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TiO; has been widely used as the photoanode material inglycol (Fluka, MW 20,000) and 20 wt% polyethylene oxide
novel type solar cell for the last decadalthough several (Aldrich, MW 100,000) with respect to the amount of FiO
studies have explored other semiconducting metal oxidepresent were added. The viscous solution was coated on
such as SngF3zZnO*" Nb,0s2°CeQ,° and SITiQ The  SnQ:F conducting glasses (Libbey-Owens-Ford Co., 8
novel solar cell is based on the sensitization of,Ti® ohm/sq 80% transmittance in the visible) by the simple
visible and near infrared light by adsorbed dye molecules toloctor blade technique. The film was annealed at6d0r
the photoanode. 30 min in air and its thickness was estimated to be about ~8

Efforts have been focused on improving the solar convergm as measured by Tencor alpha-step profiler.
sion efficiency of presently reported value of about 10%. To sensitize the film, the TUDI'S-2 electrodes were im-
The conversion efficiency decreases due to recombinatiomersed in ethanol containingx30* M Ru(ll)L2(NCS):
losses of photoinjected electrons with oxidized dye mole2TBA (L = 2,2-bipyridyl-4,4-dicarboxylic acid, TBA =
cules or redox couple at the surface of nanocrystalling TiO tetrabutylammonium, Solaronix, N719 dye) for 24 h at room
Recent studies reveal that the addition of larger, TiO temperature. Transparent Pt counter electrodes with small
particles (up to 400 nm) to the nanocrystalline;T{Ts-20  holes were prepared by spreading a drop of 5 mM hexa-
nm diameter) colloidal solutions increases the scattering anchloroplatinic acid (Aldrich) in 2-propanol on a conducting
the absorption in the red portion, which increases the photgglass, followed by heating at 480 for 30 min in air. The
current of the dye-sensitized solar c&t¥ dye-coated TiQTS-2 electrode and the Pt-coated conduct-

On the other hand, the photocatalytic activity toward theing glass were sandwiched, usingt88-thick Surlyn (Dupont
decomposition of phenol is improved with HSIO, 1702) under a pressure of 200 kP&/emd a temperature of
composite and titanium silicalite-2 (TS-2), a kind of zeolite,about 100 °C. The redox electrolyte, consisted of 0.8 M 1,2-
relative to TiQ.'%!8 The enhancement is attributed to the dimethyl-3-octyl-imidazolium iodide (homemade) and 40 mM
presence of a Ti-O-Si phase at the J810; interface, with  iodine in 3-methoxypropionitrile (Aldrich), was introduced
the SiQ providing better adsorption sites in the vicinity of into the cell by capillary action. The active area of the cell
the TiQ. was about ~0.25 c¢in

In the present study, we report the improvement of the A HP 8453A diode array spectrophotometer was used for
photocurrent and conversion efficiency of dye-sensitized solameasuring absorption spectra. X-ray diffraction (XRD) ana-
cells by homogeneously incorporating large TS-2 particledysis was performed with Cud{A = 1.5406A) line using a
(~500 nm long) in the TiEfilm electrodes without deterio- Philips XPERT MPD. A Bomem, Hartman & Braun MB-
rating the photocurrent stabily.TS-2 was prepared by a series spectrometer utilizing KBr pellets was used to obtain
sol-gel method. The relations of TS-2 particles in the mixed=T-IR spectra. The surface morphology and thickness of the
film electrodes, morphology, and surface properties of thdilms were observed using a Hitachi S-4300 field emission

films to the photocurrent are discussed. scanning electron microscope (SEM).
Short-circuit photocurrentJ{) and open-circuit voltage
Experimental Section (Vo) were measured using a Keithley Model 2400 source

measure unit. A 1000-W Xenon lamp (Oriel, 91193) served

TS-2 was crystallized by hydrolysis of tetraethylortho- as the light source. The light was homogeneous upxt® 8
silicate and tetrabutylorthotitanate, using tetrabutylammoniuninch, and its intensity (or radiant power) was adjusted with a
hydroxide as a template under static condition, followed bySi solar cell (Fraunhofer Institute for Solar Energy System;
washing, drying and annealing at 500 °C for® Anatase ~ Mono-Si + KG filter; Certificate No. C-ISE269) for approxi-
TiO, colloids were prepared from a sol-gel hydrolysis, mating AM-1.5 radiation.
autoclaving, and condensation of titanium isopropoxide in
acetic acid solution as described elsewfere. Results and Discussion

TS-2 was added to the Ti@olloidal solution. To control
the viscosity of the solution and prevent the cracking of the TS-2 was characterized by XRD and IR. The XRD
mixed oxide TiQ/TS-2 thin film, 20 wt% polyethylene patterns confirmed the characteristic peaks of TS-Dat 2
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Figure 2. Dependence al-V curves of dye-sensitized TiDS-2
solar cells on the wt% of TS-2.

Table 1 Dependence of the photovoltaic characteristics of the dye-
sensitized solar cells on the wt% of TS-2 in theMiG-2 film

Wt % TS-2 0 5 10 15
Jsc(mA/cn) 8.40 9.05 10.21 9.43
Voc (V) 0.74 0.75 0.74 0.74
FF 0.64 0.64 0.64 0.66
Efficiency (%) 4.00 4.33 4.80 459

(b TS-2 content, th&,c and the fill factor (FF) remained nearly

Figure 1. Plain-view SEM images of (a) TS-2 and (b) FiO constant, and the ov_eraII conversiqn efficiency increased
prepared by sol-gel methods. about.ZO% al_most entlrely_ duc:T to an mcreasﬁcqf
An interesting observation is that thg. remained con-

stant despite the increase in the One explanation for the
7.9, 8.8, 23.2, and 24.0 degrees. The IR spectrum of TS, behavior may be related to the decreased density of
presented a band peaking at 9607crihis band has been surface states in the electrodes. The relatively larger TS-2
assigned to the stretching vibration of Si-O-Ti, suggestinglusters effectively reduced the surface area of thg/T8=P
that Ti atoms are effectively incorporated into the ;SiO electrodes for dye adsorption, and consequently decreased
lattices?? A plane-view SEM image (Figure 1a) revealed the number of surface recombination centers, leading to an
that the average size of the cylindrical TS-2 clusters was 26@icrease o¥,.220n the other hand, a smaller dye adsorption
nm in diameter and 500 nm long, and the clusters were in theplies that a smaller injection current from dye to the
form of bundles consisting of large numbers of rods havingonduction band of the TUXTS-2 electrodes. This leads to
an average dimension of 4800 nm. We found that the theV,. decrease based on the relationship
Ru(ll) dye molecules hardly adsorb to the TS-2 surface. This .
is presumably caused by the TS-2 surface being more hydro- n=n"x exp[aodkT],
phobic than Ti@, based on the observation that negligiblewheren andn' are the electron density in the conduction
absorption spectral change of the dye solution occurred iband under illumination and in the dark, respectively,
contact with TS-2 particles for 1 h. The Ti@articles assuming that the collection efficiency of the conduction
prepared by the sol-gel method were confirmed to be anatagand electrons remains the same. The combination of both
of about 20 nm in diameter on average by their XRDthe decreased density of surface states and the decreased
patterns and SEM images (Figure 1Db). adsorption of dye molecules apparently resulted in the

Figure 2 shows the effect of the incorporation of TS-2 ininvariance of th&/c.

the TiG; film on the J-V characteristics of dye-sensitized The Jscincrease regardless of wt% of TS-2 is most likely
cells. In the presence of TSX&; increased regardless of the explained by the enhanced light scattering due to the larger
TS-2 wt%, with theVoe being nearly a constant. THee  TS-2 clusters in the Ti@r'S-2 film electrode. Contrary to
increased about 20% with incorporation of 10 wt% TS-2 inthe Vi, behavior, thels; apparently showed a maximum at
nanoparticle Ti@ The results of the comparative study arearound 10 wt% TS-2. The increase in the photocurrent by
quantitatively summarized in Table 1. Over the range of thehe light scattering may be partially offset by the decreased
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12 indicated that thés: increase is explained predominantly by
L the enhanced light scattering by the larger TS-2 clusters. It is
10 - O D=omom O Do A m- = D=l possible that thels. increase by the light scattering is
............... vV----yg----yg---F¥ - i
S®---0---0---0---0---0 partially offset by the reduced dye adsorption and loss of

Jse (MA/cm?)
o]

gL ® u u u n u n interconnectivity among particles in the electrode film. The
offsetting effects of the reduced surface recombination sites
and decreased number of injected electrons into the
conduction band explains thi; invariance irrespective of

A T ) Wt% of TS-2.
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Figure 3. Comparison of time-dependel$of dye-sensitized sala 1.
cells prepared with Tigand TiQ/TS-2 at several wt% of TS-2. 2.

adsorption of dye molecules in the electrode surface. In—
addition, the incorporation of the TS-2 clusters reduced thes,
connectivity between the contacting TiQarticles and/or
the pathways of electrons to the tin oxide surface, compared-
with the electrode without TS%.As a result, thels
increase was further offset by the loss of inter-connectivity
among the patrticles in the electrode film. 7
The stability of operation of sealed cells under prolonged
light soaking was evaluated by measuring time-dependent:
current-voltage characteristics. The measurements showe
that theJ-V curves remained stable for 1 h with minimal ;
fluctuation. To show the degree of stability, the time-depen-
dent photocurrent is presented in Figure 3. Furthermorell.
almost identicalJ-V curves were obtained from the solar
cells with TiIQ/TS-2 electrodes that had been left for 1 L
month in the laboratory, indicating that the solar cells should 3
be suitable for long-term applications. 14
Further investigation of the effect of the variation of the
particle size and cavity of TS-2 on the photocurrent-voltage->:
enhancement appears worthwhile, since they are detriment
to the concentration of recombination centers and the exteng
of light scattering. 19

. 20.
Conclusion

21.
The effect of the incorporation of TS-2 into the Fim
on photocurrent-voltage characteristics of dye-sensitized2-
solar cells was investigated. We found that dye moleculeg3
hardly adsorbed to TS-2 prepared by a sol-gel metloaof.
the dye-sensitized TUDI'S-2 solar cells were enhanced, 24.
whereas thei¥,. remained the same. Analyses of SEM data
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