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ABSTRACT:
Electrochemical polymerization of aniline on the surface of a plastically deformed Pd electrode was
investigated. Initially, the Pd electrode was subject of plastic deformation as a result of hydrogen insertion/extraction.
Plastically deformed structure of the substrate has a signiﬁcant inﬂuence on the electropolymerization process. In this
case, an adherent ﬁlm with smooth surface is formed. Although the plastically deformed surface is rougher than the
conventional Pd surface, the polyaniline ﬁlm electropolymerized is smoother in both micro- and nano-scale. This is
of particular interest for applied purposes, as it guarantees higher stability of the conductive polymer. In addition, these
results indicate the importance of surface structure of substrate electrode on electropolymerization process. On the other
hand, it suggests Pd as a suitable substrate for the preparation of thin ﬁlms of conductive polymers.
[DOI 10.1295/polymj.38.329]
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Substrate electrodes play important roles in electrochemical polymerization processes to form conductive polymers ﬁlms. Electropolymerization on various
substrate electrodes have been widely investigated in
the literature.1–9 In this context, chemical activity of
substrate electrode may provide new opportunities
for the electropolymerization processes. It has been
described that oxidizable metals (in respect to the
electrolyte medium, i.e. a suitable electrolyte with
ability to oxidize the speciﬁed metallic electrode) will
be chemically oxidized before the deposition of conductive polymer.9 This phenomenon leads to the formation of a metal oxide ﬁlm, which provides more
suitable sites for the deposition of conductive polymer. In other words, the porous structure of this metal
oxide layer allows penetration of the electroactive ﬁlm
slightly within the substrate surface.10 This is accompanied by stronger stability of the conductive polymer
attached to the substrate surface. In addition, rough
structure of the metal oxide layer assists nucleation
and growth of the conductive polymer.
Although eﬀect of various metallic substrates on
electropolymerization processes has been extensively
studied, less attention has been paid to the inﬂuence
of surface structure of a speciﬁed substrate surface.
Plastic deformation is a well-known phenomenon in
solid-state science, which results in severe surface
structural changes.11–13 In the present work, we wish
to use a Pd electrode, which was subject of plastic deformation, as a new substrate surface for the deposition of conductive polymers.

EXPERIMENTAL
Eﬀect of plastic deformation, as a result of electrochemical insertion/extraction of hydrogen into/from
Pt electrode, on its surface structure has been previously reported.11–13 Only surface structure of a plastically deformed Pd electrode may aﬀect electropolymerization process due to electron transfer across
the electrode/electrolyte interface, and plastic deformation in bulk, which is of particular interest in solid-state physics, has no inﬂuence on the interfacial
deposition of conductive polymer. Therefore, the previous surface studies11–13 satisfy the requirement of
the present work to use a typical plastically deformed Pd with known surface structure. The plastic deformation was induced to the Pd electrode in accordance with the procedure followed in the previous
works.11–13 Brieﬂy, hydrogen was injected into the
Pd bulk from an aqueous solution of 0.1 M NaOH
by applying a constant current of 13.5 mA/cm2 for a
certain time. According to statistical comparison of
Pd electrodes with various degrees of plastic deformation,12,13 this galvanostatic hydrogen injection at a
short time of ca. 900 s results in a slight plastic deformation. As will be reported below, the inﬂuence of
plastically deformed substrate on electropolymerization process is very signiﬁcant, thus, a slight plastic
deformation can represent the phenomenon. On the
other hand, surface roughnesses of two Pd electrodes
with and without plastic deformation are approximately the same.
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Figure 1. Potentiodynamic growth of the polyaniline ﬁlm on (A) a fresh Pd electrode and (B) a plastically deformed Pd electrode from
a solution containing 30 mM aniline and 0.5 M H2 SO4 . Potential cycling was performed with scan rate of 50 mV/s.

Electrochemical polymerization of aniline on the
Pd substrate electrode was performed under conventional condition. A thin ﬁlm of polyaniline was deposited by 9 successive potential cycles between 0:2
and 1.0 V (vs. Ag/AgCl) with a scan rate of 50 mV/
s. The electrolyte solution was 30 mM aniline in
0.5 M H2 SO4 as supporting electrolyte. Electrochemical experiments were performed using a Metrohm
746VA potentiostat with its original three-electrode
cell. Scanning electron microscopic images were recorded using a Cambridge electron microscope model
Steroscan 360. Small-angle X-ray scattering (SAXS)
investigations were performed using a Phillips PW
3710 diﬀractometer employing a rotating X-ray generator under appropriate condition.
RESULTS AND DISCUSSION
Although palladium is a suitable metallic substrate
330

for the deposition of conductive polymers as well as
other noble metals, less attention has been paid to
Pd for this purpose. Instead, Pd is a common metallic
additive to be incorporated into polymer matrix.14–21
This leads to superior catalytic activity due to signiﬁcant versatility of palladium for C–C bond formations.22 It is believed that this feature is also useful
when Pd is used as substrate for a conductive polymer
(at least for thin ﬁlms). However, it is just restricted to
few reports regarding chemical polymerization on palladium surface,23,24 where the substrate has no critical
role on the polymerization process. However, electropolymerization, which is accompanied by complicated
interfacial processes, is also eﬃciently succeeded on
Pd substrate surface (Figure 1A). This typical electrochemical synthesis of aniline displays characteristic
peaks of polyaniline growth.
Figure 1 compares potentiodynamic electropolymerization of aniline onto fresh and plastically dePolym. J., Vol. 38, No. 4, 2006
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Figure 2. Cyclic voltammetric behavior of the electropolymerization processes corresponding to (A) the ﬁrst and (B) 9th cycles. The
symbols a and b refer to the fresh and plastically deformed Pd electrodes, respectively.

formed Pd substrate electrodes. Although both electrochemical syntheses display characteristic peaks of
polyaniline growth, the charge passed and subsequently the amount of conductive polymer generated is signiﬁcantly higher for the case of plastically deformed
Pd substrate. This is not due to the speciﬁc area of
the substrate surface since it has been normalized,
and increase of this diﬀerence (between two cases)
is more signiﬁcant for higher cycle numbers. It is indeed indicative of the fact that electropolymerization
process is more successful on plastically deformed
Pd substrate. This is of particular interest for applied
purposes due to advantageous eﬃciency of the polymerization process.
Another peculiar behavior of the plastically deformed Pd electrode for the electropolymerization
process is unusual cyclic voltammograms recorded
at the ﬁrst scan (Figure 2A). As it has been discussed
in ref 9, a necessary requirement for the occurrence of
Polym. J., Vol. 38, No. 4, 2006

electropolymerization is initial oxidation of substrate
surface. This process needs a certain amount of charge
depending on the type of substrate material and the
electrolyte solution. It is obvious that a higher amount
of charge is required for the oxidation of plastically
deformed Pd electrode, which can be attributed to
higher electrocatalytic activity of this complicated
structure. This issue is also conﬁrmed by the strategy
followed in ref 9, by means of galvanostatic investigations, though we disregard discussion of such results
here to keep the phenomenological aim of the present
report. The cyclic voltammograms (the ﬁrst scan) of
two diﬀerent cases reveal that electropolymerization
slightly occurs on the fresh Pd electrode even at the
ﬁrst scan (Figure 2A). Whereas, the cyclic voltammetric behavior of the plastically deformed Pd electrode displays no characteristic peaks of electropolymerization (Figure 2A). It is believed that this
severe oxidation process in the course of ﬁrst scan
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Figure 3. Typical SEM images of the polyaniline ﬁlm electrodeposited onto the fresh Pd substrate electrode. The scale bars are
20 and 5 mm for (A) and (B), respectively.

Figure 4. Typical SEM images of the polyaniline ﬁlm electrodeposited onto the plastically deformed Pd substrate electrode.
The scale bars for both images are 5 mm.

leads to the formation of a suitable surface for subsequent growth of polyaniline. Similarly, this issue has
been discussed for the case of electropolymerization
of aniline onto iron substrate electrode.9
Comparison of cyclic voltammograms illustrated in
Figure 2A also suggests higher electrocatalytic activity of the plastically deformed Pd electrode rather than
the fresh Pd electrode. This is not only related to the
ﬁrst cycle, when the metallic electrodes are approximately bare, but also for polyaniline-coated electrodes
(Figure 2B). This indicates that the internal contact of
the polymer ﬁrst layer with the substrate surface at the
electrode/electrolyte interface controls subsequent
growth of the conductive polymer. In other words,
plastically deformed structure of the Pd substrate acts
as active centers for polymer growth. The thin polymer ﬁlm formed on the Pd substrate surface has a
strong electrocatalytic activity.
In analyzing the results obtained from electrochemical investigations, we brieﬂy noted the peculiar polymer growth on the plastically deformed Pd surface.
However, we leave this issue for an alternative work
devoted to mechanism of polymerization and concentrate on a more informative eﬀect of this peculiar substrate surface, i.e. surface morphology. The inﬂuence

of plastic deformation of Pd on its surface morphology in both micro- and nano-scale has been extensively
studied by means of fractal geometry.12,13
Figure 3A shows a typical SEM image of the polyaniline ﬁlm electrodeposited onto a fresh Pd substrate
electrode. It is obvious that the ﬁlm does not have sufﬁcient internal adherent. Thus, huge cracks injure continuity of the polyaniline ﬁlm. It is evident that this is
unfavorable, since results in low stability of the polymer ﬁlm and fast breakdown. Although the appearance of such cracks in the ﬁlm microstructure conﬁrms
incontinuty, an excellent homogeneity is observable
in nanostructure of the polyaniline ﬁlm (Figure 3B).
This nanostructure of the conductive polymer provides
an opportunity for better diﬀusion of counter ion
through the polymer matrix and consequently better
ionic conductivity. Disregarding the microstructure
of the polyaniline ﬁlm (Figure 3A), its nanostructure
is similar to the polyaniline ﬁlm electrodeposited onto
conventional Pt substrate electrode (cf. ref 25). In fact,
the main disadvantage of electropolymerization on Pd
electrode is the appearance of such huge cracks.
The ﬁlm morphology is signiﬁcantly diﬀerent for
the polyaniline ﬁlm electrodeposited onto the plastically deformed Pd substrate surface (Figure 4A). The
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size of the above mentioned cracks is signiﬁcantly
lower than those formed within the polyaniline ﬁlm
deposited on fresh Pd electrode. On the other hand,
it seems that walls of such cracks tend to be welded
(Figure 4A). In fact, electropolymerization on plastically deformed Pd electrode results in the formation of
a continuous and dense ﬁlm. Figure 4B shows the ﬁlm
morphology where the cracks disappear. This indicates that the continuity observed for the polyaniline
ﬁlm electrodeposited on plastically deformed Pd electrode is not due to welding of cracks. In other words,
polymer growth on Pd surface (when the electropolymerization starts from a plastically deformed interface) tends to form continuous ﬁlm attached to the
substrate surface.
Since the plastic deformation induced to the Pd
electrode has a signiﬁcant nanostructure feature,13 it
is necessary to inspect the ﬁlm morphology in nanoscale. Both plastic deformation induced to the substrate surface and electropolymerization on complicated structure of a plastically deformed surface are not
homogeneous processes resulting in the formation of
monotonous surface. Due to such local diﬀerences
in the surface structure, conventional scanning probe
(SPM) techniques are not appropriate from statistical
point of view. Thus, we use an eﬃcient technique to
obtain a statistical data owing to all regions of the surfaces. Small-angle X-ray scattering (SAXS) is one of
the most reliable techniques for surface analysis in the
scale of 0.5–200 nm.26
A simple comparison of SAXS patterns of the polyaniline ﬁlms electrodeposited onto two diﬀerent substrate electrodes (Figure 5) reveals that the normalized SAXS intensity is smaller for the case of
plastically deformed Pd substrate. This indicates a
smoother surface in the scale under investigation, as

the curve slope is smaller. This is a peculiar behavior,
since the roughness of the plastically deformed Pd
surface was signiﬁcantly higher than that of the fresh
Pd surface (cf. the statistical comparison of two cases
in ref 13). This provides a strong evidence for the fact
that electropolymerization on plastically deformed
substrate leads to the formation of smooth (or in a
sense, ordered) polymer ﬁlm.
Of course, the results obtained from SAXS investigations can be used to compare two diﬀerent cases
from geometrical point of view; however, this simple
judgment satisﬁes the requirement of the present
study. The fractal dimension can be simply estimated
by plotting the SAXS patterns in a logarithmic scale in
accordance with the method described in ref 13. According to the experimental data, the fractal dimension of the polyaniline ﬁlm electrodeposited onto the
fresh Pd electrode is 2.65, which is close to the conventional case of Pt substrate electrode. Whereas,
the fractal dimension of the polyaniline ﬁlm electrodeposited onto the plastically deformed Pd electrode is
2.53. According to the concept of fractal geometry,
this tiny diﬀerence suggests a signiﬁcant diﬀerence
in the surface structures.
In general, the above mentioned phenomenon, i.e.
peculiar electropolymerization on plastically deformed substrate, is due to complicated structure generated
as a result of plastic deformation, not conventional
surface roughness (as checked for a similar roughened
Pd electrode). It is worth noting that plastic deformation is also accompanied by the formation of surface
defects, and it is known that surface defects signiﬁcantly aﬀect electrochemical processes.27 However,
such probable surface defects were healed by simple
thermal treatment before electrochemical experiments. In fact, the only possible reason for the occurrence of such phenomenon is special structure appeared on the Pd lattice as a result of plastic deformation.
Indeed, this concise report proposes a new opportunity
to use plastically deformed substrate for the preparation of thin ﬁlms for speciﬁed applications.
CONCLUSIONS

Figure 5. SAXS patterns of the polyaniline ﬁlms electrodeposited onto the fresh (a) and plastically deformed (b) Pd surfaces.
Polym. J., Vol. 38, No. 4, 2006

Electropolymerization processes, as typically investigated for polyaniline, are strongly dependent on the
surface structure of substrate electrode. As well as
conventional surface roughness, complicated surface
structural changes of the substrate surface may lead
to peculiar polymerization process. Plastically deformed Pd electrode was introduced as an excellent
substrate surface for electrochemical polymerization.
Since complicated structure of a plastically deformed
surface can act as suitable centers for polymer growth,
the polymer ﬁlm deposited on the substrate surface is
333
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denser in comparison with that deposited on conventional substrate. In addition, the lateral ﬁlm morphology is also highly dependent on the substrate structure.
The ﬁlm electrodeposited onto plastically deformed
substrate is continuous and smooth. It is accompanied
by better electrochemical eﬃciency (as lower charge is
required for the electropolymerization), and the ﬁlm
deposited has better stability. Therefore, employing
plastically deformed substrate surface is an eﬃcient
approach for the preparation of thin ﬁlms of conductive polymers for applied purposes.
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