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In this work, ternary nanocomposites of iron (II and III) oxides/reduced graphene oxide/polypyrrole (iron oxide/rGO/PPy) have
been prepared as the electrode materials of the supercapacitor. These nanocomposites were prepared via a facile two-step process
including, the synthesis of iron oxides/rGO binary nanohybrids by a one-pot chemical-microwave method and in situ oxidative
polymerization. The morphological and structural characterizations of these nanocomposites were demonstrated decoration of the
iron oxides on GO sheets and proper formation of iron oxide/rGO/PPy ternary nanocomposites. The electrochemical performance
evaluation of the samples revealed charge storage mechanisms in both the binary and ternary nanocomposites. A high specific
capacitance of 626.8 F g−1 was obtained for the Fe2O3/rGO/PPy nanocomposite at a constant current density of 1 A g−1 in a 1 M
H2SO4 solution electrolyte. This high specific capacitance (vs 158.2 F g−1 for Fe3O4/rGO/PPy) can be assigned to the attendance of
both electrical double-layer capacitance (EDLC) and pseudocapacitance mechanisms in its charge storage. The Fe2O3/rGO/PPy
nanocomposite revealed the highest energy density of 87.05 Wh kg−1 with a corresponding power density of 500 W kg−1. The
frequency dependence and relaxation time constant investigation of these ternary nanocomposites revealed an ideal capacitive
behavior at very low frequency and resistive behavior at the higher frequencies.
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In recent years environmentally friendly energy storage devices
such as full cells, rechargeable batteries, and supercapacitors have
developed.1–4 Among them, supercapacitors have become of great
interest due to their superior properties, such as rapid charge/
discharge process, high power density, and long cycle life.2,5,6

Supercapacitors in terms of charge storage mechanisms are classified
to (i) EDLCs where electrolyte ions are adsorbed onto the surface of
an electrode, and (ii) pseudocapacitors where the charges are stored
by fast and reversible faradaic reactions.2,7

Typically, the electrode materials of supercapacitors can be
classified into: carbonaceous materials,6,8 transition metals (metal
nitrates, oxyhydroxides, sulfides or oxides),9–11 and conducting
polymers.12,13 Among of carbon-based materials, graphene, with a
2-dimensional structure of carbon atoms with an sp2-hybridized, has
a high theoretical specific surface area and excellent electrical
properties.14 It exhibits a good EDLC, but the agglomeration and
weak mechanical stability of graphene sheets limit the energy
density and cycling stability of supercapacitors.15 The transition
metal oxides are a proper candidate to improve the energy density of
graphene-based supercapacitors. Some transition metal oxides (such
as WO3, MoO3, Nb2O5, RuO2, NiO, Fe2O3, CoO, Co3O4, MnO2, and
V2O5) display excellent pseudocapacitance behavior and that can
avoid re-agglomeration of graphene sheets in their composite with
graphene oxide (GO).16 These metal oxides mostly have high
theoretical capacitance, while suffer from poor electrical conduc-
tivity and low cycling stability.16 To solve the low-conductivity
problem of these materials, conducting polymers (such as poly-
pyrrole, polyaniline, and poly(3,4-ethylene dioxythiophene)) are an
ideal candidate. Moreover, conductive polymers have the advantage
of rapid faradaic reactions and high theoretical capacitance.7

However, poor cycling stability of the conductive polymers is their
main drawback.17 To overcome this problem, some ternary gra-
phene-based composite electrodes have been recently
proposed.11,17–20 For example, the flexible PPy/GO/ZnO

nanocomposite as supercapacitor electrodes showed a specific
capacitance of 94.6 F g−1 at 1 A g−1.7 Also, the specific capacitance
for one-step synthesis of graphene oxide/PPy/silver ternary nano-
composite was reported 370.6 F g−1.21 A maximum specific capa-
citance of 404 F g−1 was reported for a hierarchical
MnO2/PPy/reduced graphene oxide (rGO) hybrid composite elec-
trode, attributing to the strong synergistic effects of their
components.15 Furthermore, Graphene/SnO2/Polypyrrole nanocom-
posite was prepared as a supercapacitor electrode material, and its
specific capacitance reached 616 F g−1 at a sweep rate of
1 mV s−1.22

Among the transition metal oxides, iron oxides, due to their high
theoretical capacitance, facile synthesis, non-toxic, and eco-friendli-
ness are widely used for energy storage applications.20,23 Zhu et al.
decorated Fe2O3 on rGO platelets as an anode material for Lithium-
ion batteries.23 Magnetite (Fe3O4) was synthesized and decorated on
graphene sheets using ammonium peroxydisulfate as an initiator and
microwave irradiation by Vadahanambi et al.24 Also, Moyseowicz
et al. reported a two-step synthesis of PPy/Fe2O3/rGO composite as
an electrode material for supercapacitor. This electrode material
exhibited a specific capacitance of 140 F g−1 and capacitance
retention of 93% after 5000 cycles at a current density of 1 A g−1,
respectively.17

In the present work, the iron oxides in the configuration of iron
oxides/rGO binary nanohybrid and iron oxides/rGO/PPy ternary
nanocomposite have been prepared as the supercapacitor electrode
materials. Fe2O3/rGO and Fe3O4/rGO binary nanohybrids are
synthesized by a one-pot chemical-microwave method. In the next
step, iron oxide/rGO/PPy ternary nanocomposites are prepared using
in situ polymerization of pyrrole onto the iron oxides/rGO. The TEM
images, FTIR, and Raman spectroscopy, XRD patterns, and XPS
show the proper formation of iron oxide/rGO/PPy ternary nano-
composites. The maximum specific capacitance at a current density
of 1 A g−1 has been obtained 626.8 and 158.2 F g−1 for
Fe2O3/rGO/PPy and Fe3O4/rGO/PPy ternary nanocomposite, respec-
tively. The frequency dependence and relaxation time evaluation by
electrochemical impedance spectroscopy (EIS) reveals these ternaryzE-mail: sh.ghorbani@um.ac.ir; yuanhu@ustc.edu.cn

Journal of The Electrochemical Society, 2021 168 030543
1945-7111/2021/168(3)/030543/10/$40.00 © 2021 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited

https://orcid.org/0000-0002-4557-4943
https://orcid.org/0000-0001-6315-7812
https://doi.org/10.1149/1945-7111/abef60
https://doi.org/10.1149/1945-7111/abef60
https://doi.org/10.1149/1945-7111/abef60
mailto:sh.ghorbani@um.ac.ir
mailto:yuanhu@ustc.edu.cn
https://crossmark.crossref.org/dialog/?doi=10.1149/1945-7111/abef60&domain=pdf&date_stamp=2021-03-30


nanocomposites exhibit an ideal capacitive behavior only at very low
frequency.

Experiment

All the used chemical materials in this study were bought from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).

Preparation of iron oxide (II and III)/rGO nanohybrids.—GO
was synthesized by a modified Hummers and Offeman’s method25

as described in Supporting Information. The iron oxide/rGO
nanohybrids were prepared by the in situ chemical-microwave
method. Briefly, 0.1 g of synthesized GO was dispersed into
ethylene glycol by ultrasonication for 30 min (SCENTZ-IID
Ultrasonic Homogenizer). Then, 1.16 g of iron (III) nitrate nonahy-
drate dissolved in 200 ml of ethylene glycol was added into the GO
suspension and ultrasonicated for 1 min at 500 W. The iron oxides
were synthesized by the different KOH concentration conditions.
Based on this, KOH 0.04 M (for Fe2O3 and 2 M for Fe3O4) solution
was added into the mixture drop by drop (for Fe2O3 and fast for
Fe3O4) until its pH reached to 11. A schematic illustration of
synthesis of Fe2O3 and Fe3O4 under the low and high KOH
concentration has been shown in Scheme 1. After that, the homo-
geneous mixture was irradiated by the microwave oven (Midea, M1-
L213B21L, china) at 700 W power. After that, the suspension was
separated and washed by deionized (DI) water and ethanol. At last,
the product was dried by a vacuum oven at 80 °C for 6 h. Thus, the
Fe2O3/rGO and Fe3O4/rGO binary nanohybrids were prepared. The
adjusted mass ratio of iron oxides and rGO in the iron oxide/rGO
nanohybrids was 2:1.

Preparation of iron (II and III) oxide/rGO/PPy ternary
nanocomposite:.—The iron oxide/rGO/PPy nanocomposites were
further prepared via in situ oxidative polymerization of pyrrole onto
the dispersed iron oxide/rGO nanohybrids. The weight ratio of
pyrrole to iron oxide/rGO nanohybrid was selected as 10:1. It was
found26 that this ratio show the maximum conductivity. Scheme 2
illustrates the synthesis process of iron oxide/rGO/PPy nanocompo-
site. Briefly, 0.1 g of iron oxide/rGO nanohybrid was dispersed in
ethanol, and the freshly distilled pyrrole monomer added into it. The
mixture was stirred and cooled in an ice bath under a nitrogen
atmosphere. Then, 2.4 g of iron (III) chloride hexahydrate (⩾99%)
was dissolved in 0.1 M hydrochloric acid, and the product solution
was slowly injected into the suspension with stirring. The reaction
mixture was allowed to proceed at 0°C–5°C for 24 h. Finally, the
solid materials were separated and washed subsequently with DI
water and ethanol several times, and dried overnight under a vacuum
at 60 °C. The sample of Fe2O3/rGO@Fe3O4/rGO/PPy hybrid
nanocomposite was synthesized in the same way, in which the ratio
of Fe2O3/rGO to Fe3O4/rGO was 1:1 in iron oxide/rGO. The pure
PPy was also prepared by using an identical method. All as-prepared
ternary nanocomposites were kept in a cool place for followed
characterization.

Measurements and characterization.—The morphological and
structural characterizations of the samples were studied by the
transmission electron microscopy (TEM), Fourier transform infrared
(FTIR) and Raman spectroscopy, X-ray powder diffraction (XRD)
and X-ray photoelectron spectroscopy (XPS) at room temperature.
Specifications of these devices are given in the Supporting
Information.

The electrochemical properties of the synthesized materials were
measured using a CHI660E Electrochemical Workstation system
(Shanghai, China) at ambient temperature. In this system, the
counter and reference electrodes were a platinum foil and Ag/
AgCl, respectively. For the working electrodes, the mixture was
prepared by 80 wt% of the activated material (synthesized mate-
rials), 10 wt% of polyvinylidene fluoride, and 10 wt% of activated
carbon, which was dispersed in 1-methyl-2-pyrrolidinone. The

obtained slurry was cast onto the glassy carbon electrode by
micropipette, and dried at 60 °C for 24 h. The diameter of glassy
carbon and the mass loading of the active materials was 3 mm and
0.222 mg, respectively. A 1 M H2SO4 solution was used as the
electrolyte. Cyclic voltammetry (CV) was done at the different
voltage scan rates in the potential window of −0.2 to +0.8 V (vs Ag/
AgCl). In the CV plot, the specific capacitance (Cs, F g−1) is given
by19,27:
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where I is the current response and the integral part gives the area
under the CV plot.DV , m and J are the potential window, the mass
of active electrode material, and the voltage scan rate, respectively.
Also, galvanostatic charge/discharge (GCD) measurements were
performed at the different applied current in the potential range of
−0.2 to +0.8 V. The specific capacitance is calculated by the
following expression from the GCD curves19,27:
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where Δt is the discharge time. EIS measurements were done at an
open circuit potential of 0.4 V in the frequency range from 10−2 to
105 Hz.

Results and Discussion

Microwave irradiation of GO/ethylene glycol solution in the
attendance of iron oxide nanoparticles leads to a reduction of GO
and direct decoration of iron oxides onto the GO nanosheets
simultaneously. This method was resulted in iron oxide/rGO binary
nanohybrids.

In Fig. 1, the TEM images of iron oxides/rGO illustrate
successful decoration of the iron oxide nanoparticles on the rGO
nanosheets and their good exfoliation under microwave irradiation.
As can be seen, the Fe3O4 decorated nanoparticles are significantly
smaller than Fe2O3 decorated nanoparticles on rGO nanosheets.

XRD patterns of GO, rGO, and Fe2O3/rGO and Fe3O4/rGO
binary nanohybrid have been presented in Fig. 2a. As can be seen in

Scheme 1. Synthesize of iron (II and III) oxides under the low and high
KOH concentration.
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Fig. 2a, the prominent peaks at 2θ = 24.1, 33.2, 35.8, 41.0, 49.6,
54.1, 62.5, and 64.2° corresponding to (012), (104), (110), (113),
(024), (116), (214), and (300) planes of Fe2O3, respectively,17

confirm the formation of Fe2O3 nanoparticles. Also, the diffraction
peaks at 30.4, 35.7, 43.4, 54.0, 57.3, 63.0°, and 74.6° assigning to
the (220), (311), (400), (422), (511), (440), and (620) planes of
Fe3O4, respectively,

28,29 display the presence of Fe3O4, nanoparti-
cles in its binary nanohybrid. The broad diffraction peak at around
26.3° attributing to (002) planes in the rGO implies reducing GO
under microwave irradiation in both binary samples.

In addition, XPS was performed to distinguish between two
Fe2O3/rGO and Fe3O4/rGO binary nanohybrids. The XPS spectra of
these binary nanohybrids were shown in Fig. 2b. Results clearly
show the presence of C 1 s, O 1 s, and Fe 2p orbitals at binding
energies of 285, 532, and 711 eV, respectively, in these nanocom-
posites. Figure 2c shows the high-resolution deconvolution of Fe 2p
core-level spectra for both the binary nanohybrids. The XPS
spectrum of Fe2O3/rGO exhibits the Fe 2p3/2 and Fe 2p1/2 along
with a satellite peak at binding energies of 712, 725.8, and 719.6 eV,
respectively. The extracted peaks from Fe 2p3/2 core orbital at the
binding energies of 711.9, 713.4 and 715.0 eV can be assigned to

Scheme 2. A scheme illustrating the synthesis of iron oxide/rGO/PPy nanocomposite.

Figure 1. The TEM image of (a) Fe2O3/rGO nanohybrid and (b) Fe3O4/rGO nanohybrid.
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Fe‒Fe, Fe‒C and Fe‒O bonds, respectively. Also, the Fe 2p1/2 peak
can correspond to Fe2‒C bonds.30 Similarly, the spectrum of
Fe3O4/rGO shows the Fe 2p3/2 and Fe 2p1/2 core orbital at binding
energies of 710.3 and 724.2 eV, respectively. The presence of a
satellite peak in the spectrum of Fe2O3/rGO reveals the oxidation
state of +III for Fe that confirms the formation of Fe2O3 in this
binary nanohybrid. While the spectrum of Fe3O4/rGO, which does
not display the charge transfer satellite, suggests the mixed oxidation
state of +II and +III for Fe and formation of Fe3O4 in Fe3O4/rGO
nanohybrid.24,31 Also, the presence of Fe‒C and Fe2‒C bonds
confirms the decoration of iron oxides on the graphene oxide
nanosheets.30 The XPS results reveal that the Fe2O3 and Fe3O4

nanoparticles have been decorated on the rGO nanosheets during the
chemical and microwave irradiation process.

FTIR spectra of rGO, Fe3O4/rGO binary nanohybrid, PPy, and
Fe3O4/rGO/PPy ternary nanocomposite have been shown in Fig. 3a.
The located bands at 3436, 1580, and 1118 cm−1 in the rGO
spectrum are corresponded to stretching vibrations of –OH, C=C
and C–O–C functional groups, respectively.20,32 The absorption
peaks at 430 and 557 cm−1 in the FTIR spectrum of Fe3O4/rGO are
attributed to Fe–O group vibration.33 The attributed peak to C=C
vibration is red-shifted to 1569 cm−1 in the spectrum of Fe3O4/rGO
nanohybrid. In the spectrum of pristine PPy, the peak at 3425 cm−1

is related to the N–H stretching. The absorption band at 1532 cm−1

is assigned to the asymmetric pyrrole ring-stretching vibration.34

This peak has a higher intensity in the spectrum of Fe3O4/rGO/PPy
nanocomposite due to overlapping with a broad peak of 1569 cm−1

in the Fe3O4/rGO spectrum. The absorption bands at 1288 and
1033 cm−1 in the spectrum of PPy indicate in-plane vibration of
=C–H and residue oxide groups such as –C–O, respectively,35

which are also observed in the spectrum of Fe3O4/rGO/PPy

nanocomposite. Also, the peak at 1160 cm−1 in the spectrum of
pure PPy corresponding to stretching vibration of –C–N,11 is blue-
shifted to the wavenumber of 1165 cm−1 for Fe3O4/rGO/PPy
nanocomposite. It may be attributed to the interaction of the
nitrogenous groups in PPy with the graphene oxide.20 The absorp-
tion band at 855 cm−1 in the FTIR spectrum of Fe3O4/rGO is also
observed in the spectrum of Fe3O4/rGO/PPy nanocomposite. The
FTIR spectra of Fe2O3/rGO binary nanohybrid and Fe2O3/rGO/PPy
ternary nanocomposite, shown in Fig. S1 (Supporting Information
(available online at stacks.iop.org/JES/168/030543/mmedia)) also,
display all these peaks. Therefore, the FTIR spectra confirm the
formation of iron oxide/rGO/PPy nanocomposites.

Raman spectra of the samples have been shown in Fig. 3b. Two
characteristic D- and G-bands are observed at the wavenumber of
1335 and 1592 cm−1, respectively, for iron oxide/rGO nanohybrids.
The peaks at 660 cm−1 (in Fe2O3/rGO) and 686 cm−1 (in
Fe3O4/rGO) confirm the formation of iron oxides/rGO.30 The
characteristic peaks of PPy at 938 and 1042 cm−1 correspond to
the pyrrole ring deformation and C–H in-plane deformation vibra-
tion, respectively.11 As can be seen in Fig. 3b, the D-band in the iron
oxide/rGO/PPy nanocomposites shifts to 1567 cm−1, which can be
attributed to the π-π interaction of PPy chains with the iron oxide/
rGO nanohybrids, suggesting the formation of iron oxide/rGO/PPy
nanocomposites.36 The G-band is attributed to E2g mode from the in-
plane vibration of sp2 carbon, while D-band corresponds to A1g

phonons of sp3 carbon atoms in disordered graphite.37 Thus, the ratio
of D-band to G-band intensity (ID/IG) can be related to the density of
defects and the graphitization degree of carbonaceous materials.34,38

This ratio was 1.443 and 1.166 for the Fe2O3/rGO and Fe3O4/rGO,
respectively, indicating a decrement in the sizes of in-plane sp2

domains and the higher defects of Fe2O3/rGO (in comparison with

Figure 2. (a) XRD patterns of GO, rGO, Fe2O3/rGO nanohybrid, and Fe3O4/rGO nanohybrid; (b) XPS spectra and (c) the deconvolution of Fe 2p core-level
spectra for Fe2O3/rGO and Fe3O4/rGO binary nanohybrids.
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Fe3O4/rGO) nanohybrid. It can be due to a longer reaction time of
KOH with a solution of GO in Fe2O3/rGO nanohybrid. The ID/IG
ratio of Fe2O3/rGO/PPy and Fe3O4/rGO/PPy nanocomposite was
0.931 and 0.891, respectively. Decreased the ID/IG ratio of ternary
nanocomposites (iron oxides/rGO/PPy) compared to binary nanohy-
brid (iron oxides/rGO) could be related to a decrement in the sizes of
sp2 domains and increasing disorders. That is due to interaction of
polypyrrole chains with graphene sheets.

The cyclic voltammetry analyses were done for all the samples at
scan rates of 5, 10, 20, 50, and 100 mV s−1. The CV plots of
Fe2O3/rGO and Fe3O4/rGO binary nanohybrid, Fe2O3/rGO/PPy, and
Fe3O4/rGO/PPy ternary nanocomposite, and
Fe2O3/rGO@Fe3O4/rGO / PPy hybrid nanocomposite have been
demonstrated in Fig. 4a and b at scan rates of 5 and 100 mV s−1,
respectively. The other CV plots have been shown in Figs. S2–S6 in
the SI. The presence of peaks and non-rectangular shaped in the CV
plots of Fe2O3/rGO (in inset Fig. 4a) and Fe3O4/rGO binary
nanohybrids reveal pseudocapacitance behavior, which can be
ascribed to iron oxides redox reactions.5 These peaks in the positive
and negative current area can be attributed to anodic oxidation and
cathodic reduction, respectively.19 As shown in Fig. 4a, the
significant increase of current density in iron oxides/rGO/PPy
ternary nanocomposites indicates a notable increment in their
specific capacitance. Also, the redox peaks of Fe2O3/rGO are
observed in the CV plot of Fe2O3/rGO/PPy ternary nanocomposite.
However, the redox peaks of Fe3O4/rGO have been approximately
faded in its ternary nanocomposite. These redox peaks also are
observed in the CV plot of Fe2O3/rGO@Fe3O4/rGO / PPy hybrid
nanocomposite with a small shift at the potential. Figure 4b
illustrates the CV plots of all the samples at a scan rate of
100 mV s−1. It reveals that the redox peaks have become broad
and shifted to the higher potential by increasing the scan rate. In
Figs. 4a and 4b, it can be seen that the closed-loop area of iron
oxides/rGO/PPy ternary nanocomposites has dramatically increased
than their binary nanohybrids (iron oxides/rGO) at the same scan
rate. The specific capacitance values of the samples were calculated
by using Eq. 1 at different scan rates, and the results have been
shown in Fig. 4c. The specific capacitance value of 478.2 and
170.5 F g−1 was obtained for Fe2O3/rGO/PPy and Fe3O4/rGO/PPy
ternary nanocomposite, respectively, at a scan rate of 5 mV s−1. The
obtained specific capacitance value of Fe2O3/rGO and Fe3O4/rGO
binary nanohybrid was only 4.4 and 38.7 F g−1 at 5 mV s−1,
respectively. Therefore, the specific capacitance of Fe2O3/rGO/PPy
and Fe3O4/rGO/PPy ternary nanocomposite is about 109 and 4 times
larger than that for Fe2O3/rGO and Fe3O4/rGO binary nanohybrid,
respectively, which can be assigned to the efficient combination and
the synergistic effect between the components in these both ternary
nanocomposites. The specific capacitance value of 225.2 F g−1 was

obtained for Fe2O3/rGO@Fe3O4/rGO / PPy hybrid nanocomposite at
5 mV s−1. This value is about 100 F g−1 smaller than the calculated
specific capacitance (according to the ratio of 1:1 for Fe2O3/rGO and
Fe3O4/rGO in this hybrid nanocomposite:
( )/+ =C C 2 324.35s sternary ternaryFe2O3 Fe3O4

F g−1). As it can be seen
in Fig. 4c, the specific capacitance decreased to 3.77, 16.79, 177.61,
108.40, and 136.94 F g−1 at a scan rate of 100 mV s−1 for
Fe2O3/rGO, Fe3O4/rGO, Fe2O3/rGO/PPy, Fe3O4/rGO/PPy, and
Fe2O3/rGO@Fe3O4/rGO / PPy nanocomposite, respectively. It can
be attributed to the inability of ions to the whole diffusion into the
internal sites of electrode material that results in to decrease of redox
reactions with increasing scan rate.21

The current peak in the CV plot is related to the potential scan
rate following a power law: J=I a ,p

b where Ip is the current peak
intensity, a and b are fitting coefficients, and J is the scan rate.5,39

This equation is used to determine the rate-limiting step and kinetic
information on the electrochemical reaction. It was found that b has
values between 0.5 and 1, where it is ≈ 0.5 for a redox reaction
limited by semi-infinite diffusion and ≈ 1 for a capacitive process
(which is attributed to the battery and capacitive behavior,
respectively).40,41 The current peak (Ip) at the different potential
scan rates has been shown in Fig. 4d for all the samples. The solid
lines in Fig. 4d show the best fitting of this power law equation to the
experimental data. The obtained values of b have been presented in
Table I. b parameter is 0.91 and 0.56 for the Fe2O3/rGO and the
Fe3O4/rGO binary nanohybrid, respectively. It reveals that the
Fe3O4/rGO exhibits a battery-type behavior, and redox reactions
play a main contribution role in the storage mechanism. In contrast,
the Fe2O3/rGO exhibits capacitive-type behavior. However, by
adding PPy to the Fe3O4/rGO binary nanohybrid, the b parameter
increases to 0.91 for Fe3O4/rGO/PPy. It can be attributed to a
decrease in the redox reactions in Fe3O4/rGO/PPy nanocomposite
due to π–π interactions between Fe3O4/rGO and PPy chains. Thus,
Fe3O4/rGO/PPy nanocomposite exhibits capacitance behavior. In
contrast, the b parameter for Fe2O3/rGO/PPy decreases to 0.71. It
can be attributed to the existence of π-orbitals in PPy chains and
increase redox reactions. Therefore, both mechanisms of charge
storage play a role in it, and its specific capacitance dramatically
increases. The b value of Fe2O3/rGO@Fe3O4/rGO / PPy hybrid
nanocomposite is 0.99, which fully exhibits a capacitive behavior. In
this hybrid nanocomposite, both the capacitive behavior of
Fe2O3/rGO and π−π interactions between Fe3O4/rGO and PPy
significantly decrease redox reactions. It can lead to a decrement
in its specific capacitance than the calculated value.

The electrochemical performance of the samples was evaluated
by GCD measurements under constant current densities of 1, 2, 3, 5,
and 10 A g−1 for the first cycle. Figure 5a displays the GCD plots of

Figure 3. (a) FTIR and (b) Raman spectra of the samples.
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all the samples at a current density of 1 A g−1, representing a
deviated triangular shape that signifies the faradaic capacitance and
pseudocapacitive behavior. The longer discharge time of ternary
nanocomposites indicates a significantly higher specific capacitance.
The GCD plots of Fe2O3/rGO/PPy nanocomposite have been shown
in Fig. 5b at different current densities. The GCD curves of other
samples have been shown in SI (Figs. S7–10). The specific
capacitance was calculated from the GCD plot using Eq. 2 for the
samples, and results are shown in Fig. 5c. The maximum obtained
specific capacitance is 626.8 and 158.2 F g−1 for Fe2O3/rGO/PPy
and Fe3O4/rGO/PPy ternary nanocomposite at 1 A g−1, respectively,
exhibiting a dramatic increase compared to their binary nanohybrids.
The theoretical specific capacitance of iron oxide/rGO/PPy nano-
composite can be calculated by

// / /
= +C R C R C ,S iron oxide rGO S PPy Siron oxide rGO PPy iron oxide rGO PPy where

/Riron oxide rGO and RPPy are weight percentage of iron oxide/rGO
and PPy, respectively, and

/
CSiron oxide rGO and CSPPy are the specific

capacitance of iron oxide/rGO nanohybrid and polypyrrole, respec-
tively. It was found42 that the specific capacitance of pristine PPy
was 36.8 F g−1 at 1 A g−1. For the weight ratio of 10:1 for pyrrole to

iron oxide/rGO, the theoretical specific capacitance of 33.6 and
35.3 F g−1 were obtained for Fe2O3/rGO/PPy and Fe3O4/rGO/PPy
ternary nanocomposite at 1 A g−1, respectively. It reveals that the
specific capacitance of Fe2O3/rGO/PPy nanocomposite has increased
than its components by a factor of 18, that could be assigned to the
synergistic effects between nanocomposite components. The specific
capacitance of Fe2O3/rGO@Fe3O4/rGO / PPy hybrid nanocomposite
is 201.6 F g−1 at the same current density.

The PPy/Fe2O3/rGO ternary composite, as a supercapacitor
electrode, was prepared by Moyseowicz et al. using a two-step
route via hydrothermal synthesis of the Fe2O3/rGO composite
followed by polymerization of pyrrole on the Fe2O3/rGO
surface.17 The mass ratio of PPy, Fe2O3 and rGO in this composite
was 50:25:25, respectively. This ternary composite exhibited a
specific capacitance of 140 F g−1 at 1 A g−1. But in this work,
Fe2O3/rGO was prepared by microwave method, in which reduction
and exfoliation of GO, and decoration of Fe2O3 nanoparticles on GO
sheets was well carried out. The adjusted mass ratio of PPy, Fe2O3

and rGO in the Fe2O3/rGO/PPy nanocomposite was 90:6.65:3.35,
respectively. Results shown that the maximum specific capacitance

Figure 4. CV plots at a scan rate of (a) 5 and (b) 100 mV s−1; (c) specific capacitance and (d) peak current behavior vs scan rates for all the samples.

Table I. The obtained values of the b parameter for all the samples.

Fe2O3/rGO Fe2O3/rGO/PPy Fe3O4/rGO Fe3O4/rGO/PPy Fe2O3/rGO@Fe3O4/rGO/PPy

b 0.91 ±
0.031

0.71 ± 0.037 0.56 ±
0.061

0.91 ± 0.035 0.99 ± 0.003
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of this ternary nanocomposite was 626.8 F g−1 at 1 A g−1, exhibiting
an exellent enhancment in comparsion of reported work.17 It can be
assigned to proper synthesis method and mass ratio of components.
The weight ratio of 10:1 for pyrrole to Fe2O3/rGO can lead to
improvement of conductivity.

The relationship between the energy density (E) and power
density (P), known as the Ragone plot, is an essential factor for the
electrode materials. The specific E and P are given by using the
equations of E = Cs

dis V2/2 and P = E/t, where Cs
dis is the GCD

specific capacitance in F g−1, and V and t are potential window in V,
and discharge time in s, respectively. Figure 5d illustrates the
Ragone plot for ternary and hybrid nanocomposites. The
Fe2O3/rGO/PPy nanocomposite exhibits the highest energy density
of 87.05 Wh kg−1 with a power density of 500 W kg−1 at a current
density of 1 A g−1. Such high energy density can be ascribed by the
ability of the electrolyte ions to diffuse the porosity of the electrode
material and the presence of proper pseudocapacitance behavior due
to synergistic effects.43 At the high current density of 10 A g−1, this
nanocomposite has attained a high power density of 5000 W kg−1

with an energy density of 17.02 Wh kg−1. The decreasing energy
density at this high current density, can be due to time deficiency of
ions diffusion to the electrode material.43 The maximum energy
density of 21.97 and 28 Wh kg−1 was obtained for Fe3O4/rGO/PPy
nanocomposite and Fe2O3/rGO@Fe3O4/rGO/PPy hybrid nanocom-
posite along with a power density of 500 W kg−1, respectively. In
Fig. 5d, The Ragone plot of these nanocomposites has been
compared with similar reported materials (including
PPy/Fe2O3/rGO

17 and rGO-Fe3O4
44) and other conventional energy

storage systems.27 In Table II, the electrochemical performance of

the current work samples has been compared with similar reported
electrode materials.

The electrochemical impedance spectra were evaluated to deter-
mine the charge kinetic and frequency properties of these electro-
chemical systems. Nyquist plots can illustrate the frequency re-
sponse of the electrode/electrolyte system in terms of an imaginary
(Z′) and real (Z′) part of the impedance. The Nyquist plots have been
shown in Fig. 6a for the iron oxides/rGO/PPy ternary and hybrid
nanocomposites in the frequency range of 10−2

–105 Hz. The solid
lines in Fig. 5a are the result of fitting with an equivalent circuit
illustrated in the inset of Fig. 6a. The combination of electrolyte
resistance, intrinsic resistance of active electrode material, and
active-material/collector contact resistance called Rs, is determined
from the intercept of the real impedance axis at very high-
frequencies. 43,49 Rct is charge-transfer resistance between electro-
active material and electrolyte in the electrochemical process. The
equivalent circuit in the inset of Fig. 6a consists of Rct in series with
a Warberg impedance (Zw) and both in parallel with a constant phase
element (CPE), which presents a modified Randles circuit cell.50 RL

is the limit resistance, and CF is faradaic capacitance.51,52 The
obtained values of parameters based upon the best fitting of the
equivalent circuit to the experimental data are presented in Table SI
(see Supporting Information). The equivalent series resistance (ESR)
of the system is evaluated with Rs, Rct, and RL. The obtained ESR
values exhibit < <ESR ESR ESR ,Fe O ternary Hybrid Fe O ternary2 3 3 4 re-
vealing the conductivity effect on improving specific capacitance.

The frequency dependence of the electrode behavior, such as
complex resistance Z(ω), phase angle Φ(ω), and capacitance C(ω),
can be used to study capacitive and resistive behavior at different

Figure 5. GCD plots (a) for all the samples, and (b) for Fe2O3/rGO/PPy nanocomposite. (c) Specific capacitance as a function of current density for the samples.
(d) Ragone plot for ternary and hybrid nanocomposites.
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Table II. Comparison of electrochemical performance of the current work samples with similar reported electrode materials.

Sample Synthesis Method Electrolyte
Specific ca-
pacitance Power density Energy density

Working
voltage
(V) References.

α-Fe2O3/G Hydrothermal 2 M KOH 315 F g−1 at
2 A g−1

— — −0.4–0.2 45

rGO/Fe2O3 One-step chemical 0.5 M H2SO4 50 F g−1 at
0.1 V s−1

— — −0.2–1 30

138.5 F/g at
0.3 A g−1

PPy/rGO/Fe2O3 Electrodeposition 1.0 M KCl 125.7 F g−1

at 0.5 A g−1
— — −0.5–0.5 46

PPy/Fe2O3/rGO Hydrothermal/oxidative
polymerization

1 M Na2SO4 140 F g−1 at
1 A g−1

12 kW kg−1 (at energy
density of

14.3 Wh kg−1)

19.5 Wh kg−1 (at
power density of
0.1 kW kg−1)

−1–0 17

Fe3O4/rGO One-pot microwave 2 M KOH 455 F g−1 at
8 mV s−1

— — −1–0.4 47

rGO-Fe3O4 Electrophoretic deposi-
tion

0.5 M Na2SO4

(containing Triton
X-100)

236 F g−1 at
1 A g−1

3.6 kW kg−1 (at en-
ergy density of
8.1 Wh kg−1)

17 Wh kg−1 (at power
density of 180 W kg−1)

0–0.8 44

rGO/Fe3O4/PAni Hydrothermal/in situ
hydrothermal polymeri-

zation

1 M H2SO4 486.5 F/g at
1 A g−1

— — 0–0.8 48

Fe2O3/rGO/PPy Chemical-microwave/
in situ polymerization

1 M H2SO4 626.8 F g−1

at 1 A g−1
5 kW kg−1 (at energy

density of
17.02 Wh kg−1)

87.05 Wh kg−1 (at
power density of
500 W kg−1)

−0.2–0.8 This work

Fe3O4/rGO/PPy Chemical-microwave/
in situ polymerization

1 M H2SO4 158.2 F g−1

at 1 A g−1
5 kW kg−1 (at energy

density of
11.94 Wh kg−1)

21.97 Wh kg−1 (at
power density of
500 W kg−1)

−0.2–0.8 This work

Fe2O3/rGO@Fe3O4/rGO/PPy Chemical-microwave/
in situ polymerization

1 M H2SO4 201.6 F/g at
1 A g−1

5 kW kg−1 (at energy
density of

13.05 Wh kg−1)

28 Wh kg−1 (at power
density of 500 W kg−1)

−0.2–0.8 This work
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regions of frequency (ω is the angular frequency). The magnitude of
complex resistance (log ∣Z∣) and the phase angle have been shown in
Fig. 6b as a frequency (log ω) for the iron oxides/rGO/PPy ternary
and hybrid nanocomposites. The low-frequency region can be
considered the near −1 slope in log ∣Z∣ plot. This region corresponds
to the linear part of the Nyquist plot, and the electrode exhibits a
typical capacitive behavior.53 The low-frequency region was below
the frequency of 0.03, 0.80, and 0.12 Hz for the Fe2O3 ternary, the
Fe3O4 ternary, and the hybrid nanocomposite, respectively. It can
reveal that although the specific capacitance of Fe2O3/rGO/PPy is
larger than the Fe3O4/rGO/PPy nanocomposite, the Fe2O3/rGO/PPy
exhibits capacitive behavior in a smaller frequency range. The
resistive behavior appears at a higher frequency for them. In
addition, the corresponding frequency to −45° phase angle shown in
Fig. 6b, can be related to the capacitor response frequency.53 This
frequency was 0.026, 1.37, and 0.46 Hz for the Fe2O3 ternary, the
Fe3O4 ternary, and hybrid nanocomposite, respectively. These
values signify that the response time of the Fe3O4/rGO/PPy
electrode is much shorter than the Fe2O3/rGO/PPy electrode. It
can be attributed to a double-layer charge storage mechanism in the
Fe3O4/rGO/PPy and pseudocapacitive behavior in the
Fe2O3/rGO/PPy nanocomposite. Also, this deduction is supported
by obtained results from the current peak (IP) in the CV plot, as
illustrated in Table I.

The real (C′) and imaginary (C′) parts of complex specific
capacitance can be inferred from the complex impedance from the
following equations54:

( ) ( )
∣ ( )∣

[ ]w
w

w w
¢ =

- 
C

Z

m Z
3

2

( ) ( )
∣ ( )∣

[ ]w
w

w w
 =

¢
C

Z

m Z
4

2

C′ and C′ correspond to the charges in available stored energy
and energy dissipation process as a function of frequency, respec-
tively. C′ and C′ have been illustrated in Fig. 6c as a function of
frequency for the iron oxides/rGO/PPy ternary and the hybrid
nanocomposite. The characteristic frequency of f0 can divide the
electrode behavior predominantly into capacitive behavior at fre-
quencies below f ,0 and resistive behavior at the frequencies higher
than f .0 The f0 can be determined from the peak frequency of C′.55

The relaxation time constant, ( )t = ,
f0
1

0
which is a minimum time

required to discharge all of the stored energy from electrode
material, can be deduced from the complex capacitance plots. The
f0 values of 0.018, 0.602, and 0.023 Hz were obtained for the Fe2O3

ternary, the Fe3O4 ternary, and the hybrid nanocomposite, respec-
tively. It means that these nanocomposites exhibit an ideal capacitive
behavior only at very low frequency.

Conclusions

Iron oxides/rGO (Fe2O3 and Fe3O4) binary nanohybrid, iron
oxides/rGO/PPy ternary nanocomposite, and
Fe2O3/rGO@Fe3O4/rGO/PPy hybrid nanocomposite were synthe-
sized as electrode materials of a supercapacitor. The proper forma-
tion of these nanocomposites was confirmed by TEM, XRD, XPS,
FTIR, and Raman spectroscopy. At a current density of 1 A g−1, a
maximum specific capacitance of 626.8, 158.2, and 201.6 F g−1 was
obtained for the Fe2O3 ternary, the Fe3O4 ternary, and the hybrid
nanocomposite, respectively. The Fe2O3/rGO/PPy nanocomposite
exhibited the highest energy density of 87.05 Wh kg−1 with a
corresponding power density of 500 W kg−1. This high specific
capacitance and energy density can be assigned to the presence of

Figure 6. (a) The Nyquist plot for iron oxides/rGO/PPy ternary and hybrid nanocomposites and their fitted lines. The electrical equivalent circuit has been
represented in the inset. (b) The magnitude of complex resistance and the phase angle, and (c) the real (C′) and imaginary (C′) parts of complex specific
capacitance vs log(ω) for ternary and hybrid nanocomposites.
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both EDLC and pseudocapacitance mechanisms in its charge
storage. The impedance spectroscopy and frequency dependence
study exhibited an ideal capacitive behavior only at a very low
frequency for these ternary nanocomposites.
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