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Abstract. A novel electrode material for supercapacitor has been developed based on biochemically reduced graphene
oxide/zerovalent iron (rGO/Fe0) and polyaniline (PANI) ternary hybrid composite synthesized by interfacial polymerization. The composites were characterized by Fourier transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM), ultraviolet–visible absorption (UV–Vis), X-ray diffraction (XRD), X-ray photoelectron spectrum
(XPS) and electrical conductivity measurements. The composites exhibited noticeable improvement in electrical
conductivity and excellent electrochemical reversibility when compared to bare polymer. The electrochemical properties
of the composite electrode are investigated by galvanostatic charge–discharge, electrochemical impedance spectroscopy
(EIS) studies. The enhanced specific capacitance with higher conductivities is observed in PANI/rGO/Fe0 (342 F g-1)
when compared with PANI (182 F g-1) and PANI/rGO composites (294 F g-1) with a constant current density of 1.0
A g-1. The cyclic stability of the composite, following 500 cycles of operations, was at 68.6 (PANI), 80.6 (PANI/rGO)
and 95.4% (PANI/rGO/Fe0) of their initial capacitance. The higher conductivity, higher specific capacitance and cyclic
self-stability of PANI/rGO/Fe0 ternary composite can provide new prospects in the field energy storage application.
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Introduction

In recent years, the rising of environmental crisis due to
carbon dioxide emission and depletion of fossil fuels; leads
to the development of efficient, low-cost, environment
friendly and sustainable energy storage devices, such as
supercapacitors, fuel cells, high-energy batteries, etc.,
which has become one of the greatest challenges for the
researchers [1–3]. Electrochemical supercapacitors are
considered as one of the next generation energy-storage
devices owing to its high-power density, fast charging–
discharging, excellent cycling performance and long lifetime [4–6].
Reduced graphene oxide (rGO) bearing various oxygen
functional groups on their basal planes and edges, has
received a rapidly growing research interest [7–16].
Though, electrical conductivity of rGO individually is very
poor, the fabrication of rGO in electrically active material is
limited by the presence of highly electrical resistant groups
like carboxyl, hydroxyl, or epoxy in rGO sheets. Many
researchers have tried to combine the GO with various

metal nanoparticle-based binary composites or their ternary
composites with conducting polymers for improving their
electrical and electrochemical properties [17–33].
Various attempts have been made to develop efficient
electronically conducting polymer (viz. polyaniline, polypyrrole, polythiophene, etc.)-based electrode materials in
supercapacitors. In the family of various conducting polymers, polyaniline is one of the most promising conducting
polymers for supercapacitors due to its high conductivity,
multi-redox behaviour, low-cost and high flexibility,
tremendous environmental and chemical stabilities [34–36].
There is another major challenge in the research and
development for using zero valent iron (Fe0) for the
preparation of suitable composites due to rapid aggregation
[37] and short lifespan in water because the Fe0 nanoparticles are oxidized easily to form external oxide layers [38].
To overcome these issues, the modification/stabilization of
Fe0 in composite materials followed by enhanced mobility
and stabilized reactivity is considered essential. Recently,
porous carbon material, such as rGO with conducting
polymers have attracted much attention as supporters,
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owing to their high surface area and specific channel
structure that could prevent oxidation and aggregation [39].
Herein, we report a new green route of preparation and
surface modification of conducting polyaniline (PANI)based biochemically reduced rGO/Fe0 ternary hybrid composite in which rGO and Fe0 nanoparticles are fabricated on
the surface of polymerization. To the best of our knowledge, no previous work has been reported for preparing
PANI/rGO/Fe0 ternary composites by this route. The rGO/
Fe0-incorporated PANI composites are achieving good
improvement in thermal, electrical, optical and electrochemical properties. The introduction of less amount of
rGO/Fe0 into PANI is found to greatly enhance the properties of pristine polymer.

2.
2.1

Experimental
Chemicals

Aniline was obtained from Aldrich Co. and used without
further purification. The natural graphite flake of size
(crystalline, 300 mesh, Alfa Aesar) from Shankar Graphites
& Chemicals, New Delhi, India. Hydrochloric acid (HCl),
sulphuric acid (H2SO4), nitric acid (HNO3), sodium nitrate
(NaNO3), potassium permanganate (KMnO4), hydrogen
peroxide (H2O2), ferric chloride (FeCl3) and potassium
persulphate (K2S2O8) were of analytical reagent grade
chemicals (Merck) and used as received. Acetonitrile was
obtained from Merck and purified by standard methods. For
all the purposes, double-distilled water was used.

2.2

Preparation of tea leaf extract, GO and rGO

The fresh tea leaves used in this work were collected from
local tea garden in Assam, a north eastern state of India.
Two grams of crushed dried tea leaves were boiled with 100
ml of distilled water at 80°C for 1 h in 500 ml flask under
reflux condition. The prepared solution was filtered to
obtain tea leaves extract (figure 1a).
Graphene oxide (GO) was prepared from natural graphite
powder using Hummers’ method published elsewhere [15].
For purification, the final yellow brown coloured solution
(figure 1b) was left for 24 h to settle down and then, water
was drawn out and the precipitate was washed by rinsing
and centrifuged with 0.1 N HCl, followed by distilled water
for several times. Finally, the precipitate was dried at 50°C
under vacuum and the GO was obtained as a grey powder.
The GO solution (0.5 mg ml-1) was mixed with tea leaf
extract solution in a ratio of 1:1 (volume ratio) in 500 ml
flask and the mixture was then homogeneously heated to
90°C using water bath under reflux condition for 1 h. After
about 15 min of heating, the colour of the solution gradually
changes from brown to black which indicates the beginning
of reduction of GO. When the solution becomes dark black

Figure 1.
solution.

(a) Tea leaf solution, (b) GO solution and (c) rGO

(figure 1c), it indicates the complete reduction of GO and
the formation of rGO.

2.3

Preparation of PANI

Eight hundred milligrams of aniline and 20 ml of chloroform were mixed in a 50 ml beaker (solution A) and in
another beaker, 2 g of initiator (FeCl3) was dissolved in 10
ml of water and sonicated for 15 min (solution B). Solution
B was added dropwise into solution A and a dark green
coloured composite film developed gradually at the interface of these immiscible phases. The reaction was allowed
to proceed for 24 h for completion. As the reaction progressed, the reaction mixture gradually turned black. The
resulting mixture was then filtered, washed with water and
ethanol several times and dried.

2.4

Preparation of PANI/rGO composite

Six grams of GO and initiator (0.5 g of FeCl3) were dispersed in 20 ml of H2O by sonication for 30 min. In another
beaker, 0.8 ml aniline was dissolved in 20 ml chloroform
and then, to this organic mixture, aqueous dispersion was
added dropwise. A dark green coloured composite film
developed gradually at the interface and after 30 min, 15 ml
of tea leaf extract was added under N2 atmosphere. As the
reaction progressed, the mixture became black and the
reaction was allowed to proceed for 24 h for the completion
of reduction of GO. Finally, the resulting mixture was
filtered and washed with ethanol and water several times
and the black solid was collected. The product was dried in
vacuum to get PANI/rGO.

Bull. Mater. Sci.

(2021) 44:252

Page 3 of 9

2.5 Preparation of PANI/rGO/Fe0 ternary hybrid
composite
In this process, first, required amounts (6 g) of GO and
FeCl3 were dispersed in 20 ml of H2O by sonication for 30
min. In another reaction vessel, aniline monomer (0.8 ml) is
dissolved in 20 ml chloroform which formed the organic
phase. Then, to this organic mixture, aqueous dispersion
was added dropwise. A dark green coloured composite film
developed gradually at the interface of these immiscible
phases. After 30 min, 15 ml of tea leaf extract was added to
the above solution under N2 atmosphere which led to the
formation of rGO and reduced form of iron (Fe0) on the
matrix of polymer. As the reaction progressed, the mixture
became black and the reaction was allowed to proceed for
24 h for the completion of reduction of GO and the
remaining FeCl3. Finally, the resulting mixture was filtered
and washed with ethanol and water for several times and the
black solid was collected. The product was dried in vacuum
to get PANI/rGO/Fe0 composite.

2.6

Preparation of supercapacitor electrodes

About 5 mg of the prepared composite was mixed with
Nafion solution coated by stainless-steel net with 1 cm2 area
and then, dried at 100 °C for 10 h and was used as a
working electrode. Supercapacitor setup was designed by
using a separator immersed in 1 M H2SO4 electrolyte
solution placing between tightly pressed two electrodes and
stainless-steel wires were used as current collectors.

2.7

Characterization

Fourier transform infrared (FTIR) spectra were analysed by
Impact 410, Nicolet, USA, in a frequency range of 4000–
500 cm-1. X-ray diffraction (XRD) analysis was performed
using Rigaku X-ray diffractometer at the scan rate of 0.05 h
s-1. Raman analysis was carried out by Nanofinder 30
confocal Raman employing He–Ne laser beam (k = 532
nm). Scanning electron microscope (SEM) analysis was
taken by JSM-6390LV, JEOL, Japan. The ultraviolet–
visible (UV–Vis) absorption spectroscopy of the samples in
1-methyl-2-pyrrolidone solvent was recorded using Shimadzu UV-2550 UV–Vis spectrophotometer. X-ray photoelectron spectrum (XPS) was performed at ACMS, IIT
Kanpur, on an XPS-AES module, model: PHI 5000Versa
Prob II, FEI Inc. The electrical conductivity of the samples
was measured with a Four-probe method (300 K B T B 413
K) using the following equations:
Resistivity ðq; ohm-cm) ¼ ðV=IÞ 2pd;

ð1Þ

Conductivity ðr; S cm1 Þ ¼ 1=q;

ð2Þ

where V is the applied voltage, I the measured current and
d the distance between the probes.
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Current–voltage (I–V) characteristics of the prepared
samples were recorded by Keithley 2400 source meter at the
room temperature in the frequency range of 102–106 Hz and
at the scan rate of 0.1 V s-1. The electrochemical behaviour
of the prepared samples was studied using Sycopel AEW210 cyclic voltammeter.
2.7a Electrochemical analysis: Cyclic voltammetry (CV) of
the sample was studied using Sycopel AEW2-10 cyclic
voltammeter at scan rates between 10 and 100 mV s-1 and it
was performed in a three-electrode cell where the composite,
platinum and saturated calomel electrode (SCE) electrodes
were used as a working, counter and reference electrodes,
respectively. The galvanostatic charge–discharge test was
performed in a two-electrode system by Autolab
PGSTAT302N with the current density range between 1 and 6
A g-1. Specific capacitance (CS) was measured from the
charge–discharge method by the following equation [29]:
CS ¼ ðI  St Þ=ðm  SV Þ;

ð3Þ

where I, St, SV and m are the discharge current, discharge
time, voltage drop and the weight of active material (5 mg)
per electrode, respectively. Electrochemical impedance
spectroscopy (EIS) was performed using Gamry EIS300
analyzer with the frequency range of 10-1–105 Hz (AC
voltage, 5 mV).

3.
3.1

Results and discussion
FTIR analysis

FTIR spectra of GO, rGO, PANI and PANI/rGO/Fe0 composites are revealed in figure 2. In GO, the characteristic
O–H peak at 3430 cm-1, strong C=O peak in carboxylic
acid and carbonyl moieties at 1720 and 1630 cm-1,
respectively, are shown. C–OH peak at 1395 cm-1 and the
appearance of the peak at around 1070 cm-1, confirm the
presence of epoxy group in GO. In the FTIR spectrum of
rGO, the peaks at 1630 and 3426 cm-1 represent carbonyl
moieties and O–H stretching vibration, respectively. Disappearance of the peak for carbonyl group at 1720 cm-1
indicates that GO is reduced to rGO.
PANI shows peaks at 3450 and 1420 cm-1 due to the
N–H and C–N stretching vibrations of aniline. The peak at
2930 cm-1 corresponds to aromatic sp2 CH stretching. The
C=C stretching deformation of the quinoid ring in the
emeraldine salt and benzenoid rings in leucoemeraldine are
depicted at 1728 and 1630 cm-1, respectively. FTIR spectrum of the composite shows peaks associated with both
PANI and rGO. The presence of PANI characteristic
vibrations, suggesting PANI can be successfully deposited
on the rGO/Fe0 surface. The shifting of the peaks towards
lower wavelength with low peak intensity for the composite
compared to pure PANI signifies successful inclusion of
rGO/Fe0 in PANI matrix.
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Figure 2.
rGO/Fe0.
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FTIR of (a) GO, (b) rGO, (c) PANI and (d) PANI/

X-ray diffraction

Figure 3 shows XRD pattern of PANI, GO and PANI/rGO/
Fe0 composites. A characteristic broad peak of amorphous
PANI was observed at about 2h = 25.8°. The XRD pattern
of GO, a broad reflection with peak at 2h = 13.1° corresponding to the (0 0 1) diffraction peak, which indicates a
typical loose layer-like structure. The 2h value corresponds
to an interlayer spacing (Ic) of about 0.63 nm, which might
depend on the method of preparation and on the number of
layers of water in the gallery space of the material. This
indicates the formation of layer-like GO sheets.
For the PANI/rGO/Fe0 composite, the sharp peaks are
observed where the characteristic peaks of PANI at 26.9°
and the diffraction peaks at 2h = 55.2° match the (111) and
(222) planes of rhombohedral system with rhomb-centred
lattice (ref. no. PCPDFWIN 75-2078 and calculated from
ISCD using POWD-12?? (1997)). The crystalline peaks
observed in the composite are due to the dominant crystalline nature of rGO and Fe0 particles. This indicates the
successful incorporation of rGO, iron over polymer matrix.

3.3
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Raman analysis

Figure 4 shows the Raman spectra of PANI/rGO/Fe0 composite and rGO sheets. In rGO, the corresponding peaks for
D and G bands appear at 1328 and 1590 cm-1, respectively.
The peak intensity ratio between D and G bands (ID:IG) is
found to be 1.19 for rGO which indicates that the defect
structures are present and it was retained due to the removal

Figure 3. XRD analysis of (a) PANI, (b) GO and (c) PANI/rGO/
Fe0 composites.

Figure 4.
(b) rGO.

Raman spectra of (a) PANI/rGO/Fe0 composite and

of functional groups during reduction. The characteristic
peaks for PANI at 980 cm-1 for polaron and 930 cm-1 for
bipolaron structure of PANI confirm that PANI is present in
the composite. Moreover, shifting of the D and G bands to
1335 and 1610 cm-1 in the composite indicates the p–p
interaction between the two components. The intensity
ratio, ID:IG of the composites was calculated to be 1.14,
which indicates the presence of localized sp3 defects in the
sp2 carbon network structure. The results are well-consistent with FTIR results.
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SEM study

The surface morphology of PANI, rGO and PANI/rGO/Fe0
composites were investigated by scanning electron micrographs of their powdered sample (figure 5). Pure PANI
displays a randomly aggregated different crystal-like
structures (figure 5a) and the flaky, layer-like structure of
rGO is distinctly observed in SEM micrograph (figure 5b).
In PANI/rGO/Fe0 composite, the morphological change
clearly observed confirms the formation ordered PANI
chain on the surface of the rGO/Fe0 sheets.

3.5

XPS analysis

XPS spectrum of the composite (figure 6) shows the binding
energy peaks of Fe2p centered at 711, 722 and 725 eV
corresponding to 2p3/2 and 2p1/2, of oxidized iron, i.e.,
(Fe(III)). Since in aqueous solution, Fe0 reacts with water
and dissolved oxygen, there is a possibility of production of
iron oxide (viz., ferrous hydroxide, ferric hydroxide, oxyhydroxides, lepidocrocite, maghemite and magnetite)
depending on the redox as well as pH of the aqueous
solution [40].

3.6

Figure 6.

XPS spectra of PANI/GO/Fe0.

UV–Vis analysis

Figure 7 represents the UV–Vis absorption spectra of the
PANI, PANI/GO and PANI/rGO/Fe0 composites recorded
in NMP. The PANI/rGO/Fe0 composite shows an intense
absorption peak at 315–320 nm and a broad peak at around
510–528 nm. The first absorption bands are related to the
molecular conjugation (p–p* transition), while the second
absorption peak assigned to the polaron state of PANI in the
synthesized PANI/rGO/Fe0 composites. However, all the
PANI bands in PANI/rGO/Fe0 composites and the red shift
due to the interaction of rGO and Fe0 particles into PANI
matrix have been observed.
Absorption spectra of the polymers also enable to provide
important information regarding its optical band gap.
Attempts have been made to determine the optical band gap
using the following equation.

Figure 7. UV–Vis spectra of (a) PANI, (b) PANI/rGO and
(c) PANI/rGO/Fe0.

Egopt (eV) ¼ 1240=kedge ðnmÞ;

ð4Þ

where Egopt is the optical band gap of polymers and kedge is
the absorption edge. The optical band gap of PANI, PANI/

Figure 5. SEM images of (a) PANI, (b) rGO and (c) PANI/rGO/Fe0.
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rGO and PANI/rGO/Fe0 are found to be 3.31, 2.43 and 2.35
eV, respectively.

3.7

Electrical conductivity

The conductivity of pristine PANI, PANI/rGO and PANI/
rGO/Fe0 composites was varied widely in the range of
0.031–62 S m-1 (table 1) with increased temperature. The
conductivity decreases with increase in temperature up to
323 K, may be due to the removal of solvent and increases
from 323 to 413 K, shows semiconducting behaviour of the
polymer composites.

3.8

Electrochemical properties

3.8a CV study: CV test was conducted in a three-electrode
system in 1 M H2SO4 electrolyte within a voltage range
from -0.4 to 0.8 V (scan rate, 50 mV s-1). Figure 8
illustrates the CV of PANI, rGO and PANI/rGO/Fe0 composite electrodes where rGO shows ideal electric doublelayer (EDL) like capacitive behaviour with rectangular CV
curve with very small area of the CV curve which may be
due to the compact structure of rGO. In PANI, the CV curve
exhibits reduction and oxidation peaks at around -0.33 and
?0.45 V, respectively, indicating the pseudocapacitive
nature of the polymer. In the ternary composite, a larger
area with almost rectangular shaped cyclic voltammogram
which indicates the ideal EDL capacitive nature as well as
better charge transport behaviour than that of the pristine
PANI and rGO.
Figure 9 shows the effect of scan rate (10–100 mV s-1)
on the electrochemical behaviour of PANI/rGO/Fe0 composite. As the scan rates increased from 10 to 100 mV s-1,
the slight negative and positive shifts of reduction and
oxidation peaks, respectively, were observed which could
be mainly due to the resistance of the electrode [41]. The
clear redox peaks with every scan rate indicated its excellent rate capability as well as electrochemical behaviour in a
wide range of scan rates.

Table 1. Conductivity of PANI and composites at various
temperatures.
Conductivity (S m-1)
Temperature (K)

PANI

PANI/rGO

PANI/rGO/Fe0

300
323
343
363
373
393
413

0.031
0.037
0.039
0.045
0.046
0.053
0.054

5.30
3.01
5.13
9.60
11.70
21.30
26.23

23.04
16.08
24.50
33.60
37.30
52.80
62.00

Figure 8. Cyclic voltammogram of (a) rGO, (b) PANI and
(c) PANI/rGO/Fe0 in 1 M H2SO4 electrolyte at a scan rate of
50 mV s-1.

Figure 9. CV curves of PANI/rGO/Fe0 at various scan rates of
10, 20, 30, 50 and 100 mV s-1.

3.8b EIS study: EIS study of electrodes in the form of
Nyquist plots were obtained and fitted in the range of 20
kHz–100 mHz in 1.0 M H2SO4 (figure 10). The EIS diagrams showed nearly straight line at low frequency with a
small, distorted semicircle at high frequencies. The
diameter of the semicircle reveals the charge transfer
resistance in PANI, and the nearly vertical line demonstrates the pseudocapacitive nature of PANI/rGO/Fe0
composites [42]. The lack of a separate semicircle in the
diagrams represents a small charge transfer resistance at
the electrode/electrolyte interface of the composite. In the
Nyquist diagrams, the linear part of it, is closer to a vertical line along the imaginary axis and followed the order:
PANI/rGO/Fe0 [ PANI/rGO [ PANI. This suggests that
the ternary composite electrode is more capacitive than the
PANI/rGO and PANI electrodes which is consistent with
the CV results.
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Nyquist plots of PANI, PANI/rGO and PANI/rGO/Fe0 composites.

3.8c Galvanostatic charge–discharge study: Figure 11
shows the galvanostatic charge/discharge curves of PANI,
PANI/rGO and PANI/rGO/Fe0 at a constant current density
of 1 A g-1. The specific capacitance values of polymers and
polymer nanocomposites electrodes from galvanostatic
charge–discharge curves were calculated. The specific
capacitance in PANI, PANI/rGO and PANI/rGO/Fe0
electrodes was observed as 182, 294 and 347 F g-1,
respectively. The ternary composites exhibit a nearly triangular shape in the charge–discharge curve and a longer
discharge time compared to pure PANI and PANI/rGO
composites at the same current density, implying the combined EDL and the pseudocapacitances of PANI and PANI/
rGO, respectively.
The higher specific capacitance values of composite
when compared to polymer and PANI/rGO under the same
current density may be due to the oxidation–reduction
reaction of polymer by highly conductive rGO/Fe0 sheets
and also due to the p–p interaction between the rGO/Fe0
layer and polymer which may contribute to extend the
conjugation length of the composite which allows the

counter ions to readily penetrate into the polymer matrix
and access their internal surface.
The effect of current density on capacitance values of the
prepared composite was also examined (figure 12). On
increasing current density from 1 to 6 A g-1, the capacitance behaviour of the ternary composite decreased from
347 to 289 F g-1 (83.2% retention), whereas the PANI and
PANI/rGO binary composites showed 64.6% (182 to 118 F
g-1) and 86.7% (294 to 255 F g-1) capacitance retention,
respectively. The enhanced capacitance of the ternary
composite may be due to the large surface area of the rGO
and Fe0 with high conductivity which may increase the
charge-transport behaviour and favours ionic movements
during discharging [34].
The cycling stability during long-term charging/discharging cycle with a scan rate of 50 mV s-1 was studied
(figure 13). Here, only 4.6% loss in the capacitance (from
347 to 331 F g-1) during 500 charge/discharge cycles at
1 A g-1 current density was found to be in PANI/rGO/Fe0
ternary composite, whereas PANI/rGO loses 19.4% of its
capacitance (from 294 to 237 F g-1) and the pure PANI
loses 31.4% in the capacitance (from 182 to 155 F g-1) at
the same conditions. The rGO and Fe0 may restrict the
shrinking and swelling of polymer during charge/discharge

Figure 11. Galvanostatic charge/discharge curves of (a) PANI,
(b) PANI/rGO and (c) PANI/rGO/Fe0 composites (current density
1 A g-1).

Figure 12. Specific capacitances of (a) PANI/rGO/Fe0,
(b) PANI/rGO and (c) PANI at different discharging current
densities.
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Figure 13. Cycling stability of (a) PANI/rGO/Fe0, (b) PANI/
rGO and (c) PANI up to 500 charge/discharge cycles (current
density, 1 A g-1).

cycling which result in the better electrochemical stability
of the composite than that of the pristine polymer.

4.

Conclusion

The PANI/rGO/Fe0 composites have been successfully
synthesized via interfacial polymerization through reductive
deposition of rGO and Fe0 onto the PANI and were found to
be promising candidates for capacitor electrode. The FTIR
and XRD reveal the interaction between rGO, Fe0 and
PANI. Charge–discharge measurements, EIS and CV were
performed to characterize these materials as supercapacitor
electrodes and the resulting data shows pronounced electrochemical activity, i.e., high conductivities, good
reversibility and low current densities compared to pure
PANI and binary PANI/rGO composites. This may be due
to the large surface area of rGO sheets and Fe0 nanoparticle
that exists within the polymer matrix. High specific
capacitances are achieved for PANI/rGO/Fe0 composite
(342 F g-1) when compared with PANI (182 F g-1) and
PANI/rGO composites (294 F g-1) at a constant current
density of 1.0 A g-1. Furthermore, the ternary composite
showed better electrochemical stability after 500 charging/
discharging cycles (95.4% capacitance retained) than that of
the binary PANI/rGO composite (80.6% capacitance
retained) and pure PANI (68.6% capacitance retained).
Considering their improved conductivity, capacitance
behaviour and cyclic self-stability, the PANI/rGO/Fe0
ternary composite can provide new prospects in the field
energy storage application and supercapacitor application.
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