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ABSTRACT: Poly(ethylenedioxythiophene) (PEDOT) films
were electrodeposited galvanostatically from an EDOT/
sodium dodecyl sulfate solution in water, through a
carboxylated polystyrene template monolayer self-assembled
on ITO, after which the template was dissolved away in
tetrahydrofuran. Analysis of the films by scanning electron
microscopy and atomic force microscopy reveals large-area
PEDOT honeycomb structures. The morphology of these
structures was varied electrochemically, as the effective
thickness and, surprisingly, the shape of the honeycomb
arrangement depend on the polymerization time. Using
nanospheres of 1 μm diameter and charge densities between
12 and 30 mC cm−2 for electrodeposition generates PEDOT
hexagons with very thin rectilinear walls 30−35 nm-thick and
800 nm-long, whereas at higher charge densities, circular bowls
are created with 60 nm walls separating adjacent bowls;
triangular areas as small as 0.02 μm2 develop at the intersection of three nanospheres. These morphologies are specific to the use
of carboxylated PS spheres and a water-based solution with a surfactant in the galvanostatic electrodeposition mode. Using
smaller nanospheres, i.e. 500 nm in diameter, makes it possible to reach PEDOT hexagons with rectilinear walls as small as 11−
17 nm-thick and 300 nm-long; circular bowls with 25−35 nm walls separating adjacent bowls and triangular areas as small as
0.003 μm2 can also be generated. The wettabilities of the surfaces depend markedly on the pore depth of the PEDOT
nanostructure, with contact angles going from 82° to 130° with increasing pore size. Finally these nanostructured PEDOT
electrodes were used in Graẗzel-type dye-sensitized solar cells (DSSCs) as Pt-free counter-electrodes, with an increase in the yield
from 7.0 (bulk PEDOT) to 8.1%.
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■ INTRODUCTION

Conducting polymers (CPs) have received much attention over
the last 30 years because of their potential applications as
molecular1−5 plastic electronic6,7 and optoelectronic devices,8,9

biosensors,10,11 anticorrosion coatings,12−15 and smart surfa-
ces.16−18 They are also proposed as solid-state redox shuttles19

and counter-electrodes20−25 in Graẗzel type solar cells.
Conducting polymers are typically synthesized by chemical or
electrochemical oxidative polymerization. Significant advan-
tages of electropolymerization are the low cost, the short
fabrication time, the ease of preparation, and the possibility of
controlling both the growth rate and the amount of polymer
deposited.26

Nanostructuring plays an important role in improving the
performance or in extending the functionalities of many
materials, devices, or products.27−32 Electron beam lithography
is the conventional method for generating highly resolved
nanostructured materials with emphasis on the control of
morphology, shape, and size. Nevertheless, this technique is

expensive and cannot be used for large-area nanopatterning,
which hinders its use for mass production. Photolithography is,
on the contrary, widely used in industry but reaches a size limit,
as the resolution cannot be less than the wavelength of the light
used. Hence, research has tended to focus on the development
of new routes for fabricating nanostructured materials cheaply,
with high resolution and, for some applications (smart surfaces,
photovoltaics), on large areas. Spin coating is one of these
routes, as some recent works have shown that PEDOT
nanowire films can be easily prepared using commercially
available PEDOT:PSS solution, followed by a simple post-
treatment.33,34 Nanosphere lithography (NSL) is also a
promising method which meets these requirements partially.
As a consequence, combining NSL and electropolymerization
has been the subject of several studies.
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Sumida et al.35 were the first to report the electrochemical
preparation of macroporous polypyrrole films (PPy) using NSL
on F-doped SnO2-coated glasses. Shortly afterward, Bartlett et
al.36 described a general approach for the synthesis of various
highly ordered macroporous conducting films of PPy, polyani-
line, and polybithiophene and evidenced a “guiding effect”
induced by the templates. More recently, micro/nanostructured
poly(ethylenedioxythiophene) (PEDOT)37 and even ultrathin
nanostructured organic layers obtained by the reduction of
diazonium salts38−41 have been produced via NSL on glassy
carbon, indium−tin oxide (ITO), and noble metals. NSL was
used for the electrochemical preparation of nanoporous/inverse
opal CP structures with potential biosensing applications.42−46

It was employed to electrosynthesize macro/mesoporous CPs
to generate optoelectronic devices like photonic crystals,47

organic light-emitting diodes (OLED),48 and solar cells,49 as
well as photosensitive50 and smart surfaces with switchable
wettability on an ITO-coated glass substrate and various
oxidable metals.51,52

This work describes the preparation and the use of various
large-area honeycomb PEDOT nanostructures on ITO surfaces
generated through a monolayer of carboxylated polystyrene
(PS) nanospheres used as a template for electropolymerization
of EDOT from an aqueous solution containing sodium dodecyl
sulfate (SDS). We wish to investigate how the carboxylated PS
spheres and/or the use of an aqueous solution containing
surfactants affect the morphologies of the PEDOT structures in
terms of effective thickness, the shape of the honeycomb
arrangement, and the size of the walls growing within the
interstitial voids of the PS assemblies. We also consider the
impact of such nanostructuration in two fields of PEDOT
application, i.e. smart surfaces and dye-sensitized solar cells
(DSSCs). Surface wettability has been studied, and nano-
structured electrodes were tested in Graẗzel-type DSSCs as Pt-
free counter-electrodes.

■ EXPERIMENTAL SECTION
Chemicals and Reagents. 3,4-Ethylenedioxythiophene (EDOT)

was purchased from Bayer and distilled before use. Lithium
perchlorate (LiClO4) and SDS were used as received without further
purification. The monodisperse carboxylate-modified PS spheres have
a diameter of 1.02 μm (Sigma-Aldrich, 10 wt % solution in water). All
aqueous solutions were freshly prepared with ultrapure water (Milli-Q,
18.2 MΩ cm).
Instrumentation. Electrochemical experiments were performed in

a conventional three-electrode configuration (CH Instruments, CHI
440A). The working electrode was ITO modified by a PS nanosphere
template; a saturated calomel electrode (SCE) and a large-area
platinum mesh were used as reference and counter-electrodes,
respectively.
Surface morphology was characterized by scanning electron

microscopy (SEM, Zeiss supra 40). PEDOT nanostructure topography
and thickness were observed by atomic force microscopy (AFM) in
the tapping mode with silicon AFM probes (Tap300-G, stiffness
constant k = 40 N·m−1 and resonance frequency 300 kHz). Surface
wettability was measured by a Digidrop contact angle meter. Measured
contact angles are advancing contact angles.
Colloidal Template Preparation and PEDOT Electrodeposi-

tion. The various steps in the fabrication of nanostructured films are
shown in Figure 1. The conductive substrates (ITO or FTO (Fluor
Tin Oxide)) were first pretreated, by sonication for 1 h in a cleaning
solution (H2O/NH4OH/H2O2 (5:1:1 by volume)), in order to
increase the hydrophilic properties of their surfaces. Next, the PS
spheres were deposited by drop coating, the volume and concentration
of the suspension being optimized to allow the formation of a dense
monolayer after evaporation of the water. The PS spheres were diluted

to 0.5 wt % in water, and a 10 μL droplet was placed on the flat
hydrophilic electrode surface. The electrodes were tilted at about 80°
to the horizontal, and the solvent was allowed to evaporate at room
temperature for 1 h. This procedure can be used to obtain large-area
(1 cm2) nanosphere monolayers; the electrodes for electrochemical
experiments were 0.2−0.25 cm2 in the area, and those for DSSC
counter-electrodes were 0.5 cm2. Other methods, such as spin coating,
dip coating, and Langmuir−Blodgett coating, have been used to
fabricate nanosphere templates but were less easy to optimize in the
present case.

PEDOT was deposited in the interstitial voids of the nanosphere
template by polymerizing EDOT from an aqueous solution containing
0.02 M EDOT, 0.1 M SDS, and 0.1 M LiClO4. Electropolymerization
was performed galvanostatically with an applied current density
between 0.5 and 1 mA cm−2, and the deposition time was calculated to
control the thickness of the polymer film. Finally, the modified
electrode was immersed in THF for 24 h to dissolve away the PS and
reveal the nanostructured PEDOT.

Preparation and Study of Dye-Sensitized Solar Cells. Solar
cells were built according to the general procedure24 using the
ruthenium Z907 complex as dye and an electrolytic solution
containing 0.1 M I2, 0.1 M LiI, 0.6 M tetra-n-butylammonium iodide,
and 0.5 M 4-tert-butylpyridine in acetonitrile. They were studied under
1 sun illumination (AM 1.5; 100 mW·cm−2) using a solar simulator
(Newport) calibrated with a standard silicon cell (Oriel). A
potentiostat/galvanostat (CH Instruments 660C) was used to record
J−V curves.

■ RESULTS AND DISCUSSION
Figure 2a shows an example of a PS monolayer deposited on
ITO by drop coating. Although some defects or narrow empty
spaces are seen between each domain, 0.5 cm2 electrodes
covered with such monolayers were routinely obtained. Next
PEDOT was generated from EDOT in the presence of SDS,
with LiClO4 as supporting electrolyte, in water at constant
current density. In this medium EDOT is oxidized at low
potential, and PEDOT is obtained with “guiding effects”
associated with the use of surfactant molecules.53 It has,
therefore, been used a great deal to produce nanostructured
PEDOT objects such as nanowires with high conductivity.54−57

The inset in Figure 2b shows that the electrode potential is
stable at 0.9 V during the entire deposition process. This low
value, compared to that in acetonitrile, indicates that EDOT
radical-cations are stabilized by strong interactions with SDS
anions53 and possibly with the carboxylate groups on the PS
spheres. This methodology has a number of advantages, among
which is the ease of controlling the film thickness by changing
the charge used for deposition. If the deposition yield is
assumed to be 100%, the amount of polymer deposited n,
expressed as the number of EDOT units, is given by n = Q/neF
where Q = I·t is the charge used for polymerization; ne is the
effective number of electrons associated with PEDOT growth

Figure 1. Scheme for generating PEDOT nanostructure using
electrochemically assisted NSL.
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per EDOT monomer (taken as 2.2, since PEDOT is generated
in its oxidized state), F is the Faraday constant, and I is the
constant current used. The polymer occupies a volume V equal
to S·e where S is the electrode area, and e is the film thickness.
This volume is also equal to n·M/ρ where M is the molecular
weight of EDOT plus 0.2 times that of the counterion, and ρ is
the polymer density (reported to be 1.5).58 The film thickness
is expressed by

ρ
=

+
e

M M

F
Q
S

( 0.2 )

2.2
EDOT dodecyl sulfate

(1)

which indicates that, on a bare electrode, a charge density of 10
mC cm−2 generates a uniform film about 65 nm-thick. When
deposition occurs at constant current on a planar surface, the
thickness of the film deposited can be easily controlled by
changing the deposition time.
In the present case, the electrode surface is modified by

nanospheres, between which the polymer grows, and honey-
comb PEDOT structures with pores corresponding to the
sphere diameter are generated. As a consequence, the pore
depth in the nanostructured PEDOT is different from the
thickness on a bare planar electrode and does not correlate
linearly with the charge density used. Nevertheless, the volume
of the free space between the nanospheres can be determined

and is given by eq 2, and, consequently, the theoretical charge
required to obtain a given pore depth, e, can be expressed as eq
3 (see Figure S1)
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with R being the sphere radius (510 nm).
In order to investigate the correlation between the thickness

and the charge density, the pore depth of several nano-
structured PEDOT films was measured by AFM, and the values
compared with the thickness were estimated on the basis of two
different assumptions (i) that PEDOT growth is performed on
a bare electrode (eq 1) and (ii) that all the cavities between the
nanospheres are filled (eq 3). Figure 3a shows an AFM
measurement for a charge density of 24 mC cm−2. Pores about
350 nm-deep are obtained (inset). As expected, this much
exceeds the 150 nm estimated for a uniform film on a bare
electrode (eq 1). However, it also exceeds the theoretical value
(around 200 nm, eq 3). Figure S2 shows other AFM images for
charge densities of 16 and 40 mC cm−2 and average pore
depths of 200 and 550 nm, respectively.
Figure 3b displays the average pore depth (blue triangles) as

a function of the charge density used for electropolymerization.

Figure 2. a) Monolayer of PS spheres on ITO. Inset: zoom on the
organized PS spheres on ITO; b) Honeycomb structure obtained after
depositing PEDOT and dissolving the PS spheres. Inset: galvanostatic
deposition curve in 0.02 M EDOT, 0.1 M SDS, and 0.1 M LiClO4 in
water at constant 1 mA cm−2 current density.

Figure 3. a) AFM image of a nanostructured PEDOT film generated
using 25 mC cm−2 charge density. Inset: topographic profile of the
surface. b) Measured (blue triangles) and theoretical (red curve) pore
depths and estimated thickness of film deposited on a bare electrode
(black curve) as a function of the charge density.
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It also shows the estimated thickness (black line) of a PEDOT
film generated on a bare electrode, given by eq 1, and the
theoretical pore depth (red line), given by eq 3. Two regimes
are observed, and the overall behavior is not linear. When the
charge density is below 12 mC cm−2, the average pore depth is
close to that estimated from eq 3 and also close to the thickness
estimated for a bare electrode, as given by eq 1. Indeed, growth
is not strongly affected by the PS spheres, as the voids between
two spheres remain large enough for PEDOT growth to be like
that on a bare electrode. When the charge density is between
12 and 20 mC cm−2, the average pore depth increases with a
much sharper slope, going from 80 nm to almost 300 nm, i.e. a
third of the PS sphere diameter. Consequently, the measured
pore depths are higher than the theoretical values. Finally the
growth rate levels off when the charge density is above 25−30
mC cm−2 and the pore depth reaches the radius of the PS

sphere. For such high charge densities, the pore depths are
lower than the theoretical values. Note also that the thickness
profile (Figure S2) of the samples shows one maximum located
in the middle of a line joining the centers of two spheres when
the pores are less than 400 nm deep (see Figure S2a), whereas
two maxima are observed when the pore depths are higher than
the PS nanosphere radius (see Figure S2b).
These observations have to be correlated with a marked

variation of the shape and morphology of the pores with the
charge density, as seen in the AFM (Figures 3, S2, and S3) and
SEM images (Figure 4). Indeed, when pore depths are below
400 nm, i.e. charge density between 12 and 30 mC cm−2, the
pore walls are linear, and, consequently, each pore is hexagonal

Figure 4. SEM images of nanostructured PEDOT after removal of PS:
a) Hexagonal morphology (charge density around 20 mC cm−2); b)
Round morphology (40 mC cm−2). c) Zoom showing highly resolved
PEDOT nanowires obtained when hexagonal morphologies are
generated d) Zoom showing triangular voids between highly resolved
PEDOT nanowires obtained when round morphologies are generated.

Figure 5. SEM images of nanostructured PEDOT substrates generated
using 500 nm diameter PS beads: a) hexagonal morphology (charge
density around 11 mC cm−2); b) round morphology (15 mC cm−2).

Figure 6. Wettability of surface modified by conducting polymer: a)
bulk PEDOT film; b) hexagonal-shaped PEDOT honeycomb; c)
bowl-shaped PEDOT honeycomb.
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(Figures 4a and S3a). An exciting result is that the width of one
wall is close to 30 nm (see Figure 4a inset and Figure 4c), and
its length is close to 800 nm. Note also that these very thin
walls are obtained independently of the pore depth. This
specific pore shape and wall width cannot be attributed to the
confined growth of PEDOT in the voids between the PS
spheres, as the space between two adjacent spheres decreases
when the amount of PEDOT deposited increases while
remaining less than the radius of one nanosphere. This sort
of growth should give pores of increasing diameter separated by
walls of decreasing width, as observed in other studies.37,51,52 It
cannot be attributed either to PS sphere “guiding effects”, as the
walls of the pores appear to grow faster halfway between two
spheres and not around the PS spheres (see Figure S2b). As a
consequence of the void remaining between the nanospheres,
the pore depths are higher than the theoretical values, which
have been estimated considering that the free space between
the nanospheres is completely filled (see Figure 3). These
structures are fragile and tend to collapse, revealing in some
areas of the surface thin veils of PEDOT which are transparent
in SEM. Possible effects occurring postdeposition during the
swelling on the PS particles, the dissolution and removal of the
template or the drying of the solvent, were not studied.59

Distortion of the structures has been observed on brittle
templates such as oxides and could also be significant here. The
effects of strain can lead to distortion and in some cases can
tear the structures60 as observed in Figure 2b. These hexagonal
structures are probably due to SDS interaction with the
carboxylated nanospheres and EDOT radical-cations, changing
the shape of the PS and/or triggering preferential growth
perpendicular to the surface.61 Note that these hexagonal-
shaped PEDOT nanostructures can also be obtained at various
current densities and using cyclic voltammetry, as long as SDS
is present, but not when the SDS concentration is decreased.
(See Figure S4 for SEM images of nanostructured PEDOT
films produced without SDS.) Even though it is very unlikely

that the polymer structure in solution during deposition, when
it is swollen by solvent, is the same as that after dissolution of
the template and drying, a specific SDS effect is observed.
PEDOT growth is, on the contrary, clearly guided by the

carboxylated PS spheres when the pores are deeper than the
radius of the nanospheres. Two independent PEDOT skins
seem to grow around two adjacent PS spheres, generating
circular bowls, as depicted in Figures 4b, S2b, and S3b, with
again very thin PEDOT walls separating adjacent bowls. Small
concave triangular voids at the intersection of three nano-
spheres are then created as the result of the formation of round
PEDOT objects. In this regime our results are close to those
reported by Bartlett et al. for other conducting polymers with
dominant growth around the nanospheres.36 Large nano-
structured PEDOT surfaces with very small triangular voids of
average side length less than 150 nm and average area less than
0.02 μm2, as depicted in the inset of Figure 4b and in Figure 4d,
can be obtained reproducibly; this underlines the high
resolution of the NSL-assisted deposition method used.
We have investigated the feasibility of this procedure on ITO

when smaller PS beads are used in order to change the grating,
the morphology, and the sizes of the nanostructured PEDOT
generated. Figure 5 shows SEM images of a ITO/PS surface,
prepared using a 500 nm PS bead template, and modified with
10 mC cm−2 (Figure 5a) and 15 mC cm−2 (Figure 5b),
followed by dissolution of the PS particles. The images show
that a PEDOT coating displaying an ordered array of ca. 500
nm equidistant pores with hexagonal morphology, walls 11−17
nm-thick and 300 nm long, can be generated in the former case.
When a higher charge density is used for PEDOT growth,
PEDOT coating with circular-shaped morphology is again
obtained with walls 25−35 nm-thick, and small triangular voids
of average side length less than 100 nm and average area less
than 0.003 μm2, as depicted in the inset of Figure 5b. Here
again a highly resolved PEDOT structure can be generated on
surfaces as large as 1 cm2, and the use of smaller beads makes it
possible to reduce the thickness of the PEDOT walls and the
size of the triangular voids created.
These inexpensive nanostructured surfaces obtained here on

large areas have interesting wettability and can be used in
various applications.

Wettability of the Nanostructured PEDOT Surfaces.
Enhanced hydrophobicity with these types of nanostructures
has already been demonstrated.16,18,51,52 In order to investigate
these effects the contact angles of a water droplet on the various
PEDOT substrates, generated with 1 μm diameter beads, were
measured. The PEDOT films are in their oxidized state, and the
reported values are averages for 5 different spots on each
surface studied. Details can be found in Table S1 along with the
pore depth of each sample.
The contact angle on an ITO electrode covered by bulk

PEDOT, generated galvanostatically from EDOT in the
presence of SDS and LiClO4 in water at constant current
density, is 62° (Figure 6a). For the thinnest hexagonal-shaped

Figure 7. J−V curves (full lines) and power curves (dashed lines) of
DSSCs with bulk (blue curves) and nanostructured (red curves)
PEDOT film as counter-electrode.

Table 1. Photovoltaic Parameters of DSSCs with Bulk and Nanostructured PEDOT Film As Counter-Electrode

bulk PEDOT film hexagonal structure 100 nm hexagonal structure 200 nm hexagonal structure 300 nm round structure 500 nm

JSC (mA·cm−2) 15.8 ± 0.3 16.7 ± 0.2 17.5 ± 0.1 16.5 ± 0.2 16.1 ± 0.2
VOC (V) 0.64 ± 0.01 0.65 ± 0.02 0.64 ± 0.01 0.64 ± 0.02 0.65 ± 0.01
FF 0.69 ± 0.01 0.73 ± 0.01 0.72 ± 0.01 0.72 ± 0.01 0.73 ± 0.01
η (%) 7.0 ± 0.3 7.9 ± 0.2 8.1 ± 0.1 7.6 ± 0.2 7.6 ± 0.2
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PEDOT nanostructured film it is 85° (Figure 6b). Increasing
the pore depth increases the contact angle, with hexagonal
PEDOT reaching 125° for a depth of 400 nm, whereas bowl-
shaped PEDOT with a pore depth of 550 nm gives a contact
angle close to 130° (Figure 6c).
As contact angles increase by increasing the roughness of the

PEDOT surface, the systems are governed by the Cassie−
Baxter equations.62 In this regime, air is trapped underneath the
droplet. The presence of air effectively lowers the average
surface energy63 and yields hydrophobic apparent contact
angles on intrinsically hydrophilic materials (θ < 90°). The
apparent contact angle for a Baxter−Cassie state θCB is given by

θ φ θ φ= − −cos cos (1 )CB s s (4)

with φs being the fraction of the droplet that is in contact with
the PEDOT, and (1−φs) being the fraction of the droplet in
contact with air. Assuming that θ is that of bulk PEDOT, i.e.
62° and θCB varying from 85° to 130°, we can calculate that φs
varies from 0.75 for the thinnest hexagonal structure (pore
depth 65 nm) to 0.3 for the thickest hexagonal structure (pore
depth 440 nm) and reaches 0.25 for bowl-shaped PEDOT with
a pore depth of 550 nm. Such values are compatible with the
SEM images of the various structures. Similar contact angle
variation with thickness has been reported for gold,64 but, to
the best of our knowledge, it has not yet been reported for
nanostructured conducting polymers.
Several attempts were performed to increase the contact

angle above 130° and to reach superhydrophobic surfaces, but
none of them succeeded.16,65 Indeed, incorporation in bulk
PEDOT hydrophobic ions such as diisopropylsalicylate17

proved to be possible and increased the contact angle of the
bulk PEDOT to values close to 90°. However, growing
nanostructured PEDOT through 1 μm diameter beads with this
ion in the electrolyte did not give the same guiding effect and
similar highly resolved PEDOT films. As a consequence φs did
not reach 0.25, and the apparent contact angle remained close
to 130°. Further work is in progress to achieve super-
hydrophobic behavior.
Overall, large-area PEDOT surfaces, with highly resolved

nanostructuration and with controlled contact angle are,
therefore, easily obtained by NSL-assisted electrodeposition.
Application As Counter-Electrodes for Enhanced

Efficiency in Solar Cells. Conducting polymers play an
important role in the field of photovoltaics, particularly in the
conception of dye-sensitized solar cells (DSSCs). Graẗzel
developed solar cells two decades ago, using platinum as the
counter-electrode to regenerate the redox mediator in the
electrolyte, thanks to its high catalytic activity toward I3

−

reduction.66 As platinum is a very expensive metal, the use of
counter-electrodes of other, cheaper, and more abundant
materials is required. A decade ago, PEDOT was reported as
the counter-electrode for Pt-free DSSCs,67 and such PEDOT-
based counter-electrodes are now widely used thanks to the
good conductivity and electrocatalytic properties for I3

−

reduction.68 High PEDOT conductivity improves DSSC
efficiency,22,24,25 and nanopatterned structures are much more
conductive than uniform films.69 Moreover, nanostructured
materials have higher active catalyst surface areas. Thus,
nanostructured PEDOT should be valuable as the counter-
electrode in DSSCs. This effect has already been investigated,
and high efficiency was observed,70,25 while a recent study23

demonstrated a favorable effect on the incident-photon
conversion efficiency spectra.

In this context, performances of the nanostructured PEDOT
films, generated by NSL-assisted electrodeposition, as counter-
electrodes for DSSCs were investigated. DSSCs using photo-
anodes in TiO2 photosensitized with the ruthenium dye Z907
and an electrolyte containing the I3

−/I− redox mediator were
elaborated. Counter-electrodes with honeycomb PEDOT films
of various thicknesses and shape (hexagonal/round structures)
were used and compared with counter-electrodes of classical
bulk PEDOT film. The current density−voltage (J−V)
characteristic curves of the DSSCs were measured under an
illumination of 1 sun (100 mW cm−2).
Typical J−V curves and the corresponding power curves are

presented in Figure 7. Important photovoltaic parameters such
as the short-circuit current density (JSC), the open-circuit
voltage (VOC), the fill factor (FF), and the power conversion
efficiency (η) are summarized in Table 1. Values reported are
averages from 5 cells for the various types of counter-electrode.
DSSCs with nanostructured PEDOT films exhibit higher JSC

and FF values than those with bulk PEDOT films, while VOC
remains unchanged. As a result, the efficiency η increases from
an average value of 7.0 to 8.1%. Table 1 shows also that FF
values do not depend on the thickness and the shape of the
used nanostructured film, while JSC varies. As a consequence,
there is an optimum thickness for nanostructured PEDOT
counter electrode, and the best efficiency (8.1%) is reached
when hexagonal structures of 200 nm pore depth are used.
Using thicker nanostructured PEDOT films do not yield to
better yields as the JSC decreases from 17.5 mA·cm−2 to 16.5
mA·cm−2 and 16.1 mA·cm−2 when the PEDOT thickness
increases from 200 to 300 nm (hexagonal structure) and to 500
nm (round structure) These results establish that when
nanostructured PEDOT film is used as a counter-electrode
the DSSC efficiency increases as the result of a more favorable
electrical conductivity or electrocatalytic activity. NSL-assisted
PEDOT electrodeposition is thus an interesting alternative to
spin-coating techniques generally used to fabricate PEDOT
counter-electrodes for DSSCs even though spin coating
remains an easier approach.

■ CONCLUSION
Polyethylenedioxythiophene nanostructures were electrochemi-
cally generated using NSL from an EDOT/sodium dodecyl
sulfate solution in water. Various honeycomb PEDOT
structures were easily obtained over large areas. It is found
that the morphology of these structures can be electrochemi-
cally controlled, as the pore depth of the structures and,
surprisingly, the shape of the honeycomb arrangement depend
on the charge density used for polymerization. For 1 μm
diameter beads and charge densities between 12 and 30 mC
cm−2 highly resolved hexagons consisting of linked linear
PEDOT walls 30 nm-thick and 800 nm-long are generated,
whereas for higher charge densities, circular PEDOT bowls are
created with very thin PEDOT walls separating adjacent bowls
and triangular areas as small as 0.02 μm2 growing at the
intersections of three nanospheres. Similar structures can also
be generated with smaller beads (500 nm diameter) and lead to
even smaller features (hexagons with rectilinear walls as small as
11−17 nm-thick, circular bowls with 25−35 nm walls,
triangular voids 0.003 μm2 in area). It is clear that the use of
carboxylated PS spheres and a water-based solution of SDS in
the galvanostatic electrodeposition mode specifically guides
EDOT polymerization. The wettabilities of the surfaces
strongly depend on the thickness of the PEDOT honeycomb
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structure, with the contact angle increasing from 85° to 130° as
the pore depths increase from 65 to 550 nm. Finally, these
nanostructured PEDOT electrodes were used in Graẗzel-type
DSSCs as Pt-free counter-electrodes. The DSSC yield under 1
sun illumination increases from 7 to 8.1% using these cheap
nanostructured large-area PEDOT electrodes.
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