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A ternary nanocomposite that consists of MnO, nanorods and reduced graphene oxide sheets supported on
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) polymer has been developed for
supercapacitor applications. X-ray diffraction, field emission scanning electron microscopy, Raman
spectroscopy, X-ray photoelectron spectroscopy, the Brunauer—Emmett-Teller method and X-ray
photoelectron spectroscopic analysis confirmed the formation of a ternary nanocomposite of PEDOT:PSS/
MnO, nanorods/rGO. Electrochemical investigation of these materials in acetonitrile containing lithium per
chlorate demonstrated an enhanced specific capacitance of 633 F g™* at a current density of 0.5 A g™t and
100% stability up to 5000 charging—discharging cycles at 1 A g~*. The enhanced capacitance and working
stability of the PEDOT:PSS/MnO, nanorods/rGO nanocomposite along with the simplicity in making the
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rsc.li/rsc-advances active materials make this system a promising candidate for the commercial development of supercapacitors.

Introduction

Transition metal oxides have attracted immense attention
because of their applications in various fields such as active
materials for water splitting catalysts, sensors, pollutant
degradation, Li-ion batteries, supercapacitors, etc.* Super-
capacitors are alternative energy storage-conversion devices
that show rapid charging-discharging rates, a high power
density and a long cycle life. Supercapacitors have a variety of
applications, such as in memory backup systems, industrial
power, consumer electronics, public transportation and mili-
tary devices.>> Among various transition metal oxides, MnO,
has received tremendous attention due to its low cost, envi-
ronmental friendliness and natural abundance.® a-MnO, is
a polymorph of MnO, with different spatial arrangements
depending upon linkage of its basic MnOg octahedral units.”
However, its low inherent electrical conductivity (107> to 107 ° S
em™ ') is a main constraint for its widespread application.?
Overcoming this limitation has been attempted by combining it
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with carbon based materials, such as graphene/reduced gra-
phene oxide, to improve its conductivity.**°

Graphene is a layer polymorph of carbon with a 2D hexag-
onal packing layered structure and can offer a useful synergy by
serving both as a conducting agent and as the cathode mate-
rial.****> Reduced graphene oxide (rGO) is considered a physical
analogue of graphene that can be obtained by reducing the
oxygen functional groups present on the edge and basal plane of
graphene oxide (GO) and is considered to be a cost effective
substitute for graphene prepared by physical methods.'>**

Recently, researchers have demonstrated many binary
systems with the combination of different kinds of MnO, and
rGO/carbon nanotube (CNT). Zhao et al.'® have reported the
uniform anchoring of MnO, nanosheets on macroporous gra-
phene for supercapacitor electrodes. Xia et al.*® have studied
a MnO,-CNT nanocomposite and observed an enhancement in
supercapacitance compared to the individual MnO, and CNT
components. The carbon nanofibres/MnO, nanosheets have
been synthesized for an asymmetric supercapacitance applica-
tion by Ning et al.'” Bristle-like a-MnO, has been grown on
multi-walled CNTs by Vinny et al'® for asymmetric super-
capacitance applications. Ma et al.® have synthesized hierar-
chical MnO, nanowire/graphene hybrid fibres with excellent
electrochemical performance. Liu et al.*® have reported the in
situ chemical synthesis of sandwich structured MnO,/graphene
nanoflowers for supercapacitive applications. A three dimen-
sional pompon-like MnO,/graphene hydrogel composite has
been synthesized by Zhang et al** for supercapacitor
applications.
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The specific capacitance of these binary nanocomposites can
be further enhanced by combining them with a conducting
support like viz. PEDOT:PSS, polyaniline, polypyrrole, etc.?*
Among many conducting polymers, the PEDOT:PSS polymer
has received attention due to its easy processability and its
conjugated backbone, which allows an easy conveyance of de-
localized electrons through the 7 orbital system.*>® The
unfilled valence shells of oxygen atoms in PEDOT:PSS act as
doping levels that make it important in charge storage mate-
rials.”” A plausible reason for this enhancement might be due to
the dispersion of binary active materials in the conducting
matrix, which may allow all the edges and the corners to be
available for charge storage as well as protect the faradic
materials from dissolution into the electrolyte. Super-
capacitance applications for a graphene/MnO, nanostructure
wrapped by the PEDOT:PSS polymer have been studied by Yu
et al.”® Hou et al.*® have improved the specific capacitance of
MnO, nanospheres/CNT nanocomposites by wrapping them
with the PEDOT:PSS conducting polymer. The sandwich-
structure MnO,/polypyrrole/rGO hybrid composites have been
synthesized by Han et al* for high performance super-
capacitors. The same research group synthesized a combination
of MnO, nanorods/GO nanocomposites and polyaniline to
enhance the supercapacitance performance.** Pan et al.*> have
reported the two step synthesis of polyaniline/MnO,/graphene
ternary composites for electrochemical supercapacitor appli-
cations. The glycol assisted synthesis of a graphene-MnO,-
polyaniline ternary nanocomposite for supercapacitor applica-
tions has been studied by Mu et al.** Li et al.>* synthesized the
MnO, nanoflakes/polyaniline nanorods hybrid nanostructures
on graphene paper and observed tan enhancement in super-
capacitance performance. The electrochemical properties of the
MnO, nanosheet array/rGO/PEDOT:PSS ternary composite
electrode material for supercapacitor applications has been
studied by Yan et al.** These composites showed a capacitance
retention of 66.2% over 2000 cycles. A decrease in the capaci-
tance retention has been attributed to the dissolution of the
MnO, counterpart into the aqueous electrolyte during cycling.
They used a simple sonication method to coat PEDOT:PSS on
MnO,/rGO, which perhaps is not enough to coat PEDOT:PSS
firmly on MnO,/rGO. Therefore, an alternative approach is
needed to coat the PEDOT:PSS polymer on the MnO,/rGO
nanocomposite in which the PEDOT:PSS will be coated firmly
on MnO,/rGO and prevent dissolution. With this motivation, we
developed an alternative chemical approach to coat PEDOT:PSS
on MnO,. Besides, to forbid the dissolution we replaced the
aqueous electrolyte by organic solvents, which have been found
to play a positive role in imparting the outstanding cycling
stability.

Herein, we prepared MnO,/rGO composites with hydro-
thermal methods and the formation of nanorods of MnO, have
been noted in the product. These have been coated successfully
with PEDOT:PSS by chemical routes that result in a ternary
composite ready for supercapacitor applications. These mate-
rials have been characterized thoroughly and their super-
capacitance performance has been studied by cyclic
voltammetry, galvanostatic charge-discharge cycling and
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electrochemical impedance spectroscopy in acetonitrile solu-
tion containing 1 M lithium perchlorate (LiClO,).

Experimental details

Potassium permanganate (KMnO,), sulfuric acid (H,SO,),
PEDOT:PSS, polyvinylidene fluoride (PVDF), acetonitrile and
LiClO, were procured from Sigma-Aldrich. All the other chem-
icals used were analytical grade unless specified. Milli-Q® (MQ)
water was used throughout the experiments.

Synthesis of nanocomposites

GO was synthesized by a modified Hummers' method and the
procedure is explained elsewhere.** The MnO,/rGO nano-
composite was prepared by a hydrothermal method and the
procedure used is as follows. The synthesized GO was dispersed
in double distilled water with a concentration of 1 mg ml~" and
sonicated for an hour. 0.3 g of KMnO, was added to it and it was
stirred for another hour. The mixture was transferred into
a Teflon lined autoclave. The autoclave was sealed and heated in
an oven at 150 °C for 6 h. After cooling, the product was collected
by centrifugation, washed with MQ water, dried overnight at
100 °C, and named as MG nanocomposite. For the preparation of
the PEDOT:PSS/MnO,/rGO nanocomposite, two steps were
employed. The MnO,/rGO nanocomposite was synthesized as
explained above. It was then dispersed in 50 ml of MQ water with
concentration of 2 mg ml™' and subsequently heated with
vigorous stirring. Once the temperature reached 80 °C, 5 ml of
PEDOT:PSS was added and stirred for an hour at the same
temperature. After cooling to room temperature, the product was
centrifuged, washed with MQ water, dried overnight, and named
as MGP nanocomposite. MnO, nanorods were synthesized by
adding 0.3 g of KMnO, and 0.2 ml H,SO, in 25 ml of MQ water
and keeping the remaining conditions same as above.

Characterization of the nanocomposites

The surface morphologies of the prepared nanocomposites
along with the MnO, nanorods and GO have been determined
using field emission scanning electron microscopy (FESEM,
Model Nova Nanosem 450) and EDAX analysis (using Bruker
XFlash 6130). The structural analysis was done using an X-ray
diffractometer having a CuK, source (model Bruker AXS D8
Advance). XPS was performed using an Omicron EA 125 analy-
ser at room temperature in an ultrahigh vacuum chamber.
Raman measurements were done with a Renishaw Invia laser
Raman microscope with a laser excitation wavelength of
532 nm. A Brunauer-Emmett-Teller (BET) analyser (model
Quantachrome, Model Autosorb iQ2) was used to study the
surface area, pore size and pore diameter by nitrogen gas
absorption-desorption.

Electrochemical analysis of the nanocomposites

The electrochemical analysis of the nanocomposites was per-
formed using a BioLogic potentiostat (model: SP 300) worksta-
tion with a three-electrode system in acetonitrile solution
containing 1 M LiClO, with platinum wire as a counter electrode

This journal is © The Royal Society of Chemistry 2017
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and silver wire as a quasi-reference electrode. The working elec-
trodes were prepared by mixing the nanocomposites, carbon
block and PVDF (1% wt) in NMP with a mass ratio of 70 : 20 : 10.
This mixture was loaded on a carbon flag having a geometrical
area of 1 cm® and the active mass of the electrode was ~7% wt
(0.3 mg). Cyclic voltammetry (CV) in the range 0-1.1 V was per-
formed at varied scan rates. The galvanostatic charge/discharge
(CD) tests for all the nanocomposites were carried out in the
potential range of 0-1.1 V at varied current densities. The elec-
trochemical impedance spectra (EIS) were recorded in
a frequency range from 6 MHz to 200 mHz.

Results and discussion

The synthesis of the MGP nanocomposite includes two steps;
the first one is the preparation of the MG nanocomposite by
a hydrothermal method and the next is coating PEDOT:PSS
polymer over that to obtain the MGP nanocomposite.

The KMnO, used in the reaction is dissociated and forms
nanocrystalline MnO, as follows,'®

4MI104_ + 2H20 - 4Mn02 +40H™ + 302 (1)

During the hydrothermal reaction, these formed MnO,
nanocrystallites may serve as nucleation sites. The newly

\L 2 PEDOT:PSS
MnO2

Scheme 1 A schematic diagram of the preparation of the MGP
nanocomposite.
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formed MnO, nanocrystallites could deposit on pre-formed
MnO, nanocrystallites and form MnO, nanorods. Simulta-
neously, GO will also be reduced into rGO by the removal of
oxygen functional groups.’” The flower like morphology of the
MG nanocomposite may be due to the preferred growth of the
MnO, nanorods on rGO. The formed MG nanocomposite was
mixed with the PEDOT:PSS conducting polymer and heated at
80 °C. During heating, the conducting polymer coated the MG
nanocomposite and acts as a supporting layer.”* The schematic
representation of the synthesis of the MGP nanocomposite is
shown in Scheme 1.

Fig. 1 depicts FESEM images of GO, MnO, nanorods, and
MG and MGP nanocomposites. Fig. 1(a) depicts the homoge-
neous composition of GO and Fig. 1(b) depicts MnO, nanorods
having a diameter in the range 10-75 nm. Fig. 1(c) shows the
decoration of MnO, nanorods on rGO sheets and they are seen
in the form of flower like structures having a diameter of
~825 nm (shown in the inset of Fig. 1(c)). However, these
structures are not legible in the MGP nanocomposite (Fig. 1(d))
as they are coated by the PEDOT:PSS polymer. Fig. 2 shows an
elemental mapping of the MnO, nanorods, and the MG and
MGP nanocomposites. It can be seen from Fig. 2 that the
elements Mn, O, C and S are uniformly distributed, confirming
the presence of MnO, and PEDOT:PSS polymer in the nano-
composites. The presence of Mn, C, O and S in the nano-
composites is also confirmed by EDS of the MnO, nanorods,
and the MG and MGP nanocomposites, shown in Fig. S1 (ESIf).

Fig. 3(a) shows the XRD of MnO, nanorods, and the MG and
MGP nanocomposites. The XRD for GO is shown in Fig. S2
(ESIT). MnO, nanorods showed peaks at 18.12°, 28.75°, 37.51°,
41.89°, 49.9°, 56.18°, 59.99°, 65.33°, and 69.33° corresponding
to the Miller indices (200), (310), (211), (301), (411), (600), (521),
(002), (541), respectively, indicating the formation of a tetrag-
onal phase of a-MnO, nanorods™ and is in agreement with
JCPDF file no 44-0141. The respective peaks are also observed in

Fig. 1 FESEM images of (a) GO, (b) MnO, nanorods, (c) MG nanocomposite and (d) MGP nanocomposite.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Elemental mapping of (a) MnO,, (b) MG nanocomposite and (c

the MG and MGP nanocomposites. In addition to this, a broad
peak around 24.51° is observed in the MG nanocomposites,
representing rGO and corresponding to (200).*® In the case of
MGP nanocomposites, a broad peak was observed around 26.1°,
corresponding to the (020) plane of the backbone of the
PEDOT:PSS polymer.** It can also be observed that the peak
intensity of the MnO, nanorods decreased in MGP nano-
composites implying the wrapping of MnO,/rGO nano-
composite by PEDOT:PSS polymer.>®

XPS analysis was carried out to study the chemical analysis of
the nanocomposites. The survey scan of the GO and MGP

) MGP nanocomposite for Mn, O, C and S.

nanocomposites is shown in Fig. 3(b), which confirmed the
presence of C 1s, O 1s, Mn 2p and S 2p. The high resolution XPS
of C 1s of GO is shown in Fig. 3(c). It is deconvoluted into three
peaks at 284.8 eV, 286.8 eV and 288.4 eV corresponding to C-C,
C-0 and C=0, respectively.*® The intensity of these oxygen
functional groups is decreased in the MGP nanocomposites as
can be seen from Fig. 3(d), confirming the reduction of GO.*
Fig. 3(e) shows the high resolution XPS of Mn 2p. It shows two
peaks at 642.1 eV and 653.4 eV, corresponding to Mn 2p;,, and
Mn 2p,5,, which is in good agreement with energy splitting
spectrum of standard MnO,.* The peak to peak separation
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Fig. 3
C 1s of GO; (d) C 1s of MGP; (e) Mn 2p of MGP and (f) S 2p of MGP.
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(a) XRD of nanocomposite along with MnO, nanorods; (b) XPS survey scan of GO and the MGP nanocomposite; high resolution XPS of (c)
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between Mn 2p;3, and Mn 2py, is 11.5 eV and is in good
agreement with already reported values.” The S 2p high reso-
lution XPS spectrum is shown in Fig. 3(f). It shows two peaks at
164.94 eV and 166.14 eV, corresponding to S 2p;, and S 2py,
with peak to peak separation between them as 1.2 eV and is in
good agreement with the values reported in the literature.*
Fig. 4(a) shows Raman spectra of GO, and the MG and MGP
nanocomposites. It can be seen that all the spectra show char-
acteristics D and G bands at 1350 and 1590 cm ™', corresponding
to vacancies, edge defects, grain boundaries, and disordered
carbon species in graphite layers and an in-plane bond
stretching motion of C sp> atoms, respectively.” The intensity
ratio of the D to G band, i.e. Ip/Ig, is a measure of the sp> domain
size of the carbon structure and partially ordered crystal structure
of graphene.* The Ip/I; is found to be 0.84 for GO, while it is
found to be 1.02 and 1.16 for MG and the MGP nanocomposites,
respectively. The increase in I/l ratio of the nanocomposites
compared to GO indicates an increase in disorderness/defects in
rGO.* As explained by Rusi and Majid, the increment in the D
band intensity is due to the combined bands of D1, D2, D3 and

Table 1 Peak position and Ip /I ratio for the Raman deconvoluted
bands of MGP and GO

Raman shift (cm™*) Ratio (Ip /Ig)

Bands MGP GO MGP GO
D1 1380 1379 1.74 1.04
D2 1618 1612 1.23 1.23
D3 1568 1569 1.56 1.51
D4 1329 1333 2.41 2.39
G 1596 1598 — o

This journal is © The Royal Society of Chemistry 2017

1. The deconvoluted Raman

D4 in the region 1300-1700 cm™
spectra for GO and the MGP nanocomposite are shown in
Fig. 4(b) and (c). The deconvoluted bands D1, D2, D3 and D4
correspond to disordered graphitic lattice (graphene layer edges,
A;-symmetry), disordered graphitic lattice (surface graphene
layers, E,,-symmetry), amorphous carbon (Gaussian or Lor-
entzian line shape) and disordered graphitic lattice (A;y
symmetry, polyenes, ionic impurities etc.), respectively. The
positions of the D1, D2, D3, D4 bands and Ip, /I ratios of GO and
the MGP nanocomposite are listed in Table 1. The increment in D
band intensity is mainly due to the overlapping of D1 and D4
bands in the region 1200-1400 cm ™", indicating an increase in
disordered carbon in the graphitic lattice.*” For the MG and MGP
nanocomposites, a broad peak around 2900 cm™ ' appears, cor-
responding to 2D graphene, confirming the reduction of GO.*
The inset of Fig. 4(a) shows the Raman spectrum of MnO, of the
MGP nanocomposite, showing peaks around 190-380 cm ™" and
575-650 cm™ ', corresponding to a-MnO, (ref. 42) and stretching
vibrations of the octahedral MnOg.*® Fig. S31 shows the TGA of
GO, MnO,, and the MG and MGP nanocomposites. GO showed
an initial weight loss before 200 °C, which is due to the removal
of adsorbed water and oxygen functional groups. After 200 °C, GO
showed less weight loss to 400 °C and then a sudden weight loss.
MnO, showed good thermal stability, in good agreement with the
literature.* The percentages of MnO, and rGO in the MG nano-
composite are found to be 13% and 70%, respectively. In the case
of the MGP nanocomposite, the percentages of MnO,, rGO and
PEDOT:PSS are found to be 13%, 54% and 17%, respectively.
Fig. 5 shows Nitrogen adsorption-desorption isotherm
curves for MnO,, and the MG and MGP nanocomposites. It can
be seen from the figure that the hysteresis loop observed in the
relative pressure ranges of 0.76-0.94, 0.8-0.9 and above 0.9 for

RSC Adv., 2017, 7, 20027-20036 | 20031
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the MGP nanocomposite.

Table 2 Surface area and pore volume of MnO,, and the MG and MGP
nanocomposites

Mesoporous Pore size
Electrode Surface area volume distribution
materials (m>¢g™ (em®g™) (nm)
MnO, 58 0.308 3.17
nanorods
MG 101 0.391 3.42
MGP 208 0.861 7.54

the MGP and MG nanocomposites, and MnO,, respectively. The
width of hysteresis is more for the MGP nanocomposite, indi-
cating that it is more mesoporous than the other samples.** The
pore size distribution for the MGP nanocomposite is shown in
Fig. 5(d), which shows that the mesopore size mainly falls in the
5-30 nm range. The surface area and pore volume for MnO,,
and the MG and MGP nanocomposites are listed in Table 2.
From that, the MGP nanocomposite exhibited more surface
area, 208 m”> g ', and those of the MG nanocomposite and
MnO, are 101 m* ¢~ ' and 58 m” g, respectively. Also, the MGP
nanocomposite showed more pore volume than the MG nano-
composite and MnO, nanorods. The high surface area and high
mesoporous nature of the MGP nanocomposite may result in
more ionic transportation through the material, leading to
enhancement in the supercapacitance performance.

Fig. 6(a) shows typical cyclic voltammograms of MnO,, and the
MG and MGP nanocomposites in the potential window of 0 to
1.1 V at a scan rate of 100 mV s ' carried out in acetonitrile
solution containing 1 M LiClO, electrolyte. All the samples
showed asymmetrical CV curves that can be attributed to the

20032 | RSC Adv., 2017, 7, 20027-20036

combined double-layer and pseudocapacitive contributions to the
total capacitance. It is observed that the MGP nanocomposites
exhibited a large area under the CV curve, indicating superior
supercapacitance behaviour among all. The plausible electro-
chemical reaction steps governed by the MnO, are as follows.

(MnOZ)surface + L1+ te — (MHOELiJr)surface (2)

MnO; + Li" + e~ —» MnOOLi (3)

The above equations indicate that the diffusion of Li" into
the interior of MnO, and charge transfer has a significant effect
on the rate capability. The relation between the peak current
and the CV scan rate is given by the following equation.**

iy = 2.69 x 10°n*24D"2Cy'"? (4)
where ‘7, is the peak current (A), ‘»’ is the number of electrons
transferred per step during oxidation, ‘A’ is the geometrical area
of electrode, ‘D’ is the diffusion coefficient of Li" ions, ‘C’ is the
concentration of Li* ions and %’ is the CV scan rate. The
diffusion coefficients calculated using eqn (4) for MnO,, and the
MG and MGP nanocomposites are found to be 0.05 x 10~** cm?
s, 024 x 107" em® s7' and 0.81 x 10°*" em? s, respec-
tively. It can be observed that the MGP nanocomposite showed
the largest diffusion coefficient of all due to a good dispersion of
the MnO, nanorods and an enhanced conducive network
between the MnO, nanorods decorated on the rGO sheet and
PEDOT:PSS polymer, leading to an enhanced supercapacitance
performance.” Fig. 6(b) shows the CV curves for the MGP
nanocomposite in a potential window from 0 to 1.1 V at

This journal is © The Royal Society of Chemistry 2017
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Fig.6 Cyclic voltammograms of (a) all the samples at a scan rate of 100 mV st and (b) the MGP nanocomposite at different scan rates; charge—

discharge curves of (c) all the samples at a current density 0.5 A g~
measurements were done in acetonitrile solution containing 1 M LiClOy.

different scan rates. It can be observed from Fig. 6(b) that the
current density increases with an increase in the scan rate,
indicating its excellent capacitance behaviour.

Fig. 6(c) shows the galvanostatic charge-discharge for MnO,,
and the MG and MGP nanocomposites at a current density of
0.5 A g '. It is observed from the figure that the all the samples
showed nearly triangular shape charge-discharge curves, indi-
cating the electric double layer capacitance behaviour. Also, the
ternary nanocomposite showed an ideal capacitive behaviour
with very sharp responses and a small internal resistance (IR)
drop. The specific capacitance (Cs) of all the samples was
calculated using the following equation,*®*’

ix At

C= <Ay ()

1 and (d) the MGP nanocomposite at different current densities. All

where i is the applied current, A¢ is the time of discharge, m is
the mass of active material (0.3 mg), and AV is the voltage drop
upon discharging. The specific capacitance values for MnO,,
and the MG and MGP nanocomposites are found to be 55, 199
and 633 F g, respectively, at a current density of 0.5 A g~ ' It
can be seen that the MGP nanocomposite showed more specific
capacitance than MnO, and the MG nanocomposite. The
enhanced specific capacitance of the MGP nanocomposite is
due to a synergetic effect between the individual three compo-
nents. The MnO, nanorods that decorate rGO may prevent the
restacking of rGO sheets, resulting in a high surface area, which
is also supported by BET analysis, leading to an increase in
electrode/electrolyte contact areas. The other reason may be due
to the addition of PEDOT:PSS, which might have reduced the
agglomeration of MnO,/rGO results in the higher surface area

Electrode Electrolyte Current density Reference

MnO, nanosheet/rGO |1 M Na SO 2mvs’ 15

MnO,/CNTs [{ MNa,SO, 10mvs' 16

MnO /graphene nanoflower [0.5 M Li SO, 1Ag" 20,
Graphene/MnO, nanoparticles/PEDOT:PSS [0.5 M Na SO, 0.1 mA cm” 28}
MnO, nanoparticles/CNTs/PEDOT:PSS {1 M Na;SO 500 mVs” 29
MnO, nanoparticles/polypyrrole/rGO [T M Na,SO, 025A¢g" 30
MnO, nanorods/GO/polyaniline [T M Na SO, ] 025A¢" 31

MnO, thin layer/polyaniline/graphene |1 M Na SO, 02Ag[ 32
Graphene/MnO, nanoparticle/polyaniline|1 M H SO 10 mA cm” 33
MnO, nanosheet/rGO/PEDOT:PSS |1 M Na, Sgb‘ 02Ag" 35
MGP[1 M LiCIO, in Acetonitrile | 05Ag" Present work]

T T T T T
0 200 400 600 800 1000

Specific capacitance (F g")

Chart1 Comparison of the specific capacitance of the present work (MGP nanocomposite) with reported electrode materials.
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and porosity provided by them. Also, PEDOT:PSS might have
provided numerous active sites for efficient faradic redox reac-
tion and, also, restricts the dissolution and aggregation of
MnO, with the help of rGO, which possibly keeps the MnO,/rGO
part well separated and provides more interfaces for the charge
storage.>***>*%* The obtained specific capacitance for the MGP
nanocomposite has been compared with MnO,, rGO and con-
ducting polymer based binary and tertiary nanocomposites re-
ported in the literature, as shown in bar Chart 1.'%16202873335
Fig. 6(d) shows the galvanostatic charge-discharge curves for
the MGP nanocomposite carried out at different current
densities from 0.5 Ag ' to 10 Ag .

Furthermore, capacitance retention is an important param-
eter for the practical application of electrode materials. There-
fore, the cycling stability of the MGP nanocomposite has been
carried out at 1 A g~ * for 5000 cycles. The capacitance retention
(%) for the MGP nanocomposite over 5000 cycles is shown in
Fig. 7(a). Interestingly, it can be seen that the MGP nano-
composite retained the same specific capacitance even after
5000 cycles, i.e. it showed 100% capacitance retention (%),
which is excellent in its class. This excellent capacitance
retention may be due to the addition of the PEDOT:PSS poly-
mer, which provides support to the MnO, nanorods and also
restricts the dissolution and aggregation of MnO, with the help
of rGO, which possibly keeps the MnO,/rGO part well separated
and provides more interfaces for charge storage.
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Fig. 7 (a) Capacitance retention (%) and coulombic efficiency of the
MGP nanocomposite over 5000 cycles at a current density of 1 A g~
(b) Ragone plot for the MGP nanocomposite.
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Coulombic efficiency (n) was calculated using eqn (6) and is
plotted in Fig. 7(a). It can be observed from the figure that the
coulombic efficiency showed an almost constant value over 300
cycles without any fluctuations, suggesting little energy dissi-
pation during the charge-discharge process. The energy density
(dg) and power density (dp) of MnO,, and the MG and MGP
nanocomposites were calculated using eqn (7) and (8)***°

0= % x 100% (6)
1 2
d
dp = A—E[ (8)

where ¢ is the charging time, tp, is the discharge time and C; is
the specific capacitance. The Ragone plot, i.e. plot of energy
density versus power density in the current density range 0.5-5 A
¢! for the MGP nanocomposite, is shown in Fig. 7(b). It can be
observed that the energy density decreased with an increase in
the power density, which is in agreement with results reported in
the literature.®®

Electrochemical impedance spectroscopy (EIS) was used to
study the charge transfer and transport mechanism for MnO,,
and the MG and MGP nanocomposites. Fig. 8 shows Nyquist
plots for MnO,, and the MG and MGP nanocomposites carried
out in acetonitrile solution containing 1 M LiClO, electrolyte in
the frequency range 6 MHz to 200 mHz. It can be seen from the
figure that all the curves showed a semicircle at higher
frequencies and nearly a straight line at lower frequencies.
Among all, the MGP nanocomposite showed the lowest semi-
circle, suggesting the lowest resistance, which in turn indicates
the highest capacitance, in agreement with the galvanostatic
charge-discharge analysis. In addition to this, the EIS spectra
were analysed using a semi quantitative fitting program
supplied along with the BioLogic potentiostat (model: SP 300)
on the basis of the Randles equivalent circuit modelling, shown
in the inset (Fig. 8(b)) of Fig. 8. The Randles equivalent circuit

@) : @j
g0 * § f% AN# 2|
7 fQo S
— 60+ :: ° : % °
R 0®
)
5 o

T T T T T T
100 120 140

T T T T T
0 20 40 60 80
Z' (ohm)

Fig. 8 Nyquist plots for MnO,, and the MG and MGP nanocomposites
carried out in acetonitrile solution containing 1 M LiClOg4; inset shows
(a) enlarged Nyquist plots at a higher frequency range, and (b) equiv-
alent electrical circuit composed of five elements.
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Table 3 Electrochemical parameters of different electrode materials
obtained from impedance analysis based upon the proposed Randles
circuit

Electrode material R, (Q) R, (Q) C,(mF) C,(F) Wz (Qs >
MnO, nanorods 1.75 0.56 2.31 0.076  0.65
MG 1.29 0.25 5.72 0.105  0.82
MGP 0.97 0.16 8.19 0.389 0.98

consists of five elements, internal resistance (R;), electrical
double layer capacitance at the interface of electrode and elec-
trolyte (C,), charge transfer resistance (R,), Warburg impedance
(W) and pseudocapacitance (C,), which is used to account for
the faradic reaction. These values were calculated qualitatively
from the fittings (mean error of modulus ~ 0.4%) of experi-
mental EIS spectra and are tabulated in Table 3. It can be
observed that the internal resistance (R;), i.e. intrinsic resis-
tance of the MGP nanocomposite, is less compared to MnO,
and the MG nanocomposite. This is due to the development of
an internal mesoporous nanorod structure during the MGP
nanocomposite synthesis. The lower value of the charge transfer
resistance (R,) for the MGP nanocomposite compared to MnO,
and the MG nanocomposite indicates a significant pore size
distribution in the MGP nanocomposite. This helps to reduce
the intrinsic resistance (R,) via the development of a large
number of mesoporous structures. This results in an increase in
the kinetics of electron transfer through the redox process,
leading to an increase in pseudocapacitance (C,) in the nano-
composite. Moreover, the influence of pseudocapacitance is
quite larger than the electrical double layer capacitance (C;), as
the conducting polymer PEDOT:PSS itself behaves as a redox
system along with MnO,. The lower value of Warburg imped-
ance is attributed to the diffusion of electrolyte in the meso-
porous structure of the electrode material at a lower frequency.

Conclusions

The synthesized MGP nanocomposite demonstrated an
enhanced supercapacitance performance compared to MnO, and
the MG nanocomposite. The specific capacitance of the MGP
nanocomposite was found to be 633 F g~ " at a current density of
0.5 A g~ " with 100% capacitance retention even after 5000 cycles.
The enhanced specific capacitance of the MGP nanocomposite is
due to the synergetic effect of the individual components and
also the addition of the PEDOT:PSS conducting polymer is an
important factor which may provide numerous active sites for
faradic redox reactions as well as support the MnO, nanorods.
Overall, we can conclude that the MGP nanocomposite is an
excellent material for supercapacitance application and shows an
ultra-high stability even after long term cyclic stability.
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