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ABSTRACT: Electropolymerization and ion exchange
properties of the polypyrrole film doped by para-toluene
sulfonate (PPy/pTS) were investigated in aqueous solutions.
The film with a column-like surface morphology was gal-
vanostatically synthesized at 3 mA/cm2 during 1800 s. Cy-
clic voltammetric measurements of the PPy/pTS film in
sodium para-toluene sulfonate (NapTS), tetraethylammo-
nium chloride ((C2H5)4NCl), and NaCl aqueous solutions
showed a cation exchange property, an anion exchange

property, and a combination of them, respectively. More-
over, the large ions could decrease the transport of the small
ions coexisting in the same solution, and the redox processes
were proved to be electrochemically irreversible and ion
transport-limiting reactions. © 2006 Wiley Periodicals, Inc.
J Appl Polym Sci 101: 2518–2522, 2006
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INTRODUCTION

Many reports revealed that conducting polymers,
such as polypyrrole, polythoiphene, polyaniline, etc.,
can be used as sensors, ion exchange resins, and ac-
tuators. Among them, polypyrrole was extensively
investigated because of its stability and easy chemical
or electrochemical polymerization.1–11 When com-
pared with other conducting polymers based on poly-
pyrrole, polypyrrole/para-toluene sulfonate (PPy/
pTS) composites were proved to be very suitable for
practical applications, because of their good physical,
chemical, mechanical properties and long-term stable
redox cycling.9–13

It is well known that PPy composites can be doped
and dedoped by anions or cations, inducing the elec-
tronic, chemical, and physical changes of the poly-
mers, which were regarded as the basis for nearly all
practical applications,. However, those processes are
related to the ion exchange properties in essence.
Therefore, in recent years, the ion exchange properties
of the PPy composites have been the focus of many
investigations,2,4,6,9,11 which are very helpful to deeply
understand the inner working mechanism of the sen-
sors, actuators, and electrically switched ion exchange
resins. However, though the study on the ion ex-
change properties has been carried out for more than
two decades, there still exist two main problems that

have puzzled the investigators in practical application
of PPy composites. One is the low ion exchange rate.
As well known, the electropolymerized PPy film usu-
ally has a relatively flat surface, and ion transport in
the polymer matrix is not easy because of the com-
pactness of the film, and the redox sites in the matrix
cannot be reached in short time. The other problem is
the functions of electrolyte ions in the redox processes.
The electroactivity of conducting polymer is depen-
dent on the ion exchange between the solution and the
composites matrix. The influence of the nature of elec-
trolyte ions on ion exchange property has not been
discussed completely.

For enhancing the ion exchange rate of the PPy/pTS
composites, in this study, we electrochemically syn-
thesized a typical conducting PPy film with a large
specific surface area. In addition, to better understand
the ion exchanging mechanism of the electrolyte ions
in aqueous solutions, in this study we investigated the
redox processes of the PPy/pTS film to determine the
influence of the electrolyte ion size on the ion ex-
change properties.

EXPERIMENTAL

Pyrrole (99%) was twice distilled prior to use. Other
reagents such as NaCl, para-toluene sulfonate
(NapTS), para-toluene sulfonate acid (HpTS), and
(C2H5)4NCl were AR grade and used as received. All
reagents were purchased from Chinese National Re-
agents Group in Shanghai, China. Solutions were pre-
pared with deionized water and purged with nitrogen
before use. The volume of solution in the cell was 100
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mL containing 0.1M pyrrole monomer, 0.05M NapTS,
and 0.05M HpTS during polymerization. The synthe-
sis processes were carried out in conventional three-
electrode system in single compartment electrochem-
ical cell, in which the working electrode was an 1-cm2

platinum plate, the auxiliary electrode was a 5-cm2

platinum flag, and the reference electrode was a satu-
rated calomel electrode (SCE). The temperature of po-
lymerization was kept at 0°C. After polymerization,
the PPy/pTS film obtained was soaked in 0.5M NaCl
aqueous solution for 24 h. Then, the film was twice
cleaned using distilled water and kept in distilled
water saturated with high purity N2 gas until use.

The electroactivity characterization was performed
in the same electrochemical cell with the PPy/pTS film
attached on an 1-cm2 Pt plate as a working electrode at
room temperature of 25°C, which was obtained
through gavalnostatic polymerization at 3 mA/cm2.
The counter and reference electrodes were similar to
those used during polymerization.

Electropolymerization of pyrrole was performed us-
ing a Potentiostat/Galvanostat (EG and G Princeton
Applied Research 263A), which was also used to mea-
sure the electrochemical properties of PPy/pTS com-
posites by cyclic voltammetry. The potential ranged
from �1.0 to 0.6 V versus SCE. Unless otherwise men-
tioned, all potentials are referred to the SCE. The
charges consumed during the redox processes were
recorded to quantitatively estimate the amount of ion
exchange. SEM pictures were taken using JSM-
5600LV.

RESULTS AND DISCUSSION

Electropolymerization and surface morphology

The surface morphology of conducting PPy film varies
with the different electrosynthesized parameters such

as applied current density/potential, solvent, nature
of electrolyte, electrode substrate, etc.14,15 Different
film morphology can largely influence the ion move-
ment between PPy matrix and solution15–17 and thus
influence its practical applications. In this study, PPy/
pTS composite films were electrochemically synthe-
sized on platinum electrode during different polymer-
ization time at constant current density of 3 mA/cm2.

As shown in Figure 1, the potential has a sharp
increase at the initial stage of synthesis, which is in
good agreement with other previously published
works. After that, the potential decreases step by step,
which is supposed to correspond to the growth of the
polymer.

Figure 2 presents the SEM pictures of PPy films.
Figure 2(A, B) are the same film obtained during po-
lymerization time of 600 s. Figure 2(C, D) corresponds
to the film obtained during 1800 s. The magnification
factor of Figure 2 (B, D) is 10 times as large as that of
2(A, C), respectively. Obviously, PPy/pTS film A is
the typical nodular shape which was widely reported
in other researchers’ studies;14,15,17 however, C has a
column-like morphology, which was reported by few
investigators. As well known, for practical application
of PPy composites, such as ion exchange materials and
electrochemical sensors, a high specific surface area
was of the most importance, which can improve the
kinetics of ion exchange. As shown in Figure 2, obvi-
ously, the surface of C is tougher than that of A, i.e.,

Figure 1 Potential variation with time during the galvano-
static polymerization in aqueous solution.

Figure 2 SEM pictures of PPy/pTS composites obtained in
aqueous solution containing 0.1M pyrrole monomer, 0.05M
NapTS, and 0.05M HpTS. For (A) and (B), polymerization
time was 600 s; for (C) and (D), 1800 s. The scale bar of (A)
and (C) is 100 �m; (B) and (D) for 10 �m.
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the film C has a larger specific surface area and would
be much more beneficial to the ion exchange pro-
cesses. In this study, we assumed that the possible
reason for the formation of the column-like morphol-
ogy would be the continuous growth of the nodules
on the surface of the film A.

Ion exchange properties

Electroactivity of the PPy/pTS film was certified by
cyclic voltammetry, which was also used to determine
the ion exchange properties. During the redox pro-
cesses carried out in the PPy/pTS polymer, the elec-
trolyte ions not only act as the conducting media, but
also participate in the reaction. It should be noted that
the cyclic voltammograms (CV) in this study are very
stable after 10 cyclings from �1.0 to �0.6 V in 0.1M
NaCl aqueous solution. The scan rate was 5 mV/s, at
which the redox processes could be performed com-
pletely. Figure 3 presents the dependence of the elec-
trolyte concentration on the CV shape. Clearly, the CV
curves could be divided into five regions. The expla-
nation is as follows: because pTS anions in PPy/pTS
composite can partially leak out of the PPy matrix, the
film has two main structures. One is (PPy)n

�(pTS)�

and the other is (PPy)n
0. The regions near the peaks A

and E correspond to the expulsion and insertion of
cations Na�, as shown in reactions (1) and (2), respec-
tively. The peaks B and D represent the incorporation
and expulsion of anions Cl� in reactions (3) and (4),
respectively. Thus, accompanied by the anions and
cations movement, the PPy/pTS composite film
shows the combination of both anion and cation ex-
change properties in NaCl. Needless to say, these
explanations discussed here have been accepted wide-
ly.4,6,9,10,18–24 However, the discussion to region C has

been neglected. Though the reaction corresponding to
the region C is uncompleted, it is also supposed to
relate to Cl� incorporation. Similarly, peak D should
be the combination of reaction (4) and reduction pro-
cess of region C.

�PPy�n
0AL

�CS
� � e3 �PPy�n

�AL
� � CS

� (1)

�PPy�n
�AL

�CS
� � e3 �PPy�n

0AL
� � CS

� (2)

�PPy�n
0AS

� � e3 �PPy�n
�AS

� (3)

�PPy�n
�AS

� � e3 �PPy�n
0 � AS

� (4)

where, generally, n � 3–9;18 As
� (small size anion),

AL
� (large size anion), and CS

� (small size cation)
correspond to Cl�, pTS�, and Na� in this study, re-
spectively.

It is well known that oxidation process at a high
potential (for instance 1.0 V) could induce the over-
oxidation and the loss of electroactivity of the PPy
film. Li and Qian showed that region C was corre-
sponding to the OH� attack due to the electrolysis of
water and the overoxidation of PPy film was depen-
dent on the solution pH.25 In this study, evidences
supported that region C is also related to the concen-
tration and nature of the electrolyte anions. As shown
in Figure 3, the area of region C increases with the
increased concentration of Cl�, even at the same pH.
Moreover, Figure 4 also gives evidence that region C is
directly related to the electrolyte anion Cl�. Thus, we
can draw a conclusion that region C is somehow
caused by the Cl� incorporation.

The CVs of the film in different electrolyte concen-
trations varied. Generally, the peak current increased
with increasing electrolyte concentration. However,
peaks A and E have less change compared with peaks

Figure 3 CVs of the film in NaCl aqueous solution. Film
was electrosynthesized in 0.1M pyrrole monomer, 0.05M
NapTS, and 0.05M HpTS aqueous solution at constant cur-
rent density of 3 mA/cm2 for 1800 s. Scan rate: 5 mV/s.

Figure 4 CVs of the film in different electrolytes aqueous
solution. The concentration of electrolytes used is 0.1M. Scan
rate was 5 mV/s. The film used was the same to Figure 3.
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B and D. This phenomenon could result from the less
redox sites in the regions near peaks A and E, so that
the redox sites could be saturated even with low elec-
trolyte concentration.

The nature of the electrolyte ions also plays a sig-
nificant role in the ion exchange processes of PPy
composites.19–23 To investigate the anion or cation
exchange behavior separately (as compared with
NaCl), NapTS and (C2H5)4NCl were chosen as the
electrolytes respectively. The former has large size
anions (pTS�), and the latter has large size cations
((C2H5)4N�).

Figure 4 shows the redox behavior of the PPy/pTS
film in different electrolyte aqueous solution. As for
CVs obtained in NaCl solution, there are two pairs of
peaks as discussed earlier. But for NapTS, only one
pair of current peak appears and corresponds to the
expulsion and insertion of Na�. Similarly, for
(C2H5)4NCl, one pair of current peaks correspond to
the expulsion and insertion of Cl�. Moreover, the
amounts of charges transported were 0.42 C for
(C2H5)4NCl, 0.55 C for NaCl, and 0.1 C for NapTS, i.e.,

the amount of the charges transported in NaCl was
larger than the sum of the charges transported in both
NapTS and (C2H5)4NCl. This might mean the large
size ions can affect the movement of small size ions
coexisting in the same solution, which can also be
identified by the higher anodic peak A and cathodic
peak B in NaCl solution. The possible process is that
the large size ions in NapTS or (C2H5)4NCl can block
the channel in PPy/pTS polymer matrix. Thus, the
amount of small size ions (Na� or Cl�) transported
decreased compared with that in NaCl.

The dependence of the redox processes of the film
on scan rate is also indicated in Figure 5. As can be
seen, the peak potential Ep change remarkably, and the
values of Eap � Ecp (Eap and Ecp correspond to the
anodic and cathodic peak potentials, respectively)
have become larger with the increasing scan rate from
5 to 100 mV/s. The conducting PPy exhibited the
so-called redox histeresis, which caused electrochem-
ical irreversibility of the film. The dependence of the
value of current peaks on the scan rate is indicated in
Figure 6. It should be mentioned that the anodic peak
current iap in Figure 5(b) was not involved because of
the loss of the anodic peaks at high scan rates. Clearly,
the peak current was linearly proportional to the scan
rate1/2, which means that the controlling factor of the
redox processes of the film was ion diffusion.

CONCLUSIONS

PPy/pTS film electrosynthesized in aqueous solution
containing 0.1M pyrrole monomer, 0.05M NapTS, and
0.05M HpTS at constant current density 3 mA/cm2 for
1800 s had a column-like surface morphology, which
could improve the kinetics of ion exchange.

The CVs obtained in various aqueous electrolyte
solutions clearly showed the different redox or ion

Figure 5 CVs of the film in aqueous solution at different
scan rate. (a) 0.1M NapTS; (b) 0.1M (C2H5)4NCl.

Figure 6 Relationship between peak current and the scan
rate.
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exchange properties. As for small size ions, such as
Na� and Cl�, though the amount of diffusion varies
with the ion radii, valence, structure, and hydro-
philic/hydrophobic nature, they can move into or out
of PPy/pTS composite. However, by contrast, large
size ions, such as pTS� and (C2H5)4N�, can not reach
the redox sites and might block the channel in the
PPy/pTS matrix, thus preventing the transport of the
small size ions coexisting in the aqueous solution. In
that situation, PPy/pTS film was converted into anion
or cation exchange material and responded only to
small size anion or cation. Moreover, the redox pro-
cesses of PPy/pTS composite in aqueous solution
were verified to be electrochemically irreversible and
diffusion-controlled reactions.
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