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ABSTRACT: Microfiltration membranes were utilized as a template for the preparation
of polypyrrole films at the air/water interface. Unlike the formation of polypyrrole
tubules (or fibrils) when the membranes are soaked in polymerization media, chemical
polymerization on the membrane at the interface resulted in the film formation on the
membrane surface in contact with polymerization media, without remaining open
micropores. Investigations of electrochemical responses with anthraquinone-2-sulfo-
nate and Fe(CN)6

4� on fully reduced or oxidized polypyrrole as well as studies of
conductivity changes with polypyrrole deposition were carried out to confirm this
behavior. Complete coverage of one side of a microfiltration membrane with a polypyr-
role layer, remaining micropore walls, and the other side of a membrane intact, could
be useful in various applications because it allows further electrochemical treatment/
measurements utilizing these open micropores straightforward. © 2002 Wiley Periodicals,
Inc. J Appl Polym Sci 85: 514–518, 2002
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INTRODUCTION

Preparations of micro(nano)tubules and fibrils of
various metals1–3 and conducting polymers4,5 has
attracted considerable attention due to their po-
tential applications in the area of physics, elec-
tronics, and materials science.6 A wide variety of
approaches have been attempted using porous
materials as a template such as filter paper,7

ion exchange membranes,8 nylon fabrics,9 zeo-
lite,10 alumina,11 and polycarbonate (PC) mem-
branes.12–14 Utilizing PC membranes, Martin et
al. have proposed a method to make the nanoelec-
trode ensembles by silanizing the pore wall and
chemically depositing Au.13 They have also shown

that the tubules capped by polypyrrole can be
used to load enzymes for the preparation of an
enzymatic bioreactor.14

In addition to Au-coated PC membranes, con-
ducting polymer films such as polypyrrole (PP),
polythiophene, and polyaniline can also be used
because they are directly synthesized on mem-
branes. The reason for the nucleation and growth
of the polymers is mainly due to solvophobic in-
teraction of the polymer and the PC surface. It
has been disclosed that the polymer preferentially
deposits on the pore walls15 and the thickness
depends on the polymerization time. These poly-
pyrrole tubules can ultimately close up to form
solid fibrils.16

In this artricle, we describe a new PP deposi-
tion method on PC membranes, in which the dep-
osition is limited to one surface of a membrane
and does not occur on the other surface or micro-
pore walls. The conductivity and electrochemical
studies as well as scanning electron microscopic
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images clearly showed the formation of PP films
that completely covered one side of a membrane.
This method is distinct from PP-coated mem-
branes made by immersion in the polymerization
medium, which usually results in the formation of
PP microtubules. The PP-coated membranes ad-
dressed here might be utilized for various appli-
cations such as the deposition of other conducting
polymers in the open micropores by a second elec-
trochemical deposition.

EXPERIMENTAL

Pyrrole was passed over aluminum oxide until
colorless before use. Sodium chloride, sodium an-
thraquinone-2-sulfonate, K4[Fe(CN)6] (Aldrich),
FeCl3 (Oriental Chem. Ind., Korea), and HCl
(Duksan, Korea) were used as received. Water
was double distilled, having a resistance of 18 M�
cm or higher. Polycarbonate (PC) membranes
(Nuclepore) with a nominal pore diameter of 1 �m
and maximum pore density of 6 � 108/cm2 were
used as a template.

Oxidative chemical deposition of polypyrrole
was carried out by placing PC membranes with a
shiny face down on the surface of 1 mL aqueous
solutions containing 0.15 M pyrrole and 1 M HCl,
and subsequently flowing 1 mL solutions of 0.1 M
FeCl3 down along the wall. It should be men-
tioned that, although PP can be deposited either
side, the film formed on the shiny side of a mem-
brane is more homogeneous. In addition, because
pyrrole dissolves the PC membrane, pyrrole con-
centrations should be maintained at lower than
0.15 M. For a comparative study, PP-coated mem-
branes were also prepared by immersing mem-
branes in pyrrole/HCl solutions and simply pour-
ing FeCl3 solutions to deposit PP on inner-pore
walls as well as both sides of membranes, leading
to the formation of PP microtubules.

After thorough washing and drying, the shiny
face of a PP-coated membrane was affixed to and
completely covered by adhesive Al foil tape (All-
Foils Inc.). This was placed on a smooth Teflon
plate, for the Al tape-treated face of a membrane
to face on this plate. On top of it, the other Teflon
plate with an opening of 0.71 cm2, which allowed
us to perform electrochemical measurements, was
positioned and two Teflon plates were tightened
up with screws. Therefore, the rough face of a
membrane was always exposed to electrolyte so-
lutions. The electrochemical experiments were
performed using the BAS CV-50W with a conven-

tional three-electrode configuration. Ag/AgCl and
Pt were utilized as reference and counter elec-
trodes, respectively.

RESULTS AND DISCUSSION

During oxidative chemical polymerization of pyr-
role, conductivity changes were examined for both
faces of PC membranes by a conventional four-
probe method. Figure 1 shows the changes of the
surface conductivity with time when PP is syn-
thesized on a membrane residing at the air/water
interface. Although visual appearances of a mem-
brane turn to gray within 5 min, no continuous
PP phase is likely to be formed because the con-
ductivity of either face is negligibly small. The
conductivity of the shiny face, however, is
abruptly increased to ca. 1.5 S/cm in between 5
and 30 min, and followed by a slight rise for a long
period of time. On the other hand, the increase of
the conductivity of the rough face that was ex-
posed to air is relatively negligible, and remains
at a much lower value than those of the shiny
face. In case PP tubules are formed on micro-
porous walls and reach the rough surface of a
membrane, conductivity values are expected to be
similar to those of the shiny face. Therefore, the
conductivity differences shown in Figure 1 imply
that PP deposition is restricted on a membrane
face in contact with a polymerization medium and
the formation of tubules is not likely to occur.

Figure 1 Conductivity changes of (A) shiny and (B)
rough faces with polymerization times. The surface
conductivity was measured by a conventional four-
probe method.
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To confirm the complete coverage of PP, the
electrochemical responses of PP-coated mem-
branes were investigated using anthraquinone-2-
sulfonate (AQS) as a probe. Figure 2 shows cyclic
voltammograms of PP-coated membranes pre-
pared at various deposition times in an aqueous
solution containing 5 mM AQS and 0.1 M NaCl.
Because PP is in an insulating state at a potential
window of AQS redox, it is believed that current
responses result from the incomplete coverage of
PP. As shown in Figure 2 (left), lengthening of the
reaction time decreases peak currents and in-
creases peak separations, indicating that electro-
chemically active area is becoming smaller with
time. Electron transfer of AQS is completely
blocked when PP is deposited for 2 h or longer. On
the other hand, PP-coated membranes prepared
by immersing PC membranes in the same poly-
merization media, are not likely to produce PP
films, completely covering the one side of a mem-
brane. Cyclic voltammograms of AQS on PP-
coated membranes prepared at the interface and
in a solution for 2 h were compared in Figure 2
(right). Although Figure 2E shows no current re-
sponse of AQS redox, peak currents of Figure 2F
is quite similar to those on a PP-free membrane
shown in Figure 2A. Lengthening the PP deposi-
tion time does not change this behavior, demon-
strating that the direct PP deposition on PC mem-
branes at the air/water interface can be distin-
guished from other PP deposition methods known
up to date.

To elucidate the absence of PP microtubules
within micropores, electrochemical behaviors on
PP-coated membranes were further examined by
maintaining PP in an oxidized state. Fe(CN)6

4�

was utilized as an electrochemical probe. Figure 3
shows cyclic voltammograms performed on (A) a
PP-free membrane and PP-coated membranes
prepared (B) in a solution and (C) at the interface
for 2 h. Peak currents on PP-coated membranes
made in a solution [Fig. 3(B)] are ca. twice higher
than those in Figure 3(A). This is not surprising,
because PP coated on the rough face and pore
walls exists in a conducting state during
Fe(CN)6

4� redox, and can function as a substrate
for electron transfer. On the contrary, similar vol-
tammetric responses were revealed between PP-
free membranes [Fig. 3(A)] and PP-coated mem-
branes prepared at the interface [Fig. 3(C)]. This
result indicates that the formation of tubules,
which should increase electrochemically active
areas, did not occur. Furthermore, because the
comparison of cyclic voltammograms before com-
plete coverage of PP with Figure 3(A) showed no
significant increase of Fe(CN)6

4� redox, the possi-
bility of the fibril formation of appreciable lengths
was excluded.

Chronoamperometric measurements were car-
ried out to compare the electrochemically active
areas that can be related to PP surface areas

Figure 3 Cyclic voltammograms in aqueous solutions
containing 5 mM Fe(CN)6

4� and 0.1 M NaCl at 100
mV/s for (A) a PP-free membrane and PP-coated mem-
branes prepared (B) in a solution and (C) at the inter-
face.

Figure 2 Cyclic voltammograms of PP-coated mem-
branes in aqueous solutions containing 5 mM AQS and
0.1 M NaCl at 100 mV/s. The polymer was deposited on
PC membranes at the air/water interface for (A) 0, (B)
20, (C) 30, (D) 60, and (E) 120 min, and (F) in a solution
for 120 min.
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exposed to the solution containing electroactive
species. Current changes were monitored after
applying a step potential from �500 to 0 mV in a
solution of 5 mM Fe(CN)6

4� and 0.1 M NaCl. As-
suming semi-infinite linear diffusion, the active
areas were figured out to be 0.061, 0.125, and
0.054 cm2 for a PP-free membrane and PP-coated
membranes, in which PP coated in a solution (2-h
deposition) and PP coated at the interface (2 h
deposition), respectively. Again, these values cor-
respond to the cyclic voltammetric result shown
in Figure 3.

Scanning electron microscopic images were ob-
tained for either side of PP-coated membranes
(Fig. 4). The pictures show that, while one side
remains intact, the other is covered by PP com-
pletely.

CONCLUSIONS

PP-coated microporous membranes, in which the
PP deposition is restricted to one face of a mem-
brane, were readily prepared by placing PC mem-
branes at the surface of polymerization media.
PP-coated membranes, prepared at the interface,
were examined by electrochemical and micro-
scopic methods. The fact that such a PP deposi-
tion results in the complete coverage of one face of
membranes without forming microtubules on the
pore walls, makes this approach distinctively dif-
fer from ones made by immersing membranes in

Figure 4 Scanning electron microscopic images of PC
membrane faces (top) exposed to air and (bottom) con-
tacted to polymerization media during chemical depo-
sition of PP for 120 min.

Figure 5 Schematic representation comparing the concept of PP deposition (A) in a
solution and (B) at the interface.
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solutions. A schematic illustration of PP film for-
mation is shown in Figure 5.
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