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Abstract Polypyrrole (PPy) film-coated stainless steel

electrodes were prepared from aqueous solution containing

0.5 M p-toluene sulphonic acid and 0.1 M pyrrole using

pulse galvanostatic method (PGM) and galvanostatic

method (GM). The morphology was characterized by

scanning electron microscopy. The electrochemical prop-

erties of PPy films were investigated with cyclic voltam-

metry, charge–discharge tests, and ac impedance

spectroscopy. The results showed that the PGM-PPy films

exhibited higher specific capacitance, better high-rate dis-

charge ability and lower resistance, and were more prom-

ising for applications in supercapacitor than GM-PPy films.

The specific capacitance (SC) of PGM-PPy films was

403 F g-1 in 1 M H2SO4 electrolyte and 281 F g-1 in 1 M

NaNO3 electrolyte.

Introduction

Electrically conducting polymers (ECPs) have attracted

considerable attention because of their unusual electronic

properties [1–3]. Of all known ECPs, polypyrrole (PPy) is

by far the most extensively studied on account of the

monomer (pyrrole) being easily oxidized, water soluble,

and commercial applications, including secondary batteries

[4, 5], fuel cells [6], supercapacitors [7, 8], sensors [9, 10],

anhydrous electrorheological fluids [11], and corrosion

protection [12]. More recently, improvements in properties

of PPy have been achieved using composites with multi-

wall [13, 14] and single-wall [15, 16] carbon nanotubes

embedded in the PPy but the cost of composites has also

increased accordingly. Hence, looking for new synthesis

method to enhance the PPy electrical conductivity and

increase the hydrophilicity of the polymer structure for

small chain size. PPy can be prepared either chemically or

electrochemically. Chemical methods can control mor-

phology of PPy forming nanostructures [17–19], but they

require relatively larger amounts of surfactants, which are

rather tedious to recycle after polymerization. Moreover, it

is difficult to attach nanosized polypyrrole onto a substrate

without involving large contact resistance. Therefore, the

nanosized polypyrrole synthesized by such methods is not

suitable for electrochemical applications. Electrochemical

polymerization of PPy onto a substrate directly may be the

best way to solve the aforementioned problem. Electro-

chemical techniques including potentiostatic method (PM)

[20], galvanostatic method (GM) [21], and cyclic voltam-

metric method (CVM) [22] are widely employed in elec-

tropolymerization of pyrrole. Modified potentiostatic and

galvanostatic methods are reported by some researchers as

well. Pulse potentiostatic method (PPM) and pulse galva-

nostatic method (PGM) for the electrochemical deposition

of conducting polymers films have been investigated by

Schuhmann et al. [23]. Tsakova and Milchev [24], who

have applied PPM to the electrodeposition of PANI films,

found stronger activation of growth of PANI prepared

by PPM in comparison with that prepared by Kuang et al.
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[25, 26] used both PPM and PGM to prepare PANI with a

nano-fibular structure. Compared with conventional GM,

PGM is a modified galvanostatic polarization method,

which may supply instantaneously high over-potential

regardless of relatively smaller mean current. The discon-

tinuous current can eliminate the concentration polarization

at the electrode/solution interface for enough supplement of

reactant. Recently, Sharma et al. [27] reported that the chain

size and defects of PPy film could be controlled by applying

ultra short on time current pulse for polymerization.

It has already been confirmed that conducting polymer

films prepared by PGM yield good electroactivity and

uniform morphology. However, these researches are

focused on the effects of preparation conditions on the

morphology and the electroactivity of the conducting

polymer films and little attention has been drawn to the

supercapacitive behavior of PGM-conducting polymer

films. As known to all, because of the possible presence of

benzidine moieties in the polyaniline backbone, which

might yield toxic (carcinogenic) products upon degrada-

tion, the research in PANI chemistry have been limited by

numerous industrial and academic groups [28]. In contrast,

the PPy family is possibly more environmentally

‘‘friendly’’ systems and yields higher electrical conductiv-

ity, which have attracted more considerable attention in

electrochemical supercapacitor application than that of

PANI [29]. Therefore, the study here is aimed to investi-

gate PGM-PPy films electropolymerized on SS substrate as

supercapacitor electrodes, especially the electrochemical

properties of the PGM-PPy films. Compared with GM-PPy

films, the process of PGM with short ton (10 ms) and longer

toff (100 ms) has resulted in a smooth, uniform, and small

particle size of PPy film. The PGM-PPy films are formed to

possess high specific capacitance (SC), good power char-

acteristic, and small magnitude of equivalent series resis-

tance (ESR), and are promising for applications in

supercapacitor. The highest SC value of 403 F g-1 is

obtained for a PGM-PPy film with 40 s ‘‘current on’’ time.

In particular, the neutral electrolyte used for PGM-PPy

films and the electrochemical properties has been investi-

gated as well.

Experimental

Materials

Pyrrole was vacuum-distilled at 60 �C before being used,

and then was stored at -10 �C in a nitrogen atmosphere.

P-toluene sulfonate acid (TOS) was used as a surfactant

and supporting salt for all the electrochemical polymer-

izations. Other chemicals used were of analytical grade. All

solutions were prepared by double-distilled water.

Electrode preparation and characterization

An electrolyte solution of 0.5 M TOS ? 0.1 M pyrrole

was used for polymerization. The electrochemical synthe-

sis of PPy films was carried out in a three-compartment

electrochemical cell. A platinum sheet served as the aux-

iliary electrode, and a saturated calomel electrode (SCE)

was used as the reference electrode. SS (type 304, 0.5 mm

thick) foils were used as working electrode. Before being

used, SS foils were polished with successive grades of

emery to a mirror surface, and were then washed with

double-distilled water in an ultrasonic bath for 15 min.

The PPy films were prepared by two methods: (i) pulse

galvanostatic method (PGM) and (ii) galvanostatic method

(GM) (hereinafter, denoted as PGM-PPy film and GM-PPy

film, respectively). The scheme of PGM is shown in Fig. 1.

ia is the anodic a peak current of pulse; toff and ton are the

‘‘off’’ pulse off on period and ‘‘on’’ pulse period, respec-

tively. The pulse procedure used for PGM-PPy film is

illustrated as follows: polymerization was carried out at

constant current density pulses for a period of time. Pulse

on time (ton) was 0.01 s and pulse off time (toff) was chosen

as constant 0.1 s. No current was applied during off period.

Total number of on pulses was set to complete a total

‘‘current on’’ time of 40, 60, 90, and 120 s. For the purpose

of comparison, we carried out polymerization process by

GM with constant current density from 40 to 120 s.

After electropolymerization, the polymer film coating

SS electrode was transferred into another electrochemical

cell and was cycled between -0.4 and 0.6 V in 1 M H2SO4

electrolyte and 1 M NaNO3 electrolyte, respectively.

Cyclic voltammogram (CV) was recorded after obtaining a

stable CV pattern with minimal changes in peak potential

and current. All experiments were conducted under N2

atmosphere.

The mass of pristine PPy films were determined using

the electronic microbalance (BP211D, Sartorius, d = 0.01/

0.1 mg). The morphologies of the PPy films were exam-

ined by a field emission scanning electron microscope

Fig. 1 A schematic representation of PGM
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(JSM-6701F, JEOL). The film thickness was measured

using a surface profilometer (Dektak150).

Electrochemical tests

All electrochemical experiments were performed by a

CHI660C electrochemical workstation (Shanghai Chenhua

Instrument Factory, China) in a glass cell with working

electrode, a platinum sheet counter electrode, and a stan-

dard SCE.

The electrochemical tests were carried in 1 M H2SO4

and 1 M NaNO3 aqueous solution for the purpose to

compare capacitive behavior of PPy film. CV scans were

recorded from -0.4 to 0.6 V at 5 mV s-1, and charge–

discharge cycle tests were carried out at different constant

current densities, with cutoff voltages of -0.4 to 0.6 V.

EIS measurements for the PPy film electrodes were per-

formed in an ac frequency range from 100,000 to 0.01 Hz

with an excitation signal of 5 mV. All electrochemical

experiments were carried out at 20 ± 1 �C.

Results and discussion

Microstructure of the PPy films

In our study, we prepared PPy films at equivalent total

charge by two different methods: PGM and GM. Under

SEM, both the PGM-PPy film and GM-PPy film presented

uniform microstructures. In Fig. 2a, the PGM-PPy film

whose horn-like structures with particle size ranging from

1 to 4 lm is obviously short in comparison to GM-PPy film

(Fig. 2b). A uniform morphology of PGM-PPy film shown

in Fig. 1a is desirable because it enables a material with

high diffusivity for the electrolyte ions to achieve fast

charge/discharge rates. However, the GM-PPy film pre-

sented in Fig. 2b shows a disorder surface with large par-

ticle size. Such a structure is expected to result in

kinetically inferior electrochemical performance in com-

parison with PGM-PPy film. Hence, it can be concluded

that the smaller particle size formed in PGM-PPy film is

due to the process of polymerization with short ton (10 ms)

and longer toff (100 ms). During ton, the polymer chain has

nucleated over the SS-substrate surface only for a very

short period, and then followed by toff. The growth on the

initial sites of the electrode is frustrated during the longer

toff. Hence, the growth on the fresh sites of the electrode is

more probable, thus forming a large number of equivalent

nucleation and growth sites [27, 30]. As we expected, the

application of ultra short pulse on time for polymerization

has a definite effect on the polymer structure. The PGM-

PPy film exhibited uniform microstructures with small

particle size, which were the ideal structure for superca-

pacitor electrode due to their improved hydrophilic

character.

Electrochemical response of PPy films

For the purpose of studying the relationship between

polymerization time and specific capacitance (SC) of PPy

films, polymerization was carried out at constant current

density (4 mA cm-2) in all the growth experiments by the

total ‘‘current on’’ time 40, 60, 90, and 120 s, respectively.

The SC of PPy film electrodes in both 1 M H2SO4 and 1 M

NaNO3 electrolyte can be obtained from discharge curves

(as shown in Fig. 3) by the following relationship, i.e.,

Cd = IDt/DEm. Here, I is the discharge current, Dt is the

discharge time corresponding to the voltage difference

(DE), and m is the active electrode mass. The polymeri-

zation time, mass, and thickness of films corresponding to

the SC are given in Table 1. It is noted that there is a

decrease in capacitance with further growth time of PPy

films for both polymerization method. It is in consistent

with the studies reported in the literature where a similar

relationship between capacitance with thickness of PANI

as reported earlier [31]. The electrochemical properties of

PPy film are strongly influenced by the morphology and

thickness. According to the results in Table 1, thinner PPy

films can present better charge carrier mobility [32], which

permit higher SC. With the same total ‘‘current on’’ time of

Fig. 2 SEM images of the

PGM-PPy film (a) and GM-PPy

film (b). The total ‘‘current on’’

time of PPy film is 90 s
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polymerization process, the roughness of PGM-PPy films is

significantly smaller than that of GM-PPy films, which can

be attributed to the limited thickness and the smaller grain

size of the former. Thus, the PGM-PPy films present a

favorable structural feature, for its reduced grain size and

improved interchain conduction owning to a more homo-

geneous deposition at initial stages. In Table 1, it can be

seen that for PGM-PPy film (0.8 lm) the maximum

capacitance of 403 F g-1 was obtained with 40 s ‘‘current

on’’ time. For the same polymerization time, the SC of

PGM-PPy films were higher than GM-PPy films. Com-

pared with GM-PPy films, the capacitance properties of

PGM-PPy films were better, which was due to the pulsed

process of polymerization. We can see from Fig. 2, when

the current density increased from 0.5 to 5 mA cm-2, the

SC for PGM-PPy film is from 403 to 360 F g-1, which are

higher than those for GM-PPy film (from 251 to

175 F g-1). Based on the above analysis, the PGM-PPy

film was more available for supercapacitor electrode.

In order to compare the power properties between PGM-

PPy film and GM-PPy film, the high-rate discharge ability

(A) of the electrode was also employed. The A can be

obtained using Eq. 1:

Að%Þ ¼ Cd=C0:5100% ð1Þ

where Cd and C0.5 are the discharge capacity of electrodes

at a certain current density and 0.5 mA cm-2, respectively.

Figure 4 shows the relationship between the high-rate

discharge ability and the discharge current density. It was

clear from Fig. 3 that the SC decreased with increasing

current density due to the internal resistance of the elec-

trode. The PGM-PPy film electrode exhibited better high-

rate discharge ability when compared with GM-PPy film

electrode. When the current density increased from 1 to

10 mA cm-2, it only lost 10% of the initial SC even in the

charge–discharge current density up to 10 mA cm-2. Thus,

it can be deduced that the power characteristic of this

electrode was improved in the process of PGM

polymerization.

Figure 5 shows the CV curves of PGM-PPy film and

GM-PPy film in 1 M H2SO4 solution with 5 mV s-1

scanning rate. Although the CV shapes of both the PPy

Fig. 3 Galvanostatic discharge curves of the PGM-PPy films (a and b) and GM-PPy films (c and d) at different current density. Curves (a and c)

measured in 1 M H2SO4 electrolyte and curves (b and d) in 1 M NaNO3 electrolyte. The total ‘‘current on’’ time of PPy film is 40 s

1950 J Mater Sci (2010) 45:1947–1954
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films by two polymerization method were similar as shown

in Fig. 5. Both CV curves of PPy films in Fig. 5 shows a

broad oxidation peak around -0.2 to 0.3 V. Both oxidation

and reduction currents decrease toward the negative

potential end, which is an indication of the polymer grad-

ually becoming inactive and resistive. In the same potential

range, the PGM-PPy film CV shows larger peak current

compared with that of GM-PPy film, even at potentials

close to the negative end. This difference in current

between GM-PPy and PGM-PPy can be explained as the

latter has a uniform microstructure with small particle size

structure for ion transport and improvement of hydrophi-

licity. It was very important to study the electrochemical

properties of electrode materials in the neutral medium,

because it was well known that the electrode material was

more applicable and extensively used for the application of

supercapacitors in the neutral medium [18]. Figure 6

illustrates the CV curves of PGM-PPy film electrode

measured in 1 M NaNO3 electrolyte at a scan rate of

5 mV s-1. From Fig. 6, important information could be

noticed, the curve of PGM-PPy film in 1 M NaNO3 elec-

trolyte with respect to the zero-current line and a rapid

current response on voltage reversal at each end potential,

as well as the rectangular-like and almost symmetric I–E

responses of ideal capacitive behavior, which match the

requirement of the application as supercapacitors.

The above studies proposed that the PGM-PPy film

electrode had a higher SC and better high-rate discharge

ability, which led to good capacitance properties. There-

fore, we carried out the following EIS investigation to

prove the good capacitive performance of PGM-PPy film

electrode.

Electrochemical impedance spectroscopy

From Fig. 7, we can see the impedance spectra of PGM-

PPy film and GM-PPy film in 1 M H2SO4 electrolyte at

Table 1 The SC of PPy films with different polymerization time

Polymerization

method

Total ‘‘current

on’’ time (s)

Mass of the material

(mg cm-2)

Thickness of the

PPy films (lm)

Specific capacitance (F g-1)

1 M H2SO4

electrolyte

1 M NaNO3

electrolyte

PGM 40 0.32 0.8 403 281

60 0.48 1.4 384 259

90 0.86 1.6 324 221

120 1.12 2.0 303 170

GM 40 0.5 1.7 251 193

60 0.75 2.3 217 181

90 0.9 2.5 185 169

120 1.3 3.0 156 102

The current density is 0.5 mA cm-2

Fig. 4 High-rate discharge ability (A) for PGM-PPy film electrode

(a) and GM-PPy film (b). The total ‘‘current on’’ time of PPy film is

40 s

Fig. 5 CV curves of PGM-PPy film (a) and GM-PPy film (b) in1 M

H2SO4 electrolyte at 5 mV s-1
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open circuit voltage (OCV). Both curves are similar in

form, composed of a single semicircle in high-frequency

and straight line in the low-frequency region. First, in high-

frequency intercept of the real axis, an internal resistance

(Rs) can be observed, which included the resistance of the

electrolyte, the intrinsic resistance of the active material,

and the contact resistance at the interface active material/

current collector. The value of Rs for both PGM-PPy film

electrode and GM-PPy film electrode was 0.7 X cm-2.

Second, as shown in Fig. 7, the electrochemical charge-

transfer resistance (Rct) (which was evaluated by the real

part of the impedance between low and high frequencies

[33, 34]) of PGM-PPy film electrode is smaller than

GM-PPy film, which indicates that the PGM-PPy film

electrode has smaller Rct than that of GM-PPy film. This

can be explained by the thickness and microstructure of the

PPy film. With the same total ‘‘current on’’ time, the

GM-PPy film is thicker than PGM-PPy film, which could

be confirmed from the mass value in Table 1. The GM-PPy

film shows a rough surface with large particle size and

thickness, such a structure did not favor and enhance the

diffusivity of the electrolyte ions into the film. Hence, the

thinner PGM-PPy film with good hydrophilic character and

smooth surface exhibits good capacitance behavior due to

the smaller Rct. Therefore, in low frequency, the diffusing

line comes close to an ideal straight line along the imagi-

nary axis without the obvious presence of 45� plot, which

was characteristic feature of capacitive behavior.

The EIS curves of PGM-PPy film at OCV, 0.6 V (vs.

SCE), and -0.4 V (vs. SCE) are shown in Fig. 8a. Two

features should be noted for all three curves in Fig. 8a. The

value of RS is nearly invariant, keeping a value of

0.7 X cm-2 for all voltages of the PGM-PPy film

Fig. 6 CV curve of the PGM-PPy film (total ‘‘current on’’ time of

40 s) at a scan rate of 5 mV s-1 in 1 M NaNO3 electrolyte

Fig. 7 Impedance Nyquist plots of the PGM-PPy film (a) and

GM-PPy film (b) (0.32 V vs. SCE; electrolyte: 1 M H2SO4)

Fig. 8 Impedance Nyquist plots of PGM-PPy film: a measured

at OCV (0.32 V), 0.6 V and -0.4 V in 1 M H2SO4 solution;

b measured in 1 M H2SO4 electrolyte and 1 M NaNO3 electrolyte

1952 J Mater Sci (2010) 45:1947–1954
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electrode. In Fig. 8a, the Rct of the three curves are obvi-

ously different. The value of PPy film from Fig. 8a was

about 4.2 X cm-2 at open circuit voltage (OCV), because

of the high electronic conductivity and fast response ability

of the PPy film. The value of Rct increasing up to

6.3 X cm-2 at 0.6 V is due to the decrease of electro-

chemical activity of PPy resulting from an over oxidation

beginning. Further increase would occur at -0.4 V, due to

the reduced volume [35, 36] and the relatively lower

electronic conductivity [37] of polymer at dedoped state. It

could eventually reach 13.2 X cm-2.

The typical EIS spectra of PGM-PPy film in 1 M H2SO4

electrolyte and 1 M NaNO3 electrolyte are given in

Fig. 8b, and there are two features between both curves.

First, in high-frequency intercept of the real axis, a solution

resistance Rs can be observed. The value of PPy film was

approximately 0.7 X cm-2 in 1 M H2SO4 electrolyte and

2.0 X cm-2 in 1 M NaNO3. Second, in the medium-to-low

frequency region, the unequal semicircular can be discov-

ered from both curves. The radius of the semicircular in

1 M H2SO4 electrolyte was smaller than that in 1 M

NaNO3 electrolyte, the expanded portion is shown in the

down-right corner of Fig. 8b. Herein, the charge-transfer

resistance was smaller in the acidic electrolyte. In low

frequency, the impedance plots were exhibited as a vertical

line in 1 M H2SO4 electrolyte and a slightly tilted of ver-

tical line in 1 M NaNO3 electrolyte, both of which indi-

cated a limiting diffusion process in two electrolytes and

were the characteristic features of pure capacitive behavior

[38].

Estimation of specific capacitance

The value of SC can be obtained from three techniques:

cyclic voltammetry, galvanostatic charge–discharge, and

impedance spectroscopy. As far as conducting polymers

are concerned, the cyclic voltammetry with wide potential

range includes the low doping (or undoped levels), so the

polymer chains are not or less conjugated, and charge

transfer occurs in a localized manner. Hence, at low doping

levels it does not contribute to capacitance [39, 40]. At high

doping levels (by shifting the potential positively), elec-

trons are conjugated or delocalized along the polymer

chain into conduction bands, which can contribute to the

capacitance. Based on the analysis above, the CV is not

suitable for capacitance measurements of PGM-PPy film in

a wide potential range.

We calculated specific capacitances using galvanostatic

charge–discharge techniques and impedance spectroscopy.

The specific values were shown in Table 2. It is anticipated

that both methods will not yield identical estimates in each

case. Nevertheless, values deduced using galvanostatic

charge–discharge experiments have more significance in

view of their usefulness in fabrication of devices. On the

other hand, impedance spectroscopy has the advantage of

yielding not only specific capacitances but also other sys-

tem parameters, such as double layer capacitance, charge

transfer, ohmic and diffusional resistances.

Conclusions

The PPy films were synthesized on SS electrode from

aqueous solution containing 0.5 M TOS and 0.1 M pyrrole

by pulse galvanostatic method. The process of PGM with

short ton (10 ms) and longer toff (100 ms) resulted in a

smooth, uniform, and small particle size of PPy film, which

could be observed from SEM images. Such a structure

favored ionic motion and hydrophilicity improvement. The

supercapacitive behaviors of these films were investigated

with cyclic voltammetry (CV), charge–discharge tests, and

ac impedance spectroscopy. Compared with the GM-PPy

film, the results revealed that with 40 s ‘‘current on’’ time

the PGM-PPy film showed better capacitive characteristics

and larger SC of 403 F g-1. Moreover, the PGM-PPy film

electrode exhibited better high-rate discharge ability, lower

resistance, and more promise for applications in superca-

pacitor than GM-PPy film electrodes.
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