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Photovoltaic Properties of Dye-Sensitized Solar Cells
using Metallophthalocyanines with Poly(ethylene
glycol) Electrolytes
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Ki-Suck Jung', and Mi-Ra Kim'

Department of Polymer Science & Engineering, Pusan National
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Dye-sensitized solar cells (DSSCs) were prepared with a poly(ethylene glycol)
(PEG) electrolyte using various metallophthalocyanines (MPcs) as an additive.
The DSSC device using MPcs has higher power conversion efficiency than that
without MPcs, due to decrease of electron transfer distance by the interface adsorp-
tion between TiO; film and PEG electrolyte. The best result on power conversion
efficiency was 4.18% in DSSC device using InOHPc. The open-circuit voltage
(V,.) was 0.70V, the short-circuit current density (J,) was 10.20mA/cm?, and
the Fill Factor (FF) was 0.58. The addition of MPcs as an additive is useful to
improve the performances of DSSC devices such as V., Js., and power conversion
efficiency.

Keywords: dye-sensitized solar cells; meallophthalocyanine; photovoltaic performance;
polymer electrolyte

1. INTRODUCTION

The dye-sensitized solar cells (DSSC) comprises a working electrode
consisting of a nanoporous TiOy films modified with a dye-sensitizer,
a platinum counter electrode, and an electrolyte in between two elec-
trodes [1-5]. Enormous efforts have been concentrated on to improve
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the power conversion efficiency through the optimization of DSSC cell
structures and modification of material chemical structures [3,6,7].
For example, the study that follows is divided into three parts. The
first describes studies of TiO5 layer with different thickness [8]. The
second study is chemical structure of dye and optical property. In
the third part studies on electrolyte have developed by many research
groups. Specially, the research on the chemical structure, morphology,
optical and electrical properties of the electrolyte are some of the major
ones dealing with in the design of high efficiency DSSCs. These
approaches include employing a quasi-solid-state type electrolyte to
minimize the loss and to obtain relatively high efficiency [9-12]. We
proposed the idea of an introduction of various metallophthalocya-
nines (MPcs) as an additive into the electrolytes to increase the power
conversion efficiency in DSSCs. The photovoltaic effects of the DSSC
devices on various MPcs or metal-free phthalocyanine as additives
into electrolytes were investigated.

Phthalocyanines (Pcs) are of enormous technological importance for
the manufacture of blue and green pigments and as catalysts for
removal of sulfur from crude oil [13-15]. Other areas of interest in a
variety of high technology fields [16] — such as for use in semiconduc-
tor devices, photovoltaic and other types of solar cell, electrophotogra-
phy, rectifying devices, molecular electronics, electrochromic display
devices, photosensitizers and deodorants — have stimulated research
into Pcs, particularly over the last decade. Several results concerning
DSSCs using Pcs have been reported. But they were studies of DSSCs
using Pc as a photosensitizer. These studies have shown that the
power conversion efficiency of that DSSC at AM 1.5 illumination
stayed at 0.47% [10] through the optical properties of Pcs such as
the photostability, the intensive absorption in far-red/near-IR regine,
and low probability of desorption from the semiconductor surface once
adsorbed, etc [11]. However, the efficiency of these DSSCs was unsat-
isfactory compared to that using traditional ruthenium bipyridine
complex dye due to low solubility of Pcs in most organic solvents.

In this study, we prepared the electrolytes by using various MPcs
such as hydroxyindium (InOHPc), chloroindium (InCIPc), hydroxygal-
lium (GaOHPc), chlorogallium (GaClPc), copper (CuPc), or metal-free
phthalocyanine (HyPc) with polymer matrix such as poly(ethylene
glycol) (PEG), and their photovoltaic properties were investigated
by solar simulator at AM 1.5. The purpose of this paper is two-fold:
(1) we expect the increase of short circuit current density (Jg.) of
the DSSC device by the introduction of the MPcs in the electrolyte,
and (2) obtain the effects of the metals of Pcs on the property of the
electrolyte with polymer matrix.
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2. EXPERIMENTAL
2.1. Materials

Polyethylene glycol (PEG, M, =20,000), tetrabutylammonium iodide
(TBAI), iodine (I5), 1-propyl-3-methylimidazolium iodide (PMII),
propylene carbonate (PC) and ethylene carbonate (EC) were pur-
chased from Sigma Aldrich company and used as supplied without
the purification. Fluorine-doped SnOs-layered (FTO) glass (150hm/
sq), Pt-Catalyst T/SP, -cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-
dicarboxylato)-ruthenium(II)bis-tetrabutylammonium dye (N719 dye)
and Ti-Nanoxide HT were purchased from Solaronix SA and used as
supplied. Pcs such as InOHPc, InClPc, GaOHPc, GaClPc, CuPc, and
HyPc were supplied from Phthalos Co.

2.2. Fabrications of DSSC devices

DSSC has been established, as described in the multilayer structure.
The functional components are sandwiched between two FTO electro-
des. A nanoporous TiO; film is deposited on the negative electrode.
A dye-sensitizer is adsorbed and covalently bound on TiO, nanoparti-
cles. The counter electrode consists of FTO with thermally deposited
Pt. Finally, the space between the TiOy/dye surface and counter elec-
trode is filled with a polymer electrolyte that typically contains the
I37/IT" redox couple, which makes a convenient combination with
TiO4 and dye.

The working electrode was prepared as follows. The TiO, paste with
9nm particle size was placed on an FTO glass by doctor blade method,
followed by sintering at 120°C for about 40 min and at 450°C for about
60 min in air to give a TiOs electrode with an effective area of 0.49 cm?,
and a TiO; film thickness of 10 um. The nanoporous TiO; electrode
was dipped in dye solution that dye was dissolved in a concentration
of 10mg of N719 dye per 50ml of absolute ethanol solution at
room temperature over night. The dye adsorbed TiO, electrode was
dipped in electrolyte solution at room temperature for 24 hours. The
electrolyte are containing Iy, TBAI, PMII as an ionic liquid, EC/PC
(4:1 as v/v), a polymer matrix such as PEG and MPc (PEG:MPc=1:1
as w/w) as an additive in an organic solvent such as acetonitrile.
Figure 1 shows the chemical structures of various MPecs used and
the structure of DSSC device. After that, the electrolyte was casted
onto electrolyte immersed dye adsorbed TiOg electrode and was dried
at about 60°C for 2 hours to evaporate wholly the organic solvent.

The counter electrode was also prepared by similar method that
TiO, film was coated. Pt paste was placed on an FTO glass by doctor
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FIGURE 1 The structure of DSSC device (a) and the chemical structures of
various metallophthalocyanines (b).

blade method, followed by sintering to at 100°C for about 10 min prior
firing at 450°C for about 50 min in air. In assembling of DSSC devices,
the working electrode and the counting electrode were clamped
together.

2.3. Measurements

The thickness of TiO, layer and polymer electrolyte films were
measured by using a scanning electron microscope (SEM) and
Alpha-step 1Q. The photovoltaic characteristics of DSSC devices were
measured using a Solar Simulator (150 W simulator, PEC-L11, PEC-
CELL) under a simulated solar light with an ARC Lamp power supply
(AM 1.5, 100 mW /cm?). The solar simulator was calibrated to Si refer-
ence cell verified. The active area of DSSC device measured by using a
black mask was 0.49 cm?.
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The charge transfer resistances of the DSSCs were measured by
alternating current (AC) impedance test using electrochemical impe-
dance analyzer (Reference 600, GAMRY instruments). The EIS data
were measured at 1-10° Hz of frequency range and room temperature,
and fitted by Z-MAN software (WONATECH) and Echem analyst
(GAMRY). The applied bias voltage and ac amplitude were set the
open circuit voltage of cells and 50 mV, respectively.

3. RESULTS AND DISCUSSION

In general, the power conversion efficiency of DSSC is mainly depen-
dent on the ionic conductivity of the polymer matrix. It was also
demonstrated that the ionic conductivity of polymer electrolytes can
be increased as the state and additives in electrolytes. It has been
found that the ionic conductivity of the polymer electrolytes can be
increased by incorporating appropriate species and amounts of suit-
able plasticizers or additives into them [17,18].

We have made of a DSSC device using PEG electrolyte without the
MPecs in order to compare to the results with that using the MPcs with
PEG electrolyte. The thicknesses of the cells were measured about
10 um of TiO5 deposited layer and 3 um of PEG electrolyte film layer
by SEM and Alpha-step 1Q, respectively. The photocurrent-voltage
curves of DSSC devices using PEG electrolyte with/without the MPcs
are shown in Figure 2 and their photovoltaic characteristics are sum-
marized in Table 1. In the DSSC devices without the MPcs, the open-
circuit voltage (V,.) is 0.75V, and the short-circuit current density (J.)
is 6.77mA/cm?. The fill factor is 0.54, and overall power conversion
efficiency is 2.72% under 100 mA/cm? of light density.

When MPcs were added into the electrolytes, the distinctive results
were obtained by the investigation of photovoltaic performances of
various devices. Among DSSCs using various MPcs, the DSSC device
using an InOHPc as an additive with PEG electrolyte showed the
highest conversion efficiency. The efficiency was shown remarkably
a high value when InOHPc was including in the PEG electrolyte to
compared to the value of that without MPcs in the PEG electrolyte.
Figure 3 displayed the comparison of characteristics with the impor-
tant four parameters on DSSC devices employing polymer matrixes
with and without Pcs (HsPc or InNOHPc). Current-voltage characteris-
tics showed a significant improvement in the photovoltaic performance
upon the addition of InNOHPc into PEG electrolytes, which has the
highest value of 4.18% of power conversion efficiency. The power con-
version efficiency increased about two times in comparison with the
value of that without InOHPc, and three times when using HyPc
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FIGURE 2 Photocurrent-voltage characteristic of the DSSC device compared
with various metallophthalocyanines as additives using PEG as polymer
matrix under AM 1.5; light density: 100 mA/cm?; active area: 0.49 cm?.

instead of InOHPc. The main reason for these results seemed to be
caused by the delocalization of electrons among hydroxyl groups of
InOHPc, ether groups of PEG and the surface of the TiOy layer. The
introduction of the InOHPc as an additive helps the interface adsorp-
tion between the TiO, surface and the PEG electrolyte. It can attribute
to bringing PEG matrixes closer to dye molecules oxidized by light.
This conjugated structure can improve the electron transfer from poly-
mer matrixes toward dyes adsorbed onto nanoporous TiOo layers.

TABLE 1 The Photovoltaic Characteristics of the DSSC Devices Compared
with Various Phthalocyanines using PEG Electrolyte Under AM 1.5
Illumination

Voc (V) Jsc (mA/em?) FF Efficiency (%)
PEG 0.75 6.77 0.54 2.72
InOHPc + PEG 0.70 10.2 0.58 4.18
InCIPc+PEG 0.69 10.1 0.56 3.89
GaOHPc +PEG 0.65 7.33 0.54 2.58
GaClPc +PEG 0.66 7.59 0.58 2.87
CuPc+PEG 0.69 8.81 0.55 3.33

HoPce +PEG 0.65 4.83 0.54 1.70
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FIGURE 3 Comparison of photovoltaic properties of DSSC devices with the
addition of InOHPc or HsPc as an additive into PEG electrolytes. DSSC
devices were measured by solar simulator under AM 1.5; light intensity:

100 mA /cm?; active area: 0.49 cm?.

Consequently, the availability of electron transfer on the interface
increased due to the decreasing of the electron transfer distance

between TiO; layers and PEG electrolytes by the additives.

TABLE 2 The Series Resistances (Rg), the Charge Transfer Resistance of the
Pt/electrolyte (R1cr) and TiOg/electrolyte (R2¢r) in the DSSC Devices Under
AM 1.5 by the EIS Measurement

Rs (@) Rlcr (Q) R2¢r ()
PEG 32.23 10.88 7.45
InOHPc + PEG 20.68 10.06 5.87
InClPc+PEG 20.15 10.09 6.45
GaOHPc + PEG 22.59 8.15 7.54
GaClPc +PEG 23.35 8.70 8.56
CuPc +PEG 20.22 10.54 6.89
HyPc+PEG 34.26 11.84 14.86
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When using HyPc, on the contrary, the photocurrent of DSSC
devices decreased with the addition of HyPc. The chemical nature of
Pcs, such as well-stacked and intramolecular aggregation, resulted
in low solubility in organic solvents and low miscibility with polymer
matrixes. HoPc makes interrupts the contact or the interface adsorp-
tion between PEG electrolyte and dyes, or TiO, surfaces, on each
other. The difficulty of interface adsorption resulted in the low elec-
tron transfer from the PEG electrolyte to oxidized dye molecules. This
result shows the importance of the metal of the Pc as well as the Pc
itself as an additive on DSSC characteristics.

To prove these results, the interfacial charge transfer resistances
were investigated by the EIS measurement. The charge transfer resis-
tances of the FTO/TiOy/electrolyte/Pt/FTO cells are summarized in
Table 2. Nyquist plots of the cells and the equivalent circuit are shown
in Figure 4. The Rg, R1ct and R2¢r are series resistance, the charge
transfer resistance of Pt/electrolyte interface, and the charge transfer

W/ W0 A0 HO W/ W0 20 M R0 M0
Z tonm)

FIGURE 4 Nyquist plots of the FTO/TiOy/electrolyte/Pt/FTO device using
PEG electrolyte without Pcs (a), PEG electrolyte with HoPc (b), PEG electrolyte
with InOHPc (c) (solid line: real data; dotted line: fitted data). The equivalent
circuit of the device (d) (Rg: Series resistance, R1ct: charge transfer resistance
of Pt/electrolyte, R2¢r: charge transfer resistance of TiOy/electrolyte, Q1 and
Q2: constant phase element).
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FIGURE 5 The SEM surface images of the working electrode; (left) electro-
lyte film using PEG and InOHPc onto TiO. electrode; (right) the extended
image.

resistance of TiOz/electrolyte interface, respectively. Low interfacial
charge transfer resistance (R2¢t) resulting from small semi-circle
was observed for the DSSC containing PEG with InOHPc, and the
R2¢7 increased respectably by the introduction of HyPc instead of
InOHPc. The R2¢r of the DSSC using PEG without MPcs was also
higher than that of the DSSC using PEG with InOHPc. These results
showed that the charge transfer resistances between TiO, surface and
PEG electrolyte decreased by the introduction of InOHPc, and the
good electron transport resulting from the low resistance affected to
the high value of the J..

Figure 5 shows the SEM surface images of PEG electrolyte film
using PEG with InOHPc. The PEG electrolyte film was fabricated by
the casting method onto the nanocrystalline TiO, electrode adsorbed
the N719 dyes, after 3 hours in the dry oven. We can confirm the
nanopore-filled PEG electrolyte into TiO5 layer and the morphology of
the PEG in the electrolyte from the extended image.

4. CONCLUSION

The DSSC devices using various MPcs with PEG electrolyte were suc-
cessfully fabricated and their photovoltaic properties were investi-
gated. The introduction of MPc¢ into PEG electrolytes makes it
remarkably to improve the power conversion efficiency with the
increase of the J.. The best result of DSSC devices was 4.18% of
power conversion efficiency in DSSC device using the InOHPc, and
0.70V of V., 10.20 mA/cm2 of J., and 0.58 of FF. The results indicate
that the MPcs are promising materials as additives of the electrolytes
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rather than the sensitizer for DSSC application. Therefore, these find-
ings will open up a new approach for MPcs in applications of DSSCs.
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