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Abstract
Polyaniline (PANI), reduced graphene oxide (rGO), and rGO@PANI composite were prepared and characterized by X-ray
diffraction (XRD), Fourier transforms infra-red (FT-IR), scan electron microscopy (SEM). The electrochemical properties
were studied by using cyclic voltammetry (CV) , galvanostatic charge-discharge (GCD), and electrochemical impedance
methods (EIS). The composite of PANI and G (rGO@PANI) has a specific capacitance of 22.3 F/g, an energy density of 6.5
Wh /kg, and a power density of 153 W/kg at 0.5 A/g and great cycling performance, with 81.2% capacitance retained over
250 cycles. PANI enhances the conduction of electrons and so rGO individually. The formation of the emeraldine base for
PANI decreases the rate of faradaic process in the composite and leads to decrease in the total capacitance.
Received; 10 May 2018, Revised form; 2 July 2019, Accepted; 2 July 2019, Available online 1 Oct. 2019.
1. Introduction
Polyaniline (PANI) as one of conducting polymers [1,2] is building block for all sp2 graphitic materials. Graphene has
broadly studied due to of its a few remarkable properties [3], several unexpected properties. It conducts heat and
like the simplicity of preparation, low cost, lightweight, electricity usefully and is almost transparent [16]. Scientists
optical properties, better electronic, soluble in different have distinguished the bipolar transistor and large quantum
solvents, highly stable in air, and great processability [4-6]. oscillations in the graphene. Currently, several methods had
Moreover, it can be utilized in many applications, such as been investigated to prepare graphene. Few and single-layer
corrosion protection coatings [7], rechargeable batteries [8], graphene initially can be acquired by mechanical peeling
microwave absorption [9], electromagnetic interference (“Scotch-tape” method) of bulk graphite [17]. They are less
shielding, as well as electrodes and sensors [10]. PANI effective for extensive scale producing. Chemical methods
displays dramatic variations in its electronic structure and are a useful way to get bulk-scale graphene [18]. Yet, the
physical properties at protonated state. Based on the synthesis of graphene has been focused fundamentally on
oxidation level, PANI can be combined in many insulating chemical derivatization, intercalation, oxidation-reduction,
forms such as the fully reduced leucoemeraldine base (LEB), thermal expansion, or through the use of surfactants [19-23].
half oxidized emeraldine base (PANI-EB) and completely The most well-known way to deal with graphite exfoliation
oxidized pernigraniline base (PNB). The PANI-EB is the is the use of strong oxidizing agents to form graphene oxide
steadiest and broadly explored polymer in this group. PANI- (GO) [22,23], which can be reduced to form reduced
EB varies openhandedly from LEB and PNB as in its graphene oxide rGO. It can be readily dispersed in water to
conductivity can be changed by doping from 10-1 up to 100 produce a large scale of graphitic films [23-27].
S/cm and more, while LEB and PNB structure are not 2. Experimental
conducting [11]. The conducting emeraldine salt structure
2.1 Preparation of reduced graphene oxide (rGO)
(PANI-ES) is accomplished by doping with aqueous acids
Graphene oxide (GO) was prepared by modified
where H+ ions are adjoined to the –N= sites. This causes an Hummers-Hoffman's method [28]. 5 g of graphite powder
enhancement in the conductivity of several ten orders of was added to 120 ml of 98% of H2SO4 in an ice bath with
magnitude depending on the technique for handling [12]. continuous stirring and temperature didn’t exceed 20°C.
According to the above mentioned properties and Then 2.5 g NaNO3 followed by 20 g of KMnO4 was added
applications, PANI was composed with carbon-based gradually to prevent a rapid increase in temperature. The
materials like (reduced graphene oxide [12], carbon mixture was stirred for 2 h in an ice bath and 1 h at 35°C.
nanotube, and graphene oxide [13], different metal oxides, After that sample would be like a paste, then 250 ml of
inorganic perovskites [14], or even with a combined system distilled (H2O) was added drop by drop in an ice bath, which
to increase its electronic behaviors [15].
causes effervescence and temperature suddenly increased to
Graphene is an allotrope of carbon as a two-dimensional 98°C then cooled after 10 min. Next, 50 ml of H 2O2 was
with one atom thick, the honey-comb cross section in which added, lead to convert sample into oily color. The mixture
one atom forms every vertex. It is considered as an essential was heated at 90°C for 30 min, centrifuged and washed by
2
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boiling distilled water until the product becomes neutral. The
product was dried at 65°C for 24 h to get GO. Reduced
grapheme oxide (rGO) was synthesized by chemical
reduction of GO. This is done by dispersin 0.1 g of GO in 20
ml distilled water and ultrasonicated for 30 min to confirm
dispersion, then 3 ml of hydrazine NH2-NH2.H2O was added
to the solution. The mixture was stirred at 80°C for 1h. The
product was washed and filtrated until it became neutral,
then it kept one day at 80°C to get rGO.
2.2 Preparation of polyaniline (PANI)
PANI was synthesized by in-situ oxidation-polymerization
[29]. In the typical procedures, Aniline monomer was
prepared by dissolving 1.8 ml of aniline in
100 ml
of 1M of HCl to form aniline hydrochloride. By using
(NH4)2S2O8 as the oxidant, 100 ml of 0.1M was titrated drop
by drop with continuous stirring for 3 h in an ice bath. The
solution was kept for 24 h to complete polymerization, then
washed with distilled water to remove the excess of oxidant
and unreacted monomers. Finally, the resultant polymer was
obtained after drying at 60°C for several hours until getting a
constant weight of the sample.
2.3. Preparation of supercapacitors working electrodes
Electrodes were prepared by mixing based material of
(rGO, PANI, and PANI mixed with rGO with mass ratio 1:1
rGO@PANI with carbon black and polyvinylidene fluoride
(PVF) with percent ratio 75:15:10, respectively with few
drops of ethanol to get slurry form, then it was spread on
stainless steel (SS), then dried at 80°C for 1h to vaporize
solvent and achieve the best adhesion on surface of
substrate.
2.4. Characterizations and measurements
In the present study, all prepared samples were
characterized by different techniques. X-ray diffraction
(XRD) patterns were analyzed by using a Philips
diffractometer PW 1710 with Cu-Kα irradiation (λ= 0.15418
nm) at diffraction angles of 2θ between 5° to 80° at a scan
rate of 5° min−1. Scan electron microscopy (SEM) was
carried out by using JEOL-JSM-6510 LV. FT-IR spectra
were performed by FT-IR spectrophotometer model Thermo
Scientific Nicolet using KBr pellet technique in the range of
4000-400 cm-1.
Electrochemical measurements of the prepared electrodes
used to evaluate the capacitive parameters of the
investigated materials. Cyclic voltammetry (CV) was used to
calculate the specific capacitance of prepared samples
depending upon the integrated area method. The
galvanostatic charge-discharge technique (GCD) was used to
calculate specific capacitance depending upon the discharge
time. Electrochemical impedance spectroscopy (EIS) was
used to detect prepared materials resistance. The
electrochemical measurements were carried out using a
triple system in which the prepared samples used as working
electrodes vs. saturated calomel electrode as (SCE) a
reference electrode, while Pt electrode (Pt.E) used as a
counter electrode in 6M KOH aqueous electrolyte.
Capacitance was measured by CV and GCD method by

using (Digi-Ivy 2116 B), the USA, in which the prepared
materials were filmed on SS, CV was performed between 1.5:0.5 V at scan rate 5 mV/s and measured at current
density (Id) 500 mA/g. EIS was measured with (Metrohm
auto lab PGSTAT 204). Netherlands. The prepared materials
were filmed on SS and measured at current ranged from 10
μA:100 mA, frequency ranged from 0.1 Hz:100 kHz and
fixed potential 10 mV.
3. Results and discussions
3.1 Chemical characterizations
Fig. 1 shows the XRD pattern of reduced graphene oxide
(rGO) and graphene oxide (GO) to give information on the
reduction degree of GO. The XRD pattern of GO shows two
peaks at 2θ = 10.09° and 2θ = 42 characterized for graphene
oxide peaks of (001) and (004) plans [30], respectively.
These peaks are disappeared in XRD of G with an
appearance of a new peaks at 2θ = 26.5° corresponding to
(002) graphene plane. This refers to that GO is almost
converted into graphene indicating the effective reduction
process. The crystallite size of rGO was estimated using
Scherrer’s equation and found to be 3 nm.

Fig (1): XRD patterns of rGO, and rGO
The XRD pattern of PANI given in Fig. 2 shows main
diffraction peaks with amorphous nature at about 2θ = 21°
and 25° corresponding to the periodicity parallel and
perpendicular to PANI chains, respectively [31].

Fig (2): XRD pattern of PANI
Fig. 3 shows FT-IR of GO and rGO samples. Several
types of oxygen functionalities in both samples was
confirmed by the presence of many bands. It showed the
presence of broadband at 3400 cm-1 that can be attributed to
the O-H stretching vibrations of the C-OH groups and water
[32, 33]. It is also showed bands at 1640 cm-1 (stretching
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vibrations from C=C), at 1650 cm-1 (skeletal vibrations from
unoxidized graphitic domains) [34, 35], and at 1050 cm-1 (CO stretching vibrations). However, stretching vibrations
from C=O at 1740 cm-1 were still observed and C-O
stretching vibrations at 1050 cm-1 turn out to be sharper,
which were caused by remaining carboxyl groups even after
hydrazine reduction [36].

Fig (3): FT-IR pattern of G, and rGO
Fig. 4 shows the FT-IR spectrum of PANI. It shows C-H
aromatic group at 2900 cm-1, C=N at 1566 cm-1, C=C at
1490 cm-1, C-N at 1290 cm-1, and bending of the quinoid
ring (C=N) at 1105 cm-1. The polymerization of aniline can
be approved by the existence of spectral peaks at 1490 and
1566 cm−1 owing to stretching of the benzenoid and quinoid
rings, respectively, for the acid doped PANI. These

outcomes refer to that pure PANI is already doped and is
present in conducting emeraldine salt form [37]. The peak at
1290 cm−1 matching to C-N stretching of secondary amine in
the main polymer chain.

Fig (4): FT-IR pattern of PANI
Surface morphology of G shows the hexagonal nanolayer
formation of rGO, which found stacked on each other. Welldefined structure and diffraction confirm the crystalline
structure of rGO, which observed in Fig. 5 (a).
SEM images of PANI shows that prepared material was
amorphous clusters of the granular morphology of PANI
with average grain size 0.4 μm, which shown in Fig. 5 (b).

Fig (5): SEM images of (a) rGO nanosheets, (b) PANI
3.2. Electrochemical measurements
The results of CV measurements of PANI and rGO-PANI where two pairs of redox peaks demonstrating reversible
composite samples on SS in 6 M aqueous KOH solution at a charge-discharge behavior are observed at -1.2 V, and -0.9
scan rate of 5 mV/s are represented in Fig. 6. rGO curve V. This can be ascribed to the redox transition of PANI
showed a semi-rectangular shape without any formation of between a semiconducting state (leucoemeraldine salt) and a
redox peaks. This agrees with the electric double layer conducting state (polaronic emeraldine form) The pair of
capacitance found in carbon-based materials. The CV of peaks at around -0.85 V, and -0.9 V can be originated from
PANI and rGO@PANI curves showed the same behavior, the emeraldine–pernigraniline transformation [38-40].
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Fig (6): CV of (a) rGO, (b) PANI, and rGO@ PANI
The two pairs of redox peaks observed in CV curve of
Electrochemical stability is one of device quality and
rGO@PANI composite, which is similar to that of PANI practical application. In order to evaluate charge storage
indicates that the capacitance of rGO@ PANI capacity, the durability of a cycle lifetime and various
nanocomposite come mainly from the pseudocapacitance of electrical parameter, the GCD analysis of supercapacitor
PANI besides the double layer of rGO. The redox peaks are assemblies was performed at a current density of 325 mA/g
slightly decreased in rGO@ PANI than that in PANI due to on both substrates for 250 charge-discharge cycles. Chargedecreasing the effect of rGO on the pseudocapacitive discharge curves show reversible characteristics between 1 st,
mechanism of PANI.
and 250th, which implies to electrode stability and
The specific capacitance (Csp) was calculated from CV capacitance efficiency for each electrode at Fig. 8, and
data according to equation (1) [40] and the data obtained are results are shown in Table 1.
listed in Table (1)
Electrode efficiency (Eeff %) was calculated from equation
+V
2
(3) [41]:
Csp=
I(V)
dV
(1)
∫
∆V.ʋ.m −V
Eeff = (Cn / C1) × 100
(3(
Where (Csp) is specific capacitance (F/g), (V) is applied
In which (Cn) is the capacitance of electrode of n th cycles,
potential (V), (ʋ) is potential scan rate (V/s), (I) is current
(F/g) (C1) is the capacitance of the 1st cycle (F/g).
(A), and (m) is mass of active material of electrode (g).
The energy density (Ed), and Power density ((Pd) are two
The charge-discharge curves of the investigated samples
important parameters in evaluating the electrochemical
are represented in Fig. 7. It shows a negative exponential
performance of the electrode materials and the
slope with varied internal resistance (IR) drop at discharge
supercapacitors. The two parameters (Ed, Wh/kg), and (Pd,
current Id of 500 mA/g, indicating good capacitive behaviors
W/kg) were calculated using the following equations [40,
for the prepared electrodes. Low (IR) is important in energy
41]:
storage devices, where less energy is consumed to generate
1
Ed = Csp ∆V2
(4)
heat during charge-discharge processes. The longest
2

discharge time of electrode indicates the highest capacitance
and best electrochemical performance. Csp values were
calculated by the following equation (2) [40].
I∆t
Csp=
(2)
m ∆V
Where (Csp) is specific capacitance (F/g), (I) is
discharge current (A), (∆V) is discharged potential (V), (∆t)
is discharge time (sec), and (m) is mass of active material of
electrode (g). The results obtained are listed in Table 1.

E

Pd =
(5)
t
In which Csp is the specific capacitance of the
supercapacitor (F/g), ΔV is the voltage change during the
discharge process after IR drop in (V), and t is the time for a
sweep segment (h). The results obtained are listed in Table
1.

Fig (7): Galvanostatic charge-discharge GCD of prepared
electrodes

Fig (8): Electrochemical stability of prepared electrodes
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Table (1): Electrochemical parameters of prepared electrodes
E
P
Efficiency after 100
Csp (F/g)
(W/kg)
(W/kg)
cycles (%)
92.1
18 (37.2)
9.2
50
60 (70.5)
15.6
182.5
97.1
16 (22.3)
6.5
153
81.2

Sample

PANI
rGO
rGO@PANI
(Csp) is Csp from GCD
The impedance spectra of the investigated materials are
represented as Nyquist plots in Fig. 9. EIS showed a
semicircle in the high-frequency section and a linear part in
the low-frequency region [42,43]. The diameter of the
semicircle associates with the interfacial charge-transfer
resistance, which frequently descriptions for the resistance
of the electrochemical response on the electrode (Faradaic
resistance). rGO shows high electronic diffusion and
conductivity with lower charge transfer resistance.
Because the same electrolyte was employed in all EIS
measurements, the obtained data refer to that the internal
resistance and/or the contact resistance of rGO are less than
those of PANI film and rGO@PANI nanocomposite. The

RS
(Ω)
2
1.6
5

Rct (Ω)
498
5
7000

EIS data in the low-frequency section essentially links to the
amount of Warburg resistance, which displays the diffusion
of redox species in the electrolyte, and a sharper plot
normally points to faster ion diffusion. The slope line of
PANI is greater than that of rGO@PANI film, implying the
excessive porosity of the polymer. rGO - framework can
certainly hinder speedier ion diffusion. Collectively, these
electrochemical characterizations corroborative reveal that
the rGO@PANI nanocomposite acquires worse capacitive
properties than PANI or rGO, due to formation emeraldiene
base, which has low specific capacitance and poor
conductivity. EIS is shown in Fig. 9, and results of RS and
RCT of all material were summarized in Table 1.
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8

(a)

6
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Fig (9): EIS of (a) rGO, (b) PANI, and (c) rGO@PANI
4. Conclusions
In conclusion, polyaniline was synthesized by chemical the pseudocapacitive behavior of PANI while rGO shows
polymerization. rGO was prepared by a modified Hummers' electric double layer behavior. The PANI@rGO composite
method followed by chemical reduction. Both of the prepared by grinding PANI@rGO shows pseudocapacitive
prepared materials were investigated to assure the exact behavior also, but with low capacitance in compare with
preparation by XRD and FT-IR and SEM.
The PANI or G separately, due to charge opposing collision and
electrochemical performance was studied by using CV, formation of emeraldine base which has lower capacitance.
GCD, and EIS curves. The electrochemical analysis showed
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