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ABSTRACT: A high-performance Pt-free counter electrode
(CE) based on poly(3,4-ethylenedioxythiophene) (PEDOT)
film for plastic dye-sensitized solar cells (DSCs) has been
developed via a facile solid-state polymerization (SSP)
approach. The polymerization was simply initiated by sintering
the monomer, 2,5-dibromo-3,4-ethylenedioxythiophene
(DBEDOT), at the temperature of 80 °C, which can be
applied on the plastic substrate. The cyclic voltammetry
measurements revealed that the catalytic activity of the SSP-
PEDOT CE for triiodide reduction is comparable with that of
the Pt CE. Under optimized conditions, the power conversion
efficiency of a DSC with a N719-sensitized TiO, photoanode
and the SSP-PEDOT CE is 7.04% measured under standard 1
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sun illumination (100 mW cm ™2, AM 1.5), which is very close to that of the device fabricated under the same conditions with a
conventional thermally deposited Pt CE (7.35%). Furthermore, taking advantage of the compatibility of the SSP-PEDOT with
the plastic substrates, a full plastic N719-sensitized TiO, solar cell was demonstrated, and an efficiency of 4.65% was achieved,
which is comparable with the performance of a plastic DSC with a sputter-deposited Pt CE (5.38%). These results demonstrated
that solid-state polymerization initiated at low temperature is a facile and low-cost method of fabricating the high-performance

Pt-free CEs for plastic DSCs.
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B INTRODUCTION

Dye-sensitized solar cells have been considered as a potential
alternative to conventional p—n junction solar cells because of
their low-cost production, simple fabrication process, and
relatively high energy conversion efficiency.' > After having
been investigated for more than 20 years, liquid-state type
DSCs with an efficiency as high as 12.3% have been
demonstrated.” Typically, the conventional liquid-state DSC
consists of a dye-sensitized porous semiconductor photoanode,
liquid electrolyte containing a redox couple, and a counter
electrode." The triiodide/iodide redox species are commonly
utilized as the redox couple in the liquid-state DSC due to its
unique performance on regeneration of various sensitizers
including organic dyes™® and Ru-based dyes.” The functions of
the counter electrode are to collect electrons from the external
circuit, transfer electrons back to the redox couple, and catalyze
the redox couple at the counter electrode/electrolyte inter-
face.®” To obtain high conversion efficiency, the counter
electrode materials, therefore, should possess high electrical
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conductivity and superior electrocatalytic activity to decrease
the overvoltage for minimizing the energy losses. Noble metal
platinum is widely used as the counter electrode in DSCs due
to its high electrocatalytic property for triiodide reduction.
However, the dissolution of Pt film in the liquid-state I;7/I"
electrolyte to generate Ptl, will show a negative effect on the
long-term performance of the DSC device.'® Moreover, Pt is
expensive, and its resources are rather limited, which hinders its
large-scale applications..u_13 In addition, the conventional
fabrication of a Pt CE commonly involves the high-temperature
sintering process, which prohibits its application on plastic
polymer substrates as plastic substrates can only sustain
temperature lower than 150 °C.'*™'® Furthermore, compared
with rigid DSCs based on the glass substrate, plastic DSCs are
thin, lightweight, and flexible. More importantly, plastic DSCs
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can be produced on a large scale with roll-to-roll techniques."”

Therefore, a lot of effort has been devoted to the development
of the low-cost alternative materials for Pt with good
compatibility with the plastic substrate. Recently, different
kinds of CEs have been developed for DSCs, including metallic
compounds,zo_22 carbon-based materials,”>~** and conducting
polymers."' 71326728 Most of these materials possess compara-
ble electrocatalytic performances for triiodide reduction with
that of Pt in DSC devices. Poly(3,4-ethylenedioxythiophene)
(PEDOT), one kind of conducting polymer, has attracted
much research attention due to its ease of processing with
remarkable stability, electrical conductivity, and catalytic
capability, compared with other conducting polymers.” In
addition, composite films based on PEDOT can be easily
fabricated on a plastic substrate, indicating that they are very
attractive alternatives of Pt CE.

The reported PEDOT CEs have been usually prepared using
chemical polymerization®*' and electro-polymerization tech-
niques.26 The reaction initiators, unreacted monomers, and
other chemicals involved in the chemical polymerization can
reduce the conductivity of the as-prepared film, which showed a
negative effect on the catalytic activity of a polymer CE for
triiodidie reduction.’®' In addition, these residues in the
PEDOT films will occupy the reaction sites for the catalytic
process, which also leads to a negative effect on catalytic
activity.”" Therefore, prior to fabricating the counter electrodes,
these films need to be carefully rinsed with water and other
solvents. Electro-polymerization has been widely used in the
direct formation of conducting polymers onto fluorine-doped
tin oxide (FTO) or ITO conducting surfaces. More recently,
the PEDOT films or composite films have been prepared using
various electrochemical techni%ues, including constant cur-
rent®® and potentiostatic mode.”® Additionally, the morpholo-
gies and properties of the resultant films are largely dependent
on the electrochemical methods and supporting electrolytes
used in the study.*®*® The resultant PEDOT films were in the
oxidized form with various counterpart anions due to the
electro-polymerization process. As demonstrated in the
previous reports, fabrication technique also plays a decisive
;?5126 lrzlslg)e’zstlermlmng the quality of the as-prepared materi

The solid-state reaction is widely used in the preparation of
polycrystalline solids*** and conducting polymer**** with
advantages of environmental friendliness, economics, and
relatively high yield. Solid-state polymerization (SSP) is a
catalyst-free cross-coupling reaction without solvent, and it is a
facile method for polymerization of suitable monomer
species.”™*> SSP of well-ordered halogenated crystalline
heterocyclic monomers can yield highly conductive polymers.
In the present study, we report that highly eficient PEDOT
CE:s for rigid and plastic DSC devices can be easily obtained via
a solid-state polymerization using 2,5-dibrominated-3,4-ethyl-
enedioxythiophene (DBEDOT) as the monomer. The
polymerization reaction was initiated simply by heating at the
low temperature, without adding any catalysts, leading to the
formation of the PEDOT film with well-defined polymer
structure, which will benefit the catalytic reduction for triiodide.
The electrocatalytic effect of SSP-PEDOT CEs on the redox
couples were investigated using cyclic voltammetry. The DSC
fabricated with N719-sensitized TiO, as the photoanode and
SSP-PEDOT as the CE on a rigid FTO substrate and plastic
substrate showed a high conversion efliciency of 7.04% and
4.65% under standard AM 1.5 sunlight illumination,
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respectively. The conversion efficiencies are comparable to
that of a DSC device based on the thermally deposited Pt CE
and sputter-deposited Pt CE, respectively. The results
demonstrated that solid-state polymerization is a facile method
to manufacture a PEDOT CE with superior photovoltaic
performance for plastic devices.

B EXPERIMENTAL SECTION

Materials. 3,4-Ethylenedioxythiophene, N-bromosuccinimide, 4-
tert-butylpyridine (TBP), and iodine (I,) were purchased from Sigma-
Aldrich. Acetonitrile, chloroform, titanium tetrachloride (TiCl,), and
sodium bicarbonate were bought from Aladdin Industrial Inc. All
chemicals and solvents used were of analytical grade, and they were
used without further purification. Conducting FTO glass (sheet
resistance: 15 Q sq~', Nippon Sheet Glass Co., Japan) and a plastic
ITO/PEN sheet (sheet resistance: 25  sq”", Kintec Co., Hongkong)
were used as the electrode substrates.

Synthesis of 2,5-Dibromo-3,4-ethylenedioxythiophene
(DBEDOT). 2,5-Dibromo-3,4-ethylenedioxythiophene (DBEDOT)
monomer was synthesized according to the previous reports with
minor modifications.*® In brief, 1.5 g of 3,4-ethylenedioxythiophene
was first dissolved in a solution of 30 mL of CHCI; and 30 mL of
glacial acetic acid. Then, 6 g of N-bromosuccinimide was slowly added
into the above-mentioned solution at 0—S °C under a nitrogen
atmosphere. After it was stirred at room temperature for another 4 h,
the solution was then poured into 200 mL of distilled water. The
green-blue organic layer was separated, and the water layer was
extracted with chloroform (S0 mL X 3). The combined organic layer
was washed again with 100 mL of distilled water. The organic layer
was neutralized with sodium bicarbonate and then filtered. The solvent
was then removed under vacuum by rotary evaporation. The dark blue
solid product was purified using column chromatography with CH,Cl,
and petroleum ether (1:1) as eluent to get white crystals in 70% yield.
'"H NMR (CDClL): (4.4 ppm, s, CH,). *C NMR (CDCl,): 140.3,
84.6, 65.1 ppm.

Preparation of Counter Electrodes. The PEDOT CEs were
prepared on precleaned rigid fluorine-doped tin oxide (FTO) glass
substrate and plastic ITO/PEN substrate. The DBEDOT monomer
solution was spin-coated onto these substrates (600 rpm for 15 s,
which is followed by 1000 rpm for 30 s). Then, it was naturally dried
to evaporate organic solvent and subsequently sintered at 80 °C for 6
h at an ambient atmosphere. Heating the DBEDOT monomer at 80
°C can produce a highly conducting polymer film in a relatively short
time, according to previous reports.34’35 The PEDOT film on a rigid
substrate or plastic substrate was obtained via the solid-state
polymerization process. The loading amount of PEDOT on the
substrate was controlled by adjusting the concentration of the
DBEDOT monomer in the CHCl;. To optimize the photovoltaic
performance of SSP-PEDOT CE based devices, three samples with
different loading amount of PEDOT films, namely, PEDOT-1 (1.5 mg
cm™), PEDOT-2 (3.0 mg cm™?), and PEDOT-3 (4.5 mg cm™2), were
tested. For comparison, traditional Pt CEs were also prepared using
spin-coating of 5 mM chloroplatinic acid solution on rigid FTO
substrate followed by sintering at 385 °C for 30 min. A sputter coater
was utilized to deposit a Pt thin layer on the plastic PEN/ITO
substrate to obtain the sputter-deposited Pt CE used in the plastic
devices.

Fabrication of DSC Device. A rigid TiO, electrode consisting of a
transparent TiO, layer with thickness of 14 ym and a 4 ym TiO,
scattering layer was prepared by doctor-blading a corresponding paste
of TiO, nanoparticles from Solaronix (Ti-Nanoxide HT/SP) and
Dyesol (WER4-O) onto FTO glass substrates. The electrodes were
heated on a hot plate (Fischer) in an air atmosphere at 125 °C (10
min), 225 °C (10 min), 325 °C (20 min), 375 °C (20 min), and 450
°C (30 min). A TiCl, treatment was performed by treating the
electrodes at 70 °C in 40 mM TiCl, solution for 30 min. The electrode
was then subsequently washed with water and ethanol. Finally, the
electrode was sintered at 450 °C for 30 min and allowed to cool to 85
°C before immersion in 0.5 mM N719 dye solution (mixture of
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acetonitrile/tert-butanol with volume ration of 1:1) for dye absorbing.
A flexible TiO, photoanode on plastic PEN/ITO substrate was
prepared using the electrophoretic deposition (EPD) method
according to our previous reports.'® The thickness of plastic P25
TiO, electrode was about 11 pm. Prior to soaking in N719 dye
solution, the flexible TiO, photoanode was heated at 85 °C for 30 min.
After sensitizing with the dye, the electrode was rinsed with dry
acetonitrile and then dried under a high-purity nitrogen stream. A 25
pm thick Surlyn thermoplastic film was used to separate the N719-
sensitized TiO, photoanodes and counter electrodes. The space
between the electrodes was filled with liquid electrolyte consisting of
0.4 M Lil, 0.04 M tetrabutylammonium iodide, 0.3 M 4-tert-
butylpyridine, and 0.04 M I, in 3-methyoxypropionitrile.
Characterization and Measurement. The detailed morpholo-
gies of the DBEDOT monomer and PEDOT were observed with a
field emission scanning electron microscope (FE-SEM, S4800,
Hitachi). The electrochemical characterizations of CEs were evaluated
by cyclic voltammetry measurement (CV). CV was conducted using a
potentiostat (CHI630E, CHI instruments) with a three-electrode
system in an acetonitrile solution containing 10 mM Lil, 1 mM I,, and
0.1 M LiClO, at a scanning rate of 50 mV s™". The as-prepared CE,
Ag/AgCl electrode, and Pt foil were used as working electrode,
reference electrode, and counter electrode, respectively. Electro-
chemical impedance spectra (EIS) of the CEs were performed on
dummy cells with two identical electrodes using a frequency response
analyzer (Solartron SI 1270) and a potentiostat (Solartron 1287) at
bias of 0 V with amplitude of 10 mV in the frequency range from 0.05
to 100 000 Hz. EIS measurements of DSCs were conducted using the
same response analyzer and potentiostat at an amplitude of 10 mV and
the open-circuit voltage under 100 mW cm™ illumination in the
frequency range from 0.05 to 100 000 Hz. The photocurrent—voltage
(I-V) characteristics of the DSC devices were measured under AM
1.5G illumination (100 mW cm™) using an Oriel Newport solar
simulator equipped with a 300 W xenon lamp and a digital source
meter (2420, Keithley Instruments, USA). The light intensity was
calibrated using a standard Si reference solar cell (Oriel PN 91150 V).

B RESULTS AND DISCUSSION

The thin films of DBEDOT and PEDOT were prepared on the
substrates using the spin-coating method without or with
sintering post-treatment, respectively, and photographs and
surface morphologies of the resultant films are shown in Figure
1. The DBEDOT monomer particles are uniformly distributed
on the substrate (Figure 1a). After being heated at 80 °C for 6
h, the colorless DBEDOT crystal transformed into a dark blue
material (PEDOT). SEM images of higher magnification
revealed a significant change of the surface morphology. The
PEDOT film shows a rough surface composed of nanostruc-
tures, which we believe will benefit the triiodide reduction. In
addition, the surface of the PEDOT film exhibits a stripe-like
microstructure which might result from the formation of the
polymer chain during the polymerization process.****

To understand the catalytic mechanism of CEs, the
electrochemical behaviors of CEs toward the I;7/I7 redox
reaction were studied by cyclic voltammogram analysis.'®
Figure 2 shows the CV curves of PEDOT and Pt electrodes in
the acetonitrile solution containing LiClO, as the supporting
electrolyte and Lil and I, as the redox couple. Two typical pairs
of oxidation/reduction peaks were obviously observed for the
two CEs. It is well-known that the redox pair at relatively
positive potentials is attributed to redox reaction 1, whereas the
redox pair at the much more negative potentials is assigned to

the redox reaction 22672
3L, + 2e = 2I,° (1)
L™+ 2e =3I @)
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Figure 1. Photographs and FESEM images of DBEDOT (a) and
PEDOT (b) film fabricated via solid-state polymerization on the FTO
substrate.
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Figure 2. Cyclic voltammograms of DBEDOT, PEDOT (3.0 mg
cm™2), FTO, and Pt electrodes at a scan rate of 50 mV s™! in 10 mM
Lil, 1 mM I, solution containing 0.1 M LiClO, as the supporting
electrolyte.

In the DSC, the photooxidized dyes are regenerated by I” ions,
while I” jons are oxidized to I;”. The produced I~ ions are
reduced to I” at the CE interface. Therefore, the reduction peak
of reaction 2 is the research focus of CV analysis."> The
cathodic peak potential and peak current density shown for the
PEDOT-based electrode are very close to those of the Pt
electrode. These results also indicate that the PEDOT electrode
can electrocatalyze the I;7/I” redox couple as effectively as the
Pt electrode. In addition, the shape of the CV curve of PEDOT
prepared by the solid-state polymerization method is similar to
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those of PEDOT Iprepared by electrochemical and chemical
methods.*7?%3%3" It also demonstrates that solid-state
polymerization is an efficient method to synthesize high-
performance PEDOT films. For comparison, the corresponding
CV measurements of the blank FTO electrode and DBEDOT
monomer film were also conducted. Obviously, the blank FTO
electrode and DBEDOT monomer electrode show no
electrocatalytic activity for the reduction of triiodide ions.
The CVs of the FTO and DBEDOT monomer film did not
present the characteristic peaks of the redox process. The
current density of DBEDOT monomer film is even smaller
than that of the blank FTO electrode. This is mainly ascribed to
poor conductivity of DBEDOT monomer film. It reveals that
the DBEDOT film acts as an insulator layer in the study, which
suppresses the transfer of electrons from FTO to I,7/I" redox
couple in the solution. Thus, it is necessary to form a
conducting polymer PEDOT via a facile solid-state polymer-
ization process for effective I;~ reduction.

EIS measurement was further carried out to analyze the
electrochemical characteristics of different counter electrodes.®”
The EIS measurements were conducted on a symmetric
sandwich cell configuration assembling with two identical
electrodes. Figure 3 presents the Nyquist plots of the Pt and
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Figure 3. Nyquist plots for electrochemical impedance spectra of the
symmetrical cells with two identical counter electrodes; inset shows
the corresponding equivalent circuit.

PEDOT CEs. Two semicircles were observed in the case of a Pt
CE, while three semicircles were observed for PEDOT CEs.
Three semicircles in the EIS for two identical electrodes were
also found in the graphene-based materials®® and PEDOT-
based composite CEs.”' According to the previous reports, the
presence of three semicircles is due to the Jporous structures of
the material used to prepare CEs.2"*® Meanwhile, the
semicircle in the high-frequency region is ascribed to the
Nernst diffusion impedance (Np) resulting from diffusion
through the electrode pores. The middle-frequency semicircle
corresponds to the charge transfer resistance (Rcr) and the
double-layer capacitance (CPE) of the electrode surface. The
low-frequency semicircle is determined by bulk Nernst
diffusion (V) of the redox couple in the electrolyte. The
intercept on the real axis in the high-frequency region is
assigned to the series resistance of the cell (Rg). The equivalent
circuit used for PEDOT CE:s is shown in the inset of Figure 3.
The corresponding fitting data of Rg, Rcp, and Np are
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summarized in Table 1. Three PEDOT CEs exhibited nearly
identical Rg values (about 21 Q cm?). However, Ry changed

Table 1. Fitted EIS Parameters of the Symmetric Cells Based
on Different Counter Electrodes

counter electrode Rg/Q cm? Rep/Q cm? Np/Q cm?
PEDOT-1 21.57 6.19 8.56
PEDOT-2 20.18 1.33 1.62
PEDOT-3 20.67 224 2.39
Pt 19.22 0.64 N.A.

significantly from one CE to another. The PEDOT-2 CE
showed the smallest Rop (1.33 Q cm?) value among the three
PEDOT CEs, close to that of the Pt CE (0.64 Q cm?).
Meanwhile, these Rop values are well below the 10 Q cm?
needed for high-performance DSCs, indicating that SSP-
PEDOT electrodes can be utilized as eflicient counter
electrodes in the device.”” In addition, N of PEDOT CEs
varies with the loading amount in a similar way to Rcr. The
variation of N reflected the change of Nernst diffusion
impedance due to the diffusion of the electrolyte through the
counter electrode pores. Np has an influence on the
photovoltaic performance of the device,”*® which will be
discussed in more detail in the following section.

The CV and EIS results indicate that PEDOT electrodes
prepared by the solid-state polymerization approach can be a
potential counter electrode for high-performance DSCs.
Consequently, the SSP-PEDOT electrodes with various loading
amount of PEDOT were assembled with N719-sensitized TiO,
electrodes to fabricate DSC devices. For comparison, the Pt-
coated electrode, DBEDOT film and blank FTO were also
utilized as the CEs in DSCs with N719-sensitized TiO, under
the same conditions in control experiments. The photocurrent
density—voltage characteristic curves of DSCs with various CEs
measured under the illumination of 100 mW cm™ AM 1.5 are
shown in Figure 4. The corresponding photovoltaic parameters
are summarized in Table 2. As expected, the devices based on
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Figure 4. Characteristic photocurrent density—voltage (J—V) curves of
the DSCs with different CEs based on the rigid FTO substrates,
measured under solar simulator illumination (AM 1.5 100 mW cm™>);
the loading amount of PEDOT for PEDOT-1, PEDOT-2, and
PEDOT-3 films is 1.5, 3.0, and 4.5 mg cm™>, respectively.
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Table 2. Photovoltaic Performances and EIS Parameters of the DSCs with Different CEs Measured under 1 sun Illumination

(AM 1.5 100 mW cm™2)

device V,. (V) J.c (mA cm™) FF
PEDOT-1 0.695 15.90 0.49
PEDOT-2 0.710 16.26 0.61
PEDOT-3 0.705 15.91 0.53
Pt 0.720 16.47 0.62

1 (%) Rs (Q) Rery (Q) Rer; () Rrorar ()
541 22.95 11.14 34.52 68.61
7.04 20.32 8.57 20.71 49.60
5.94 20.79 10.22 22.32 53.33
7.35 19.67 6.17 16.06 41.90

blank FTO or DBEDOT monomer film CE showed a very low
power conversion efficiency of 0.02% (not shown here). The
low efficiency is due to poor catalytic activity of CE on I3~
reduction and subsequently poor regeneration of oxidized dye.
Heating DBEDOT film at 80 °C for 6 h converted it to the
conducting PEDOT film. As a result, the power conversion
efficiency of the device based on PEDOT-1 film increased to
5.41%. The corresponding open-circuit voltage (V,.), short-
circuit photocurrent density (J,.), and fill factor (FF) for the
solar cell were 0.695 V, 15.90 mA cm™>, and 0.49, respectively.
A better power conversion efficiency was gained when the
loading amount of PEDOT on the substrate increased from 1.5
to 3.0 mg cm™% The DSC based on the PEDOT-2 CE
presented the highest conversion efficiency of 7.04% with V,_ of
0.710 V, J.. of 1626 mA cm™ and FF of 0.61, which is
comparable with that of the Pt CE-based DSC device with
conversion efficiency of 7.35%, V. of 0.720 V, J. of 16.47 mA
cm™2, and FF of 0.62. However, further increasing the loading
amount to 4.5 mg cm™> (PEDOT-3) resulted in decreased
conversion efficiency (5.94%), mainly because of the decline of
FF to 0.53. Clearly, the loading amount of PEDOT film has a
great influence on the FF of the device and subsequently the
conversion efficiency.

Furthermore, the effects of SSP-PEDOT CEs with different
loading amount of PEDOT on the photovoltaic characteristics
of DSCs can be investigated using EIS measured under light
illumination.”~* The EIS spectra of DSCs with Pt CE and
various SSP-PEDOT CEs are shown in Figure S, and the
equivalent circuit is shown in the inset.**™* In general, the EIS
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Figure S. Electrochemical impedance spectra of DSCs using the SSP-
PEDOT CEs with different loading amounts and Pt CE, measured
under irradiation of 100 mW cm™ AM 1.5 at open-circuit voltage.
Inset shows the equivalent circuit for fitting; dots present experimental
results; and solid lines show fitted results; the loading amount of
PEDOT for PEDOT-1, PEDOT-2, and PEDOT-3 films is 1.5, 3.0, and
4.5 mg cm™?, respectively.
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of a DSC presents three characteristic semicircles in the
scanning frequency range between 10° and 0.05 Hz. The high-
frequency semicircle is related to the charge-transfer resistance
at the interface of the counter electrode and the liquid
electrolyte (Rcry). The middle frequency semicircle is
attributed to charge transfer and recombination at the TiO,/
dye/electrolyte interfaces (Rcr,). The low-frequency semicircle
is ascribed to the Nernst diffusion of the I,7/I" redox couple in
the electrolyte (Zy). In addition, Ry is defined as the substrate
resistance, whose value is directly related to the sheet resistance
of TCO.**** As shown in Figure 5, only two main semicircles
are observed for as-fabricated DSC devices using PEDOT-2
and PEDOT-3 and the Pt CE, and the third arc for Nernst
diffusion is not obvious and overlapped by Rcr,. This is mainly
due to the low viscosity of the liquid electrolyte used in the
study.*"** However, the third semicircle is presented for the
DSC device with the PEDOT-1 CE. The appearance of a larger
semicircle at low frequency in the case of the PEDOT-1 CE is
mainly related to the poor catalytic activity of the as-fabricated
CE on the reduction of triiodide.”*~** The corresponding fitted
values of Rg, Ry, and Rer, are also listed in Table 2. Rg values
of all devices are close to each other, in accordance with the fact
that all the devices were fabricated under similar conditions.
Rery, which is determined by the diameter of the semicircle of
the high-frequency region of impedance spectra, is related to
the electrocatalytic performance of the CEs on the triiodide
reduction.’®* R¢p; decreases with the increase of the loading
amount of PEDOT on the substrate from 1.5 to 3.0 mg cm ™.
The Rcry value for PEDOT-1 CE and PEDOT-2 CE was 11.14
and 8.57 €, respectively. As illustrated in Figure 3 and Table 1,
the Nernst diffusion impedance (Np) resulting from diffusion
through the electrode pores largely decreased from 8.56 to 1.62
Q cm’® when the loading amount of PEDOT increased from 1.5
to 3.0 mg cm > The change of N, is related to the
microstructure, effective surface area, and porosity of the CE.
In general, a smaller value of Rcr; can lead to superior catalytic
activity of the CE on the triiodide reduction. The improvement
in catalytic activity of the PEDOT layer on triiodide reduction
may be ascribed to the increase in the effective surface area and
porosity in the thicker PEDOT films. The decrease in Rcr, can
result in a higher FF and conversion efficiency.'* However, with
further increasing the loading amount of PEDOT to 4.5 mg
cm™?, the Reyy increased to 10.22 Q. The corresponding Np
changed to 2.39 Q cm? implying that Nernst diffusion
impedance enlarged for PEDOT-3 CE. The increase in Rcr;
and Np will show a negative effect on the catalytic activity of the
CE. Therefore, further increasing the PEDOT loading will
result in the decrease of photovoltaic performance. The Rcrp,
value for devices is related to the CEs used in the devices.
Among these devices, the device with a Pt CE presents the
smallest value of Rcr, (16.06 Q), while the device with
PEDOT-1 CE shows the largest value of Rcp, (34.52 Q).
Moreover, Rcr,, reflecting the properties of the photoinjected
electrons within TiO,, was found to be dependent on the
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applied bias voltage. The Voc and Rcr, for a device with
PEDOT-2 CE are almost identical to those for the device with
PEDOT-3 CE. The change in conversion efficiency is related to
a change in the total internal resistance, which influences the
photovoltaic performance of the DSC. As the DSCs generally
operate under direct current conditions, the capacitances
(CPEI1 and CPE2) can be ignored. Therefore, the total internal
series resistance (Rpora) can be then described as'®**

Rrorar = Rs + Rery + Rer + Zy (3)

As the semicircle of Zy was overlapped by the semicircle of
Rcry, the equation can be simply described as

Rrorar = Rg + Rery + Rer 4)

The device with Pt CE presents a lower Rygpa (41.90 Q) and
higher-energy conversion efficiency than those of devices with
SSP-PEDOT CEs. Among the PEDOT-based devices, Rrgorar
for devices based on SSP-PEDOT-1, PEDOT-2, and PEDOT-3
is 68.61, 49.60, and 53.33 €, respectively. The DSC containing
PEDOT-2 CE shows the smallest Rrora, among the SSP-
PEDOT-based devices. The decrease in Rpgray helps to
improve the FF and conversion efficiency, and its conversion
efficiency is very close to that of a DSC device with a Pt CE. To
be specific, the enhanced photovoltaic performance of the
device is mainly due to the large effective surface area, porosity,
and thus the improved catalytic activity of the SSP-PEDOT CE.
As a result, the PEDOT-2 CE-based DSC achieves an energy
conversion efficiency of 7.04%, which is comparable with that
of the Pt CE-based device (7.35%).

As mentioned above, the high-performance SSP-PEDOT
film can be easily prepared via solid-state polymerization at 80
°C using the DBEDOT monomer. Therefore, one of the
advantages of the SSP method is its applicability in the
fabrication of PEDOT film on the plastic ITO/PEN substrates,
which can only sustain temperature lower than 150 °C. With
the optimized fabrication conditions for SSP-PEDOT CE on
rigid FTO glass substrate, SSP-PEDOT electrodes were
fabricated on a plastic PEN/ITO substrate. The photograph
of the resultant plastic PEDOT electrode is shown in the inset
of Figure 6. All-plastic DSCs were subsequently assembled with
an N719-sensitized P25 TiO, electrode as the photoanode and
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Figure 6. Photovoltaic characteristics of plastic DSCs with plastic
sputter-deposited Pt CE and plastic SSP-PEDOT CE, measured under
irradiation of 100 mW cm™ AM 1.5; inset shows the photograph of
the plastic SSP-PEDOT CE.
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SSP-PEDOT as the counter electrode. Its current density—
voltage curve is plotted in Figure 6. The all-plastic DSC device
exhibits a V,_ of 0.726 V, a J,. of 11.90 mA cm™2, and a FF of
0.54, which yield an energy conversion efficiency of 4.65%. The
results also confirm that the PEDOT CEs fabricated via solid-
state polymerization using DBEDOT monomer can be easily
incorporated onto the plastic substrate. For comparison, an all-
plastic DSC consisting of a N719-sensitized P25 TiO, electrode
and sputter-deposited Pt CE was also prepared under the same
conditions. The corresponding photocurrent density—voltage
curve is also shown in Figure 6. The photovoltaic parameters of
a DSC with sputter-deposited Pt CE are 0.724 V (V,.), 12.83
mA cm™? (J,.), 0.58 (FF), and 5.38% (1), respectively. The
photovoltaic characteristics of all-plastic DSC devices also
demonstrate that the PEDOT CE fabricated via solid-state
polymerization using the DBEDOT monomer has shown a
catalytic property for triiodide reduction comparable with that
of the Pt CE prepared using a sputtering technique. Moreover,
it also indicates that solid-state polymerization of DBEDOT is
an efficient low-cost method to fabricate a highly efficient CE at
low temperature for plastic DSC devices.

B CONCLUSION

In conclusion, a low-cost, low-temperature method to fabricate
the high-performance PEDOT CEs for plastic dye-sensitized
solar cells has been successfully developed via a facile solid-state
polymerization at 80 °C for 6 h with DBEDOT monomer as
the starting material. The optimal SSP-PEDOT CE-based rigid
DSC and plastic DSC presented a power conversion efficiency
of 7.04% and 4.65%, respectively, which are comparable with
the values obtained from the devices based on a thermally
deposited Pt CE (7.35%) and sputter-deposited Pt CE (5.38%).
The superior performance indicates that PEDOT film
synthesized via a low-temperature solid-state polymerization
is a promising CE material for high-performance Pt-free plastic
DSCs.
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