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ABSTRACT: Polypyrrole (PPy) films were electrodeposited from a pyrrole/sodium salicylate solution in water, through two-
dimensional (2-D) polystyrene (PS) templates self-assembled on various oxidizable metals, after which the template was
removed by dissolution in tetrahydrofuran (THF). The resulting PPy films were analyzed by scanning electron microscopy and
atomic force microscopy. Two-dimensional PPy honeycomb structures are obtained on copper or mild steel by using PS spheres
of various sizes. The morphology of these structures was controlled electrochemically, as an increase in the polymerization charge
does not disturb the PPy honeycomb arrangement, leading instead to the formation of deeper pores accompanied by a change in
their diameter. The hydrophobicity of the reduced micro-structured PPy surface is much greater than that of a bulk PPy film
generated on the same metal. Reversible electro-switching of the wettability was obtained with marked variation of the apparent
contact angle upon PPy oxido-reduction, and an important effect of film micro-structuration upon the wettability range.
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Bl INTRODUCTION

Conducting polymers (CPs) have been extensively studied over
the past 30 years in view of their potential application as
molecular' ™3 plastic electronic devices,*> biosensors,® and
smart surfaces.” > They have been proposed and used as
anti-corrosion coatings' " for metals such as copper,” zinc,"
and iron.'* The various mechanisms of protection against
corrosion in which CPs are involved have been recently
reviewed.">® In one of them, the CP can act as an insulating
layer and physically blocks the access of solvent and oxygen to
the underlying metal.'® In the specific case of polypyrrole
(PPy), protective coatings on iron/ steel,"~"? copper,u’20 Zn,"
as well as on CuZn,”' and AI** alloys have been reported.
Polymer micro/nano-structuration plays an important role in
improving the performance or in extending the functionalities
of CP systems.”> Micro/nano-structured CPs can be synthe-
sized through chemical** or electrochemical routes. Electro-
polymerization allows better control of the quality of the
micro/nano-structured materials obtained (by adjusting the
electrochemical parameters) and is a powerful means for easy
production, in a one-step process, of a multitude of nano- and
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micro-objects (nano-wires, micro-containers, cups, goblets, and
so on).”® Notwithstanding the progress towards the generation
of nano-structured CPs in a single electrochemical step,”® the
use of templates, easily removable after polymer formation, is
still very popular. A simple approach towards the electro-
chemical synthesis of ordered micro-porous/nano-porous CPs
is to electro-polymerize monomers within the interstitial spaces
between closely packed colloidal templates, which are
subsequently removed by using appropriate solvents. Nano-
sphere lithography (NSL) is the most commonly used
technique for this purpose. NSL is a simple, low-cost technique,
known to produce ordered patterns for the subsequent
fabrication of structured devices of variable size.”” Sumida et
al.”® were the first to report the preparation of macro-porous
PPy films electrochemically using NSL on F-doped SnO,-
coated glasses. Shortly afterwards, Bartlett et al.>® described a
general approach for the synthesis of highly ordered macro-
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porous conducting films of PPy, polyaniline, and polybithio-
phene on gold. More recently, micro/nano-structured poly-
(ethylene dioxythiophene) (PEDOT) and even ultrathin
nano-structured or§anic layers generated through the reduction
of diazonium salts”® have been produced via NSL on glassy
carbon, indium tin oxide (ITO), and noble metals. NSL was
used for the electrochemical preparation of nano-porous/
inverse opal CP structures with potential biosensing
applications on gold,”> > glassy carbon, and platinum.”” It
was also employed to electro-synthesize macro-porous/meso-
porous CPs on transparent semi-conductors to generate opto-
electronic devices like Ehotonic crystals,*® organic light-
emitting diodes (OLED), ? and solar cells.***!

NSL is also a convenient way of achieving high surface
roughness, which enhances the hydrophobicity of the CP film,
as was demonstrated by Xu et al. who successfully fabricated
PPy inverse opals with switchable wettability on an ITO-coated
glass substrate.*” As a consequence, it was proposed that the
enhancement of the hydrophobicity of CP structured layers
could lead to an improvement of their anti-fouling or corrosion-
protective properties when deposited on coinage metals.
Indeed, increased hydrophobicity is very desirable in corrosion
protection since it prevents water from being absorbed onto the
coating and corrosive chemicals from diffusing through the
coating. However, to the best of our knowledge, reports on the
corrosion protection studies associated with highly or super-
hydrophobic surfaces using electroactive polymer coatings are
limited®*’ even though a few reports, using nanocasting
techniques for CP deposition, have appeared recently.* In
this context, the micro-structuration of CPs on oxidizable
metals via monomer electro-polymerization within the
interstitial spaces between closely packed colloidal templates
has not been the subject of much attention, and it is only
recently that a first paper describing superhydrophobic
colloidally textured, but poorly ordered, polythiophene, films
as superior anti-corrosion coatings on stainless steel were
reported.*

Here we report a simple, reproducible method for preparing
well ordered, two-dimensional (2-D) PPy honeycomb
structures on several oxidizable metals (copper and mild
steel) using NSL. Close-packed colloidal PS nanospheres were
employed as a template, and pyrrole was electropolymerized
from an aqueous solution of pyrrole/sodium salicylate (SS)
within the interstitial voids of the PS assemblies. The PS
nanospheres were then dissolved by immersion of the modified
electrode in tetrahydrofuran (THF). The modified surfaces
were characterized electrochemically, and their morphology
analyzed by atomic force microscopy (AFM) and scanning
electron microscopy (SEM). Easy control of the nanopore
separation and diameter is achieved by employing PS spheres of
various sizes. Finally, the dynamic wettability of a micro-
structured PPy electrodeposited on a mild steel surface was
investigated, and compared to that of a bulk PPy film prepared
under similar conditions.

B EXPERIMENTAL SECTION

Commercially available reagents were used as received unless
otherwise stated. Pyrrole (Bayer) was distilled before use. Lithium
perchlorate was purchased from Fluka. Sodium salicylate (SS) was
supplied by Sigma. The monodisperse, carboxylate-modified PS
spheres with diameters of 250 and 900 nm were obtained from
Sigma-Aldrich as 10 wt % suspensions in water.

Self-Assembled Colloidal Template Synthesis. Mild steel and
copper substrates were used as substrates for PS template deposition.
The substrates were first polished with 5, 1, and 0.05 ym alumina,
ultrasonicated in analytical grade acetone for S min and dried under
N,. The PS template was then prepared using the vertical deposition
method, that is, the suspension of PS spheres in water (dia. = 250 or
900 nm) was diluted to 0.5 wt.% and a S yL drop was deposited on the
metal surface and allowed to dry. Finally the substrates were heated to
60 °C for 2 h. Before use as working electrode, a precise area (12
mm?) was delimited on the substrate using insulating paste.

Electrochemical Experiments. Electrochemical experiments
were carried out in a single-compartment three-electrode cell using a
CHI 660 potentiostat (CH Instruments). The auxiliary electrode was a
platinum grid, and a saturated calomel electrode (SCE) (3 M KCl),
was used as reference. Py polymerization was carried out from a 0.5
mol L™ monomer/1 mol L™ SS solution, by sweeping the potential
between 0 and 0.8 V vs SCE at a scan rate of 0.05 V s™'. After
electrochemical deposition of PPy, the PS template was removed by
soaking the modified substrates in THF for 48 h.

AFM and SEM Experiments. All AFM experiments were carried
out in tapping mode with a Pico plus (Molecular Imaging) at room
temperature. The Si cantilevers (NCH Scientec) have an average
stiffness, as given by the manufacturer, of about 50 N m™, and a
resonance frequency around 300 kHz. The SEM experiments were
performed with a Zeiss Supra 40 in a 10® Torr vacuum and at an
accelerating voltage of 15 kV.

B RESULTS AND DISCUSSION

Electrosynthesis of Well-Organized Nano-Structured
Films of PPy on Copper and Steel. The 2-D PS template
was prepared via a standard procedure using PS spheres bearing
hydrophilic shells. Suspensions of different sized beads were
tested, and conditions were optimized to obtain on the metal
surface a hexagonal close-packed monolayer of PS beads, on
which to electrodeposit PPy, as shown in Figure 1.

um —— >

Figure 1. SEM images of an array of PS latex particles (dia. 250 nm)
deposited on a copper surface. Inset: zoom of the surface.

The cyclic voltammograms (CVs) corresponding to Py
polymerization on a 250 nm PS colloidal template deposited on
copper, as well as the corresponding characterization after PPy
deposition, are presented in Figure 2 and Supporting
Information, Figure SII, respectively. In spite of the very
large gap between the pyrrole and the metal oxidation
potentials, which thermodynamically should lead to metal
dissolution and not to polymer formation, PPy films were
formed as easily as on a platinum electrode. This result is
explained by the fact that a very thin (around 1S nm),
passivating, composite copper salicylate layer (ZnSac,), formed
prior to pyrrole electro-polymerization, prevents metal
dissolution without inhibiting polymer formation.”® Note that
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Figure 2. CVs in 0.5M Py/1M SS aqueous solution for a copper
surface modified with a template of 250 nm PS nanospheres. v = 50

mV s7L

PPy deposition using salicylate solution is a very eflicient
process already used on various metals.*'**

In the present case, shown in Figure 2, the anodic peak at 0.2
V on the first scan (disappearing upon further cycling) is
associated with the oxidation of Cu and Cu,O to soluble
copper(Il) species and the formation of an ultrathin layer of
surface species such as copper salicylate.””*® This layer inhibits
copper dissolution but still allows the oxidation of Py and
subsequent polymerization.”>*’ Indeed, the presence of an
oxidation current, near 0.6 V, in all the CVs of Figure 2, can be
attributed to Py oxidation and consequent PPy deposition on
the copper surface available at the interstitial voids of the
colloidal template. This clearly indicates that the presence of
the PS particles does not perturb PPy deposition on the copper
electrode. Furthermore, as can be seen from the CVs
corresponding to the characterization of the PPy/PS/Cu
surface (Figure 2 and Supporting Information, Figure SI1),
the copper salicylate layer and the PPy film formed at the PS/
Cu surface protects the copper from further dissolution, that is,
the peak attributed to copper oxidation is absent once PPy has
been deposited on the surface in the first cycle.

Figure 3 shows the SEM and the AFM analysis carried on the
PPy/Cu surfaces after dissolution of the PS nanospheres. Ten
polarization cycles performed on a modified PS/Cu surface, in a
Py/SS aqueous solution, generate, after dissolution of the
nanospheres, a thin well-defined PPy honeycomb structure
displaying pores 100 nm deep and a grating corresponding to
the diameter of the PS sphere used. If the polymerization
charge is decreased, a thinner PPy membrane, about 35 nm
thick, is formed at the copper surface (not shown). These
results suggest that well organized 2-D honeycomb PPy films
on copper can be synthesized via NSL, allowing the generation

of PPy structures with controllable grating size and thickness.
Furthermore, the honeycomb structures generated present a
good adhesion, since no loss of PPy is observed after
electrochemical characterization and after exposing the
substrate to THF.

We have investigated the feasibility of this procedure on
copper, when larger PS beads are used to change the grating of
the micro-structured PPy generated. Figure 4 shows SEM

Figure 4. Scanning electron micrographs of a PPy honeycomb film
generated by electro-polymerization of Py: (a) 10 cycles and (b) 20
cycles (and schemes corresponding to the film modification) from a
solution of 0.5 M Py/1 M SS, in the interstitial voids of a copper
surface covered with a close-packed PS particle (dia. 900 nm),
followed by dissolution. Cycling is performed between —0.2 and 0.8 V
(SCE) at 50 mV s,

images of a Cu/PS surface, prepared using a 900 nm PS bead
template, and modified with 10 (Figure 4a) and 20 (Figure 4b)
polymerization cycles, followed by dissolution of the PS
particles. The images show that a PPy coating displaying an
ordered array of about 900 nm equidistant pores with walls 270
nm thick can be generated on a copper surface when 10
potential cycles are applied at the Cu/PS-modified electrode.
Furthermore, the thickness and pore size of the polymer film
can be adjusted by the charge (i.e, number of cycles) used
during the electrodeposition: as can be observed in Figure 4b,
increasing the polymerization charge leads to a reduction of the
honeycomb wall width of about 100 nm, as a consequence of an
increase in the PPy thickness, which has not yet exceeded the
radius of the PS spheres.

Figure 3. SEM (left), topographic AFM (right) images and cross sections (center) through pores of PPy honeycomb films generated by Py electro-
polymerization using 10 polarization cycles from a solution of 0.5M Py/1M SS, in the interstitial voids of a copper surface covered with a close-

packed PS particle (dia. 250 nm) followed by dissolution.
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Figure S. Scanning electron micrographs of a PPy honeycomb film generated by electro-polymerization of Py: (a) 10 cycles and (b) 40 cycles from a
solution of 0.5 M Py/1 M SS, in the interstitial voids of a mild steel surface covered with a close-packed PS particle (dia. 900 nm), followed by
dissolution. Cycling is performed between —0.2 and 0.8 V (SCE) at 50 mV s,

Many oxidizable metal surfaces can be nano-structured using
NSL and PPy deposition in aqueous salicylate solution. In the
case of steel, honeycomb-structured surfaces can be obtained.
Figure 5 shows steel surfaces modified with PPy structures of
various thicknesses deposited potentio-dynamically from an
aqueous solution of Py/SS through a monolayer of 900 nm PS
nanospheres, after dissolution of the PS nanospheres. In Figure
Sa the amount of polymer formed between the template is not
enough to generate a PPy microporous film after dissolution of
the PS beads, it being just possible to observe the fingerprints
of the beads on the steel surface. An increase in the
polymerization charge makes it possible to generate a nice
PPy honeycomb structure leading to a thicker microporous
polymer film and, therefore, to an increase in the pore depth.
Indeed, a well-defined PPy film is formed at the steel surface
displaying an array of 900 nm equidistant micropores nearly
720 nm in diameter separated by 180 nm-wide PPy walls. An
intermediate polymerization charge leads to a decrease in the
pore diameter along with an increase in wall width from 180 to
210 nm, suggesting that the thickness of the film prepared
under these conditions is again less than the radius of the PS
spheres. In addition, and despite a few defects, the SEM images
show that such nano-structured surfaces can be generated on a
relatively large scale.

Electro-Wettability Measurements. One of the impor-
tant properties of nano/micro-structures is that they may
display very interesting hydrophobic properties.***’ Abdelsa-
lam et al.>° have studied the wetting properties of honeycomb-
structured gold surfaces formed by electrodeposition of gold
through a sub-micrometer template, and have concluded that
when the film thickness increases up to the radius of the
cavities, the apparent contact angle (CA) for water on the
surface increases from 70° (on the flat surface) to more than
130°. Further thickness increase above the radius of the pores
provokes a decrease in wettability back to 70°.

The wettability of a highly organized PPy structure generated
on steel via NSL was thus evaluated and compared with that of
a bulk PPy film grown on the same substrate and under the
same conditions. Figure 6a compares the apparent CA of bulk
and microstructure PPy substrates in their reduced states (i.e.,
after polarization below the threshold reduction potential of the
PPy film). The roughness of the honeycomb structure changes
the hydrophobic/hydrophilic properties of the surfaces
drastically. Indeed, the apparent CA increases from about 18°
to 76° as a result of micro-structuration. This result confirms
those obtained by Abdelasam et al,® and both are in
agreement with the theories of Wenzel* and Cassie.”

a) Neutral state

CA.=18+3 CA.=76+1

Micro-structured

Bulk PPy
PPy

b) Oxidized state

Micro-structured

Bulk PPy PPy

CA.=78+1 C.A.=119+1

¢) C.A. switchable windows
neutral oxidized

76° 119°
PPy

18° 78°

neutral oxidized

0° 180°

Figure 6. Profile of a water drop on a compact (right) and on a micro-
structured (left) PPy film electro-synthesized on steel from a 0.5 M
Py/1 M SS solution in water: (a) neutral state (Eappl. =—0.85 V/SCE);
(b) oxidized state; (c) comparative scheme of the electroactive
wettability of a bulk PPy film and a structured PPy film generated via
NSL on steel from a sodium salicylate solution, as a function of its
redox state.

Furthermore, PPy and polyaniline coatings deposited on
noble metals have been proposed as smart surfaces with
reversible switchable wettability.”” As these PPy films remain
electroactive (see Supporting Information files for CV response
of PPy films on mild steel), and since they passivate and protect
the underlying metal against corrosion, it is still possible to
switch these PPy coatings between their reduced and oxidized
states, despite the fact that they are deposited on mild steel.
Figure 6b shows the apparent CAs on bulk and micro-
structured oxidized PPy films. Bulk PPy film shows hydro-
phobicity in the oxidation state (ca. 78°) whereas this film is
hydrophilic (ca. 18°) in the neutral state. The explanation for
this lies in the immobilization of the large salicylate ion in the
polymer matrix, which promotes the migration of the
hydrophilic Na* into the film during the reduction process
prior to salicylate ion release.>**" This explains the change in

the PPy wettability, from hydrophobic to hydrophilic, ongoing
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from the oxidized to the neutral state. In this way, it is thus
possible to adjust the wettability of the bulk PPY coating
through the potential applied to the surface.

Micro-structured PPy surfaces follow the same trend with a
marked increase in the apparent CA upon oxidation of the
electroactive polymer. As a consequence, the apparent CA
switches from 76° to 119° upon PPy oxidation, and the PPy/
steel substrate develops a marked hydrophobic character when
combining the highly organized honeycomb structure with the
oxidized state of the PPy deposited on the steel surface.

Figure 6¢ summarizes the CA variations observed upon PPy
switching, and it is interesting to note that the two windows of
potential-dependent CAs only overlap in the 76—78° region
where bulk oxidized PPy and micro-structured reduced PPy
have similar apparent CAs. To the best of our knowledge, these
results are the first to show that the wettability of CPs can still
be profoundly affected by their morphologies and doping states,
despite the fact that they are deposited on oxidizable metals.

B CONCLUSIONS

We have shown that NSL can be used to generate highly
organized microporous electroactive PPy films on oxidizable
metals, namely, copper and mild steel. Self-assembled PS
spheres (dia. = 250 and 900 nm) were employed as templates,
and the PPy was deposited under potentio-dynamic control
from an aqueous Py/SS solution. The polymer morphology,
analyzed by AFM and SEM, is that of 2-D honeycomb-type
structures. The morphology can be controlled electrochemi-
cally, since an increase in the polymerization charge does not
disturb the PPy honeycomb arrangement, leading instead to the
formation of deeper pores along with a variation of their
diameters. A drastic increase in the hydrophobicity was
observed on the reduced micro-structured PPy surface,
compared to bulk PPy film generated under the same
conditions. Finally dynamic electro-switching of the wettability
was obtained, and the apparent CA can be tuned through the
combination of PPy micro-stucturation and electrochemical
switching.

These highly organized PPy nano/micro-structures, obtained
here for the first time on oxidizable metals using NSL, open a
new route for the development of smart surfaces based on CPs.

B ASSOCIATED CONTENT
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Electrochemical characterizations of the PPY coatings. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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