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ABSTRACT:

Simultaneous chemical and electrochemical polymerization of aniline was investigated to explore

the competition between two polymerization routes. It was found that initial chemical polymerization may significantly

affect the electrochemical polymerization; thus, it is possible to control the polymer morphology. By performing the

electropolymerization with slow scans, the initial chemical polymerization results in the formation of a nanostructured

backbone, which will also affect subsequent electropolymerization (even in the absence of chemical polymerization).
By this trick, it is possible to prepare highly porous and uniform nanostructured polyaniline film adherently attached to
the substrate surface. In fact, chemically synthesized polyaniline nano-particles acts as growth sites for electrochemical

polymerization, and in appropriate condition, numerous sites are formed instead of their continuous growth.
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Conductive polymers are a famous class of polymer
materials and were subject of many researches during
the past decades, since they have been discovered just
by 1977.! This considerable attention can be attributed
to their invaluable advantages for various applica-
tions. There are two different methods for the prepara-
tion of conductive polymers. The first one is classical
chemical polymerization, and this method is generally
applicable for all polymers, and the other alternative
method is electrochemical polymerization due to pio-
neering works of Diaz,>* which is an exclusive route
for the synthesis of conductive polymers because of
their conductivity. In the chemical polymerization,
an oxidant is responsible for the polymerization proc-
ess, and in electropolymerization this is due to the
electrical charge. Since the latter one results in the for-
mation of a film of the conductive polymer onto sub-
strate electrodes, it is of particular interest for ad-
vanced technologies employing thin films. Although
conductive polymers synthesized chemically and elec-
trochemically have been compared in the literature,>!!
less attention has been paid to an important issue to
investigate simultaneous polymerization via chemical
and electrochemical routes. In the present work, we
aim to examine this issue in a widely known system.

Polyaniline as a classical polymer is a prototype of
conductive polymers, which was among the first poly-
mers synthesized electrochemically.* There is a con-
siderable attention to polyaniline and has been widely
investigated for electronic and optical applications
due to its good environmental stability and tunable
electrical and optical properties.'>!3 Polymerization

of the monomer aniline, can be achieved either chemi-
cally'#2 or electrochemically.?*3¢ In fact, both poly-
merization routes have been widely investigated in the
literature. In the chemical synthesis of polyaniline,
various oxidants including ammonium persulfate, po-
tassium bichromate, potassium iodate, potassium per-
manganate, hydrogen peroxide, etc have been used for
the oxidative polymerization of aniline, but the most
frequent exploited oxidant is ammonium persulfate.
For the electrochemical polymerization, different
electrochemical techniques such as galvanostatic, po-
tentiostatic, and potentiodynamic conditions have
been employed. Among these techniques, potentiody-
namic polymerization have some valuable advantages
for the deposition of an ideal polymer film, and partic-
ularly it is able to monitor the polymer growth in the
course of cyclic polymerization at different stages of
the polymer formation on substrate surface. Thus,
we attempt to examine the competition of chemical
and electrochemical polymerization for this common
case, viz. potentiodynamic polymerization of aniline
onto Pt substrate and chemical polymerization of this
monomer by means of ammonium persulfate oxidant.

EXPERIMENTAL

Deposition of polyaniline films was performed in an
acidic solution of 0.1 M H,SO, containing 30 mM ani-
line in the presence of 30 mM ammonium persulfate.
The experiments were made in a one-compartment
cell using a standard three-electrode electrochemical
cell arrangement. The potential was referenced to a
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saturated calomel electrode (SCE), the counter elec-
trode was a platinum sheet. The potentiodynamic
polymerization of aniline was performed by cycling
the potential between —0.2 and 1.0V with various
scan rates.

It is of particular importance to provide an opportu-
nity for exactly simultaneous chemical and electro-
chemical polymerization. The chemical polymeriza-
tion just starts by adding the oxidant to the poly-
merization bath; whereas, starting the electrochemical
experiment takes a time. Thus, we should shorten the
individualistic chemical polymerization before per-
forming the electrochemical experiment. For this pur-
pose, the electrochemical cell was set up, and a solu-
tion of the oxidant was poured (the concentrations
quoted above correspond to the final solution) to the
cell. Then, the cell was just stirred for 2s to assure
complete mixedness of the reactant, following by a
rest time of 5s to obtain a stationary fluid; then the
electrochemical experiment was immediately per-
formed. In this manner, the individual polymerization
via only chemical route is restricted to lesser than 10s.

All electrochemical experiments were performed
using a Princeton Applied Research potentiostat/gal-
vanostat model 173 (PAR 173) equipped with a model
175 universal programmer in conjunction with Corr-
View software. SEM images were recorded using a
Philips XL 30 scanning electron microscope.

RESULTS AND DISCUSSION

Figure 1 compares electrochemical polymerization
of aniline under conventional conditions, but in the
presence and absence of ammonium persulfate as an
oxidative agent to induce chemical polymerization si-
multaneously. Figure 1a manifestly shows the absence
of common strong oxidation peak appearing at high
potentials during the first cycle (c.f. Figure 1b), which
is attributed to the water and monomer oxidation by
bare Pt. Having a closer and more careful gaze at what
happening within the cell, one would come to this con-
clusion that chemically synthesized polyaniline is ad-
sorbed on the Pt surface, which makes the metallic sur-
face of electrode disable to electrocatalyze the water.

Another consequence of this strong oxidation proc-
ess occurring at high potential is to oxidize the sub-
strate surface, as it has been described that a certain
charged should be passed through the cell before the
occurrence of electropolymerization.?”3® In other
words, electropolymerization on the substrate will
not be occurred unless the substrate surface is suffi-
ciently oxidized. Of course, this oxidation is not dom-
inantly due to the electrical charge, as the electrolyte
medium plays an important role. This is the reason
that in the presence of appropriate medium, a lesser
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Figure 1. Potentiodynamic polymerization of aniline onto
Pt substrate. The electrolyte solution was 30 mM aniline in
0.1 M H,SO4 as supporting electrolyte in the (a) presence and
(b) absence of ammonium persulfate. The scan rate was 50 mV/
s for 50 successive cycles.

charge is required for this process.® Therefore, am-
monium persulfate as a strong oxidative agent could
assist the initial oxidation of the Pt substrate electrode,
and consequently, the strong oxidation peak at high
potentials is absent for such chemically oxidized Pt
substrate.

The existence of ammonium persulfate and possible
chemical polymerization strongly affect the poly-
aniline morphology. According to the SEM images
(Figure 2), two different types of morphology can be
detected in the sample: macro-fibers and micro-parti-
cles. Of course, these are morphological structure of
the polyaniline film adherently attached to the Pt sub-
strate surface. Interestingly, both of these morpholog-
ical structures are in the same scale, and this suggests
that the overall mechanism of the polymer growth is
the same but the difference is due to the growth direc-
tion. In other words, these are not related to different
polymerization processes whether chemically or elec-
trochemically, but both structures have been formed
as a result of mixed-processes. Indeed, since it is dif-
ficult to assume that incorporation of the chemically
synthesized polyaniline within the matrix of the poly-
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(b)

Figure 2. SEM images of the polyaniline film electrochemi-
cally grown on Pt in the presence of ammonium persulfate.

aniline film formed electrochemically, one may attrib-
ute this phenomenon (i.e., formation of different struc-
tures) to local inhomogeneities.

Since simultaneous chemical and electrochemical
polymerization is indeed accompanied by a competi-
tion between two different routes, it is useful to vary
the rate of one process while keeping the other con-
stant. It is the advantage of electrochemical processes,
which can be easily controlled by changing the electri-
cal charge. Whereas, controlling the chemical poly-

merization in this competition is difficult as the
electrochemical polymerization is also affected. In po-
tentiodynamic experiments, it is possible to control
the polymerization process by varying the potential
scan rate, as the polymerization is periodic in accord-
ance with the applied potential. Thus, at higher scan
rates (e.g., scan rate 200mV/s as illustrated in Figure
3), the chemically synthesized polyaniline has lesser
time to be incorporated into the electrochemical
formed polyaniline matrix. For obtaining the opportu-
nity of a comparative study, the electrochemical poly-
merization with scan rate 200mV /s was performed
during 150 successive cycles (Figure 3), as the charge
passed through the electrochemical cell which is indi-
cative of the amount of polymer deposited onto the
substrate surface, is approximately the same as the
case reported in Figure la.

With approximately the same polymerization time
and the amount of polymer synthesized, it is obvious
that cyclic voltammetric behaviors for corresponding
electrochemical polymerizations are significantly dif-
ferent. Although the last cycles in both cases are sim-
ilar, but initial successive cycles are completely differ-
ent. For the sake of clarity, the first 100 cycles were
omitted in Figure 3, and from the internal shape ap-
peared, one can understand the difference in the initial
electrochemical polymerization. This indicates that a
certain time is required for the completeness of chemi-
cal polymerization to participate in the competition. It
should be taken into account that faster electrochemi-
cal polymerization does not exclude the role of chem-
ical polymerization in the competition, as the initial
electrochemical polymerization in Figure 3 is not sim-
ilar to the conventional case in the absence of ammo-
nium persulfate; however, this effect is not in favor of
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Figure 3. Cyclic voltammetric behavior of the aniline electropolymerization with scan rate 200 mV /s for 150 successive cycles. The
100 first cycles were omitted and the figure is representative of cycles 100—150.
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ideal electropolymerization.

The above mentioned irregularities in the poly-
aniline morphological structure of the polyaniline film
is observable (Figure 4) as well as the case of 50
mV/s reported above (Figure 2). This provides a
strong evidence for the fact that this is an essential
result of simultaneous chemical and electrochemical
polymerization at high scan rates, as local inhomoge-
neities are inevitable.

Figure 4. Morphological structure of the polyaniline film pre-
pared under the experimental condition specified in Figure 3.

According to the important role of the electrochem-
ical polymerization rate in this competition, lowering
the scan rate is worth considering. Figure 5 shows the
polyaniline synthesized under slow potential cycling
with scan rate of 5mV/s for only 10 successive
cycles. The experiment time for the electrochemical
polymerization is approximately similar to those re-
ported above. The charge passed through the electro-
chemical cell is also comparable with the previous
cases. However, a major difference is appeared in
the film morphology (Figure 6). In the latter case,
the morphological structure is uniform with nano-
structure. In other words, the system is sufficiently
stayed in a given potential as the rate of electrochem-
ical polymerization at a specified step is comparable
with that of chemical polymerization; thus, initial
polyaniline nano-particles formed chemically will be
appropriate sites for subsequent polymer growth via
electrochemical route. It has been discussed that dif-
ferent growth sites on the substrate electrode may

Figure 6. SEM images of the sample prepared with slow elec-
tropolymerization (scan rate 5mV/s).
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Figure 5. Cyclic voltammetric behaviors corresponding to the aniline polymerization with slow electrochemical polymerizations

recorded with scan rates: SmV /s for 10 cycles.
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result in the formation of different polymerization
pathway and consequently significantly different mor-
phology.*® In general, chemical inhomogeneities of
substrate surface strongly affect electrochemical sys-
tems.*” In fast electrochemical polymerization, the
same mechanism is followed, but there is not suffi-
cient time for the generation of new growth sites,
and the electrochemically synthesized polyaniline
tends to form on available growth sites in the course
of a fast electrochemical polymerization.

According to the usefulness of slow electrochemi-
cal polymerization for the preparation of uniform
nanostructured polyaniline film, it is enticing to exam-
ine its applicability out of the competition. During
long experiment times (higher numbers of potential
cycles), the chemical polymerization is negligible
and the electropolymerization is dominant. For in-
stance, for 50 successive cycles with the scan rate of
I mV/s the experiment time is about 2,000 min. The
effective chemical polymerization in the experimental
conditions under investigation is about 30 min, as it
was examined through chemical polymerization out
of the electrochemical cell. Thus, it can be assumed
that the chemical polymerization and its correspond-
ing competition with the electrochemical polymeriza-
tion is only noticeable during first cycles, and for sub-
sequent cycles, it is just electrochemical polymeriza-
tion, but in a situation which is highly affected with
the initial competition.

Figure 7 shows the potentiodynamic electropoly-
merization of aniline under slow rate in the presence
and absence of ammonium persulfate. The charge
passed through the electrochemical cell in both cases
is approximately the same, indicating that the amount
of polyaniline deposited onto the electrode surface is
independent of the chemical polymerization. Since
the chemical polymerization only occurs in a small
part of the polymerization process, this difference is
negligible and the amount of the polyaniline film de-
posited is mainly due to the electrochemical process.
However, the gradual increase of the peak currents
is monotonic for the conventional case (Figure 7b),
but the charge under peaks is higher during the first
cycles in the presence of ammonium persulfate which
is obviously related to the role of chemical polymer-
ization.

Although the chemical polymerization was absent
during the formation of lateral structure of the poly-
aniline film, a significant difference in the film mor-
phologies is observable (Figure 8). In fact, the initial
chemical polymerization results in the formation of
a different backbone leading to subsequent growth
of nanostructured polyaniline, as this feature is not ap-
plicable in the absence of the initial chemical poly-
merization. In other words, by introducing an initial
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Figure 7. Electropolymerization of aniline under slow scan
(scan rate 1 mV/s) in the (a) presence and (b) absence of ammo-
nium persulfate.

chemical polymerization to an electropolymerization
system, it is possible to control the dynamical path-
way of the system leading to the formation of favora-
ble morphological structure.

According to the role of chemically synthesized
polyaniline on subsequent electrochemical polymer-
ization, one may think about similar condition pre-
pared by injection of polyaniline ex situ synthesized
chemically into the electrochemical cell. Comparison
of the potentiodynamic growth of polyaniline in this
case (Figure 9) with that obtained in the presence of
in situ formed polyaniline (c.f. Figure 1a) indicates
significant differences. Since the amount of chemical-
ly synthesized polyaniline is higher thus a strong elec-
trochemical behavior is observable for the first cycle
in Figure 9. However, in spite of higher amount of
chemically synthesized polyaniline, which is available
for adsorption to the electrode surface, since the ad-
sorption is not occurred during in situ formation of
the polyaniline, it is thought that this adsorbed layer
is highly porous and instable. On the other hand,
oxidation peak (but not strong) associated with the
electro-oxidation of water and monomer by metallic
Pt electrode is observable during the first cycles.
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Figure 8. Morphological structures of the polyanilines films
prepared by slow electropolymerization in the (a), (b) presence
and (c) absence of the oxidant.

0.6

Similarly, a significant difference in the morpholog-
ical structure is observable (comparing Figure 10 with
Figure 2a). Nevertheless, the morphological structure
of the polyaniline film prepared in the presence of dis-
persed polyaniline is of particular interest, as it has a
uniform structure like that prepared under slow elec-
tropolymerization (Figure 8). This provides a strong
evidence for the fact that existence of chemically syn-
thesized polyaniline is responsible for the formation
of such porous nanostructure. Of course, it should
be emphasized that the polyaniline film prepared by
initial dispersion of chemically synthesized poly-
aniline has lesser stability in comparison with that pre-
pared by in situ chemical polymerization. This failure
is attributed to weak attachment of a huge amount of
polyaniline particles dispersed with the cell before the
electropolymerization process.

According to the latter results, it can be concluded
that the chemically synthesized polyaniline is respon-
sible for phenomena reported above. However, one
may think that the existence of ammonium persulfate

Figure 10. Morphology of the polyaniline film prepared in

the presence of dispersed polyaniline particles.
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Figure 9. Electrochemical polymerization of aniline from a cell containing ex situ chemically synthesized polyaniline. Scan rate 100 mV/s.
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Figure 11. Electrochemical polymerization of aniline from
electrolyte solutions prepared by filtering the chemically synthe-
sized polyaniline after (a) 1h, and (b) 1 day. The initial solution
was 30 mM aniline in 0.1 M H,SO4 as 30 mM ammonium persul-
fate was also added as oxidative agent for chemical polymeriza-
tion. The CVs were recorded with scan rate 100 mV/s.

may affect the electrochemical polymerization as the
polyaniline is precipitated in the bottom of the cell.
To examine this feature, the cell was left for a certain
time and then filtered. By this action, the electrolyte
solution contains all reactant but without chemically
synthesized polyaniline. As can be seen in Figure 11a,
electrochemical polymerization is negligible, but the
electrochemical activity of the first cycle is indicative
of adsorption of significant amount of polyaniline. In
fact, these are just the polyaniline synthesized chemi-
cally after 1 h. As expected, no oxidation peak is ob-
servable during the first cycle as the Pt electrode is
initially coated with in situ formed polyaniline. How-
ever, note that the charge is very low in comparison
with the cases reported above.

By filtering the electrolyte solution after 1 day, any
possible chance for in situ chemical formation of
polyaniline is missed out, and there will be no chemi-
cally synthesized polyaniline to be adsorbed on the
electrode surface. Thus, the bare Pt is available for the
occurrence of strong oxidation process at high poten-
tials (Figure 11b). Under these conditions, the mono-
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mer has been consumed and sufficient aniline is not
available for electrochemical polymerization. How-
ever, we witnessed that even in the presence of similar
chemical polymerization, the electrochemical poly-
merization was actively performed after more than 1
day (Figure 6a). This leads us to an interesting conclu-
sion that in the simultaneous chemical and electro-
chemical polymerization, there is a great chance to
consume larger amounts of the monomer from the
reactor. In other words, there is a concentration
threshold for the occurrence of electrochemical poly-
merization, and this threshold is significantly lower
for simultaneous chemical and electrochemical poly-
merization.

CONCLUSION

Simultaneous chemical and electrochemical poly-
merization of aniline as a prototype of conductive
polymers was investigated. The results obtained are of
both fundamental and applied interest. In the compe-
tition between chemical and electrochemical polymer-
ization, it is possible to control the polymer growth
pathway and consequently morphological structure
of the polymer. Thus, this provides an opportunity
to investigate and compare these two polymerization
routes in situ. On the other hand, preparation of
conductive polymers with desirable morphology is
possible. The system under investigation was a typical
case with only one controllable parameter; whereas,
investigation of other systems by varying different
controllable parameters will surely lead to interesting
results. For various reasons, simultaneous chemical
and electrochemical polymerization is more favorable
from commercial point of view, as the polymerization
process proceeds with lesser concentration of the
monomer.
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