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Abstract We have recently described the direct electro-
deposition of polypyrrole on aluminum alloy 2024-T3
using electron transfer mediation. While studying the
nucleation and growth phases of this deposition process
using atomic force microscopy, we observed the for-
mation of unusual polypyrrole structures. These struc-
tures formed only at low current density (10–100 lA/
cm2), only in the presence of the mediator (4,5-dihydr-
oxy-1,3-benzenedisulfonic acid disodium salt), and only
in cells employing a small-area counter electrode (rela-
tive to the working electrode area). In this report, we
present some of these interesting polypyrrole structures
and the conditions of their formation.
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mediation Æ Polypyrrole structures

Introduction

Our group has been exploring various conjugated
polymers (such as polyaniline, polypyrrole, and poly-
thiophene) for use as corrosion control coatings, par-
ticularly for aluminum alloys [1, 2, 3, 4, 5]. One factor
that limits the application of conjugated polymers (CPs)
as corrosion control coatings is the difficulty in casting
such polymers as films or coatings, since most conju-
gated polymers are insoluble in environmentally friendly
solvents unless suitably derivatized. The direct electro-
deposition of CPs onto aluminum and its alloys is

generally not feasible owing to the positive potentials
required for polymerization, potentials at which the
metal oxidizes (corrodes) and an adherent, continuous
film is difficult to achieve.

We have developed an approach that uses electron
transfer mediation to reduce the deposition potential of
polypyrrole (Ppy) on aluminum and aluminum alloy by
nearly 500 mV, permitting film deposition from aqueous
solution with nearly 100% current efficiency [6, 7, 8].
The mediator used most often in this work is 4,5-
dihydroxy-1,3-benzenedisulfonate, or Tiron, which can
also serve as the dopant or counter ion in the polymer,
but other mediators appear promising [8]. Galvanostatic
electrodeposition of Ppy in the presence of Tiron leads
to uniform, adherent, conducting, electroactive films.

In an attempt to better understand the role of Tiron
in the mediation process, we undertook electrochemical
atomic force microscopy (ECAFM) studies. The AFM
images in combination with the potential–time curves
obtained during galvanostatic electrodeposition of Ppy
at 0.5 mA/cm2 indicated that Tiron mediated both the
initial nucleation event (initial Ppy deposition on the Al/
Al2O3 surface) and the film growth stage (Ppy deposition
on Ppy) [6, 9]. Many more nucleation sites were
observed in the presence of Tiron than in control
experiments where Tiron was replaced by sodium p-
toluenesulfonate (pTS) [9]. Furthermore, the maximum
potential reached in the presence of Tiron during both
the nucleation stage and the film growth stage was sev-
eral hundred millivolts less positive than that observed
in the control experiments (with pTS) [6].

The ECAFM experiments described previously [9]
were conducted at a constant current of 0.5 mA/cm2 to
approximate the conditions under which we typically
grow the Ppy films [6, 7, 8]. To slow down the deposition
process in order to obtain better images of the very
earliest stages of deposition, more recent experiments
described here were performed at current densities in the
range 10–100 lA/cm2. It was under these low current
conditions that we first observed unusual polymer
structures. In this paper, we describe the influence of
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current density, electrolyte, electrochemical cell geome-
try, and pH on the morphology of the deposited poly-
mer structures.

Experimental

Materials

Pyrrole (Aldrich Chemical Company, Inc) was freshly distilled
under reduced pressure. Tiron (Aldrich) or pTS was used as sup-
porting electrolyte and Milli-Q water was used as solvent. The
electrodes were Al 2024-T3 (Q-Panel) and were prepared for elec-
trodeposition by dry-polishing to 1500 grit followed by rinsing with
hexane. All chemical reagents used were analytical grade.

Atomic force microscopy

A Nanoscope III scanning probe microscope (Digital Instruments,
Santa Barbara, Calif.) with a J scanner (125 lm cantilever with a
maximum scan size of 153 lm) was used for all AFM and ECAFM
experiments. The imaging was performed in the contact mode. The
optical micrographs were captured from the video microscope unit
of the AFM.

Scanning electron microscopy and energy dispersive spectroscopy

Scanning electron microscopy (SEM) was performed using a JEOL
JSM 6300 scanning electron microscope (JEOL, Boston, Mass.).
Samples were mounted on aluminum stubs with silver glue. The
specimens were coated with gold-palladium in a Balzers SCD-030
sputter coater. The microscope was operated at 10)7 Torr and
15 kV. Elemental analysis was obtained by energy dispersive X-ray
spectroscopy (EDS) via a ThermoNoran EDS detector.

Electrodeposition

Electrodeposition solutions typically contained 0.1 M pyrrole and
either 0.1 M Tiron or 0.1 M pTS at pH 3 (adjusted with dilute
sulfuric acid), unless noted otherwise. Electrodepositions were
performed in two different cells. For electrodepositions performed
in situ while imaging by AFM, the standard three-electrode elec-
trochemical cell supplied for the Nanoscope III was used (Digital
Instruments), with a cell volume of approximately 0.055 cm3.
A disk of Al 2024-T3 having an exposed area of 1.77 cm2 served as
the working electrode, a platinum wire (length 0.25 cm, diameter
94 lm) as the counter electrode, and a silver wire (diameter

141 lm) as the reference electrode. These ECAFM experiments
were performed in the galvanostatic mode and the potential was
monitored throughout the deposition.

The ECAFM cell described above is poorly designed for elec-
trodeposition, a consequence of the mismatch in working and
counter electrode areas (the working electrode is much larger) and
the placement of electrodes within the cell (the wire counter elec-
trode is off to one side of the working electrode). In order to
ascertain the influence of this unfavorable cell geometry on the
observed results, electrodepositions were also performed in a large-
volume (ca. 100 cm3) three-electrode cell using an EG & G model
273A potentiostat/galvanostat (EG & G Princeton Applied
Research). This cell included an Al 2024-T3 working electrode
(3-cm·3-cm plate) and a saturated Ag/AgCl reference electrode.
Either a platinum wire (length 4 cm, diameter 94 lm) or a platinum
plate (4-cm·3-cm) was used as the counter electrode. In experi-
ments with this cell, the current density during various electrode-
positions was controlled at values ranging from 100 lA/cm2 to
1.2 mA/cm2.

Results and discussion

Polypyrrole films produced by ECAFM at high
current density

First, we note that Ppy films produced in our ECAFM
cell at high current density (>500 lA/cm2) have a
morphology similar to those reported earlier on active
metals such as steel [10] and aluminum [9, 11] and on
noble metals such as platinum and gold [12]. Figure 1
shows SEM and AFM images of an air-dried Ppy film
formed by an 8-min Tiron-mediated electrodeposition
(in the ECAFM cell) on Al 2024-T3 at a current density
of 750 lA/cm2. The film exhibits the usual nodular or
cauliflower-like morphology. Closer inspection reveals
that the larger nodules are built from sphere-like nano-
particles, the diameters of which are 100–200 nm [13].
When Tiron (a mediator) was replaced by pTS (a non-
mediator), electrodeposition of Ppy was slow and patchy
and occurred at more positive potentials. The Ppy that
did deposit under these conditions exhibited the nodular
morphology similar to that of Fig. 1.

At current densities greater than 500 lA/cm2, the
mediated Ppy formation/deposition was very fast on
the AFM time scale, and it was very difficult to obtain
in situ images after about 5 min. Some of the rather

Fig. 1 SEM (left) and AFM
(right) images of an air-dried
polypyrrole film formed by an
8-min Tiron-mediated
electrodeposition in the
ECAFM cell on Al 2024-T3 at a
current density of 750 lA/cm2.
The deposition solution
contained 0.1 M pyrrole and
0.1 M Tiron at pH 3
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opaque polymerization products (oligomers and poly-
mers) remained suspended in the solution and dispersed
throughout the electrochemical cell (as observed with
the video microscope), interfering with the AFM laser
signal and increasing the imaging noise. Thus, the 8-min
image of Fig. 1 was obtained ex situ (in air) after the
deposited polymer was rinsed and dried. We also note
here that Ppy electrodepositions performed in larger
volume cells with optimized (i.e., parallel) placement of
working and counter electrodes did not result in signif-
icant formation of suspended polymer/oligomer material
[6]. We conclude that the unfavorable ECAFM cell
geometry (with its high ratio of working electrode area
to volume and a poor electrode arrangement) was
responsible for such differences in deposition behavior at
high current density.

Polypyrrole structures produced by ECAFM at low
current density

To obtain better time-resolved AFM images and to
circumvent the laser signal problem described above, the
Ppy formation/deposition rate was reduced by employ-
ing a lower deposition current. At a current density of
50 lA/cm2, images could be acquired for up to 60 min,
after which time the reflected laser signal became ob-
scured by suspended polymer products in solution. The
in situ AFM image acquired after a 55-min deposition at
50 lA/cm2 revealed numerous very small nodules of
deposited Ppy on the alloy surface (Ppy deposition was
also confirmed by visual observation using the video
microscope). However, when these samples were rinsed
in Milli-Q water, air-dried for 48 h and then imaged in
air (the same procedure used for ex situ AFM imaging in
the preceding section), interesting fiber-like structures
were observed (Fig. 2). The existence of the fibers was
confirmed in SEM images (also Fig. 2). These fiber-like
structures were not observed in the high current density
images of the preceding section, nor were they observed
when Tiron was replaced by pTS (in fact, no polymer
formation at all was observed with pTS at current den-
sities below 100 lA/cm2). The in situ observation of

these fiber-like structures by AFM was likely mitigated
by their ability to be moved about by the AFM tip
during contact mode imaging. Only after the sample was
rinsed and dried were the fibers sufficiently anchored to
the surface to permit AFM imaging. In many cases the
fibers appeared to be suspended at varying heights above
the substrate surface (Fig. 2). From SEM images, it was
estimated that approximately 90% of the sample area
was covered by fibers.

The fibers appear to form more or less radially from a
nucleation site, as shown in the SEM image of Fig. 3.
The high-resolution AFM image of the fibers in Fig. 3
reveals that they possess a very smooth surface texture,
perhaps suggesting a crystalline form of the polymer.
Under an optical microscope, these fibers exhibited the
dark blue-black appearance characteristic of polypyr-
role.

To verify that the fibers were indeed polymer, energy
dispersive X-ray spectroscopy (EDS) was performed to
obtain their elemental composition. Four analyses were
performed on selected fibers, and four analyses were
performed on the underlying surface. Of particular
interest here are the results for carbon, oxygen, nitrogen,
sulfur, aluminum, and copper, summarized in Table 1.
First we note that the C, N, and S percentages of the
fibers are consistent with Tiron-doped Ppy. The off-fiber
results show significantly lower C and N, higher Al, O
and Cu, and similar S, consistent with a surface of alu-
minum alloy and its oxide, partially covered by very
small nodules of Ppy as described earlier in this section.
The similar sulfur content may also reflect the propen-
sity of 1,2-dihydroxybenzene compounds such as Tiron
to adsorb onto aluminum alloy surfaces [8].

Two additional control experiments were performed
at low current density to dispel our concerns that the
observed fiber structures might somehow be artifacts of
the sample preparation and/or imaging procedures. In
one control experiment, the exact same procedure as
described above was performed, except that pyrrole was
omitted from the electrodeposition solution. Current at
50 lA/cm2 was passed for various lengths of time (up to
120 min) and the samples were prepared for SEM and ex
situ AFM imaging exactly as before. Neither the nodular

Fig. 2 SEM (left) and AFM
(right) images of air-dried
polypyrrole fiber-like structures
formed by a 55-min Tiron-
mediated electrodeposition in
the ECAFM cell on Al 2024-T3
at a current density of 50 lA/
cm2. The deposition solution
contained 0.1 M pyrrole and
0.1 M Tiron at pH 3
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nor the fiber structures were observed in this control
experiment. In the other control experiment, pTS re-
placed Tiron, all other conditions remaining the same.
Here again, neither nodular nor fiber structures could be
detected for applied current densities of 50 lA/cm2 and
100 lA/cm2. Only at ca. 1 mA/cm2 and above could Ppy
deposition be observed in a reasonable time (under 1 h),
and the rinsed and air-dried deposit exhibited a nodular
structure similar to that of Fig. 1. We conclude that
application of low current density (i.e., a slow poly-
merization rate) combined with electron transfer medi-
ation by Tiron are necessary for the formation of the
Ppy fiber-like structures. Additionally, the very non-
uniform current distribution which most certainly exists
in the ECAFM cell may also play a role in the formation
of these unusual structures. Furthermore, the small
volume of the ECAFM cell (or more specifically, the
small ratio of cell volume to working electrode area)
used in these experiments almost certainly leads to a pH
decrease during polymerization, and such effects may
influence the morphology of the deposition.

Polymer structures produced in a large-volume cell
at low current density

In an attempt to assess the influence of the unfavorable
electrode arrangement (and resulting non-uniform cur-
rent distribution) of the ECAFM cell on the electrode-
posited Ppy structures described in the preceding
section, similar low current density experiments were
conducted in a large-volume (ca. 100 cm3) three-elec-
trode cell. It should be noted, however, that the larger
ratio of cell volume to working electrode area in these
experiments will also reduce any effects due to depletion
of monomer and decrease in pH that accompanies the
electrodeposition (i.e., such effects would be of greater
consequence in the ECAFM cell). Initial experiments
were performed with a small Pt wire counter electrode to
approximate the ratio of working electrode area to
counter electrode area of the ECAFM cell. At a current
density of 50 lA/cm2, only very slow deposition of
nodular Ppy occurred. No fiber-like Ppy structures
could be detected. Thus, the fiber structures observed in
the ECAFM cell is likely a consequence of the small
volume cell and its far from optimum electrode
arrangement.

However, during the course of these experiments, we
did observe the interesting formation of tubular or vase-
like structures of Ppy at higher deposition current and
after long electrolysis times. For example, Fig. 4 shows
SEM images of polypyrrole structures formed by Tiron-

Table 1 Average atom percent of the various elements on-fiber and
off-fiber

Location C O N S Al Cu

On-fiber 61±1 11±1 10±1 11.1±0.4 6.3±0.5 0.03±0.05
Off-fiber 28±2 29±2 2.6±0.5 12±1 12.9±0.5 2.4±1.0

Fig. 3 SEM (left) and AFM
(right) images of air-dried
polypyrrole fiber-like structures
formed by a 55-min Tiron-
mediated electrodeposition in
the ECAFM cell on Al 2024-T3
at a current density of 50 lA/
cm2. The deposition solution
contained 0.1 M pyrrole and
0.1 M Tiron at pH 3

Fig. 4 SEM images of
polypyrrole structures formed
by a 3-h Tiron-mediated
electrodeposition on Al 2024-
T3 in the large-volume cell at a
current density of 200 lA/cm2.
The deposition solution
contained 0.1 M pyrrole and
0.1 M Tiron at pH 3 (left) and
at pH 2 (right)
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mediated electrodeposition on Al 2024-T3 in the large-
volume cell at a current density of 200 lA/cm2. The
deposition solution contained 0.1 M pyrrole and 0.1 M
Tiron at pH 3 (the left micrograph) and at pH 2 (the
right micrograph). These structures are similar to those
reported by Qu and co-workers [14, 15], although the
conditions of formation in our work are rather different
from theirs. Their work was conducted at rather high
pyrrole concentration (typically 0.5 M) in the presence
of a comparable concentration of surfactant (e.g.,
b-naphthalenesulfonic acid or sodium dodecylbenzene-
sulfonate) under either cyclic voltammetric scanning or
controlled potential electrolysis. By varying experimen-
tal conditions, Qu and co-workers could generate a
variety of structural shapes (including plates, bowls,
cups, and vases), all resting on an underlying Ppy film
[15].

The tubular structures observed in our work also
grew from an underlying Ppy film of nodular morphol-
ogy as determined by SEM (Fig. 5, left micrograph) in
combination with EDS (results not shown). Visually,
this underlying film was very non-uniform, certainly a
consequence of non-uniform current distribution in the
cell resulting from the use of a Pt microwire counter
electrode. On average, our tubular structures appear
somewhat larger in size and also somewhat more vari-
able in size and shape than those reported by Qu et al.
For example, the larger tubular structures in Fig. 4 (left
micrograph) have a height of ca. 1400 lm and a diam-
eter ca. 400 lm. The largest structures observed by Qu
et al. were about one-third this size [15]. The size and
geometry of our structures seem to be somewhat sensi-
tive to small variations in the experimental conditions.

We believe the formation mechanism of the tubular
structures observed in our work to be similar to that
described by Qu et al. [14, 15]. They proposed a ‘‘soap
bubble’’ mechanism, whereby the Ppy structures were

templated by surfactant-stabilized gas bubbles generated
by the catalyzed decomposition of water on the under-
lying Ppy film. Indeed, gas bubbles were observed during
our electrolysis experiments, both on the underlying Ppy
film and at the tips of the tubular structures. However,
Tiron is not expected to be as good a surfactant as those
used in the work of Qu et al., since polar groups are
rather uniformly distributed around the benzene ring of
Tiron. This may explain both the larger size and the
variability of the structures we observe. A good surfac-
tant might promote formation of small, uniform, stabi-
lized ‘‘soap bubbles’’ which form smaller, more uniform
templates for Ppy deposition, as observed in the work of
Qu et al. [15].

Qu and co-workers reported that their microstruc-
tures did not form at potentials below 0.8 V (vs. SCE)
using potentiostatic or potentiodynamic techniques.
Interestingly, our structures are formed under galvano-
static conditions where the potential during the growth
stage is ca. 0.52 V vs. Ag/AgCl, consistent with that
reported previously at higher current density [6]. How-
ever, it should be noted that during the nucleation stage,
lasting only a few seconds, the potential transiently
reaches ca. 0.8 V. The higher potential is needed to
initiate the Ppy deposition process, but a significantly
lower potential will sustain Ppy film/structure growth.

Control experiments were conducted in which pTS
replaced Tiron, all other conditions remaining the same.
No Ppy deposition was observed for low current densi-
ties (<500 lA/cm2) over the pH range 2–4. Ppy depo-
sition occurred within a reasonable time interval only at
a current density above ca. 800 lA/cm2, in which case
the deposited polymer exhibited only the nodular
structure. No tubular structures were observed. As we
reported previously, Ppy deposition on Al 2024-T3 in
the absence of Tiron occurs at potentials several hun-
dreds of millivolts more positive and is accompanied by
substrate oxidation [6].

Another set of control experiments were conducted in
which the Pt microwire counter electrode was replaced
by a 4-cm·3-cm Pt plate arranged parallel to the
working electrode, a more desirable electrode geometry
for electrodepositions. Galvanostatic electrodeposition
of Ppy at a current density of 200 lA/cm2 from solu-
tions containing 0.1 M pyrrole and 0.1 M Tiron at pH 3
led only to nodular-type Ppy films (Fig. 5), with no

Fig. 5 SEM images of nodular polypyrrole structures formed by
Tiron-mediated electrodeposition on Al 2024-T3 in the large-
volume cell at a current density of 200 lA/cm2. The deposition
solution contained 0.1 M pyrrole and 0.1 M Tiron at pH 3. Left:
Ppy film underlying the tubular structures formed with a Pt wire
counter electrode. Right: only nodular Ppy was observed with a
large counter electrode (Pt plate, 4-cm·3-cm). The figure on the
right is at somewhat larger magnification (note length scales)
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formation of tubular structures. The potential during
film growth was ca. 0.49 V, comparable to that observed
with the Pt microwire counter electrode (0.52 V), but
little or no gas bubble formation was observed with
the Pt plate counter electrode. Nodular films were also
obtained at higher current densities (to 1200 lA/cm2).
We conclude that non-uniform current density (and
potential) distribution across the substrate surface plays
a role in the formation of the tubular structures.

Conclusions

The question remains as to whether there is any rela-
tionship between the fiber-like structures observed in the
ECAFM cell and the tubular structures observed in the
large-volume cell. Conditions common to both obser-
vations are low current density, the presence of Tiron,
and non-uniform current density. Otherwise, it is not
clear that there is any relationship between the two types
of structures. The star-burst type object in the SEM of
Fig. 3 (left image) may be related to the tubular struc-
tures observed, for example, in Fig. 6. Both have overall
widths on the order of a couple of hundred micrometers,
and both have linear features associated with their
morphology. A high magnification image of the side of
one of the tubular structures is shown in Fig. 6. The
walls of the tubular structure are composed of parallel
fiber-like strands with a nodular sub-structure. The
width of these strands is comparable to that of the fibers
observed in the ECAFM cell, though clearly the sub-
structure is different.

Interestingly, one-dimensional growth of Ppy with a–
a¢ coupling has been proposed at current densities below
ca. 300 lA/cm2, whereas two-dimensional growth with
a–b¢ coupling has been suggested for current densities
above that value [13, 16, 17]. This cross-over current
density of 300 lA/cm2 is very close to the current density

noted in our work, below which formation of fiber and
tubular structures having one-dimensional character are
favored. Further work is needed to elucidate the mech-
anism(s) of formation of these interesting structures.
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