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We report a method to increase the surface area of the titania films used as the anodes of dye-sensitized solar
cells (DSSCs) by applying additional titania-coating. The modification was achieved by spin-coating a coating
solution that contained a surfactant with a titania source onto the titania electrodes, followed by calcination.
Previous similar attempts without a surfactant all reported decreased surface areas. We fabricated DSSCs by
using the modified titania films as the anode and measured their performances. The increased surface area
increased the amount of adsorbed dyes, which resulted in increased current densities. At the same time, the
titania-coating increased both the open-circuit voltage and the current density by reducing the charge-
recombination rates of the injected electrons, similar to the results of literatures. Therefore, our method shows
an additional mechanism to increase the current density of DSSCs in addition to the other mechanisms of

surface modifications with titania-coatings.
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Introduction

Dye-sensitized solar cells (DSSCs) have received a great
dedl of attention as an economical aternative to the con-
ventional silicon-based solar cells.? There have been many
attempts to improve the performance of DSSCs. Among the
various approaches, many groups reported that the per-
formance of DSSCs could be improved by surface treat-
ments of the titania electrode>*° Most of them show that
coating the titania surface with wide band gap materials such
as ZrO,, Inx0s, Al03, or Nb,Os increases both short-circuit
current (J¢) and open-circuit voltage (Voe) by reducing the
charge-recombination rate.>'° There are also some reports
on treating the titania el ectrode with titanium speciesto form
titania-coatings that also show some positive effects.4 In
this case, the improved efficiencies were explained as the
increased conductivity of the titania electrode by forming
titania necks between the titania particles and the increased
amount of adsorbed dyes. However, interestingly, in all
cases of titaniacoatings, the specific surface area of the
electrode was reported to decrease; the increase of the
amount of adsorbed dyes was attributed to the increase of
the amount of titania or the increase of binding sites.

We note that al of the experiments on titania-coating
treatments have been performed by either dipping the
electrode into an aqueous solution of TiCl, or spin-coating
such a solution on the electrode. We conjectured that the use
of an agqueous solution might result in rather large titania
particles in the solution, which might deviate from the idea
of thin layer coating on the surface of titania electrodes.
Indeed, afew papers reported that the amount of titaniawas
increased by 28% after dipping the electrode into an aqueous
TiCl, solution, thereby decreasing the surface area'®®

Therefore, it seems that the performance of DSSCs can be
further improved if a method to increase the surface areais
found.

In the present paper, we applied a surface-modification
method that could increase the surface area of the titania
electrode. In this method, we employed a spin-coating
technique using an ethanol solution of TiCls mixed with a
surfactant, F127 (EO107PO7EO107; EO = ethylene oxide, PO
= propylene oxide). This technique is smilar to that for
forming mesoporous titania thin films with well ordered
pores.>!® The details of the surface modification and the
performance of DSSCs are reported herein.

Experimental Methods

Titania films with thickness of 12 pm were prepared on
fluorine-doped tin oxide (SnO.:F) covered glass substrates
(TEC dlass, Pilkington) by doctor-blading method with a
titania dlurry. The durry of titania was prepared by grinding
titania nanoparticles (Degussa P25) with acetylacetone,
hydroxylpropyl cellulose, and distilled water. The film
thickness was controlled by 3M adhesive tapes. These films
were then sintered at 450 °C for 30 minin air.

The solution for titania-coating was prepared by dissolv-
ing 1.9 g of anhydrous TiCls and 0.5 g of F127 in 10 g of
anhydrous ethanol, and was spin-coated on the titania
electrode films under controlled humidity of 70-72% and
temperature of 27-30 °C. Measured amounts of the solution
were spin-coated on the titania electrodes with a fixed area
(1.5 x 1.5 cm?). The resultant films were then dried and aged
at 18-20 °C under arelative humidity of 75-80% for 2 days,
followed by heating at 300 °C for 2 h to remove the
surfactant. The untreated film with the coating solution was
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also heated under same condition for comparison. After
calcination, a part of each film was scraped off to make a
rectangular shape of ca. 0.7 x 0.8 cm? in area. These films
were then immersed in a 0.3 mM ethanol solution of cis-
bi s(i sothiocyanato)bis(2,2'-bi pyridyl-4,4'-dicarboxyl ato)-
ruthenium(l1) (N3, Solaronix S. A.) for 22-24 h. The counter
electrodes were prepared by dropping a 10 mM of chloro-
platinic acid solution on TEC glasses, followed by heating at
450°C for 30 minin air.

The DSSCs were fabricated with the counter electrode, the
dye-adsorbed titania electrode, and a redox electrolyte. The
redox electrolyte used in our experiment was composed of
0.1 M lithium iodide, 0.05 M iodine, 0.6 M 1-propyl-2,3-
dimethylimidazolium iodide (DMPII), and 0.5 M tert-butyl
pyridine in propionitrile. We also prepared DSSCs com-
posed of titania electrodes without the titania-coating for a
reference. The current-voltage characteristics of the DSSCs
were measured with a Keithley 2400 source-meter in the
dark and under illumination of a300 W Xenon lamp.

The Brunauer-Emmett-Teller (BET) specific surface areas
(Seer) of the titania eectrodes were calculated by analyzing
the N adsorption-desorption isotherms at 77 K (Sorptomatic
1990). For these measurements, the titania films were scrap-
ed off from the substrates. The morphology of the titania
electrode was observed with a field emission scanning elec-
tron microscopy (FE-SEM; JEOL JSM-7401F). The amount
of dyes adsorbed on each electrode was determined by
extracting them into water and recording the UV-vis absorp-
tion spectrum (Scinco S-3100 spectrophotometer) of the
solution.

Results and Discussion

In this study, we prepared titania-coated titania films and
used them to assemble DSSCs. The coating solution was
prepared by dissolving TiCls and F127 in ethanol. This
formulation was used to form mesoporous titania thin films
with about 7 nm pores, through the self-assembly of the
titania species and F127.25 |t was our intention that the
inclusion of F127 in the coating could result in titania
coatings with high surface areas. Table 1 lists the specific
surface areas of the titania films, calculated from the N,
adsorption-desorption isotherms. The films are denoted with
the amount of the coating solution used to modify the
surface. Therefore, S5, S20, and S35, respectively, indicate
the titania films that are prepared with 5, 20, and 35 ul of
the coating solution. The DSSCs prepared with these elec-
trodes are aso denoted by these names. The untreated film
and the DSSC with such an eectrode are denoted as SO.
Because we used spin-coating technique that may cause

Table 1. Conditions of surface modification and resultant specific
surface areas of titaniafilms

SO S5 S20 S35

Amount of the coating solutionused (xL) O 5 20 35
Seer (MP/g) 530 594 580 582
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some loss of the solution, these numbers may be regarded as
the upper limits for the amounts of titania added as coatings.
Assuming that the density of the titania-coating and that of
the titania el ectrode film are the same, the maximum obtain-
able weight gains are calculated to be 4, 17, and 29%, for S5,
S20, and S35, respectively.

As intended, the titania-coatings with various amounts of
the coating solutions increased the specific surface areas.
However, the increment of the surface area is not well
correlated with the amount of titania-coating solution. The
specific surface area shows alarge increase upon applying a
small amount of coating solution (from SO to S5). However,
further increase of the amount of titania-coating (to S20 and
S35) reduces the surface area from that of S5, although they
still showed increased surface areas from that of untreated
film (S0). The fact that dl of the surface-treated films show-
ed increased surface areas from that of untreated films is
quite contrary to the literature, which reported reduction of
surface areas by as large as 8%.8112 Apparently, the use of
the surfactant in the present study is the key factor for the
different results.

The UV-vis absorption spectra of the solutions of the dyes
extracted from the dye-adsorbed titania films (Figure 1)
show the same trend as the specific surface areas by the N
adsorption-desorption measurements mentioned above. That
is, the amount of adsorbed dyes first increases on moving
from S0 to S5 and then dightly decreases on further moving
to S20 and S35. S20 and S35 films show admost the same
values for both the specific surface area and the amount of
adsorbed dyes.

In an effort to understand the nature of changes brought in
by the titania-coating, we studied the films by FE-SEM. The
cross-section FE-SEM images do not reveal any difference
among the films, probably, because the amount of titania
added is very small. On the other hand, the plain-view
images give some insight. Figure 2 shows the plane-view
FE-SEM images of the titania electrodes before and after the
modification. These images are similar to each other.
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Figure 1. UV-vis absorption spectra of N3 dye extracted solutions
from the dye-adsorbed titania films with and without the titania-
coating.
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Figure 2. FE-SEM images of titaniafilms: (a) untreated titaniafilm
(S0); (b) titania-coated titania film (S20).

However, close inspection reveals that the particle size of
S20 is smaller than that of SO. These images may be inter-
preted as that the titania-coating with surfactant molecules
forms an overlayer with finer particles, which explains the
increased specific surface area upon titania-coating. How-
ever, one cannot rule out the possibility that a part of the
coating solution smeared into the titania film, which may be
the explanation for the reduction of the specific surface area
on moving from S5 to both S20 and S35. The smearing of
the coating solution into the film may increase the inter-
paticle connections, which results in a lower electric
resistance for eectron-migration through the titania film to
the TEC glass 317

The photovoltaic datafor our DSSCs are listed in Table 2.
For each type of DSSCs, we prepared six to eight cells. The
values in Table 2 are their averaged values. As can be seen
from the small standard deviations of the measurements,
these cells and their performance data are reproducible.

The trends of the DSSC performance with the amount of
titania-coating can be summarized as follows. (1) Both
short-circuit current (J<) and open-circuit voltage (Vi)
increase on increasing the amount of titania-coating until
S20. On further increase of the titania-coating to S35, J«
does not change from that of S20, but Vi is dightly
decreased. (2) J and Ve show different rates of increase on
moving from S0 to S20. Js. shows an abrupt increase by the
first 5 ul of the coating solution and then the rate is reduced,
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Table 2. Photovoltaic data for DSSCs comprising titania €l ectrodes
with various amounts of titania-coatings

Sample’  J (MA/CM?) Ve (V) FF (%) 7 (%)
0 (7) 123+£0.7 0.713+0.014 0545+0.02 4.76+0.17
S5(8) 132+05 0.716+0.016 0544+0.01 5.13+0.25
S20 (8) 13.3+£0.7 0.726+0.012 0.548+0.01 5.29+0.27
S35 (6) 13.3+£08 0.724+0.012 0.550+0.02 5.31+0.30

“The numbers in the parentheses are the number of cells tested.

whereas the increase of Vi is amost proportiona to the
amount of the coating solution used.

There are several different factors that can influence the
DSSC performance. The influence of the titania-coatings
with varied amounts can aso be analyzed in terms of many
different factors. One of the obvious factors is the variation
of the surface area (and, consequently, the amount of adsorb-
ed dyes) with the amount of titania-coating. Therefore, the
abrupt increase of Js: on moving from SO to S5 appearsto be
mainly because of theincreased amount of adsorbed dye due
to the increase of the surface area. However, there must be
other factorsinvolved because Vi is aso increased dightly.

Although the surface areais decreased on moving from S5
to S20, the fact that both Js. and Vec are increased requires an
explanation different from that between SO and S5. The
amount of adsorbed dye is aso decreased, which is not
correlated with the increase of J«. To explain these pheno-
mena, we measured the dark currents of the DSSCs.
Although the dark-current measurement does not yield the
charge-recombination rates directly, it can tell which cell has
the lower (or higher) charge-recombination rate.’® Figure 3
shows the dark current-voltage characteristics of the DSSCs
in this study. The dark currents of DSSCs with thicker
coatings (S20 and S35) are lower than those of thinner or no
coating (SO and S5), clearly showing that the charge-
recombination rates of the former group are smaller than
those of the latter one.

Ve and Jsc of aDSSC are related by the following equation
(1 :14
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Figure 3. Dark current-voltage characteristics of DSSCs before
and after titania-coating. The inset shows the part magnified from
0.55t00.70 V.
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Voc=(kE(;T)ln( lin ] M

r]cbket[ I ?:]

where kg, T, 0, N, and kg are the Boltzmann constant, the
absolute temperature, the electron charge, the concentration
of dectrons at the éectrode surface, and the rate constant for
the reduction of the triiodide (I37) in the eectrolyte by
electrons in the conduction band of the titania electrode,
respectively. |y is the current due to the electrons from the
excited dyes. nwka[ls] can be identified with the charge-
recombination current, I.. Therefore, equation (1) can be
rewritten as:

Voo = (<532 02

r

Because liy is proportional to the amount of dyes on the
electrode, it must decrease on moving from S5 to both S20
and S35. As noted above from the dark current data, |, also
decreases in the similar manner. By equation (1a), the fact
that Vi increases suggests that the decreasing rate of |, is
faster than that of iy on increasing the amount of titania-
coating. J is directly related with the net current between
linj and I, asin the equation (2):*°

I:Iinj+|r (2)

As aresult, Jg is dso increased with the increase of the
amount of titania-coating even though the amount of
adsorbed dyes may decrease, explaining the increases of
both Js. and Ve on moving from S5 to both S20 and S35. In
addition, the increase of Vo means that the charge-recom-
bination rate is decreased by lower electric resistance for
electron-migration. As mentioned above, this decrease is
attributed to the connections among titania nanoparticles.
Therefore, the interparticle connections would be enhanced
above acritical amount of the coating solution.

Assuming that all of the titania species spin-coated were
transformed into the titania-coatings without loss of materials
during the spin-coating, the titania film in S35 would have
gained 29% of mass, close to the amounts of mass gains of
28% reported in some of the literature on coating with
titania. It also appears that the operating mechanisms to
increase J. and Vi in our study and in the literature are the
same despite the different trends of the surface areas upon
titania-coating in these cases. In fact, although the increase
of J<. on moving from S0 to S5 is mainly dueto the increase
of the amount of dyes adsorbed, the Vi aso shows a
tendency to increase, which can be explained with the above
discussed mechanism. Therefore, the performance of our
DSSCs is affected by the factor of enhanced interparticle
connections rather than that of increased surface area as the
amount of the coating solution is getting larger.

Conclusions

We report on the influence of different amount of the
coating solution, which is composed of TiCls, F127, and
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ethanol, on the performance of DSSCs. For the titania film
treated with a small amount of the coating solution (S5), Js
was improved by the increase of both the surface area and
the amount of adsorbed dyes. When the amount of the
solution deposited on titania film is more than a critical
value (S20 and S35), connections among titania nano-
particles were enhanced, which resulted in the increased
conductivity of the titania electrode. For S20 and S35,
therefore, the increase of Jg was attributed to the factor of
enhanced interparticle connections rather than that of
increased surface area, which is compatible with the fact that
Ve Was increased. In conclusion, we found that the increase
of the surface area may contribute to the improvement of the
cell performance. However, it appears to be limited only
when the amount of titania-coating is very small, which is
not sufficient to achieve the optimum performance by itself.
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