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Abstract
Reduced-graphene oxide/polypyrrole nanofiber (RGO/PPy-Nf) nanocomposite has been prepared as the electrode material of the
supercapacitor. This nanocomposite was prepared via a facile two-step process, including exfoliation and reduction of graphene
oxide by microwave irradiation (MRGO) and in situ polymerization pyrrole onto it. The morphological, structural, and porosity
characterizations of this nanocomposite were shown the proper formation of RGO/PPy-Nf composite with a mesoporous
structure. The high specific capacitance of 277 F g−1 was obtained for the RGO/PPy-Nf nanocomposite at a constant current
density of 1 A g−1 in a 1 M H2SO4 solution electrolyte. This nanocomposite revealed the highest energy density of 38.5 Wh kg−1
with a corresponding power density of 500 W kg−1, and the capacitive retention of 95% after 1000 cycles. In evaluating the
samples by electrochemical impedance spectroscopy, the values of capacitor response time revealed that the dominant mechanism in pristine PPy and MRGO is faradaic reactions and electrical double-layer capacitance (EDLC), respectively, and both
mechanisms play a role in the RGO/PPy-Nf nanocomposite. Also, the relaxation time investigation revealed this nanocomposite
exhibit an ideal capacitive behavior at very low frequency.
Keywords Reduced graphene oxide . Polypyrrole nanofiber . Supercapacitor . Microwave-assisted method . In situ chemical
polymerization . Electrochemical measurements

Introduction
Renewable energy productions and energy storage systems
have recently developed due to the growing interest in clean
and portable devices [1–3]. 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. However, they have low energy density
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compared to batteries [2, 4, 5]. Supercapacitors in terms of
charge storage mechanisms are classified as (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, 6].
Specific surface area, porosity, electrical conductivity, and
stability are essential factors in the electrode material of a
supercapacitor [7, 8]. Typically, the electrode materials of
supercapacitors can be classified into: (i) carbon materials and
their derivatives, which are as an EDLC [5, 9, 10]; (ii) transition
metal oxides (nitrates or sulfides) [11–13] and conducting polymers [14, 15], which are as a pseudocapacitor [1]. Among
carbon-based materials, graphene with a 2-dimensional carbon
atom structure with an sp2-hybridized has a high theoretical specific surface area and excellent electrical properties [16–18]. It
exhibits a good EDLC, but the agglomeration and weak mechanical stability of graphene sheets limit the energy density and
cycling stability of supercapacitors [19]. To overcome these
problems, some graphene-based composite electrodes have been
recently proposed [15, 20–24]. Conductive polymers (such as
polypyrrole (PPy), polyaniline (PAni), and poly(3,4-ethylene
dioxythiophene) (PEDOT)), due to their rapid faradaic reactions
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and high theoretical capacitance, are an ideal candidate for it [1,
25–27]. Among them, PPy is one of the most extensively developed cases due to its good redox properties, flexibility, high
conductivity, availability of initial monomers, and environmental
stability [1]. Various composites of graphene and PPy have been
studied in terms of capacitive performance, which often show the
improvement of ion diffusion rate and surface area [28–34].
Zhang et al. directly coated PEDOT, PPy, and PAni on the
reduced graphene oxide and achieved a specific capacitance of
102, 204, and 323 F g−1, respectively, at a current density of 1 A
g−1 [14]. By a pulsed electropolymerization technique, Davies
et al. reported a graphene-polypyrrole composite film. They obtained a specific capacitance of 237 F g−1, an energy density of
33 Wh kg−1, and a power density of 1184 W kg−1, at a scan rate
of 10 mV s−1 [35]. In these electrochemical systems, investigation of charge kinetic and behavior of each component is essential that can be evaluated by electrochemical impedance spectroscopy (EIS). Impedance analysis can be used to determine resistance and capacitance properties of each cell component, such as
electrode, electrolyte, and collector. Furthermore, the
frequency dependence of the electrode behavior can be
utilized to study capacitive and resistive behavior in
different frequency regions [36, 37].
In this study, the RGO/PPy-Nf nanocomposite has been
prepared as the supercapacitor electrode material. This nanocomposite is prepared using a facile two-step method, including exfoliation and reduction of graphene oxide (GO) by microwave irradiation and in situ oxidative polymerization pyrrole onto it. The characterization of this nanocomposite in
terms of morphology, structure, and porosity has demonstrated the proper formation of RGO/PPy-Nf mesoporous nanocomposite. It has exhibited a maximum specific capacitance
of 277 F g−1 and a high energy density of 38.5 Wh kg−1 at 1 A
g −1 , which can be attributed to the improvement of
pseudocapacitance properties. In evaluating the samples by
EIS, the obtained values of capacitor response time reveal that
the dominant mechanism in pristine PPy and MRGO is faradaic reactions and EDLC, respectively, and both mechanisms
play a role in the RGO/PPy-Nf nanocomposite. Also, relaxation time measurement shows that this nanocomposite exhibits an ideal capacitive behavior at very low frequency.

Experiment
Preparation of the samples
GO was synthesized by a modified Hummers and Offeman’s
method [38] described in Supporting Information (SI). The
obtained brown GO powder, for exfoliation and reduction,
was put into a microwave oven (Midea, M1-L213B21L,
700 W, China) and irradiated for 180 s. Finally, the expanded
black powder of MRGO was obtained.

The RGO/PPy-Nf nanocomposite was prepared via in situ
oxidative polymerization of pyrrole onto MRGO nanosheets.
The weight ratio of pyrrole to MRGO was selected as 10:1. It
was found that this ratio show the maximum conductivity
[30]. Briefly, 0.2 g of MRGO was dispersed in 80 mL of
ethanol with ultrasonication (SCENTZ-IID Ultrasonic
Homogenizer) for 30 min at the power of 500 W. The mixture
was stirred and cooled in an ice bath under an N2 atmosphere,
and the freshly distilled pyrrole monomer was added to it.
Then, 4.9 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
mixture was allowed to proceed at 0–5 °C for 24 h. Finally,
the suspension was filtrated, washed subsequently with DI
water and ethanol several times, and dried overnight under a
vacuum at 60 °C. The pure PPy was also prepared by using the
identical method. As-prepared, the samples were kept in a
cool place for followed characterizations.

Measurements and characterizations
The morphological and structural characterizations of the samples were studied by the transmission electron microscopy
(TEM), field emission gun scanning electron microscopy (FESEM), Fourier transform infrared (FTIR), Raman spectroscopy,
X-ray powder diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) at room temperature. The thermal stability was
analyzed using thermogravimetric analysis (TGA) under a nitrogen atmosphere. The porous textural properties were evaluated
using the BET method at 77 K. Specifications of these devices
are given in the Supporting Information.
The electrochemical properties of the synthesized
samples were determined by using a CHI660E
Electrochemical Workstation system (Shanghai, China)
at ambient temperature. In this system, the counter and
reference electrodes were platinum foil and Ag/AgCl,
respectively. For the working electrodes, the mixture
was prepared by 80 wt% of the activated material
(MRGO, PPy, or RGO/PPy-Nf nanocomposite),
10 wt% of polyvinylidene fluoride, and 10 wt% of activated carbon, which were dispersed in 1-methyl-2pyrrolidinone. The obtained slurry was cast onto the
glassy carbon electrode by a micropipette and dried at
60 °C for 24 h. All the measurements were carried out
in a solution of 1 M H2SO4 as the electrolyte. It is the
common aqueous acid electrolyte bearing the merits of
easy handling in an open environment and has a low
ionic resistivity.
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). Also, galvanostatic charge/discharge (GCD) measurements were carried out at the different applied current in the
potential range of − 0.2 to + 0.8 V. The specific capacitance
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(Csdis in F g−1) is calculated by the following expression from
the discharge part of GCD curves [39, 40]:
C dis
s ¼

I
ΔV
m
Δt

ð1Þ

where I is the applied current, ΔV, Δt, and m are the potential
window (in V), the discharge time (in s), and the mass of
active electrode material (in g), respectively. 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
The preparation process of RGO/PPy-Nf nanocomposite is
schematically illustrated in Fig. 1. The optical images of GO
powders before and after microwave irradiation (MWI) demonstrate the reduction and expansion of GO under MWI. The
FE-SEM image of MRGO exhibits a good exfoliation of
MRGO nanosheet after MWI. Also, the TEM image of
RGO/PPy-Nf nanocomposite clearly illustrates polypyrrole
nanofibers’ formation onto the MRGO sheets.

XRD pattern of GO, MRGO, PPy, and RGO/PPy-Nf nanocomposite is presented in Fig. 2a. The feature diffraction
peaks at 2θ = 10.56° and 42.36° are corresponded to (001)
and (100) planes of GO, respectively. The diffraction peak at
2θ = 26.50° related to (002) planes of MRGO, implied that the
GO had been reduced to MRGO after microwave [41]. Also, it
can be seen that a broad diffraction peak at 2θ = 22.14° for
pristine PPy, which arises from its amorphous structure [42].
This peak overlaps with the (002) peak of MRGO for the
RGO/PPy-Nf composite sample, and they generate a new
broad peak at 2θ = 26.36°.
The XPS survey spectra of the RGO/PPy-Nf nanocomposite, shown in Fig. 2b, exhibit characteristic peaks of C 1 s, N
1 s, and O 1 s orbitals at the binding energies of 285.0, 400.2,
and 533.2 eV, respectively. It clearly illustrates the presence of
carbon, nitrogen, and oxygen elements in this nanocomposite.
In Fig. 2c, the high-resolution deconvolution of C 1 s corelevel spectra exhibits the characteristic peaks at binding energies of 285.1, 286.5, 287.2, and 288.3 eV, which assign to C–
C/C=C, C–N, C–O, and C=O bonds, respectively [43]. The
decomposed N 1 s core-level spectrum has been shown in Fig.
2d. The peaks of the N 1 s signal at 396.7 and 399.3 eV
correspond to the imine (–N=) and amine (–NH–) nitrogen
atoms, respectively [14, 44]. Two characteristic peaks at the

Fig. 1 The schematic illustration of the preparation of RGO/PPy-Nf nanocomposite. The optical images of GO and MRGO powders before and after
MWI, FE-SEM image of MRGO powders, and TEM images of RGO/PPy-Nf nanocomposite
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Fig. 2 a XRD patterns of the synthesized samples, b the XPS survey spectra, and the deconvolution of c C 1 s and d N 1 s core-level spectra of the RGO/
PPy-Nf nanocomposite

higher energy of 400.0 and 403.3 eV can be attributed to
protonated nitrogen atoms or high oxidation states of the niþ
trogen atoms (Nþ
I and NII ) [44, 45].
FTIR spectra of MRGO, PPy, and RGO/PPy-Nf nanocomposite have been presented in Fig. 3a. The active band at
3425 cm−1 in the spectrum of PPy is assigned to the N–H
stretching. The peak at 1532 cm−1 corresponds to the asymmetric ring-stretching vibration [46], and the bands at 1288,
1160, and 980 cm−1 are assigned to the in-plane vibration of =
C–H, stretching vibration of –C–N, and –C–H, respectively
[47]. Also, the band at 1033 cm−1 can be assigned to some
residue oxide groups such as –C–O [32]. The peaks at 3425,
1532, 1288, 1033, and 980 cm−1 significantly are observed in
the spectrum of RGO/PPy-Nf nanocomposite, which proves a
strong interaction between PPy and MRGO. As shown in Fig.
2b, the bands at 1532 and 1033 cm−1 in the spectrum of RGO/
PPy-Nf nanocomposite have stronger peak intensities than

PPy, due to overlap with intensive peaks of MRGO at 1605
and 1118 cm−1, respectively. Also, the peak at 1160 cm−1
corresponding to the PPy compound shifts to a lower wavenumber at 1147 cm−1 for RGO/PPy-Nf nanocomposite, which
can be attributed to the interaction of the N–H group in PPy
with the –OH group of MRGO through hydrogen bonding.
Raman spectroscopy of the samples has been shown in Fig.
3b. Two observed characteristic bands at the wavenumber of
1588 and 1350 cm−1 in the spectrum of MRGO are related to
the G- and D-bands of carbonaceous materials, respectively
[47]. 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 [48, 49].
The characteristic peaks at 1568, 1042, and 977 cm−1 in the
Raman spectrum of PPy are attributed to the C=C stretching
vibration, C–H in-plane deformation vibration, and the pyrrole ring deformation, respectively [47]. As shown in Fig. 3b,
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Fig. 3 a FTIR and b Raman spectra, and c TGA plots of MRGO, PPy, and RGO/PPy-Nf nanocomposite. d The N2 adsorption-desorption isotherms and
pore size distribution (inset) of RGO/PPy-Nf nanocomposite

the peaks at 977, 1042, and 1350 cm−1 are presented in RGO/
PPy-Nf nanocomposite spectrum, and the G-band has been
shifted to 1562 cm−1. This small red-shift can be attributed
to the π–π interaction of PPy chains with MRGO sheets,
suggesting the formation of RGO/PPy-Nf nanocomposite
[50]. The ratio of D-band to G-band intensity (ID/IG), which
can be related to the density of defects and the graphitization
degree of carbonaceous materials, is 0.900 for MRGO, while
this value increases to 0.922 for RGO/PPy-Nf nanocomposite,
indicating a decrement in the sizes of in-plane sp2 domains
and the higher defects in it [46, 48].
The thermal stability of the samples is investigated by
using TGA curves (Fig. 3c). The theoretical weight loss for
RGO/PPy-Nf nanocomposite, according to the initial weight
ratio of polymer to graphene (10:1) is calculated to be about
44.6% at 800 °C. In comparison, its experimental value

obtains 32.3%, which might be due to pyrrole monomers’
interaction and reduced graphene oxide sheets.
To study the specific textural properties, the N2 adsorptiondesorption isotherms (using the BET method) and BarrettJoyner-Halenda (BJH) pore size distribution are investigated
for RGO/PPy-Nf nanocomposite, and their results are shown
in Fig. 3d. The nitrogen adsorption-desorption isotherm plot
with clear hysteresis loop in the range of 0.45–1 PP0−1, classified as typical type-IV isotherm, indicates the mesoporous
nature of material [51]. The BJH pore size distribution of
RGO/PPy-Nf nanocomposite is shown in the inset of Fig.
3d. The BET-specific surface areas and BJH average pore
diameter of the RGO/PPy-Nf nanocomposite are calculated
as 12.03 m2 g−1 and 24.30 nm, respectively. The efficient
transport of charge carriers into the RGO/PPy-Nf nanocomposite electrode material leads to high electrochemical
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performance because of their high surface area and mesoporous structure.
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 plot of RGO/PPy-Nf nanocomposite has been shown in
Fig. 4a. The CV plots of MRGO and pristine PPy have been
shown in Figs. S1 and S2, respectively. The CV curve of
RGO/PPy-Nf nanocomposite demonstrates a nearrectangular shape with a broad redox peak, suggesting
pseudocapacitance behavior [4]. As can be seen in Fig. 4a,
the area of the closed CV loop of RGO/PPy-Nf nanocomposite electrode increases, and its redox peak shifts to higher
potential with increasing the scan rates, indicating a good
ion response and rate capability [14, 52]. Figure 4b presents
the CV plots of the samples at a scan rate of 5 mV s−1. It can be
seen that the current density and the closed-loop area of RGO/
PPy-Nf nanocomposite have dramatically increased than both

PPy and MRGO at the same scan rate. It reveals that the
specific capacitance of RGO/PPy-Nf nanocomposite significantly increases, which can be due to the efficient combination
and the synergistic effects between this nanocomposite
components.
The current peak in the CV curve is related to the potential
scan rate following a power law: Ip = a ϑb, where Ip is the
current peak intensity, a and b are fitting coefficients, and ϑ
is the scan rate [4, 53]. This dependence is used to determine
the rate-limiting step and kinetic information of an electrochemical reaction [54, 55]. 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) [4]. Come et al. showed that b ≈ 0.5 for
LiFePO4, which is used as a Li-ion battery material [55], while
it was obtained ≈1 for Nb2O2, which was used as a capacitor

Fig. 4 The CV plots of a RGO/PPy-Nf nanocomposite at different scan rates, and b the samples at a 5 mV s−1. c The current peak behavior versus scan
rates for the samples
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material by Augustyn et al. [54]. The behavior of the current
peaks (Ip) versus the potential scan rate has been shown in Fig.
4c for MRGO, PPy, and RGO/PPy-Nf nanocomposite. The
solid lines in Fig. 4c show the best fitting of this power law
equation to the experimental data. The obtained b value is 0.82
and 0.52 for the MRGO and PPy, respectively. It reveals that
the pristine PPy exhibits a battery-type behavior, and redox
reactions play a prominent role in the storage mechanism. In
contrast, the MRGO exhibits a capacitive-type behavior. The
b parameter increases to 0.90 for RGO/PPy-Nf nanocomposite. It can be attributed to a decrease in the redox reactions in
RGO/PPy-Nf nanocomposite due to π–π interactions between
PPy chains and MRGO sheets. Thus, RGO/PPy-Nf nanocomposite exhibits capacitance behavior.
The electrochemical performance can be evaluated by
GCD measurements under current-controlled conditions.
Figure 5 a illustrates the GCD curves of RGO/PPy-Nf nanocomposite at a current density of 1, 2, 3, 5, and 10 A g−1 at the
potential range of − 0.2 to 0.8 V for the first cycle. The GCD
plot of RGO/PPy-Nf nanocomposite represents a deviated triangular symmetry, revealing pseudocapacitive behavior. It
agrees with the obtained results by the current peaks (Ip) in
Fig. 4c. The GCD curves of MRGO and PPy have been shown
in SI (Figs. S3 and S4). The GCD plots of the samples have
been shown in Fig. 5b at 1 A g−1. The longer discharge time of
RGO/PPy-Nf nanocomposite indicates a higher specific capacitance. The specific capacitance values were calculated
using Eq. (1), and their results are shown in Fig. 5c. The
maximum obtained specific capacitance is 48.4, 36.8, and
277.0 F g−1 for MRGO, PPy, and RGO/PPy-Nf nanocomposite at 1 A g−1 respectively. The theoretical specific capacitance
of RGO/PPy-Nf nanocomposite can be calculated by
C S RGO=PPy−Nf ¼ RMRGO C S MRGO þ RPPy C S PPy , where RMRGO and
RPPy are weight percentage of MRGO and PPy, respectively,
and C S MRGO and C S PPy are the specific capacitance of MRGO
and polypyrrole, respectively. The theoretical specific capacitance of RGO/PPy-Nf nanocomposite is obtained 37.8 F g−1.
It reveals that the specific capacitance of RGO/PPy-Nf nanocomposite has increased by seven times than its components,
which can be assigned to the synergistic effects between this
nanocomposite components. The specific capacitance of
MRGO, PPy, and RGO/PPy-Nf nanocomposite decreases to
29.1, 8.2, and 177.6 F g−1 with increasing current density to 10
A g−1. It can be attributed to the inability of ions to the whole
diffusion into the internal sites of electrode material that results in a decrease of specific capacitance with increasing current [42]. This specific capacitance value is higher than both
the reported specific capacitance value for RGO/PPy nanocomposite by Zhang et al. (204 F g−1 at 1 A g−1, in a similar
preparation method) [14] and by Zhu et al. (223.5 F g−1 at 1.6
A g−1 in 3 M KCl electrolyte, prepared using chemical reduction of GO) [56].

The Ragone plot, which is the relationship between the
energy density (E) and power density (P), is illustrated in
Fig. 5d for RGO/PPy-Nf nanocomposite. The specific energy
density is given by the equation of E = CsdisV2/2, where Csdis
and V are the GCD specific capacitance (in F g−1) and potential window (in V), and the power density is given by P = E/t,
where t is discharge time (in s). The RGO/PPy-Nf nanocomposite exhibits a maximum energy density of 38.5 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 throughout the porosity of the
electrode material and the presence of proper
pseudocapacitance behavior due to synergistic effects [57].
This nanocomposite at a high power density of 5000 W kg−1
at 10 A g−1, still has a high energy density of 24.6 Wh kg−1.
The decreasing energy density, at this high current density,
can be due to time deficiency of ion diffusion to the electrode
material [57].
The retention of specific capacitance of RGO/PPy-Nf
nanocomposite was evaluated in a first 1000-cycle GCD configuration at a current density of 1 A g−1. As can be seen in
Fig. 5e, the specific capacitance decreases to 267 F g−1 (≈
96.4%) for the first 100 cycles, which may be due to the
activation process and broken-off nanocomposite structure.
After 1000 cycles, the specific capacitance has still maintained
263 F g−1, which is ≈ 95% of the first cycle. This excellent
long-term stability is comparable to 81% reported for RGO/
PPy nanocomposite by Zhang et al. [14] and 90% reported for
graphene/PPy nanocomposite by Bose et al. [58].
The frequency-dependent electrochemical properties of the
samples were evaluated by the electrochemical impedance
spectra. The results of EIS measurements have been shown
in Fig. 6a–d for the samples. Nyquist plots, which can illustrate the frequency response of the electrode/electrolyte system, have been shown in Fig. 6a in the frequency range of
10−2–105 Hz. The solid lines in Fig. 6a are the results of the
best fitting with an equivalent circuit, shown in Fig. 6b. 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 [57, 59]. Rct is
charge-transfer resistance between electroactive material and
electrolyte in the electrochemical process. The equivalent circuit of Fig. 6b consists of a modified Randles circuit cell [36],
as Rct is in series with a Warberg impedance (Zw) and both in
parallel with a constant phase element (CPE). Also, CF and RL
are the faradaic capacitance and limit resistance, respectively
[60]. The obtained values of parameters based upon the best
fitting of the equivalent circuit to the experimental data are
presented in Table S1. Rct value is 1.99, 46.57, and 5.21 Ω for
MRGO, pristine PPy, and RGO/PPy-Nf nanocomposite, respectively. The lower Rct of MRGO can be attributed to the
electrical conductivity of MRGO sheets. It is also found that
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Fig. 5 The GCD plots of a RGO/PPy-Nf nanocomposite at different current density, and b the samples at 1 A g−1. c The behavior of specific capacitance
versus current density for the samples. d Ragone plot and e specific capacitance behavior versus cycle numbers for RGO/PPy-Nf nanocomposite

the charge transfer resistance in RGO/PPy-Nf nanocomposite
is much lower than for pristine PPy. The equivalent series

resistance (ESR) of the system is evaluated with Rs, Rct, and
RL. The obtained ESR value is 13.64 and 17.77 Ω for MRGO

Ionics

Fig. 6 a The Nyquist plots for the samples and their fitted lines, and
magnified part of it at the high-frequency region of the inset, b represents
the electrical equivalent circuit. c The magnitude of complex resistance

and the phase angle, and d the real (C′) and imaginary (C″) parts of
complex specific capacitance versus log(ω) for the samples

and RGO/PPy-Nf nanocomposite, respectively, which agrees
with the obtained value CPE-n = 0.58 for RGO/PPy-Nf
nanocomposite. However, the obtained high capacitance of
CF = 0.018 F for RGO/PPy-Nf nanocomposite (rather than
0.002 F for MRGO and 3.05 × 10−6 F for PPy) indicates an
improvement of charge storage that arises from the
pseudocapacitance mechanism.
The magnitude of complex resistance (log |Z(ω)|), and the
phase angle Φ(ω), (Bode plots) has been shown in Fig. 6c as a
function of frequency (log ω) for the samples, where ω is the
angular frequency. The Bode plots can be divided into the

frequency dependence into low-, medium-, and highfrequency regions. The low-frequency region can be considered the near − 1 slope in log |Z| plot and phase angle between
− 45° and − 90°. The regions where the frequency dependence
of the |Z| is weak, and the phase angle is close to zero, can be
regarded as the high-frequency regions [61, 62]. The lowfrequency region is below 8.94 and 1.6 Hz for the MRGO
and RGO/PPy-Nf nanocomposite, respectively. As shown in
Fig. 6c, the low-frequency region for PPy is between 0.16 and
4.76 Hz. At these low-frequency regions, the samples indicate
capacitive behavior. Besides, the corresponding frequency
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Φ = −45°, shown by dash lines in Fig. 6c, can be related to the
frequency response to the ideally capacitive behavior [61, 62].
The obtained response time of the capacitor is 0.11, 6.2, and
0.62 s for MRGO, PPy, and RGO/PPy-Nf nanocomposite,
respectively. The longer response time of PPy and shorter
response time of MRGO can be attributed to faradaic reaction
and EDLC mechanism, respectively, supported by obtained
results from the current peak (IP) in Fig. 4c.
Supercapacitors exhibit a capacitance behavior at low frequencies, a resistance behavior at high frequencies, and their
combination at medium frequencies. The frequency dependence of complex capacitance, C(ω), can be used to study
capacitive and resistive behavior. The real (C′) and imaginary
(C″) part of complex specific capacitance can be inferred from
the complex impedance from the following equations [37]:
0

C ð ωÞ ¼

−Z ðωÞ
}

ð2Þ

mωjZ ðωÞj2

demonstrated excellent cyclic stability of this nanocomposite.
In evaluating the samples by electrochemical impedance spectroscopy, the values of capacitor response time revealed that
the dominant mechanism in pristine PPy and MRGO is faradaic reactions and electrical double-layer capacitance, respectively, and both mechanisms play a role in the RGO/PPy-Nf
nanocomposite. These good capacitive properties can be
assigned to the synergetic effect of both EDLC and
pseudocapacitance in this nanocomposite. Also, relaxation
time investigation revealed that this nanocomposite exhibits
an ideal capacitive behavior at very low frequency.
Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11581-021-03907-3.
Funding The authors acknowledge funding from the National Natural
Science Foundation of China (Grant no. 51761135113) and the
Ferdowsi University of Mashhad (Grant no. 3/42918).

0

C } ð ωÞ ¼

Z ð ωÞ

ð3Þ

mωjZ ðωÞj2

C′ and C″ correspond to the charges in available stored
energy and energy dissipation process as a function of frequency, respectively. C′ and C″ have been illustrated as a
function of frequency in Fig. 6d for the samples. The characteristic frequency of f0 can divide the electrode behavior predominantly into capacitive and resistive behavior. The f0 can
be determined from the peak frequency of C″ [63]. The relax

ation time constant, τ 0 ¼ f1 , which is a minimum time

References
1.

2.

3.

4.

0

needed to discharge all of the stored energy from electrode
material, can be deduced from the complex capacitance plots.
The obtained f0 value was 3.83, 0.018, and 1.00 Hz for
MRGO, PPy, and RGO/PPy-Nf nanocomposite, respectively.
It reveals that MRGO exhibits a capacitive behavior on a
broader frequency range, which can be attributed to the more
electrical conductivity of MRGO, supported by obtained results from their ERS values.

5.

6.

7.

8.

Conclusion
The RGO/PPy-Nf nanocomposite was prepared as an electrode material of a supercapacitor. The results of FE-SEM
and TEM images, XRD patterns, FTIR and Raman spectroscopy, XPS, and BET analysis confirmed the formation of
RGO/PPy-Nf nanocomposite with a mesoporous structure.
The high specific capacitance of 277 F g−1 was obtained for
the RGO/PPy-Nf nanocomposite at a constant current density
of 1 A g−1 in a 1 M H2SO4 solution electrolyte. This nanocomposite revealed the highest energy density of
38.5 Wh kg −1 with a corresponding power density of
500 W kg−1. The capacitive retention of 95% after 1000 cycle

9.
10.

11.

12.

13.

Huang Y, Li H, Wang Z, Zhu M, Pei Z, Xue Q, Huang Y, Zhi C
(2016) Nanostructured polypyrrole as a flexible electrode material
of supercapacitor. Nano Energy 22:422–438
Zuo W, Li R, Zhou C, Li Y, Xia J, Liu J (2017) Batterysupercapacitor hybrid devices: recent progress and future prospects.
Adv Sci 4:1600539
Dubal DP, Ayyad O, Ruiz V, Gómez-Romero P (2015) Hybrid
energy storage: the merging of battery and supercapacitor chemistries. Chem Soc Rev 44:1777–1790
Simon P, Gogotsi Y, Dunn B (2014) Where do batteries end and
supercapacitors begin? Science 343:1210–1211
Yao F, Pham DT, Lee YH (2015) Carbon-based materials for
lithium-ion batteries, electrochemical capacitors, and their hybrid
devices. ChemSusChem 8:2284–2311
Chee WK, Lim HN, Harrison I, Chong KF, Zainal Z, Ng CH,
Huang NM (2015) Performance of flexible and binderless
polypyrrole/graphene oxide/zinc oxide supercapacitor electrode in
a symmetrical two-electrode configuration. Electrochim Acta 157:
88–94
Hu C-C, Chang K-H, Lin M-C, Wu YT (2006) Design and tailoring
of the nanotubular arrayed architecture of hydrous RuO2 for next
generation supercapacitors. Nano Lett 6:2690–2695
Yang G-W, Xu C-L, Li H-L (2008) Electrodeposited nickel hydroxide on nickel foam with ultrahigh capacitance. Chemical
Communications: 6537-6539 https://doi.org/10.1039/B815647F
Hao L, Li X, Zhi L (2013) Carbonaceous electrode materials for
supercapacitors. Adv Mater 25:3899–3904
Ghanbari R, Ghorbani SR, Arabi H, Foroughi J (2018)
Magnetoresistance mechanisms in carbon-nanotube yarns. Synth
Met 242:55–60
Yan J, Wei T, Qiao W, Shao B, Zhao Q, Zhang L, Fan Z (2010)
Rapid microwave-assisted synthesis of graphene nanosheet/Co3O4
composite for supercapacitors. Electrochim Acta 55:6973–6978
Li L, Guo Z, Du A et al (2012) Rapid microwave-assisted synthesis
of Mn3O4/graphene nanocomposite and its lithium storage properties. J Mater Chem 22:3600–3605
Wang T, Chen HC, Yu F, Zhao XS, Wang H (2019) Boosting the
cycling stability of transition metal compounds-based
supercapacitors. Energy Storage Mater 16:545–573

Ionics
14.

15.

16.

17.

18.

19.

20.

21.

22.
23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Zhang J, Zhao XS (2012) Conducting polymers directly coated on
reduced graphene oxide sheets as high-performance supercapacitor
electrodes. J Phys Chem C 116:5420–5426
Wang H, Hao Q, Yang X, Lu L, Wang X (2010) A nanostructured
graphene/polyaniline hybrid material for supercapacitors.
Nanoscale 2:2164–2170
Zhu Y, Murali S, Cai W, Li X, Suk JW, Potts JR, Ruoff RS (2010)
Graphene and graphene oxide: synthesis, properties, and applications. Adv Mater 22:3906–3924
Fu L, Wang Q, Zhang M et al (2020) Electrochemical sex determination of dioecious plants using polydopamine-functionalized
graphene sheets. Frontiers in Chemistry 8: 92. https://www.
frontiersin.org/article/10.3389/fchem.2020.00092
Yuan Q, Wu S, Ye C, Liu X, Gao J, Cui N, Guo P, Lai G, Wei Q,
Yang M, Su W, Li H, Jiang N, Fu L, Dai D, Lin CT, Chee KWA
(2019) Sensitivity enhancement of potassium ion (K+) detection
based on graphene field-effect transistors with surface plasma pretreatment. Sensors Actuators B Chem 285:333–340
Han G, Liu Y, Kan E, Tang J, Zhang L, Wang H, Tang W (2014)
Sandwich-structured MnO2/polypyrrole/reduced graphene oxide
hybrid composites for high-performance supercapacitors. RSC
Adv 4:9898–9904
Abdul Bashid HA, Lim HN, Kamaruzaman S, Abdul Rashid S,
Yunus R, Huang NM, Yin CY, Rahman MM, Altarawneh M,
Jiang ZT, Alagarsamy P (2017) Electrodeposition of polypyrrole
and reduced graphene oxide onto carbon bundle fibre as electrode
for supercapacitor. Nanoscale Res Lett 12:246
Wang M, Jamal R, Wang Y, Yang L, Liu F, Abdiryim T (2015)
Functionalization of graphene oxide and its composite with poly(3,
4-ethylenedioxy thiophene) as electrode material fo r
supercapacitors. Nanoscale Res Lett 10:370
Zhang LL, Zhao XS (2009) Carbon-based materials as
supercapacitor electrodes. Chem Soc Rev 38:2520–2531
Shown I, Ganguly A, Chen L-C et al (2014) Conducting polymerbased flexible supercapacitor. Energy Sci Eng 3:2–26
Ghanbari R, Ghorbani SR, Arabi H, Foroughi J (2018)
Magnetoreresistance of carbon nanotube-polypyrrole composite
yarns. Physica C 548:78–81
Zhi M, Xiang C, Li J, Li M, Wu N (2013) Nanostructured carbonmetal oxide composite electrodes for supercapacitors: a review.
Nanoscale 5:72–88
Ghanbari R, Ghorbani SR, Arabi H, Foroughi J (2018) The charge
transport mechanisms in conducting polymer polypyrrole films and
fibers. Mater Res Express 5:105701
Bo J, Luo X, Huang H, Li L, Lai W, Yu X (2018) Morphologycontrolled fabrication of polypyrrole hydrogel for solid-state
supercapacitor. J Power Sources 407:105–111
Qian T, Yu C, Wu S, Shen J (2013) A facilely prepared polypyrrole/
reduced graphene oxide composite with a crumpled surface for high
performance supercapacitor electrodes. J Mater Chem A 1:6539–
6542
Chabi S, Peng C, Yang Z et al (2014) Three dimensional (3D)
flexible graphene foam/polypyrrole composite: towards highly efficient supercapacitors. RSC Adv 5:3999–4008
Liu Y, Wang H, Zhou J, Bian L, Zhu E, Hai J, Tang J, Tang W
(2013) Graphene/polypyrrole intercalating nanocomposites as
supercapacitors electrode. Electrochim Acta 112:44–52
Pourbeyram S, Kheyri P (2018) Graphene/polypyrrole nanofiber
prepared by simple one step green method for electrochemical
supercapacitors. Synth Met 238:22–27
Xu C, Sun J, Gao L (2011) Synthesis of novel hierarchical
graphene/polypyrrole nanosheet composites and their superior
electrochemical performance. J Mater Chem 21:11253–11258
Cai C, Fu J, Zhang C, Wang C, Sun R, Guo S, Zhang F, Wang M,
Liu Y, Chen J (2020) Highly flexible reduced graphene

oxide@polypyrrole-polyethylene glycol foam for supercapacitors.
RSC Adv 10:29090–29099
34. Wei D, Zhu J, Luo L, Huang H, Li L, Yu X (2020) Fabrication of
poly(vinyl alcohol)-graphene oxide-polypyrrole composite hydrogel for elastic supercapacitors. J Mater Sci 55:11779–11791
35. Davies A, Audette P, Farrow B, Hassan F, Chen Z, Choi JY, Yu A
(2011) Graphene-based flexible supercapacitors: pulseelectropolymerization of polypyrrole on free-standing graphene
films. J Phys Chem C 115:17612–17620
36. Yuan X-Z, Song C, Wang H, Zhang J (2010) Electrochemical impedance spectroscopy in PEM fuel cells: fundamentals and applications. Springer, Berlin
37. Ali GAM, Yusoff MM, Shaaban ER, Chong KF (2017) High performance MnO2 nanoflower supercapacitor electrode by electrochemical recycling of spent batteries. Ceram Int 43:8440–8448
38. Hummers WS, Offeman RE (1958) Preparation of graphitic oxide.
J Am Chem Soc 80:1339–1339
39. Das AK, Karan SK, Khatua BB (2015) High energy density ternary
composite electrode material based on polyaniline (PANI), molybdenum trioxide (MoO3) and graphene nanoplatelets (GNP) prepared by sono-chemical method and their synergistic contributions
in superior supercapacitive performance. Electrochim Acta 180:1–
15
40. Ghosh D, Giri S, Dhibar S, Das CK (2014) Reduced graphene
oxide/manganese carbonate hybrid composite: high performance
supercapacitor electrode material. Electrochim Acta 147:557–564
41. Lai L, Zhu J, Li Z, Yu DYW, Jiang S, Cai X, Yan Q, Lam YM,
Shen Z, Lin J (2014) Co3O4/nitrogen modified graphene electrode
as Li-ion battery anode with high reversible capacity and improved
initial cycle performance. Nano Energy 3:134–143
42. Singu BS, Yoon KR (2018) Highly exfoliated GO-PPy-Ag ternary
nanocomposite for electrochemical supercapacitor. Electrochim
Acta 268:304–315
43. Zhang K, Chen X, Gao X, Chen L, Ma S, Xie C, Zhang X, Lu W
(2020) Preparation and microwave absorption properties of carbon
nanotubes/iron oxide/polypyrrole/carbon composites. Synth Met
260:116282
44. Zhang X, Bai (2003) Surface electric properties of polypyrrole in
aqueous solutions. Langmuir 19:10703–10709
45. Morozan A, Jegou P, Campidelli S et al (2012) Relationship between polypyrrole morphology and electrochemical activity towards oxygen reduction reaction. Chem Commun 48:4627–4629
46. Stankovich S, Dikin DA, Piner RD, Kohlhaas KA, Kleinhammes
A, Jia Y, Wu Y, Nguyen SBT, Ruoff RS (2007) Synthesis of
graphene-based nanosheets via chemical reduction of exfoliated
graphite oxide. Carbon 45:1558–1565
47. Wu X, Meng L, Wang Q, Zhang W, Wang Y (2018) Outstanding
performance supercapacitor based on the ternary graphene-silverpolypyrrole hybrid nanocomposite from 45 to 80 °C. Mater Chem
Phys 206:259–269
48. Zhao Y, Song X, Song Q, Yin Z (2012) A facile route to the
synthesis copper oxide/reduced graphene oxide nanocomposites
and electrochemical detection of catechol organic pollutant.
CrystEngComm 14:6710–6719
49. Bhuvaneswari S, Pratheeksha PM, Anandan S, Rangappa D,
Gopalan R, Rao TN (2014) Efficient reduced graphene oxide
grafted porous Fe3O4 composite as a high performance anode material for Li-ion batteries. Phys Chem Chem Phys 16:5284–5294
50. Schaarschmidt A, Farah AA, Aby A, Helmy AS (2009) Influence
of nonadiabatic annealing on the morphology and molecular structure of PEDOT-PSS films. J Phys Chem B 113:9352–9355
51. Sotomayor FJ, Cychosz KA, Thomm M (2018) Characterization of
micro/mesoporous materials by physisorption: concepts and case
studies. Acc Mater Surf Res 3:34–50

Ionics
52.

53.

54.

55.

56.

57.
58.

Wang W, Hao Q, Lei W, Xia X, Wang X (2012) Graphene/SnO2/
polypyrrole ternary nanocomposites as supercapacitor electrode
materials. RSC Adv 2:10268–10274
Lindstrom H, Sodergren S, Solbrand A et al (1997) Li+ ion insertion in TiO2 (Anatase). 1. Chronoamperometry on CVD films and
nanoporous films. J Phys Chem B 101:7710–7716
Augustyn V, Come J, Lowe MA, Kim JW, Taberna PL, Tolbert
SH, Abruña HD, Simon P, Dunn B (2013) High-rate electrochemical energy storage through Li+ intercalation pseudocapacitance.
Nat Mater 12:518–522
Come J, Taberna PL, Hamelet S, Masquelier C, Simon P (2011)
Electrochemical kinetic study of LiFePO4 using cavity microelectrode. J Electrochem Soc 158:A1090–A1093
Zhu J, Xu Y, Wang J, Wang J, Bai Y, du X (2015) Morphology
controllable nano-sheet polypyrrole/graphene composites for highrate supercapacitor. Phys Chem Chem Phys 17:19885–19894
Stoller MD, Park S, Zhu Y, An J, Ruoff RS (2008) Graphene-based
ultracapacitors. Nano Lett 8:3498–3502
Bose S, Kim NH, Kuila T, Lau KT, Lee JH (2011) Electrochemical
performance of a graphene/polypyrrole nanocomposite as a
supercapacitor electrode. Nanotechnology 22:295202

59.

Mensing JP, Wisitsoraat A, Phokharatkul D, Lomas T, Tuantranont
A (2015) Novel surfactant-stabilized graphene-polyaniline composite nanofiber for supercapacitor applications. Compos Part B 77:
93–99
60. Di Fabio A, Giorgi A, Mastragostino M et al (2001) Carbon-poly(3methylthiophene) hybrid supercapacitors. J Electrochem Soc 148:
A845
61. Zhao G, Zhang N, Sun K (2013) Porous MoO3 films with ultrashort relaxation time used for supercapacitors. Mater Res Bull 48:
1328–1332
62. Zhang G-Q, Zhao Y-Q, Tao F, Li HL (2006) Electrochemical characteristics and impedance spectroscopy studies of nano-cobalt silicate hydroxide for supercapacitor. J Power Sources 161:723–729
63. Aziz RA, Misnon II, Chong KF, Yusoff MM, Jose R (2013)
Layered sodium titanate nanostructures as a new electrode for high
energy density supercapacitors. Electrochim Acta 113:141–148
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

