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ABSTRACT: A highly transparent and efficient counter electrode was facilely
fabricated using SiO,/poly(3,4-ethylenedioxythiophene)-poly-
(styrenesulfonate) (PEDOT—PSS) inorganic/organic composite and used in
bifacial dye-sensitized solar cells (DSCs). The optical properties of SiO,/
PEDOT—PSS electrode can be tailored by the blending amount of SiO, and
film thickness, and the incorporation of SiO, in PEDOT—PSS provides better
transmission in the long wavelength range. Meanwhile, the SiO,/PEDOT—PSS
counter electrode shows a better electrochemical catalytic activity than
PEDOT-PSS electrode for triiodide reduction, and the role of SiO, in the
catalytic process is investigated. The bifacial DSC with SiO,/PEDOT—PSS
counter electrode achieves a high power conversion efficiency (PCE) of 4.61%
under rear-side irradiation, which is about 83% of that obtained under front-
side irradiation. Furthermore, the PCE of bifacial DSC can be significantly
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increased by adding a reflector to achieve bifacial irradiation, which is 39% higher than that under conventional front-side

irradiation.
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1. INTRODUCTION

Dye-sensitized solar cells (DSCs) have been rapidly developed
in recent years for their potential advantages including cost-
effective to fabricate and high energy conversion efficiency.' ™
Fabricating DSCs with high efficiency and making the DSC
systems more practical for commercial production are new
challenges in the development of DSCs.* Bifacial DSCs, which
are capable of converting incident sunlight to electricity at the
front and rear faces of the cell, can produce up to 50% more
electric power and can be used in a broaden filed>® A
conventional DSC consists of a dye-sensitized TiO, photo-
anode, an iodide/triiodide (I7/1;7) redox electrolyte and a
counter electrode (CE). In bifacial DSC, a transparent CE is
required. The most common CE used in DSC is the platinized
FTO, which exhibits high catalytic activity for the reduction of
I,;” to I".” However, although a thin layer of Pt is transparent, it
suffers from the high reflectance® and is not an ideal candidate
for transparent CE in bifacial DSCs. Furthermore, Pt is scarce
and thus is not suitable for large scale application. Therefore,
the development of transparent and low-cost CE is of great
importance in developing bifacial DSCs.

Although many low-cost materials, such as carbonaceous
materials and metal compounds,”™'" have been proposed as
catalysts for CE in DSCs, these materials are usually dark and/
or require a thick film to achieve a high catalytic activity,*”~"!
which makes the CE nontransparent to visible light. Several
kinds of optically transparent CE have been investigated, such
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as polyaniline,'> polypyrrole,"* and the PCE ratio (the ratio of
PCE obtained from rear-side to that obtained from front-side
irradiation) of the bifacial DSCs using these CEs are generally
in the scale of 50—70%.>'>"> By improving the fabrication
method, Zhao et al. reported a highly transparent carbon CE
and got the highest PCE ratio of around 83.0%."* Until now,
only limited materials have been reported to be suitable for CEs
in bifacial DSCs, and the exploration of novel optically
transparent and low-cost CE is crucial.
Poly(3,4-ethylenedioxythiophene) (PEDOT) is a highly
conductive polymer and is soluble in water when doped with
poly(styrenesulfonate) (PSS).'* A thin layer of PEDOT
(several tens of nanometers) is optical transparent and has
the potential to be used as transparent CE for bifacial DSCs. As
the raw materials of synthesizing PEDOT—PSS are abundant
and the fabrication of PEDOT—PSS film is facile, the PEDOT
based CEs are low-cost. In addition, solution-processed
PEDOT-based CEs also enable the fabrication of flexible
DSCs.'® However, though a thick and porous layer of PEDOT
performs a high catalytic activity towards triiodide reduction,
the thin PEDOT—PSS film fabricated from its aqueous solution
has poor performance as CE in DSCs. The incorporation of
nanomaterials (such as graphene,'” TiS,'®) in PEDOT—PSS
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can improve the catalytic activity, whereas the absorption of the
nanomaterial induces a trade-off between the catalytic activity
and the optical transparency, which results in low catalytic
activity when the transparency is reasonable.

Therefore, in this work, we report a highly transparent and
low-cost CE using silica (SiO,) nanoparticles and poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT—
PSS) inorganic/organic composite, and applied it in bifacial
DSCs. The SiO,/PEDOT—PSS CE was fabricated by spin-
coating technique from the aqueous solution of mechanical
mixture of SiO, and PEDOT—PSS. The optical transparency
and catalytic properties can be simultaneously improved with
the incorporation of SiO, in PEDOT—PSS. The DSC with
SiO,/PEDOT—PSS CE performs a comparable PCE to the one
with Pt CE and a high PCE ratio of 81—83% according to
different blend amounts of SiO,. The reasons for the high
transparency and the high catalytic activity in SiO,/PEDOT—
PSS CE were investigated. Furthermore, we proved that the
PCE of bifacial DSC with SiO,/PEDOT—PSS CE could be
significantly increased under bifacial irradiation. The high
transparency, high catalytic activity, low-cost, and simple
fabrication process highlight the the advantages and the
potential application of SiO,/PEDOT—PSS CE in commercial
production of low-cost and effective bifacial DSCs.

2. RESULTS AND DISCUSSION

The bifacial cell shown in Figure 1 comprises a FTO glass
coated with a dye-sensitized mesoporous TiO, photoanode, a
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Figure 1. Schematic device structure of bifacial DSCs.

FTO glass coated with transparent CE, and the electrolyte filled
in the space between the photoanode and CE. The bifacial cell

can be irradiated through both photoanode side (front-side)
and CE side (rear-side). In the case of front-side irradiation, the
incident light are directly absorbed by the dye in photoanode;
while in condition of rear-side irradiation, the incident light
transmits through the CE and electrolyte, and is then absorbed
by the dye in photoanode. Therefore, the transparency of the
CE is important to achieve a reasonable photocurrent under the
conditions of rear-side irradiation.

Figure 2a shows the UV—vis transmitted spectra of FTO
glass, Pt CE, PEDOT—PSS and SiO,/PEDOT—PSS (40 mg
SiO, dispersed in 1 ml PEDOT—PSS aqueous solution) CEs,
and the UV-vis absorption spectrum of N719 dye. The
measurement was carried out using a spectrometer with an
integrating sphere, taking into account diffuse transmittance.
The FTO glass has a mean transmittance of 80% in the visible
light region (350—800 nm). In the case of a 230 nm thick
PEDOT—PSS layer (fabricated at a spin-coating speed of 1000
rpm) coated FTO glass, the transmittance is above 60% in the
wavelength region of 350—600 nm. When using SiO,/
PEDOT-PSS coated on FTO glass fabricated under same
conditions, the transmittance is about 70% over a wide
wavelength range from 350 to 800 nm, indicating that the
incorporation of SiO, in PEDOT-PSS can improve the
transmittance, especially in the long wavelength region. For
comparison, platinized FTO fabricated by thermo-decomposi-
tion of H,PtCls on FTO glass was also characterized, and it has
a mean transmittance of 70% in the wavelength region of 550-
800 nm and down to 55% at 380 nm. Considering the
absorption of N719 dye that has two absorption peaks at 380
and 530 nm, respectively, PEDOT—PSS and SiO,/PEDOT—
PSS are more suitable for the use of transparent CEs than Pt
CE.

As the film transmittance usually depends strongly on film
thickness which can be varied by chaning the spin-coating
speed in fabrication, so the investigation of the relation between
film thickness and transmittance is necessary. It is found that
the transmittance of PEDOT—PSS and SiO,/PEDOT-PSS
CEs can be further improved by decreasing the film thickness
using high spin-coating speeds. As depicted in Figure 2b, the
CEs prepared at a spin-coating speed of 5000 rpm show high
transmittance above 70% in a wide wavelength range (350—800
nm). It can also be seen that SiO,/PEDOT—PSS performs
much better transmittance than PEDOT—PSS with similar
thickness. Figure 2b inset shows the digital photographs of
PEDOT-PSS and SiO,/PEDOT—-PSS CEs, from which it can
be observed that these two CEs are highly transparent and
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Figure 2. (a) Transmittance spectra of different electrodes and the absorption spectrum of N719 dye; (b) transmittance spectra of PEDOT—PSS
and SiO,/PEDOT—PSS CEs with different thicknesses. Inset: the digital photographs of PEDOT—PSS and SiO,/PEDOT—PSS CEs fabricated at a

speed of 5000 rpm.
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SiO,/PEDOT—PSS CE appears slightly scattering to the bare
eye.

It is worth noting that the improvement in transmittance
with SiO, is not simply due to the effect of thickness or
PEDOT—PSS content, as a decrease in thickness or PEDOT—
PSS content will increase the transmittance uniformly in the
whole wavelength range, whereas with the doping of SiO, in
PEDOT-PSS the increase in transmittance is more obvious at
long wavelengths. The improved transmittance of the SiO,/
PEDOT-PSS layers is attributed to the change in the
absorption property of PEDOT—PSS when SiO, is incorpo-
rated. PEDOT—PSS was found to be very anisotropic, uniaxial
with the optic axis parallel to the surface normal.'” As the
absorption in the surface plane is especially higher in the long
wavelength region (>400 nm), a decrease in anisotropy of
PEDOT—-PSS film leads to a more obvious decrease in
absorption at long wavelengths. The anisotropy of PEDOT—
PSS film is due to the orientation of the polymer chain along
the film surface which may be caused by the high rate of
spinning of the viscous solutions PEDOT-PSS. In SiO,/
PEDOT-PSS film, as the SiO, nanoparticles and PEDOT—
PSS chains are homogeneous mixed, the interchain interactions
of the PEDOT—PSS is decreased. Hence, the activation barrier
for the reorientation of the polymer chains is also decreased,
which causes a decrease in anisotropy of SiO,/PEDOT—PSS
film, leading to the lower absorption (higher transmittance)
especially at long wavelengths.

These different transparent CEs were assembled together
with a dye-sensitized TiO, mesoporous photoanode to fabricate
bifacial DSCs. To get a reasonable efficiency in condition of
front-side irradiation, the thickness of the photoanode is ~12
pum, which is an optimized thickness for front-side irradiation.
As photoexcitation in such a thick TiO, electrode occurs mostly
around the side being irradiated according to Beer-Lambert
Law, the electron path in TiO, conduction band is shorter in
condition of front-side irradiation and the hole path is longer in
comparison to those for the condition of rear-side irradiation,
which reduces the differences in conversion efficiencies for
front and rear irradiation.’ Hence, the conversion efficiency for
rear-side irradiation is also expected to be reasonable.

Figure 3 shows the photovoltaic parameters of short circuit
current density (Jsc), open circuit voltage (Voc), fill factor (FF)
and power conversion efficiency (PCE) of DSCs using
PEDOT-PSS and SiO,/PEDOT-PSS CEs fabricated at
different spin-coating speeds irradiated from front- and rear-
side, respectively. The J¢ for all front-side irradiation condition
is larger than that for the same condition with rear-side
irradiation due to the absorption of counter electrode and I'/I;
electrolyte.>*® With decreasing CE thickness ( corresponding
to higher spin-coating speed and higher transmittance), the Jgc
in condition of rear-side irradiation gradually increases and
achieves a highest J¢ ratio of 77.5% for PEDOT—PSS CE with
a thickness of 50 nm and 80.0% for SiO,/PEDOT-PSS CE
with a thickness of 550 nm, respectively. The V¢ shows little
change with decreasing CE thickness. The V¢ for any rear-side
irradiation is lower than that for front-side irradiation, probably
resulting from the increased carrier recombination in photo-
anode due to the longer electron path. With the reduction of
CE thickness, the FF is lowered as a result of the decreased
catalytic active area in thinner CE. The PCE of DSCs under
front-side irradiation exhibits little change with the variation in
CE thickness, while the PCE under rear-side irradiation
gradually increases. Correspondingly, the PCE ratio also
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Figure 3. Photovoltaic parameters of DSCs with PEDOT—PSS or
SiO,/PEDOT—PSS CE fabricated at different spin-coating speeds,
measured under illumination of 100 mW/cm? from front-side and
rear-side, respectively.

increases from 71.0 to 83.6% for PEDOT—PSS CE. In DSC
using SiO,/PEDOT—PSS CE, the maximum PCE ratio is
82.9% with a CE thickness of 550 nm. From the photovoltaic
results, it can also be seen that the J¢c ratio and PCE ratio for
SiO,/PEDOT—PSS CE prepared at 1000 rpm are both higher
than those for PEDOT-PSS CE prepared under same
conditions, proving that the increase of transmittance in a
wide wavelength range is effective and important to obtain the
high performance of bifacial DSCs.

Besides the optical effect, the introduction of SiO, in
PEDOT-PSS also performs other effects. As can be seen from
Figure 3, the FF is obviously higher in DSCs using SiO,/
PEDOT-PSS CEs under same fabrication and irradiation
conditions or with similar thicknesses. A higher FF generally
results from the higher catalytic activity of the CE, which can be
investigated by electrochemical studies.

The electrochemical impedance spectroscopy (EIS) measure-
ments were carried out to investigate the electrochemical
characteristics of PEDOT—PSS and SiO,/PEDOT—-PSS CEs
on symmetric cells fabricated with two identical electrodes. The
Nyquist plots are shown in Figure 4a and the equivalent circuit
is shown in Figure 4a inset. The high-frequency intercept at the
real axis (Z') represents the series resistance (Rg). Three arcs
can be seen in Nyquist plots, corresponding to the charge
transfer resistance (Rcr) and the capacitance (CPE) at
electrolyte/electrode interface (the left arc), the porous
diffusion impedance (Zyg) of redox sites in porous electrode
(the middle arc), and the Nernst diffusion impedance (Zy) of
redox sites in electrolyte (the right arc).*~>* The Ry, Ry, and
Zgg for these two CEs were obtained by fitting the
experimental spectra with the equivalent circuit (shown in
Figure 4a inset) using Zview software, and the values are listed
in Table 1. It can be seen that Rg of SiO,/PEDOT—PSS CE is
4.4 Q higher than that of PEDOT—PSS CE, resulting from the
dielectric property of SiO, nanoparticles which decreases the
conductivity of the CE., The Ry and Z g which associate with
the electrochemical catalytic property of CEs are much lower in
the case of SiO,/PEDOT—PSS CE than PEDOT-PSS CE, i.e.,
1.4 Q and 9.2 Q for the SiO,/PEDOT—PSS CE, whereas 6.6
and 78.6 Q for the PEDOT—PSS CE, respectively. Because the
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Figure 4. (a) Nyquist plots and (b)Tafel polarization curves of the symmetric cells with two identical CEs of PEDOT—PSS and SiO, (40 mg)/

PEDOT-PSS, respectively.

Table 1. EIS Parameters of the Symmetric Cells with Two
Identical CEs of PEDOT—PSS and SiO, (40 mg)/PEDOT—
PSS, Respectively

counter electrodes R, (Q) R, (Q) Zag ()
PEDOT-PSS 10.1 6.6 78.6
SiO,/ PEDOT—-PSS 14.5 14 9.2

Ry varies inversely with the electrocatalytic activity for the
reduction of I;~, the lower Rqr of SiO,/PEDOT—PSS indicates
that SiO,/PEDOT—PSS CE has a better catalytic activity for
I,” reduction than PEDOT-PSS. Besides, lower Zgy
corresponds to more efficient diffusion of I7/I;~ redox couple
in the porous CE, which also facilities the reduction of I;™.
Hence, it is reasonable that SiO,/PEDOT—PSS CE possesses a
better catalytic activity than PEDOT—PSS CE.

In addition, it can be found that though the impedance for
PEDOT-PSS cell is large, the DSC using PEDOT—PSS CE
shows reasonable device performance with similar Jc and Ve
to the DSC using SiO,/PEDOT-PSS CE. The Jsc is
determined by the following equation

Al R,
Je = I — ]0|:exp(qsics) _ 1]

nKT
where Jc and ], are the generated photocurrent density and the
saturation current density of the rectifying, respectively, A is the
effective area of DSC, K is the Boltzmann constant, T is the
absolute temperature, g is the electron charge, n is the ideal
factor (for an ideal device, n = 1), R, represents for the sum of
the sheet resistance (sum of the R, charge transfer resistance at
interfaces, diffusion impedance of redox couple, etc.), and Ry, is
the shunt resistance. The value of Ry, can be estimated from the

_ JSCRSt
Rsh

reciprocal of the slope of photocurrent-voltage curve at low
voltages. The Ry, is sufficiently large in the DSC with either
PEDOT:PSS or SiO,/PEDOT:PSS CE as the slopes
approximate to 0. The saturation current density J, determined
from the dark current is much lower than the photocurrent. As
a result, the change in the Ry, plays shrunken effect on the Jgc.
Hence, though the impedance for PEDOT—PSS cell is several
times larger than that for SiO,/PEDOT—PSS cell, the Jsc of the
DSC using PEDOT—PSS CE is only a bit lower than that of
the DSC using SiO,/PEDOT—PSS CE. As V¢ is generally
determined by the photoanode and meanwhile, the over-
potential at the CE/electrolyte is low in the cases of these CEs,
so the change in the CE has little effect on the V.

Tafel polarization measurement is also a powerful method to
characterize the electrochemical properties.'"** Figure 4b
shows the Tafel plots of the symmetric cells similar to the
one used in EIS measurements, which describes the depend-
ence of electrical current density (J) on electrode potential. The
exchange current (J,), which is directly related to the catalytic
activity of the electrode, can be calculated from the intersection
of the linear anodic and cathodic curves.'"** The relationship
between the J, and Rcp follows the equation below

_RT
nFR cp

Jo

Where the R, T, F, and N are the gas constant, the temperature,
the Faraday’s constant, and the number of electrons involved in
the reduction of I,~ (n = 2), respectively."* In consistent with
EIS results, J, is obviously higher in SiO,/PEDOT—PSS CE
(11.6 mA/cm?) than in PEDOT—PSS CE (1.2 mA/cm?),
indicating that the catalytic activity of SiO,/PEDOT—PSS is
higher than that of PEDOT—PSS CE.

(a) PEDOT-PSS

Figure 5. SEM images from (a) PEDOT—PSS film and (b) SiO, (40 mg)/PEDOT—PSS film.
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Figure 6. (a) Photocurrent density—voltage (J—V) curves and (b) stability of DSCs using different CEs under front-side and rear-side irradiation,

respectively.

The EIS and Tafel results reveal that the incorporation of
SiO, in PEDOT—PSS makes SiO,/PEDOT—PSS CE to have
superior electrochemical catalytic performance to PEDOT—
PSS CE. However, SiO, on its own exhibits poor catalytic
activity for I3 reduction, and thus introducing SiO, component
in PEDOT—PSS has no positive effect on its catalytic activity.
Therefore, the high catalytic activity in SiO,/PEDOT—PSS CE
probably results from the increased effective electrochemical
catalytic surface area which can be studied by morphology
study.”>*® The surface morphologies of PEDOT—PSS and
SiO,/PEDOT—PSS CEs characterized by scanning electron
microscopy (SEM) are shown in Figure S. Figure Sa represents
the top-view morphology of PEDOT—PSS coated FTO
electrode, in which the rough texture is from FTO surface
and the PEDOT—PSS layer is compactly formed on the FTO
substrate. The mean surface roughness of PEDOT—PSS/FTO
determined from atomic force microscope (AFM) topography
image (see Figure Sla in the Supporting Information) is about
7.9 nm. In SiO,/PEDOT—PSS coated FTO electrode (Figure
Sb), the film is mesoporous with a lot of of interspaces and the
particle-like SiO, are distributed homogeneously in PEDOT—
PSS matrix. SiO,/PEDOT—PSS electrode possesses a larger
mean surface roughness (38.7 nm, obtained from AFM
topography image shown in Figure S1b in the Supporting
Information). The mesoporous feature of SiO,/PEDOT—PSS
electrode is caused by the high specifc surface area of SiO,
nanoparticles (600 m*/g). As a result, SiO,/PEDOT—PSS film
is expected to possess a larger electrochemical surface area than
pristine PEDOT—PSS film, and meanwhile, the mesoporous
feature also benefits the diffusion of redox sites, leading to the
reduced Rcr and Zgg In addition, the homogeneous
distribution of SiO, nanoparticles in PEDOT—PSS matrix
enables the transport of generated holes from the reduction of
I;~ through the high conductive PEDOT—PSS chains,
achieving good carrier transport in SiO,/PEDOT—PSS CE.

For comparison, standard DSC using Pt CE was also
fabricated, and it provides a PCE of 4.69% under rear-side
irradiation and a PCE ratio of 73.5%, as shown in Figure 6a and
Table 2. This PCE ratio is lower than that of DSC using
PEDOT-PSS or SiO,/PEDOT-PSS CE, in accordance with
the low transmittance of Pt CE. Though the DSC using Pt CE
still exhibits the highest FF thus the highest PCE under front-
side irradiation, the performance of DSC using SiO,/PEDOT—
PSS CE can be further improved through the optimization of
film thickness and amount of SiO,. It is found that a thicker
film leads to a higher FF (as shown in Figure 3 and Table S1 in
the Supporting Information), and the variation of the amount
of SiO, (0-60 mg) can lead to a change in FF from 44.3% to
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Table 2. Photovoltaic Parameters of DSCs Using Different
CEs under Front-Side and Rear-Side Irradiation,
Respectively”

counter irradiation (r]ric\/ Voc FF PCE PCE
electrodes side cm?) (V) (%) (%)  ratio (%)

Pt front 13.5 0.71 66.6 6.38 73.5
rear 9.78 0.69 69.5 4.69

PEDOT-PSS front 12.9 0.71 40.0 3.66 83.6
rear 9.98 0.69 44.4 3.06

Sio,/ front 13.5 0.72 58.2 5.66 81.3
E]S%)OT‘ rear 104 070 631 460

“The PEDOT—PSS and SiO, (40 mg)/PEDOT—PSS were fabricated
at a spin-coating speed of 5000 rpm.

63.9% (as shown in Figure S2 in the Supporting Information).
Moreover, the catalytic activity and conductivity of PEDOT—
PSS matrix in SiO,/PEDOT—PSS CE can also be improved by
referring to previous reports to get an ideal Jsc.>”*® Hence, it
can be speculated that SiO,/PEDOT—PSS CE is potential to
be as efficient as Pt CE.

The monochromatic incident photon-to-electron conversion
efficiency (IPCE) spectra from DSCs employing different CEs
have also been measured under front-side and rear-side
irradiation, respectively. The IPCE ratio is relatively higher in
DSC using PEDOT—-PSS or SiO,/PEDOT—PSS CE than that
using Pt CE (as can be seen in Figure S3 in the Supporting
Information), in accordance with the relative lower trans-
mittance of Pt CE. It is also found that nearly all the incident
light in short wavelength region (<450 nm) is totally absorbed
by I"/I;” electrolyte in all DSCs under rear-side irradiation,
which weakens the transmittance advantage of PEDOT—PSS
and SiO,/PEDOT—-PSS at short wavelengths. Therefore,
employing an iodide-free electrolyte with less absorption,
such as T7/T, redox couple,”® can further increase the PCE
ratio of bifacial DSC with PEDOT—PSS or SiO,/PEDOT—PSS
CE. The stability of the DSCs using Pt, PEDOT—PSS, and
SiO,/PEDOT—-PSS CE is investigated by recording the
response intensity of photo-generated electron with or without
the irradiation at 530 nm in condition of open circuit. As shown
in Figure 6b, the intensity reaches a stable state in quite a short
time (in 40 ms) after the irradiation is turn on in all DSCs
under either front- or rear-side irradiation conditions. This
demonstrates that the charge-carrier transport inside the cell is
timely and effective, which implies that although the transport
paths of electron and hole in condition of rear-side irradiation

dx.doi.org/10.1021/am500082x | ACS Appl. Mater. Interfaces 2014, 6, 7126—7132
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are different from these in condition of front-side irradiation,
they don’t have much effect on the response time of the DSCs.

As the bifacial DSC can use the incident light from both
faces, the photovoltaic performance of bifacial DSCs under
bifacial irradiation have also been investigated. A white filter
paper is used to act as a light reflector to reflect part of the
incident light back to the DSC through the transparent
electrodes, and the measured performance is shown in Figure 7.
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Figure 7. -V curves of DSC using SiO, (40 mg) /PEDOT—PSS CE
with or without paper reflector under front-side and rear-side
irradiation, respectively.

The Jsc of the same DSC is significantly increased with the
presence of reflector, and the PCE is also increased by almost
40%, demonstrating the high efficiency potential of bifacial
DSCs.

3. EXPERIMENTAL SECTION

Preparation of CEs. SiO,/PEDOT-PSS composites were
prepared by dispersing commercially available SiO, nanoparticles
(10-20 nm in diameter, purchased from DK nano) in PEDOT—PSS
solution (Clevios PH1000), which was filtered with a 0.45 um
hydrophilic filter and doped with 6 vol % ethylene glycol before use,
and then stirred and sonicated for several hours to form well dispersed
solutions. The PEDOT—PSS-based CEs (SiO,/PEDOT—PSS compo-
sites, pristine PEDOT—PSS) were fabricated by spin-coating of their
solutions on ozone-treated FTO-glass followed by a drying process at
120 °C in air for 30 min. Pt electrode was fabricated by thermo-
decomposition of H,PtCly isopropanol solution on ozone-treated
FTO-glass at 450 °C in air for 20 min.

Fabrication of DSCs. TiO, film was prepared by doctor-blading of
TiO, (P25 nanoparticles) slurry on TiCl, pre-treated FTO glass,
followed by calcination at 500 °C in air for 30 min. After that, the TiO,
film was post-treated in 40 mM TiCl, aqueous solution at 70 °C for 30
min and then calcinated at 500 °C in air for 30 min. After being cooled
to 80 °C, the TiO, film was immersed in 0.3 mmol/L ethanol solution
of N719 dye overnight. Then the dye-sensitized TiO, film was washed
with anhydrous ethanol and dried. Finally, the dye-sensitized TiO,
photoanodes and the as-fabricated CEs were assembled together with
60 um thick Surlyn. The I7/I;” liquid electrolyte with acetonitrile as
the solvent was then injected between the two electrodes. The
symmetric cell for the electrochemical measurements were fabricated
by assembling two identical CEs together with 60 gm thick Surlyn and
then injecting the electrolyte similar to the one used in fabricating
DSCs.

Characterization. The transmitted spectra and absorption spectra
were measured using a UV-vis spectrometer (Shimadzu UV2600) with
an integrating sphere. The film thickness of the CEs were measured
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using a profiler (Bruker DektakXT). The morphology of the electrodes
was characterized by scanning electron microscopy (FEI Quanta
200F) and atomic force microscope (Agilent 5500). The current
density—voltage characteristics of DSCs were measured using a source
meter (Keithley 2400) under AM 1.5G irradiation with a power
density of 100 mW/cm? from a solar simulator (XES-301S+EL-100).
The electrochemical impedance spectroscopy and Tafel polarization
plots were carried out using the electrochemical workstation
(CHI660D), performed on the symmetric cells. The frequency
range varied from 100 kHz to 0.1 Hz. The monochromatic incident
photon-to-electron conversion efficiency (IPCE) spectra and stability
were characterized with a solar cell spectral response/QE/IPCE
measurement system (Zolix SolarCellScan 100).

4. CONCLUSIONS

In conclusion, a novel counter electrode for bifacial DSCs was
facilely constructed using SiO,/PEDOT—PSS inorganic/
organic composite. It is found that the incorporation of SiO,
in PEDOT—PSS increases the transmittance in the long
wavelength region and improves the catalytic activity for
triiodide reduction due to the unique optical properties and
large specific surface area of SiO, nanoparticles, respectively.
Therefore, the counter electrode with SiO,/PEDOT—PSS
composite is highly transparent and catalytic activated. The
bifacial DSC using SiO,/PEDOT—PSS counter electrode
exhibits a power conversion efliciency of 4.61% under rear-
side irradiation, which is almost 83% of that under front-side
irradiation. Furthermore, the PCE of bifacial DSC can be
significantly increased by 39% by adding a reflector to achieve
bifacial irradiation. Moreover, the PCE can be further improved
by the further optimization of the blending amount of SiO,, the
film thickness and the annealing methods on PEDOT-PSS.
The results obtained in this work reveal the advantages of
SiO,/PEDOT-PSS including ease of fabrication, low-cost,
highly transparent and high catalytic activity for triiodide
reduction, which provide new options for counter electrode
materials in fabricating highly efficient bifacial DSCs.
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