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ABSTRACT: One-step and template-free synthesis of polyaniline nanobuds (PANI NBs), synthesized using anodic electrochemical

polymerization method, is reported at room temperature onto a conducting indium-tin-oxide glass substrate. The PANI NBs are

characterized for their structural, morphological, and electrochromic properties. Scanning electron microscopy image reveals NBs

type architecture, perpendicular to the substrate surface. These NBs are broader at their bottoms and narrower at the tops. Individual

NB has confirmed 30 nm top diameter and 100–200 nm length. Electrochemical supercapacitive behavior of the PANI NBs electrode

is investigated by measuring cyclic voltammetry curves. Moderate specific capacitance of 128 F/g is achieved in the potential range of

�0.2 to 1.0 V at 10 mV/s sweep rate in 0.5 M H2SO4 electrolyte. Influence of inner and outer charges on a resultant specific capaci-

tance is also investigated. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 128: 3660–3664, 2013
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INTRODUCTION

Energy storage mechanism in electrochemical supercapacitors

(SCs) is interesting on account of their higher energy density

than dielectric capacitors and higher power density than bat-

teries.1 Maintenance-free charging within few seconds, long-

term cycling stability, and the ability to deliver up to 10 times

power more than batteries are few merits of SCs.2 Regardless of

technology, the main objective of SCs is to develop electrode

materials of higher specific capacitance for maximizing energy

storage and power at relatively lower electrical resistance. Many

academic and industrial laboratories are currently investigating

different types of SCs. In general, the electrical double-layer

capacitors, based on carbon materials and the pseudocapacitors,

related to the redox properties3 are the two types of SCs. Con-

ducting polymer has been considered in literature as promising

candidate for pseudocapacitor electrode materials because of its

low cost, facile synthesis, abundant availability, surface interac-

tions, flexibility, and distinctive characteristics of conducting

pathways.4 Many research groups are engaged in increasing the

specific power and the specific energy, as well as to produce a

long-life device with lower fabrication costs by using

environment-friendly materials. Among these, polymer namely

polyaniline (PANI) has been considered extensively due to sev-

eral reasons including tunable high conductivity, low cost, easy

synthesis, multiple redox properties, fast response, high capaci-

tive performance, low operating voltage, good environment sta-

bility, acid–base properties, and electro chromic behavior, etc.5

These characteristics operate electrochemical kinetics of redox

transitions within the electro-active materials effectively.6 It is

also known that the electrochemical performance is significantly

influenced by the surface area and morphology of active materi-

als. The specific capacitance (SC) in PANI is nanostructure-

based phenomenon and consequently, a large number of

polymerization approaches including self assembly, emulsion,

hard and soft-template, interfacial polymerization, seeding,

oligomer-assisted7–9 methods have been proposed, so far, for

growing one and three-dimensional forms including nanograins,

nanofibers, nanobelts, nanorods, nanowires, nanotubes, hollow

microspheres, and ordered whiskers, etc.10 However, it is note-

worthy that the uses of large surfactant and complicated tem-

plates have prime importance in all these methods.11 The high
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quality of deposition, high through-put, easily tailored 1D

nanostructures, low cost and feasibility in controlling growth

rate and structural morphologies by simply varying current or

potential electrochemical polymerization is in general, the best

way to synthesis PANI nanostructures12 in various forms for

envisaging them in portable systems and hybrid electric vehicles,

logic circuits, short-term pulses microelectronics, rechargeable

batteries, electro-chromic devices, sensors, antistatic coatings,

and solar cells, etc.13,14 A three-step electrochemical route for

growing PANI nanowires has been explored by Liu et al.15 It is

reported that the H2SO4 concentration increases the rate of hy-

drolysis under anodic conditions.16 Using this idea, PANI nano-

wires arrayed electrodes were successfully grown by means of

anodic deposition technique onto Ti/Si substrate using alumi-

num oxide template.17 Use of anodic aluminum oxide template

is also employed for growing PANI nanostructures.18 In this

work, our aim is to report a unique and simple template-free,

one-step and low temperature electrochemical polymerization

synthesis method to grow nonaligned NBs of PANI and further

employed in structural and morphological measurements. Elec-

trochemical supercapacitor properties are also investigated.

EXPERIMENTAL

Aniline (Qualigens, 99%), in received form, was used as the

monomer, which was initially purified by fractional double dis-

tillation under reduced pressure. Sulfuric acid (SDFCL, 98%)

was used as a dopant, which was used without any further puri-

fication. Typically, indium-tin-oxide (ITO) substrates were used

as working electrodes. Before the deposition, ITO substrates

were ultrasonically cleaned in ultrapure distilled water for 10

min to remove surface contamination and unwanted impurities

and then air dried. The electrochemical anodization was carried

out from an aqueous solution containing 0.5 M aniline and 1

M H2SO4 at room temperature (300 K).The anodic electrodepo-

sition was performed with three-electrodes in a one-compart-

ment glass cell containing platinum plate (1 � 1 cm2) as the

counter electrode, silver nitrate (Ag/AgCl) as the reference elec-

trode, and ITO (1 � 1 cm2) as the working electrode. The dep-

osition of PANI NBs was carried out at a constant potential of

0.75 V for 300 s. Above this potential PANI NBs were nonad-

herent to ITO substrate. The electrochemical polymerization

was done through a WonAtech (WPG 100 Potentiostat/Galva-

nostat Workstation). Subsequent to deposition, the PANI elec-

trode composed of NBs was immersed in 0.1 M H2SO4 acid

and then dried in air and air-baked (annealed) at 60�C for 1 h

in order to improve the structural quality, and remove the

unwanted impurity if there is any. Mass of the PANI NBs was

confirmed from the sensitive nanobalance.

RESULTS AND DISCUSSION

The XRD pattern depicts (Figure 1) reflections, at 2y values,

without any sharp peak and agrees well to previously reported

studies,19 indicating that as-grown PANI NBs were amorphous in

nature. The reflection peaks marked with stars revealed the char-

acteristic reflections of ITO, used in the present study as a sub-

strate. To confirm PANI form, energy dispersive X-ray analysis

(not shown) measurement was attempted, wherein only carbon

and nitrogen elementals were identified. Figure 2 shows the FTIR

spectrum of PANI NBs with characteristic bands at 3410, 3321,

3113, 3013, 2881, 1626, 1522, 1378, 1274, 930, 626 and 546

cm�1. Among these, the very weak band at 3410 cm�1 was due

to the NAH stretching of PANI. The appearance of peaks at

1546 and 1522 cm�1 were assigned to the CAC stretching of the

quininoid and benzenoid rings, respectively. The band at 1378

cm�1 was matched to the emeraldine base structure. Further, the

band at 1194 cm�1 was caused by an electronic vibration of

nitrogen quinine (NAQAN), where Q represents the quininoid

ring.20 Figure 3(a, b) presents the FE-SEM images of PANI NBs

scanned at different magnifications. PANI NBs, which can pro-

vide an easy access for ions at the electrode/electrolyte interface

for efficient faradic surface reactions, were clearly evidenced. The

PANI NBs were about 30 nm in diameters and 200–300 nm in

lengths. Homogeneous nucleation and a steric hindrance effect,

in general, are two main steps during aniline polymerization pro-

cess. In homogeneous nucleation, PANI NBs are predominantly

formed. However, in the present case, an agglomerated NBs type

morphology was obtained. This could be a result of heterogene-

ous nucleation process as heterogeneous nucleation is, in general,

Figure 1. The X-ray diffraction pattern of PANI NBs.

Figure 2. Fourier-transform-infrared measurement spectrum of PANI

NBs.
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a stable phase for critical nucleus formation. According to classi-

cal nucleation theory, homogeneous nucleation can be achieved

in aqueous solutions by creating sufficiently high levels of super-

saturation.21 As the level of super-saturation increases, both the

activation energy and the critical nucleus size decreases. Eventu-

ally, as the degree of super-saturation continues to increase, the

activation energy becomes so low that results spontaneous and

rapid nucleation.22

Another significant factor for PANI NBs growth is a steric hin-

drance effect, which can lead to the formation of NBs with

larger diameter at the base and relatively smaller diameter at the

top. The homogeneous nucleation might have hindered NBs

growth in another way. The redox behavior of PANI depends

largely on its form and structure that significantly affects its

specific surface area and the ion diffusivity.23 The cyclic-voltam-

mograms (CVs) of the PANI were recorded at different sweep

rates [Figure 4(a)]. The CVs from �0.2 to 1.0 V vs. Ag/AgCl in

0.1 M H2SO4. The redox reaction of PANI NBs in 0.1 M H2SO4

was depending on the rate of oxidation of H2 present in the

electrolyte. The CV spectra show asymmetric nature in 0.1 M

H2SO4 proved existence of different redox reactions. The area

under the curve was increased with increase in sweep rate,

which indicated that the PANI NBs could provide more surfaces

for fast reversible faradaic reactions. There were set of redox

reaction peaks at higher scan rates, which indirectly demon-

strated the high kinetic reversibility of the electrode. As the high

sweep rate, the CV curves were deviated from their original

shape; the anodic and cathodic peak current densities were rela-

tively similar, indicating that charge and the discharge processes

would have occurred reversibly at the electrode/electrolyte inter-

face.24 The weak peak centered at 0.65 V was due to the oxida-

tion of emeraldine form of PANI, whereas the light peak at 0.86

V was assigned to the pernigraniline form of PANI.25 The simi-

larity in the shape of the CVs at all scan rates suggested a high

efficiency in the capacitive characteristics at the electrode/elec-

trolyte interface. In 0.1 M H2SO4 relatively better supercapacitor

performance was achieved. Figure 4(b) shows the specific capac-

itance variation against the sweep rate. Specific capacitance of

128 F/g, substantially lower than reported elsewhere18,26,27 was

obtained under at 1mA/cm2 for 10mV/s sweep rate. Relatively

smaller specific capacitance value could be due to presence of hy-

droxide defect states and week interface interaction between the

Figure 3. (a, b) FE-SEM images at lower and higher magnifications of the PANI NBs.

Figure 4. (a) Plots of cyclic-voltammograms versus sweep rate, and (b) specific capacitance versus sweep rate. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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substrate and the PANI NBs. Low performance at 5 mV/s sweep

rate was unprecedented. As the specific capacitance, in general, is

directly proportional to sweep rate the voltammetric charges (q*)

were studied as a function of sweep rate which, in particular, is

in inversely proportional relation. The dependence of q* on

sweep rate is usually explained by the slow diffusion of protons

into pores and grains boundaries. At a high sweep rate, diffusion

limitation slows the accessibility of protons to the inner surface

of the electrode material, except for more accessible outer surface

regions where the diffusion of ions is not hampered.28 Variation

of q* versus 1/V1/2 [Figure 5(a)] assuming sweep rate goes to in-

finite gives outer charge (q* outer) and variation of 1/q* versus

V1/2 [Figure 5(b)] assuming sweep rate goes to zero produces

total (q* total) charge. The 28.98 and 2.80 C/cm2 values were cal-

culated for total and outer charges, respectively. The ratios of

inner to total charge (q* inner/q* total) and outer to total charge

(q* outer/q* total) were 0.90 and 0.09, respectively. Presence of

higher inner charge was suggesting an easy access of inner species

as compared to outer one such that the hydrogen ions can pene-

trate deep into the PANI NBs matrix for efficient faradic redox

reactions.29 In developing SCs, the electrode material and electro-

lyte characteristics must be considered jointly. The charge–dis-

charge curves were reversible in nature without apparent devia-

tion in each cycle suggesting that the PANI NBs electrode was of

good electrochemical stability.30 The redox reactions occurred at

the electrode/electrolyte interface through faradaic charge-transfer

between the electrolyte and the electrode resulted in the enhance-

ment of the specific capacitance. Charging–discharging variations

of PANI NBs at constant current density of 1 mA/cm2 at 10 mV/

s were symmetric confirming equal contribution of oxidation and

reduction and stable during long-term cycling over 1000 cycles

(not shown) revealing that as-grown PANI NBs can be a poten-

tial form in optoelectronic devices.

CONCLUSIONS

Amorphous nanobuds of PANI were grown onto conducting

ITO substrate using template-free electrochemical method at

room temperature and further applied electrochemical SCs

application in presence of 0.1 M H2SO4 as an electrolyte. PANI

characteristics bands at various wave numbers confirmed in

FTIR spectrum were evidenced the formation of PANI structure.

Because of increase in ionic mobility, current density in cyclic-

voltammetry was varied with sweep rate. Specific capacitance of

128 F/g (at 10 mV/s) was achieved. This was due to significant

inner charge contribution as compared to outer charge.
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