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I
ron pyrite (FeS2) has been of continuous
interest since the 1970s due to its abun-
dance and attractive band gap. However,

except for some early studies by Tributsch,1

progress in utilizing FeS2 as a light absorber
has been slow and hampered by difficulties
in stoichiometry control as well as the pre-
sence of surface accumulation layers.2,3 Re-
cently, nanoparticle synthesis of pyrite4 as
well as the exploration of its optoelectronic
properties has received renewed interest
due to its different roles in energy harvest-
ing systems such as in sensitized solar cells,5

as a catalyst for oxygen reduction6 and
hydrogen evolution,7 and also as a possible
hole transporter.8 In this report,wedemonstrate
that pyrite thin films can function as an efficient
counter electrode in dye-sensitized solar cells
(DSSCs), functioning superior to the conven-
tionally used platinum (Pt) and comparable

to poly(3,4-ethylenedioxythiophene) (PEDOT)
counter electrodes in (iodine/iodide) I3

�/I� and
cobalt-based (Co(III)/Co(II)) redox electrolytes.
DSSCs hold great promise as a viable

alternative to silicon-based cells,9 especially
for indoor applications. Research effort has
been dedicated to reduce the cost and to
the scale up of technology to commercial
levels.10,11 DSSCs comprise three major
components, namely, photoanodes, photo-
cathodes, and electrolytes.12 At the photo-
anode, electrons in dye molecules excited by
the photons are transferred to a wide band
gap semiconductor such as TiO2 and ZnO.13,14

The redox couple in the electrolyte reduces
the dye back to its ground state and in turn
accepts the electron from the counter elec-
trode catalyst which is usually platinum.15,16

The I3
�/I�-based electrolyte is commonly used

in DSSCs. Because the photovoltage in the
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ABSTRACT Iron pyrite has been the material of interest in the solar community

due to its optical properties and abundance. However, the progress is marred due to

the lack of control on the surface and intrinsic chemistry of pyrite. In this report, we

show iron pyrite as an efficient counter electrode (CE) material alternative to the

conventional Pt and poly(3,4-ethylenedioxythiophene (PEDOT) CEs in dye-sensitized

solar cells (DSSCs). Pyrite film CEs prepared by spray pyrolysis are utilized in I3
�/I� and

Co(III)/Co(II) electrolyte-mediated DSSCs. From cyclic voltammetry and impedance

spectroscopy studies, the catalytic activity is found to be comparable with that of Pt

and PEDOT in I3
�/I� and Co(III)/Co(II) electrolyte, respectively. With the I3

�/I�

electrolyte, photoconversion efficiency is found to be 8.0% for the pyrite CE and 7.5%

for Pt, whereas with Co(III)/Co(II) redox DSSCs, efficiency is found to be the same for both

pyrite and PEDOT (6.3%). The excellent performance of the pyrite CE in both the systems makes it a distinctive choice among the various CE materials studied.
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DSSC depends on the redox potential of the electro-
lyte, the choice of electrolyte is vital. The highest
efficiency DSSCs employ cobalt-based electrolytes17,18

due to the higher difference in the Fermi level of the
semiconductor (usually TiO2) and the redox potential
of the cobalt-based electrolyte. Pt or carbon is com-
monly used for counter electrodes in DSSCs due to
their good catalytic activity.19 Pt gives good perfor-
mance, but it raises cost concerns for the cell. Carbon,
on the other hand, is cheaper but exhibits lower
performance.20 Therefore, researchers have strived to
develop alternative counter electrode materials which
could possess the advantages of both Pt and carbon.
Candidate alternative materials include transition me-
tal oxides,14,21,22 sulfides,23 nitrides,24,25 carbides,26

and also carbon27,28 and graphene.29�31 Notably, the
choice of counter electrode material is different for
different electrolytes. Pt performs the best for I3

�/I�

redox couples, while PEDOT is the catalyst of choice for
cobalt-based electrolytes.32�34 Herein, we report iron
pyrite thin film counter electrodes with I3

�/I� as well as
cobalt redox electrolyte DSSCs. Pyrite nanocrystals
have been reported as a counter electrode with the
I3
�/I� system.35 It should be highlighted that the latter

is more interesting as very few materials perform well
with that electrolyte. However, the synthesis required
to prepare pyrite films involves use of toxic solvents
such as oleylamine and ethylenediamine. Also, the
capping ligands limit the conductivity of the films,
which is important for counter electrodes.36

Spray technique offers the advantage of fast proces-
sing and is an established non-vacuum-based technol-
ogy which has been successfully employed for the
deposition of other PVmaterials such as copper indium
sulfide (CIS), copper indium gallium sulfide (CIGS), and
copper zinc tin sulfide (CZTS).37,38 Using water as a
solvent makes it more adaptable to cheap precursors
and substrates as well as compatible with existing
automated or manual spraying systems. Hence this
technique is adopted to produce iron pyrite thin films
in this study to explore its applicability as counter
electrodes in DSSCs. We have further examined the
phase and structure of the films by X-ray diffraction
(XRD), Raman spectroscopy, and X-ray photoelectron
spectroscopy (XPS). Their morphology, characterized
by scanning electron microscopy (SEM) and atomic
force microscopy (AFM), was found to be rough,
which is advantageous for catalytic activity. Electrical
characterization of the films revealed them to be
p-type with room temperature resistivity of 0.5 Ω 3 cm
and mobility of 2.12 cm2(V 3 s)

�1. Low resistivity FeS2
films prepared by spray pyrolysis were found to be
comparable to Pt in catalytic activity with iodine-based
electrolytes. Similarly in a cobalt-based electrolyte,
the sprayed FeS2 films showed comparable activity to
that of PEDOT. Electrochemical impedance spectros-
copy was performed to analyze the performance and

electrochemical behavior with the electrolytes. The high
performance of the pyrite solar cells here is attributed
to the excellent electrochemical activity as well as the
increased optical paths within the solar cells.

RESULTS AND DISCUSSION

FeS2 thin filmswere prepared on a glass substrate by
simple spray pyrolysis of iron and sulfur (FeCl3 3 6H2O and
(NH2)2CS) precursors. The concentration of the sulfur
precursor was kept higher deliberately to compensate
for sulfur loss during the reaction. Pyrolytic decomposi-
tion of the chemical precursors occurs at the hot surface
where they form a brownish red film. However, no XRD
signal could be detected from the as-sprayed films,
indicating that they are amorphous (Figure S1, Support-
ing Information). Subsequent annealing was conducted
in a sulfur environment at 400 �C for 30 min to crystallize
the films and to achieve the appropriate stoichiometry.
Films turned black with a shiny luster after this annealing
treatment. Film thicknesses were typically 200 ( 50 nm.
Figure 1 shows the XRD, Raman, and XPS data obtained in
these films. All XRDpeaks in Figure 1a could be indexed to
the cubic FeS2 pyrite structure. The lattice parameters are
a = 5.419 Å, which is close to the reported value for pyrite
(5.417 Å).39 Raman spectroscopy was conducted to con-
firm the phase purity of the films. Figure 1b shows three
peaks in Raman scan at wavenumbers of 339, 375, and
425 cm�1. These correspond to Ag and Eg modes due to
sulfur dumbbell stretching and the Tg(3) vibrationalmode,
respectively, of the pyrite phase.2,40 The other twophonon
modes Tg(1) at≈350 cm�1 and Tg(2) at≈377 cm�1 were
not observed due to low scattering and strong extinction
at room temperature.41 Note that marcasite, which is a
common polymorph of FeS2, whose peak positions are
marked ingreencolor for reference, is absent.Hence, it can
be concluded that only the cubic pyrite phasewas formed
after the sulfurization treatment.
X-ray photoelectron spectroscopy was performed to

evaluate the composition of the film. Figure 1c,d shows
the Fe 2p and S 2p spectra, respectively. Figure 1c
shows two predominant peaks at 707.5 and 720.0 eV
corresponding to Fe 2p3/2 and Fe 2p1/2 doublet split-
ting due to spin�orbit coupling. These binding ener-
gies (BEs) are consistent with the BEs of Fe in the
Fe(II)�S bond.42 The high-energy shoulder at 709.1 eV
may be attributed to defects or some Fe(III)�S bonds at
the surface.43 No oxides of Fewhose BEs are reported to
be 708.4 eV (FeO) and 709.8 eV (Fe2O3) were detected.

44

The major peak at 162.9 eV in Figure 1d could be
attributed to persulfide S2

2� in FeS2,
45 while the small

peak at 162.0 eV obtained by deconvolution could be
due to disulfide ions at the surface.46,47 Theminor peak
at 164.5 eV was due to molecular polysulfides (Sn

2�).
The typical morphology of the film surface is shown in
the SEM scan (Supporting Information Figure S1). In
spray pyrolysis, new grains are nucleated by successive
spray droplets, and the films are characterized by small
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grain size.48 Subsequent sulfurization helps in grain
growth to achieve crystalline pyrite films49 (see Sup-
porting Information and Figure 1).
In order for a material to behave as a good counter

electrode, it has to display certain characteristics such as
high conductivity (to reduce parasitic series resistance),
high catalytic activity, as well as an increased number of
catalytic sites. Hall measurements of the films showed
highconductivity p-typebehavior. The electrical proper-
ties obtained by Hall analysis are listed in Table 1 (raw
data are available in Supporting Information Table ST1).
The films showed good electrical conductivity, which
is an important requirement for a good counter elec-
trode. Charge carrier concentration was found to be
∼1018 cm�3. The mobility value, calculated to be
2.12 cm2(V 3 s)

�1, is similar to values previously reported
for pyrite films.2 It is to be noted that, in the literature,
reports concerning pyrite single crystals have generally
showed n-type behavior where films have been found
to be p-type, the reason for which is still a debatable
issue.3,49 The carrier density and mobility values ob-
tained in the work may be of great interest for pyrite-
based solar cells along with the p-type conductivity.
Toexamine thecatalytic activityofpyrite cathodes, cyclic

voltammetry (CV) was carried out in a three-electrode sys-
tem (working electrode, reference electrode, and counter

electrode). Theelectrolyteusedwas10mMLiI, 1mMI2, and
0.1MLiClO4 in acetonitrile solution. The scan ratewas fixed
to 100 mV s�1. Positive current peaks correspond to the
oxidation reaction, and negative current peaks are the
reduction reaction of I3

�/I�. Two pairs of oxidation and
reductionpeaksappear in theCVscan, as shown inFigure2
for both Pt and pyrite. Cathodic peaks signify the reduction
potential at which the following reactions occur15

I3
� þ 2e� f 3I� at �0:15V

3I2 þ 2e� f 2I3
� at 0:42V

These reduction potentials lie within the reported
values of the reduction potentials for the above
reactions.50 The CV plot for the pyrite counter elec-
trode closely resembles that of Pt in Figure 2, indicating
that it has a similar potential to catalyze the above
redox reactions. Also, reduction peaks associated with

Figure 1. (a) XRD, (b) Raman spectra of the pyrite films prepared by spray pyrolysis, (c) Fe 2p and (d) S 2p XPS scans of the
pyrite films.

TABLE 1. Electrical Parameters of Pyrite Film Measured

by Hall Analysis

parameters numerical value

carrier density (cm�3) 4.90 � 1018

resistivity (Ω 3 cm) 0.59
mobility (cm2/V 3 s) 2.12
carrier type holes
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I2 to I3
� and I3

� to I� reduction processes due to pyrite
were slightly shifted to the right by approximately
0.05 V with respect to Pt peaks, signifying that the
reaction occurs slightly easier for pyrite CE. Similar CV
measurements were performed for the Co(III)/Co(II) re-
dox electrolytes. Current densities obtained fromCVplots
showed higher values for pyrite with the Co(III)/Co(II)
electrolyte in comparison to PEDOT as the counter
electrode (Figure S2, Supporting Information), indicating
that pyrites can be an efficient counter electrode catalyst.
Surface scans of the film done by AFM tappingmode

are shown in Figure 3a�c, and the surface roughnesses of
the pyrite films are found to be around 34.9 nm, and for Pt

and PEDOT, the surface roughnesses are around 2.5 and
0.8 nm, respectively. The higher roughness, good catalytic
activity, aswell as thehighconductivity further support the
application of pyrite as a counter electrode. Moreover, the
grain size from AFM was around 30�50 nm, which is
consistent with the grain size obtained from SEM.
Several DSSCswere fabricated and testedwith pyrite

and Pt as counter electrodes with iodine/iodide-based
electrolyte. Similarly, pyrite and PEDOT counter elec-
trode cells were fabricated and tested with Co electro-
lyte. N719 dye was used for the I3

�/I� redox electrolyte
cells, while C128 dyewas used for the Co(III)/Co(II) redox
electrolyte-mediated cells. Current density (J) versus

photovoltage (V) characteristic plots obtained from
these cells are shown in Figure 4. J�V curves plotted
for Pt- and pyrite-based cells for different light intensi-
ties are also given in Supporting Information. Corre-
sponding cell parameters are tabulated in Table 2.
Pyrite cells gave an efficiency of about 8.0%, which is

higher than that of Pt (7.5%). Notably, the efficiency
apparently increased as light intensity decreased from
1.0 to 0.5 Sun for both counter electrodes. However, at
0.1 Sun, both decreased, which could be due to the
increase in dark current which leads to lower photovol-
tage (see Supporting Information Figure S3). For the
cobalt electrolyte, the efficiency with the pyrite counter
electrode (6.3%) was comparable to that of PEDOT (6.3%).
The attributes of an “ideal” counter electrode are good
catalytic activity and optimum work function for quick
electron injection.51 Our investigation clearly showed
pyrite films to have good catalytic activity. The measured

Figure 2. Cyclic voltammetry of FeS2 and Pt electrodes with
an iodine/tri-iodide redox electrolyte. Inset: work function
of Pt, PEDOT, and FeS2.

Figure 3. Surface morphology scan by AFM (tapping mode) of (a) Pt, (b) pyrite, and (c) PEDOT films.
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work function found to be around 4.74 eV (by ultraviolet
photoelectron spectroscopy), close to the values reported
for pyrite single crystal and thin films52�54 (Supporting
InformationFigure S4), was lower than the reportedvalues
of Pt (∼5.3 eV) and PEDOT (∼5.1 eV), which is advanta-
geous for electron injection.55,56

Incident photon to electron conversion efficiency
(IPCE) was found to be shifted upward in DSSCs with
both iodine/iodide and cobalt electrolytes, as shown in
Figure 4b,d when pyrite was used as the counter
electrode in place of the conventional materials. Both
spectra showed typical characteristics of the N719 dye
and C128 dye. The upward shift of the IPCE curve is an
indication that extra electrons are generated in the
system. The shift is consistent with the increase in the
value of Jsc apparent in the current density curves of

Figure 4a,b. For similar dye loading conditions, this
increased photocurrent could be due to light reflection
from the counter electrode. In order to verify this, the
optical reflectance of the counter electrodes used was
measured. The pyrite film exhibits higher reflectance
than Pt (see Figure 5) and PEDOT. The reflected light
will increase the photon absorption possibility in the
active layer and consequently the light-harvesting
efficiency. The increased photogeneration in the long
wavelength region is consistent with the reflection of

Figure 4. (a) J�V curve and (b) IPCE of the FeS2 and Pt counter electrode device with I3
�/I� electrolyte. (c) J�V curve and

(d) IPCE of the FeS2 and PEDOT counter electrode with Co(III)/Co(II) electrolyte.

TABLE 2. FeS2 and Pt Counter Electrode DSSC Parameters

under Different Light Illumination Intensities

1 Sun 0.5 Sun 0.1 Sun

FeS2 Pt FeS2 Pt FeS2 Pt

Voc (V) 0.79 0.78 0.75 0.74 0.68 0.66
Jsc (mA/cm

2) 15.20 14.77 8.97 8.91 1.75 1.74
FF 0.65 0.66 0.68 0.67 0.72 0.72
η (%) 7.97 7.54 9.27 8.92 8.68 8.32

Figure 5. Reflectance FeS2, PEDOT, and Pt thin films on FTO.
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light by the pyrite counter electrode. As expected, this
light effect is less prominent at lower light intensities;
therefore, the Jsc for Pt and pyrite devices is similar for
lower light illuminations as in Table 2.
Symmetric cells were prepared in order to evaluate

the electrochemical properties of the counter electrodes.
Impedance spectroscopy is a widely used technique to
characterize the charge transfer between semiconductors
and electrolytes, which is a key parameter for a counter
electrode.57 In symmetric cells, two features are observa-
ble in the recorded spectra: a low-frequency feature that
accounts for the electrolyte diffusion (not studied in this
work) and a high-frequency arc due to the charge transfer
in the interface.58 The measurement of symmetric cells in
the I3

�/I� electrolyte shows smaller high-frequency arc for
FeS2 than for Pt (see Figure 6a). A smaller high-frequency
arc is caused by a lower charge transfer resistance from
the electrolyte to the counter electrode. This confirms the
higher catalytic activity of the FeS2 counter electrode
compared to the Pt one, which is also reflected in the
overall performance of the solar cell device. This is not
reflected in the final fill factor (FF) of the DSSC devices,
probably due to the higher electrical conductivity of Pt
which compensates for the lower catalytic effect and
hence results in a similar total series resistance.59

The symmetric cell responses in the Co(III)/Co(II)
electrolyte with FeS2 and PEDOT electrodes were

different. Parameters extracted from fitting the impe-
dance data with the model are listed in Table 3. Total
resistance R, which is the sum of the series resistance
and charge transfer resistance, was calculated to be
12.1 Ω 3 cm

2, which is comparable to the value of 9.6
Ω 3 cm

2 of PEDOT. Impedance spectroscopy shows a
higher charge transfer resistance for the FeS2 sample
(see Figure 6b), and consequently, a lower FF is observed
for FeS2 CEs. However, a double-layer capacitance value
for pyrite was 92 μF, and for PEDOT, it was 2.3 μF. Higher
double-layer capacitance values reflect an effectively
high surface area of pyrite films resulting from its higher
roughness of 34.9 nm compared to 0.8 mm for PEDOT
demonstrated by AFM. This surface area increment of
pyrite film compensates for the lower charge transfer
resistance and results in overall comparable light conver-
sion efficiency with PEDOT. This is confirmed by impe-
dancemeasurement for the symmetric cell configuration.

CONCLUSION

We have demonstrated a pyrite (FeS2) thin-film-
based counter electrode in dye-sensitized solar cells.
It has been found that pyrite films exhibited good
catalytic activity compared to Pt in I3

�/I� and PEDOT
in Co(III)/Co(II) electrolytes. Efficiencies are found to be
superior to Pt counter electrodes and equivalent to
PEDOT. The improvement in the overall performance
of the pyrite CE-based cell is attributed to better
catalytic activity of pyrite in conjunction with good
optical reflectivity, which improves the light distribu-
tion in the solar cell to achieve maximum light effi-
ciency. In summary, the results of this study provide a
promising approach to reduce the cost and to enhance
the performance of dye-sensitized solar cells by using
earth abundant, more efficiently catalytic pyrite (FeS2)
films by a simple scalable spray pyrolysis technique.

METHODS

Preparation of FeS2 Thin Films by Spray Pyrolysis. FeCl3 3 6H2O
(Sigma-Aldrich) and NH2CSNH2 (Sigma-Aldrich) were used as
precursors. A 50 mL solution of 0.1 M iron chloride and thiourea
taken in a 1:6 ratio was prepared in DI water. As-prepared

solution was sprayed by a spray gun with nitrogen carrier gas
on the FTO substrate precleaned by ethanol and DI water. The
deposited substrate was mounted on a hot plate at 330 �C
to pyrolyze into FeS2 thin film. Finally, the film was sulfurized at
400 �C for 30 min in argon atmosphere. Details are described in
the Supporting Information.

Figure 6. Electrochemical impedance spectra of (a) FeS2 and Pt symmetric cells with I3
�/I� electrolyte and (b) FeS2 and PEDOT

symmetric cells with Co(III)/Co(II) electrolyte.

TABLE 3. Photovoltaic Cell Parameters fromPyrite CE and

PEDOT CE Devices along with the Fitted Parameters Ex-

tracted from ImpedanceSpectroscopyof theSymmetricCells

counter electrode Rs
a (Ω 3 cm

2) Rct
b (Ω 3 cm

2) Cc (μF) total Rd (Ω 3 cm
2)

FeS2 4.9 7.2 92 12.1
PEDOT 6.0 3.9 2.3 9.6

a Series resistance. b Charge transfer resistance. c Double-layer capacitance d R= Rsþ Rct.
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FeS2 Counter Electrode Device Fabrication. The N719 (Dyesol)-
sensitized devices were fabricated as reported elsewhere.60

Briefly, the FTO glass (2.2 mm thickness, 14 Ω/sq, Pilkington)
used as current collector was first cleaned, then immersed into a
40 mM aqueous TiCl4 solution at 70 �C for 30 min, and rinsed
with water and ethanol. Next, 10 μm thick transparent TiO2

layers (Dyesol 18NR-T, average nanoparticle size = 20 nm) were
screen-printed on the FTO glass plates (mesh count is 90 T
mesh/cm, active areas are 0.16 cm2). After being dried at 125 �C,
5 μm thick scattering TiO2 layers (Dyesol WER2-O paste, average
nanoparticle size = 150�250 nm) were superimposed by
screen-printing. The electrodes coated with the TiO2 pastes
were gradually annealed under air at 125 �C for 10 min, 325 �C
for 5 min, 375 �C for 5 min, 450 �C for 15min, and, finally, 500 �C
for 15 min. The TiO2 films which were again treated with 40mM
TiCl4 solution for 30 min at 70 �C were rinsed with DI water and
ethanol and annealed at 500 �C for 30min. After being cooled to
room temperature, the TiO2photoanodes of optimum devices
were made by immersing them into 0.3 mM N719 dye solution
in a mixture of acetonitrile and tert-butyl alcohol (volume ratio
1:1) for 15 h. The dye-sensitized TiO2 photoanode and the Pt-
coated FTO glass counter electrode were sandwiched together
using a 25 μm thick transparent Surlyn film (Meltonix 1170-25,
Solaronix). The electrolyte was injected through the hole at the
back of the counter electrode via vacuum backfilling. The
electrolyte employed was a solution of containing 1.0 mM 1,3-
dimethylimidazolium iodide, 50 mM LiI, 30 mM I2, 0.5 mM tert-
butylpyridine, and 0.1 mM guanidinium thiocyanate in the
mixed solvent of acetonitrile and valeronitrile (v/v, 85/15).61

Finally, the hole was sealed using 25 μmthick Surlyn and a cover
glass (0.1 mm thickness) to avoid leakage of the electrolyte.

Fluorine-doped tin oxide (FTO) glass substrates (Pilkington,
TEC15) were cleaned with Decon90 solution in an ultrasonic
bath for 30 min, followed by washing with water and ethanol.
Pre-TiCl4 treatmentwas performed by dipping the cleaned glass
substrates in a 40mMaqueous TiCl4 solution at 70 �C for 30min.
The substrates were then washed with water and ethanol.
Mesoporous TiO2 films (0.16 cm2) were prepared by screen-
printing colloidal TiO2 paste and drying at 125 �C between
deposition steps. Two layers of scattering TiO2 layer (Dyesol
WER2-O) were deposited on top of the mesoporous TiO2 film.
The electrodes with a total thickness of 9.5 μm were subse-
quently heated to 500 �C for 15 min with programmed tem-
perature ramping. After sintering, the electrodes were treated
again with 40 mM TiCl4 at 70 �C for another 30 min and rinsed
as above. A final heating process was performed at 500 �C for
30 min.

Once cooled, the electrodes were immersed in 0.2 mM of
C218 in acetonitrile/t-butyl alcohol (2:1) for 15 h. Solar cells were
assembled with a PEDOT counter electrode using a 25 μm thick
hot-melt spacer (Surlyn, Dupont). Cobalt electrolyte containing
0.22 M Co(bpy)3(TFSI)2, 0.05 M Co(bpy)3(TFSI)3, 0.1 M LiTFSI, and
0.2 M TBP in acetonitrile was injected via two holes predrilled in
the counter electrode and sealedwith a Surlyn cover and a glass
coverslip.

The PEDOT counter electrode was prepared by electropo-
lymerization in a three-electrode configuration cell. The work-
ing electrode, a cleaned FTO substrate, was immersed into the
cell containing 0.01Mof EDOT (Sigma-Aldrich) in 0.1M aqueous
sodium dodecyl sulfate (Sigma-Aldrich) solution. Stainless steel
grid and a leak-free Ag/AgCl electrode were used as counter
and reference electrodes, respectively. The PEDOT film was
deposited potentiostatically using a dc potential of 1.2 V for
30 s. The PEDOT counter electrode was subsequently rinsed
with deionized water and ethanol.

Characterization. Thin film X-ray diffraction data were taken
by a Bruker D8 Advance diffractometer using Cu KR radiation.
T64000 micro-Raman spectrometer with an incident laser
power of 0.18 mW and excitation wavelength of 532 nm was
used for Raman phase analysis. SEM images were acquired
from a field-emission scanning electron microscope (JEOL JSM-
7600F). Substrates were sputtered with 10 nm Pt prior to the
SEM imaging. UV�vis optical reflection and transmission mea-
surements were performed using a PerkinElmer Lambda 950
spectrophotometer with an integrating sphere. Hall and Van der

Pauw measurements were performed by a NMR variable-
temperature Hall measurement system using four probes.

Cyclic voltammetry and impedance spectroscopy were
performed using an Autolab potentiostat (PGSTAT 302). A
voltage perturbation of 20 mV was applied from 400 kHz to
1 Hz for impedance spectrum collection. Scan rate for CV was
100 mV s�1.

Photovoltaic Measurements. Photocurrent density�photovoltage
(J�V) characteristics were measured under an illumination of AM
1.5 (100 mW cm�2) using a solar simulator (San-EI Electric,
XEC-301S) equippedwith a450Wxenon lamp,whichwas coupled
with an Agilent semiconductor parameter analyzer (4155C). The
power of the simulated light was calibrated to 100 mW/cm2 by
using a silicon reference cell (Fraunhofer) and monitored using a
powermeter throughout the testing. Ablackmask (6mm� 6mm)
was used in the subsequent photovoltaic studies to avoid the
effects of diffusive light on cell performance.
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