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Abstract

Atomic force microscopy (AFM) is employed to monitor the surface morphology of polypyrrole (PPy) films grown on vitreous carbon
substrates during the catalytic reduction of Cr(VI) to Cr(III). The morphology of freshly-prepared films depends on substrate characteristics.
Upon reaction, uniform nodules of aggregated PPy clusters appear. No significant differences in surface morphology are found between its
oxidized and reduced forms. Loss of catalytic activity after 8e9 oxidation/reduction cycles of exposure to the chromate solution (oxidation)
and electrochemical recharging of the film at negative potentials (reduction) correlates well with the observed polymer film dissolution/detach-
ment from the carbon substrate. Formation of well-defined circular features (PPy rings) at different stages leads to a model for the film
degradation process that includes formation of Cl2 gas inside the polymer matrix. In the final stages, the bulk of the film typically fractures
and detaches from the electrode. A catalytically inactive, ultrathin PPy layer remains on the substrate even after prolonged exposure to the target
solution. A review of techniques for the study of PPy aging/degradation is given.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Selected properties of conducting polymers make them
suitable for a variety of applications. In the case of polypyrrole
(PPy), useful features include its capacity to form adhesive
coatings at different substrates, the possibility of growing it
in aqueous media, easiness for chemical substitution to modify
its properties, high porosity that enables ion exchange with the
surrounding medium, high electronic conductivity, high chem-
ical stability, thickness controllability, ease of electrochemical
polymerization, and good reversibility between its conducting
and insulating states. As a result, PPy has found applications
in fields like rechargeable batteries, chemical and biochemical

sensors, super capacitors, electromagnetic shielding, micro-
electronic and electrochromic devices, corrosion protection,
antistatic packaging materials, and separation barriers. Such
a plethora of applications have made their production technol-
ogy and the study of their properties relatively well known.

Cr(VI) ions are highly mobile and toxic [1,2], and
processes have been sought to reduce them to the much less
dangerous and easily precipitable Cr(III) moieties [3e11].
The direct reduction of Cr(VI) on bare electrode surfaces
may suffer from limited electron transfer kinetics and selectiv-
ity problems [12,13] (although fitting conditions can be found
in selected reports, see for example Refs. [14e16]). This has
prompted the search for catalyzed alternatives, one of which
involves the use of PPy modified carbon electrodes [12,13].
Here, the Cr(VI) reduction is based on a spontaneous electron
transfer to Cr(III) ions from a pre-reduced conducting polymer
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film. Schematically, the process can be illustrated by the
following reactions:

Cr2O2�
7 þ 6PPyð0Þ þ 14Hþ / 2CrðIIIÞ þ 6PPyþ þ 7H2O

ð1Þ

and

PPyþ þ e� / PPyð0Þ ð2Þ

where PPy(0) and PPyþ correspond to the reduced and oxi-
dized states of the PPy film, respectively. Thermodynamic, ki-
netic, mechanistic and catalytic aspects of these two processes
have been studied in detail [12,13,17e19]. During this cata-
lytic reaction negative Cr(VI) ions physically penetrate into
the PPy film, where they are reduced and released into the so-
lution as positive Cr(III) due to an ion exchange mechanism
[12]. This process is complemented by a positive charging
of the neutral PPy film. To compensate for the resulting posi-
tive charges and to sustain ion exchange, solution anions are
adsorbed and uptaken into the PPy film. PPy film deactivation
and stability over repeated cycles in Cr(VI) containing solu-
tions [17,19] may be related to physical degradation of the
PPy film and/or to changes in its electronic-physicochemical
properties like ion exchange and kinetics [18]. This problem
is rather complex since many processes are involved in the
overall reaction scheme, both from the side of the PPy surface
and of the solution. The purpose of the present study is to
contribute to the elucidation of this problem.

Common ambient substances (e.g., acids/bases, redox
species, water, and organic vapors) can react with PPy or be
incorporated into it (e.g., non-reactive ions and surfactants).
These processes may change its polymeric structure/composi-
tion and degrade it [20]. Various artificial conditions (e.g., an
externally applied potential) may degrade PPy as well [21e25].

The simplest and most common technique for monitoring
PPy degradation or aging is electrical conductivity, as it may
examine changes in bonding and structure, degree of oxida-
tion, degradation kinetics and mechanism, and concentration
of key charged species [25e34]. Conductivity usually accom-
panies other (more powerful) techniques. For instance, the ox-
idative degradation of PPy involves a decrease in conductivity
due to the formation of CeCl bonds in the pyrrole ring struc-
ture, as demonstrated by 13C NMR [35].

Due to the importance of the study of PPy degradation,
a brief review of other techniques employed for this purpose
is given below.

� Structural modifications of doped PPy films during undo-
pingeredoping processes are monitored using spectro-
scopic techniques and elemental analysis. Key changes
at the pyrrole nitrogen can be quantified. Degradation re-
sults from the loss of effective conjugation in the polymer
due to reactions of the pyrrole rings with oxygen or oxy-
gen containing groups. Changes are attributed to the way
in which the anions are incorporated into the polymer
matrix and to the mobility of the anions during the

undopingeredoping process [36]. The degradation of
PPy by anodic oxidation in aqueous solution is followed
by UV, IR, NMR, and mass spectra of the degradation
products, which are mainly found to be a mixture of
maleimide and succinimide [24]. Electronic spectroscopy
reveals interactions between attacking agents and the bipo-
laron and polaron defects [37]. Fourier transform infrared
spectroscopy (FTIR) studies the stability of PPy towards
ozone attack [37]. FTIR and reflectance FTIR can help
in the elucidation of degradation mechanisms by analyzing
changes in the intensity and wavelength of absorption
bands due to the formation of hydroxyl, nitrile and car-
bonyl species [25,27,30]. In situ FTIR provides informa-
tion on the molecular changes resulting from generation
of charge carriers in the PPy conjugated heterocyclic sys-
tem during its oxidative degradation in aqueous solution.
Examples include the generation of radical cations and
dications produced by the application of an external poten-
tial; nucleophilic attack of OH� ions (originating from the
dissociation of the solvent); formation of carbonyl and hy-
droxyl groups; CO2 formation; and interactions between
ions and charge defects in the backbone [22].
� In situ time-resolved Raman (TRR) studies redox process

and the degeneration of PPy as a function of pH. Peak
shifts (coupled to cyclic voltammetric data) help to under-
stand mechanistic details by detecting unstable intermedi-
ates related to protonated, oxidized PPy [38].
� Positron annihilation spectroscopy (PAS) probes aging-

induced changes in doped PPy by analyzing positron
trapping in the vicinity of negative dopants whose concen-
tration changes upon aging [28].
� The application of X-ray techniques for the study of PPy

degradation includes X-ray photoelectron spectroscopy
(XPS) that analyzes the concentration of C:N bonds; this
reflects the number of defects in the chemical structure
of the polymeric backbone [26,34]. Surface change
features of PPy can also be characterized using synchro-
tron-based X-ray photoemission electron microscopy (X-
PEEM) [39]. Near edge X-ray absorption fine structure
(NEXAFS) analyzes electronic states and changes upon
irradiation (including overgrowth of PPy and formation
of PPy granules) [39].
� The oxidative degradation of doped PPy films can be

investigated by thermal analysis including differential
scanning calorimetry (DSC), thermogravimetric analysis
(TGA), and differential thermal analysis [34,37].
� The stability of PPy towards oxidation can be explored by

weight increase measurements [37].
� The electroactivity of PPy films is degraded by applying

anodic potentials that produce its overoxidation. Voltam-
metry and chronoamperometry reveal decreasing diffusion
coefficients due to an increasing degree of crosslinking
between neighboring polymeric chains. This reduces con-
jugation lengths and increases the rigidity of the confor-
mational electro-chemo-stimulated movements on the
chains due to the formation of rigid and oxidized islands
entrapped by crosslinking points that prevent any ionic
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interchanges [21]. The rate of the electrochemical degra-
dation of PPy increases with potential [40]. In fact, the
application of a potential takes the PPy from its reduced,
insulating state, through its oxidative degradation [22].
Kinetic measurements of the degradation of PPy films in
aqueous solution are obtained by applying proper poten-
tials and monitoring the absorbance of the electrolysis
products as a function of time. Films degrade faster at
higher degradation potentials, at higher acid concentra-
tions, and when they are thinner [23]. Evolution of physi-
cal and electrochemical properties of PPy during anodic
oxidation is also monitored by cyclic voltammetry and
in situ quartz microbalance experiments [24,25,38]. The
charge storage capacity changes are significant [25].
� Changes in tensile properties and microwave shielding are

used for inspecting the aging of doped and undoped PPy
films. Microwave shielding shows that stable films retain
better their high microwave reflectivity [27].
� Inverse gas chromatography (IGC) examines PPy degrada-

tion by its changes in surface energy [26].
� Evolved-gas analysis (EGA) monitors thermal aging of Cl-

doped PPy powder through the evolution of CO, CO2, H2O
and NH4Cl that results in ring-opening reactions and the
formation of oxidized species. The latter shortens the
conjugation length leading to a rapid loss of conductivity
(due in part to water production). These PPy degradation
mechanisms are rather complex [30].
� Microscopy is an obvious choice to study surface phenom-

ena during PPy degradation. For instance, scanning elec-
tron microscopy (SEM) follows changes in morphology
during aging processes of PPy [31] and its oxidative deg-
radation [34]. Atomic force microscopy (AFM) verifies
the topography of pattern growth [39] and is a useful
tool for analyzing nano- and micro-sized features and
events on different kinds of surfaces. By using AFM the
need of exposing the sample to a vacuum is circumvented,
which can be important for the visualization of soft
surfaces.

In view of the above considerations, we set out to study PPy
stability and durability during the chromate process described
earlier by monitoring its surface morphology with AFM with
the objective of identifying key parameters and events. Since
PPy films grown by electrochemical techniques in the pres-
ence of bromide or iodide ions possess a greater capacity for
Cr(VI) reduction than those grown in the presence of chloride
or fluoride ions [41], the study of PPy reacting with Cr(VI) in
the presence of chloride ions may shed light on its degradation
process, as shown below.

2. Experimental section

An AFM, Nanoscope III e (Digital Instruments) was used
in the contact mode, under normal laboratory air atmosphere
and using standard geometry silicon nitride probes (Digital
Instruments). The scan rate was 1e2 Hz. The PPy film was
brought in contact with the chromium solution in cycles up

to its visible degradation. Three replicate samples were
prepared and tested for each experiment. No destruction of
the sample surface was noticed during imaging. All images
are presented in the height mode, where the higher parts
appear brighter.

PPy films were potentiostatically grown on vitreous carbon
disks (GICR-10, Electrosynthesis Co., 10 mm diameter) at
a constant potential of 0.9 V (vs. Ag/AgCl) from aqueous
solutions containing 0.1 M pyrrole (Aldrich) and 0.1 M KCl
(Aldrich). The film thickness and the amount of polypyrrole
on the support electrode were controlled by the charge con-
sumed in the electrosynthesis. Layers of different thickness
were prepared by varying the time of the electrosynthesis
process (i.e., electrodeposition time) from 5 s to 5 min. (For
thicker films, longer preparation times were required.) After
preparation, each electrode was transferred to a pyrrole-free
solution and a voltammogram was plotted to verify the pres-
ence of the polymer on the electrode. Before use the vitreous
carbon disks were polished with 0.3 mm alumina powder, ul-
trasonicated during 10 min in a 1% H2SO4 solution, and rinsed
with pure water. Electric contact to the disks was made to the
opposite end of the working surface with a Pt wire glued with
a conductive paint (ACME Chemicals & Insulation Co.). Dur-
ing polymer film formation, potentials were controlled with
a Bioanalytical Systems CV-27 potentiostat (BAS) coupled
to an AMEL 2051 potentiostat. The auxiliary electrode was
a graphite rod with a surface area much larger than that of
the working electrode. Prior to PPy synthesis, the solution
was carefully deaerated with high purity nitrogen gas. All po-
tentials reported here are referred to the Ag/AgCl (in 3 M KCl)
reference electrode. All solutions were prepared from analyti-
cal grade reagents, using deionized or doubly-distilled water.

After preparation, each film was characterized by AFM and
conditioned (i.e., recharged) for the catalytic reaction with
chromate solution. This involved reduction at �0.9 V for
15 min in a pyrrole-free 0.1 M KCl solution. Once thoroughly
washed with DI water, the reduced film was brought in contact
with a 100 ppm Cr(VI) (as K2CrO4) in 0.1 M H2SO4 solution
in an open beaker without the application of an external poten-
tial. After 90 min of contact with the chromate solution, the
PPy film surface was AFM imaged. Identical cycles (always
using fresh chromate solution) were repeated until obvious
polymer degradation was observed. An optical microscope
(Carl Zeiss, model 464026, Germany) coupled to a photo-
graphic camera was employed for visualization of macro-
scopic changes in surface morphology.

Chloride ion analysis was performed using an Ion Chro-
matograph (Dionex, model 2020i) with an HPIC-AS4 column.

3. Results and discussion

3.1. Surface morphology of potentiostatically
grown PPy films prior to contact with Cr(VI)

Although PPy grown on porous substrates offers a much
greater reaction surface [42], it is very difficult to image by
AFM. Thus, we grew PPy on a flat vitreous carbon disk.
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As a preliminary step the clean vitreous carbon surfaces
were imaged. Fig. 1 shows AFM images of mirror-polished
vitreous carbon substrates; on the larger scale image
(15 mm� 15 mm) characteristic footprints of a polishing pro-
cedure in the form of long scratches (0.03e0.05 mm wide
and ca. 15 nm deep, see Fig. 1a) can be noticed. Fig. 1b shows
higher resolution images (1 mm� 1 mm), which reveal that the
flat substrate consists of small nodule-like features (diameter:
50e70 nm) that appear to be ordered along the polishing lines.
Such morphology is in good agreement with previous findings
using STM [43,44]. Fig. 2 shows AFM images of PPy films
grown during 5 s (Fig. 2a) and 20 s (Fig. 2b). They possess dif-
ferent morphological characteristics. Contrary to the 20 s-film,
the 5 s-film appears very uniform and consists of a large
number of rather small individual grains (i.e., distinct nodular
protrusions). The average diameter of the individual grains is
ca. 60e70 nm. PPy film-coated samples (with estimated thick-
ness of 0.2e0.4 mm) appeared greenish with typical polishing
stripes present over the film surface. These findings are indic-
ative of a significant influence of the carbon substrate
morphology on the early stages of the PPy film growth (i.e.,
an ultrathin film). We also prepared PPy films using graphite

substrates instead of vitreous carbon and found significantly
different surface morphologies. In both cases the ultrathin
PPy film closely tracked the substrate’s surface morphology.

Contrary to the 5 s-film, the 20 s-films are largely formed by
bulky polymer grains (diameter up to 0.5 mm), clearly signaling
a polymer agglomeration process (see Fig. 2b). In addition to
these large aggregates, the rest of the film surface shows grains
with an average size of ca. 0.28 mm. This image does not indi-
cate an influence of the substrate morphology. In fact, surface
morphology observed on the image is very similar to published
scanning electron micrographs of electrochemically-grown
PPy films [45], typical of thick polymer films. With even longer
electrosynthesis times, agglomeration of PPy grains becomes
a characteristic trend. For example, in a 300 s-film, huge 3-D
features completely covered the electrode surface. The sample
appeared black (with a film thickness of ca. 1.5e1.7 mm). Due
to the height of the surface features (i.e., more than 4 mm), such
samples became out of range for AFM analysis. In order to
check the stability of such PPy films, we probed the same sam-
ples during a period of several weeks. No changes were noticed
in the AFM images during this period. Samples were stored
between examination cycles in a beaker under air laboratory
atmosphere and at room temperature.

Fig. 1. (a) AFM image (15 mm� 15 mm) of a freshly-polished vitreous carbon

electrode surface, showing typical polishing scratches. (b) High resolution

AFM image (1 mm� 1 mm) revealing a nodule-like substrate superstructure.

Z-range in both images: 0e100 nm.

Fig. 2. Typical surface morphology of the PPy film grown on a vitreous carbon

substrate during 5 s (a), and 20 s (b). AFM images (5 mm� 5 mm) were taken

directly after PPy synthesis. The Z-range varies from 0 to 150 nm (a), and from

0 to 500 nm (b).
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PPy film morphology was also monitored as a function of
its redox state in the conductive (oxidized) and non-conductive
(neutral), reduced state [46]. Prior to contact with the chro-
mate solution, the polymer naturally switched from the neutral
to the positive state. This switching is accompanied by a color
change from a dark-green (oxidized polymer) to light yellow
(neutral polymer). Nonetheless, AFM revealed that no signif-
icant changes in the surface morphology of the PPy film
between the oxidized and reduced forms occurred.

We also monitored the stability of reduced PPy films in the
electrolyte solution subject to negative potentials. Under such
conditions, the reduced (neutral) PPy film was brought in
contact with a Cr(VI) solution. Different samples (i.e., 5 s-,
20 s- and 5 min-films) were subjected to a potential of
�0.9 V during longer periods of time (up to 30 min). Selected
samples were also repeatedly subject to this potential �0.9 V
in time increments of 15 min, up to 17 cycles. After each ex-
posure, each sample was taken out of the KCl solution, rinsed
with pure water, dried in air, and then inspected by AFM. For
the next cycle, each sample was re-immersed in the KCl solu-
tion at the control potential of �0.9 V. AFM images showed
no noticeable changes in the surface morphology during
such experiments, which is an indication of the high stability
of the PPy film in the reduced, insulated form.

3.2. Degradation of PPy films: AFM visualization

Polymer films of different thickness showed different en-
durance towards the degradation process. Samples with larger
amounts of polymeric deposit (e.g., the 5 min-film) stand out
ca. 9 cycles before the polymer cracks and peels off from
the vitreous carbon substrate. The peeling is visible to the na-
ked eye. Analysis of such samples with AFM was not possible
due to the rough surface features, which were outside the de-
tection limit of the AFM technique (Z-range movement). How-
ever, some images obtained at the flattest parts of the electrode
surface show that the polymer film undergoes a slight decrease
in particle size during the subsequent cycles (i.e., chromate ex-
posure and regeneration). After the 6th to 7th cycle, small gas
bubbles trapped in the region between the polymer and the
substrate surface were evidenced by the polymer’s bubble-
like expansion. Since cracking and disengaging of the polymer
film from the electrode surface primarily occurs at the film/
substrate interface, it is logical to suppose that this was due
to evolution of a gaseous species.

A rather different behavior was observed with ultrathin PPy
films grown during only 5 or 20 s. Instead of an abrupt detach-
ment of the polymer film from the substrate, a step-by-step
film dissolution was observed. Due to the higher film smooth-
ness, surface morphology changes were followed by AFM
images of the 5 s- and 20 s-films more easily. Changes were
observed at very early stages of the polymer degradation
(i.e., in the 3rd or 4th chromium contact cycle) in the case
of the 5 s- and 20 s-films, respectively. The 5 s-film appears
to be more vulnerable to the degradation process than the
20 s-film (see Fig. 3). This image shows the top surface layer
of the polymer film organized in the form of small rings

(around 75 nm in diameter). Each ring has three or four inter-
nal protrusions that can be recognized, which is an indication
that the rings were formed due to the aggregation of individual
polymer grains. Imaging with higher force usually resulted in
damage of the ring surface, which points at the relatively soft
nature of the film.

The AFM image in Fig. 4a reveals the circular structure
(phase) of a PPy film. This image was taken after the 4th cycle
of chromate exposure, but the same kind of structures has been
observed between the 4th and 9th cycles. Isolated circular fea-
tures typically appeared randomly at the film surface. The
number of circular (donut-like) features increased with each
additional cycle of chromate exposure. After the 9th cycle,
the polymer film was found completely covered by circular
features. Detailed analysis showed that the inner and outer
parts of the polymer circles possess identical surface morphol-
ogy (Fig. 4b). This indicates that the bottom of the inner parts
consists of polymer film, rather than the CV substrate. Since
the inner part was always significantly lower than the rest of
the surface (ca. 20e190 nm), these features can be considered
as pinholes. In order to understand the origin and cause of
these transformations we have traced the development of cir-
cular features on the polymer surface after each cycle of expo-
sure to the chromate solution. Changes in the size, height and
depth of the circular features were estimated by using AFM
cross-section analysis. Fig. 5a shows an AFM image with
the corresponding cross-section of three characteristic circular
features (A, B, C) (Fig. 5b), which are different in overall size
and area of the inner part. The diameter of the inner-circle por-
tion as well as the thickness and height of the wall (ring) of
each cycle were estimated for a large number of samples at
different places. The results show the following correlations.
Circular features with smaller diameters, up to 1 mm (presum-
ably at the early stages of development) usually do not show
the inner opening. On the contrary, the bigger (older) features
possess the inner open part (donut-shape) whose bottom is
lower than the rest of the film surface. ‘‘Donuts’’ with wider
inner space diameter also seem to be deeper. However, no

Fig. 3. Formation of ring structures on the 20 s-PPy film surface during the

early stages of chromate exposure (e.g., 4th cycle). Image size:

2.4 mm� 2.4 mm. Z-scale: 0e400 nm.
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features in any phase of the measurements exceeded a depth of
190 nm, which is probably related to the total thickness of the
PPy film. Note that the estimation of the pinhole depths by the
AFM technique may be significantly influenced by the shape
of the AFM probe. The wider features with bigger diameter
(presumably formed earlier) also appear to be higher (up to
700 nm). Both the outside and inside diameter of the circular
features significantly increase (by a factor of 2e3) with each
exposure to the chromate solution. On the 5 s-film, circular
features with outside diameters between 4 and 5 mm (maxi-
mum value) were observed after the 5th chromate cycle. In
the later stages (after the 7th or 8th cycles) donuts with max-
imum outside diameters of 10e15 mm were found. At this
point, the observations of the polymer circular structures be-
come also accessible by an optical microscope. This gives
the possibility to observe a larger surface area and also clearly
shows that e at any stage of development e the polymer sur-
face possesses circular features with a variety of diameters.
Obviously, this indicates the different age of the circular
features, which start to grow at different times. Overlapping
of growths occurring inside other previously formed circles
were not observed. After 9 or more chromate cycles, the

PPy film surface becomes somewhat smoother, with no indica-
tion of circular features.

Slightly thicker, 20 s-films showed a very similar pathway
of changes in surface morphology as those described above
for the 5 s-films. In particular, this is valid for the first 5e6
chromate cycles. The average circular features seem to be of
a much larger diameter (7e10 mm), deeper (260e300 nm)
and higher (ca. 600 nm) than those observed on the 5 s-film,
after identical 5 cycles of chromate treatment. Significantly
different developments are visible after the 6th chromate cy-
cle, as signaled by the appearance of a new kind of semicircu-
lar features and deep cracks in the polymer film. Visualization
by optical microscope indicated a partial flattening (i.e., disap-
pearance of circular structures) and partial detachment of the
polymer film from the carbon substrate (7th chromate cycle,
see Fig. 6). The polymer detachment from the electrode
surface becomes even more obvious after the 8th cycle. After
10 chromate cycles, the electrode surface looks flat. Even then,
AFM images revealed that the carbon surface is still covered
by an ultrathin layer of PPy. Small clusters of PPy could be
easy recognized along the polishing scratches on the electrode
surface (Fig. 7). Note that the surface morphology of this 20 s-
film (even after 10 chromate cycles) does not correspond to
that of the clean vitreous carbon substrate surface (Fig. 1aec).

Fig. 5. 15 mm� 15 mm AFM image (a), with the corresponding cross-section

over three distinguishable circular features (A, B, C) on the polymer surface

(b). Z-scale: 0e300 nm.

Fig. 4. (a) AFM images revealing the existence of circular features on the PPy

film with the same surface morphology characteristics found inside and

outside of the polymer ring. (b) Images recorded on a 5 s-film after the 4th

cycle of chromate exposure. Image size: (a) 15 mm� 15 mm, and (b)

6.4 mm� 6.4 mm. Z-scale: (a) 0e1 mm, and (b) 0e2 mm.
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In spite of the fact that after 8 to 9 chromate cycles the PPy
film had already lost its catalytic properties, we continued
the chromate exposure up to 13 cycles. Even after that, PPy
was not completely removed from the electrode surface, which
clearly indicates that complete detachment of the PPy film
from the electrode surface does not occur. This remaining
film did not show catalytic activity. In other words, the cata-
lytic activity of the PPy film towards the Cr(VI) to Cr(III)
reaction is associated with the bulk properties of the PPy
film (e.g., ion exchange capacity). As these results show, dis-
solution of the PPy film is taking place and the loss of polymer
thickness is directly related to the loss of catalytic activity.

3.3. Mechanism of the PPy film degradation

As discussed earlier, uniform PPy films with a reasonably
well-defined surface morphology were successfully prepared
potentiostatically at the CV substrates. Their morphological
characteristics have been shown to be a function of the nature

of the substrate (in the early stages) and of film thickness (in
the later stages of polymer growth). Degradation of these PPy
films also depends on their thickness. For the Cr(VI) to Cr(III)
catalytic conversion, thinner films (grown for 5 s and 20 s) are
more appropriate since they show longer durability and no
sign of massive detachment from the substrate surface, con-
trary to the 5 min-films. Degradation of PPy films is primarily
caused by exposure to the chromate solution. Independent
stability tests of the reduced and oxidized PPy forms (in the
absence of chromate ions) showed no signs of polymer degra-
dation. Analysis of surface morphology changes for the 5 s-
and 20 s-films after chromate/discharging cycles revealed
that polymer deterioration can be characterized as a multistep
process. A schematic representation of the global process, with
special emphasis on the possible explanation for the circular
structure development, is shown in Fig. 8.

In particular, two steps seem to be crucial for understanding
the degradation mechanism of PPy films. First, the softening
and formation of ‘‘bulbs’’ at the polymer film surface observed
in the early stages (Fig. 8b) after 4 or 5 chromate cycles. These
seem to be caused by the development and expansion of gas-
eous species in the bulk of the polymer film (in the vicinity of
the electrode surface). We suspected that the origin of this
gas could be the Cl� anion, present in our electrolyte solutions
during PPy film formation and in the regeneration solution used
for the polymer recharging process after each cycle of chromate
exposure. Some Cl� traces probably remain trapped in the bulk
of the polymer film layers due to slow or insufficient outward
ion transport. In the Cr(VI) containing solution they may be
converted to the gas phase, expand and cause the polymer ‘‘bub-
bling’’ since the standard potentials of the Cr(VI) to Cr(III) and
the Cl� to Cl2 conversion are very close to each other (1.33 and
1.35 V vs. NHE, respectively) [47]. Due to a catalytic effect on
the PPy modified CV electrode, this Cr(VI)/Cr(III) conversion
occurs at much lower potentials. The open circuit potential,
OCP (i.e., under no potential control) of a PPy modified CV
electrode immersed in 0.1 M H2SO4 containing 100 ppm
Cr(VI) was measured to be ca. 0.85 V vs. Ag/AgCl. Indeed,
during the 2 h period (which was a typical time of exposure
to the chromate solution), OCP increases slightly as a result
of polymer oxidation. Although the OCP is probably estab-
lished as a result of the PPy film (oxidation) and chromate
ions (reduction) redox reactions, under such conditions the
Cl2 evolution may be expected as well. This can happen only
if the PPy film were able to catalyze the Cl� to Cl2 reaction
in a comparable or greater extent than the Cr(VI) to Cr(III)
reaction. In this case, the potential for Cl2 evolution would be
lowered to the range of the measured OCP. Considering that
these reactions take place inside the polymer film and that chro-
mate and Cl� ions are present at very low concentrations (even
traces), in addition to the fact that the distribution of reactants
and products [e.g., Cr(III)] in the reaction media (i.e., the
polymer film) is still unknown, it is very difficult to establish
the exact mechanism and estimate proper potentials of the
electrode reactions. Nonetheless, the possible production of
Cl2 and OCl� species e accompanied by inhibited migration
through the thick polymer film e are very likely events [48,49].

Fig. 7. Thin polymer layer consisting of small PPy clusters still remaining on

the vitreous carbon substrate even after 13 chromate cycles (with no signs of

circular structures). Image size: 4.5 mm� 15 mm. Z-scale: 0e107 nm.

Fig. 6. Micrograph taken with an optical microscope, after the 7th cycle of

chromate exposure, showing the circular structure of the PPy layer as well

as two islands with almost completely removed polymer film (dark features

in the lower part of the image). (The black mark corresponds to 500 mm.)
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In order to confirm the possibility of Cl2 evolution in the
PPy films and to estimate its influence on the polymer surface
morphology, we performed a cyclic voltammetric scan of
a freshly-prepared PPy film in an uncontaminated 0.1 M HCl
solution. The scan started at �0.9 V vs. Ag/AgCl, and
proceeded towards positive potentials. At potentials of

0.85e0.90 V vs. Ag/AgCl an increase in the electrode current
was noticeable despite the absence of chromate in the electro-
lyte; this may be interpreted as a voltammetric peak connected
with Cl2 evolution. The sample was immediately taken out of
the solution, rinsed with pure water and analyzed by AFM. Im-
portantly, we found that the polymer surface was covered by
circular structures identical to those previously found in the
chromate-treated samples, which validates our model based
on a significant role of the Cl� ions in the formation of the
circular polymer structures as part of the polymer film degra-
dation process.

In order to further verify the hypothesized chlorine gas evo-
lution due to the degradation of PPy films (containing residual
Cl�) during contact with Cr(VI) solutions, a PPy film grown
on a vitreous carbon substrate was placed in contact with
a chromate solution inside a capped conical vial. This vial
was equipped with a U-shaped glass capillary connected to
a NaOH solution trap (pH¼ 11.8). In this way, if chlorine
gas were produced it would disproportionate into chloride
and hypochlorite ions upon contact with the basic solution.
The elution time of the ions contained in the resulting
NaOH solution was compared in the ion chromatograph to
that of a chloride ion standard. As shown in Fig. 9, both
elution times are essentially identical.

The stability of the gas-caused polymer bubbles seems to
be low, since they easily burst due to out-gassing. The
Cr(VI)/Cr(III) inward/outward transport throughout the poly-
mer film may also play a role here (see for example the influ-
ence of inward/outward transport of TiO2 particles throughout
a PPy film [50]). In this process, donut-shaped features are ob-
served by AFM and optical microscopy (Fig. 8c). In a second
step, a growth of circular polymer features via enlargement of
the inner circular space (Fig. 8def) is observed. All the circu-
lar features appear to grow owing to material transport from
the bottom of the inner space to the outside walls. Plausible

Fig. 8. Schematic pathway of the PPy film (a) multistep degradation, involv-

ing: polymer film bubbling (b); formation of donut-like structures (c and d);

spreading of the circular features (e and f); and formation of an ultrathin

film on the CV substrate (g).
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Fig. 9. Elution peaks of a chloride ion standard and of the product of the re-

action between Cl�-containing PPy and a Cr(VI) solution. (a) Chloride ion

standard, 8.1� 10�4 M. (b) Chromate ionsþ PPy (grown at 0.9 V vs. Ag/

AgCl, 5 min). The resulting gas was bubbled in NaOH, pH¼ 11.8. (c) Chro-

mate ionsþ PPy (grown by potential cycling at 200 mV/s, 40 cycles from

�0.3 to þ0.9 V vs. Ag/AgCl). The resulting gas was bubbled in NaOH,

pH¼ 11.8. (d) Millipore waterþNaOH (pH¼ 11.8).
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causes of this process are electrostatic (i.e., local charge accu-
mulation) or hydrophobic (interactions between the inner
walls of the polymer circle). A similar mechanism explains
the columnar structure formation on surfactant-doped polypyr-
role film surfaces [51]. The enlargement process is limited by
the available material (i.e., the total thickness of the polymer
film). This is why circular features stop to grow and e in
a further development e they preferably spread up until the
polymer surface becomes flat again (Fig. 8g). As pointed out
earlier, the CV substrate was found to be covered in the final
stage with an ultrathin polymer layer, which does not show
catalytic activity for Cr(VI) reduction. These findings and
the corresponding discussion lead to the conclusion that the
PPy surface morphology transformations during chromate
reduction predominantly involve a mechanical deformation
and perturbations of the polymer film, accompanied by
a significant degree of material transport. The presence of
Cl� inside the polymer (trapped during film preparation and/
or film recharging) exposed to the Cr(VI) solution is likely
a major cause of the polymer film degradation process.

Similar circular features on the PPy film surface have been
observed before, albeit under significantly different experi-
mental conditions, i.e., PPy grown on Au-Mylar [52] and
PPy grown from a hexafluorophosphate electrolytic solution
on Pt [53]. Indeed, this last study shows that PPy films with
different surface morphology and different conducting proper-
ties can be prepared by changing the electrolyte composition
(i.e., by varying the accompanying anion). Therefore, the
possibility that the emergence of circular structures on the
PPy surface be the result of micro-changes in the internal
conformation of the polymer network cannot be ruled out. De-
tailed investigations in this direction are in progress in our lab-
oratory. Even though it would be very interesting from
a fundamental point of view to monitor changes in the surface
film morphology in the presence of different anions in the
electrolyte solution, in particular without Cl� anions, real
wastewater without Cl� ions is actually difficult to find.

In addition to the observations of the substrate’s influence
on the PPy film at the early stages of growth and the agglom-
eration of PPy grains at latter stages, we were also interested in
imaging the different redox states of the films. To this end, all
the films described above were analyzed by means of AFM
imaging after preparation at 0.9 V. Under a positive potential,
the PPy film is oxidized and becomes conductive due to the
nature of the polymeric skeleton and to the high content of
the anionic species inside the polymer phase (i.e., high doping
level). Since our polymer films were prepared in a KCl solu-
tion, the doping species was the Cl� anion. In addition, the
PPy films prepared at 0.9 V are most probably in the so called
‘‘overoxidized’’ form [54e57]. In general, this means that the
PPy polymer is exposed to irreversible oxidation in the solid
state, where polarons and bipolarons are effectively attacked
by nucleophiles [58,59]. The overoxidation effect seems to
be enhanced in the halide anion-containing media, particularly
in the presence of Cl� anions. Since overoxidation is followed
by a partial loss of the polymer conductivity, the overoxidized
polymer films usually become less electrochemically active

[60,61]. Aware of such disadvantages, we still formed our
PPy film at 0.9 V since the literature described earlier states
that this potential is appropriate for the catalytic effects vs.
Cr(VI) ions. Obviously, the physical and electrochemical
properties, as well as the surface morphology characteristics
of the PPy films, depend to a large extent on the synthetic
conditions and the electrolyte used [53].

4. Conclusions

AFM images of PPy films grown on vitreous carbon (CV)
substrates during the environmentally-relevant reduction of
Cr(VI) ions to Cr(III) evidenced the major morphological
characteristics of the bare carbon substrate and of the PPy
film surface, as well as the course of the polymer film degrada-
tion via a dissolution mechanism during each additional cycle
of exposure to the Cr(VI)/Cr(III) reaction and recharge at neg-
ative potentials in a KCl electrolyte. The analysis of PPy films
prepared at different electrosynthesis times shows that surface
morphology characteristics strongly depend on polymer film
thickness. The thinner films (i.e., early stages of growth) appear
to mimic the substrate morphology. A size increase in the
nodular polymer units was observed at later stages of growth.
Surprisingly, the oxidized and reduced states of the PPy films
do not show significant differences in their surface morphology.
Thicker films (>2 mm) break more easily and detach from the
carbon substrate. The thinner polymer films undergo a degrada-
tion process accompanied by formation of well-defined circular
features (rings). Detailed analysis of the morphological charac-
teristics of such PPy rings at different stages of chromate reduc-
tion has allowed us to propose a mechanism for the polymer
degradation process. This process, accompanied by significant
mass transfer and morphological perturbations, seems to be pre-
dominantly initiated by the development of gas bubbles (of Cl2)
inside the polymer phase. At later stages of film dissolution, the
observed enlargement of the PPy rings is presumably due to the
influence of electrostatic or hydrophobic repulsion forces
between the inner walls of the rings. The last stage of the
degradation process involves the formation of an ultrathin, cat-
alytically inactive PPy film (with no signs of circular structures)
that remains on the carbon surface even after prolonged
treatment in chromate solution (i.e., 9 or more cycles).
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