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We present recent results on solid-state dye-sensitized solar cell research using a polymer electrolyte based on a poly(ethylene
oxide) derivative. The stability and performance of the devices have been improved by a modification in the method of assembly
of the cells and by the addition of plasticizers in the electrolyte. After 30 days of solar irradiation (100 mW c¢m~2) no changes in
the cell’s efficiency were observed using this new method. The effect of the active area size on cell performance and the first results
obtained for the first solar module composed of 4.5 cm? solid-state solar cells are also presented.
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1. INTRODUCTION

Since Gritzel’s announcement of the first dye-sensitized
nanocrystalline solar cell (DSSC) as a promising, low cost,
clean and highly efficient device for solar energy conversion,
many groups have focused their efforts on improving and
comprehending this technology in its different aspects. The
liquid electrolyte usually employed in this cell is still a draw-
back for long-term practical operation and causes substantial
problems to bring DSSC onto the market. To overcome these
problems, many research groups have been searching for al-
ternatives to replace the liquid electrolytes, such as inorganic
or organic hole conductors [1, 2], ionic liquids [3, 4] and
polymers [5, 6], and gel electrolytes [7, 8].

Since 1996, our group has been working on DSSC using
polymer electrolytes based on the copolymer poly(epichlo-
rohydrin-co-ethylene oxide), P(EPI-EO), and the first re-
sults were published in 1999 [9]. The best solar en-
ergy conversion efficiency device obtained for a solid-state
DSSC (1 cm? of active area) was 2.6% under 10 mW cm™2
and 1.6% under 100mW cm~2 [10]. However, our re-
sults indicate that the overall efficiency has already reached
the limit for a system based solely on polymers and
salt/iodine mixtures. Other components must be added
to this system in order to develop cells with enhanced
efficiency, since the cell’s performance is directly related
to the polymer electrolyte ionic conductivity, which is a

consequence of the I37/I” mobility inside the polymer ma-
trix.

In this report we summarize our recent experimental ef-
forts to improve the ionic conductivity of the polymer elec-
trolyte, looking towards solar cells with improved perfor-
mance. We investigated the addition of y-butyrolactone as
plasticizer to electrolytes based on P(EO-EPI) copolymers.
The optimization of polymer electrolyte composition and
cell assembly leads to devices with better efficiency and en-
hanced stability. We also discuss the performance of solar
cells with large active areas and present the first results of
a solar module assembled with DSSC using a polymer elec-
trolyte.

2. EXPERIMENTAL
2.1. Materials

Samples of poly(ethylene oxide-co-epichlorohydrin) were
used as received from Daiso Co. Ltd. (Osaka). The ethylene
oxide/epichorohydrin ratio in the copolymers were 50/50,
84/16, and 87/13, and they are designated as P(EO-EPI)50 :
50, P(EO-EPI)84 : 16, and P(EO-EPI)87 : 13, respectively.
The molar masses of the copolymers reported by the sup-
plier were circa 1 X 10° gmol~!. The polymer electrolytes
were prepared by the dissolution of the copolymer, Nal, I,
and the plasticizer in acetone. The plasticizer investigated
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was p-butyrolactone, GBL, (Aldrich, 99%). In all cases, the
copolymer/plasticizer weight ratio was 1 : 1.

2.2. Thermogravimetric analysis (TGA)

Thermogravimetric curves were obtained for the pure
copolymer P(EO-EPI)84 : 16 and two polymer electrolyte
samples containing P(EO-EPI)84 : 16 + 11 wt% of Nal/L.
The polymer electrolyte samples were prepared by casting
the polymer electrolyte solution under a saturated solvent
atmosphere, reproducing the conditions usually employed in
DSSC assembly. The samples were prepared on the same day;
however thermogravimetric analysis (TGA) were carried out
on different days for the two samples in order to understand
the role of the solvent. The TGA for the first sample was car-
ried out immediately after sample preparation (1st day). For
the other sample, the TGA was carried out on the 5th day.
TGA curves were measured using a thermogravimetric ana-
lyzer model 2950 from TA Instruments. All measurements
were done under continuous argon flow (100 mL min~!),
heating from room temperature to 600°C at 10°C min~!.

2.3. lonic conductivity measurements

Ionic conductivity measurements were evaluated as a func-
tion of salt concentration for polymer electrolytes prepared
with and without plasticizers. All samples consisted of poly-
mer electrolyte films (thickness of circa 100 ym), obtained
by casting electrolyte solutions onto a Teflon disk, under sat-
urated atmosphere conditions. Afterwards, the films were
detached from the Teflon by dipping into liquid nitrogen,
and further dried under vacuum for 144 hours. Conduc-
tivity measurements were carried out in a MBraun dry box
(humidity < 107*%, under an argon atmosphere). The films
were fixed between two mirror-polished stainless steel disc
shaped electrodes (diameter = 12mm) and the conductiv-
ity values were calculated from the data obtained by elec-
trochemical impedance spectroscopy (EIS), using an Eco-
Chemie Autolab PGSTAT 12 with FRA module coupled to
a computer in the frequency of 10° to 10 Hz and amplitude
of 10 mV applied to 0'V.

2.4. Dye-sensitized TiO, solar cell assembly

DSSC were assembled using glass-FTO (Hartford glass,
Rs < 10Qcm™2) and glass-ITO (Delta Technologies,
Rs < 30 Qcm~2) electrodes as substrates for the photo and
counter-electrodes, respectively. Counter-electrodes (CE)
were prepared by Pt sputtering (400A) onto the glass-
ITO electrodes. For preparation of photoelectrodes, a small
aliquot of TiO, suspension was spread using a glass
rod onto glass-FTO electrodes with an adhesive tape as
spacer. The TiO, electrodes (thickness ~ 6um) were
heated at 450°C for 30 minutes, cooled to ~ 80°C,
and then immersed in a 1.5 X 107*molL™! solution of
the sensitizer dye cis-bis(isothiocyanato)bis(2,2"-bipyridyl-
4,4’ -dicarboxylic acid)-ruthenium(II), Ruthenium-535, So-
laronix) in absolute ethanol for 16 hours. Afterwards, the

electrodes were rinsed with ethanol and dried. A film of the
polymer electrolyte was cast onto the sensitized electrodes
under a saturated solvent atmosphere. An alternative pro-
cedure for polymer electrolyte deposition consisted in cast-
ing the solution onto the electrodes placed on a hot plate at
60°C. The final assembly of the DSSC was done by pressing
the CE against the sensitized electrode coated with the poly-
mer electrolyte. An adhesive tape was placed between the two
electrodes, in order to control electrolyte film thickness and
to avoid short-circuiting of the cell. All devices were placed
in a desiccator with P,Os for 2 hours to remove moisture.

The DSSC devices were characterized on an optical bench
using an Oriel Xe (Hg) 250 W lamp, lenses, water, and cut-
off filters to avoid IR and UV radiation, respectively. The light
intensity was measured with a Newport Optical Power Meter.
Current-potential curves (J-V curves) were obtained using
linear sweep voltammetry at 1 mV s~! using an Eco-Chimie-
Autolab PGSTAT 12 potentiostat. The stability tests were per-
formed daily, irradiating each cell for 1 hour at 100 mW cm 2
in short-circuit conditions, for approximately 35 days.

A solar module was built by connecting in series 13 cells
with 4.5 cm? of active area. These cells were assembled using
a glass-FTO from Saint-Gobain (EKO-EM1, 10-14 Q) and
the counter electrodes were prepared by thermal decomposi-
tion of a 5% 1073 mol L~! solution of H,PtClg - nH,O (Acros
Organics) in 2-propanol. The electric contacts between ad-
jacent cells were done by placing copper wires on the FTO-
glasses and further covering them with colloidal conductive
carbon glue. The solar module was placed on the rooftop
of the Chemistry Building at the Universidade Estadual de
Campinas (lat $522° 49.08’; long W47° 04.11") for outdoor
performance tests. Electric parameters were monitored dur-
ing the day. No corrections were made for the 30% reflection
and transmission losses of the FTO-glasses.

3. RESULTS AND DISCUSSION
3.1. Solar cell stability

Figure 1 shows the variation of energy conversion efficiency
(1) as a function of time for a device assembled with poly-
mer electrolyte deposited by casting under a saturated sol-
vent atmosphere and for a device assembled with poly-
mer electrolyte deposited by alternative casting at 60°C. All
the measurements were carried out at a light intensity of
100 mW cm 2. The data revealed that for the cell assembled
with the polymer electrolyte deposited by casting under a
saturated solvent atmosphere, there was a decay of 72% in
the cell’s efficiency (1 from 1.0 to 0.3%) during the first 30
days. For the cell assembled with the alternative procedure,
n remained constant over the same period. After the 30th
day, both cells exhibit similar performance, indicating that
the apparent better initial performance of the “moisturized
cell” might be a consequence of residual solvent present in
the electrolyte. This residual solvent, in this case, acetone, in-
creases the ionic conductivity of the electrolyte (or the mobil-
ity of charge carriers), giving rise to higher values of photo-
current. As the solvent evaporates, the ionic conductivity
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FiGure 1: The variation of energy conversion efficiency under
100 mW cm~2 as a function of time for a solid-state DSSC assem-
bled with a P(EPI-EO) + 11wt% Nal/I, polymer electrolyte de-
posited by casting under a saturated solvent atmosphere (A) and
deposited by casting at 60°C (H).

decreases followed by a decrease in the cell’s efficiency. A
similar behavior was observed in an earlier work involving
a DSSC assembled with flexible and rigid substrates (ITO-
PET and ITO-glass) [11]. The loss of solvent in the “mois-
turized cell” also results in the formation of empty holes
(spaces) which contribute to increasing the overall cell re-
sistance and affect the contact between the electrodes, low-
ering the fill factor. In order to fully characterize the role
of the residual solvent on the cell’s efficiency, thermogravi-
metric analyses were carried out on two polymer electrolyte
samples prepared by casting the polymer electrolyte under
a saturated solvent atmosphere, reproducing the conditions
usually employed during DSSC assembly. Both samples were
prepared at the same time; however TGA were carried out in
different days. TGA for the first sample was carried out im-
mediately after sample preparation (1st day). For the other
sample, TGA was carried out on the 5th day. The TGA curve
(Figure 2) for the pristine P(EPI-EO)84 : 16 sample showed
only one mass loss step at 336°C (maximum mass loss tem-
perature, T4ec) associated to the thermal degradation of the
copolymer, due to the loss of chlorine radicals and HCI re-
lease, in analogy to the thermal degradation of poly(vinyl
chloride) [12]. Both polymer electrolyte samples presented
two significant mass loss steps in the temperature region be-
low 400°C. The first step (T < 200°C) is associated to the
loss of residual solvent and water and the second is associ-
ated to the thermal degradation of the copolymer. For the
sample analyzed immediately after preparation, 50% of mass
loss is attributed to residual solvent and water. For the sample
kept in ambient conditions for 5 days and then analyzed, the
solvent/water loss was reduced to 10%. These results indi-
cate that the casting procedure usually employed for gel and
polymer electrolytes leaves a high amount of residual solvent
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FiGure 2: Thermogravimetric curves for P(EPI-EO)84 : 16 and
P(EPI-EO)84 : 16 + 11 wt% Nal/I, samples prepared by casting the
polymer electrolyte under a saturated solvent atmosphere.

and water in the device that is released gradually during post-
assembly.

The removal of solvent and water prior to device closing,
however, reduces the polymer ionic conductivity, since these
small molecules also serve as a second path for charge carrier
motions.

It was also observed that, even after the removal of the
residual acetone by heating the sample at 60 °C, the per-
formance of the devices presented a decay with time when
operating under outdoor conditions [13]. Investigations on
the stability of the polymer electrolyte have indicated that the
polymer is stable at the temperature conditions in which so-
lar cells normally operate [14]. Therefore, the devices might
be degrading in a similar way to that observed for liquid so-
lar cells. Several studies have reported that the origin of cell
degradation might be related to dye desorption or degrada-
tion, accelerated by temperature [15]. Another factor that
might have a strong influence on cell stability is the low mo-
bility or concentration of iodide species inside the TiO, film,
which increases the average time in which the dye remains
in the oxidized state [16]. Is important to emphasize that for
future application of DSSC modules, a good sealing is neces-
sary. This requirement is important in order to minimize all
the factors described above, which affect drastically the long
term stability of the devices.

3.2. Polymer electrolyte with enhanced
ionic conductivity

Although stability is an important issue in the development
of solar cells and modules capable of being commercialized,
the market also demands cells with performance similar to
that exhibited by silicon technology.
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FiGure 3: Ionic conductivity as a function of Nal concentration
for different polymer electrolytes with (solid) and without (open)
GBL: (o, s) P(EO-EPI)50 : 50, (A, A) P(EO-EPI)84 : 16, and (CJ, )
P(EO-EPI)87 : 13.

According to these observations, the processing of de-
vices with better stability and higher performance was
pursued. Thus, polymer electrolytes were prepared with the
addition of y-butyrolactone, GBL, as a plasticizer. GBL is a
low molar mass organic liquid, with low vapor pressure, low
viscosity and stable in the temperature range of operating
cells.

Figure 3 exhibits the ionic conductivity as a function of
Nal concentration for different polymer electrolytes with and
without y-butyrolactone. The amount of salt that was added
considered solely the polymer content.

For polymer electrolytes prepared without the plasticizer,
the higher ionic conductivity was achieved for the copoly-
mer with higher content of EO units, P(EO-EPI)87 : 13. This
behavior is in agreement with previous reports on P(EO-
EPI) copolymers, where only the EO units interact effectively
with the ions, and thus contribute effectively for ionic con-
ductivity. The low interaction of the epichlorohydrin unit is
due to the electronegativity of the chlorine atom which with-
draws electron density from the oxygen [17]. Therefore, one
could expect that a large amount of EO units would give ori-
gin to a higher ionic conductivity. However, it also leads to
an increase in the crystallinity degree of the copolymer (the
copolymer P(EO-EPI)50 : 50 is fully amorphous while pure
poly(ethylene oxide) has 80% crystallinity). The increase in
crystallinity degree reduces the ionic conductivity of poly-
mer electrolytes, since ionic transport is expected to occur
predominantly in the amorphous phase of the polymer ma-
trix. On the other hand, the high content of EO units in the
copolymers P(EO-EPI)87 : 13 and P(EO-EPI)84 : 16 allows
a larger amount of salt to be dissolved, due to more oxygen
sites available to coordinate the Na* ions. The results pre-
sented in Figure 3 show that this effect is the predominant
one, because even with the high degree of crystallinity exhib-
ited by the copolymer with higher EO content, this polymer
showed the highest values of ionic conductivity.

FIGURE 4: J-V curves obtained under 100 mW cm~2 polychromatic
irradiation for dye-sensitized solar cells assembled with polymer
electrolyte (P(EO-EPI)87 : 13 + 15wt% Nal/I, + GBL), with dif-
ferent active areas: (—) 0.25cm?, (—) 1 cm?, and (W) 4.5 cm?.

The same trend in ionic conductivity was observed when
analyzing the polymer electrolytes containing GBL as plas-
ticizer. Again, the higher ionic conductivity values are ob-
tained for the copolymer P(EO-EPI)87 : 13 after the addi-
tion of plasticizer. This result is in agreement with the high
content of ethylene oxide in this copolymer, indicating that
the plasticizer is acting directly between the polymer chains
disrupting the crystalline phase.

Besides, for the plasticized polymer electrolytes the ionic
conductivity remains almost constant even after addition of
a large amount of salt (30 wt%). This effect is not observed
when no plasticizer is added. In this case, the maximum in
the ionic conductivity curve is reached between 10 and 15%
of salt. After this point, an abrupt decrease in the ionic con-
ductivity is observed when the amount of salt is increased
[18]. Thus, the addition of plasticizer has important effects
on cell performance by increasing the ionic conductivity of
the electrolyte since it promotes salt dissociation and trans-
port of charges, and also favors the cell stability since it al-
lows a higher amount of salt to be added. Thus, as a conse-
quence more dye cations are regenerated. The ability of GBL
to coordinate ions and contribute to ionic conductivity has
already been shown for gel electrolytes based on PEO and
lithium salts [19]. The ability to dissociate more salt was also
demonstrated in an earlier work using poly(ethylene glycol
methyl ether) (PEGME) as plasticizer [14]. In the same work
the addition of PEGME does produce devices with enhanced
photo-current and efficiency responses, which are probably a
consequence of the enhancement in ionic conductivity of the
electrolyte [14].

3.3. Solar cell performance

Figure 4 shows the J-V curves obtained for several dye-
sensitized solar cells with different active areas, all assem-
bled with P(EO-EPI)87 : 13 + 15wt% of Nal/I, + GBL. The
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parameters calculated from these curves were summarized in
Table 1.

As expected, the results show that higher photocurrent
values are obtained for devices with large active areas (see
Table 1). However, the increase in the current is not propor-
tional to area enlargement, as can be seen when the curves
are evaluated considering the current density (Jsc), defined
as photocurrent per square centimeter (Figure 4). One could
expect similar values of Jsc if the materials did not present
a great increase in overall resistance with area enlargement.
Figure 4 shows that the diode profile of the J-V curves is re-
placed by an ohmic profile when the area of the device is in-
creased. The series resistance estimated from the J-V curves
corresponds to circa 40, 85, and 200 Q for cells with active
areas of 0.25, 1.0, and 4.5 cm?, respectively. This increase in
the internal resistance is a drawback when scaling up these
devices. The same effect is also observed for liquid solar cells
and has its origin in the increase of the resistance of the FTO
layer, which limits current collection in back contact, that is,
there is a loss in the maximum current that can flow through
the device. Table 1 shows that the smaller the active area, the
higher Jsc, efficiency (#), and fill factor (FF). These results
indicate that for small areas the substrate is not a limiting fac-
tor as it is for large area devices. We observed that increasing
the active area by a factor of ~ 4 leads to a decrease in effi-
ciency of approximately half. The fill factor is also reduced by
20-30% when the area is enlarged, because of the poor elec-
trical contact in the cell, which reflects the interface with the
FTO-glass.

Such limitations in device performance were previously
reported by Okada et al. [20]. These authors showed that
the lack of grid collectors in the substrates significantly re-
duces the performance of dye-sensitized solar cells assem-
bled with liquid electrolytes. Therefore, although the ionic
conductivity of the polymer electrolyte investigated here is
still one order of magnitude lower than the liquid electrolyte,
the internal resistance in the solid electrolyte is not as cru-
cial in determining the FF and # values as the FTO layer re-
sistance. However, the electric resistivity of the FTO-glass is
not the only factor determining the overall efficiency. When
the active area was increased, the TiO, film deposited by
the doctor blade technique became less homogeneous, with
poor adhesion to the FTO layer. This effect can be minimized
by modifying the properties of the TiO, colloidal suspen-
sion, or by employing techniques of deposition more suitable
for large-scale production, such as spin-coating or screen-
printing.

3.4. Solar module performance

After the characterization of individual cells, 13 DSSC with
4.5 cm? of active area were connected in series to build a solar
module made with a polymer electrolyte. Figure 5 shows the
plots of maximum power (Pmax) and open circuit potential
(Voc) generated by the module during one day of irradiation
(January/2005), from 6 am to 7 pm, in Campinas, Brazil. The
total short circuit current of the module corresponds to the
average of the current generated by each cell and the open

TasBLE 1: Photocurrent (Isc), density of current (Jsc), voltage (Voc),
fill factor (FF), and efficiency (#) presented by dye-sensitized so-
lar cells assembled with polymer electrolyte (P(EO-EPI)87 : 13 +
15wt% Nal/I, + GBL) with different active areas (AA), under
100 mW c¢cm 2.

AA/cm? Isc/mA  Js¢/ mAcm?  Voc/V  FF/%  15/%
0.25 2.3 9 0.76 47 3
1 6.4 6.4 0.81 37 1.8
4.5 17.0 3.8 0.76 26 0.8
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FIGURE 5: Variation of the maximum power (Pmax = A) and open
circuit potential (Voc = o) produced by the solar module assem-
bled with 13 series-connected solar cells during one day of outdoor
exposure.

circuit potential corresponds to the sum of the potential gen-
erated by each cell. The module composed of 13 solar cells
connected in series presented overall Voc of ~ 8 V under ir-
radiation from 10 am to 2 pm. The maximum power gen-
erated was 28 mW, at 1 pm, and the integrated power gen-
erated during the whole period of irradiation was 183 mW.
The profile of the open circuit voltage and maximum power
resembles the variation of solar irradiation during the day.
Complete characterization of this solar module will be pub-
lished elsewhere [13].

To our knowledge, the present module was the first pro-
totype ever built with a polymer electrolyte. Although its per-
formance is low in comparison to other solar modules assem-
bled with liquid electrolytes, some points must be consid-
ered. For instance, the module had an active area (58.5 cm?)
which is small compared to other modules reported in the
literature and, therefore, lower values of power generation
are expected. Also, the lack of grid collectors lowered the
expected current values, because of the low conductivity
of the substrate, as discussed above. Nevertheless, the re-
sults obtained are considered very promising and further
improvements in module assembly are under investigation.
Solar cells with 4.5cm? of active area were prepared with
substrates containing a metallic grid, and we observed that
this modification, indeed, improved the performance of the
devices.
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4. CONCLUSIONS

For DSSC, stability and performance are two critical issues
that must be considered when scaling up these devices. In
this work we showed that the stability of dye-sensitized solar
cells assembled with polymer electrolytes can be improved
by the removal of residual solvent. Also, the performance of
these devices can be further improved by the addition of a
plasticizer in the polymer electrolyte, which acts directly be-
tween the polymer chains, disrupting the crystalline phase
and enhancing the ionic conductivity. The performance of
dye-sensitized solar cells assembled with the plasticized poly-
mer electrolyte was evaluated as a function of active area size.
With area enlargement, the performance of the cell decreases,
as a consequence of the loss of current flowing through the
device, mainly caused by an increase in the internal resis-
tance of the device. Although the performance obtained for
solar cells assembled with 4.5 cm? of active area was low, 13
cells were connected in series to compose the first solar mod-
ule built with solid-state dye-sensitized solar cells. The mod-
ule showed a very promising performance, and generated 8 V
under outdoor conditions.
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