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Abstract
In this work, poly(3,4-propylenedioxythiophene) (PProDOT)-based counter electrode (CE) was elaborated. The PProDOT 
polymer was electropolymerized by using chronoamperometry on fluorine-doped tin oxide glass substrates in acetonitrile 
and tetrabutylammonium perchlorate-based solution containing 3,4-propylenedioxythiophene (ProDOT) monomer. The 
thickness of PProDOT CE was controlled by the polymerization time. The effect of applied time on the surface morphol-
ogy was studied by scanning electron microscopy. Fourier transform infrared spectroscopy in ATR mode and contact angle 
measurements was used to investigate the polymer films, as well. The electrocatalytic activity of PProDOT CEs was studied 
in I−/I−

3
 electrolyte.
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1 Introduction

Since the most recent decades, dye-sensitized solar cells 
(DSSCs) have been attracting considerable attention 
because of high theoretical efficiency, simple fabrication 
process, low fabrication cost, and good flexibility [1, 2]. A 
standard DSSC consists of a porous nanocrystalline TiO2 
photoanode sensitized by a dye to absorb visible light, an 
iodide/tri-iodide redox electrolyte and a counter electrode 
(CE).

CE is an important component of DSSCs having a 
significant influence on performance, long-term stability 
and cost of the devices. As positive electrode, CE collects 

electrons from the external circuit and enables efficient 
charge transfer at the electrode/electrolyte interface. 
Moreover, CE undertakes the function of catalyst for the 
reduction reaction of I3− to I− promoting thus the genera-
tion of the electrolyte. A typical DSSC counter electrode 
was made by platinum (Pt) metal because of its excellent 
catalytic activity and high conductivity. However, Pt is 
an expensive metal [3] and the fabrication of Pt CE needs 
heat treatment and it is unfavorable for the development of 
flexible plastic substrate, thus limits its practical applica-
tion [4]. Therefore, it is necessary to explore alternative 
Pt-free materials with good electroconductivity and elec-
trocatalytic activity toward the reduction of tri-iodide ions, 
with cheaper price to reduce the cost of DSSCs.
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Many efforts have been devoted over the past few years 
to explore alternatives to substitute the expensive Pt cata-
lyst, such as inorganic semiconductor [5, 6], carbonaceous 
materials [7–10], conducting polymers [11–15], and hybrid 
materials [16, 17].

Conjugated polymers having advantages including low 
cost, ease of fabrication, flexibility, and potential of large 
area production [18] possess a promising role in the espe-
cially application of organic solar cells. Microporous poly-
aniline as counter electrode has shown an efficiency of 7.1% 
in DSSCs [14], whereas PANI is not the material of choice 
due to its instability and self-oxidation properties. Polythio-
phene derivatives are known for their high conductivity, 
electrochemical stability, and high catalytic activity [19]. 
Among these derivatives, alkyl polythiophenes are insoluble 
material and can be polymerized by electrochemical way, 
allowing thin layers of p-conjugated polymers to be easily 
coated on any conducting and flexible substrate under ambi-
ent conditions with low cost. In particular, poly(3,4-propyl-
enedioxythiophene) (PProDOT) is suitable to be utilized as 
a CE due to its good stability, high electrochemical activity, 
and excellent transparency.

Herein, we report on the growth of PProDOT using 
Chronoamperometry technique on FTO substrate as CEs for 
DSSCs. The electrocatalytic activity of these CEs toward I−

3
 

reduction was studied. The effect of deposition time on the 
surface morphology of these CEs and on the photovoltaic 
performances of the DSSCs was investigated, as well.

2  Experimental

2.1  Preparation of electropolymerized PProDOT CE

Chronoamperometry technique was used to achieve the 
electropolymerization of ProDOT monomer (97% Aldrich) 
on FTO substrate. The applied potential is 2.8 V vs. Ag/
AgCl for 1 and 2 s with a sweep rate of 50 mV  s−1 using 
Autolab potentiostat controlled by Nova software-equipped 
computer. The value of the applied potential was chosen 
from the cyclic votammograms recorded in 0.05 M ProDOT 
monomer on FTO in 0.1 M tetrabutylammonium perchlorate 
(TBAP) ≥ 99% (Aldrich). Prior to electropolymerization, 
FTO transparent glasses (Aldrich) were pretreated using 
an ultrasonic bath in detergent, deionized water, acetone 
(Aldrich), and ethanol (Aldrich) for 10 min, respectively. 
Then the electropolymerization of ProDOT was carried out 
using the cleaned FTO substrate as a working electrode, Au 
electrode as counter electrode, and a saturated Ag/AgCl ref-
erence electrode in an aqueous solution containing 0.05 M of 
ProDOT monomer and 0.1 M TBAP. After the electropolym-
erization, the obtained PProDOT CE surfaces were rinsed in 
acetonitrile and in deionized water and dried with  N2 stream.

2.2  Characterization of PProDOT CEs

The obtained structures were analyzed by FTIR-ATR spec-
troscopy with Alpha Bruker spectrometer equipped with 
diamond crystal. All FTIR spectra were collected with 64 
scans in mid infrared region at 2  cm−1 resolution. The sur-
face morphologies of electropolymerized PProDOT were 
studied using scanning electron microscopy (SEM, Joel 
JSM-7610FPlus) and contact angle measurements were 
performed by means of a remote computer-controlled goni-
ometer system (DIGIDROP), using deionized water. All 
measurements were made in ambient atmosphere at room 
temperature. The polymer was also characterized by cyclic 
voltammetry (CV) in 0.1 M TBAP using Autolab potentio-
stat. To evaluate the electrocatalytic activity of CEs, CV 
was carried out using the aforementioned electrochemical 
analyzer. The CVs were performed using Au wire as counter 
electrode, Ag/AgCl as reference electrode, and PProDOT/
FTO as working electrode in acetonitrile solution consist-
ing of 50 mM LiI, 10 mM  I2, and 500 mM  LiClO4. The data 
were acquired in the potential interval ranging from − 2 to 
3.5 V.

2.3  Fabrication of DSSCs

The photoanode was prepared using synthetized  TiO2 nano-
particles as described previously [20].  TiO2 paste was depos-
ited on the FTO substrate using Doctor Blade technique. 
The electrode was soaked in 0.3 mM ethanolic solution of 
N719 dye for 24 h, and then washed with ethanol, and dried 
with a nitrogen flow. The dye-sensitized  TiO2 electrode and 
PProDOT counter electrode were assembled into the sealed 
sandwich-type cells by heating with a hot-melt film used 
as spacers between the electrodes. The electrolyte solution 
is composed of 0.1 M LiI, 0.05 M  I2, 0.6 M 1,2-dimethyl-
3-propylimidazolium iodide (DMPII), and 0.5 M tert-butyl 
pyridine with acetonitrile as the solvent. Current–voltage 
characteristics J(V) of the DSSCs were performed by using 
potentiostat/galvanostat (Metrohm Autolab). Light intensity 
was adjusted at simulated AM 1.5G illumination condition 
(100  mWcm−2).

3  Results and discussion

3.1  PProDOT electropolymerization

Prior to the electropolymerization of PProDOT by chrono-
amperometry technique, CVs were performed in ProDOT 
monomer solution in order to study the electrochemical 
behavior of the monomer and determine its oxidation 
potential. Figure 1 shows the cyclovoltametric curves of 
0.05 M ProDOT in acetonitrile solution containing 0.1 M 
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TBAP, achieved on FTO surface, at a potential range from 
− 2 to 3 V under potential sweep rates of 50 mV  s−1.

During the first scanning, we observe the appearance 
of an oxidation peak around 2.6 V which corresponds to 
the maximum oxidation of ProDOT to radical cation. On 
the return, we notice a reduction peak around − 0.36 V 
assigned to the reduction of the polymer or the oligomer 
formed on FTO surface. During the second scanning cycle, 
two oxidation peaks labeled  Ox1 an  Ox2 are observed.  Ox1 
peak corresponding to the monomer oxidation is slightly 
shifted to 2.90 V due to the changes occurred on the sur-
face after the first cycle passage.  Ox2 peak appears around 
1.29 V and corresponds to the oxidation of ProDOT oli-
gomer formed on FTO surface. The intensity of this oxida-
tion peak increases with the number of sweeps indicating 
the evolution of the polymer chains. After the first reverse 
scan, two reduction peaks were appeared,  Red1 around 
− 1 V and  Red2 around − 0.33 V. The two peaks cor-
respond to the reduction of the monomer and the formed 
polymer, respectively. As the number of scans increases, 
the reduction peaks  Red1 and  Red2 shift to more negative 
values and reach − 0.61 V and − 1.27 V, respectively. 
This clearly means that the values of the oxidation and the 
reduction of the polymer depend on surface state.

According to the CV results, we applied 2.8 V during 
PProDOT electropolymerization by chronoamperometry 
in acetonitrile solution containing 0.05 M ProDOT and 
0.1 M TBAP. It is well known that chronoamperometry 
method is more suitable for a better control of polymer 
thickness. In this study, we applied two durations 1 s and 
2 s. Figure 2 depicts the chronoamperometric curve of 2 s 
deposition. At the beginning of polymerization process, 
the current increases drastically from 0.073A to reach in 

tenth of a second a steady value of 0.097A corresponding 
to polymerization current.

3.2  Electrochemical characterization 
of electropolymerized PProDOT

The electrochemical behavior of electropolymerized PPro-
DOT was studied by CV in monomer-free acetonitrile elec-
trolytic solution containing 0.1 M TBAP. Figure 3 displays 
the electrochemical response of PProDOT to a potential 
sweep between 2 and 3 V showing up the polymer redox 
process with an oxidation peak around 1.2 V and a reduction 
peak around − 0.44 V. These values corroborate with those 
found in the previous section.
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3.3  ATR‑FTIR characterization

The ATR-FTIR spectrum of electropolymerized PProDOT 
surface is depicted in Fig. 4. All the bands assignment con-
firms the polymerization of PProDOT on the FTO surface. 
Indeed, we observe a band at 1631  cm−1 which corresponds 
to the stretching vibration of C=C double bond [21] and 
the bending mode of this bond is also presented by a band 
around 1490  cm−1 [21, 22].

The band at 1276  cm−1 is assigned to the bending vibra-
tions of the quinoidal structure [22]. The stretching vibration 
of C–O bond is represented by the 1159  cm−1 [22] band 
while the 1121  cm−1 band is attributed to the stretching 
vibration of C–S bond [21]. The corresponding bending 
mode of C–S bond appears around 872  cm−1 [22].

3.4  SEM observations

The evolution of FTO surface morphology before and after 
PProDOT electropolymerization for two deposition times 
is illustrated in Fig. 5. The naked FTO surface displays a 
regular structure with geometrical shapes (Fig. 5a). After 
PProDOT electrodeposition for 1 s, the FTO basic struc-
ture remains apparent (Fig. 5b) indicating that the elec-
tropolymerized PProDOT for 1 s is very thin and transpar-
ent. As the deposition time increases to 2 s, the polymer 
grows further and the layer becomes thicker (Fig. 5c).

3.5  Contact angle measurements

Contact angle measurements performed on FTO surface 
before and after PProDOT electropolymerization (Fig. 6) 

Fig. 4  ATR-FTIR spectrum of 
electropolymerized PProDOT 
on FTO

Fig. 5  SEM images of electropolymerized PProDOT on FTO at different polymerization times. a FTO, b 1 s, c 2 s
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confirm the chemical changes occurred on the surface. 
The clean FTO surface exhibits an average contact angle 
of 77° (Fig. 6a). When the FTO surface is covered with 
the electropolymerized PProDOT, the value of the con-
tact angle decreases to 36° which is representative of 
the hydrophilic nature of the electrodeposited polymer 
(Fig. 6b). This characteristic would be beneficial for the 
operation of the CE.

3.6  Electrocatalytic activity

The regeneration of redox species I−/I−
3
 is made through the 

reduction of I−
3
 on the CEs of DSSCs. To study the electro-

catalytic activity of CEs toward I−
3

 reduction, CV experi-
ments were conducted at several scan rates in acetonitrile 

solution containing 50 mM LiI, 10 mM  I2, and 500 mM 
 LiClO4. Two pairs of redox peaks were observed in the CV 
measurements (Fig. 7). The more cathodic redox pair cor-
responds to the following reaction [23]:

The observation of I−/I−
3
 redox couple indicates the effi-

ciency of electropolymerized PProDOT CE toward the 
reduction of I−

3
,

whereas the more anodic pair represents the redox reac-
tion of I

2
[24]:

3I ↔ I
−

3
+ 2e

−

2I
−

3
↔ 3I

2
+ 2e

−

Fig. 6  Contact angle measurements performed on FTO surface. a Before and b after PProDOT electropolymerization

Fig. 7  Cyclic voltammetry of 
iodide species on electropoly-
merized PProDOT surface in 
an acetonitrile solution with 
50 mM LiI, 10 mM  I2, and 
500 mM  LiClO4
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This reaction is unimportant for the operation of DSSCs.
Figure 8 shows the plot of the cathodic and anodic peaks 

intensity as a functions of the square root of the scan rate. 
The linear relationship indicates that the redox reaction at 
the PProDOT surface is an electrochemical process con-
trolled by species diffusion, i.e., occurred in solution. This 
also suggests that no specific interaction between I−/I−

3
 and 

the PProDOT electrode occurred as is the case of platinum 
electrode [12].

3.7  Photovoltaic measurements

Two types of DSSCs labeled Cell1 and Cell2 have been stud-
ied and correspond to the cells made with 1 s and 2 s elec-
tropolymerized PProDOT CE, respectively. Figure 9 shows 

the current–voltage (J–V) photovoltaic performance curves 
under AM 1.5 illumination (100 mW  cm−2) of the DSSCs. 
The short-circuit photocurrent density (JSC), the open-circuit 
voltage (VOC), the fill factor (FF), and the energy conversion 
efficiency (η) of the cells are summarized in Table 1.

We can observe that both Cell1 and Cell2 present high 
FF (around 0.72%) and Voc of about 0.59 V. However, Cell1 
owns lower Jsc with a value of 1.860 mA  cm−2 giving an 
overall efficiency of 0.79%, while Jsc of Cell2 increases 
to 3.456 mA  cm−2 leading to the rising of its efficiency 
(1.50%), though its Voc and FF remain almost the same com-
pared to Cell1.

As seen in SEM observations, the electropolymerized 
PProDOT in Cell2 is porous and thicker than in Cell1. This 
implies a large surface area of the PProDOt film and thus 
many active sites that could reduce a greater quantity of I−

3
 

ions which in turn generate larger amount of reduced dye 
molecules, leading to the higher value of Jsc recorded for 
Cell2.

4  Conclusion

The effects of PProDOT conducting polymer as counter 
electrode on the performance of platinum-free DSSCs were 
studied. The CV measurement involving the I−/I−

3
 redox 

reaction on the electropolymerized PProDOT electrode 
showed good catalytic property for reducing I−

3
 and no spe-

cific adsorption of the ions was observed. When comparing 
the DSSCs based on electropolymerized PProDOT for 1 s 
and 2 s, this latter displayed the best conversion efficiency 
of 1.50% with higher Jsc value of 3.456 mA  cm−2; this was 
due to the higher surface active area from its porous struc-
ture. These results suggested that porous PProDOT CE 
was effective to improve the photovoltaic performance of 
DSSCs. However, to compete platinum, some optimizations 
in terms of structure, thickness, and porosity should be done.
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Table 1  Photovoltaic performances of the DSSCs

a FF = Pmax/(Isc × Voc) × 100
b η (%) = Isc × Voc × FF/total incident energy × 100

Cell Jsc  (mAcm−2) Voc (V) Pmax (mW) FFa (%) ηb (%)

1 1.860 0.590 0.198 0.720 0.79
2 3.496 0.597 0.374 0.716 1.50
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