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Polyaniline (PANI)/graphite oxide (GO) nanocomposite ﬁlms were fabricated by electropolymerization of
aniline monomers onto GO coated indium tin oxide (ITO) glass slides, which were prepared by spin
coating technique. The morphology as well as the crystalline structure of the composite ﬁlms were
studied using Fourier transform infrared spectroscopy (FT-IR), atomic force microscopy (AFM), and X-ray
diffraction (XRD). The results conﬁrm the obtained composite structural ﬁlms and the interactions between the polymer matrix and the GO particles. The optical properties and the electrochemical capacitive behaviors of the composite ﬁlms for electrochromic displays and electrochemical energy storage
devices applications were investigated using the spectroelectrochemistry (SEC), cyclic voltammetry (CV)
and galvanostatic chargeedischarge measurements. The composite ﬁlms show multi-color electrochromism at different potentials arising from PANI. A coloration efﬁciency of 59.3 cm2 C1 is obtained for
the composite ﬁlm, higher than that of the pure PANI thin ﬁlms, 50.0 cm2 C1. An areal capacitance of
25.7 mF cm2 that is comparable to PANI (75.1 mF cm2) is derived from the CV at a scan rate of 5 mV/s
with a broader working potential window of 1.3 V. The cyclic stability studies reveal that the composite
ﬁlms exhibits much more enhanced durability and retains 53.1% of the capacitance even after 1000
chargeedischarge galvanostatic cycles. However, the pure PANI thin ﬁlms lose almost most of the charge
storage or discharge capacity even after 350 cycles. The interactions between PANI matrix and GO particles are believed to be responsible for the observed enhanced stability in the nanocomposite ﬁlms.
Ó 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
The development of sustainable and renewable energy storage
resources with both high power density and large energy density has
received signiﬁcant attention due to the depletion of fossil fuels and
climate change [1e3]. The electrochemical capacitors have been
under extensive study for applications for future systems including
portable electronics, hybrid electric vehicles, and large industrial
equipments owing to their advantages of high energy and power
density as well as long cycle life [4,5]. The electrochemical capacitors
are expected to have promising potentials for ﬁlling the gap between
the batteries and the conventional electrostatic capacitors [6].
Two types of electrochemical capacitors have been proposed
based on different charge storage mechanisms [7]. The ﬁrst one is
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non-Faradic, where only ion adsorption takes place between the
interfaces of electrodes and electrolyte. The capacitors of this type
are called electric double layer capacitors (EDLCs), or ultracapacitors. EDLCs are mainly fabricated from carbon materials with
large speciﬁc surface area (SSA), i.e., activated carbons (ACs) [8],
carbon nanoﬁbers [9] or nanotubes [10], ordered mesoporous carbons (OMCs) [11], and graphene nanosheets (GNS) [12,13]. EDLCs
have the advantage of high power density (>10 kW kg1) and long
cycle life (>106 cycles) [14]. However, low energy density (<5 kh/
kg) [6,15] and much lower areal capacitance (capacitance per unit
area) ranging from 10 to 40 mF cm2 due to both low density and
gravimetric capacitance (capacitance per unit mass) of carbon
remain the challenges. The other type of electrochemical capacitors, pseudocapacitors or supercapacitors, is based on Faradic
process, where the energy storage is achieved by electron transfer
that follows reductioneoxidation (redox) reactions in the material.
The transition metal oxides including MnO2 [16], RuO2 [17], MoO3
[18], Co3O4 [19] and VOx [20], and electrically conducting polymers
(CPs) such as polythiophenes (PThs) [21], polypyrrole [22,23],
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poly(DNTD) [24,25], and polyaniline (PANI) [26] can be utilized for
designing electrochemical capacitors of this type. The problem with
respect to the transition metals is their relative high electrical
resistance, which gives rise to lower power density. CPs have relative high conductivity and low cost compared to the carbon-based
electrode materials. More importantly, CPs possess much higher
gravimetric capacitance via pseudocapacitive redox reactions and
much larger density, rendering them possible to increase the areal
capacitance while keeping similar or even thinner ﬁlms as those of
the conventional carbon-based material. However, mechanical
degradation of the electrode and fading electrochemical performance caused by the swelling and shrinking during the cycling
redox reactions of CPs impose limitations on their applications as
electrochemical capacitors [27].
For applications such as small scale electronics and stationary
energy storage devices where areal capacitance is a better indicator
of the supercapacitor performance than gravimetric capacitance,
although the gravimetric capacitance has always been used in the
literature for comparison of the supercapacitor performance
[28,29], a strategy of combining a Faradaic pesudocapacitive conjugated polymers and EDLs systems has been developed to obtain
electrochemical capacitors with desirable properties. Among the
various CPs, PANI has received special attention because of its
intriguing properties such as facile polymerization in aqueous
media [30e33] or non-aqueous media [34], good stability in air, low
cost, and high conductivity. Specially, high pseudocapacitance
arising from the versatile redox reactions and corresponding color
changes make PANI promising candidate for electrochemical capacitors [35,36] and electrochromic (EC) applications [37,38].
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, and
remarkable mechanical behaviors [39]. GO can be easily exfoliated
into single sheets under sonication and serves as a promising
starting material for the production of functional composite materials given a large number of oxygen-containing functional
groups in-plane and out-of-plane that provide sufﬁcient defects
and potential functionalization [40]. Some efforts have been made
to investigate the capacitative properties of GO composites incorporated with PANI [41], polypyrrole (PPy) [42], or poly(sodium 4styrensulfonate) [43]. However, a comprehensive study of the
electrochromic behaviors and the electrochemical energy storage
of these nanocomposite ﬁlms, to the best of our knowledge, has not
been reported yet [40].
In this work, the PANI/GO nanocomposite thin ﬁlms were prepared by a facile method, in which aniline monomers in sulfuric
acid solutions were electrodeposited onto GO coated indium tin
oxide (ITO) glass slides, which were prepared by spin coating
technique. The composition and morphology as well as the structure of the composite ﬁlms were studied using Fourier transform
infrared spectroscopy (FT-IR), atomic force microscopy (AFM), and
X-ray diffraction (XRD). The optical properties and capacity behaviors of the composite ﬁlms for electrochromic (EC) and energy
storage devices applications were investigated using spectroelectrochemistry (SEC), cyclic voltammetry (CV) and galvanostatic
chargeedischarge measurements.
2. Experimental
2.1. Materials
Natural graphite powder (SP-1) was purchased from Bay Carbon
Inc, USA. Aniline (C6H7N, 99.0%), sulfuric acid (H2SO4, 95.0%e
98.0%), hydrochloric acid (HCl, 36.5e38.0%), potassium persulfate
(K2S2O8, 99.0%), phosphorus pentoxide (P2O5, 98.0%), potassium
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permanganate (KMnO4, 99.0%), H2O2 solution (PERDROGENÒ 30%
H2O2 (w/w)), polyvinylidene ﬂuoride (PVDF) powder (Mw z
534,000), and PVDF membrane ﬁlters (DuraporeÒ PVDF) were all
purchased from Sigma Aldrich. The microscope glass slides and indium tin oxide (ITO) coated glass slides were provided by Fisher and
NanoSci Inc, respectively. ITO coated glass slides were sonicated in
ethanol for 10 min, and then immersed in an aqueous solution
containing 4 mL 28.86 wt% ammonium hydroxide, 4 mL 30.0 wt%
hydrogen peroxide (both from Fisher) and 20 mL deionized water for
10 min, and sonicated in deionized water for 10 min before usage.
2.2. Synthesis of graphite oxide
The graphite oxide (GO) was obtained from exfoliation of
chemically treated graphite with the aid of ultrasonication.
Graphite oxide was synthesized following the modiﬁed Hummers’
method [44,45] using natural graphite powders as the starting
material. Speciﬁcally, a pre-oxidation of the graphite was performed before the graphite oxide preparation according to Hummers’ method, which was essentially important for producing
completely oxidized products. In the work, 3.0 g graphite powders
were put into an 80  C solution containing 12 mL concentrated
H2SO4, 4.0 g K2S2O8, and 4.0 g P2O5. The resultant dark blue mixture
was thermally isolated and allowed to cool down to room temperature over a period of 6 h. Then, the mixture was diluted carefully using distilled water, ﬁltered, and washed with a PVDF
membrane until to neutral pH. The obtained preoxidized graphite
was dried in air at ambient temperature overnight and then was
subjected to oxidation by Hummers’ method. Brieﬂy, the oxidized
graphite powders were dispersed in 120 mL concentrated H2SO4 at
0  C. 15.0 g KMnO4 was added gradually with stirring and cooling.
The temperature of the mixture was not allowed to reach or higher
than 20  C. The mixture was then stirred at 35  C for 2 h with
250 mL distilled water added. The reaction was terminated after
15 min by adding a large amount of distilled water (about 700 mL)
and 20 mL H2O2 solution. The bright yellow reactant mixture was
then ﬁltered and washed with 1:10 HCl solution (1 L) to remove
metal ions. The product was suspended in distilled water to give
a viscous, brown, 2.0 wt% dispersion, which was subjected to
dialysis to completely remove metal ions and acids. The ﬁnal concentration of the graphite oxide solution was 1.4 wt% determined
by thermogravimetric analysis (TGA). The solution was further
diluted to 0.5 wt% for spin coating.
2.3. Preparation of PANI/GO thin ﬁlm electrodes
The GO transparent ﬁlm was prepared by drop casting about
2 mL 0.5 wt% GO dispersion onto the ITO glass and kept at
2000 rpm for 20 s. The ﬁlm was naturally dried in air overnight
before the electropolymerization. The electropolymerization of
aniline onto GO ﬁlm was performed on an electrochemical working
station VersaSTAT 4 potentiostat (Princeton Applied Research) in
air. A typical electrochemical cell consisting of a reference electrode, a working electrode, and a counter electrode was employed.
An Ag/AgCl electrode saturated with KCl served as the reference
electrode and a platinum (Pt) wire as the counter electrode. The GO
coated ITO glass slide with an effective area of 5 cm2 served as the
working electrode. A long pathlength home-made spectroelectrochemical cell with Teﬂon cell body with front and rear windows
clapped with two steel plates was used when the ITO glass slide
was used as the working electrode for optical characterizations. A
typical electrochemical polymerization was performed 30 cycles
scanned back and forth from 0 to þ1.3 V vs. Ag/AgCl at a scan rate of
50 mV/s in 0.5 M H2SO4 aqueous solution containing 0.1 M aniline.
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2.4. Characterizations
The morphology of the thin ﬁlms grown on the ITO glass slides
was characterized by atomic force microscopy (AFM, Agilent 5600
system with multipurpose 90 mm scanner. Imaging of AFM was
done in acoustic ac mode (AAC) using a silicon tip with a force
constant of 2.8 N/m and a resonance frequency of 70 kHz. FT-IR
spectrometer coupled with an ATR accessory (Bruker Inc. Vector
22) was used to characterize the surface functionality of the thin
ﬁlms grown on the ITO glass slides in the range of 4000 to 500 cm1
at a resolution of 4 cm1. X-ray diffraction (XRD) analysis was
carried out with a Bruker AXS D8 Discover diffractometer with
GADDS (General Area Detector Diffraction System) operating with
a Cu-Ka radiation source ﬁltered with a graphite monochromator
A). Data were collected in a range of 5 to 80 .
(l ¼ 1.5406 
The electrochemical properties of the GO ﬁlm, pure PANI ﬁlm,
and PANI/GO nanocomposite ﬁlm were investigated by CV scanned
from 0.5 to 0.8 V vs. Ag/AgCl at a scan rate of 10 mV/s in 0.5 M
H2SO4 aqueous solution. The electrochemical impedance spectroscopy (EIS) was carried out in the frequency range of 100,000e
0.01 Hz at a 10 mV amplitude referring to the open circuit
potential. The spectroelectrochemistry measurements were
performed on a Jasco V-670 spectrophotometer coupled with the
potentiostat for applying electrochemical potentials. The In situ
chronocoulometry (CC) were conducted under a square-wave
voltage of 0.8 and 0.2 V with a pulse width of 20 s. All the characterizations were carried out in air.
The electrochemical energy storing behaviors of the ﬁlms were
studied by CV at a series of scan rates and galvanostatic chargee
discharge measurements in 0.5 M H2SO4 aqueous solution. The
endurance of the composite ﬁlms was also assessed using chargee
discharge measurements at a current density of 3 mA cm2 for
1000 cycles.

3. Results and discussion
3.1. Synthesis of PANI/GO hybrid ﬁlms
Fig. 1(a, b) shows the cyclic voltammogram (CV) obtained during
the potentiodynamic electropolymerization growth of PANI onto
bare and GO coated ITO glass slide, respectively. The pure PANI ﬁlm
and PANI/GO nanocomposite ﬁlm were prepared by sweeping the
potential between 0 and þ1.3 V at a scan rate of 50 mV s1 in an
aqueous solution containing 0.1 M aniline and 0.5 M H2SO4. The
ﬁlm growth can be veriﬁed by the increased current with
increasing the CV cycles. These two ﬁlms exhibit similar CV patterns except of lower anodic current peaks observed for the PANI/
GO composite ﬁlm growth, which is attributed to the increased

Fig. 2. FT-TR spectra of the (a) PANI ﬁlm, (b) PANI/GO nanocomposite ﬁlm, and (c) GO
ﬁlm, respectively.

resistance of the GO ﬁlm on the ITO. It’s interesting that, for the
nanocomposite ﬁlm, the anodic irreversible peak starting at
around þ0.9 V, which corresponds to the oxidation of aniline
monomers and the initiation of the electropolymerization of PANI
[46], is not so remarkable as that of pure PANI ﬁlm upon closer
observation. Besides the GO induced larger resistance, this phenomenon is probably explained by the reduced electron density on
nitrogen atoms caused by the hydrogen bonding formed between
the carboxylic groups located at the edges of GO and the amine
groups of aniline monomers. These voltammograms on ITO were
different from the CVs usually obtained by electropolymerization of
PANI on platinum electrodes that commonly exhibit well-deﬁned
redox peaks corresponding to a series of redox transitions: oxidation of the fully reduced insulating form (leucoemerladine) to its
radical cation (polaron, emeraldine), followed by the oxidation of
degradation products and/or intermediate species, and ﬁnally the
transition from the delocalized polaronic state to a localized bipolaron or quinoid form (pernigraniline) [47]. The reason for different
voltammogram behaviors between the ﬁlms on indium tin oxide
and Pt electrodes might lie in the conductivity difference of the
substrates that renders the electropolymerization easier on Pt than
on ITO substrates [48e50].
The mass of monomers electropolymerized onto the substrate
can be roughly estimated from the total Faradic charges consumed
in the electropolymerization assuming an average of 2.5 electrons
per aniline monomer in emeraldine [51,52].

Fig. 1. Electropolymerization synthesis of PANI onto (a) bare and (b) GO coated ITO glass at a scan rate of 50 mV/s in 0.5 M H2SO4 aqueous solution containing 0.1 M aniline.
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Fig. 3. XRD patterns of the (a) GO ﬁlm, (b) PANI/GO nanocomposite ﬁlm, and (c) PANI
ﬁlm, respectively.

m ¼

CMm
2:5F

(1)

where m is the mass of PANI polymerized onto the substrate, g; C is
the total Faradic charges consumed in the electropolymerization, C,
Mm is molecular mass of aniline monomer (93.13 g/mol), and F is
Faraday constant (96,485 C/mol). Therefore, about 14.4 and 6.8 mg
polymers were obtained for pure PANI and PANI/GO composite
ﬁlms, respectively, using Equation (1).
3.2. Morphology and composition analysis
Fig. 2(aec) shows the FT-IR spectra of the PANI ﬁlm, PANI/GO
composite ﬁlm, and GO ﬁlm in the region of 4000-500 cm1,
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respectively. In Fig. 2(c), the FT-IR spectrum of GO shows a broad
spectra around 3219 cm1, which originates from the stretching
vibrations of the eOH group in the GO [53]. The peak at 1724 cm-1
arises from the C]O stretching vibrations from the carbonyl and
carboxylic groups [54]. The band at 1623 cm1 is attributed to the
aromatic C]C stretching, and the bands at 1423 and 1044 cm1
correspond to the carboxy C-O and alkoxy C-O groups [55,56]. For
the PANI thin ﬁlm onto ITO using multiple CV methods, Fig. 2(a),
the peaks at 1571 and 1487 cm1 correspond to the characteristic
C]C stretching mode of the quinoid and benzenoid rings,
respectively [57]. The peaks at 1127 and 795 cm1 are assigned to
the in-plane and out-of-plane bending of the CeH [58,59]. The
peaks at 1297 and 1235 cm1 are attributed to the CeN and C]N
stretching mode [60,61]. The PANI/GO composite ﬁlm mainly
shows the characteristic peaks of the polymer matrix, as shown in
Fig. 2(b). It should be noted that the peaks corresponding to the
quinoid and benzenoid rings, respectively, of the PANI matrix in
the composite ﬁlm shift to higher wavenumbers and the intensity
ratio is different from that of pure PANI. The interactions including
pep stacking, electrostatic interactions, and hydrogen bonding
existing between GO and PANI [62], are believed to cause the
spectrum changes.
Fig. 3(aec) shows the XRD pattern of the ﬁlms. An intense, sharp
peak centered at 2q ¼ 10.07 of (001) plane for the stacked GO
sample after the drying process, corresponds to the inter planar
spacing of 0.88 nm of GO sheets using Bragg’s law:

d ¼

l

2dsin q

(2)

where l is 1.5406 
A for the wavelength of CueKa radiation, and q is
the Bragg angle. The average grain size (L) was estimated from the
DebyeeScherrer Equation (3) [63]:

L ¼

K$l
bð2qÞ$cosðqÞ

Fig. 4. AFM images (left) and section proﬁles (right) of the (a) PANI ﬁlm, and (b) PANI/GO nanocomposite ﬁlm onto ITO glass, respectively.

(3)
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peaks were observed in the GO ﬁlm. For the PANI ﬁlm, two redox
pairs, B/B0 and C/C0 originating from the transitions between leucoemeraldine salt (LS) to emeraldine salt (ES) and emeraldine salt
(ES) to pernigraniline salt (PS) of PANI, indicate the typical pseudocapacitance characteristic of the materials [67,68]. Peak potential
separation has been used to determine the reversibility of an electrochemical redox reaction. Generally speaking, smaller peak potential separation usually relates to a reversible reaction, while larger
peak potential separation is often observed in irreversible reactions
[69]. It’s worth noting that the potential difference between A and A0 ,
and the potential difference B and B0 of the nanocomposite ﬁlm are
smaller than those of the pure PANI ﬁlm, indicating a better reversibility of the redox reactions in the composite ﬁlm.

Fig. 5. CV curves of the GO ﬁlm, PANI ﬁlm, and PANI/GO nanocomposite ﬁlm onto ITO
in 0.5 M H2SO4 at a scan rate of 10 mV/s.

where b(2q) is the full width at half-maximum (FWHM), K is the
shape factor depending on the miller index of the reﬂecting plane
and the shape of the crystal. If the shape is unknown, K is often
assigned a value of 0.9 [64]. The peaks at 2q ¼ 10.04 were used to
estimate the grain size of GO to give 5.1 nm for GO. Another peak
centered at 22.8 corresponds to the (002) of graphite [65]. For
PANI ﬁlm, a broad band extending from 15 to 34 is ascribed to
crystallized PANI [66]. The intensity of the peak at 10.04 is attenuated in the composite ﬁlm, which is caused by the PANI matrix.
Therefore, the XRD result conﬁrms the presence of the polymer and
GO in the composite ﬁlm.
Fig. 4 shows the AFM surface topography of the ﬁlms on the left
part, and the thickness of the ﬁlms can be measured by large scans
of section proﬁles on the right part. The composite ﬁlm displays
a uniform structure. The thickness of pure PANI ﬁlm and the
nanocomposite ﬁlm on ITO is measured to be 80 and 125 nm,
respectively. The increased thickness of the PANI/GO ﬁlm compared
to that of PANI is attributed to the thickness of GO substrate though
less polymer was electropolymerized onto GO coated ITO.
3.3. Electrochemical and optical properties
3.3.1. Cyclic voltammetry
The cyclic voltammograms of the ﬁlms grown on the ITO coated
glass slides were recorded in 0.5 M H2SO4 aqueous solution at a scan
rate of 10 mV/s from 0.5 to 0.8 V. Fig. 5 shows the CV of the GO ﬁlm,
PANI ﬁlm and PANI/GO nanocomposite ﬁlm, respectively. No obvious

3.3.2. Spectroelectrochemistry of GO, PANI, and PANI/GO composite
ﬁlms
Fig. 6(a, b) shows the UV-Vis transmission spectra of the PANI
ﬁlm, and PANI/GO nanocomposite ﬁlm at different potentials,
respectively. At positive potentials, i.e., 0.8 V, a characteristic
absorbance band distinguished around 750 nm is attributed to pe
p* transition in the quinoid ring of the polyaniline polymer in pure
PANI and its GO nanocomposite ﬁlms [70]. Correspondingly, varying colors of the composite ﬁlm were observed upon different
potentials. The composite ﬁlm displayed light yellow at 0.2 V
(reduced state), light green at 0.5 V, blue at 0.8 V (partially oxidized
state), and ﬁnally dark blue at 1.0 V (fully oxidized state). Fig. 7
shows the digital photograph of color switching at different potentials in 0.5 M H2SO4. The pictures were taken after applying
different potentials on the ﬁlm for 20 s.
The coloration switching response of the ﬁlms is also studied by
applying potential steps of 0.8 and 0.2 V with a pulse width of
20 s. Fig. 8 shows the transmittance-time and corresponding charge
densityetime curves at 633 nm under an alternative square-wave
voltage of 0.8 and 0.2 V. A transmittance modulation (transmittance difference in the bleached and colored states in EC materials) of 37.4 and 60.6% are calculated for the PANI ﬁlm and the
PANI/GO nanocomposite ﬁlm, respectively. The coloration time (sc)
and bleaching time (sb) are deﬁned as the time required for a 90%
change in the full transmittance modulation, respectively [71]. For
PANI, sb is found to be 9.5 s and sc is 13.7 s from the ﬁrst cycle in the
transmittance-time curve, Fig. 8 (left pat), and the composite ﬁlm
shows a bleaching time of 15.8 s and nearly the same coloration
time of 15.3 s. The phenomenon that GO substrate has more
noticeable effect on the sb of the polymer matrix is inferred to arise
from the afﬁnity of the oxygen functionality on GO [72] with
hydrogen ejected from the polymer during the bleaching kinetics.
Coloration efﬁciency (CE or h), which is deﬁned as the change in
optical density (OD) per unit charge (Q) inserted into (or extracted
from) the EC ﬁlms, i.e., the amount of energy to affect a color

Fig. 6. UV-Vis spectra of the (a) PANI ﬁlm and (b) PANI/GO nanocomposite ﬁlm onto ITO in 0.5 M H2SO4 aqueous solution at different potentials.

H. Wei et al. / Polymer 54 (2013) 1820e1831

1825

Fig. 7. Digital photograph of color switching of the PANI/GO nanocomposite ﬁlm onto ITO at different potentials in 0.5 M H2SO4.

change, is an important consideration for the practical applications
of EC materials in the display and window devices. The CE can be
calculated from Equations (4) and (5) [73]:

h ¼ DODðlÞ=Qd

(4)

DOD ¼ log½Tcolored =Tbleached 

(5)

where DOD is the change in optical density, l is the dominant
wavelength for the material, Qd is the charge density (injected/
ejected charges per unit electrode area), and Tbleached refers to the
transmittance of the ﬁlm in the bleached state, and Tcolored refers to
the varying transmittance of the ﬁlm during the coloring process
[26]. Fig. 9 shows the plots of the calculated DOD obtained from the
ﬁrst cycle in the transmittance-time curve, Fig. 8 (left part), at
a wavelength of 633 nm versus the corresponding inserted charge
density obtained from charge densityetime curve, Fig. 8 (right
part). The CE (h) is extracted as the slope of the line ﬁtting to the
linear region of the curve. The values of CE are found to be 50.0 and
59.3 cm2 C1 for the PANI ﬁlm and the PANI/GO nanocomposite
ﬁlm, respectively. Interestingly, a higher CE is obtained for the

composite ﬁlm, indicating a greater optical density change caused
by fewer charges injected/ejected.
3.4. Capacitive performance for energy storage applications
3.4.1. Electrochemical impedance spectroscopy (EIS)
EIS was employed to investigate the inner resistance of the ﬁlms
and their capacitance properties [74]. Fig. 10(aec) shows the
Nyquist plots of the GO ﬁlm, PANI ﬁlm, and PANI/GO composite ﬁlm
onto ITO glass, respectively. The GO ﬁlm exhibits a semicircle at
higher frequency region, inset of Fig. 10(a), corresponding to an
electron-transfer-limited process [75] while no or negligible semicircle observed in the diagrams of the PANI ﬁlm or the PANI/GO
composite ﬁlms. The results show that the interactions between
PANI and GO could greatly improve the charge-transfer reactions
for the composite ﬁlm. The inner resistance, or equivalent series
resistance (ESR), which mainly arises from the electrolyte, the
intrinsic resistance of the active material, and the contact resistance
at the active material/current collector interface [76], is approximately 148, 22 and 246 U for the GO ﬁlm, PANI ﬁlm, and PANI/GO
composite ﬁlm, respectively, which is obtained from the

Fig. 8. In situ corresponding transmittance (left) and chronocoulometry (right) of the (a) PANI and (b) PANI/GO nanocomposite ﬁlm onto ITO at 633 nm in 0.5 M H2SO4 aqueous
solution. The tests were conducted under a square-wave voltage of 0.8 and 0.2 V with a pulse width of 20 s.
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Fig. 9. The plot of in situ optical density (DOD) versus charge density of the (a) PANI ﬁlm and (b) PANI/GO nanocomposite ﬁlm. The optical density was measured at 633 nm at 0.8 V
in 0.5 M H2SO4 aqueous solution.

intersection of the curve at the X-axis [77]. Considering the same
concentration of the electrolyte used, it can be inferred that PANI
imposes little resistance to the composite ﬁlm, and GO contributes
primarily to the inner resistance. The Warburg resistance (diffusion
impedance), that is, the 45 portion of the curve, results from the
frequency dependent ion diffusion/transport in the electrolyte [78].
Compared to the pure PANI ﬁlm, the PANI/GO composite ﬁlm exhibits a shorter 45 portion, indicating an enhanced ion transport to
the inner electrolyte for the composite ﬁlm [79]. More importantly,
the EIS plot of the composite ﬁlm tends towards a more vertical line
than that of the PANI ﬁlm in the low frequency range with the
imaginary part of the impedance increasing rapidly, characteristic
of a better capacitive behavior [36]. The knee frequency, lower than
which the supercapacitors begin to exhibit capacitive behavior, is of
critical importance to evaluate the frequency dependence of
a capacitor [80]. The knee frequency for the composite ﬁlm is

0.2 Hz, indicating that PANI/GO ﬁlm is more suitable than the PANI
ﬁlm or GO ﬁlm for the supercapacitor applications.
3.4.2. Capacitance evaluations of GO, PANI, and PANI/GO composite
ﬁlms
The areal capacitance of the ﬁlms was calculated from CV curves
at different scan rates from 0.5 to 0.8 V in 0.5 M H2SO4 aqueous
solution using Equation (6): [81]

Cs ¼

 Z

2 idV
ðS  DV  nÞ

(6)

R
where Cs is the areal capacitance in F cm2, idV is the integrated
area of the CV curve, S is the surface area of active materials in the
single electrode in cm2, DV is the scanned potential window in V,
and n is the scan rate in V/s.

Fig. 10. Electrochemical impedance spectroscopy (Nyquist plots) of the (a) GO ﬁlm, (b) PANI ﬁlm and (c) PANI/GO nanocomposite ﬁlm, respectively, onto ITO in 0.5 M H2SO4 with
a frequency loop from 100 kHz to 10 mHz using a perturbation amplitude of 10 mV at the open potential.

H. Wei et al. / Polymer 54 (2013) 1820e1831

Fig. 11(aec) depicts the CV curves and capacitance dependence
on the scan rate of the GO ﬁlm, PANI ﬁlm, and PANI/GO nanocomposite ﬁlm, respectively. At a low scan rate of 5 mV/s, the areal
capacitance of the composite ﬁlm is 25 mF cm2, much higher
than that of the GO ﬁlm (0.14 mF cm2), and is in the same order
as that of the PANI ﬁlm (75 mF cm2). The areal capacitance of the
composite ﬁlm is higher than that has been reported for pure PANI
(17 mF cm2) at the same scan rate at a lower potential window of
1.0 V synthesized from dilute polymerization process [81]. Even at
a fast scan rate of 100 mV/s, the ﬁlm could still deliver 9 mF cm2,
while the capacitance is 0.08 and 12 mF cm2 for the GO ﬁlm and
PANI ﬁlm, respectively. The capacitance decayed with increasing
the scan rate, which is caused by the relatively slow diffusion of
the ions in the electrolyte to meet the need of ions near the
electrode/electrolyte interface at higher scan rates [82]. The
composite ﬁlm can retain 28.7% of the capacitance even at higher
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scan rate, compared to 16.5% for the pure PANI ﬁlm, indicating
a better ion diffusion in the composite ﬁlm, which is in good
agreement with the smaller Warburg resistance conﬁrmed by EIS
measurement, Fig. 10(c). It should be noted that the areal capacitance of the PANI ﬁlm is higher than that of the composite ﬁlm.
This phenomenon can be explained by the fact of more aniline
monomers electrodeposited onto the bare ITO thus producing
a thicker PANI ﬁlm than the composite ﬁlm [83], as conﬁrmed by
CV synthesis results.
The galvanostatic chargeedischarge measurements by chronopotentiometry (CP) were also carried out on the ﬁlms in 0.5 M
H2SO4 aqueous solution to evaluate the areal capacitance of the
ﬁlms using Equation (7): [81]

Cs ¼ ð2  i  tÞ=ðS  DVÞ

(7)

Fig. 11. CV curves (left) and scan rate dependent areal capacitance (right) of the (a) GO ﬁlm, (b) PANI ﬁlm, and (c) PANI/GO nanocomposite ﬁlm at different scan rates under
a potential range from 0.5 to 0.8 V in 0.5 M H2SO4 aqueous solution.
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where Cs is the areal capacitance in F cm2, i is the discharge current in A, t is the discharge time in s, S is the surface area of the
active materials in the single electrode in cm2, DV is the scanned
potential window (excluding IR drop in the beginning of the discharge) in V. Fig. 12(aec) shows the potential responses of the ﬁlms
under different currents and the current density dependent areal
capacitance of the ﬁlms. The composite ﬁlm turned to blue when
fully charged to 0.8 V and gradually changed into yellow green at
0.2 V when fully discharged. Therefore, the electrochromism
could be used as an interesting indicator for the capacitor applications. The GO ﬁlm exhibits a triangular shape charge/discharge
curve, implying that its capacitance is mainly attributed to pure
electric double layer (EDL) capacitance, in which the capacitance
arises from the charge separation at the electrode/electrolyte
interface [79]. However, the areal capacitance of the GO ﬁlm is
rather low. Even at a lower current density of 0.008 mA cm2, the

areal capacitance is only 0.0265 mF cm2. The areal capacitance of
the composite ﬁlm is enhanced signiﬁcantly, reaching
19.2 mF cm2 at a low current density of 0.008 mA cm2 and retains
32.8% of the capacitance at a high current density of 0.16 mA cm2,
about 6.3 mF cm2. The capacitance mainly arises from the faradic
reactions of the polymers occurring at the electrode/electrolyte
interface. For PANI, only capacitances at higher current densities
can be obtained. When the current density was lowered to
0.008 mA cm2, a signiﬁcant degradation of PANI occurred and
cracks were observed before the ﬁlm was fully discharged. These
observed results are consistent with the reported poor electrochemical stability of PANI [84]. In the nanocomposite ﬁlm, the GO
acts as the frame-works for preventing the polymer matrix from
severely swelling and shrinking during cycling [79].
The areal energy and power density are usually employed for
evaluating thin ﬁlm micro-batteries since the comparison has no

Fig. 12. (a) Chargeedischarge curves (left) and current density dependent areal capacitance (right) of the (a) GO ﬁlm, (b) PANI ﬁlm, and (c) PANI/GO nanocomposite ﬁlm in 0.5 M
H2SO4 aqueous solution.
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Fig. 13. Areal Ragone plots of the (a) GO ﬁlm and (b) PANI ﬁlm, and (c) PANI/GO nanocomposite ﬁlm.

dependence on the choice of other components including substrates and protective packaging [85]. Therefore, areal energy
density and power density of the ﬁlms are plotted using Equations
(8) and (9):

1
Cs DV 2
E ¼ 2
3600
P ¼

3600E
t

(8)

(9)

Fig. 14. Chargeedischarge cycles for the pure PANI ﬁlm in 0.5 M H2SO4 aqueous solution. The potential step is 0.8 and 0.2 V holding for 10 s, respectively. Inset shows
the poor electrochemical stability of the PANI ﬁlm.

where E is the areal energy density in Wh cm2, P is the areal power
density in W cm2. Cs is the speciﬁc capacitance in F cm2, DV is the
scanned potential window (excluding IR drop in the beginning of
the discharge) in V, t is the discharge time in s. Fig. 13 shows the
corresponding Ragone plots based on the area of the ﬁlms. The
PANI/GO ﬁlm can deliver w2.52 mWh cm2 in the low power region
of w0.01 mW cm2 and w0.17 mWh cm2 in the high power region
of w0.07 mW cm2. Compared to the GO ﬁlm, the composite ﬁlm is
capable of delivering three orders of magnitude enhanced areal
energy density, which is comparable to that of the PANI ﬁlm, while
not sacriﬁcing high areal power densities.

Fig. 15. Capacitance retention of the PANI/GO nanocomposite ﬁlm as a function of
cycling number.
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3.5. Stability of PANI/GO composite ﬁlm
The stability of the capacitors based on CP ﬁlms, especially for
the PANI ﬁlm during long term cycling is one of their most challenges [86]. No energy storage function existed for the PANI ﬁlm
even after 370 cycles in the chargeedischarge cycling, Fig. 14.
Compared to the PANI ﬁlm, the PANI/GO composite ﬁlm exhibits
much higher durability. Fig. 15 shows the capacitance of the PANI/
GO composite ﬁlm during the cycling. The composite ﬁlm retains
53.1% of the capacitance even after 1000 chargeedischarge galvanostatic cycles. The interactions including pep stacking, electrostatic interactions, and hydrogen bonding existing between GO and
PANI [62] prevent the degradation of the polymer matrix due to the
shrinking and expanding during the cycling redox reactions [87],
therefore in enhancing the stability of the composite ﬁlm.
4. Conclusions
The PANI/GO nanocomposite ﬁlms have been prepared by
electrodeposition of PANI onto the GO coated ITO glass. The
nanocomposite ﬁlms display multi-color electrochromism at different potentials. A coloration efﬁciency as high as 59.3 cm2 C1 can
be obtained. The composite ﬁlms also possess comparable areal
capacitance to that of the pure PANI ﬁlms at a broad working potential window. The composite ﬁlms demonstrate a much more
enhanced durability than the PANI ﬁlms during the chargee
discharge cycles due to the interactions between the polymer
matrix and the GO particles. The PANI/GO nanocomposite ﬁlms
show promising potentials for the electrochromic and energy
storage devices applications.
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