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Highly efficient all solid state dye-sensitized solar cells (DSSC) were fabricated by the spe-
cific interaction of Cul with the NCS groups of the dye molecules and that of the counter
electrodes. The counter electrodes were prepared by blending nano size carbon in the
PEDOT:PSS dispersion. The counter electrodes were covered with the solution containing
guanidine thiocyanate, and heated to give the electrode with larger number of NCS groups.
Electrostatic adsorption between PEDOT:PSS and guanidine was investigated by X-ray pho-
toelectron spectroscopy (XPS). DSSC were prepared by connecting the NCS groups of the
dye molecule with those of the counter electrode with large surface area. The performances
of the resulting DSSC were improved dramatically by the increase of the NCS groups on the
counter electrode. It is noteworthy that the performances of the cell were higher than that
of the cells prepared by the conventional liquid electrolyte. The highly efficient all solid
state DSSC are manufactured with inexpensive and low quality materials, and the practical

use is promising.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Dye-sensitized solar cells have been intensively studied
as a possible next generation solar cell owing to their sim-
ple structure, inexpensive fabrication process and relatively
high energy conversion efficiency [1,2]. Unfortunately, the
liquid electrolyte presents several technological problems
such as dye desorption, solvent evaporation and the leak-
age of the volatile solvents. Therefore, many efforts were
made to replace the liquid electrolyte with solid type hole
transporting materials [3-23]. Of the hole conductors ob-
tained, the highest energy conversion efficiency has been
obtained with Cul [14-21]. However, the Cul based all solid
state dye-sensitized solar cells (DSSC) underwent rapid de-
cay. It is clear that forming a direct contact to such an un-
even film using a rigid Cul is very difficult, giving only a
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few points contact, which is manifested in the unstable
and the low energy conversion efficiency of the resulting
DSSC. Consequently, counter electrode containing NCS
groups were prepared and connected with NCS groups of
the dye molecule by Cul to give the stable DSSC in our last
study [24].

In the present study, counter electrodes with larger sur-
face area were prepared by blending nano size carbon in
the PEDOT:PSS dispersion. The counter electrodes were
covered with the solution containing guanidine thiocya-
nate, and heated to give the electrode with NCS groups.
DSSC were prepared by connecting the NCS groups of the
dye molecules with those of the counter electrode with lar-
ger surface area. The performance of the resulting DSSC
was improved dramatically. The improvement is due to
the increase of NCS groups on the counter electrode, which
is connected with those of dye molecules by Cul. It is note-
worthy that the performances of the cell were higher than
that of the cells prepared by the conventional liquid
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electrolyte. The highly efficient all solid state DSSC are
manufactured with inexpensive and low quality materials,
and the practical use is promising.

2. Experimental

A compact TiO, layer was deposited onto FTO (AGC type
U TCO glass) by spray pyrolysis. The TiO, paste was pre-
pared [25] and coated onto the FTO using squeeze printing
technique (film area = 0.5 cm?), and then the electrode was
heated at 450 °C for 30 min in air. The post-treatment with
TiCl, aqueous solution was applied to the prepared films
by soaking in 0.2 M aqueous TiCl4 at 70 °C for 30 min, fol-
lowed by a water rinse and fired at 450 °C for 30 min. The
thickness of porous TiO, film was about 7 um. The porous
TiO, film was immersed into 0.5 mM ethanol solution of
N3 dye (Kojima Chemicals Co.) for 12 h at room tempera-
ture. The coating of Cul onto dyed electrodes was per-
formed in Ny-atmosphere in a glove box. The Cul-
acetonitrile solution (0.15 M) was lightly coated over the
dyed electrode. After coating, the electrode was heated to
80 °C to evaporate the solvent. This process was repeated
several times. The counter electrode was prepared by coat-
ing the solution containing guanidine thiocyanate onto the
TCO glass modified by PEDOT layer. The solution contain-
ing guanidine was prepared by dissolving PEG20000 and
guanidium thiocyante (1:1) in acetonitrile. The PEDOT
modified TCO glass was prepared by spin coating of
PEDOT:PSS aqueous dispersion (Clevios PH) on TCO glass
and dried at 100 °C for 30 min in vacuum. In order to in-
crease the surface area of counter electrode, carbon blacks
(Strem Chemicals) (30, 100, 200 or 300 wt.% with respect
to the PEDOT:PSS) is added to PEDOT:PSS aqueous disper-
sion. The Cul/dye/TiO, glass plate was fixed together with
the counter electrode. The resulting cells had an active area
of 0.25 cm?.

X-ray photoelectron spectroscopy (XPS) measurement
was performed using SSX-100 instrument using a mono-
chromatized Al Ko X-rays at hv =1487 eV. AFM analysis
was performed with a SPA400 (Seiko Instruments Inc.) using
the tapping mode. The photoelectrochemical properties of
the DSSC were studied by recording the current-voltage
(I-V) characteristics under illumination of AM1.5 (1 Sun;
100 mW/cm?) by using a solar simulator (Yamashita Den-
so). The electrochemical impedance spectroscopy (EIS) of
the DSSC was measured with an impedance analyzer (Solar-
tron Analytical, 1260) connected with a potentiostat (Solar-
tron Analytical, 1287) under illumination of AM1.5 by using
asolar simulator. The EIS was recorded over frequency range
of 0.1-10° Hz. The AC amplitude and the applied voltage
were 10 mV and set at Voc of the cells, respectively.

3. Results and discussion

3.1. Electrostatic adsorption between PEDOT:PSS and
guanidine

In order to analyze the electrostatic adsorption between
PEDOT:PSS and guanidine qualitatively, S element was
investigated with XPS technique, and the result is shown

in Fig. 1. The S 2p core level shows large differences in
binding energy depending on the S location (PEDOT or
PSS). Low binding energy peak corresponds to PEDOT and
high binding energy peak comes from PSS. In PEDOT:PSS
mixed with guanidine hydrochloride (1:0.6) sample, the
peak originating from PSS shifted to higher binding energy
position. This change is similar to electrostatic adsorption
between PEDOT:PSS and Octadecylamine [26]. This shift
shows the formation of electrostatic force of PSS and ioni-
zation of guanidine changes S chemical environment in
PSS, which results in the S 2p binding energy shifts to high-
er position.

3.2. Fabrication of highly efficient all solid state DSSC

Fig. 2 shows AFM images of PEDOT:PSS films coated on
TCO glasses. The PEDOT:PSS film on ITO glass was flat
(Fig. 2a). The PEDOT:PSS film on FTO glass was somewhat
rougher because of FTO glass with some textures (Fig. 2b).
Counter electrodes with larger surface area were prepared
by adding nano size carbon (avg. particle size: 42 nm) in
the PEDOT:PSS dispersion (Fig. 3). The counter electrodes
were covered by the solution containing guanidine thiocy-
anate on this film and a series of counter electrodes con-
taining NCS groups were prepared. Highly efficient all
solid state DSSC have been prepared by connecting the
NCS groups with those of counter electrode by Cul.

3.3. Photovoltaic performance of the all solid state DSSC

Fig. 4 shows the photocurrent-voltage characteristics of
the all solid state DSSC with the series of counter electrodes.
The properties of the DSSC were summarized in Table 1. The
properties were improved dramatically by blending nano
size carbon in the PEDOT:PSS dispersion. The conversion
efficiency was improved from 2.9% to 7.4%. In our latest
study, the DSSC with PEDOT:PSS on FTO showed conversion
efficiency of 4.2% [24]. Surface area of PEDOT:PSS film on
FTO glass was larger than that of the film on ITO glass, as
shown in Fig. 2. The counter electrodes were covered by
the solution containing guanidine thiocyanate on this film.
The photovoltaic performance was improved by using the
counter electrode with larger surface area.
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Fig. 1. S 2p core level spectra of PEDOT:PSS (solid curve) and guanidine +
PEDOT:PSS (bold curve).
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Fig. 2. AFM images of PEDOT:PSS coated on TCO glasses. (a) PEDOT:PSS on ITO glass; (b) PEDOT:PSS on FTO glass.
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Fig. 4. Photocurrent-voltaic curves of all solid state DSSC fabricated from
different counter electrode: PEDOT:PSS (dash curve), PEDOT:PSS
(C: 30wt.%) (solid curve), PEDOT:PSS(C: 100 wt.%)(bold-dash curve),
PEDOT:PSS(C: 200 wt.%) (bold curve).

Table 1
Comparison of the performance of the all solid state DSSC.

Counter electrode Jse (MAcm™2) Vo (mV)  FF n (%)

PEDOT:PSS 125 546 042 2386
PEDOT:PSS(C: 30 wt.%)  13.8 664 051 468
PEDOT:PSS(C: 100 wt.%) 14.0 720 063 636
PEDOT:PSS(C: 200 Wt.%) 145 739 0.69 7.40
PEDOT:PSS(C: 300 wt.%) 14.4 725 068 7.0

In order to study the large improvement of the perfor-
mance of the DSSC containing nano size carbon, the charge
transfer resistance of the three dominant interfaces were
investigated by electrochemical impedance spectroscopy.
Fig. 5 shows Nyquist plots recorded over frequency range
of 0.1-10° Hz of all solid state DSSC used different carbon
contents under open circuit conditions. According to previ-
ous studies [24], the equivalent circuit of DSSC can be shown
as the inset in Fig. 5a. Fig. 5b is the enlarged part of high fre-
quencies in the Nyquist plots. We assumed that R,Cy, R,G,
and R3C3 correspond to a charge-transfer resistance and an
electrochemical capacitance formed by TiO,-dye/Cul,
Cul/guanidine thiocyanate and guanidine thiocyanate/
PEDOT:PSS interface, respectively. Ry indicates the series
resistance of the DSSC. Those values of R, C and a were
obtained by fitting with Z-view software shown in Table 2.

In Fig. 4, I can see that the higher cell performance is
attributing to the lower resistance within the cell. In Table
2, Rz was reduced drastically with a carbon content in PED-
OT:PSS, corresponding to the interface resistance between
guanidine thiocyanate/PEDOT:PSS was largely decreased,
which seems to be the factor that reduced the total resis-
tivity within the cell to attain a higher cell performance.
Lower electrical resistance of PEDOT:PSS with carbon is
the reason for the higher cell performance. The improve-
ment is also due to the increase of the number of NCS
groups on the counter electrode with larger surface area,
which is connected with those of dye molecules by Cul.

4. Conclusion

An efficient all solid state dye-sensitized solar cells have
been prepared by the specific interaction of Cul with the
NCS groups of the dye molecules and the NCS groups of
the counter electrode. The counter electrode were pre-
pared by coating the solution containing guanidine thiocy-
anate on PEDOT:PSS modified FTO. The resulting all solid
state DSSC were stable, and exhibited relatively high con-
version efficiency.

In the present study, the electrostatic adsorption be-
tween PEDOT:PSS and guanidine was investigated by XPS
(Fig. 1), and the performance of DSSC was improved by using
counter electrodes with larger surface area. The counter
electrodes with larger surface area were prepared by blend-
ing nano size carbon in the PEDOT:PSS dispersion. The film
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Fig. 5. Impedance spectra obtained under illumination for the cell with EDOT:PSS(O), PEDOT:PSS blending carbon particles (C: 30wt.%(A), 200wt.%([)).

Table 2
Parameters obtained by fitting the impedance spectra of DSSC with PEDOT:PSS and PEDOT:PSS blending carbon particles, using the equivalent circuit (Fig. 5a).
Ro R, G o R, G o R3 Cs o
(Qcm?) (Qcm?) (Fcm™2) (Qcm?) (Fem™2) (Qcm?) (Fem™2)
PEDOT:PSS 9.28 2.94 1.6 x 1072 1 133 1.1x10°3 0.80 4.67 1.7 x107* 0.71
PEDOT:PSS 9.34 3.07 2.0 x 1072 1 114 1.5%x 1073 0.80 2.10 1.7x10°% 0.71
(C: 30 wt.%)
PEDOT:PSS 9.44 3.00 22x1072 1 8.95 23x1073 0.78 0.47 38x1074 0.70

(C: 200 wt.%)

morphology was shown in Fig. 3. The counter electrodes
were covered by the solution containing guanidine thiocya-
nate, and heated to give the electrodes with larger number
of NCS groups. The DSSC were investigated by electrochem-
ical impedance spectroscopy, and those value of R, and R3
were decreased by adding nano size carbon (C: 200 wt.%).
The resulting all solid state DSSC exhibited dramatically
high conversion efficiency (7.4%). The improvement is due
to the increase of the NCS groups on the counter electrode,
which resulted in the DSSC with high conversion efficiency.
It is noteworthy that the performances of the cell were high-
er than that of the cells prepared by the conventional liquid
electrolyte. The all solid state dye-sensitized solar cells are
manufactured with inexpensive and low quality materials,
and the practical use is promising.
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