrochemical properties are investigated.

2. Experimental

In order to synthesize the Mn304 nanoparticles, stock solutions of Mn (ClO4)2. XH20 (0.1 M) was dissolved in
double distilled water as the starting reagent. Citric acid was then added to the solutions taken in separate beakers
as a complexing agent. Amount of citric acid was calculated based on total valence of the oxidising and reducing
agents for maximum release of energy during combustion. Oxidant to fuel ratio was adjusted to unity (~1) by
adding concentrated nitric acid, which serves as an oxidiser, and ammonium hydroxide solution as fuel. The
precursor solution of pH ~ 7.0 was stirred well for uniform mixing without any sedimentation. The solution was
then heated using a hot plate kept at ~250°C in a ventilated fume hood and the boiling solution underwent
dehydration accompanied by foam. On persistent heating, the foam got auto ignited, producing voluminous fluffy
grayish brown MnsO4 nanopowder!?224. The synthesized samples were characterized for their structure by x-ray

diffraction (PHILIPS XPERT-PRO) with Cu Ka radiation. Thermo Nicolet Model:6700 was used for FT-IR
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spectral analysis. Scanning electron microscopy (JEOL Model JSM-6390LV) was utilized for analyzing the

combustion product’s particulate properties. The UV-Vis spectra of the samples were recorded using JASCO V
570 spectrophotometer in the wavelength range of 200 -900 nm. Electrochemical measurements were performed
with an Autolab PGSTAT302N. The electrochemical cell was configured with a bright Platinum (Pt) electrode as
the counter electrode and the reference electrode used was the Ag/Ag CI electrode. A polished glassy carbon
working electrode (GCE) of 5mm in diameter was used as the current collector. The working electrode for MnzO4
was prepared by forming a slurry comprising of a mixture of MnzO4 with polytetrafluoroethylene(PTFE) with a
ratio of 85:10:5. A small amount of ethanol was added to make the mixture homogeneous. The slurry thus obtained
was dried at 80°C for 6 hours and pressed in Nickel foam as the current collector with 1M NazSOs solution
employed as the electrolyte. Cyclic voltammetry (CV) and Galvanostatic charge —discharge measurements were
performed over a potential range from -0.1V to 0.8V at various scan rates (5 to 50mV/S) and different current
densities. All electrochemical experiments were conducted at room temperature.

3. Results and Discussion

3.1. X-Ray diffraction Studies

The XRD pattern of the as prepared MnzO4 nanopowder at different pH through the combustion method is
shown in figure 1.1. From the XRD pattern, it is clear that Mn3Os exhibits tetragonal structure. All the peaks
including the minor ones are indexed based on the JCPDS file 24-0734 for Mn3O4 nanoparticle. The strong and
sharp peaks indicate that the as prepared nanopowders are highly crystalline. No secondary phase or impurity
peak from other Mn-O phases or other by products originating from the synthesis procedure were detected in the
XRD pattern which confirms that the as prepared powder itself is phase pure without any further processing.
Thus, the present preparation technique offers an easy, time saving and economic approach for the synthesis of

nanoparticles in a single step.
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Fig 1.1 XRD pattern of Mn3O4 nanoparticle.

3.2 Morphological Studies

The surface morphology and particle size of the samples were examined using SEM image given in the figure 1.2
with two different magnifications micrographs of Mn3O4. The nanoparticles are agglomerated together to form a
spherical shape with porous morphology within 40-45 nm range. In his work, Dubel et alpointed out that the

spherical shaped nanocrystals have high surface morphology that can be useful for supercapacitor application.*.
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Fig 1.2: SEM micrograph of Mn3O4 nanoparticle
The chemical and elemental composition of the synthesized Mn3zO4 nanoparticles can be verified by subjecting the
samples for energy dispersive X-ray adsorption spectral studies. The EDAX patterns observed are shown in figure

1.3 and the compositions of elements, weight percentage and atom percentage in each sample are given in table 1.
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Figl.3. EDAX of Mn30O4 nanoparticle

Element Weight % Atomic %
OK 41.90 72.19
KK 1.51 1.43
Mn K 56.59 26.38

Table 1: Elemental composition of Mn3O4 nanoparticle

Higher the intensity, higher will be the concentration of element in the sample. The EDAX pattern shows in which
shell the element is present (K, L ...). The presence of feeble or trace amount of the element can also be traced out.
The patterns match well with literature data (Chang et al. 2004, Banis et al. 2010). The EDAX pattern indicates
that the nanoparticles are mainly composed of manganese and oxygen.

3.3 UV-Visible Spectroscopy

The optical absorption spectra of Mn3O4 nanocrystals are shown in figure 1.4. The spectrum reveals that both the
samples absorb heavily in the visible region but moderately in the UV region. The high absorbance of light in the
visible region indicates the applicability as an absorbing material that makes the material a good candidate in
screening off UV portion of electromagnetic spectrum which is dangerous to human health.

Figure 1.4 shows the Tauc’s plot of nano Mn3O4. The obtained value of Eg is tabulated in the table 1.2. The obtained
band gap values suggest that the material is a semiconductor. The bandgap values are slightly lower than that
reported byAnupam et al for Mn3O4 nanocrystal (Anupam et al 2013). Morphologies, crystalline degree and

structural order disorder may play the role in the gap. The reduction in bandgap values attained may be due to the
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structural disorder caused by the oxygen deficiency in the sample. Inorder to examine the effect of annealing on

bandgap, the sample is annealed at 740 °C. It has been found that the bandgap energy increases to some extend
with increase in temperature. The obtained value for annealed sample is 2.71eV. The obtained value is well
agreeing with the reported ones for tetragonal Mn3O4 (Pishdadian et al. 2012, Yokogawa et al. 1977).

The optical band of Mn3O4 nanocrystals synthesized by solvothermal process was reported to be of 3.21eV(Dubal
et al 2010). The band gap value obtained in the present work may be attributed to the hydrous content in the
material. The presence of water content was already pointed out in the vibrational analysis. Thus bandgap

calculation indicates the rightness of our argument.
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Fig: 1.4 UV —Vis spectra and Tauc’s plot for Mn3O4 nanoparticles

3.4 Electrochemical Studies

The capacitive performance of manganese oxides was characterized by using cyclic voltammetry. The cyclic
voltammograms of different manganese oxide electrodes were measured in 1M NaxSOs electrolyte, at the scan
rates of 100, 50, 25, 10, 5 and 2 mV/S respectively. The electrochemical performance of Mn3O4 nanoparticles
were evaluated as a supercapacitor electrode in view of their intrinsic properties and unique structural features.

Figure 1.5 shows the CV analysis at different scan rates with a potential range of 0.1 t0 0.9 V.
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Fig 1.5: Cyclic Voltammetry curve of MnzO4 in Na2SO4 electrolyte.
The CV curves at slow scan rate represent an ideal capacitive behavior with the rectangular shape. The deviation
from rectangularity of the CV becomes distinct with increase of the scan rate. No obvious redox peaks are present
in the CV curve, which reveals that the measured electrode is charged and discharged at a pseudo-constant rate
over the complete voltammetric cycle. The Na*ion from the electrolyte could occupy almost all the pores present
in and on the Mn304 electrode surface; at a slower scan rate, this may result in the better and effective utilization
of Mn3QO4 for redox reaction in conjunction with good capacitance.The deposited oxide showed notably high
specific capacitance resulting in its relatively smooth surface. The probable cause for high crystallinity exhibited

could be the porous microstructure of MnzOa,
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Fig 1.6: Galvanostatic charge — discharge curve of Mn3O4 in NaxSOs electrolyte.
The capacitive performance of the as-synthesized sample was also investigated by using the charge-discharge
method and the result of Mn3Oy4 is shown in figure 1.6. The specific capacitance of the electrode at different current

densities can be calculated from the following equation,

Qe _ 1 w

T avaw  24vY vw
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Where C is the specific capacitance of the electrode based on the mass of active materials (F/g), Q is the sum of

anodic and cathodic voltammetric charges on positive and negative sweeps. | is the sample current (A), W is the
weight of active material (g) and V is the total potential deviation of the voltage window (V), V is the scanning
rate (V/s) and W is the mass of active electrode materials (g). The charge discharge curve of Mn3O;4 at different
current densities depicts an almost equilateral triangle shape that reflects an ideal behavior. The corresponding
specific capacitances at current densities of 4, 2, 1 and 0.5 A/g were calculated to 70, 90, 120 and 170 F/g

respectively, which are superior to the reported values in literatures.
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Fig 1.7: Potential vs. Time curve of Mn3Oa.
Figure 1.7 shows the charge/discharge curves of Mn3O4 at current density of 0.5 A/g in a potential range of 0.35
to 0.65 V in 1M NaxSO;4 electrolyte. A good linear relation of potential against time is regarded as a typical feature
of an ideal capacitor. The MnzOascurve is symmetric and linear for both charge and discharge portions, indicating
that the electrodes have good capacitive behaviors with very sharp responses and small internal resistance (IR)
drop. The charge curves are very symmetric to the corresponding discharge counterparts in the employed potential
region;the slope of the curve is potential independent and maintains a constant value at the selected current density.

The variation in specific capacitance with current density curve for the Mn3O4 sample is shown in figure
1.8. Generally for the all compounds, as the current density increases, the specific capacitance increases
and then decreases reaches a constant value. The lesser values of capacitance at high current rates is
because of the less ionic penetration in the electrode surface when compared to the case at a low current
rate. As expected, the capacitance of the cell decreases linearly with increasing current densities, which
is the typical behaviour of electrochemical supercapacitors.

At the current density of 4 A/g the Mn304 electrode showed about 56% of the initial capacitance

displayed a suitable capacitive retention. The effect of current density on specific capacitance is caused
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by the transport of effective ions into active materials. The large current density allows charging process

to be finished in a short time for higher concentration polarization (Chin et al. 2010, Devaraj and
Munichandriah 2008). At a high current density,the retarding redox transitions of electroactive species
would be exhausted by the protons in the vicinity of electrode/electrolyte interface. This necessity of
specific capacitance upon current density is owing to the circumstance that electrochemical double layer

capacitance is the foremost involvement to the observed overall capacitance.
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Figure 1.8 Specific capacitance vs current density curve of Mn3Os in Na>SOs electrolyte.

The specific capacitance versus scan rate for MnO, MnO2, Mn2O3z and Mn3Oasis shown in the figure 1.9

The Mn3zO4 nanoparticle showed a specific capacitance of 211 F/g for a scan rate of 1mV/s. There
IS an increase in the specific capacitance when the scan rate at 1 mV/s. Beyond 1 mV/s, the specific
capacitance decreases very slowly and displays almost persistent at higher scan rate. It is evident that the
specific capacitance of Mns3Os is greater at a lower scan rate and a constant decrease in specific
capacitance is observed when compared with the other. This explains that the electrode is ideal and it can

be used for high power applications.
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Figure 1.9 Specific capacitance vs scan rate of Mn3Osin Na>SOselectrolyte.

The specific capacitance versus cycle number for Mn3O4 is shown in the figure 1.10.
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Figure 1.10 Specific capacitance vs cycle number of Mn3O4 in Na>SO4 electrolyte.

It is obvious from the figure that the specific capacitance remains nearly constant at the beginning
250 F/g then abruptly jumps to a higher value after 50 cycles. The specific capacitance value increases up
to a maximum value from 256.1 F/g to 350 F/g, then subsequently decreases slightly and becomes nearly
constant at the end of 1500 cycles. It is fascinating that the specific capacitance increases nearly 2.6 times

after 50 cycles. This phenomenon is suggestive of the fact that there is an initial activation process for the
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Faradaic pseudo capacitance for Mn/Na>SOs electrodes. After 200 - 500 cycles specific capacitance

decreases only 1.5% of the maximum value of capacitance. This decrease of capacitance can be attributed
to the mechanical expansion of the manganese oxide nano layer due to the continuous ion
insertion/desertion process or dissolution of some amount of manganese oxides into electrolyte
(Beadrouet et al. 2009). Though, the electrolyte remains transparent after 1000 cycles, representing
minimal dissolution of oxides into the electrolyte solution after the long-term cycling test which has been
measured as the main reason behind the capacitance loss of manganese oxide-based supercapacitors.

The relationship between the capacitive retention and the cycle number is shown in figure 1.11. To
assess the long-time cycling stability of MnsOa, the capacitive retention was measured by continuous
charge/discharge experiment at a current density of 3.0 A/g.
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Figure 1.11 Capacitive retention vs cycle number of MnzOsin NaxSO4 electrolyte.
After 1200 cycles, the capacitive retention for Mn3Og is about 75 %, indicating an acceptable stability.
In the first 300 cycles, the capacitive retention quickly decreases to about 56 %. Then, the capacitance is
nearly constant with a capacitive retention of about 55% after 1200 cycles.
The CV curves are approximately symmetric in nature, and the curves after 50 cycles are nearly
overlapping which signifies good cyclic capability of the nanocomposite pseudocapacitor (Nam 2006,
Nalwa 2002, Shinomiya et al. 2005)). Therefore, this study suggests that the Mn3O4 nanocomposite is

suitable for making electrode which shows good stability during the long-term cycling test.
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4. Conclusion

Nanocrystalline semiconducting Mnz04 was synthesized through the modified single step combustion process.
The X-ray diffraction studies showed that the as-prepared MnzOy is single phased with tetragonal structure having
crystalline size in the range 40-45nm. SEM image of the sample shows densification of the material with little
porosity. The EDAX pattern confirms that the prepared nanopowder has elemental composition of Mn?*, Mn®*
and O% in MnsO4 micrograph. The uv-visible study showed that all the samples absorb maximum in the UV region.
The absorbance spectra of the sample showed an extension to the visible region. Thus, these materials are ideal as
coatings and manufacturing dyes. The obtained band gap value is 2.71eV for Mn304, which agrees well Owith the
reported value for a perfect crystalline structure. The CV curve for Mn3O4 showed thatan ideal capacitive
behaviour with the rectangular shape is detected for a slow scan rate.No redox peaks are observed which
reveals that the electrode is charged and discharged at a pseudo constant rate.The charge/discharge curve
at various current densities presented a specific capacitance of 70-170 F/g. The capacitive retention of
Mn3O4 electrode showed about 86% of the initial capacitance. The specific capacitance against scan rate
showed specific capacitance from 180-85F/g for 2-50mV/S.It can be concluded that different oxides of
manganese can be used as a supercapacitor material in which MnO2 and Mnz04 gives good reversibility

in the CV curve and good cyclability with efficient capacitive retention.
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