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ABSTRACT In this study, we improved the capacitance of carbon based reduced graphene oxide (rGO) and
metal oxide based MnO- by preparing nanocomposites of rtGO/MnO, nanocomposite using chemical synthesis
method. The prepared nanoparticles and nanocomposites are characterized by FTIR spectroscopy, XRD, PL
spectroscopy and FESEM with EDAX spectroscopy. FTIR studies disclose the characteristic chemical bonding
between the respective materials. The FESEM images demonstrate that the surface structure of rGO and
MnQO, can be easily tuned by forming the composite of rGO/MnO, materials leading to excellent process ability
of the system. The super capacitive behaviors of nanocomposites are evaluated using cyclic voltammetry
and galvanostatic charge—discharge techniques. The specific capacitance of rGO/MnO, composite is high
compared to that of MnO, nanoparticle. In addition, impedance measurements of the MnO, nanoparticles
and rGO/MnOs, electrodes are executed proposing that the rGO/MnO, composite electrodes are promising
materials for super capacitor (186.6 Fg1).

KEYWORDS graphene oxide, cyclic voltammetry, nanocomposite, FESEM, electrochemical properties, super-
capacitors
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1. Introduction

Recently, great interest appeared in fabricating and utilizing novel graphene oxide—metal oxide nanocomposites for
environmental remediation by the degradation and elimination of toxic organic contaminants and heavy metals, and for
antibacterial applications. Compared with graphene oxide, graphene oxide—metal oxide nanocomposites show a unique
structural morphology and photochemical properties which render them good candidates for water treatment projects [1].
Many research groups are working on the nanocomposite materials particularly graphene-based composite materials.
Different types of graphene based composite materials are being investigated and reported for various engineering appli-
cations [2].

Supercapacitors have attracted growing interest, due to their high power density, long cycle life, and fast charging rate,
which play an important role in complimenting or even replacing batteries in many applications [3-5]. Nevertheless, the
low-energy density and higher production cost are still some of the major challenges for implementing supercapacitor in
future application. To date, the carbon materials (activated carbon, carbon nanotubes, (CNT) and reduced graphene oxide
(rGO)) [3.4,6] transition metal oxides (ruthenium dioxide (RuOs), manganese dioxide (MnO5), nickel oxide(NiO), cobalt
oxide (Co30y4) [4,5,7] and conducting polymers (polypyrrole, polyanaline, PEDOT-PSS and polythiophene) [8, 9] have
been recognized as the most promising materials for supercapacitors. Based on literature, the carbon-based electrodes
display an excellent rate of capability, good reversibility [3], and superior cyclability but suffer from low capacitance
value. On the other hand, transition metal oxidesand polymer-based electrodes produce high capacitance through a fast
faradic reaction but have a poor rate of capability and stability [3, 10].

Transition metal oxides are used in supercapacitor applications. In transition metal oxide, RuO- exhibits major
supercapacitive performance, but it cannot be commercialized due to its high production cost and toxicity. Low cost
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and high theoretical specific capacitance materials, like manganese oxide, ferrous oxide and nickel oxide have been used
as electrode materials for supercapacitor [11-13]. However, the electrical conductivity of these metal oxides limits on
its power density and cycling stability. Out of these metal oxides, manganese oxide is a most stable oxide and it has
a number of significant applications as electrochemical material, high density magnetic storage medium, active catalyst,
ion-exchange, Li-Mn-O rechargeable batteries, etc. [14]. Reduced graphene oxide has high specific surface area, which is
highly desirable in catalysis, and acts as a two dimensional support for metallic nanoparticles with high dispersion [15]. In
addition, it has a high adsorption capacity, defects in its structure that can generate new surface functionalities and increase
the interactions with the metal nanoparticles [16, 17] and excellent mechanical properties that allow one to reach high
stability and durability, increasing the lifetime of the catalyst. In this work, we report on the synthesis of nanostructured
composites, consisting of manganese oxide anchored on rGO, by the one-step chemical synthesis method. The prepared
samples were investigated by UV-Vis, FTIR, XRD, Field Emission Scanning Electron Microscope (FESEM) with EDAX
spectroscopy and Photoluminescence spectroscopy. The electrochemical properties of these materials are evaluated by
cyclic voltammetry, charge-discharge method and impedance techniques.

2. Material and methods
2.1. Material

All reagents used were of analytical grade, obtained from Merck (India) Ltd and used as received without further
purification. Graphite, potassium permanganate, phosphoric acid, HyOs, manganese sulphate, concentrated hydrochloric
acid, potassium hydroxide, sodium hydroxide and deionized water were used to synthesis of MnO, nanoparticles and
rGO/MnQOs nanocomposites.

2.2. Synthesis of MnO-, nanoparticles

For the co-precipitation method, the manganese salt, manganese (II) sulphate of 0.2 M, dissolved in double distilled
water with continuous stirring at a constant temperature of 80 °C. 2 M of NaOH solution was added while stirring until
the pH of the solution reached 12. The stirring was continued at a constant temperature of 80 °C for 1 hour. The resulting
brown precipitate was then filtered and washed with ethanol.

2.3. Synthesis of rGO/MnQO- nanocomposite

In the present work, reduced graphene oxide (rGO) was produced using modified Hummer’s method from pure
graphite powder. 0.2 g of rGO was dispersed in 100 mL water by ultra-sonication up to 30 min to separate out a single
sheet of graphene oxide. To synthesize in situ rGO/ MnOs nanocomposites, subsequently, 0.2 M (100 mL) of manganese
(II) sulphate was added and sonicated for another 30 min, followed by drop wise addition of IM potassium hydroxide
solution under stirring for 1 h. This mixture was stirred well and refluxed for 2 h, which resulted in the formation of black
colour reduced graphene oxide decorated MnO5 nanocomposite. The precipitate was separated from the reaction mixture,
washed several times with deionised water and followed by washing with ethanol to remove the impurities. Finally, the
obtained product was dried at room temperature [18]. Fig. 1 shows that Synthesis of rtGO/MnO5 nanocomposite.
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F1G. 1. Preparation method of rtGO/MnO5 nanocomposite

2.4. Characterization

Computer controlled Thermo Scientific Instrument with iD Transmission (Model P4600) was used to record the
FTIR spectra, which was then followed by the KBr pellet method. Photoluminescence (PL) Spectra of the samples were
recorded on a spectrofluorometer (JASCO, FP8300). The computer controlled XRD system JEOL IDX 8030 was used
to record the X-ray diffraction of samples. EDAX and FESEM measurements were carried by JEOL JSM-6700F field
emission scanning electron microscope. The electrochemical behaviors of nanocomposites have been investigated through
CH-Instrument Inc., TX, and USA.
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3. Result and discussion

3.1. FTIR analysis

The FTIR spectra disclose the chemical information and major functional groups existing in the MnOs nanoparticles
and rGO/MnOy materials. Fig. 2 shows FTIR spectra of MnOy nanoparticles and rGO/MnO, nanocomposites. The
broad band observed at 3421 cm ™! is assigned to the symmetric stretching vibrational mode of hydroxyl groups in the
MnO; nanoparticles and rGO/MnQOy nanocomposites [19]. The bands at 1460.56, 1461.39, 1635.79, and 1680.42 cm ™!
indicate the presence of C—OH groups and water molecules in the both prepared samples. The two narrow and strong
absorption bands at 642 and 540 cm ™! are assigned to the pairing mode between Mn-O stretching modes. The FTIR
spectrum for rtGO/MnO;, nanocomposites is depicted in Fig. 2(b) which denotes the peaks corresponding to the wave
numbers 2324, and 516 cm™! denoting the presence of functional groups such as C—-H, C—OH, O-Mn-0, respectively.
These characteristic bands confirm the formation of rGO, MnO, nanoparticles and rGO/MnOs nanocomposites [20].
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F1G. 2. FT-IR spectra of a) MnO; nanoparticles, b) rtGO/MnO4 nanocomposite

3.2. X-Ray diffraction analysis

The crystal structures of MnO, nanoparticles and rGO/MnO5 nanocomposite are characterized by XRD. As can be
seen in Fig. 3(a), all the diffraction peaks of pure MnO5 nanoparticles indicate the tetragonal structure JCPDS (044-
0141). The good crystallization is proved by its reflection peak. The XRD pattern for MnOs nanoparticles is depicted in
the diffraction peaks at (110), (101), (211). (221) and (311) corresponding to 26 values 29.4, 37.4, 46.0, 55.6 and 63.30.
Fig. 3(b) shows the XRD patterns of rGO/MnOs nanocomposites. The XRD patterns of rGO/MnO2 nanocomposite
showed diffraction peaks at 29.0, 32.5, 36.1, 44.4,58.4 and 69.90, and a phase with a rhombohedral structure was formed
(JCPDS 96-500-0208) [21]. The main crystallite sizes of the rGO based metal oxide nanocomposite are calculated using

the Debye—Scherrer formula (eq. (1)):
kA

~ Beosbh’ b
where A is the wavelength of radiation used (1.54060 A for CuKa radiation), k is the Scherrer constant equal to 0.94, 3
is the full width at half maximum (FWHM) intensity of the diffraction peak for which the particle size is to be calculated,
0 is the diffraction angle of the diffraction peak in question and D is the crystalline size in nanometers (nm). The average
crystallite sizes of MnO» nanoparticles and rGO/MnO5 nanocomposite are determined to be 47.1 and 40 nm, respectively.

3.3. FESEM and energy dispersive X-Ray analysis (EDAX)

The surface morphological studies of nanoparticles and nanocomposites were performed by FESEM analysis. The
elements of deposits on MnOs nanoparticles and rGO/MnQO> nanocomposite are also studied using EDAX spectrum.
Figs. 4(a,b,c) and 4(a,b,c) show the FESEM image, EDAX spectrum and Elemental distribution of MnO- nanoparticles
and rGO/MnO; nanocomposites. The FESEM images of MnO, nanoparticles are portrayed in Fig. 4(a). It is well
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F1G. 3. XRD pattern of a) MnO- nanoparticles, b) rtGO/MnO5 nanocomposites

documented that the surface morphology has significant impact on the performance of nanostructure materials. The
uniform distributions of grains are observed in the micrographs. The particles are nearly spherical in shape and has
uniform size (one micron) [18]. The presence of atomic composition manganese (34 %) and oxygen (66 %) are confirmed
as observed from the EDAX (Fig. 4(c)) spectrum. The chemical composition and product purity of the MnO; nanoparticle
was examined by EDAX. The elemental mapping of MnO- nanoparticles are shown in Fig. 4(c). The highest amount of
manganese (Mn) is distributed in the whole surface compared to that oxygen.

Figure 5(a) shows the surface morphologies of synthesized rGO/MnO; nanocomposites. It looks like the combination
of flakes (sheet like structure) and spheres indicating the collaboration of rGO and MnOy nanocomposites [20]. The
EDAX pattern of rGO/MnO5 nanocomposites materials from Fig. 5(b) confirms that the synthesized materials show
predominant peaks of C, O and Mn elemental peaks only. The respective EDAX spectra confirm the presence of carbon
element along with the rGO/MnQO, nanocomposites [22]. The elemental mapping of rtGO/MnO5 nanocomposites is shown
in Fig. 5(c). There are large amount of oxygen (O) which is distributed on the surface in Fig. 5(c) compared to that carbon
and manganese surface [23].

3.4. Photoluminescence study

The optical properties of MnO, nanoparticles, and rGO/MnO;, nanocomposites were studied by using the photo-
luminescence spectra analysis. To investigate the efficient separation of charge carriers in the nanocomposites, photo-
luminescence (PL) spectroscopy was carried out to reveal the migration, transfer, and recombination processes of photo
induced electron/hole pairs. The excitation source employed here was the 370 nm. Fig. 6(a) shows that pure MnO4
nanoparticles have emission peak at 412 nm. However, the emission peak of the rtGO/MnOy nanocomposite is much
lower than that of the pure MnO, nanoparticles indicating that the addition of graphene leads to the PL quenching. The
lowest recombination of the electron-hole pair is achieved by rGO/MnO5 nanocomposites where it shows the lowest emis-
sion intensity among all. As shown in Fig. 6, the PL intensity decreases successively in the order of MnOy nanoparticles,
and rGO/MnO; nanocomposites. The emissions was mostly attributed to the radiative transition between the electron and
the hole recombination process [24].

3.5. Electrochemical studies

Electrochemical measurements of cyclic voltammetric studies were conducted using a CHI 650c electrochemical
workstation with conventional three electrode cell at room temperature. Modified MnO5 and rGO/MnO,-glassy carbon
electrode for comparison, was employed as the working electrode. Silver/silver chloride (Ag/AgCl) electrode acted as the
reference electrode and platinum wire as the counter electrode. The electrochemical properties of the MnOs nanoparticles,
and rGO/MnO; nanocomposites were investigated by means of cyclic voltammetry (CV) with potential window from 0.3
to 0.7 V at pH 7 (phosphate buffer solution). The CV curve of synthesized nanomaterials with different scan rate such as
100, 50,30, 20,10 and 5 mV/s are shown in Fig. 7(a—c). Strong redox behavior of metal oxides and asymmetric variation
is observed during the lower scanning rate. However, beyond scan rate, nearly rectangular smooth CV loops are observed
with mild redox behavior due to the presence of rGO. It is found that the current increases when the scan rate is increased,
which indicates the good capacitance behavior of the nanocomposite.
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3.6. EIS investigation of electrochemical behavior of nanoparticle and nanocomposite

The Nyquist plots of the modified nanoparticles and nanocomposites were studied using EIS. Randles’ equivalent
circuit model was used to fit experimental parameters such as the electron transfer resistance (R.;), the solution resistance
(Rs) and the double layer capacity (Cy;). Fig. 8 shows the real and imaginary parts of the electrochemical impedance
spectra for the bare glassy carbon electrodes (GCE), MnO; nanoparticles, and rGO/MnO; nanocomposites modified
GCE recorded at pH 7. The rGO/MnQO> nanocomposites modified GCE shows small semicircular region with very
high electron transfer resistance value compared to that of bare and MnO- nanoparticle of GCE electrode, indicating
the low conductivity of the nanocomposite. These results show that the rGO/MnOy nanocomposites have very good
electrochemical activity compared with the bare GCE. The composite could therefore be efficiently used for various
electrocatalytic reactions. Table 1 shows that impedance parameters such that R, R.; and Cy; values of bare, MnOo
nanoparticles and rGO/MnO, nanocomposites.

TABLE 1. Impedance parameters such that R, R.; and Cy; vaues of bare, MnOs nanoparticle, and
rGO/MnQOs nanocomposite

Samples Ry () Ry (Qem?) Cy (uFem™?)
Bare GCE(Glassy Carbon Electrode)  7.928 7140 0.0014
MnO; Nanoparticles 24.16 12110 0.0036
rGO/MnQO2 Nanocomposite 15.21 34125 0.0023

The phase angle against frequency plot termed as Bode plsot articulates about the capacitive character. The maximum
phase angle of rtGO/MnQO, nanocomposite (73 °) strongly demonstrates the capacitive nature [25] compared to that for
MnO-, nanoparticles (71 °) as displayed in Fig. 9. Now, electrochemical performance in scale of mechanical flexibility is
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an important tool to implement its application towards portable electronics. Investigation of flexibility was carried out by
bending the device from 0 to 175 °.
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FIG. 9. Bode plot of —phase angle/ deg. versus log (f/Hz) for MnO5 nanoparticles and rGO/MnQO, nanocomposite

3.7. Galvanostatic charge-discharge behaviour of the MnQO; nanoparticle and rGO/MnQO, nanocomposite

The galvanostatic charge-discharge method is essential for assessing supercapacitor performance and long-term sta-
bility. A formula (eq. (2)) can be used to calculate the discharge specific capacitance from the discharge curve. The
galvanostatic charge-discharge behaviour of MnO» nanoparticles and rGO/MnQO, nanocomposite with a variable constant
current density such as 0.1, 0.3 and 0.5 Ag ™! in the potential range of 0.5 to 1 is depicted in Fig. 10. Specific capacitances
of the electrodes were calculated from charge-discharge curves using the following equation:

IiAt, (2)
mAV

where I (A) is the discharge current, At (s) is the discharge time, m is the mass of the electroactive material (g), and
AV is the potential window (V). At constant current density of 0.1 Ag~!, the specific capacitances obtained from charge-
discharge curves of MnO, nanoparticles and rGO/MnO, nanocomposite are 92.5 and 186.5 Fg~!, respectively. As a
result, the rGO/MnO2 nanocomposite has good capacitive behaviour during the charge-discharge process. The comparison
results clearly show that our newly prepared nanocomposite electrode outperforms several others. One of the important
factors influencing the capacitive behavior of the supercapacitor is the current density. The prepared samples’ charge—
discharge curves were performed at pH 7. With increasing current densities, the specific capacitance gradually decreases.
This takes place due to the low utilization of electroactive materials at high discharge current densities, as ions in the
electrolyte are unable to enter the active material’s inner surface, leaving only the active material’s outer surface.

In addition, the power density and energy density are important parameters for the investigation of the electrochemical
performance of the electrochemical cells. They have been used to evaluate the performance of the hybrid rGO/MnO,
composite electrode. The power density and energy density can be calculated from the following equations (eqgs. (3) and

).

Cs =

1
E= 5CAVQ, 3)
E

where, P (Wkgfl), C (Fgfl), A V), t(s)and E (thgfl) are the power density, specific capacitance, potential window
of discharge, discharge time and energy density, respectively. Tables 2 and 3 show the calculated specific capacitance,
energy and power density values. The plots of specific capacitance, current density, power density, and energy density
can be seen in Fig. 11(a,b). Fig. 11(b) depicts the maximum power density of the rGO/MnO5y nanocomposite versus
nanoparticles. These findings support the use of MnOy nanoparticles and rGO/MnO» nanocomposite as potential mate-
rials for energy storage applications. The electrochemical stability of supercapacitors is critical for their use in practical
applications.

4. Conclusion

In this study, chemical synthesis was used to successfully prepare MnO, nanoparticles and an rGO/MnO5 nanocom-
posite. The phase purity of the synthesized nanoparticles and nanocomposites is confirmed by the X-ray diffraction
pattern. FTIR is used to confirm the presence of surface functional groups on MnO nanoparticles and the rGO/MnO,
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TABLE 2. Various values of specific capacitance (F/g), energy (Wh/kg) and Power density (W/kg)
obtained for MnO, nanoparticle at different current density

Current Density (Ag™!) 0.1 03 05
Specific capacitance (Fg~!) 92.5 89 85
Energy Density (Whkg™!) 7.4 7.12 6.8
Power Density (Wkg™!) 64 1424 320

TABLE 3. Various values of specific capacitance (F/g), energy (Wh/kg) and Power density (W/kg)
obtained for rGO/MnO» Nanocomposite at different current density

Current Density (Ag™1) 0.1 0.3 0.5
Specific capacitance (Fg~1) 186.6 180 160
Energy Density (Whkg™!) 22 20 17

Power Density (Wkg™ b

160.2 2474 426.6

nanocomposite. The X-ray diffraction pattern confirms the phase purity of the synthesized nanoparticle and nanocompos-
ite. FESEM analysis confirms the nanosize of MnO, nanoparticles and rGO/MnQO- nanocomposite. PL spectra revealed
the change of luminescence intensity in the rGO/ MnOs nanocomposite are compared to the MnOs sample with almost
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linear decrease in excitation intensity. The specific capacitance of the rGO/MnO, nanocomposite was discovered to be
higher than that of pure MnO5 nanoparticles. In (phosphate buffer solution) pH 7, the two samples showed distinct capac-
itances at different current densities. The energy density and power density of the rGO/MnO2 nanocomposites are higher
than those of the MnOs nanoparticles. The nanocomposite’s relatively high energy density and power density ensure that
it acts as an efficient supercapacitor.
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