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Abstract
In this work, a new cotton electrode has been synthesized by coating ternarymaterials of reduced
graphene oxide (rGO), manganese dioxide (MnO2), and polyaniline (PANi) on textile cotton fabric.
First, Graphene oxidewas deposited on cottonfibers by a simple ‘dip and dry’method and chemically
reduced into rGO/cotton fabric.MnO2 nanoparticles were accumulated on rGO/cotton fabric by
in situ chemical depositionmethod. PANi layer was coated on rGO/MnO2/cotton fabric by in situ
oxidative polymerization technique. A thin PANi coating layer acts as a protective layer on
rGO/MnO2/cotton fabric to restrainMnO2nanoparticles and rGO fromdissolution inH2SO4 acidic
electrolyte. The specific surface area of cotton electrodewasmeasured using the Brenauer-Emmett-
Teller (BET)method. The cyclic voltammetry (CV) results show that the cotton electrode has good
capacitive behavior. The ternary cotton electrode exhibits high specific capacitance values of 888 F g−1

and 252 F g−1 at a discharge current density of 1 A g−1 and 25A g−1 in 1MH2SO4 electrolyte solution.
The high areal specific capacitance of 444 Fcm−2 was achieved for as-fabricated electrode. Also, the
cotton electrode retains around 70%of specific capacitance after 3000 cycles at charge-discharge
current density of 15A g−1. The slowdecrease in specific capacitance is observedwith increased
discharge current density which proves its excellent rate capability. These results of
rGO/MnO2/PANi/cotton fabric electrode show that this can be an excellent electrode for
supercapacitor in energy storage devices.

1. Introduction

From the past decade, the smart wearable energy storage devices have been extensively investigated by the
researchers. In smart textiles, cotton fabrics are particularly used asflexiblematerials [1–5]. The electrically
conductivematerials such as carbon nanomaterials (e.g. graphene, carbon nanotubes) [6], thematerials with
high electrochemical properties such asmetal oxide nanoparticles (MnO2,NiO, Cu2O, TiO2, Fe3O4, etc) [7, 8],
and conducting polymers (PANi [9–11], PPy [12], polythiophene [13], etc) are being utilized to enhance the
electrochemical properties of textile electrodes. These electrodes are used in supercapacitors for energy storage
device applications.

Briefly, a supercapacitor is an electrochemical device which can store high energy (electric charges) and
release current density and capacitance within a short time interval. There are two categories of supercapacitors
available: they are electric double layer capacitors (EDLC) and psuedocapacitors based on the charge storage
mechanism. In EDLC, the storage of charge is achieved by separating electronic and ionic charges in the
electrode and electrolyte interface. Alternatively, psuedocapacitors store charges by Faradaic reactions occur in
the activematerials of the electrodes. The carbon basedmaterials aremost common electrode for EDLCs.
However, EDLCs are limited to low energy storage density. The conducting polymers andmetal oxides can store
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greater amounts of energy in psuedocapacitors compared to an EDLC [14].Many researchers are still working
on the electrodes to enhance the electrochemical properties of the supercapacitors.

The functionalization of cotton fabric with graphenematerial can impart the electrical conductivity. The
hydroxyl groups present on the cottonfiber surface provide active sites for functionalizationwithmany
additives which include graphene, graphene oxide, and carbon nanotubes [15–17]. The addition of graphene
oxide onto cotton fabric leads to bind easily with the surface offibers through interaction between the polar
groups present on both cottonfiber and graphene oxide. There has beenmany research investigations reported
on aflexible and light weight rGO/cotton fabric electrode basedmacroscopic supercapacitor. The electrodewas
fabricated by a combination of simple ‘dipping and drying’method [18–20].

The transitionmetal oxides,MnO2, TiO2, andCuO [8, 21] have been proved that they can be used as
electrodes for supercapacitors. In particular,MnO2 has its own advantages such eco-friendliness, low cost, high
theoretical specific capacitance of 1230mAhg−1, and favorable cycling stability [7]. Xiao et al prepared carbon
fabric composite electrode by chemically anchoringmetal oxide nanoparticles (MnO2, SnO2, andRuO2)onto
graphenenanosheets [8]. The prepared composite was coated over carbon fabric. The incorporation ofMnO2

nanoparticles improved the electrochemical performance. The cotton fabric surface contains exogenous groups
which facilitates the uniformdeposition rGOnanosheets andMnO2nanoparticles. Also, the uniformdeposition
prevents aggregation of rGOandMnO2nanoparticles [22, 23].

In recent years,many investigations have been attempted on cotton based pseudocapacitors by coating
conducting polymers,mainly polyaniline (PANi), polypyrrole (PPy) [24, 25], and polythiophene [13].
Specifically, Polyaniline (PANi) has been extensively investigated in supercapacitor application because of its
excellent theoretical specific capacitance of 2000 Fg−1 compared to polypyrrole. However, PANi has poor
cycling stability which leads to rapid decrease of specific capacitance and resulting in short cycle life.Many
researchworks have been carried out by the researchers to fabricate different PANi based composites by
incorporatingwith carbon based nanomaterials andmetal oxides for improving electrochemical properties such
as specific capacitance and charge-discharge cycle stability of the electrode [24].

More recently, the composite electrodes have attracted researchers due to improvement in the
electrochemical properties of electrodes [26–29]. Particularly, a combination of carbon based nanomaterials,
metal oxide nanoparticles, and conducting polymers has attracted the researchers due to their potential for
achieving excellent specific capacitance. The rGO/PANi [30–36] and rGO/MnO2 cotton electrodes belong to
binary composite electrodematerial [37, 38]. The addition of conducting polymer to rGO/MnO2 composite
cotton electrodewill further enhance the specific capacitance [39].

In this work, we prepared a ternary composite based cotton fabric electrodematerial for the first time in the
supercapacitor applicationwhich consists of reduced graphene oxide (rGO), manganese dioxide (MnO2) and
polyaniline (PANi). The electrochemical properties of developed cotton fabric electrode were studied. The
addition of rGOand PANi improve the electrochemical properties of cotton fabric electrodes. Also,metal oxide
coated rGO increases the capacitance and cycling stability of the electrode. The combination of thesematerials
together increase electrochemical properties such as specific capacitance, charge-discharge cycle stability and
also energy density of the cotton fabric electrode.

2. Experimental

2.1.Materials
Commercial woven cotton fabric (100%) samples of 120 gm−2 were obtained fromEthiopianTextiles
Company and the fabrics were desized and cleaned according to conventional procedure. Graphite flakeswas
bought fromSigma-Aldrich Chemicals. Sulphuric acid (H2SO4), Hydrochloric acid (HCl), SodiumNitrate
(NaNO3), Hydrogen peroxide (H2O2 30%), Potassiumpermanganate (KMnO4) powder,Manganese sulfate
(MnSO4), Sodiumhydroxide (NaOH) pellets, Aniline, Ammoniumperoxodisulfate (APS), Sodiumborohydride
(NaBH4), andN-Methyl-2-Pyrrolidone (NMP) solvent were supplied by Spectrochem, India.

2.2. Synthesis of graphene oxide (GO)
Graphene oxidewas synthesized frompure graphite flakes by amodifiedHummer’smethod as reported in our
previouswork [40]. Briefly, 1.2 g ofGraphite flakes and 2 g ofNaNO3, weremixedwith 50ml ofH2SO4 in a
volumetric flask (500ml) kept in an ice bathwith continuous stirring for 2 h. Then, 6 g of KMnO4was added
very slowly for about 1 h due to exothermic oxidation reaction. The slow addition leads to intercalation of
functional groups due to oxidation of graphene layer which resulted in formation of graphitic oxide. After the
addition of KMnO4, themixturewas diluted by adding 100ml of de-ionizedwater into themixture. The
reaction temperature was quickly increased to 90 °Cand the samplemixturewas stirred continuously for 24 h.
Then, themixture became brownish paste likematerial. The increase in temperature led to the exfoliation of
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graphite oxide into graphene oxide. Then, 8ml ofH2O2 (30%)was added slowly to themixture to react
completely with the excess KMnO4 under stirring. After 10 min, a bright yellow solutionwas obtained and it was
then kept without stirring for 4 h, where the particles settled at the bottom and remaining solutionwas poured.
The resultingmixture waswashed repeatedly with 5%HCl solution several times to remove themetal ions from
the solution and decanted the upper liquid part. Then, themixture waswashedmany timeswith de-ionized (DI)
water until the solution’s pHbecomes neutral. Finally, the solutionwasfiltered and the paste likematerial was
dried in vacuumoven at 60 °C for 12 h. The dried graphene oxide (GO)was ground into powder.

2.3. Fabrication of rGO/MnO2/PANi coated cotton fabrics
The textile cotton fabrics are highlyflexible, low cost and commercially available for clothing.However, cotton
cannot be used asflexible electrode due to its insulating and low electrochemical activity. Functionalization of
cotton fabric with electrically conductive and pseudocapacitancematerials is necessary to achieve its
electrochemical performance [16].

The commercial cotton fabrics have number of impurities which include dirt, seed coat fragments,
pesticides, chemical residues,metallic salts and immaturefibers. Among the various pretreatments of cellulosic
textilematerials, only scouring (cleaning) employ an alkaline agent in concentrated solution. The scouring or
boiling-off process permits the removal of certain impurities withwhich the fiber is associated. Thewhite plain
woven cotton fabrics (120 gm−2)was pretreated by dipping inNaOH (40 gl−1) aqueous solution at 80 °C for 1 h.
TheGO suspension inkwas prepared by dissolving 2mg ofGOpowder in 150mLof de-ionizedwater under
ultra-sonication for 30 min. The 2 cm2with 0.02 cm thickness size of pretreated cotton fabric was dipped into a
GO suspension ink and soaked for 30 min to coat GOon to the cotton fabric and then vacuumdried at 60 °C for
1 h. The dip-coating process was repeated for several times to achievemoreGO adsorption on cotton fabric. The
obtainedGO/cotton fabric was partially reduced into rGO/cotton fabric, by a chemicalmethod using aqueous
solution ofNaBH4. The chemical reduction process was carried out by immersingGO/cotton fabric in an
aqueous solution ofNaBH4 (0.1M) for about 5 h under continuous stirring condition. The obtained rGO/
cotton fabric waswashedwith de-ionizedwater and then vacuumdried at 70 °C for 6 h. The electrostatic
interaction, van derWaals’ force and hydrogen bonding between cotton fabric and partial rGO facilitates the
uniform coat and adhesion forces between them.

The prepared rGO/cotton fabric was immersed into a 250mlflask containing 45mLof 0.02molMnSO4

aqueous solution and kept stirring for 15 min. Then, 30ml of 0.02molKMnO4 aqueous solutionwas added
dropwise into the reactionmixture by stirring continuous for 6 h at room temperature. The color of
rGO/cotton fabric turned frompurple to brownwhich indicated the deposition ofMnO2 nano particles on the
surface of rGO/cotton fabric. The obtained rGO/MnO2/cotton fabric (grayish blue)was thenwashed five times
with de-ionizedwater to remove residual reactants and vacuumdried at 50 °C for 4 h. Themass loading of
MnO2was calculated from the difference inmass of rGO/cotton fabric and rGO/MnO2/cotton fabric
electrodes.

Polyaniline was deposited onto the rGO/MnO2/cotton fabric by in situ chemical polymerization of aniline.
In a typical process, rGO/MnO2 cotton fabric electrode (2 cm

2)was immersed in 50ml of de-ionizedwater and
stirred the solution for 15 min to ensure that it was fully wet. Then, aniline (0.2mol l−1)was added into the
mixture containing 1MHCl (10ml) andwas stirred for 2h. The oxidant, aqueous solution of ammonium
persulfate (10ml:0.2M in 1MHCl)was added to carry out the oxidative polymerization under continuous
stirring. The in situ oxidative polymerization leads to coating of PANi on the rGO/MnO2 cotton fabric electrode
surface.

The reactionwas carried out for 14 h and the color changed to bluish black and rGO/MnO2/PANi/cotton
fabric was separated andwashedwithmixture of de-ionizedwater and ethanol for four times. The product was
dried in a vacuumoven at 50 °C for 10 h to obtain rGO/MnO2/PANi/cotton fabric electrode. The schematic
synthesis roadmap of rGO/MnO2/PANi/cotton fabric electrode is shown infigure 1.

The change in color was identifiedwhichmay be induced by the functionalization of cotton fabrics with
rGO,MnO2 nanoparticles, and PANi. Figure 2. shows thewhite LED lighted up by connecting the ternary coated
cotton fabric electrodewith electric voltage. Thewhite LED connected to the prepared cotton electrode and
electric voltage. LED light was glowingwhen electric current was passed through the cotton electrode.

2.4. Characterization
Fourier transform infrared (FTIR) spectroscopic results were obtained for different samples from aPerkin
Elmer (Lambda 35) FTIR spectrometer with anATR transmissionmode in thewavelength range of
400–4000 cm−1. Raman spectroscopywas conducted byHoriba JobinYvon t6400 instrument using a 532 nm
laser source and in transmissionmode in thewavelength range of 400–3000 cm−1. The x-ray diffraction (XRD)
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datawere obtainedwithCuKα radiation (λ=0.1541 nm), an accelerating potential of 40 kV and 30mAat a
scanning rate of 0.5 °/min on aRigaku x-ray diffractometer. The Surfacemorphology of coated cotton fabrics
with gold sputtered (5 nm)was investigated by Field Emission Scanning electronmicroscope (FESEM,Carl Zeiss
Ultra 55) at accelerating voltage of 10 kVwith energy and angle selective backscattered electron (EsB) detector.
The elemental analysis was carried out byHigh-Angle AnnularDark-Field Scanning Transmission Electron
Microscopic (HAADF-STEM)method using a JEOL 2100Fmicroscope at 200 kVoperating voltage. The specific
surface area, pore volume and pore size of the electrode samplesweremeasured by Brunauer–Emmett–Teller
(BET)methodwith a BELSORP-mini II instrument. Electrochemicalmeasurements, cyclic voltammetry (CV),
Galvanostatic charge-discahrge cycle were studied by an Electrochemical Analyzer (Autolab-Ecochemie,
Netherlands).

Figure 1.The schematic synthesis roadmap of rGO/MnO2/PANi/cotton fabric electrode.

Figure 2.Digital photograph of white LED lighted up by connecting rGO/MnO2/PANi/cotton fabric electrodewith electric voltage.
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3. Results and discussion

3.1. Structure characterization of rGO/MnO2/PANi/cotton fabrics
FTIR spectra of untreated and surface treated cotton fabrics are shown infigure 3. Cellulose characteristic peaks
of 3275 cm−1 and 2915 cm−1 were assigned toC=Ostretching vibrations andC–Ostretching vibrations of the
cellulose chains respectively.

TheGO coated cotton showed the characteristic peaks at 1728 cm−1 (carbonyl C=O), 1619 cm−1 (aromatic
C=C), 1399 cm−1 (carboxylO=C–O), 1218 cm−1 (epoxyC–O–), and 1038 cm−1 (alkoxyC–O) stretching
vibrations. The Peak at 1728 cm−1 was disappear in rGO and rGO/MnO2 coated cotton fabrics which
confirmed the reduction ofGO to rGO. The peak forMnO2was observed at 1034 cm

−1 attributed toMn–O
vibrations, which reveals thatMnO2 nanoparticles are present in rGO/MnO2 and rGO/MnO2/PANicoated
cotton fabrics. The characteristic peaks at 4275 and 1317 cm−1 correspond to –O–Hstretching and bending
vibrations respectively. The FTIR spectrumof rGO/MnO2/PANIi coated cotton fabric showed that the
characteristic peak of PANi at 1573 cm−1 due to stretching of quinonoid, peak at 1471 cm−1 due to stretching of
benzenoid rings, and at 1296 cm−1 due toC–Nstretching. The characteristic peaks at 1317 cm−1 and 1118 cm−1

are due toC=Nstretching and bending vibrations of the aromatic C–Hobserved at 811cm−1.
Functionalization of graphite into graphene oxidewas confirmed byRaman spectroscopy. Figure 4(a) shows

Raman spectra of graphite and graphene oxide and figure 4(b) shows forGO/Cotton, rGO/cotton,
rGO/MnO2/cotton, and rGO/MnO2/PANi cotton. TheGO exhibited a defect D-band due to carbon disorder
at 1351.1 cm−1 and a peak appeared at 1602.7 cm−1 corresponds to shifted graphitic G-band due to sp2–bonded
carbon as comparedwith graphite (1573cm−1). A broad shifted 2G–band observed due to phonon double
resonance at 2765 cm−1 for graphite and this peakwas disappeared inGO. The intensity ratio of the ID/IGwas
high compared toGO and other samples (GO/Cotton, rGO/cotton, rGO/MnO2/cotton, and
rGO/MnO2/PANi cotton. Figure 4 (c) shows the detailed Raman spectrumof rGO/MnO2/PANi/cotton and
D-band&G-band are observed butwith a shift from1345 cm−1, and from1613 cm−1 bending vibration of the
quinonoid units, andC=C stretching vibration in the quinonoid ring respectively.

The peaks at 1334, 1223, 1485 and 1585 cm−1 are associatedwith vibrations of the semi-quinone andC–N
stretchingmode of polaronic unit. Table 1. shows the list of Raman spectral peak positions, intensity and ID/IG
ratios of GO,GO/cotton, rGO/cotton, rGO/MnO2/cotton, and rGO/MnO2/PANi/cotton fabric samples.

The peak intensity ratio observed from rGO/cotton is calculated to be 1.06which is slightly higher than
GO/cotton i.e., 1.027. The increase in ID/IG ratio from1.027 to 1.060 confirmed the reduction ofGO to rGO. It
can be attributed to a decrease in the average size of the sp2 domains due to reduction of GOand also an increase
in the fraction of graphene edges. After functionalization ofMnO2with rGO, the peaks at 1347.06 cm

−1 and

Figure 3. FTIR spectra ofGO, rGO, rGO/MnO2 and rGO/MnO2/PANi cotton fabrics.
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1597.47cm−1 for rGO shifted to 1341.82 cm−1 and 1607.6 cm−1 and in the case of rGO-MnO2 also the intensity
ratio has changed from1.06 to 1.025 due to the suppression of vibrating species ofMnO2 surpasses the rGO
band through stokes effect. This confirms the bonding ofMnO2 functionalization over the rGO surface and at
the same time it can be inferred that the incorporation and intercalation ofMnO2molecules intern to facilitates
theπ-π conjugation in PANiwhich in turn leads to the composite with good conductivity.

X-ray diffraction patterns of GO, rGO/cotton, rGO/MnO2/cotton, and rGO/MnO2/PANi/cotton are
shown infigure 5 (a). TheXRDpattern ofMnO2 (figure 5 (b))was similar to that offigure (a)with additional
peaks at 14.65 and 16.37which indicate that there is an in situ growth ofMnO2 layer on the rGO/cotton surface.
The diffraction peaks at 15.17 and 16.86 of 2θ value in the XRDpattern of rGO/MnO2/PANi/cotton also
confirm that PANi covered the cottonfibers completely. TheXRDpattern ofMnO2 nano particles prepared by
in situ depositionmethod is provided infigure 5(b). It shows sharp peaks 2θ at 37.17° and 66.29°, which
correspond to crystallineα-MnO2. Also, the appearance of broad peaksmay be due to the partial presence of
amorphousα-MnO2.

Figure 4.Raman Spectra of (a)Graphite andGO, (b)GO, rGO, rGO/MnO2 and rGO/MnO2/PANi coated Cotton, and (c) detailed
spectrumof rGO/MnO2/PANi coatedCotton.

Table 1. List of Raman spectra peak positions, intensities, and ID/IG ratios of different samples.

Sample

D-band position

(cm−1)
D-band

intensity

G-band position

(cm−1)
G-band

intensity

ID/IG
ratio

GO 1351.10 270.90 1602.70 267.21 1.040

GO/cotton 1341.82 870.10 1602.70 848.20 1.027

rGO/cotton 1347.06 1122.12 1597.47 1060.18 1.060

rGO/MnO2/cotton 1341.82 1448.18 1607.60 1412.40 1.025

rGO/MnO2/PANI/cotton 1338.10 186.04 1592.81 183.16 1.016
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3.2.Morphology and structure of synthesized ternary rGO/MnO2/PANi cotton fabrics
Scanning electronmicroscopic images of pure surface treated cotton (figures 6(a), (b)) andGO coated cotton
showed infigures 6 (c), (d). It is shown infigures 6(c), (d) that GO layers coated on the cotton fiber surface. After
reduction ofGO/cotton fabric, the presence of rGO sheets is clearly shown infigures 7(a), (b). Infigures 7(c),
(d), It can be seen that PANiwas attached completely to rGO,when the rGO/cotton fabric was dipped fully into
the polymerization reaction solution of aniline.MnO2 nano particles were coated on rGO/cotton textile fibers
bymixing rGO/cotton fabric withKMnO4,Mn (VII) is reduced into spherical nano particles ofMnO2 coated on
rGO/cottonwhich is shown infigures 8(a), (b). Due to high density,MnO2 layer was coated at low
concentration to facilitate electrolyte ion permeation.

Figure 5.X-ray diffraction pattern of (a)GO, rGO/cotton, rGO/MnO2/cotton, and rGO/MnO2/PANi/cotton, (b)MnO2.

Figure 6. FE-SEM images of (a), (b) pure surface treated cotton, and (c), (d)GOcoated cotton fabrics.
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Figure 7. FE-SEM images of (a), (b) rGO/cotton, and (c), (d) rGO/PANi coated cotton fabrics.

Figure 8. FE-SEM image of (a), (b) rGO/MnO2/cotton, (c), (d) rGO/MnO2-PANi/cotton fabric.
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Figure 9. (a)HAADF-STEM image of rGO/MnO2/PANi/cotton and elementmappings of (b)CKa1, (c)NKa1, (d)OKa1, (e)Mn
Ka1.

Figure 10. (a)Nitrogen adsorption and desorption isothermof rGO/MnO2/PANi/Cotton fabric electrode and (b). The Barret–
Joyner–Halenda (BJH) pore size distribution plot of rGO/MnO2/PANi/cotton fabric electrode.

Figure 11. (a)CVcurves of cotton electrodes in the potential range of –0.2–0.8 (Vversus Ag/AgCl) at a scan rate of 20mV s−1,
(b)Galvanostatic charge-discharge curves of different cotton electrodes at 1 A g−1 current density .
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PANiwas coated on rGO/MnO2/cotton through in situ polymerization and PANiwas covered the
rGO/MnO2 coated cottonfibers as thin layer, as shown infigures 8(c), (d). Because the thick coating layers
would block the diffusion of electrolyte ions to rGOandMnO2 layers which results to low capacitance of the
electrode. Finally, SEM images confirmed the transformation ofmorphology from rGO/cotton fabric to ternary
sandwich structure of rGO/MnO2/PANi/cotton fabrics.

Energy-dispersive x-ray (EDX) spectroscopywasused todetect the composition of rGO/MnO2/PANi/cotton
fabric by elementalmapping technique. Figure 9 (a) shows theHAADF-STEMimageof rGO/MnO2/PANi/cotton
fabric. Itwas observed that the presence of elementsC,N,O, andMn in rGO/MnO2/PANi/cotton fabricwhich are
shown infigures 9(b)–(e). Thepresence ofNconfirms thePANi layer coated on the cotton fabric (figure 9 (c)), and
theMn (figure 9(e)) indicates the existence ofMnO2nanoparticles. Therefore, the elementalmapping confirms the
ternary sandwichnanostructures of rGO/MnO2/PANi/Cotton.

Figure 12.The schematic of electrochemical reactionmechanism of PANi.

Figure 13. (a)CVcurves of rGO/MnO2/PANi/cotton electrode at different scan rates. (b)Galvano static charge-discharge curves of
rGO/MnO2/PANi/cotton electrode at different current density ranging from1 to 5A g−1 at potential of−0.2 to 0.8 (Vversus.Ag/
AgCl).
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The overall electrochemical performance of the synthesized electrocatalyst are directly associatedwith
specific surface area and pore diameter of the cotton samples. TheN2 adsorption and desorption isotherms of
rGO/MnO2/PANi/cotton fabric as shown infigure 10(a) results indicates that type –IVwithH3 hysteresis loop
curves between (0−1 p/po) relative pressure, which indicates the presence ofmesopores andmacropores
features in samples. The pore size distribution of the rGO/MnO2/PANi/cotton fabric was evaluated by Barret–
Joyner–Halendamodel (BJH) as shown infigure 10(b) [41].

The result shows that the pore size distributionwasmesoporous, andmacroporous existed in
rGO/MnO2/PANi/cotton and it shows that BET surface areawas 26m2 g−1. This results indicates the
polyaniline coated on theMnO2 and graphene sheet. This architecture facilitates the transportation of ions and
electrons in thematrix easily and thus enhances the electrochemical performances of the cotton electrode.

3.3. Electrochemical properties
The electrochemical properties were studied experimentally by a three-electrode cell systemwhich consisted of 1
MH2SO4 aqueous solution as electrolyte, a Pt counter electrode, rGO/MnO2/PANi cotton fabric working
electrode, and anAg/AgCl reference electrode. TheCyclic voltammetry (CV) andGalvanostatic charge-
discharge cycle were studied for the developed cotton fabric electrodes. Figure 11(a) showsCV curves of
rGO/cotton, rGO/MnO2/cotton rGO/PANi/cotton, and rGO/MnO2/PANi/cotton fabric electrodes in the
range of –0.2–0.8 V at a scan rate of 20mV s−1. The rGO/cotton electrode does not show any rectangular shape
CV curve. Thismay be due to the presence of functional groups such as –OH, –COOH,C–O–C in graphene
oxidewhichwere not removed completely in rGO. The rGO/MnO2/cotton fabric electrode also does not show
rectangular CV curve. This can be explained by the following reversible redox reactionmechanism

+ + «+ -MnO H e MnOOH 12 ( )

The charge storage ofMnO2 coated cotton electrode in aqueousH2SO4 electrolyte is caused by the
intercalation of proton during reduction (Mn4+ is reduced toMn3+) and de/intercalation upon oxidation
(Mn3+ is oxidized toMn4+) in the electrode. The rGO/MnO2/PANi/cotton electrode has pseudo-capacitance
with largest capacitive current. Thismay be due to the redox reactionmechanism of PANiwith two possible
transitions such as leucoemeraldine-emaraldine and emeraldine-pernigraniline transition [42] as shown in
figure 12. Comparedwith rGO/PANi/Cotton electrode, the difference in peak potential of
rGO/MnO2/PANi/cotton electrode is decreased and thismay be due to the redox reactions occurmore
reversibly. Infigure 11 (a), the closed area of hybrid of rGO/MnO2/PANi components coated on cotton
substrate is larger than that of rGO/cotton, rGO-MnO2/cotton, and rGO-PANi/cotton electrode. This proved
that the capacitive performance of rGO/MnO2/PANi/cotton electrode is the best among the other electrodes.

Figure 11(b) shows theGalvanostatic charge-discharge curves of rGO/cotton, rGO/MnO2/cotton, and
rGO/MnO2/PANI/cotton electrodes at the discharge current density of 1.0 A g−1 in the potential range

Figure 14.Dependence of Areal and volumetric specific capacitance on current density (1–25A g−1) of rGO/MnO2/PANi/cotton
electrode.
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between−0.2 and+0.8 V versus Ag/AgCl. It can be seen that all the electrodes show an asymmetric curves of
charge-discharge cycles, which indicate the electrodes are pseudocapacitors.

The specific capacitance is calculated by equation (2)

=
D
D

C spec
I t

m V
2( )

Where,Cspec is the specific capacitance (F g
−1), ‘I’ is the charge-discharge current density (Ag−1), ′Δt′ is the

discharge time (s), ‘m’ is themass of activematerial in theworking electrode (g), and ¢D ¢V is the potential
window (V). TheCspec of developed cotton electrodes was calculated. TheCspec of rGO/MnO2/PANi/cotton
electrode is 888 F g−1 at 1.0 A g−1 current density, which ismuch higher compared to (136 F g−1) of rGOand
(523 F g−1) of rGo/MnO2. The specific capacitance of rGO/MnO2/cotton electrode is improved because of the
contribution of pseudocapacitive behavior fromMnO2. Further, the addition of PANi coating layer to
rGO/MnO2/cotton drastically enhance the capacitance. Thismay be due to the synergic effect of PANiwith
rGO andMnO2. It can be explained that a thin PANi coating layer acts as a protective layer on
rGO/MnO2/cotton fabric to restrainMnO2 nanoparticles and rGO fromdissolution inH2SO4 acidic
electrolyte.

Figure 13(a) showsCV curves of rGO/MnO2/PANi/cotton electrode at scan rates ranging from5mV s−1 to
100mV s−1. There is some redox peaks observed due to the pseudo capacitance by the presence ofMnO2 and
PANi. It is observed that the cathodic peaks shift to positive side and the anodic peaks shift to negative sidewhen
the scan rate increases from5 to 100mV s−1, due to the resistance of the electrodematerial. TheGalvanostatic
charge-discharge curves of rGO/MnO2/PANi/cotton electrode at different current ranges between 1.0 and
5A g−1 is shown infigure 13(b).

The dependence of areal and volumetric specific capacitances on current density range of 1–25Ag−1)of rGO/
MnO2/PANi/cotton electrodewith the size of 2 cm2 area and 0.05 cm thicknesswas then studied (figure 14). The
maximal areal and volumetric specific capacitance of 444.0 F cm−2 and 403.6 F cm−3 at current density of 1A g−1

Figure 15.Nyquist plots of (a) rGO/Cotton, (b) rGO/MnO2/Cotton, and (c) rGO/MnO2/PANi/Cotton fabric electrode.
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decreased to 125.0 F cm−2 and 114.5 F cm−3 at current density of 25A g−1 respectively. This shows that an increase
in current density decreases the specific capacitance gradually of rGO/MnO2/PANi/cotton electrode.

Themain objective of the Electrochemical Impedance Spectroscopic studies is to evaluate ion diffusions in
the electrode and electrolyte interface. The electrochemical impedance and resistance of the electrodematerial
can be represented byNyquist plot (figure 15). It is the sumof real (Z′), and imaginary (Z″) components which
represent the resistance and capacitance of the electrode, respectively. The shape ofNyquist plot includes a
semicircle region lying on the Z′-axis followed by a straight line. The semicircle region represents the electron-
transfer-limited process and the straight line region corresponds to the diffusional-limited electron-transfer
process.

FromNyquist plots (figures 15(a)–(c)), rGO/cotton showsa semicircle at high frequency regionwhich is
followedby a straight line at low frequency region. The rGO/MnO2/cotton also forms a semicircle at low frequency
and thismaybedue to the addition ofMnO2. It can beobserved that the rGO/MnO2/PANi/cotton fabric electrode
displays a semicircle at high frequency region and amore vertical straight line at low frequency region compared to
rGO/Cotton and rGO/MnO2/cotton electrodes. This indicates that rGO/MnO2/PANi/cotton electrode has low
Faradaic charge transfer resistances and a faster ion (H+)diffusion ratewhich leads thematerial to have better
capacitive behavior. The resistance of rGO/cotton, rGO/MnO2/cotton, and rGO/MnO2/PANi/cottonwere
measured to be 100.0Ω, 26.0Ω, and 6.0Ω respectively. Therewas a decrease in resistance observeddue to the
additionofMnO2 andPANi to rGO/cotton electrode.

Galvanostatic charge/discharge curve (figure 16(a)) of cotton electrodewas recorded at a discharge current
density of 2A g−1 for 12000 seconds. Figure 16(b) shows the specific capacitance of rGO/MnO2/PANi/cotton
electrode at different discharge currents ranging between 1 and 25A g−1. It can be seen that the specific
capacitance decreases from888 F g−1 to 252 F g−1 with increasing current density (1.0 A g−1 to 25.0 A g−1).

Figure 16. (a)Galvanostatic charge/discharge curves of rGO/MnO2/PANi/cotton electrode at current density of 2 A g−1 at potential
of−0.2 to 0.8 (Vversus.Ag/AgCl), (b)Plot of specific capacitance of rGO/MnO2/PANi/cotton electrode at different discharge
currents (1–25A g−1) in 1MH2SO4 aqueous electrolyte solution, and (c)Cycling stability of rGO/MnO2/PANi/cotton electrode at a
current density of 15A g−1.
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Table 2.Comparison of electrochemical properties between as-fabricated rGO/MnO2/PANI electrode and reported electrodes in literature.

Electrodematerial Specific capacitance Current density/Scan rate Electrolyte (M) Stability (cycles) References

rGO/CCF 87.53mF cm−2 2.0mV s−1 (scan rate) 6MKOH 89.82% (1000) [6]
MnO2/rGO@C 329.4mAh g−1 100mA g−1 Ethylene carbonate (EC)-dimethyl carbonate (DMC)-diethyl carbonate (DEC) (1:1:1) 93.7% (70 ) [7]
PANI/RGO/PETC 1293 F g−1 1 A g−1 H2SO4 (1mol l−1) 95% (3000) [14]
Graphene/Cotton 40 F g−1 0.85 A g−1 Na2SO4 (1mol. l−1) 90% (1000) [15]
RGO/Cu2O/TiO2 80 F g−1 0.2 A g−1 6MKOH 100% (1000) [21]
PANi/GR 922 Fg−1 10mV s−1 (scan rate) 1MH2SO4 90% (1000) [30]
PANI-HS36@ERGO 614 F g−1 1.0 A g−1 1MH2SO4 90% (500) [31]
PANi-g-rGO 250 F g−1 10mV s−1 (scan rate) 1MH2SO4 — [33]
GO/PANI 425 F g−1 0.2 A g−1 1MH2SO4 83% (500) [34]
RGO/PANi 361 F g−1 0.3 A g−1 1MH2SO4 80% (1000) [36]
RuO2/GNs 365 F g−1 20mV s−1 (scan rate) 1MH2SO4 90% (6000) [37]
rGO/MnO2/PANi/cotton 888 F g−1 1.0 A g−1 1MH2SO4 70% (3000) at 15 A g−1 This work
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The comparison between as fabricated electrode and the other electrodematerials for supercapacitors
reported in literature is shown in table 2. The obtained specific capacitance of 888 F g−1 at a current density of
1 A g−1 is higher than the reported rGO/cotton based electrode in literature [31]. Also, the long-cycle stability of
supercapacitor is an important requirement for energy storage applications. Figure 16(c) shows the curve of
specific capacitance versus cycle number. The rGO/MnO2/PANi/cotton electrode retains around 70%after
3000 cycles at a high discharge current of 15A g−1. This shows that the ternarymaterials coated cotton electrode
has higher cycling stability even at high discharge current density. Therefore, the rGO/MnO2/PANi/cotton
electrode can be an excellent electrodematerial for supercapacitors in energy storage application.

4. Conclusion

In this work, the unique ternarymaterials rGO/MnO2/PANi coated cotton electrodes have been successfully
fabricated by step-wise synthesis procedure. The electrochemical studies of rGO/MnO2/PANi/cotton electrode
confirm that PANi layer can protect rGO andMnO2 particle on cotton surface and also increase the specific
capacitance of the electrode. The fabricated rGO/MnO2/PANi/cotton fabric as working electrodewas tested in
a three electrode electrochemical cell with 1MH2SO4 electrolyte for energy storage application. For the
rGO/MnO2/PANi/cotton electrode, themaximum specific capacitance value of 888 F g−1 andminimumof
250 F g−1 was achieved at the current density of 1.0 A g−1 and 25A g−1 respectively. It retained around 70%of
initial specific capacitance after 3000 charge-discharge cycles at high discharge current of 15A g−1, which
demonstrates the ternarymaterials coated cotton electrodewith excellent specific capacitance and good cycle
stability. This proves that rGO/MnO2/PANi/cotton fabric will be the suitable electrodematerial for
supercapacitor in energy storage applications.
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