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Abstract: Scanning electron microscopy (SEM) is employed 
to monitor the surface morphology of polypyrrole films 
(PPy) grown on different working electrodes (i.e., vitreous 
carbon and Au (111)) under diverse experimental condi-
tions (i.e., dynamic vs. static potential protocols) and anion 
dopants (i.e., I- and F-). The morphology of the electrosyn-
thesized films includes rings (doughnuts) and microcon-
tainers, and depends on the synthesis parameters such as 
the electropolymerization method, the nature of the sub-
strate, the anion dopant, and the sequence of sandwich 
composite growth. The formation of well-defined rings 
and microcontainers is attributed to overoxidation occur-
ring during the formation of F--doped PPy. It is possible 
to design microcontainers by controlling the overoxidation 
and degradation of the polymer surface.
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1  Introduction
Interest in conducting polymers has grown considerably 
because of their applications in microelectronic, elec-
trochromic, biomedical devices, rechargeable batteries, 
anticorrosion films, chemical and biochemical sensors, 
protection against electromagnetic radiation, antistatic 
packaging, and the like (1–14). Modern developments of 
new custom-designed polymers that partially or com-
pletely replace classical materials increase their range of 
applications (15–17). This is especially true in the field of 
conductive polymers like polypyrrole, which can be pro-
duced both chemically and electrochemically (14,  18). 
Electrochemical polymerization leads to the formation of 
a polymer film on the surface of the working electrode. 
This offers several advantages including the controllabil-
ity of thickness, morphology, and conductivity (14, 19). 
Since its seminal electrochemical preparation in 1968, 
polypyrrole (PPy) has been one of the most extensively 
used and studied conductive polymers (18, 20–22).

PPy has proven suitable as a candidate for the con-
trolled release of substances because of its unique redox 
properties, which offer, for instance, the possibility of 
controlled drug administration through electrical stimu-
lation (23, 24). Other applications are related to the ana-
lytical determination of drugs in biological samples (25), 
the fabrication of solid-state potentiometric sensors (26), 
and its use as an adsorbent in the solid-phase microex-
traction of organic compounds (27). Most of these appli-
cations stem from suitable electrical properties of the 
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polymer that have been studied, for example, by four-
probe conductivity (28) and electrochemical impedance 
spectroscopy (29).

The formation of microcontainers in PPy films opens 
new possibilities to the use of new materials in the drug 
delivery arena. There are many methods available to modify 
polymer films based on physical and chemical pre- and/or 
post-treatments (30–35). The nature of the solvent and elec-
trolyte used during the electrochemical synthesis of PPy 
largely determines its final properties (36). In the present 
study, we used two different doping anions in aqueous 
solution to synthesize conducting PPy films with dissimilar 
final morphologies, showing that the formation of micro-
containers is related to the polymer film overoxidation.

2  Materials and methods
Electrochemical formation of PPy films was achieved 
by cyclic voltammetry and constant potential methods. 
A conventional three-electrode cell was used at room 
temperature (20 ± 3°C). A vitreous carbon disk electrode 
(VC, Bioanalytical Systems, West Lafayette, Indiana, 
MF-2012, 0.07 cm2) and a coated-glass Au (111) electrode 
(Arrandee, G.T., Werther, Germany, 0.075 cm2) were used 
as working electrodes (WEs). The surface of the VC was 
polished using alumina powder (0.25 μm MicroDi, South 
Bay Technology, San Clemente, CA, USA and 0.10 μm, 
Allied High Tech Products, Rancho Dominguez, CA, 
USA), and then sonicated (Branson, Danbury, CT, USA 
2510R-MT). Lastly, the electrode was rinsed with distilled 
water and ethanol (50/50 v/v) for 15 min and washed with 
acetone before using it in the electrochemical cell.

All the experiments were performed using a BAS 
potentiostat (Model 100B, Bioanalytical Systems). All 
potentials are referred to a Ag/AgCl(sat) electrode (BAS, 
MF-2052) separated from the medium by a Vycor mem-
brane. A Pt mesh (0.6 cm2, 99.99%) was used as the aux-
iliary (counter) electrode. The electrolytes were 0.1 mol/L 
aqueous solutions of KI and KF (J. T. Baker, reagent grade). 
A 0.1  mol/L pyrrole solution was prepared after distilla-
tion of reagent-grade pyrrole (Py, Aldrich, 98%) in a nitro-
gen atmosphere. All the solutions were prepared with 
Millipore water (18.2 MΩ) deareated during 10–15  min 
with pure nitrogen (Praxair, 99.99%) before the experi-
ments. Scanning electron microscopy (SEM, Peabody, MA, 
USA, JEOL-JSM-6390LV) with energy-dispersive spectro
scopy (EDS; NCA x-Stream Module, Oxford Inst., Tubney 
Woods, Abingdon, Oxfordshire, UK) was used to observe 
the surface characteristics of the polymer films.

PPy-F PPy-I

PPy-I

Electrode

Figure 1 Schematic representation of the polymer sandwich 
composite formation.

To design polymer sandwich composites, I- and F- 
were used as dopant anions following the experimental 
configuration of Figure 1. The design varied according to 
the layer formation sequence: WE:PPy-I:PPy-F:PPy-I or 
WE:PPy-F:PPy-I:PPy-F.

3  Results and discussion
In order to explain the selection of two particular dopant 
anions (F- and I-), it is important to note some of their dif-
ferences. F- is a large hydrated anion, whereas I- is very 
small and does not possess a hydrated shell. Previous 
studies show that the thickness and morphology of PPy 
films depend on several key parameters (37–39), one of 
which is the nature of the dopant ion (34). For the present 
case, the PPy layers formed electrochemically in the pres-
ence of I- are much thicker and more conductive than 
those formed in the presence of F- (40). Also, significant 
differences are observed in the resulting PPy film mor-
phology as described below.

3.1  Electropolymerization of PPy films

Figure 2 shows cyclic voltammograms for PPy film growth 
in (A) 0.1 mol/L KI and (B) 0.1 mol/L KF solutions, using 
10 polymerization cycles in a potential range from -0.5 to 
+0.9 V vs. Ag/AgCl at a scan rate v = 100 mV/s.

The peaks observed between -0.40 and +0.50 V during 
polymerization in KI solution (Figure 2A) correspond to 
the charge and discharge of the PPy film (14, 41) accom-
panied by the reduction/oxidation of the I2/I- couple 
(42–44). The cathodic response indicates that an impor-
tant amount of iodine species became trapped within the 
polymeric matrix. The electrochemical polymerization is 
indeed known to be catalyzed by the I2/I-couple [35]. The 
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Figure 2 Cyclic voltammograms of 0.1 m Py solution in the pres-
ence of (A) 0.1 mol/L KI and (B) 0.1 mol/L KF. WE = VC, v = 100 mV/s.

electrochemical oxidation of Py (i.e., formation of PPy) 
starts at ca. 0.5 V.

Figure 2B shows the voltammograms corresponding 
to the formation of PPy films in 0.1 mol/L KF. These reveal 
that the incorporation of the anion in the PPy matrix is 
rather scant, as judged by the very small peak currents 
observed (i.e., below  ± 1.3 mA). Contrary to the experi-
ments in KI, the anodic currents in KF decrease with the 
number of cycles, which is consistent with earlier reports 
(45) and is attributed to the oxidation of the monomer 
immediately followed by oxidation of the PPy adsorbed on 
the electrode surface. This leads to a current decrease that 
continues during each subsequent cycle corresponding 
to the oxidation of species between the bulk of the solu-
tion and the substrate (which then becomes passivated). 
Strong electrostatic interactions of the fluoride ions with 
the charge carriers have been deduced from X-ray photo-
electron spectroscopy spectra and are believed to hinder 
PPy conductivity (46). This outcome provides a method 
for the production of passivated PPy thin films upon 
demand (1, 9, 10).

Figure 3 shows the electrochemical behavior of a com-
posite sandwich-type film. A featureless curve (A) shows 
the voltammogram of the VC electrode in 0.1  mol/L KF. 
No redox signals appear here. The voltammogram (B) 
indicates the electrochemical formation of a PPy-F film 
in 0.1 mol/L KI solution. The area under the curve allows 
estimation of the amount of material formed. The voltam-
mogram (C) shows the characterization of a second layer 
of PPy-F:PPy-I synthesized in a solution of KF and Py. 
Further deposition on the substrate previously modified 
by PPy-I yields a lower current and a smaller area under 
the curve, indicating that this second layer modifies the 
features of the previously formed deposit. In terms of con-
ductivity, this result points at a passivation of the elec-
trode surface (Figure 2B). Application of a second polymer 
layer doped with a different anion induces changes in the 
voltammogram, which are likely related to changes in 
the morphological and structural properties of the final 
PPy layer.

An alternative method for the production of con-
ducting polymers involves the application of a constant 
potential with simultaneous monitoring of the current 
associated with the film formation process. Figure 4 
shows the current vs. time curve for the first 60 s of PPy 
film formation on an Au (111) electrode in (A) 0.1 mol/L KI 
and (B) 0.1 mol/L KF.

It is obvious that different anions generate different 
electrochemical responses (39, 47). Many authors consider 
that this has a direct impact on the morphology and struc-
ture of the polymer films, as will be discussed further. 
Chainet et al. (48) investigated changes in film morphol-
ogy and conductivity using different anions such as per-
chlorate, carbonate and trifluoromethanesulfonate. Their 
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Figure 3 Electrochemical characterization of PPy films formed by 
cyclic voltammetry in 0.1 m KF on a VC electrode: (A) VC:PPy-F, (B) 
VC:PPy-F:PPy-I, and (C) VC:PPy-F:PPy-I:PPy-F.
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Figure 4 Electropolymerization of PPy films at a constant potential 
(i.e., +0.90 V vs. Ag/AgCl) on an Au (111) electrode in the pres-
ence of different anions: (A) Au:PPy-I, (B) Au:PPy-I:PPy-F, and (C) 
Au:PPy-I:PPy-F:PPy-I.

results show that film activity is not limited by surface 
variations but by the size of the counterion, which causes 
a significant effect on the micrometer-scale morphology 
via changes in the polymer electronic state. These changes 
are related to the ability to form either a conductive or a 
passive film, and they occur regardless of the technique 
employed for the formation of the polymeric material, the 
nature of the working electrode, and the sequence of steps 
to form a sandwich composite.

3.2  �Morphological characterization of PPy 
films on Au (111)

The following study shows different arrangements (struc-
tures) that can be obtained by using different dopants 
(i.e., I-or F-) and by generating a composite sandwich-type 
deposit. In order to facilitate the monitoring of changes 
in the polymer film morphology, the perfectly ordered Au 
(111) electrode was used as a WE. Honbo et al. (49) showed 
that the uptake of Br-or I-species on Au (111) produces 
minor changes in the polymer properties. Other authors 
reached the same conclusion (50, 51).

3.3  �Sandwich composite 
[Au:PPy-F:PPy-I:PPy-F]

Figures 5 and 6 show SEM micrographs obtained for 
the PPy film generated either by cyclic voltammetry 
using 10 polymerization cycles (from -0.5 to +0.9 V vs.  
Ag/AgCl) (Figure 5) or by the application of a constant 
potential (+0.90 V vs. Ag/AgCl) for 300  s with different 
anion dopants (Figure 6).

These results show that the electrode surface is modi-
fied by a polymer layer in both cases (i.e., using I- or F- 
as dopants). This alteration coincides with the results 
obtained in the electrochemical study (Figure 2), in which 
a passive film was obtained. In addition, this SEM moni-
toring also shows that the film is undergoing degradation 
and rearrangements of surface material. In agreement 
with this finding, Ratautaite et al. (52) have recently dem-
onstrated that the application of high anodic potentials 
and repeated cycling during the electropolymerization of 
Py on Au electrodes may render electrochemical repulsion 
phenomena that facilitate PPy modulation for biomedi-
cal applications in scaffold design as well as the possi-
ble development of semipermeable membranes for water 
treatment purposes.

Figure 6 shows the PPy film formed at constant poten-
tial. The micrograph in Figure 6A shows the electrode 
surface covered by a PPy-F film with a typical layered 
structure, in sharp contrast with the morphology of the 
deposit obtained by cyclic voltammetry (Figure 5A). 
Further modification of the initial layer by PPy-I causes the 
rearrangement of the polymer surface into cluster or spher-
ical microparticles (see Figure 6B). The average size of the 
individual microfeatures is between 0.6 and 1 µm, and they 
are connected in the form of a three-dimensional network. 
Such type of arrangement coincides with previous obser-
vations by Cruz et al. (53). Upon additional modification of 
the polymer surface in 0.1 mol/L Py and 0.1 mol/L KF, the 
microspheres open up and the film morphology changes 
significantly. The newly obtained features are referred to 
as cauliflower type by some authors (54).

3.4  �Sandwich composite type 
[Au:PPy-I:PPy-F:PPy-I]

Figures 7 and 8 show SEM micrographs of films produced 
on Au (111) with the design described above and using dif-
ferent techniques: (A) cyclic voltammetry using 10 poly
merization cycles in the potential range of -0.5 to +0.9 V 
vs. Ag/AgCl (Figure 7), or (B) applying a constant potential 
of +0.90 V vs. Ag/AgCl for 300 s (Figure 8).

Figure 7A shows a PPy film doped with KI on Au 
(111). The resulting morphology is substantially different 
from that of the first layer in the system doped with KF 
(Figure  5A). Microstructures are now observed in linear 
and circular forms on the surface in agreement with those 
obtained under different pH and anion dopant conditions 
(55–57). Some of these features are related to the grain 
morphology of the Au electrode. As noticed before, poly
merization favors the edges of the grains.
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Figure 5 Typical SEM micrographs of PPy films produced by cyclic voltammetry in a potential range of -0.5 to +0.9 V vs. Ag/AgCl during 10 
cycles, v = 100 mV/s, on an Au (111) electrode: (A) Au:PPy-F, (B) Au:PPy-F:PPy-I, and (C) Au:PPy-F:PPy-I:PPy-F.
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C

Figure 6 SEM micrographs of PPy films formed at a constant potential (+0.9 V vs. Ag/AgCl), t = 300 s, in an aqueous medium and using the 
Au (111) working electrode: (A) Au:PPy-F, (B) Au:PPy-F:PPy-I, and (C) Au:PPy-F:PPy-I:PPy-F.

Figure 7B shows the same surface after applying a 
second polymeric layer (PPy-F). PPy film rearrangement 
takes place once more; the formation of semicircular tubes 
adds a new feature. Figure 7C evidently shows the growth 
of additional PPy-I layers in the form of semicircular 

structures. At the onset of the process, the polymer film 
morphologies are very similar but the new material (PPy-I) 
introduces significant modifications.

Variation of the polymerization technique (i.e., 
under constant potential) yields a completely different 
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Figure 7 SEM micrographs of PPy films formed by cyclic voltammetry in a potential range of -0.5 to +0.9 V vs. Ag/AgCl during 10 
cycles, v = 100 mV/s, in an aqueous medium and using Au (111) as the working electrode: (A) Au:PPy-I, (B) Au:PPy-I:PPy-F, and (C) 
Au:PPy-I:PPy-F:PPy-I.

morphology. Figure 8A shows a polymer that evenly coats 
the surface of the Au (111) substrate, whereas nearly semi-
circular structures were obtained previously (Figure 6B).

Figure 8B shows changes that occur upon the applica-
tion of a second layer of PPy doped with F-, i.e., a degrada-
tion/surface modification process. Ring formation, which 
has been observed earlier due either to direct electrochem-
ical oxidation (58) or to the presence of Cl- in the medium 
(59), becomes evident. It has been suggested that these 
PPy films may suffer degradation under oxidative stress, 
as supported by SEM images in which polymer degrada-
tion zones are observed. Figure 8B also supports this view 
(see the circular features and the dark-colored zones) (59).

Figure 8C shows a verge on this area (next to the 
newly formed ring). This indicates that the dopant anion 
(i.e., F-) is accelerating the overoxidation of the material 
formed, which results in a decrease in the area under the 
electrochemical response curve and an apparent material 
degradation in the SEM images. Figure 8C also shows the 
formation of a PPy-I layer on top of the earlier material 
shown in Figure 8B. As the PPy deposition tends to coat the 
doughnut-shaped structures, growth is preferred in this 
area and a microcontainer is formed as time evolves. This 
provides an alternative design method. Several authors 
have prepared different types of microcontainers in the 
form of bubbles using PPy polymerized onto H2 bubbles 
to apply them in sensors, catalysts, microreactors, and 

drug-eluting systems (60). Other authors have built micro-
containers by growing PPy in different shapes (e.g., cups, 
cans, and bowls) through the application of Py oxidation in 
aqueous media using a solution of β-naphthalenesulfonic 
acid (61). The results obtained in the present investigation 
are consistent with those reported by these authors since 
the formation of such structures is obtained by applying an 
oxidation potential to the system, particularly if the over-
oxidation of the previous layer favors the formation of key 
structures as this process promotes the formation of rings 
in which the microcontainer shape is obtained. Caballero 
et  al. (62) have recently achieved PPy ring formation by 
using an elegant electropolymerization-submerged micro-
contact printing technique. Gao et al. (63) designed micro-
containers using self-assembled layers formed with PPy 
and different materials with defined structures formed on 
a conductive glass substrate covered by indium tin oxide 
(ITO). Interestingly, the Py monomer concentration modi-
fies the final surface characteristics.

Elucidation of the nucleation and growth mechanism 
is possible only in the early stages of polymer forma-
tion through a current transient analysis. For example, 
in the presence of LiClO4 an instantaneous nucleation 
with two-dimensional growth was found, together with 
a three-dimensional progressive nucleation with diffu-
sion-controlled growth (64). Irregular morphologies have 
been observed by atomic force microscopy (AFM) or SEM 
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Figure 8 SEM micrographs of PPy films formed at constant potential (+0.9 V vs. Ag/AgCl), t = 300 s, on an Au (111) electrode: (A) Au:PPy-I, 
(B) Au:PPy-I:PPy-F, and (C) Au:PPy-I:PPy-F:PPy-I. Note the different amplifications in the left micrographs vs. those in the right.
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that may be indicative of progressive processes (65–67). 
However, great care must be exercised in the drawing of 
conclusions when AFM images are observed only once 
and in a specific section. It would be considerably more 
reliable to follow the target process in situ and in real time. 
Unfortunately, this is not possible due to the rapid poly
merization kinetics involved.

Nonetheless, the unique PPy film morphology grown 
with F- as dopant is clearly demonstrated in the present 
study. The foremost features involve uniformly shaped 
small nodules (40–80 nm) and a regular film surface 
tracking the flat substrate, possibly indicating instantane-
ous nucleation and growth.

The different morphologies between layers grown 
in solutions containing different dopants represent an 
important factor in the final properties of the sandwiched 
films, which display a remarkable capacity for microcon-
tainer formation.

As described above, the type of microstructures 
formed in the present study can, in principle, find alter-
native applications as substrates for drug delivery. Since 
PPy is biocompatible and has the ability to degrade when 
needed, this would allow drug release by changing key 
conditions in the medium.

The results obtained herein indicate that the presence 
of different anions changes the morphological features 
of the formed films. Figure 9 shows the results obtained 
by EDS (Sun Spectrum), where the quantitative surface 
analysis reveals the presence of carbon forming the main 

structure of PPy; oxygen attributed to a possible overoxida-
tion of the material by its presence in the medium during 
layer formation with KF+Py (under an anodic applied 
potential); gold, which corresponds to the substrate used; 
and iodine as dopant anion within the structure of the 
polymeric material. The absence of an F signal indicates 
that this material is not incorporated into the material to 
a significant extent. The analysis of the area in Figure 8B 
shows that the ring formed contains mostly carbon.

In summary, PPy films with controllable geometries 
can be obtained by modulating selected parameters during 
their electrosynthesis. Several properties are related to 
the nature of the anion (dopant) used during film prepa-
ration. PPy features, including ring and microcontainer 
structures, can be generated by pyrrole electropolymeri-
zation in aqueous solutions with different dopant anions 
(i.e., I- or F-). The overoxidation of PPy in the presence of 
the F- anion modifies the morphological characteristics 
and produces the formation of different shapes and sizes 
on the surface.
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