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Abstract The aim of this work is to improve the super-

capacitor performance of polyaniline (PANI). Polyaniline

nano fibres are incorporated into graphene oxide (GO)

layers by interfacial polymerization pathway, wherein

PANI fibres are intercalated into GO layers and also cover

the GO. PANI–GO hybrid composite is obtained in semi-

crystalline form with good conductivity (1.7 S cm-1). The

specific capacitance for PANI–GO (365 F g-1) is found to

be higher than PANI (280 F g-1). At the energy density of

15 W h kg-1, the power density of PANI–GO

(632 W kg-1) is higher than PANI (283 W kg-1).

Keywords Polyaniline–graphene oxide � Supercapacitor �
Interfacial polymerization � Morphology

Introduction

Electrochemical Capacitors also called supercapacitors or

ultracapacitors are the energy storage devices, intermediate

between high energy density batteries and high power

density capacitors. Carbon, metal oxides and conducting

polymers are the active electrode materials used in super-

capacitors. Conducting polymers and metal oxides offer

high capacitances compared to carbon materials due to

faradaic reactions (pseudocapacitors) occurring in the bulk

of the material, but suffer from low power density com-

pared to carbon, which stores energy only on the surface

(electric double layer capacitor, EDLC). Among the

pseudocapacitive materials (metal oxides and conducting

polymers), generally, metal oxides are expensive and toxic,

whereas the utilization and application of conducting

polymers are limited by the relative poor cycling stability

owing to the damage of the polymer backbone during the

fast redox processes. To develop a supercapacitor with

better performance, a combination of carbon-based mate-

rials (EDLC) is widely being tried out along with con-

ducting polymers (pseudocapacitive).This hybrid

composite materials are expected to give a high-perfor-

mance characteristics due to the synergistic effects [1, 2].

Thus, polyaniline–graphene oxide composite material is

anticipated to possess the distinctive properties of both the

graphene oxide and the polyaniline, such as good

mechanical strength because of the carbon matrix, excel-

lent electrical conductivity due to polyaniline and graphene

oxide, and pseudocapacitance due to polyaniline, thus

holding a great promise for hybrid supercapacitors.

Among the various conducting polymers, polyaniline is

regarded as one of the most promising electrode materials

due to high electrochemical activity, environmental sta-

bility, biocompatibility, low cost and ease of synthesis. [3–

6]. Graphite oxide (GO), derived from chemically modified

graphene, has attracted great interest owing to its many

advantages, such as low manufacturing cost, facile mass

production, capacitive properties and remarkable mechan-

ical behaviours [7]. Graphite oxide has expanded d-spacing
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and is in intermediate between graphite and individual

graphene sheets and it can be easily exfoliated into single

or few layer graphene oxide sheets under sonication. A few

reports are available on polyaniline graphene oxide com-

posites for supercapacitors [7–19] (Table 1). Most of the

methods are concentrated on the characterization of elec-

trode materials in three-electrode configurations [7–15].

However, two-electrode characteristics give more reliable

results compared with that of the three-electrode system for

practical applications [20].

Unlike the previous reports, herein we report the results

for two-electrode cell configuration. In this work,

polyaniline–graphene oxide composite (PANI–GO) was

prepared via interfacial polymerization pathway, wherein

polyaniline nano fibres (PANI) are intercalated into gra-

phene oxide (GO) layers and also covered the GO. Thus,

obtained composite material containing 10 wt% of GO

w.r.t. the amount of aniline used has shown as a good

candidate for supercapacitor in symmetric cell

configuration.

Experimental

Materials

Aniline, sodium nitrate, toluene, hydrogen peroxide

(H2O2), hydrochloric acid (HCl) [S. D. Fine Chemicals,

India], ammonium persulfate (APS), sulfuric acid (H2SO4)

[Rankem, India] and graphite (Sigma-Aldrich, USA) were

used as received. Freshly distilled aniline was employed in

the reaction. All the reactions were carried out with dis-

tilled water and solvents.

Instrumentation

For conductivity measurements, polymer samples were

pressed into discs of 13 mm in diameter and about 1.5 mm

in thickness under a pressure of 120 kg cm-2. Resistance

of the pellet was measured by four probe methods using

6220 constant current source and 2182 A voltmeter

(Keithley, Cleveland, Ohio, USA). XRD profiles for the

powders were obtained on a Bruker AXS D8 advance

X-ray diffractometer (Karlsruhe, Germany) with CuKa

radiation (land continuous) (k = 0.154 nm) at a scan speed

of 0.045�min-1. Morphology studies of the polymer pow-

der samples were carried out with a Hitachi S-4300 SE/N

field emission scanning electron microscope (FESEM)

(Hitachi, Tokyo, Japan) operated at 20 kV. The polymer

powder sample was sputtered on a carbon disc with the

help of double-sided adhesive tape. Transmission electron

microscopy (TEM) measurement for PANI–GO was car-

ried out with Philips CM200 instrument. Selected Area

Electron Diffraction (SAED) was used to verify the crystal

structure of PANI–GO.

Preparation of electrode and electrochemical

characterization

The electrodes were fabricated by pressing the polymer

samples on stainless steel mesh (316 grade) by the appli-

cation of 120 kg cm-2 of pressure without any additional

Table 1 Literature report of PANI–GO as electrode material for supercapacitor

Ref. no. System Synthesis method Electrolyte Configuration Specific capacitance (F g-1)

7 PANI-NFs-GO Chemical 1 M Na2SO4 Three electrode 79.5 @ 0.2 A g-1

8 GO–PANI Chemical 1 M H2SO4 Three electrode 42 @ 0.4 A g-1

9 PANI–GO Chemical 1 M H2SO4 Three electrode 746 @ 0.2 A g-1

10 PG100:1 Chemical 1 M H2SO4 Three electrode 531 @ 0.2 A g-1

11 PANI-g-rGO Chemical 1 M H2SO4 Three electrode 250 @ 100 mVs-1

12 GO–PANI Chemical 1 M H2SO4 Three electrode 323 @ 0.3 A g-1

6 PANI–GO film Electrochemical 0.5 M H2SO4 Three electrode 25 mF cm-2@ 5 mVs-1

13 PANI–GONS Chemical 1 M H2SO4 Three electrode 547 @ 10 lA

14 GO–PANI Chemical 1 M H2SO4 Three electrode 773 @ 1 mV s-1

15 GO–PANI Electrochemical 1 M H2SO4 Three electrode 1136 @ 1 mV s-1

16 PANI–GO Chemical 1 M H2SO4 Two electrode 555 @ 0.2 A g-1

17 GO-PANI Chemical 1 M H2SO4 Two electrode 425 @ 0.2 A g-1

18 GO-PANI Chemical 1 M H2SO4 Two electrode 150 @ 10 mVs-1

19 PANI/GO Chemical 1 M H2SO4 Two electrode 355 @ 0.5 A g-1

** Present work Chemical 1 M H2SO4 Two electrode 346 @ 0.5 A g-1

232 Int Nano Lett (2015) 5:231–240

123



binder. The electrochemical performances of the polymer

samples were investigated using two-electrode system

Swagelok type cells without a reference electrode. Two

electrodes with identical sample were assembled with a

cotton cloth separator in an electrolytic solution of aq. 1 M

H2SO4 solution. Cyclic voltammetry and galvanostatic

charge–discharge experiments were carried out with a

WMPG 1000 multichannel potentiostat/galvanostat (Won-

A-Tech, Gyeonggi-do, Korea). Cyclic voltammograms

(CV) were recorded from -0.2 to 0.6 V at various sweep

rates and charge–discharge experiments were carried out

from 0 to 0.6 V at various current densities. Electro-

chemical impedance spectroscopy (EIS) measurement was

performed with IM6ex (Zahner-Elektrik, Germany) by

applying an AC voltage of 5 mV amplitude in the 40 kHz–

10 mHz frequency range at an applied voltage of 0.6 V

using three-electrode cell configuration, i.e., PANI–GO

working electrode, platinum counter electrode and calomel

electrode as a reference electrode. All electrochemical

measurements were carried out at ambient temperature.

Synthesis of graphite oxide

Graphite oxide was synthesized from natural graphite by a

modified Hummers method [21]. Graphite (1 g) and

NaNO3 (1 g) were mixed with 46 mL of 98 % H2SO4 in a

250 mL round bottom flask. The mixture was kept stirred

in an ice bath. Potassium permanganate (6 g) was added

gradually to the suspension under vigorous stirring for a

period of 1 h and the reaction was continued for 4 h in the

ice bath. The reaction system was then stirred at ambient

temperature for 48 h. As the reaction progressed, the

mixture gradually became pasty, and the colour turned into

light brownish. At the end, 25 mL of H2O2 was slowly

added to the reaction mixture, the colour of the solution

changed from brown to yellow. The Graphite oxide was

washed with water followed by dilute HCl and then dried.

Synthesis of polyaniline–graphene oxide

Graphene oxide solution was prepared by mixing 50 mg of

graphite oxide in 30 mL of ethanol followed by sonication

for a period of 30 min. Pre-dissolved solution containing

1.44 g of ammonium persulfate in 40 mL of 1 M aqueous

H2SO4 solution was added to the above mixture and stirred

till a uniform mixture. Aniline (0.5 mL) was dissolved in

30 mL of toluene (organic layer) and transferred to the

above aqueous mixture. The resulting reaction mixture was

stirred for 24 h at room temperature. The aqueous layer

containing product was separated from the organic layer.

The formed precipitate was collected by filtration under

vacuum, washed with an ample amount of distilled water

and acetone. The powder sample was dried at 50 �C till a

constant weight.

For comparison, polyaniline (PANI) was synthesized by

following the above procedure without using graphene

oxide.

Results and discussion

The aim of the present work is to improve the performance

of the PANI electrode with the introduction of GO in

PANI. GO was prepared by the modified hummers method.

PANI–GO was prepared by in situ interfacial polymeriza-

tion method (Scheme 1), wherein aniline in organic layer

was polymerized by APS in presence of GO in aq. 1 M

H2SO4. The values of conductivity for PANI (2.7 S cm-1)

and PANI–GO (1.7 S cm-1) are found to be very nearly

the same. Representative structures of graphite, graphene

oxide and polyaniline–graphene oxide composite are given

in Scheme 2.

Figure 1 shows the X-ray diffractograms of graphite,

GO, PANI and PANI–GO. Inter planar distances were

calculated according to Braggs equation nk = 2dsinh,
where n is an integer, k is the x-ray wave length (in the case
of CuKa radiation, k = 0.154 nm). XRD patterns of gra-

phite show a peak at 2h = 26.4� with interplanar distance

of 0.17 nm; on conversion to GO, peak due to graphite is

disappeared and a new peak at 11.14� (d = 0.4 nm) is

observed. The increase in interplanar distance is due to the

introduction of oxygen functionalities in between the gra-

phite layers. XRD pattern of PANI shows peaks centred at

2h values of 7.8�, 14.4�, 19.24� and 25.28�, which are the

characteristic Bragg diffractions of PANI [8, 16]. XRD

pattern of PANI–GO is more or less similar to that of the

XRD of PANI and the absence of GO reflection peak in

PANI–GO confirms that graphite oxide is covered by

PANI.

FESEM images of GO prepared by modified hummers

method show that the GO is present in the form of loosely

stacked sheets with curved edges (Fig. 2a).However, PANI

synthesized by interfacial polymerization shows nanofiber

morphology (Fig. 2b) and is similar to that of the reported

PANI [22, 23]. FESEM images of PANI–GO (Fig. 2c, d)

composite show that the PANI is present in different types of

structures. PANI nanofibres are intercalated into GO layers

and also cover the GO.Moreover, two adjacent layers of GO

are connected by PANI nanofibres. The exfoliatedGO sheets

in solution provide large accessible surface for the nucleation

of aniline monomer on both surfaces before the polymer-

ization begins. Besides, under acidic conditions, it is

expected that the polar epoxy and carboxyl groups of GO

function primarily as the charge compensating sites which
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interact with the radical cations of the NH groups of PANI

[24, 25]; thus, the composite resulted in uniform coating of

PANI on GO. The morphology of PANI–GO clearly indi-

cates that nucleation/growth of the PANI nanofibres occur-

red on the GO sheets.

The TEM images of the PANI–GO show that the PANI

is present in loosely packed nanofibrous morphology as

shown in Fig. 3a–c. The loose packing and nanofibrous

morphology [26] could help in easy passage of electrolyte

ions thereby effective utilization of bulk of the material

bulk for redox reactions. Figure 3a, b clearly shows that the

PANI nanofibres are present with less than 50 nm in

diameter and a few hundred nano metres in length. Fig-

ure 3c shows that the GO is uniformly covered with PANI

and also anchors the PANI nanofibres. The strong affinity

between the negatively charged carboxyl groups and the

positively charged amine nitrogen groups firmly anchors

the PANI to the GO sheets [10]. The SAED pattern of

PANI-GO, as shown in Fig. 3d, exhibited a ring-shaped

pattern with a set of significant diffraction spots but not

sharp, indicating the semi-crystalline nature of PANI–GO

as seen from XRD.

The above results indicate that during the polymeriza-

tion of aniline in presence of GO under acidic condition,

the polar epoxy and carboxyl groups of GO interact with

the radical cations of the NH groups of PANI, which results

in polyaniline salt containing GO as dopant along with

sulphuric acid (Scheme 2).

In the supercapacitor performance of PANI–GO, to find

out the effect of incorporation of GO in PANI, cyclic

voltammetric and charge–discharge experiments were

carried out in symmetric cell configuration for PANI–GO

and PANI in aqueous 1 M H2SO4 electrolyte solution.

Figure 4 represents the cyclic voltammograms (CV) of

the PANI–GO symmetric supercapacitor cell carried at

different sweep rates. The shapes of the cyclic voltam-

mograms are almost rectangular which represents the rapid

charge–discharge processes in electrode materials with less

internal resistance.

The specific capacitance value from CV was calculated

according to the formula [27].

Cs ¼
2 � iavg
v � m ;

Scheme 1 The schematic representation for interfacial polymerization of PANI–GO and PANI
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where Cs is specific capacitance from CV, iavg is the average

current response of anodic and cathodic curves, v is the

potential sweep rate in mV s-1 and m is the mass of active

material in one electrode. To provide a better representation,

the Cs values of PANI–GO and PANI are represented in

Fig. 5. It is clear from the figure that the Cs values of PANI–

GO are higher than that of PANI at all sweep rates. The

advantages of the composite materials include the following:

(1) the GO in the polymer matrix essentially provides rigid

support for the stability of the PANI chains during redox

cycling, (2) The nanofibrous morphology and readily acces-

sible PANI contribute the overall capacitance to a greater

extent (3) The intercalation of PANI avoids the restacking of

GO and effectively reduces the dynamic resistance for the

passage of electrolyte ions and (4) synergistic effect.

The galvanostatic charge–discharge (CD) curves for

PANI–GO cell were carried out at various current densities

and are shown in Fig. 6. The good symmetry of CD curves

Scheme 2 Representative structures of graphite, its conversion to graphene oxide and then to polyaniline–graphene oxide composite

Fig. 1 XRD patterns of graphite, GO, PANI–GO and PANI
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infers that PANI–GO is a good candidate for supercapac-

itor. A slight deviation in the linear distribution of CD

curves is due to the pseudo capacitance, arising from the

faradic reaction in the composite material. The specific

capacitance from CD studies (Cd) is calculated according

to the following formula [27].

Cd ¼
2 � i � Dt
DE � m ;

where i is the discharge current, Dt is the discharge time

and DE is the voltage window and m is the mass of the

active material in one electrode. The specific capacitances

of PANI–GO are found to be 346, 325 and 242 F g-1 at

current densities of 0.5, 1 and 2.5 A g-1, respectively.

Higher specific capacitance value (242 F g-1) retained

even at a high discharge current density (2.5 A g-1) shows

the superior rate capability of the PANI–GO electrode

material.

The two important parameters for describing the beha-

viour of energy storage devices are energy density (Ed) and

power density (Pd). Energy density is the energy stored per

unit mass and is calculated using the formula,

Ed ¼ 0:5 � Cd � V2, and the power density is the amount of

energy delivered per unit mass, Pd ¼ EdðDtÞ�1
. Energy

densities of PANI–GO were found to be 17, 15 and

12 W h kg-1 at power densities of 316, 632 and

1579 W kg-1, respectively. At the energy density of

15 W h kg-1, the power density of PANI–GO

(632 W kg-1) is found to be higher than that of PANI

(283 W kg-1).

Cycle life is an important parameter for supercapacitor

applications. Cycle life for PANI–GO cell was carried in

1 M H2SO4 at two different current densities of 1 and

2.5 A g-1 for 1000 continuous cycles. The behaviour of

capacitance and equivalent series resistance (ESR) with

cycle number are given in Fig. 7. The result shows that the

specific capacitance is decreased to 84 and 81 % of its

initial values for cells operating at 1 and 2.5 A g-1,

respectively. Equivalent series resistance values (ESR)

with cycle numbers are calculated by dividing the ‘iR’ drop

by the applied current density and the results are included

in Fig. 7. The ESR values increased from 5 to 18 X and 7

to 40 X for the cells operating at 1 and 2.5 A g-1. The

decay in capacitance with cycle number is due to the

repetitive volumetric expansion/contraction of PANI

chains during the continuous injection/rejection (charge/

Fig. 2 FESEM pictures of a GO, b PANI and c, d PANI–GO
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discharge) of electrolyte ions, deteriorating the charge

distribution and conformation of p conjugated PANI

chains.

To find out the frequency behaviour of PANI–GO

electrode, electrochemical impedance analysis was carried

out at an applied voltage of 0.6 V with 5 mV amplitude in

1 MH2SO4 electrolyte solution (Fig. 8). The plot consists

of a depressed semicircle in the high-frequency region and

a near vertical line in the low-frequency region. At the

high-frequency region, the intercept with the real axis

corresponds to the solution resistance (Rs) and the diameter

of the semicircle provides the charge transfer resistance

Fig. 3 a, b, c TEM pictures of PANI–GO and d SAED pattern of PANI–GO

Fig. 4 Cyclic voltammograms of symmetric supercapacitor cell of

PANI–GO at different sweep rates Fig. 5 Behaviour of specific capacitance at different sweep rates for

PANI and PANI–GO symmetric supercapacitor cells
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(Rct).Vertical line in the low-frequency region represents

the characteristic feature of the capacitive behaviour. The

specific capacitance of the electrode material is calculated

using the following formula.

Cis ¼
�1

2p � f � Zim � m ;

where Cis is specific capacitance from impedance spectrum,

f is the frequency at the tip of the spike (0.01 Hz), Zim is the

imaginary impedance at frequency f andm is the mass of the

active electrode material. The values of solution resistance,

charge transfer resistance, double layer capacitance, time

constant and specific capacitance are 0.98, 10.57 X,
0.15 mF, 0.95 ms and 240 F g-1, respectively.

Equivalent circuit was obtained by simulating the

experimental Nyquist data in Zman software supplied with

electrochemical work station. Equivalent circuit obtained

for PANI–GO is shown as inset in Fig. 8. The circuit ele-

ments consist of Rs, Rct, CPE1 and CPE2. Here, Rs is the

bulk solution resistance, Rct is the charge transfer resis-

tance, CPE1 and CPE2 are the constant phase elements,

which originate due to the inhomogeneity of the electrode

surface and other parameters. CPE2 is connected in series

with Rct and these elements are parallel to CPE1, further

these components are in series with Rs. The constant phase

element is defined as

CPE ¼ 1

QðjxÞn ;

where Q is the constant value which is related to both the

surface and the electroactive species, the exponent term n

refers to the CPE coefficient and exponent, respectively,

while o represents the angular frequency. The CPE expo-

nent, n, ranges from -1 to 1. Accordingly, for n = -1, 0,

0.5, and 1, the CPE is equivalent to a pure inductor, a pure

resistor, diffusive behaviour, and a pure capacitor,

respectively. The value of n for PANI–GO is found to be

0.87 which shows that it has a good capacitive behaviour.

Further effective area (A) of the active material on the

electrode can be calculated from

A ¼ Qdl

CHg

;

where CHg is the capacitance of pure mercury

(20 lF cm-2), which is a commonly used reference

parameter for determining the effective area. [28]. Fol-

lowing the above equation, the effective area of PANI–GO

is found to be 11.1 cm2.

Fig. 6 Galvanostatic charge–discharge curves of PANI–GO sym-

metric supercapacitor cell at different current densities

Fig. 7 Retention capacitance and ESR behaviour with cycle numbers

for PANI–GO symmetric supercapacitor cell at 1 and 2.5 A g-1

current density

Fig. 8 Nyquist plot of PANI–GO in the frequency range of 40 kHz–

10 mHz at an applied potential of 0.6 V with circuit diagram (inset)
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Conclusions

We have employed a simple chemical polymerization route

to prepare a high-performance supercapacitor electrode

material of PANI–GO. XRD, FE-SEM and TEM analyses

indicate that in PANI–GO composite, PANI nanofibres were

intercalated into GO layers and also covered the GO. Elec-

trochemical performance of PANI was improved by the

intercalation of PANI nanofibres into GO. The values of

specific capacitance, energy and power densities carried out

at 0.5 A g-1 were 346 F g-1, 17 W h kg-1, and

316 W kg-1, respectively. PANI–GO electrode was stable

even at higher discharge current of 2.5 A g-1, which showed

specific capacitance, energy and power densities of

242 F g-1, 12 W h kg-1, and 1579 W kg-1, respectively.

Retention in specific capacitance was obtained as 84 % of its

original capacitance (346 F g-1) after 1000 charge–dis-

charge cycles. Moreover, this material showed low solution

resistance (0.98 X), low ESR value (5 X) and lower time

constant (0.9 ms). Hybridmaterial of PANI–GO is proven as

a potential electrode material for supercapacitors.
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