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Abstract

Low-cost poly (3,4 ethylenedioxythiophene) (PEDOT) films with a high electronic conductivity
of 1021 S/cm were successfully deposited via iron oxide-based vapor-phase polymerization and
used as a counter electrode (CE) in dye-sensitized solar cells for the first time. Reaching a high
efficiency of 8.4%, the CE showed outstanding catalytic activity in iodine/triiodide (I7/13°)
reduction, with a six times lower charge transfer resistance than a standard Pt CE. Combining low
cost, easy fabrication, and high electro-catalytic activity, our PEDOT films are a promising
replacement for expensive platinum CEs. This efficiency is one of the highest reported among the

PEDOT-based DSSC.

Keywords: Dye-sensitized solar cell, Low-cost counter electrode, PEDOT, Vapor phase

polymerization, Electrocatalytic activity, Conversion efficiency.
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1. Introduction

Dye-sensitized solar cells (DSSCs) are low cost and simple to make, and they have a
relatively high conversion efficiency of ~12% (Gritzel, 2009). Generally, DSSCs consist of a
porous TiO; electrode sensitized with an absorbing layer, an electrolyte, and a platinum (Pt)
counter electrode (CE). In DSSCs, CE are used to reduce an oxidized redox couple, to collect and
transmit the electrons back into the cell, and to reflect unabsorbed light back to the cell, enhancing
the utilization of solar energy. To ensure an efficient redox reaction in the electrolyte, an ideal CE
should possess high conductivity, high electrochemical and mechanical stability, and high catalytic
activity. Pt, because of its high conductivity and excellent catalytic activity toward I3 (iodide)

reduction, is the most nearly ideal CE in DSSC (Briscoe and Dunn, 2016).

However, large-scale use of Pt is limited by its low stability in the redox electrolyte, as
well as by its high cost and rarity. An alternative CE is highly desirable, one with low-cost
fabrication, easy scalability, high photocorrosion stability, and relatively high conversion
efficiency. To this end, many works have carried out to substitute Pt with suitable alternatives,
such as carbonaceous material (Kouhnavard et al., 2016, 2015; Ren et al., 2015; Zheng et al.,
2014), metal oxide (Guo et al., 2015; Ahn and Manthiram, 2016; Zhang et al., n.d.), and polymers
(Ghanietal., 2015; Lu et al., 2015). Among these alternatives, polymers are advantageous for their
low cost and high catalytic activity (Jeon et al., 2011; Park and Jang, 2016; Tai et al., 2011; Tang
et al., 2012; Zhou et al., 2018). Polypyrrole (PPy), polyaniline (PANI) (Tai et al., 2011), and poly
(3,4 ethylenedioxythiophene) (PEDOT) (Kim et al., 2018) are commonly used as conductive
polymer CEs in DSSC or as hole transporting materials in perovskite solar cells (Liu et al., 2020;
M. Wang et al., 2018; Wang et al., 2019; Zeng et al., 2017; Zhou et al., 2019). Amongst them,
PEDOT is attractive as it possesses the highest transparency, stability, and catalytic activity (Zhang
et al., 2012). Its conductivity, 300-600 S.cm™, is also much higher than those of PANI (~5 S/cm)
and PPy (~50 S/cm) (Kim et al., n.d.; Ha et al., 2004; See et al., 2010; Wei et al., 2014;(Hou et al.,
2019; Wu et al., 2017). However, the existing conductivity can be increased by various methods,
such as by annealing at elevated temperatures (Lee et al., 2014a), acid treatment (Lee et al., 2014b),
adding co-solvents (Wei et al., 2013; G. T. Yue et al.,, 2013), and doping to enhance the
crystallization of the films (Gueye et al., 2016; Rudd et al., 2018). Zhang et al. used cyclic

voltammetry (a three-electrode system) to deposit three different CEs with different carbon doped
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polymers to fabricate a DSSC (Zhang et al., 2012) with C160 ruthenium dye. PEDOT+ carbon
black (C) exhibited the highest efficiency, 7.6%, compared to PANI+C and PPY+C with

efficiencies of ~5.2%, prepared under the same experimental condition.

Typically, PEDOT films are generated via electrochemical polymerization under
constant voltage or constant current, which results in low electrical conductivity (Trevisan et al.,
2011; Lin et al., 2016; Zhang et al., 2012). For example, Li et al.(2017) report a PEDOT/rGO
composite film possessing a conversion efficiency of 7.115%; however, their electrochemical
method requires a potentiostat, a three-electrode system, and refined control of voltage, all of
which  decrease the film’s reproducibility.  Alternatively, toluenesulfonate, CIO,
poly(styrenesulfonate) (PSS)(G. T. Yue et al., 2013), TsO ; Saito et al., 2002) and polyoxometalate
(POM)) are frequently employed as dopants to increase the solubility or electrical conductivity of
PEDOT. The water solubility and simple fabrication process of PEDOT:PSS make it an interesting
industrial polymer. G. T. Yue et al. (2013) deposited PEDOT:PSS/carbon on an fluorine doped tin
oxide ( FTO) glass with a scratch method under infrared light irradiation and used it as a CE for
DSSC. They achieved the highest reported conductivity for a PEDOT:PSS/carbon electrode, 173

S/cm, and a resulting cell efficiency of 7.6%.

Another synthesis approach is oxidative vapor phase polymerization (VPP) using various
oxidants such as MoCls (Han Kim et al., 2015), Fe(ClO4)3; (Anothumakkool et al., 2016), and FeCl3
(Kim et al., 2003; Jo et al., 2012; X. Wang et al., 2018). However, these oxidants require
fabrication in a controlled environment (Winther-Jensen and West, 2004a). Bjorn et al. synthesized
a PEDOT film via chemical vapor deposition (CVD) by controlling the humidity and pressure,
achieving a PEDOT conductivity of only 1000 S/cm (Winther-Jensen and West, 2004b).

It is worth noting that single-crystal PEDOT has a reported electrical conductivity as high
as 8797 S/cm, which is significantly higher than that observed in the thin films desired for
electronic devices (White et al., 2013). These limitations highlight the urgency of advancing
current PEDOT film fabrication protocols so that they are facile, cheap, and yield high
conductivity. Several methods have been proposed, mainly using VPP with FeCl; as an oxidant,
but to the best of our knowledge our method has never been applied in DSSC. Herein, we present
a low-cost approach for engineering superior quality PEDOT films on FTO glass, using iron oxide

(rust) -based vapor-phase polymerization (RVPP) (Diao et al., 2019). We used Fe>O3 (rust) as an
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oxidant because it is the cheapest and most thermodynamically stable Fe phase. The electronic

conductivity of the films are reported. The film as synthesized was used as a CE in a Pt-free DSSC.

2. Experimental:
2.1 Counter electrode preparation:

FTO glass substrates (TEC™ 7) were purchased from MSE supplies LLC, USA. First, the FTO
glass substrates were washed via ultrasonic baths in acetone and then in isopropyl alcohol for 20

minutes, each. Then they were treated under UV-ozone for 30 minutes to remove remaining

organic impurities.
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Fig. 1. Schematic of PEDOT/FTO fabrication and its mechanism for the liberation of Fe*"
and formation of PEDOT via step-growth polymerization.

Next, a solid-oxidant precursor, 20-nm thick Fe,Os, was sputtered over the FTO via
physical vapor deposition (Kurt J. Lesker PVD 75 RF and DC). A glass reactor was loaded with
the Fe>Os-coated FTO, 40 pL of HCI, and 200 pL of a 0.674 M EDOT solution in chlorobenzene,
then sealed and heated in an oven at 140 °C for 1.5 hr. The samples were purified via 6 M H>SO4

overnight to remove iron impurities. (Fig. 1). The sputtered a-Fe>O3 was used as a ferric ion-
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containing solid-state oxidant-precursor to induce dissolution, liberation of ferric ions, and Fe**

hydrolysis concomitant with oxidative radical polymerization.

2.2 Solar cell materials and device fabrication process

A working electrode was made of two layers of screen printed TiO> nanoparticles
(transparent TiO> and a reflective TiO») treated with TiCls, resulting in an overall thickness of 12-
16 um. The final TiO: film was then annealed at 450 °C for 30 minutes before immersing it in a
dye solution of N719, 20 mg/mL in ethanol. The working electrode was soaked in the dye solution
after being cooled to 70 °C. After 12 hours, it was rinsed with ethanol, and dried. The Pt electrode
was made by drop casting Plastisol T/SP precursor solution on the FTO glass and was used as the
reference CE. Finally, both the CE and the working electrode were clipped together and filled
with Iodolyte AN-50 (Solaronix, Aus) electrolyte. Then the cell was tested under ambient
conditions (30-50% relative humidity) and AMI1.5 illumination.

2.3 Characterization:

To investigate their crystal structure, PEDOT films were characterized with an X-ray
diffractometer (XRD, Bruker D8 ADVANCE, Bruker, USA) configured with a 1.5418 A Cu X-
ray operating at 40 kV. Field-emission scanning electron microscopy (FE-SEM, Nova NanoSEM
230) also used to investigate the surface morphology of the PEDOT films on the FTO substrate.
Four-point probe measurements were carried out using a Keithley 2450 SourceMeter with a
Signatone SP4 four-point probe head. Cyclic voltammetry (CV) analysis and electro impedance
spectroscopy (EIS) were conducted using a BioLogic VMP3 multi-potentiostat. CV was carried
out with three-electrode configurations at a scan rate of 50 mV/s. Ag/AgClI (3 M KCI) was used
as a reference electrode, Pt and PEDOT films were the working electrodes, and Pt wire was the
CE, in an acetonitrile solution containing Lil (10 mM), I (ImM), and LiClO4 (0.1M ) as supporting
electrolytes. The surface area of the CEs was 1 cm?. EIS characterization was carried out using a
symmetric cell, which consisted of two same CEs facing each other (Pt-Pt and PEDOT-PEDOT),
and the space between the CEs was filled with the same electrolyte as used in full DSSC. EIS was

operated at open circuit voltage using an ac perturbation of 10 mV and a frequency range 100 kHz
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to 0.1 Hz. The spectra were then analyzed by fitting the arc observed at the highest frequency in
Nyquist plots to the equivalent circuit, which contained the series resistance (Rs), charge transfer

resistance (Rct), and constant phase element (CPE).

3. Results and Discussion
3.1. Morphology and crystal structure of PEDOT CE

Fig. 2a shows a SEM image of a PEDOT film on an FTO glass substrate. The film consists
of bundles and nanofibers that result from, respectively, the removal of iron crystals formed during
iron hydrolysis and EDOT oxidative radical polymerization through RVPP.(H. Wang et al., 2018;
Diao et al., 2019). Fig. 2b shows XRD patterns of the same PEDOT film on a glass substrate.
Three characteristic peaks are centered at 6.5°, 13.0°, and 26.5°. The wide diffraction peak at 26.5°
corresponds to the (020) reflection, which is due to n—= stacking, whereas the sharp peaks at 6.5°
and 13.0° are assigned to (200) and (100) reflections, respectively, and correspond to lateral chain
packing. A four-point probe conductivity measurement was also carried out and demonstrated an
exceedingly high conductivity of 1120 S/cm, mainly the result of the PEDOT crystal structure and
its high charge carrier concentration (Ugur et al., 2015). The thickness of the PEDOT film is

around 200 nm, measured using a profilometer (Fig. S1).
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Fig. 2 (a) SEM image of a PEDOT film on an FTO substrate (b) XRD spectra of a
PEDOT film on a glass substrate.
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3.2. Electrochemical properties of PEDOT CE

The electrocatalytic activities of the PEDOT CEs were evaluated by CV to quantify the
electrocatalytic activities of the CEs in the electrolyte. The Pt CE was also prepared under the same
experimental conditions for comparison. In CV analysis, the oxidation of I" and the reduction of
I3” are the major redox reactions, corresponding to the anodic (J,4) and cathodic (Jc) peak current
densities, respectively. These peaks are labeled in Fig. 3, which shows the CV diagrams of PEDOT
and Pt CEs. Jy« in CV is not important to us, because the main role of a CE is to prompt the
reduction of I3 in the DSSC. Therefore, J,- and the potential difference between the Jys and Jpe
(AEyyp) are our focuses in this graph. The very high J,. value of PEDOT (6.0 mA/cm?), compared
to Pt electrode with a J,. of 2.7 mA/cm?, indicates the outstanding electrocatalytic activity of the
PEDOT CE in the I3” reduction reaction (Prigodin and Epstein, 2001). The lower peak potential
separation (AEp) for PEDOT film also shows a quicker reaction rate for the reduction of I3 to I".
Both factors together result in higher values of the short-current density (Jsc) and fill factor (FF)
in a complete cell, owing to higher charge transfer through the electrolyte and CE interface and a

lower recombination rate at the electrolyte and working electrode interface, respectively.
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Fig. 3. Cyclic voltammograms of Pt and PEDOT film as counter electrodes for DSSC

at a scan rate of 50 mV/s.

Fig. 4a shows 30 successive scan cycles of the PEDOT CE at a fixed scan rate. The peak

current densities change with the change in scan rate, while the potential remains unchanged,
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which indicates that the PEDOT film possesses good chemical stability and is firmly coated on the
FTO substrate (G. Yue et al., 2013). Fig. 4b displays the CVs of the PEDOT at scan rates ranging
from 25mV/s to 200 mV/s. As the scan rate is increased, the cathodic and anodic peaks slowly
shift in the negative and positive directions, respectively. In addition, Fig. 4c shows a linear
relationship between the current density and the square root of the scan rate, indicating that the
reduction reaction of the redox couples at the PEDOT CE is controlled by ionic diffusion of iodide
species within the electrolyte, and accordingly follows the Randles-Sevcik equation (Sun et al.,

n.d.; Yue et al., 2014).

We further investigated the electrochemical features of the CEs by EIS measurements in a
symmetric cell in which the iodine electrolyte solution was filled in the interspaces of two facing
identical CEs to eliminate the effect of the photoanode. A fixed electrode area of 1 cm? was used
for these measurements. Fig. 4d shows the Nyquist plot of the real impedance, Z’, on the x-axis
versus the imaginary impedance, -Z”, on the y-axis for Pt and PEDOT cells . The intercept of the
high frequency (100 kHz) semicircle on the x-axis represents the series resistance (Ry). The
diameter of the high-frequency semicircle equals both the charge transfer resistance (R.) at the
CE/electrolyte interface as well as the redox species (I~ /I3 ) diffusion resistance (Zw) in the
electrolyte. The equivalent RC circuit model is also given in inset (d) of Fig. 4 and was used to

obtain the EIS parameters (Rs, Re, Zw) by fitting the impedance spectra to the equivalent model.
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Fig. 4. Cyclic voltammograms of Pt and PEDOT film (a) at a fixed scan rate of 50 mV/s for 30
cycles; (b) at different scan rates (from inner to outer: 25, 50, 75. .. 200 mV-/s); (c) redox peak
current versus the square root of the scan rate, at scan rates from 25 mV/s to 200 mV/s ; (d)
Nyquist plots of the symmetric CE-CE cells and the equivalent circuit models for the -/ I3
reaction.

The R, value, which is mainly associated with the electrolyte solution resistance and the
sheet resistance of the CE, is much lower for the PEDOT (4.3 Q) than for Pt (9.2 Q). The value of
R for the PEDOT film (7 Q) is similarly six times lower than that for the Pt film (42 Q), indicating
a higher charge transfer process at the electrolyte and PEDOT CE interface. This difference can
be associated with the high conductivity and catalytic activity of the PEDOT, which facilitate the
transmission of the electrons across the PEDOT film/FTO interface. Therefore, we can expect

higher photovoltaic performance from a DSSC using a PEDOT CE.

3.3. Photovoltaic performance of PEDOT CE in DSSC

The photovoltaic performances of DSSCs with PEDOT and Pt CEs were evaluated under
ambient conditions. Fig. 5a is a schematic of the full cell, using FTO/TiO; as the working electrode
and PEDOT as the CE. For comparison, Fig. 5b plots the photocurrent density—photovoltage (J—
) of DSSCs using PEDOT and Pt as CEs, and Table 1 lists their photovoltaic parameters.

Page 10 of 20



(a) (b)

]
(5]

Pt - based DSC
=== PEDOT - based DSC

[
(=]

P ——
——
——

=
[+,]
T

Current density (mA!cmz)
)

4]

0.0 0.2 0.4 0.6 0.8
Voltage (V)

Fig. 5. (a) Schematic of a DSSC using a PEDOT film as a CE and (b) Photocurrent-voltage
characteristics of DSSCs with PEDOT and Pt CEs under AM 1.5.

The open-circuit voltage (Voc) values of both CEs, as listed in Table 1, are the same
because we used the same TiO; as the working electrode for both cells. The DSSC with a PEDOT
CE presents a high J. of 20.24 mA/cm?, which is slightly lower than the Pt electrode due to the
higher intrinsic electrical conductivity of the Pt. However, a higher FF value is observed for the

PEDOT film, which we attribute to its low R. and excellent electrochemical catalytic activity.

Table 1. Photovoltaic parameters of the best performing DSSCs, assembled with PEDOT and Pt
CEs and tested under AM 1.5.

Cell name Jse (mA/cm?) Voc (V) FF (%) n (%)
PEDOT-based DSSC 20.24 0.64 0.65 8.42
Pt-based DSSC 21.47 0.64 0.61 8.38

Moreover, the comparably high Js. and FF values can be originated from the improved
contact area between the PEDOT CE and the electrolyte (Seo et al., 1997). In general, high
performance of the CE originates due to three factors, (i) the intrinsic electrocatalytic activity of
CE, (ii) large contact area between the CE and the electrolyte, and (iii) the good adhesion between
the CE and the substrate (Sining Yun, 2019). Here in this study, good contact area between the CE
and the electrolyte can be seen from high catalytic activity of the PEDOT CE to reduce iodine to
trilodide as evidence by CV analysis shown in Fig.3, while good adhesion of PEDOT to the
substrate can be confirmed from Fig. 4a showing 30 successive CV of PEDOT electrode in an
iodine containing electrolyte solution.
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Moreover, the porous structure of the PEDOT film (Fig. 2a) can further improve the contact area
between CE and electrolyte by providing more surface area for the electrolyte to react with the
CE.

As a result, the PEDOT-based cell achieved an efficiency of 8.4%, among the highest of values
reported in the literature, some of which are listed in Table S1. Notably, our synthesis approach is
facile and cheap because we use a rust layer as the oxidant and the reaction occurs in a simple

glass vial at a low temperature.

4. Conclusions:

Highly conductive and low-cost PEDOT films were successfully deposited on an FTO glass
substrate via rust-based vapor-phase polymerization (RVPP) and used as the CE in a DSSC. CV
and EIS measurements revealed a highly efficient electrochemical catalysis of the PEDOT CE,
accelerating the triiodide to iodide reduction and ensuring fast electron transport at the
CE/electrolyte interface. The PEDOT CE also showed a high FF (65%) and conversion efficiency
(8.4%), slightly outperforming Pt CEs. Compared to costly and rare Pt-based CEs, the inexpensive
and simple fabrication method of our PEDOT CE, in addition to its high conductivity and excellent

efficiency, make it a promising candidate for large scale DSSC applications.
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Table S1. PEDOT films with different fabrication strategies, taken from the references

CE Conductivity Reaction condition Efficiency Reference
(S/cm) (%)
PEDOT 1120 Rust-based vapor-phase polymerization 8.4 (this work)
PEDOT/rGO? - Potentiostat (three-electrode system) with applied 7.1 (Lietal., 2017)
voltage
PEDOT --- Oxidative molecular layer deposition using MoCls 7.2 (Han Kim et al.,
as an oxidant 2015)
PEDOT 357 Humidify chamber with low pressure and gas 6.1 (Anothumakkool
purge system using Fe(ClO4); as an oxidant
etal., 2016)
PEDOT/CNT® 45.2 FeCl3 4.62 (Shin et al.,
2011)
PEDOT 195 Potentiostat (three-electrode system) with applied 7.8 (Shahzada et al.,
voltage 2010)
Graphene/PEDOT:PSS 6.24 Electrospray using applied voltage 8.3 (Kim et al.,
2018)
Carbon +PEDOT -—-- Potentiostat (three-electrode system) with applied 7.6 (Zhang et al.,
voltage 2012)
PEDOT:PSS 172 Scratch method under infrared light irradiation 7.6 (G.T. Yueetal.,

2013)

*Reduced graphene oxide, *Single wall carbon nanotube;
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Abstract

Low-cost poly (3,4 ethylenedioxythiophene) (PEDOT) films with a high electronic conductivity
of 1021 S/cm were successfully deposited via iron oxide-based vapor-phase polymerization and
used as a counter electrode (CE) in dye-sensitized solar cells for the first time. Reaching a high
efficiency of 8.4%, the CE showed outstanding catalytic activity in iodine/triiodide (I7/13°)
reduction, with a six times lower charge transfer resistance than a standard Pt CE. Combining low
cost, easy fabrication, and high electro-catalytic activity, our PEDOT films are a promising
replacement for expensive platinum CEs. This efficiency is one of the highest reported among the

PEDOT-based DSSC.

Keywords: Dye-sensitized solar cell, Low-cost counter electrode, PEDOT, Vapor phase

polymerization, Electrocatalytic activity, Conversion efficiency.

Page 2 of 20



1. Introduction

Dye-sensitized solar cells (DSSCs) are low cost and simple to make, and they have a
relatively high conversion efficiency of ~12% (Gritzel, 2009). Generally, DSSCs consist of a
porous TiO; electrode sensitized with an absorbing layer, an electrolyte, and a platinum (Pt)
counter electrode (CE). In DSSCs, CE are used to reduce an oxidized redox couple, to collect and
transmit the electrons back into the cell, and to reflect unabsorbed light back to the cell, enhancing
the utilization of solar energy. To ensure an efficient redox reaction in the electrolyte, an ideal CE
should possess high conductivity, high electrochemical and mechanical stability, and high catalytic
activity. Pt, because of its high conductivity and excellent catalytic activity toward I3 (iodide)

reduction, is the most nearly ideal CE in DSSC (Briscoe and Dunn, 2016).

However, large-scale use of Pt is limited by its low stability in the redox electrolyte, as
well as by its high cost and rarity. An alternative CE is highly desirable, one with low-cost
fabrication, easy scalability, high photocorrosion stability, and relatively high conversion
efficiency. To this end, many works have carried out to substitute Pt with suitable alternatives,
such as carbonaceous material (Kouhnavard et al., 2016, 2015; Ren et al., 2015; Zheng et al.,
2014), metal oxide (Guo et al., 2015; Ahn and Manthiram, 2016; Zhang et al., n.d.), and polymers
(Ghanietal., 2015; Lu et al., 2015). Among these alternatives, polymers are advantageous for their
low cost and high catalytic activity (Jeon et al., 2011; Park and Jang, 2016; Tai et al., 2011; Tang
et al., 2012; Zhou et al., 2018). Polypyrrole (PPy), polyaniline (PANI) (Tai et al., 2011), and poly
(3,4 ethylenedioxythiophene) (PEDOT) (Kim et al., 2018) are commonly used as conductive
polymer CEs in DSSC or as hole transporting materials in perovskite solar cells (Liu et al., 2020;
M. Wang et al., 2018; Wang et al., 2019; Zeng et al., 2017; Zhou et al., 2019). Amongst them,
PEDOT is attractive as it possesses the highest transparency, stability, and catalytic activity (Zhang
et al., 2012). Its conductivity, 300-600 S.cm™, is also much higher than those of PANI (~5 S/cm)
and PPy (~50 S/cm) (Kim et al., n.d.; Ha et al., 2004; See et al., 2010; Wei et al., 2014;(Hou et al.,
2019; Wu et al., 2017). However, the existing conductivity can be increased by various methods,
such as by annealing at elevated temperatures (Lee et al., 2014a), acid treatment (Lee et al., 2014b),
adding co-solvents (Wei et al., 2013; G. T. Yue et al.,, 2013), and doping to enhance the
crystallization of the films (Gueye et al., 2016; Rudd et al., 2018). Zhang et al. used cyclic

voltammetry (a three-electrode system) to deposit three different CEs with different carbon doped
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polymers to fabricate a DSSC (Zhang et al., 2012) with C160 ruthenium dye. PEDOT+ carbon
black (C) exhibited the highest efficiency, 7.6%, compared to PANI+C and PPY+C with

efficiencies of ~5.2%, prepared under the same experimental condition.

Typically, PEDOT films are generated via electrochemical polymerization under
constant voltage or constant current, which results in low electrical conductivity (Trevisan et al.,
2011; Lin et al., 2016; Zhang et al., 2012). For example, Li et al.(2017) report a PEDOT/rGO
composite film possessing a conversion efficiency of 7.115%; however, their electrochemical
method requires a potentiostat, a three-electrode system, and refined control of voltage, all of
which  decrease the film’s reproducibility.  Alternatively, toluenesulfonate, CIO,
poly(styrenesulfonate) (PSS)(G. T. Yue et al., 2013), TsO ; Saito et al., 2002) and polyoxometalate
(POM)) are frequently employed as dopants to increase the solubility or electrical conductivity of
PEDOT. The water solubility and simple fabrication process of PEDOT:PSS make it an interesting
industrial polymer. G. T. Yue et al. (2013) deposited PEDOT:PSS/carbon on an fluorine doped tin
oxide ( FTO) glass with a scratch method under infrared light irradiation and used it as a CE for
DSSC. They achieved the highest reported conductivity for a PEDOT:PSS/carbon electrode, 173

S/cm, and a resulting cell efficiency of 7.6%.

Another synthesis approach is oxidative vapor phase polymerization (VPP) using various
oxidants such as MoCls (Han Kim et al., 2015), Fe(ClO4)3; (Anothumakkool et al., 2016), and FeCl3
(Kim et al., 2003; Jo et al., 2012; X. Wang et al., 2018). However, these oxidants require
fabrication in a controlled environment (Winther-Jensen and West, 2004a). Bjorn et al. synthesized
a PEDOT film via chemical vapor deposition (CVD) by controlling the humidity and pressure,
achieving a PEDOT conductivity of only 1000 S/cm (Winther-Jensen and West, 2004b).

It is worth noting that single-crystal PEDOT has a reported electrical conductivity as high
as 8797 S/cm, which is significantly higher than that observed in the thin films desired for
electronic devices (White et al., 2013). These limitations highlight the urgency of advancing
current PEDOT film fabrication protocols so that they are facile, cheap, and yield high
conductivity. Several methods have been proposed, mainly using VPP with FeCl; as an oxidant,
but to the best of our knowledge our method has never been applied in DSSC. Herein, we present
a low-cost approach for engineering superior quality PEDOT films on FTO glass, using iron oxide

(rust) -based vapor-phase polymerization (RVPP) (Diao et al., 2019). We used Fe>O3 (rust) as an
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oxidant because it is the cheapest and most thermodynamically stable Fe phase. The electronic

conductivity of the films are reported. The film as synthesized was used as a CE in a Pt-free DSSC.

2. Experimental:
2.1 Counter electrode preparation:

FTO glass substrates (TEC™ 7) were purchased from MSE supplies LLC, USA. First, the FTO
glass substrates were washed via ultrasonic baths in acetone and then in isopropyl alcohol for 20

minutes, each. Then they were treated under UV-ozone for 30 minutes to remove remaining

organic impurities.

ﬁ .,,;;‘"-
_— Fe,O, depositi
,): ,0O, deposition

FTO glass Fe,O, coated FTO

PEDOT
conversion

PEDOT coated FTO
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1. Liberation of Fe>*
Fe203 + GHCI — 2FeCI3 + 3Hzo

2. EDOT oxidative radical polymerization

d o FeCls FeCl. d » d o

Ccl-
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Fig. 1. Schematic of PEDOT/FTO fabrication and its mechanism for the liberation of Fe*"
and formation of PEDOT via step-growth polymerization.

Next, a solid-oxidant precursor, 20-nm thick Fe,Os, was sputtered over the FTO via
physical vapor deposition (Kurt J. Lesker PVD 75 RF and DC). A glass reactor was loaded with
the Fe>Os-coated FTO, 40 pL of HCI, and 200 pL of a 0.674 M EDOT solution in chlorobenzene,
then sealed and heated in an oven at 140 °C for 1.5 hr. The samples were purified via 6 M H>SO4

overnight to remove iron impurities. (Fig. 1). The sputtered a-Fe>O3 was used as a ferric ion-
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containing solid-state oxidant-precursor to induce dissolution, liberation of ferric ions, and Fe**

hydrolysis concomitant with oxidative radical polymerization.

2.2 Solar cell materials and device fabrication process

A working electrode was made of two layers of screen printed TiO> nanoparticles
(transparent TiO> and a reflective TiO») treated with TiCls, resulting in an overall thickness of 12-
16 um. The final TiO: film was then annealed at 450 °C for 30 minutes before immersing it in a
dye solution of N719, 20 mg/mL in ethanol. The working electrode was soaked in the dye solution
after being cooled to 70 °C. After 12 hours, it was rinsed with ethanol, and dried. The Pt electrode
was made by drop casting Plastisol T/SP precursor solution on the FTO glass and was used as the
reference CE. Finally, both the CE and the working electrode were clipped together and filled
with Iodolyte AN-50 (Solaronix, Aus) electrolyte. Then the cell was tested under ambient
conditions (30-50% relative humidity) and AMI1.5 illumination.

2.3 Characterization:

To investigate their crystal structure, PEDOT films were characterized with an X-ray
diffractometer (XRD, Bruker D8 ADVANCE, Bruker, USA) configured with a 1.5418 A Cu X-
ray operating at 40 kV. Field-emission scanning electron microscopy (FE-SEM, Nova NanoSEM
230) also used to investigate the surface morphology of the PEDOT films on the FTO substrate.
Four-point probe measurements were carried out using a Keithley 2450 SourceMeter with a
Signatone SP4 four-point probe head. Cyclic voltammetry (CV) analysis and electro impedance
spectroscopy (EIS) were conducted using a BioLogic VMP3 multi-potentiostat. CV was carried
out with three-electrode configurations at a scan rate of 50 mV/s. Ag/AgClI (3 M KCI) was used
as a reference electrode, Pt and PEDOT films were the working electrodes, and Pt wire was the
CE, in an acetonitrile solution containing Lil (10 mM), I (ImM), and LiClO4 (0.1M ) as supporting
electrolytes. The surface area of the CEs was 1 cm?. EIS characterization was carried out using a
symmetric cell, which consisted of two same CEs facing each other (Pt-Pt and PEDOT-PEDOT),
and the space between the CEs was filled with the same electrolyte as used in full DSSC. EIS was

operated at open circuit voltage using an ac perturbation of 10 mV and a frequency range 100 kHz
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to 0.1 Hz. The spectra were then analyzed by fitting the arc observed at the highest frequency in
Nyquist plots to the equivalent circuit, which contained the series resistance (Rs), charge transfer

resistance (Rct), and constant phase element (CPE).

3. Results and Discussion
3.1. Morphology and crystal structure of PEDOT CE

Fig. 2a shows a SEM image of a PEDOT film on an FTO glass substrate. The film consists
of bundles and nanofibers that result from, respectively, the removal of iron crystals formed during
iron hydrolysis and EDOT oxidative radical polymerization through RVPP.(H. Wang et al., 2018;
Diao et al., 2019). Fig. 2b shows XRD patterns of the same PEDOT film on a glass substrate.
Three characteristic peaks are centered at 6.5°, 13.0°, and 26.5°. The wide diffraction peak at 26.5°
corresponds to the (020) reflection, which is due to n—= stacking, whereas the sharp peaks at 6.5°
and 13.0° are assigned to (200) and (100) reflections, respectively, and correspond to lateral chain
packing. A four-point probe conductivity measurement was also carried out and demonstrated an
exceedingly high conductivity of 1120 S/cm, mainly the result of the PEDOT crystal structure and
its high charge carrier concentration (Ugur et al., 2015). The thickness of the PEDOT film is

around 200 nm, measured using a profilometer (Fig. S1).
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Fig. 2 (a) SEM image of a PEDOT film on an FTO substrate (b) XRD spectra of a
PEDOT film on a glass substrate.
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3.2. Electrochemical properties of PEDOT CE

The electrocatalytic activities of the PEDOT CEs were evaluated by CV to quantify the
electrocatalytic activities of the CEs in the electrolyte. The Pt CE was also prepared under the same
experimental conditions for comparison. In CV analysis, the oxidation of I" and the reduction of
I3” are the major redox reactions, corresponding to the anodic (J,4) and cathodic (Jc) peak current
densities, respectively. These peaks are labeled in Fig. 3, which shows the CV diagrams of PEDOT
and Pt CEs. Jy« in CV is not important to us, because the main role of a CE is to prompt the
reduction of I3 in the DSSC. Therefore, J,- and the potential difference between the Jys and Jpe
(AEyyp) are our focuses in this graph. The very high J,. value of PEDOT (6.0 mA/cm?), compared
to Pt electrode with a J,. of 2.7 mA/cm?, indicates the outstanding electrocatalytic activity of the
PEDOT CE in the I3” reduction reaction (Prigodin and Epstein, 2001). The lower peak potential
separation (AEp) for PEDOT film also shows a quicker reaction rate for the reduction of I3 to I".
Both factors together result in higher values of the short-current density (Jsc) and fill factor (FF)
in a complete cell, owing to higher charge transfer through the electrolyte and CE interface and a

lower recombination rate at the electrolyte and working electrode interface, respectively.
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Fig. 3. Cyclic voltammograms of Pt and PEDOT film as counter electrodes for DSSC

at a scan rate of 50 mV/s.

Fig. 4a shows 30 successive scan cycles of the PEDOT CE at a fixed scan rate. The peak

current densities change with the change in scan rate, while the potential remains unchanged,
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which indicates that the PEDOT film possesses good chemical stability and is firmly coated on the
FTO substrate (G. Yue et al., 2013). Fig. 4b displays the CVs of the PEDOT at scan rates ranging
from 25mV/s to 200 mV/s. As the scan rate is increased, the cathodic and anodic peaks slowly
shift in the negative and positive directions, respectively. In addition, Fig. 4c shows a linear
relationship between the current density and the square root of the scan rate, indicating that the
reduction reaction of the redox couples at the PEDOT CE is controlled by ionic diffusion of iodide
species within the electrolyte, and accordingly follows the Randles-Sevcik equation (Sun et al.,

n.d.; Yue et al., 2014).

We further investigated the electrochemical features of the CEs by EIS measurements in a
symmetric cell in which the iodine electrolyte solution was filled in the interspaces of two facing
identical CEs to eliminate the effect of the photoanode. A fixed electrode area of 1 cm? was used
for these measurements. Fig. 4d shows the Nyquist plot of the real impedance, Z’, on the x-axis
versus the imaginary impedance, -Z”, on the y-axis for Pt and PEDOT cells . The intercept of the
high frequency (100 kHz) semicircle on the x-axis represents the series resistance (Ry). The
diameter of the high-frequency semicircle equals both the charge transfer resistance (R.) at the
CE/electrolyte interface as well as the redox species (I~ /I3 ) diffusion resistance (Zw) in the
electrolyte. The equivalent RC circuit model is also given in inset (d) of Fig. 4 and was used to

obtain the EIS parameters (Rs, Re, Zw) by fitting the impedance spectra to the equivalent model.
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Fig. 4. Cyclic voltammograms of Pt and PEDOT film (a) at a fixed scan rate of 50 mV/s for 30
cycles; (b) at different scan rates (from inner to outer: 25, 50, 75. .. 200 mV-/s); (c) redox peak
current versus the square root of the scan rate, at scan rates from 25 mV/s to 200 mV/s ; (d)
Nyquist plots of the symmetric CE-CE cells and the equivalent circuit models for the -/ I3
reaction.

The R, value, which is mainly associated with the electrolyte solution resistance and the
sheet resistance of the CE, is much lower for the PEDOT (4.3 Q) than for Pt (9.2 Q). The value of
R for the PEDOT film (7 Q) is similarly six times lower than that for the Pt film (42 Q), indicating
a higher charge transfer process at the electrolyte and PEDOT CE interface. This difference can
be associated with the high conductivity and catalytic activity of the PEDOT, which facilitate the
transmission of the electrons across the PEDOT film/FTO interface. Therefore, we can expect

higher photovoltaic performance from a DSSC using a PEDOT CE.

3.3. Photovoltaic performance of PEDOT CE in DSSC

The photovoltaic performances of DSSCs with PEDOT and Pt CEs were evaluated under
ambient conditions. Fig. 5a is a schematic of the full cell, using FTO/TiO; as the working electrode
and PEDOT as the CE. For comparison, Fig. 5b plots the photocurrent density—photovoltage (J—
) of DSSCs using PEDOT and Pt as CEs, and Table 1 lists their photovoltaic parameters.
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Fig. 5. (a) Schematic of a DSSC using a PEDOT film as a CE and (b) Photocurrent-voltage
characteristics of DSSCs with PEDOT and Pt CEs under AM 1.5.

The open-circuit voltage (Voc) values of both CEs, as listed in Table 1, are the same
because we used the same TiO; as the working electrode for both cells. The DSSC with a PEDOT
CE presents a high J. of 20.24 mA/cm?, which is slightly lower than the Pt electrode due to the
higher intrinsic electrical conductivity of the Pt. However, a higher FF value is observed for the

PEDOT film, which we attribute to its low R. and excellent electrochemical catalytic activity.

Table 1. Photovoltaic parameters of the best performing DSSCs, assembled with PEDOT and Pt
CEs and tested under AM 1.5.

Cell name Jse (mA/cm?) Voc (V) FF (%) n (%)
PEDOT-based DSSC 20.24 0.64 0.65 8.42
Pt-based DSSC 21.47 0.64 0.61 8.38

Moreover, the comparably high Js. and FF values can be originated from the improved
contact area between the PEDOT CE and the electrolyte (Seo et al., 1997). In general, high
performance of the CE originates due to three factors, (i) the intrinsic electrocatalytic activity of
CE, (ii) large contact area between the CE and the electrolyte, and (iii) the good adhesion between
the CE and the substrate (Sining Yun, 2019). Here in this study, good contact area between the CE
and the electrolyte can be seen from high catalytic activity of the PEDOT CE to reduce iodine to
trilodide as evidence by CV analysis shown in Fig.3, while good adhesion of PEDOT to the
substrate can be confirmed from Fig. 4a showing 30 successive CV of PEDOT electrode in an
iodine containing electrolyte solution.
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Moreover, the porous structure of the PEDOT film (Fig. 2a) can further improve the contact area

between CE and electrolyte by providing more surface area for the electrolyte to react with the
CE.

As a result, the PEDOT-based cell achieved an efficiency of 8.4%, among the highest of values
reported in the literature, some of which are listed in Table S1. Notably, our synthesis approach is
facile and cheap because we use a rust layer as the oxidant and the reaction occurs in a simple

glass vial at a low temperature.

4. Conclusions:

Highly conductive and low-cost PEDOT films were successfully deposited on an FTO glass
substrate via rust-based vapor-phase polymerization (RVPP) and used as the CE in a DSSC. CV
and EIS measurements revealed a highly efficient electrochemical catalysis of the PEDOT CE,
accelerating the triiodide to iodide reduction and ensuring fast electron transport at the
CE/electrolyte interface. The PEDOT CE also showed a high FF (65%) and conversion efficiency
(8.4%), slightly outperforming Pt CEs. Compared to costly and rare Pt-based CEs, the inexpensive
and simple fabrication method of our PEDOT CE, in addition to its high conductivity and excellent

efficiency, make it a promising candidate for large scale DSSC applications.
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Fig. S1. Profilometer data of PEDOT thin film
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Table S1. PEDOT films with different fabrication strategies, taken from the references

CE Conductivity Reaction condition Efficiency Reference
(S/cm) (%)
PEDOT 1120 Rust-based vapor-phase polymerization 8.4 (this work)
PEDOT/rGO? - Potentiostat (three-electrode system) with applied 7.1 (Lietal., 2017)
voltage
PEDOT --- Oxidative molecular layer deposition using MoCls 7.2 (Han Kim et al.,
as an oxidant 2015)
PEDOT 357 Humidify chamber with low pressure and gas 6.1 (Anothumakkool
purge system using Fe(ClO4); as an oxidant
etal., 2016)
PEDOT/CNT® 45.2 FeCl3 4.62 (Shin et al.,
2011)
PEDOT 195 Potentiostat (three-electrode system) with applied 7.8 (Shahzada et al.,
voltage 2010)
Graphene/PEDOT:PSS 6.24 Electrospray using applied voltage 8.3 (Kim et al.,
2018)
Carbon +PEDOT -—-- Potentiostat (three-electrode system) with applied 7.6 (Zhang et al.,
voltage 2012)
PEDOT:PSS 172 Scratch method under infrared light irradiation 7.6 (G.T. Yueetal.,

2013)

*Reduced graphene oxide, *Single wall carbon nanotube;
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