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a b s t r a c t

PEDOT films incorporating gold nanoparticles have been used for counter-electrodes in dye-sensitized
solar cells. An increase in efficiency of about 130% has been observed compared to the use of PEDOT alone.
Electrochemical investigations of the CoIII(phen)3/CoII(phen)3 used as redox shuttle on the PEDOT-AuNPs
and PEDOT electrodes point out towards neither an enhanced catalytic activity nor a plasmonic effect
but strongly suggest that this enhanced power efficiency is due to an increase in the conductivity of the
counter electrode. On a more general point of view, this study shows the important impact of internal
ohmic drop inside a DSSC on its efficiency.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, solar energy appears as a green and renewable alter-
native energy source to fossil fuels. Photovoltaic cells are among the
best devices of harvesting energy directly from sunlight. In partic-
ular, solid-state semiconductor cells based on p-n junctions and
usually made of silicon have dominated the field of photovoltaic
since its inception. Nevertheless, dye-sensitized solar cells (DSSCs),
based on molecular components and proposed over two decades
ago,[1] have emerged as a competent alternative technology to
conventional semi-conductor devices. Indeed, DSSCs possess key
attractive features such as their low cost, their ease of fabrication,
and their powerful sunlight harvesting efficiency.[2,3] Moreover,
their improved performance with diffused light and at high tem-
peratures, and their negligible dependence on the incident light
angle, are additional advantages over traditional semiconductor
technologies.[3]

Basically, the principle of photovoltaic devices is based on the
concept of charge separation at an interface of two materials, under
light excitation. In the case of DSCCs,[2] the photo-anode of choice
consists of a transparent conducting oxide (TCO) coating glass
substrate covered with a nanocrystalline TiO2 layer in which a pho-
tosensitive dye is adsorbed. Photo-excitation of this dye results
in the injection of an electron into the conduction band of TiO2.
The original state of the dye is subsequently restored by electron
donation from an electrolyte, usually an organic solvent containing

∗ Corresponding author.
E-mail address: lacroix@univ-paris-diderot.fr (J.-C. Lacroix).

a redox shuttle. Finally, the electrolyte is regenerated in turn by
reduction at a counter-electrode (namely the cathode), the cycle
being completed via electron migration through the external cir-
cuit. The voltage generated under illumination corresponds to the
difference between the Fermi level of the electron in the TiO2 layer
and the redox potential of the electrolyte.

In many studies, the counter-electrode was a platinum-coated
TCO electrode and the redox shuttle was the triiodide/iodide (I3–/I–)
redox couple.[1] Indeed, TCO electrodes have a very high charge
transfer resistance, and it is necessary to reduced it, which is
achieved by introducing a layer of catalyst on top of the TCO.[4]
Platinum layers were currently used because of their high catalytic
activity toward the reduction of I3–. However, platinum is a noble
metal which is rare on earth and very expensive. Fabrication of
counter-electrodes with alternative cheaper and more abundant
materials is expected to bring down the production cost of DSSCs.

One decade ago, Saito et al. had reported for the first time the use
of poly(3,4-ethylenedioxythiophene) (PEDOT) to substitute the Pt
for counter-electrodes of DSSCs.[5] Indeed, PEDOT is known to have
good conductivity and remarkable stability.[6] In addition, PEDOT
can also catalyze the reaction of triiodide/iodide redox couple,[7]
due to the formation of charge-transfer complexes between
iodine species and polymeric rings.[8] Afterwards, counter-
electrodes with catalytic layers based on conducting polymers
such as PEDOT[9,10], PEDOT doped with poly(4-styrene sulfonate)
(PSS)[11], polypyrrole (PPy)[12] and polyaniline (PANI)[13,14]
have been studied: More recently, cooperation between conduct-
ing polymers and other materials has been also investigated.
For instance, PEDOT-graphene[15], PEDOT-carbon nanotubes[16],
PEDOT-nanoparticles[17,18] or PANI-Pt nanoparticles[19] hybrid
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Figure 1. (A) Optical absorption spectrum of a PEDOT-AuNPs FTO electrode (FTO
plate overcoated with PEDOT alone was used as reference to record the spectrum).
(B) SEM image of a PEDOT-AuNPS FTO electrode.

and 0.2 M of LiClO4 in acetonitrile. Finally, the holes were closed
with sealed thin glass plates.

2.6. Characterization of DSSCs

DSSCs were studied under 1 sun illumination (AM 1.5; 100
mW/cm2) using a solar simulator (Newport) calibrated with a
standard silicon cell (Oriel). A potentiostat/galvanostat (CH Instru-
ments 660 C) was used to record J–V curves.

3. Results and discussion

3.1. Preparation and characterization of PEDOT-AuNPs hybrid
films

After dipping of the PEDOT-modified FTO electrodes in the col-
loidal solution of AuNPs during 2 hours, the initially blue films of
PEDOT became violet due to the adsorption of AuNPs. Fig. 1A shows
the optical absorption spectrum of such a PEDOT-AuNPs hybrid FTO
electrode (in using a FTO plate overcoated with PEDOT alone as
reference to record the spectrum). The typical plasmon band cor-
responding to AuNPs is observed around 515 nm. PEDOT-AuNPs
hybrid electrodes have also been scrutinized by scanning electron
microscopy (SEM, Fig. 1B), in order to verify the NPs size and to
estimate the surface concentration of AuNPs.

Figure 2. J–V curves (full lines) and power curves (dashed lines) of DSSCs using
PEDOT alone (blue curves – a) and PEDOT-AuNPs hybrid films (red curves – b) as
counter-electrodes.

3.2. Photovoltaic performances of DSSCs

Typical current density-voltage (J–V) characteristics of the
DSSCs under 1 sun illumination (AM 1.5; 100 mW/cm2) are shown
in Fig. 2. Important cell parameters derived from J–V curves are the
short-circuit current density Jsc and the open-circuit voltage (Voc).
The fill factor (FF) characterizing the resistivity of the cell and the
power conversion efficiency (�) can be determined by the following
equations:

FF = Pmax

JscVoc

and:

� = Pmax

Pin

where Pmax is the maximum power output from the cell and Pin is
the input optical power (100 mW/cm2). Table 1 summarizes these
photovoltaic parameters for the three different DSSCs investigated.
Values reported are average values from about ten cells for each
kind of counter-electrodes investigated.

Cells using a counter-electrode in platinum exhibited a short-
circuit current density around 3.3 mA/cm2, whereas when PEDOT
was used, this value was found around 3.6 mA/cm2, leading to effi-
ciencies around 1.3 and 1.4%, respectively. While many works have
already shown that platinum and PEDOT lead to similar efficien-
cies when the triiodide/iodide redox couple was used as shuttle,
this preliminary result shows that PEDOT can also efficiently
replace platinum when cobalt complexes are employed as redox
shuttle, these two kinds of counter-electrode leading to similar
results. Moreover, the efficiency obtained with the PEDOT counter-
electrode is comparable to the one reported very recently for a DSSC
in a similar configuration (same CoIII(phen)3/CoII(phen)3 redox
shuttle and same Z907 ruthenium dye).[41] Thus, results obtained
here with the PEDOT film can serve as reference when AuNPs will be

Table 1
Photovoltaic parameters of the DSSCs with platinum, PEDOT alone and hybrid
PEDOT-AuNPs films as counter-electrodes.

Platinum PEDOT alone PEDOT with 15-nm AuNPs

Jsc(mA/cm2) 3.3 ± 0.3 3.6 ± 0.5 7.6 ± 0.4
Voc(V) 0.71 ± 0.03 0.70 ± 0.02 0.71 ± 0.01
FF 0.59 ± 0.02 0.56 ± 0.03 0.60 ± 0.03
�(%) 1.3 ± 0.1 1.4 ± 0.2 3.2 ± 0.2

PEDOT
AuNPs
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figure 1 : Absorbance UV-visible de plusieurs solutions PEDOT:AuNPs



E D U C A T I O N   S C I E N C E   I N N O V A T I O N

P A R I S

1882

RÉSULTATS

102 103 104 105 106

f (Hz)

103

104

105

106

 (S
/m

)

conductivity 1V

PEDOT
or (10-11 M) in PEDOT
or (10-10 M) in PEDOT
or (10-9 M) in PEDOT
or (10-8 M) in PEDOT
or (10-7 M) in PEDOT

102 103 104 105 106

f (Hz)

100

101

102

r

permittivity 1V

PEDOT
AuNPs (10-11 M) in PEDOT
AuNPs (10-10 M) in PEDOT
AuNPs (10-9 M) in PEDOT
AuNPs (10-8 M) in PEDOT
AuNPs (10-7 M) in PEDOT

figure 2 : Conductivité et permittivité de films de PEDOT:AuNPs en différentes proportions
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