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This paper analyzes surface changes of polypyrrole films deposited on vitreous carbon substrates by
electrochemical methods in the presence of different doping anions: I', Br’, CI', F, NO3", CIO, and
S0,%. Surface characterization of each electrode modified by electrodeposition at constant potential is
performed by atomic force microscopy, AFM. The thickness of PPy films is observed to increase with
anion size in halide electrolytes. AFM analysis confirms that the dopant involved in the
electrosynthesis of PPy determines the topographic characteristics of the film deposited on a vitreous
carbon electrode. The quantitative analysis of the surface roughness of different PPy films, [RMS]Rq
establishes definite differences among the various synthesis conditions. Larger anions result in more
uniform structures, as the associated nodular sizes are found to be more homogenous. Thick films and
large nodule areas result in high film roughness.
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1. INTRODUCTION

Interest in conducting polymers has grown considerably due to their applications in
microelectronic, electrochromic, and biomedical devices, rechargeable batteries, anticorrosion films,
chemical and biochemical sensors, protection against electromagnetic radiation, antistatic packaging
and the like [1-5]. Conducting polymers can be prepared via chemical or electrochemical
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polymerization. The latter is generally preferred because cleaner polymers are produced and it provides
a better film thickness and morphology control when compared to chemical oxidation [1]. Many
physical and (electro)-chemical properties of synthesized PPy films depend on the dopant ion and
solvent used. The nature and size of the dopant ion influence PPy’s mechanical properties (e.g., tensile
strength, Young’'s modulus, and viscoelasticity), electrical properties (e.g., conductivity),
hydrophobicity/hydrophilicity and other properties mainly related to film porosity (e.g., pore size, film
density, distance between PPy chains, degree of structural order, degree of electrostatic cross-linking,
isotropy/anisotropy, and permeability to gases/ions) [6-11].

Surface properties and morphologic characteristics of polymers are related -among other
factors- to the type of dopant used during electropolymerization [12,13]. Li and Wang [14] used AFM
and STM to understand the relationship between the surface morphology of the polypyrrole film and
its thermal stability and ionic conductivity. The polypyrrole film used in these studies was prepared
with p-toluensulfonate as the dopant and using different substrates (i.e., highly-oriented pyrolytic
graphite, HOPG vitreous or glassy carbon, VC and Pt). The topography relative to the thickness of the
films was similar in the different substrates used. However, the microstructure of the PPy film changed
significantly when p-toluensulfonate was replaced by another dopant (chlorate or perchlorate ions)
[14]. The disorder in the topography of the film varied from granular characteristics (when using p-
toluensulfonate) to the presence of regularly ordered microparticles with voids (wells, with chlorate
species). For the perchlorate anion the surface presented features corresponding to large clusters, but
the films had many fractures along the surface [14].

Stankovic [15] used SEM to show the morphological differences among PPy films associated
to the nature of the counterion (perchlorate, nitrate and p-toluensulfonate ions). Differences in nodule
size, packing order, and shape were observed.

Silk [16] studied the influence of film thickness and nature of the dopant ion on the
morphology of the polymer. By using atomic force microscopy (AFM), they studied thicknesses in the
range of 100 to 4000 nm. The films were prepared potentiostatically using different electrolytes (CI',
ClO,, SO,* and dodecylsulfate anion, DDS’). Diameters, heights, globular-shapes, and cauliflower
structures formed onto the polymer surface were observed to depend on the nature of the anion [16].

Images obtained by AFM and scanning tunneling microscopy, STM have been used to evaluate
quantitatively the surface morphology of polypyrrole films via determination of roughness and fractal
dimension [16-20]. Surface roughness of the polymer is expressed by the root-mean square factor,
RMS [Rq].

The meaning and extent of the dopant-morphology relationship is not clear yet and remains
under investigation. Therefore, the aim of this study is to use AFM for surface characterization of
polypyrrole films synthesized electrochemically with the constant potential technique, using different
dopant anions.

2. EXPERIMENTAL

The electrochemical formation of PPy films was achieved by using a constant potential
method. A conventional three electrode cell was used to perform these experiments at room
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temperature. A vitreous carbon minidisk (Bioanalytical Systems, MF-2012, The Electrosynthesis, Co.,
GICR-10 rod, 0.07 cm?) was used as the working electrode (WE). It was previously polished with 0.10
and 0.05 um alumina suspensions and sonicated in distilled water for 10 to 15 min (Branson, 2510R-
MT). A Pt wire was used as the auxiliary (counter) electrode (99.99 %). All potentials refer to an
Ag/AQCl s reference electrode (BAS, MF-2052) separated from the medium by a Vycor frit. All the
experiments were performed with a BAS potentiostat (Bioanalytical Systems, Model CW50W) at
room temperature.

The electrolytes used were 0.10 M solutions of KF, KCI, KBr, KI, KNO3, KCIO4 and K,SO4 (J.
T. Baker, reagent grade). The pyrrole monomer (Py, Aldrich, 98% reagent grade) was used after
distillation in nitrogen atmosphere. In all cases the solutions were prepared with Millipore water (18.2
MQ at 22.7 °C) and deareated during 10-15 min with N, (Praxair, 99.99%) before experimentation.

3. RESULTS AND DISCUSSION

The electrodeposits of PPy films on glassy carbon electrodes were completed using a constant
potential technique, varying the applied potential from 0.6 to 1.0 V vs. Ag/AgCl. The PPy films
synthesized at 0.90 V vs. Ag/AgCI consumed the highest charge for most electrolytes, which translates
into thicker films. In addition, at this potential the overoxidation effects were essentially insignificant.
This is convenient since overoxidation breaks electronic conjugation, disturbs the conduction of charge
carriers, and under extreme conditions, it completely cancels the electroactive capacity of the material
[21, 22].
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Figure 1. a) | vs. t curves obtained during the electrosynthesis of PPy films with different dopant
anions, and b) inset of Figure 1a.

Figures 1a and 1b show I vs. t curves for the synthesized films using different dopant anions at
0.90 V vs. Ag/AgCI for 20 s. Compared to the rest of the electrolytes, the films synthesized in KI and
KF solutions showed the highest and the lowest charge requirement, respectively, which suggests that
thick or thin films can be obtained when using I or F~ as the doping anions. PPy film thickness varies
linearly with charge [23].

Curtin used Auger spectroscopy to study the controlled diffusion of dopant ions during the
exchange process in thin PPy films, synthesized electrochemically in a ClO4 solution [24]. A
spontaneous exchange of the original dopant with other anions was observed during immersion of the
film in other solutions, although no evidence was rendered of F~ exchange, even after long immersion
periods in a KF solution. This fact could be related to not obtaining an acceptable polypyrrole film in
this electrolyte and confirms that the anion present in the synthesis is determinant in the film
properties.

The area under | vs. t curves for the synthesis of polypyrrole films represents the required
charge by using the accepted estimates that a charge of 1.00 C/cm? results in a PPy film 2.50 pm thick
[6, 25] or that a 410 mC/cm? charge causes a thickness of 1 um [26].

Figure 2 shows polypyrrole film thickness versus the type of anion used in the synthesis.
Considering the halides, this indicates that the thickness of the film grows if anion size increases which
Is consistent with our previous observations and discussion [27]; in contrast, thinner films are obtained
when increasing the size of the cation (see KCI vs. NaCl, in Figure 1b).
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Figure 2. Polypyrrole film thickness prepared in different electrolytes at constant potential (0.90 V vs.
Ag/ AgCl for 20 s).

The anion’s entry to the polymer matrix offsets the positive charge in the charge transport and
has been proven by differential ellipsometry, microgravimetry and radiotracer studies [2]. This
indicates that the anion plays an important role in electronic conduction. Although conducting
polymers have been under analysis for a couple of decades, the basic concepts are still in debate due to
the complexity of the electropolymerization mechanism. Thus, the morphology and the properties of
the film depend on the nature of the electrolyte present during the polymer formation [9, 28].
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Figure 3. a) Top view image of a clean vitreous carbon substrate; area = 2.60 x 2.60 um, and b) cross
section analysis.

Figure 3-a shows a top view of a 2.60 um x 2.60 um area of clean vitreous carbon substrate. It
was obtained in a z-axis range of 20 nm. A completely amorphous surface is noted, in agreement with
the typical morphology of this material. Deformations or nodules with a tendency to rectangular and/or
ellipsoidal shape are observed. Figure 3-b shows the corresponding cross sectional analysis, providing
the height dimensions of these nodules (ca. 11,931 nm). In this analysis the measurements of other
surface sections are observed. Relating such analysis to the identified geometries, nodules’ dimensions
are between 840 nm? and 12,994 nm?.
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Figure 4. AFM images obtained of PPy films synthesized at a constant potential of 0.90 V vs. Ag
/AQCI for 20 s, in a 0.10 M pyrrole solution with different electrolytes (0.10 M): a) KI, ¢) KBr,
e) KClI, g) KF, i) KCIO4, k) KNO3, m) K,SOy4, and their corresponding cross section analyses
(Figures 4b, d, f, h, j, I and n).

The following figures show the AFM micrographs of a substrate modified by electrodeposition
of a PPy film.

Figure 4 shows 3D images (4-a, 4-c, 4-e, 4-g, 4-i, 4-k and 4-m) and their corresponding cross-
sectional analyses (4-b, 4-d, 4-f, 4-h, 4-j, 4-1 and 4-n) obtained by AFM of the PPy films formed on
vitreous carbon substrates by the constant potential technique (0.90 V vs. Ag/AgCI for 20 s). It is
confirmed that surface characteristics (i.e., nodular size and shape) of the deposits depend on the
electrolyte used [12-16].

Figure 4-a corresponds to the PPy film deposited in a Kl solution. The deposit is irregular with
a completely amorphous structure. There is a large deposit which covers completely the electrode
surface visualized here. The cross-section analysis shows the existence of peaks having areas between
0.70 — 2.08 pm?, as well as rectangular and elliptical formations between 75,504 — 122,640 nm?. These
data corroborate a large area deposition, corresponding to a nodular area 10 to 100 times larger than
the area of the substrate.

Figures 4-c and 4-d correspond to the PPy film prepared in a KBr solution. The film shows
shapes in a rectangular and elliptical fashion with aggregate’s areas varying from 31,886 and up to
124,100 nm?. The topography is different from that of the film formed in a K1 solution: it has smaller
sizes and completely different shapes and design.

Figure 4-e shows the image of a PPy film formed in KCI solution. The areas identified on this
surface are between 5,005 — 134,408 nm® The largest particles show irregular shapes without
consistency; that is, such agglomerations or mountains have neither a regular size nor order and spread
unevenly over the surface.

Figure 4-g displays the image of the PPy film formed in KF solution. No large deposits are
observed; some lines related to the mechanical polishing applied to the substrate can be appreciated.
The electrochemical data indicate the presence of a thin PPy film for this system that can be
corroborated by the different geometrical formations compared to the clean substrate.
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Figure 4-i shows images of the film containing KCIOy, in the electrolyte solution. The areas of
the agglomerations range from 81,312 — 416,624 nm?. Very large particle sizes are observed, together
with well-ordered aggregates and nodules with circular and ellipsoidal geometries.

Figure 4-k displays the AFM image of a film obtained in KNOj3 solution. It shows a good
ordering of the particles, with semicircular shapes and surface area ranging from 2,463— 72,106 nm?.

Figures 4-m and 4-n correspond to the PPy film formed in the K;SO, solution. The AFM image
shows large shapeless aggregates. Among the predominant shapes within these aggregates are ellipses
whose dimensions range from 41,860 — 140,130 nm®. Outside the aggregate’s area, elliptical and
circular shapes can be identified, with areas between 11,750 — 25,254 nm?.

The results obtained herein are in agreement with the published literature [17] in that a larger
anion provides a more uniform structure, as is the case of PPy films synthesized in perchlorates (Figure
4-i) and nitrates (Figure 4-k), in which associated nodular sizes are more homogenous. As for the films
synthesized in chlorides and perchlorates, they have cauliflower-like structures. Even though other
observations and results are also similar, it is difficult to draw an overall conclusion and identify
general trends.

Kaynak [18] found that dopant concentration and reaction time change the roughness of
synthesized PPy films in a stainless steel electrode. If dopant concentration changes from 0.025 to
0.300 M for a 30-min synthesis, the RMS increases from 70 to 350 nm. Besides, for larger synthesis
times, roughness is also increased.
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Figure 5. a) Film thickness vs. roughness for PPy films deposited on vitreous carbon electrodes in
different electrolytes, and b) average area of nodules vs. roughness of the PPy films.
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Silk [16] reported the roughness of polypyrrole films formed with different thicknesses and
with different dopants (chloride, sulfate, perchlorate and dodecylsulfate). The research was performed
by ex-situ AFM, using a Pt electrode as the substrate. The roughness was found to depend on the film
thickness, and the evolution of the surface morphology (including changes in RMS [Rq]) was
evidenced to be different for diverse types of dopants used. This is in agreement with the results of the
present work using vitreous carbon substrates. The literature suggests that the roughness is directly
proportional to the thickness of the PPy film formed or deposited on the substrate [24].

Figures 5a and 5b show roughness as a function of PPy film thickness and of the average
nodule area, respectively. In the case of the clean substrate (vitreous carbon), roughness is given by
[RMS] Rg = 3.62 nm. These graphs suggest that thick films and large nodule areas result in high
roughness, in agreement with findings reported elsewhere [24]. Such results confirm that the final
characteristics of PPy films depend on the method and conditions used for the formation of the
conductive film deposition. Therefore, the electrosynthesis method has to be defined in terms of the
final application of the polymer. For example, in order to get a thick film with a large area, the use of a
Kl electrolyte would be required. If a thin, low-conductive film is to be synthesized, it must be formed
in a KF solution. The design will depend on the intended use for the PPy film.

4. CONCLUSIONS

In the case of halide electrolytes, the thickness of the electrosynthesized PPy film grows with
anion size. Atomic force microscopy (AFM) was used to confirm that the dopant involved in the
electrosynthesis of polypyrrole determines the topographic characteristics of the film deposited on a
vitreous carbon electrode.

The quantitative analysis of the surface morphology, [RMS]Rq of different PPy films allowed
establishing the differences among the various samples. Larger anions provide more uniform
structures, as the associated nodular sizes are more homogenous. Thick films and large nodule areas
result in high film roughness.
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