
S

M
s

1

2

I3

IQ14

5

a6

7

A8

R9

R10

A11

A12

13

K14

P15

A16

E17

I18

S19

120

21

m22

a23

p24

e25

c26

o27

o28

29

c30

e31

t32

o33

o34

t35

A36

s37

f38

i39

t40

c41

42

s43

0
d

O
O

F

ARTICLE IN PRESSG Model
YNMET 12568 1–7

Synthetic Metals xxx (2009) xxx–xxx

Contents lists available at ScienceDirect

Synthetic Metals

journa l homepage: www.e lsev ier .com/ locate /synmet

orphology and properties of polypyrrole electrosynthesized onto iron from a
urfactant solution

.L. Lehr, S.B. Saidman ∗

nstituto de Ingeniería Electroquímica y Corrosión (INIEC), Departamento de Ingeniería Química, Universidad Nacional del Sur, Av. Alem 1253, 8000-Bahía Blanca-República, Argentina

r t i c l e i n f o

rticle history:
eceived 1 July 2008
eceived in revised form 16 February 2009
ccepted 13 April 2009

a b s t r a c t

The morphology of polypyrrole (PPy) deposits during electrosynthesis onto iron electrodes in sodium
bis(2-ethylhexyl) sulfosuccinate (AOT) solutions have been investigated using Scanning Electron
Microscopy (SEM). At the early stages of electrosynthesis, fibrillar, toroidal and globular forms are
observed while polymerization at longer times leads to a closely packed deposit. The effects of
D
P
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eywords:
olypyrrole
OT
lectrochemical polymerization

electropolymerization parameters on the obtained morphology are discussed. It is proposed that elec-
tropolymerization rate and polymer stiffness are important factors in controlling the morphology.
Electrochemical investigations demonstrate that toroid-shaped deposits present electrochemical activity.
The experimental results indicate that a gelatinous product, formed as a result of iron dissolution, grows
simultaneously with PPy.
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. Introduction

The chemical and electrochemical synthesis of conducting poly-
ers continues to receive great attention in fundamental as well

s in applied studies. In particular, micro- and nanostructures of
olypyrrole are under active investigation because of the many
xisting and new possibilities for applications in optical, electri-
al and sensing devices [1–8]. The formation of these structures on
xidisable metals has received less attention [9,10], in spite of the
bvious economical advantage.

There has also been an increasing interest in the use of
onducting polymers as anti-corrosion coatings. However, the
lectropolymerization on oxidisable metals is difficult because
he metallic electrode undergoes strong dissolution before the
xidation potential of the monomer is reached or because the devel-
pment of a very protective oxide layer. Previous works have shown
hat stable and homogeneous PPy coatings can be deposited onto
l [11] and onto Fe [12] in the presence of sodium bis(2-ethylhexyl)
ulfosuccinate (AOT) in a wide pH interval. AOT is an anionic sur-
actant having two bulky hydrocarbon tails and a sulfonate group
n its polar head. It was postulated that pyrrole is solubilised in
U
N

C
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he micellar assembly formed on the substrate leading to highly
oncentrated monomer.

There is no iron dissolution before the electropolymerization
tarts because the formation of a protective iron oxide at pH val-

∗ Corresponding author. Tel.: +54 291 4595182; fax: +54 291 4595182.
E-mail address: ssaidman@criba.edu.ar (S.B. Saidman).

65

66

67

379-6779/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.synthmet.2009.04.008
 © 2009 Elsevier B.V. All rights reserved.

ues between 7 and 12 [12]. The electrosynthesized films provide a
high degree of protection against corrosion because AOT acts as an
immobilized dopant.

The chemical synthesis of PPy was performed in the presence
of AOT where the surfactant acts as a co-dopant together with the
anion of the oxidising agent [13,14]. In contrast, the electrochemi-
cal synthesis allows to incorporate AOT as the unique dopant. The
electrodeposition of PPy onto stainless steel in organic media con-
taining AOT for the construction of a single-layer actuator has also
been reported [15].

While studying this electropolymerization process onto iron
electrodes it was observed the unusual formation of a gel-like
product surrounding the polymer. The development of this type of
structure has not been described for other electrochemical systems.
EIS has been applied to characterize this system [16]. It was pro-
posed that iron ions diffuse through the pores of the polymer and
through the gel-like film developed between the polymer and the
electrolyte. Finally the ions reach the gel/solution interface where
they react with AOT, thickening the gel film. The gel material inside
the pores inhibits the diffusion of species, contributing to difficult
the corrosion of iron in chloride solutions.

The formation of the gel-like product surrounding the polymer
film motivated us to study the electrochemical behaviour of iron
in pure aqueous AOT solutions [17]. We found that the gelatinous
t. (2009), doi:10.1016/j.synthmet.2009.04.008

material is formed onto the bare electrode as a result of iron dissolu- 68

tion. It was postulated that this material is a mixed NaAOT-Fe(AOT)3 69

lamellar mesophase where the iron ion is surrounded by three AOT 70

molecules and this structure is covered by NaAOT. The iron salt acts 71

as a germ to produce the aggregation of AOT molecules and the 72
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irth of the layer occurs when the mesophase precipitates onto the
lectrode surface.

In this report, the investigation was extended by analysing
he first stages of PPy electrosynthesis in AOT solution onto iron
lectrodes. Different PPy morphologies were formed, which were
haracterized by varying electrosynthesis parameters (concentra-
ions of monomer and electrolyte, electropolymerization time,
pplied potential and temperature). We also desire to provide a
eeper insight into the simultaneous formation of PPy and a gel-

ike product and the conditions under which these materials can
e formed.

. Experimental

Electrodes were prepared from pure iron rod samples. The
ods were embedded in a Teflon holder with an exposed area of
.070 cm2. Before each experiment, the exposed surfaces were pol-

shed to a 1000 grit finish using SiC, then degreased with acetone
nd washed with triply distilled water. Following this pretreatment,
he electrode was immediately transferred to the electrochemi-
al cell. After polarisation, the samples were carefully and rapidly
leaned in water to avoid material losses.

All the potentials were measured against a saturated calomel
lectrode (SCE) and a platinum sheet was used as a counter
lectrode. The cell was a 20 cm3 Metrohm measuring cell.
lectrochemical measurements were done using a potentio-
tat–galvanostat PAR Model 273A. A dual stage ISI DS 130 SEM and
n EDAX 9600 quantitative energy dispersive X-ray analyser were
U
N

C
O

R
R

E
C

TE
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sed to examine the PPy deposits. Iron and sulfur were determining
sing inductively coupled plasma atomic emission spectrometry
ICP-AES).

Measurements were performed in solutions containing pyrrole
Py) (0.01–1 M) and AOT (0.005–0.5 M) in a purified nitrogen gas

Fig. 2. SEM images of the PPy electrosynthesized in 0.05 M AOT, pH 7 with 0.5 M P
R
O

O
FFig. 1. Chronoamperometric curves obtained in 0.05 M AOT pH 7 containing 0.5 M

Py, in response to potential steps from −1 V to: (a) 1 V, (b) 0.9 V and (c) 0.8 V.

saturated atmosphere at 20 ◦C, unless otherwise stated. The pH of
the solution was adjusted by addition of NaOH. In order to avoid
the slow hydrolysis of AOT all the measurements were done with
freshly prepared samples. All chemicals were reagent grade and
solutions were made in twice distilled water. Pyrrole was purchased
from Acros Organics and it was freshly distilled under reduced pres-
sure before use.

3. Results

The electrosynthesis of PPy onto iron electrodes was done under
D
 P

t. (2009), doi:10.1016/j.synthmet.2009.04.008

potentiostatic control. A series of chronoamperometric curves 113

obtained in 0.05 M AOT, pH 7, at different potential values is pre- 114

sented in Fig. 1. The initial current decrease is associated with oxide 115

growth and, after this stage, the formation of the polymer starts. 116

The formed films were investigated by SEM measurements. Fig. 117

y. The film was formed at 0.9 V for: (A) 8 s, (B) 20 s, (C) 120 s and (D) 1800 s.
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We did not observe toroidal PPy deposits in the presence of 158

SDBS (sodium dodecylbenzene sulfonate) instead AOT under the 159

same experimental conditions detailed above. In this case, only 160

the deposition of the usual grained structure occurred. Likewise, 161

the morphological characteristics of the polymer also depend 162
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Fig. 3. SEM images of the PPy electrosynthesized in 0.05 M AOT pH 7

shows the images of PPy after different times of potentiostatic
olarisation at 0.9 V. At 8 s deposition two distinctive morpholo-
ies are observed on the surface (Fig. 2A). The PPy appears to be
omposed of small grains with sizes around 0.5 �m homogeneously
istributed on the whole iron surface. Some of these deposits seem
o be toroids filled with the polymer. On top of these grains some
oroidal deposits can be observed. After 20 s of deposition the whole
urface is fully covered by the characteristic aggregates of micro-
pheroidal grains (Fig. 2B). When the polarisation time is increased
o 120 s, the SEM micrograph still shows the presence of the poly-

er but in this case underneath a smooth material (Fig. 2C). Finally,
s the reaction time is further increased it can be clearly seen that
his material completely covered the deposited polymer (Fig. 2D).

gelatinous product formed on top of the polymer is perceptible
o the naked eye after approximately 15 min of polarisation. This
roduct, which is also observable under galvanostatic or potentio-
ynamic polarisation, remains attached to the electrode when the
ample is taken away from the cell.

In an attempt to gain deeper insight on the growth of the toroidal
tructures at the beginning of electropolymerization, a study was
one by applying a lower potential to slow down the deposition
ate. Fig. 3 shows images of PPy deposits during 8, 20 and 40 s
f potentiostatic polarisation at 0.8 V. Toroids can be observed on
op of a granular deposit (Fig. 3A). These structures do not dif-
er very much in size, having an outer diameter of about 2 �m. A
onger deposition time results in a larger number of toroids and
t would seem that they grow from the grains previously formed
Fig. 3B). The majority of them are oriented parallel to the elec-
U

Please cite this article in press as: I.L. Lehr, S.B. Saidman, Synthetic Me

rode surface. It can be also observed that some of them are packed
ogether to form three-dimensional agglomerates. In comparison
ith the electrodeposition at 0.9 V, polarisation at 0.8 V leads to an

ncreased number of toroidal structures which posses a smoother
exture. As the polymerization proceeds further, the hole of toroids
 P
.5 M Py. The film was formed at 0.8 V for: (A) 8 s, (B) 20 s and (C) 40 s.

is sealed by additional growth and they are no longer distinguished
as individual entities in the midst of the grained film (Fig. 3C).

When the film was electropolymerized at 0.7 V the proportion of
toroid-like deposits is smaller and several of them are incomplete
toroids (Fig. 4). The formation of the characteristic grains of PPy is
favoured when the electropolymerization potential was raised to
1 V.
t. (2009), doi:10.1016/j.synthmet.2009.04.008

Fig. 4. SEM image of the PPy electrosynthesized in 0.05 M AOT pH 7 with 0.5 M Py.
The film was formed at 0.7 V for 20 s.
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Fig. 6. SEM images of the PPy electrosynthesized in 0.05 M AOT pH 7 with 0.5 M Py.
The film was formed at 0.8 V for 20 s at 5 ◦C.
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ture in the range between 5 and 60 ◦C, even though the morphology 215

varies with temperature. 216

Further details can be obtained from EDX analysis of the elec- 217

trosynthesized films shown in Fig. 2. The signal of iron progressively 218
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ig. 5. SEM image of the PPy electrosynthesized in 0.005 M AOT pH 7 with 0.5 M Py.
he film was formed at 0.8 V for 80 s.

n the electrochemical polymerization conditions. Galvanostatic
lectrodeposition but consuming the same charge than that cor-
esponding to potentiostatic polarisation, leads only to the usual
Py morphology.

When the surfactant concentration was lowered to 0.005 M,
mall globules and toroids were observed coexisting with a lot
uantity of bigger near-circular structures (Fig. 5). Electrode-
osition was done at 0.8 V with the same charge used for
lectrosynthesis in 0.05 M AOT during 20 s. The big structures are
bout three times larger than toroids observed at higher AOT con-
entration and they are similar to ones reported by other authors
3,5], although here their shapes are less circular. It can be also
bserved worm-like fibrillar morphologies which grew parallel to
he electrode surface. It appears that a great amount of large worm-
ike deposits grow until they enclosed themselves into more or
ess circular morphologies. An increase in AOT concentration to
.5 M promotes the formation of the gelatinous material even at

ow electropolymerization times. PPy deposits obtained under this
ondition have globular morphology.

Decreasing the monomer concentration to 0.05 M resulted in
thicker gel-like product and a rare observation of toroids could

e made. When the concentration of Py was increased up to
M, toroids similar to that previously described were obtained,
lthough their mean diameter was higher (5 �m).

Temperature is another factor that affects electropolymeriza-
ion, increasing the kinetics of the reactions. Results obtained at
◦C indicate that the number of deposited toroids decreased with

espect to that obtained at 20 ◦C (Fig. 6). In addition, these deposits
ave almost equal diameter than those formed at 20 ◦C, although
everal of them are not well-defined toroids. Electropolymerization
t 60 ◦C yielded mainly non-toroidal morphologies and increased
mounts of the gel material.

The redox switching behaviour of the electrosynthesized films
as examined in monomer-free solutions (Fig. 7). The reduction

can presents only a reduction peak at very negative potentials
ttributable to Na+ insertion into the polymer matrix [18]. The
ntensity of both oxidation and reduction peaks increases linearly

ith scan rate in the range 1–100 V s−1 (Fig. 8), indicating a surface-
ttached redox species.

The charge obtained by the integration of the cathodic peak
orresponds to 12% and 10% of the charge used for deposition of
he film during 20 s at 0.8 and 0.9 V, respectively (Fig. 7, curves (a)
U

Please cite this article in press as: I.L. Lehr, S.B. Saidman, Synthetic Me

nd (b)). The values do not differ markedly in spite of the differ-
nces in polymer morphology (toroids and grained deposits). This
esult is consistent with an active surface area of the doughnut-like
eposits exposed to the solution. As was stated, galvanostatic con-
DFig. 7. Cyclic voltammograms of PPy-coated iron electrode at 0.05 V s in 0.05 M
AOT pH 7. The PPy films were made in the same solutions containing 0.5 M Py at:
(a) 0.9 V, 20 s; (b) 0.8 V, 20 s; and (c) i = 5 mA cm−2, 28 s. The fifth cycle is displayed.
Initial potential: 0.6 V.

ditions leads to a morphology resembling that obtained when the
electrode is polarised at 0.9 V. The integrated reduction charge is
in this case 9% of the charge consumed during deposition (Fig. 7,
curve (c)), a value that does not differ significantly from the pre-
vious ones. In addition, the redox switching behaviour of the PPy
films is practically independent of electropolymerization tempera-
t. (2009), doi:10.1016/j.synthmet.2009.04.008

Fig. 8. Dependence of peak current (ip) on the scan rate (v) for a PPy-coated iron
electrode in 0.05 M AOT, pH 7. The PPy film was made in the same solution containing
0.5 M PPy at 0.8 V for 20 s. (a) Anodic and (b) cathodic.
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Fig. 9. EDX examination of PPy-coated iron. The film was formed at 0.9 V in

ecreases with the electropolymerization time, indicating the
hickening of a homogeneous deposit (Fig. 9). Moreover, this result
uggests that oxidised iron is not concentrated in the gelling mate-
ial in contact with the electrolyte solution. Compared with the
ignal that comes only from the polymer (Fig. 9A), the EDX analy-
is shows an increasing amount of Na when the gel is sufficiently
eveloped to cover the polymer (Fig. 9C), corroborating that the

amellar mesophase contains NaAOT.
A portion of the gel formed simultaneously with the polymer

as carefully removed from the electrode and its analysis indi-
ates a content of iron of 0.2%. Because the lamellar structure can
e growth as long as there is sufficient Fe(AOT)3, the release of a
mall amount of dissolved iron in the boundary between the poly-
er and the gel assures further growth of the gel. The Fe/S molar

atio found in the gel was 5.0, corroborating that the Fe(AOT)3 is
overed by NaAOT. A higher value, 7.5, was determined when no
Py was formed [17], indicating that a lower amount of NaAOT is
ncorporated into the lamellar organization that grows on top of the
Py.

. Discussion

A variety of interesting electrosynthesized PPy microstruc-
ures such as plates, bowls and cups has been described. The
rowth process was explained by a self-assembled gas bubble tem-
late mechanism, where the bubbles correspond to hydrogen gas
eleased from the counter electrode or oxygen gas produced on the
U

Please cite this article in press as: I.L. Lehr, S.B. Saidman, Synthetic Me

orking electrode [1,9,19,20]. Toroid-shaped morphology does not
eem to be the result of this kind of growth mechanism.

It has also been proposed that microstructures can be electro-
hemically synthesized with self-assembled surfactants onto the
lectrode surface as the templates [6,21,22]. It is difficult to estimate
 

AOT, pH 7 solution containing 0.5 M Py at: (A) 20 s, (B) 120 s and (C) 1800 s.

whether the formation of toroidal deposits is a result of the kind of
surfactant since this type of structures has also been obtained from
other electrolytes but using non-oxidisable substrates. Fujikawa et
al. were the first in reporting the formation of toroid-shaped PPy
structures, which were deposited from sodium perchlorate aque-
ous solution [3]. Later this type of morphology was obtained for
PPy electrodeposited from tetrabutylamonium perchlorate in ace-
tonitrile [5] and more recently for PPy electrodeposition in nitrate
solution [23].

The chemical synthesis with the addition of AOT results in a
globular morphology, although it should be taken into account that
in this case AOT acts as a co-dopant [13,14]. The potentiostatic syn-
thesis of PPy onto stainless steel in organic media also results in a
globular morphology [15].

The synthesis of nanomaterials like metal oxides, salts or pep-
tides, among others, with toroid-shaped morphology has been
reported [24–26]. But the formation of DNA toroids is undoubtedly
the most studied. It is well demonstrated that DNA in solution can
be made to condense with the addition of several chemical agents
and that condensation often results in a toroidal structure. In spite
of toroid organization during DNA has been investigated for decades
there is no accordance about the exact reasons for the formation of
this type of morphology [27–30].

Our results demonstrate that a wide distribution of PPy struc-
tures was obtained under the different experimental conditions.
However, it is possible to conclude that the majority of the formed
structures are complete and thick toroids at defined electropoly-
t. (2009), doi:10.1016/j.synthmet.2009.04.008

merization rates. The formation of PPy granules is enhanced by 276

increasing the deposition rate while the formation of near-circular 277

structures such as that presented in Fig. 3 is promoted at lower rates. 278

Considering the experimental conditions in this work, high values 279

of monomer and dopant concentrations as well as of temperature 280
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nd applied potential accelerate deposition rate. It should be men-
ioned that all the structures grew onto an underlying PPy film of
ranular morphology, in accordance to that found for the formation
f tubular PPy structures [9,10].

But the electropolymerization rate is probably not the unique
actor that controls the morphology. Chain stiffness is an important
arameter that conditions the geometry in the case of DNA con-
ensates [28,29]. Low stiffness results in a globular morphology
nd as this parameter is increased, loops tend to clump together
nd wind about a common axis to form a ring or pretorus struc-
ure [28]. Later in this paper the dependence between stiffness and
opant characteristics will be discussed.

The near-circular structures formed under low electrodepo-
ition rates seem to initiate as worm-like fibrillar deposits that
row in a horizontal direction with respect to the substrate sur-
ace. Flexibility of the polymer chains is such that most of the
orm-like structures bent forming near-circular morphologies. In

tudying the formation of PPy nanowires Zhang et al. have shown
hat some nanowires were twisted tightly and some even enclosed
hemselves into more or less ring-like structures [22]. The authors
uggested that PPy long chains tend to entangle together due to
ydrogen bonding and �–� interactions among themselves.

Then, it is possible that polymer stiffness also plays an impor-
ant role in controlling the morphologies described here. Stiffness
epends on the dopant characteristics. Dopants with a relative large
ize reduce interchain interactions such as hydrogen bonding and
–� interactions. This results in an increased distance between
olymer backbones, causing a more flexible structure. But at the
ame time steric effects would make difficult the formation of com-
letely enclosed structures.

Thus, the formation of toroids depends of the combined effects
f two principal factors: electropolymerization rate and polymer
exibility. The dominant morphology changes from twisted worm-

ike shapes to toroids and finally to globules by increasing both
arameters. The effect of dopant size cannot be easily predicted.
his general picture explains the formation of PPy deposits with a
reat variety of shapes, and also the variety of experimental condi-
ions for electropolymerization that produce, i.e., toroids deposition
3,5,23].

The picture is much more complicated when considering that
OT not only acts as a dopant but also as a surfactant. The phase
iagram of the binary system of AOT–water indicates that an

sotropic micellar phase exists for concentrations below 0.02 M,
bove which a lamellar phase was identified [31]. The electropoly-
erization rate increases in the presence of the surfactant because

he monomer is preferentially dissolved in the micellar assembly
ue to its hydrophobic nature. It should be also taken into account
hat the structure of the micelles will be permanently disrupted
hen the surfactant serves as dopant [22].

In addition to the points described above, depending on the ratio
f AOT to monomer the prevailing reaction will be the electropoly-
erization or the gel-like material formation. At high ratios, the

eveloped morphology is dominated by the presence of the gel.
he same occurs at high electropolymerization temperatures. The
resent results also demonstrate that the gel material emerges in
n early stage of polymerization and that it does not hinder the
Py growth. Iron is dissolved and reacts with AOT providing sites
or the formation of the lamellar mesophase. Then both, PPy and
he gelatinous material grow simultaneously. The ratio of AOT to

onomer will condition the relative contribution of each reaction.
The above results indicate that the PPy structures obtained dur-
U
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ng the first growth stage are electroactive and that their redox
roperties are independent of polymer morphology.

The formation of toroid-shaped structures onto a substrate like
ron opens new possibilities to fabricate microstructured PPy with
ood morphological qualities. This type of deposits has the poten-
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tiality of biomaterial immobilization on the surface for detection
by electrochemical methods in biosensing area [3]. In addition, the
doughnut-shaped drug delivery system provides an easy and effec-
tive alternative in controlling the rate of delivery for many drugs
[32]. The electroactive PPy films are also expected to have applica-
tions in the construction of actuator devices. Because AOT remains
entrapped into the polymer matrix during electrochemical switch-
ing only small and mobile positively charged ions such as Na+ are
transported into and out of the film. This type of redox behaviour
constitutes an advantage for actuator devices [33]. On the other
hand, PPy doped with large anionic detergents shows a much higher
chemical stability in aqueous solutions compared with the polymer
doped with smaller anions [34].

5. Conclusions

It is proposed that two principal variables condition the mor-
phology of PPy electrodeposited onto iron electrodes in AOT
solutions. The one is the electropolymerization rate and the other
is the polymer chains flexibility. An increase in both parameters
promotes that morphology changes from fibrillar to toroidal, to
globular. Dopants with a relative large size favour a more plas-
ticized polymer, although they have more than one effect on the
morphology.

Under defined experimental conditions electrochemically active
toroids are formed. The majority of toroids are oriented parallel
to the electrode surface and some of them are packed together
compactly to form three-dimensional aggregates. They are filled
in by additional growth and then the PPy film exhibits its usual
morphology.

The formation of a gel-like material occurs simultaneously with
electropolymerization. This product is a result of iron dissolution in
the AOT solution. The polymer is formed first but it does not hinder
the development of the gel. The development of the gel initiates
into the PPy channels and it continues growing until covering the
whole polymer matrix.
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