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Abstract Scanning electrochemical microscopy (SECM)
and video microscopy have been used to examine the me-
diated electrodeposition of polypyrrole on AA2024-T3. Of
particular interest is the role of surface heterogeneity (name-
ly, copper-rich secondary phase particles) on electrodeposi-
tion mediated by 4,5-dihydroxy-1,3-benzenedisulfonic acid
(Tiron). SECM shows that polymer nucleation occurs ex-
clusively on the aluminum matrix of the alloy. Video mi-
croscopy shows this to be true on a model alloy (a pure Al
substrate with an embedded Cu wire) as well, and also
suggests that polymer growth is directional toward the
copper-rich sites in the absence of sulfate in the deposition
solution. A model is presented in which polymer deposition
on the copper-rich sites is inhibited either by CuSO4-in-
duced passivation or by the loss of mediator due to Cu–
Tiron complex formation.
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Introduction

Conducting polymers continue to be of interest as possible
alternatives to chromium-containing anticorrosion coatings
for active metals and metal alloys due to their potential for

altering the corrosion behavior of these surfaces through
electronic, chemical, and/or electrochemical interactions
[1]. These polymer coatings are often deposited electro-
chemically using potentiostatic, potentiodynamic, or galva-
nostatic control since these methods offer accurate control
of polymerization rate and polymer thickness, and localize
the polymerization at the electrode (substrate) surface. For
active metals, the high overpotential required for anodic
electrodeposition often results in concomitant formation of
an electrically insulating surface oxide layer on the under-
lying metal, producing a non-uniform, weakly adherent
polymer film [1]. This high overpotential can be avoided
with the use of an appropriate electrochemical mediator [2].
The oxidation of the mediator is thermodynamically less
favorable than oxidation of the monomer, but the potential
required for oxidation of the mediator at the substrate is
lower due to the absence of the kinetic barriers associated
with monomer oxidation. The oxidized mediator subse-
quently oxidizes the monomer, resulting in polymerization
and deposition of the conducting polymer film and regener-
ation of the mediator back to its reduced form.

It has been demonstrated that the potential required for
galvanostatic deposition of polypyrrole on aluminum and
aluminum alloys can be decreased by up to 500 mV with the
use of 4,5-dihydroxy-1,3-benzenedisulfonic acid (also
known as Tiron) as the electrochemical mediator, with de-
position proceeding at approximately 100 % current effi-
ciency [3–7]. Both the hydroxyl and sulfonate groups of
Tiron have been shown to be important to the overall medi-
ation process [4]. The hydroxyl groups impart electroactiv-
ity that provides the electrochemical mediation as described
above, while the negatively charged sulfonate groups play a
surfactant-like role in facilitating interaction of the hydro-
phobic pyrrole monomer with the Al alloy surface that is
positively charged below the isoelectric pH of 7.2 [8].
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Indeed, the ability of Tiron to adsorb onto alumina surfaces
has been demonstrated previously [9, 10].

The formation of copper-rich intermetallics (or secondary
phase particles) in aluminum alloys is necessary to provide
the strength required of these materials in many industrial
applications [11]. However, it is these copper-rich inclusions
that greatly exacerbate the tendency of these alloys to un-
dergo galvanic corrosion, with the Cu-rich inclusions serv-
ing as sites for oxygen reduction [11]. Scanning
electrochemical microscopy (SECM) has proven to be a
powerful tool in determining local variations in electro-
chemical activity on an electrode surface [12]. Indeed, pre-
vious SECM studies from our laboratory have shown that
the fastest electron transfer (both oxidation and reduction)
for hydroxybenzene compounds at the AA2024-T3 surface
occurs at these Cu-rich sites [13, 14]. In this investigation,
we turn our attention to the role these secondary particles
play in the electrodeposition of polypyrrole, specifically in
the nucleation phase.

SECM has found application in a number of conducting
polymer studies, including investigations of the potential
dependence of the conductivity of a polypyrrole film [15],
ion transport and electron transfer at polypyrrole films [16],
cation ejection from a styrene-methacrylic acid block copol-
ymer micelle-doped polypyrrole film [17], micropatterned
deposition and/or imaging of conducting polymers and con-
ducting polymer composites on inert metals [18–24], and
the redox properties of thin films of poly(3,4-ethylenediox-
ythiophene) [25], and polyaniline [26] on insulating sub-
strates. The purpose of the present study is to use SECM to
determine the effect of Cu-rich intermetallic particles on
polymer nucleation during the Tiron-mediated electrodepo-
sition of polypyrrole on AA2024-T3. We have used SECM
to identify sites of initial polypyrrole nucleation and growth
on AA2024-T3, and then compared these locations with
those of Cu-rich sites imaged in separate SECM experi-
ments and confirmed with scanning electron microscopy/
energy dispersive X-ray analysis (SEM/EDX). These results
were compared to those obtained from video microscopy
synchronized with potentiodynamic scanning during medi-
ated polypyrrole electrodeposition on a model alloy consist-
ing of a pure Al substrate with an embedded Cu wire. Both
SECM and video microscopy clearly show that polymer
nucleation is inhibited at Cu-rich sites, resulting in nucle-
ation occurring exclusively on the Al matrix.

Experimental

Materials and sample preparation Reagent grade pyrrole
(freshly distilled before use) and Tiron were obtained from
Aldrich. Sodium sulfate (Alfa Aesar), hydroquinone
(MCB), and potassium ferricyanide (Mallinckrodt) were

reagent grade and used as received. Panels of AA2024-T3
were obtained from Q-Panel, and pure Al (99.99%) panels
were purchased from Alpha Aesar. Model alloy samples
were prepared by embedding a 1-mm diameter Cu wire in
pure Al substrate and polishing to flatness to form a small
Cu island surrounded by Al. Samples were cut into sizes
appropriate for the SECM cell, sanded with 600-grit silicon
carbide, rinsed with hexane, and dried in air. A commercial
engraver (Gravograph) was used to cut a 2×2 mm square
position marker into samples to be used for both SECM and
SEM/EDX analysis. Sparging to remove oxygen was
deemed unnecessary in the SECM and video microscopy
experiments.

Instrumentation SECM experiments were performed with a
CHI900B Scanning Electrochemical Microscope (CH
Instruments) utilizing a 10-μm Pt microelectrode probe, Pt
counter electrode, and a saturated Ag/AgCl reference elec-
trode. The Teflon SECM cell was constructed with one hole
through the cell in the center and a second larger concentric
hole countersunk from the top to a depth matching the
height of the Q-panel samples. A mechanical punch was
used to cut these samples from panels to the same diameter
as the opening in the cell such that the sample surface is
flush with the surface of the cell. Electrical contact between
the sample and potentiostat was made through the hole in
the middle of the cell with a wire attached to the back of the
sample with conductive epoxy, and the sample was secured
to the bottom of the cell with tape to prevent leakage of
solution. Two tapped holes in the cell, one on either side of
the sample, were fitted with Tygon tubing connected to a
syringe to allow for efficient removal and replacement of
solution with no disturbance of the SECM tip position, an
important point when attempting to image the same portion
of the sample surface both before and after polymer
deposition.

SECM probe heights for imaging were set using probe
approach curves, with either HQ or ferricyanide as the
mediator. The probe potential was set to either oxidize
(hydroquinone) or reduce (ferricyanide) the mediator, and
the probe current was measured while moving toward the
substrate. The approach was stopped when the current
reached 80 % of its original value. The variable and dynam-
ic nature of the AA2024-T3 surface makes accurate height
determinations from theoretical fits difficult, but the probe
height was estimated at 2–5 μm for all images. SECM
images were obtained by scanning 80×80 μm areas of the
substrate with 1 μm steps at 16.67 ms per step, resulting in
scan times of approximately 2 min per image.

Video microscopy experiments were conducted using the
SECM cell. A substrate was prepared and positioned in the
cell as described above. The cell was filled with the appro-
priate deposition solution and a Sony SSC-DC393 video
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camera was positioned perpendicular to the cell and focused
onto the substrate to show an area approximately 1.3×
1.0 mm. Video images were captured using a National
Instruments PCI-1411 color frame grabber. Potentiody-
namic electrodeposition was initiated using the CHI900B
potentiostat and LabVIEW-generated software was
employed to synchronously record substrate current and
potential values from the cell along with corresponding
snapshots of the substrate surface from the video camera.
Time-correlated data points (current and potential) and
images were collected at a rate of approximately seven per
second. LabVIEW software could then be used to replay the
entire experiment to generate compressed movie files or
select individual representative images for analysis and/or
display.

Samples for SEM/EDX analysis were removed from the
SECM cell after imaging, rinsed with water, and placed on
aluminum mounts using silver paint. Images were obtained
using a JEOL JSM-6490LV Scanning Electron Microscope
(JEOL USA, Inc., Peabody, MA, USA). X-ray information
was obtained via a Thermo Nanotrace Energy Dispersive X-
ray detector with NSS-300e acquisition engine.

Results and discussion

SECM imaging of polymer nucleation sites The electrode-
position of polypyrrole on the alloy surface was carried out
potentiodynamically in the SECM cell from a deposition
solution consisting of pyrrole (monomer), Tiron (mediator),
sodium sulfate (supporting electrolyte), and sulfuric acid
(0.001 M). Sodium sulfate is commonly used in the electro-
polymerization of pyrrole on aluminum as it is known to
give a porous-type Al2O3 structure that enhances electrical
contact between the polymer and the bare aluminum [27,
28], and previous studies have also shown that the optimum
Tiron-mediated polypyrrole films on AA2024-T3 are
formed at pH 2–3 [6]. Following the initiation of electrode-
position, polymer nucleation sites were identified with
SECM in tip generation–substrate collection (TG/SC) mode
using ferricyanide as the SECM mediator. In these experi-
ments, ferricyanide is reduced to ferrocyanide at the tip
electrode to produce a steady-state tip current. Ferrocyanide
at the substrate surface may then be oxidized back to ferri-
cyanide at conductive polypyrrole sites, leading to enhanced
tip current due to recycling of the mediator (positive feed-
back). This behavior would not be observed on the oxide-
covered aluminum matrix, as we have previously demon-
strated that oxidative activity on the matrix is observed only
at very high anodic potentials (≥2 V) [14]. Therefore, areas
of the substrate that result in an enhanced cathodic feedback

current at the SECM tip should correspond to polypyrrole
nucleation sites.

Evidence for the validity of this approach is provided by
the results of cyclic voltammetry experiments shown in
Fig. 1. The gray curve in Fig. 1 shows the reversible vol-
tammogram (E°′00.226 V) obtained from ferricyanide at a
Pt disk electrode in 0.01 M Fe(CN)6

3−/1.0 M Na2SO4. The
three black curves show voltammograms acquired from an
AA2024-T3 substrate in this same solution following vari-
ous levels of potentiodynamic polymer deposition. The dot-
ted black curve corresponds to bare AA2024-T3 with no
polymer. No activity is seen in this case, consistent with
very sluggish electron transfer at the (mainly) aluminum
oxide surface. The dashed black curve was obtained follow-
ing deposition of less than a full layer (~50 % surface
coverage) of polypyrrole. Here, a quasi-reversible redox
couple appears (E°′00.288 V) that we attribute to ferricya-
nide reduction/oxidation occurring on the deposited poly-
pyrrole. The solid black curve shows the results following
deposition of a full polymer layer. A second couple is now
clearly evident with E°′0−0.068 V, which we attribute to
oxidation/reduction of polypyrrole. These results demon-
strate that ferricyanide is reduced at the Pt SECM tip elec-
trode at potentials less than 0.15 V, while potentials greater
than 0.4 V are required for oxidation of ferrocyanide on
electrodeposited polypyrrole. The substrate should be main-
tained at potentials greater than 0.1 V to maintain polypyr-
role in its oxidized form. In SECM experiments designed to
determine polypyrrole nucleation sites, we have chosen a Pt
tip potential of 0.0 V to reduce ferricyanide, and a poly-
pyrrole/AA2024-T3 substrate potential of 0.6 V to oxidize
ferrocyanide and maintain the oxidized form of the polymer.

Fig. 1 Cyclic voltammograms of 0.01 M K3Fe(CN)6 in 1 M Na2SO4

on various substrates. Black (left y-axis) AA2024-T3 following poten-
tiodynamic polypyrrole electrodeposition of full polymer layer (solid),
partial polymer layer (dashed), no polymer (dotted). Polymer deposi-
tion solution: 0.1 M pyrrole, 0.1 M Tiron, 1 M Na2SO4, and 0.001 M
H2SO4; deposition scan rate, 10 mV/s; CV scan rate, 100 mV/s. Gray
(right y-axis) Pt disk electrode (1.6 mm diameter) at 150 mV/s
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Figure 2 shows the results of combined SECM/EDX
experiments carried out on an 80×80 μm section of
AA2024-T3 to determine both cathodically active Cu-rich
sites on the bare alloy, as well as anodically active poly-
pyrrole following initiation of electrodeposition. The areas
in Fig. 2a and b showing high anodic tip current correspond
to copper sites, most likely AlCuFeMn or Al2CuMg (S-
phase) intermetallic particles. (Figure 2a and b are identical
except for the circles added around the active spots in
Fig. 2b as a common reference for the other images in the
figure.) Regions of rather pure Cu are also known to form on
this dynamic alloy surface, the result of surface preparation
[29] and/or dealloying of S-phase particles in acidic solu-
tion, often with redistribution of Cu across the alloy surface
[30]. The image of Fig. 2a,b was obtained in TG/SC mode
using hydroquinone as the SECM mediator. Our choice of
hydroquinone stems from our interest in the electron transfer
reactions of hydroxybenzene compounds that mediate elec-
trodeposition of polymer (e.g., Tiron) on the alloy surface.
(Tiron proved to be an unsuitable mediator due to the lack of
a steady-state anodic current presumably due to self-
oligomerization [14].) The tip potential in Fig. 2a, b was
held at +1.2 V to oxidize the hydroquinone to benzoquinone

and produce a steady-state current. The substrate was held at
−0.8 V (the open-circuit potential under these conditions), to
reduce benzoquinone back to hydroquinone which may then
be re-oxidized at the tip resulting in positive feedback. The
active areas in Fig. 2a, b represent areas of high cathodic
substrate activity and correspond very well to the bright
areas of the Cu EDX map shown in Fig. 2c, consistent with
our previous conclusion that cathodically active sites on
AA2024-T3 represent Cu-rich inclusions in the alloy [14].

Following the acquisition of the image in Fig. 2a, b, the
tip was raised and the hydroquinone solution was removed
from the cell. The cell was rinsed several times with DI
water and a deposition solution of 0.1 M pyrrole, 0.1 M
Tiron, 1.0 M Na2SO4, and 0.001 M H2SO4 was added to the
cell. While visually monitoring the substrate with the video
camera, the substrate potential was increased at 10 mV/s
from 0.0 V until polymer nucleation was visible (0.817 V),
at which point the potential sweep was terminated. The
deposition solution was then rinsed from the cell and
replaced with 0.01 M K3Fe(CN)6 in 1.0 M Na2SO4. The
SECM tip was lowered back toward the substrate and the
same 80×80 μm area was imaged again using the parame-
ters described above for determination of polymer sites, the

Fig. 2 a SECM image of AA2024-T3 obtained with a 10 μm Pt probe
electrode in 0.01 M hydroquinone, 1 M Na2SO4, 0.001 M H2SO4. E
(tip)0+1.2 V; E(substrate)0−0.8 V. b Same as a but with copper-rich
areas indicated for common reference. c Copper EDX map of same
80×80 μm area shown in a and b. d SECM image of the same 80×

80 μm area after electrodeposition of small amount of polypyrrole.
Solution: 0.01 M K3Fe(CN)6, 1 M Na2SO4. E(tip)00.0 V, E(sub-
strate)0+0.6 V. e Same as d but with reference points included from
image b. f Carbon EDX map of same 80×80 μm area shown in other
images
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results of which are shown in Fig. 2d, e. Several areas of
enhanced cathodic tip current are visible, attributable to sites
of polymer nucleation. Positive correlation is seen between
these areas and the carbon-rich areas shown in the EDX map
of Fig. 2f. The edge of a particularly large area of deposition
is clearly evident in the lower left-hand corner of both the
SECM and EDX images. It is clear that the polymer nucle-
ates on the aluminum matrix and not on the copper-rich
areas. Polymer nucleation is seen adjacent to the copper
particle indicated at point 2, and polymer growth can be
seen encircling the copper particles indicated at points 3 and
6. Copper spots 4 and 5 and to a lesser extent spots 3 and 6
in Fig. 2b exhibit the lowest anodic activity in Fig. 2e.

Video microscopy of electrodeposition on a model alloy To
further examine the role of copper-rich inclusions in the
electrodeposition process, video microscopy experiments
were carried out using the model alloy described in the
experimental section above (a pure Al substrate with an
embedded Cu wire). Voltammetric data and selected images
from the potentiodynamic deposition of polypyrrole onto
this model alloy from a deposition solution containing pyr-
role, Tiron, sodium sulfate, and sulfuric acid are shown in
Fig. 3. Image A, obtained at 0.0 V, shows the bare aluminum
matrix with the lower half of the copper dot (wire) visible at
the top of the image. The linear sweep voltammogram
shows a large anodic peak with current onset just above
0 V. Image B shows a darkened copper dot at ca. 0.55 V,
indicating that the first peak in the voltammogram results
from oxidation of the copper and its subsequent passivation.
Oxides of Cu are not stable under the acidic conditions of
these experiments [31], but passivation due to formation of
nonconducting CuSO4 under acidic conditions is known
[32], a result of CuSO4 supersaturation near the Cu surface
as Cu(II) is released into concentrated sulfate-containing
electrolytes. (Close examination of the movie generated

from this experiment clearly shows a physical transforma-
tion occurring on the Cu surface at potentials between 0.46
and 0.53 V, possibly corresponding to precipitation of
CuSO4 leading to passivation.)

Figure 3 shows a large anodic current increase again at
potentials greater than 0.6 V, corresponding to nucleation
and growth of the polymer. Image C, obtained at 0.81 V,
shows that nucleation occurs over the entire aluminum
matrix, but not on the passivated copper (note: the copper
dot appears lighter in color due to the automatic contrast and
brightness functions of the video camera; the actual appear-
ance of the copper did not change following its oxidation).
The full polymer layer shown at 1.28 V in image D indicates
complete coverage of the aluminum matrix, but no polymer
growth onto the copper—consistent with the SECM results
shown above. This was true in most every trial of this
experiment. Occasionally, polymer nucleation was observed
on the copper surface, but this was very rare. When nucle-
ation did occur on the copper, the number of nucleation sites
was small, and almost no polymer growth occurred at these
sites. Also on rare occasions, polymer growth was observed
extending from the aluminum matrix over the outer edges of
the copper.

The polymer nucleation and growth shown in Fig. 3c, d
appeared to occur simultaneously over the entire aluminum
matrix, even adjacent to the Cu dot. Under different con-
ditions, however, nucleation was observed to occur prefer-
entially at sites some distance away from the copper, with
directional growth back toward the copper. This behavior
can be seen quite clearly in Fig. 4, where the 1 M Na2SO4

and 0.001 M H2SO4 in the deposition solution were
replaced by 1 M NaNO3. The voltammogram in Fig. 4
shows marked differences to that of Fig. 3. Copper oxida-
tion once again commences at 0.10 V; however, there is no
isolated oxidation peak (i.e., no passivation) as in Fig. 3, and
oxidation continues over a much larger potential range.

Fig. 3 Left Potentiodynamic electrodeposition voltammogram for pol-
ypyrrole on the model alloy (pure Al substrate with embedded 1-mm
diameter copper wire). Deposition solution: 0.1 M pyrrole, 0.1 M
Tiron, 1 M Na2SO4, 0.001 M H2SO4. Sweep rate, 10 mV/s. Right

selected video microscopy images showing substrate during various
stages of deposition. Images correspond to the indicated points on the
voltammogram
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Further observations have shown the presence of the isolat-
ed oxidation peak to be dependent on the sulfate concentra-
tion in the deposition solution. It is always present with 1 M
Na2SO4, but not when the concentration drops to 0.1 M.

Figure 4 shows an increase in the slope of the anodic
current at 0.60 V, signaling the beginning of electrodeposi-
tion and causing the potentiostat to quickly reach its current
limit due to simultaneous mediated electrodeposition and
copper oxidation. (This current limit is never observed with
1 M Na2SO4 present in the deposition solution since the
copper is passivated by 0.60 V.) Images C and D show that
polymer deposition follows an inward path toward the cop-
per dot, and when the deposition is stopped at 1.5 V (image
D) a small ring of bare aluminum is still visible surrounding
the copper (again, despite the apparent change in appearance
of the copper surface from image B to image C, the actual
appearance was unchanged). Image C also shows a small
portion of uncoated aluminum in the bottom right-hand
corner, which is a portion of the substrate covered by the
tape used to seal the sample in the cell; image D indicates
that polymer growth extends to cover this region by 1.5 V.

The inward directional growth clearly observed with
NO3

− as the electrolyte in Fig. 4 was sometimes observed
with SO4

2− as well, although it was typically subtle and
could only be seen during video playback by slowly scan-
ning the individual images through a very small potential
range. No indication of directional growth was ever ob-
served when the experiments were repeated using a pure
aluminum substrate (with no embedded copper wire), indi-
cating that this phenomena is related to the presence of the
copper within the aluminum matrix. We speculate that di-
rectional growth of polypyrrole in the absence of sulfate is
the result of Cu(II) release from the copper dot, either from
direct oxidation or from dissolution of an unstable oxide
layer, the Cu(II) then diffusing radially outward from the
copper dot. Since Tiron is a good complexing agent for a

number of divalent and trivalent metal ions including Cu(II)
[33, 34], its complexation with Cu(II) would effectively shut
down the mediation mechanism within the diffusion field of
the Cu(II), resulting in no deposition within this region. In
the presence of a high sulfate concentration, however, these
copper ions instead react to form CuSO4, leaving the Tiron
free for mediation of the polymer oxidation. Further support
for this mechanism is the observation that, for galvanostatic
electrodeposition at 1 mA/cm2 (ca. 0.5 V), addition of the
strong complexing ligand EDTA leads to polymer deposi-
tion right up to the edge of the copper dot (i.e., eliminates
the directional growth on the Al matrix), presumably due to
EDTA’s stronger binding affinity for Cu(II), thereby releas-
ing the Tiron and enabling the mediation mechanism.

To conclude, we suggest that passivation of Cu-rich sites
on AA2024-T3 under conditions of high sulfate concentra-
tion (1 M) inhibits electron transfer activity at these sites,
preventing polymer nucleation and deposition on the Cu
sites. In the absence of Cu site passivation (at low sulfate
concentration or in the absence of sulfate), continuous Cu
ion release during polymer deposition would inhibit poly-
mer nucleation on and near the Cu sites due to complexation
of the mediator. Lateral (2D) growth of polymer would then
be required to cover such areas.

Conclusions

While the copper-rich inclusions of AA2024-T3 demon-
strate the highest electrochemical activity prior to electrode-
position of polymer, these sites do not maintain this activity
during the electrodeposition process. Prior to deposition
when the substrate is at the open-circuit potential, these sites
are maintained in their active (non-oxidized) state. Upon
application of a substrate potential sufficiently positive to

Fig. 4 Left Potentiodynamic electrodeposition voltammogram for pol-
ypyrrole on the model alloy. Deposition solution: 0.1 M pyrrole, 0.1 M
Tiron, 1 M NaNO3. Sweep rate, 10 mV/s. Right selected video

microscopy images showing substrate during various stages of depo-
sition. Images correspond to the indicated points on the voltammogram
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initiate polymer nucleation and growth, these sites either
passivate (e.g., at high concentration of sulfate) or undergo
dissolution and release Cu ions that complex the mediator
(Tiron) and thereby inhibit its oxidation and the mediation
mechanism. Nucleation, therefore, is limited to sites on the
aluminum matrix. Continued electrodeposition promotes
lateral growth of the polymer from these nucleation sites
and results in complete coverage of the substrate. These
nucleation sites are most likely limited in number, although
continued growth of the conducting polymer effectively
increases the size of the active electrode for mediator oxi-
dation and further deposition. At present, we do not know
the nature of these nucleation sites on the aluminum matrix.
Previous work from other laboratories [35, 36] as well as
our own [14] has shown that both cathodically and anodi-
cally active sites can be identified on pure aluminum with
SECM, and these sites have been attributed to structural
and/or electronic defects in the native oxide. We speculate
that these defect sites may be responsible for initiating
nucleation of electrodeposited polymer, and experimental
evidence establishing such a relationship is a goal of current
work in our laboratory.
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