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Abstract:

Thin films of TiO, incorporated zeolite (LZM-5) were deposited on SnO, coated glass and

Si(100) substrates by spin-coating method using the sol consisting of TiO; and zeolite mixture.

The thin films were characterized by X-ray diffraction, Fourier transform infrared spectros-

copy and optical UV-VIS-IR spectroscopy techniques. The spectrosopic techniques have indi-

cated that very small nanocystalline TiO, particles are able to snake though the channels of

LZM-5 zeolite belonging to the Mordenite class. The TiO, - zeolite thin films were subjected to

dye sensitization using the Ruthenium 535 bis (TBA), cis- bis(isothiocyanto) bis(2,2’-bipyridil-

4,4’-dicarboxylato) - ruthenium(II) bis-tetrabutylammonium dye to fabricate the dye-sensitized

solar cells. The solar cell parameters thus obtained at AM 1.5 and 1 sun conditions are dis-

cussed.

1. Introduction:

Recently zeolites have shown a vast applications
in the field of technological needs and the most promi-
nent among them are the catalysis and detoxication of
water. Zeolites have a well defined matrix type struc-
ture with uniform cavities and channels. There are
more than 100 classes of zeolites. Zeolites have one
more application, and that application is the incorpo-
ration of semiconducting molecules/particles in their
cavities. Certain wide band gap semiconductors like
TiO; in nano particle form exhibit excellent physical
properties when incorporated in zeolite matrices.
Since TiO, particles/molecules can be grown in ex-
tremely small size (nanomemeter size) by sol-gel tech-
niques, so it 1s possible to study the properties of
semiconducting TiO; molecules in zeolite matrix and
the photochemical reactions resulting due to TiO; in-

corporation.
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Zeolites are basically molecular sieves with selec-
tive édsorption properties capable of separating com-
ponents of a mixture on the basis of a difference in
molecular size and shape. The term was coined by
McBain in 1932”. Molecular sieves include clays, po-
rous glasses, microporous charcoals, active carbons,
etc. Zeolites are crystalline aluminosilicates with
fully cross-linked open framework structures made up
of corner-sharing SiO, and AlO, tetrahedra. The first
zeolite, stilbite, was discovered by Cronstedt in 1756
who found that the mineral loses water rapidly on

11

heating and thus seems to boil. The name “zeolite”
comes from the Greek words zeo (to boil) and lithos
(stone). A representative empirical formula of a typi-

cal zeolite is:

MZ/nO . Ale;; . XSiOz . szO

where M represents the exchangeable cation of valence
n. M is generally a group I or II ion, although other
metal, non-metal and organic cations may also bal-
ance the negative charge created by the presence of Al
in the structure. The framework may contain cages
and channels of discrete size, which are normally occu-
pied by water®.
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In addition to Si** and AI**, other elements can
also be present in the zeolitic framework. They need
not be isoelectronic with Si** or AI**, but must be able
to occupy framework sites. Aluminosilicate zeolites
display a net negative framework charge, but other
molecular sieve frameworks may be electrically neu-
tral.

Molecular sieves have found widespread indus-
trial applications as highly selective adsorbents, ion
exchangers and, most importantly, catalysts of excep-
tionally high activity and selectivity in a wide range
of reactions®. These applications include the drying of
refrigerants, removal of atmospheric pollutants such
as sulphur dioxide, cryo pumping, separation of air
components, separation and recovery of normal paraf-
fin hydrocarbons, recovering radioactive ions from
waste solutions, catalysis of hydrocarbon reactions
and the curing of plastics and rubber. Molecular
sieves exhibit appreciable Bronsted acidity with shape-
selective features not available in amorphous cata-
lysts of similar composition.

Molecular sieves are selective, high-capacity ad-
sorbents because of their high intracrystalline surface
area and strong interactions with adsorbates.
Molecules of different size generally have different
diffusion properties in the same molecular sieve.
Molecules are separated on the basis of size and struc-
ture relative to the size and geometry of the apertures
of the sieve. Molecular sieves adsorb molecules, in
particular those with a permanent dipole moments,
and exhibit other interactions not found in other
sorbents. Different polar molecules have a different
interaction with the molecular sieve framework, and
may thus be separated by a particular molecular sieve.
This is one of the major uses of zeolites. An example
is the separation of N; and Oy in the air on zeolite A,
by exploiting different polarities of the two
molecules®.

The ring sizes of molecular sieve may be deter-
mined by sorption of molecules of different size®.
Water and nitrogen are two of the smallest molecules
which can easily penetrate almost the entire struc-
tures. These two molecules are normally used to de-
termine the crystallinity of molecular sieves by
comparing the adsorption volume with that of a stan-
dard sample.

Zeolites with low Si/Al ratios have strongly polar

anionic frameworks. The exchangeable cations create
strong local electrostatic fields and interact with
highly polar molecules such as water. The cation-
exchange behaviour of zeolites depends on (1) the na-
ture of the cation species, the cation size (both
anhydrous and hydrated) and cation charge, (2) the
temperature, (3) the concentration of the cationic spe-
cies in the solution, (4) the anion associated with the
cation in solution, (5) the solvent (most exchange has
been carried out in aqueous solutions, although some
work has been done in organics), and (6) the struc-
tural characteristics of the particular zeolite.

Cation exchange in a zeolite is accompanied by an
alteration of stability, adsorption behaviour and se-
lectivity, catalytic activity and other properties. In
some cases, the introduction of a larger or smaller
cation will decrease or enlarge the pore opening. The
location of that cation within the crystal will also
contribute to the size of pore opening. For example,
the Na* form of zeolite A has a smaller effective pore
dimension than would be expected for its 8-membered
ring framework opening. This is due to sodium ion oc-
cupancy of sites where it will partially block the 8-
membered ring window. When the Na* ion is
exchanged for the larger K* ion, the pore diameter is
reduced so that only the very small polar molecules
will be adsorbed. If the divalent Ca®* cation is used to
balance the framework charge, the effective pore open-
ing widens, as only half the number of cations are
needed. These ions occupy sites within the voids of the
zeolite and do not.reduce the effective pore diameter
of the 8-membered ring. Highly and purely siliceous
molecular sieves have virtually neutral frameworks,
exhibit a high degree of hydrophobicity and no ion-
exchange capacity.

The most important application of molecular
sieves is as catalysts. Zeolites combine high acidity
with shape selectivity, high surface area and high ther-
mal stability and have been used to catalyse a variety
of hydrocarbon reactions, such as cracking,
hydrocracking, alkylation and isomerisation. The re-
activity and selectivity of zeolites as catalysts are de-
termined by the active sites brought about by a charge
imbalance between the silicon and aluminium atoms in
the framework. Each framework aluminium atom in-
duces a potential active acid site. In addition, purely

siliceous and AlPO. molecular sieves have Bronsted
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acid sites whose weak acidity seems to be caused by
the presence of terminal -OH bonds on the external
surface of the crystal.

Shape selectivity, including reactant shape selec-
tivity, product shape selectivity or transition-state
shape selectivity, plays a very important role in mo-
lecular sieve catalysis. The channels and cages in a
molecular sieve are similar in size to medium-sized
molecules. Different sizes of channels and cages may
therefore promote the diffusion of different reac-
High

crystallinity and the regular channel structure are the

tants, products or transition-state species.
principal features of molecular sieve catalysts.
Reactant shape selectivity results from the limited
diffusivity of some of the reactants, which cannot ef-
fectively enter and diffuse inside the crystal. Product
shape selectivity occurs when slowly diffusing product
molecules cannot rapidly escape from the crystal, and
undergo secondary reactions. Restricted transition-
state shape selectivity is a kinetic effect arising from
the local environment around the active site: the rate
constant for a certain reaction mechanism is reduced
if the necessary transition state is too bulky to form
readily.

Many workers®®® have studied growth of TiO,
molecules and other semiconductors in zeolite matri-
ces but there are no reports on dye sensitized TiO, -
zeolite thin film solar cells although there are many
reports on dye sensitized nano-crystalline TiO; solar
cellgtt#118)

In this paper, we present our priliminary results
on the characterization of TiO, incorporation in
zeolite such as LZM-5.
transform infrared spectroscopy (FTIR), X-ray dif-
fraction (XRD) and UV-VIS spectroscopy have been

employed for the characterization of TiO, - Zeolite

A combination of Fourier

samples. The results of dye sensitized solar cells using

the TiO, - zeolite are also discussed.

2. Experimental Section:

a) Preparation of Semiconductor-Loaded Zeolites:
The following procedure was used to prepare the
TiO; incorporated zeolite, LZM-5. Using the molecu-
lar mass of zeolite LZM-5, Nay(SiO;) 5 ( Al0,)4.21H,0
and TiO, molecules, the number of channels that are
available in the Zeolite, LZM-5 are calculated. Taking

the unit cell dimensions of Zeolite and TiO,, the num-
ber of TiO; molecules that can be incorporated in per
zeolite channel available 1s calculated. It is found that
about 10 T1O, molecules per channel can be incorpo-
rated. Taking 5 grams of zeolite powder a sol is pre-
pared with 4 cc of Titanium isopropoxide, 20 cc of
ethanol at 30 C and 1 cc of water. The sol is stirred
for 24 hours and then the sol is heated for 24 hours at
80 C in a constant temperature bath. To obtain a
smoothened surface thin film for better dyesensitiza-
tion, prior to thin film coating by spin coating
method, 349.6 milligrams of polyethylene glycol
(carbowax) was added. About 4 um thick thin films
of the zeolite incorporated TiO, were coated by spin
coating on F doped SnO, glass plates and Si (100) wa-
fers at a spin rate of 1000 rpm and annealed in air at
450 C.

b) Characterization of Zeolite Thin Films:

The thin films were subjected to XRD, FTIR and
UV-VIS optical absorption measurements to study the
structure of the thin film material, to ascertain the
bonding of various elements like Ti-O, Si-O, Na-O and
to study the band gap of TiO; - zeolite composite thin
film. X-ray RIGAKU set up Model No. RINT 1000
with copper K. (1.5602 A ) radiation was used for
structural characterization. For optical characteriza-
tion, JASCO spectrophotometer Model No. 490 was
used to study the band gap of TiO, thin films. For
FTIR measurements Perkin Elmer FTIR spectropho-
For -V Characteristics, the

nanocrystalline TiO, incorporated zeolite thin films

tometer was used.

electrodes were initially subjected to thermal treat-
ment at 100 C and immediately immersed in dye to
prevent the electrodes from rehydration from the sur-
rounding air which can degrade the cell performance.
The TiO,-zeolite thin films were subjected to dye
sensitization in ruthenium 535 bis TBA), cis- - bis
(isothiocyanto)bis(2,2’-bipyridil-4,4’-dicarboxylato)-
ruthenium (IT)bis-tetrabutylammonium, purchased
from Solaronix and was used as received. The dye was
dissolved in dry ethanol at a concentration of 0.2 g/1.
Nanocrystalline TiO, incorporated zeolite thin films
electrodes were kept immersed in the dye solution for
3 hours at 60 C. The dyesensitized solar cell was pre-
pared by making a module where two narrow stips of

about 2mm of sealing material, Amosil-4 were placed
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on the two sides of the TiO; thin films and platinized
F doped SnO, coated glass was placed on the top as the
counter electrode. The two electrodes were clamped
tightly together. The set up was left in an air tight
box for 24 hours so that the system remains compact.
Electrical connections were made with copper wire
using silver paste contacts with TiO, thin film and the

counter electrode.

3. Results and Discussion:

a) X-ray Diffraction:

Figure la shows the X-ray diffraction spectra of
the as grown TiO, thin films, zeolite powder and
zeolite incorporated TiO; thin films. The characteris-
tic peak of (101) oriented TiO, thin film is seen con-
firming the anatase phase formation. Figure 1b
shows the TiO; incorporated zeolite thin film which
exhibits other peaks apart from a small intensity
anatase peak revealing that there are some molecules
of TiO, which have been incorporated into the cavities
of Zeolite and some TiO, molecules may be there at the
surface of the zeolite thin films exhibting a reduction
in the peak height which clearly infers the incorpora-
tion of TiO; molecules inside the zeolite cavities. Also
the decrease in the crystallinity of the zeolite pattern
upon TiO; incorporation reveals some of the alkali
atoms have been replaced with positively charged Ti
species of the TiO, molecule’. The preparation proce-
dure does not involve the use of high amount of water
thus assuring that the Ti species can be incorporated
into almost all available Zeolite cavities. The pattern
of the Zeolite LZM-5 powder spectra show various
peaks which tally with the values given in the

literature™.
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Fig.1. XRD pattern of (a) TiO; thin film on .glass (b)
TiO; incorporated zeolite thin film (c) zeolite
LZM-5 Powder.

b) FTIR :

Figure 2 shows the FTIR spectra of TiO, incorpo-
rated zeolite thin films deposited on silicon. The as-
grown thin films exhibit the characteristic bonding of
the Ti=0 (450cm™), Ti-O-Ti (810 em™), O-T-O
(T=Si, Al), T-O-Si (1025 ecm™), Na-O (2350cm™).
According to Beattie and Faecett” the monomer Ti-O
and Ti=O0 stretching vibrations are 550 cm™ and 450
cm ! respectively and the Ti-O-Ti linkage vibration is

around 850 cm™'.

Thus comparing these values with
our data suggests that TiO** species and Titanium in
the form O-T-O (where T=Si or Al) are incorporated
into the zeolite framework. The spectrum also shows
a slight shift of T-O-T (T=Si, Al) stretching vibra-
tions of the framework at around 1000 cm™" and shows

the effect of Ti species on the Zeolite framework.
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Fig.2. FTIR spectrum of TiO; incorporated zeolite LZM-
5 thin film on Si(100) wafer.

¢) Optical:

From the diffuse reflectance spectra of the TiO,
exchanged Zeolite thin films in the the range of 300to
800 nm, assuming the transmittance of the zeolite
films to be = 0 the following equation was used for

calculation of optical absorption coefficient, a:

T =(1—R) exp (—ax) (1)

[T

Where T= Transmittance, R = Reflectance and “x” is
the thickness of the thin film.

A plot of @ vs hv (Fig. 3) and (& hv)*? vs hv (Fig.
4) are plotted. It is seen that from Fig. 3 the onset of
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the absorption starts from 3.15 eV and from Fig. 4 the
band edge gets shifted to nearly 3.35 eV. The reason
for this blue shift is that on the incorporation of
TiO; into the cavities of the LZM-5 mordenite zeolite
can be explained by the quantum size effects as indi-
cated in CdS and other semiconductor materials”.
This quantum size effect is due to charge carrier con-
finement, and it leads to a change of optical proper-
ties of small particles®. A comparision of the above
results with the XRD results suggest that the sizes of
the Ti species in our TiO, - zeolite samples are of
nanometric dimensions. Redox polyiodide electrolyte
was inserted from the sides using microsyringe. All
the I-V characteristics were measured under AM1.5

white light illumination.
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Fig.3. A plot of optical absorption coefficient, “a” vs en-
ergy for a TiO; incorporated zeolite LZM-5 thin

film.
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Fig.4. A plot of optical absorption coefficient, (ahy)* vs
energy for a TiO:z incorporated zeolite LZM-5 thin
film,

d) |-V Characteristics:

The I-V Characteristics were performed on the dye
sensitized TiO, - zeolite thin film solar cells both
under dark and illumination. The following redox
electrolyte compositons were used:

(i) 0.3M Lil, 0.03M 1,, acetonitrile 60 wt% and NMO

(3-Methyl-2-oxazolidinone) 40 wt%

(ii) 0.3M Lil, 0.08M I,, Acetinitrile 100 vol% and TBP

(tertiary-butylpyridine) 3 vol%

It is seen from the Fig. 5 for a polyiodide electro-
lyte composition of (i) and solar cell area of 0.28
cm? the efficiency is 0.425%.

It is also seen from the Fig. 6 for a polyiodide
electrolyte composition of (ii) the efficiency is
0.292%.
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Fig.b. I-V plot of dye sensitized solar cell for polyiodide
composition of 6:4 AN:NMO
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Fig.6. I-V plot of dye sensitized solar cell for polyiodide
composition of 3 Vol.% TBP + AN,
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From the above results we see that the solar
power conversion efficiencies are very low. There are
several reasons for the low values of the power conver-
sion efficiency. Size of the TiO, molecules/particles
introduced into the zeolite matrices have to be consis-
tent with the columnar dimensions of -the cavities thus
there can be agglomeration of small cavities contain-
ing particles of TiO, must have occured producing ma-
terials that can “snake” through the cavities of the
zeolites thus many of the absorbed dye molecules do
not have proper contact with the semiconducting
TiO; molecules. Also the zeolite matrix being a sili-
cate matrix, itself being an insulator acts as a barrier
for the dye molecules to be in contact with each other
in the lateral directional cavities. Since the cavity di-

mension are of a few nanometers so only small

TiO; particles could have formed in them thus effec--

tive interaction with dye molecules is reduced for solar

power conversion.

4. Conclusions:

This paper describes a viable method for the incor-
poration of TiO, in the zeolite LZM-5 matrix by syn-
thesizing nanometer scale TiO; prepared by spin
coating technique using the colloidal sols of TiO; -
zeolites with proper composition. It is found from
XRD, FTIR and UV-VIS optical absorption tech-
niques, that the Zeolite matix do contain TiO; mole-
cules.

A shift of the band gap of the TiO, -zeolite thin
film indicates that the particles incorporated into the
zeolite matrix are very small and slightly change the
zeolite structure. The dye sensitized nanocrystalline
thin film solar cells yield low efficiencies of about
0.425%. Further work on the TiO, presence in zeolite

matrices is in progress.
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名古屋工業大学紀要　第52巻（2000）139Characterization　of　TiO21ncorporated　Zeolite　Thin　Films　　　　　　　　　　　　　　　　　　for　Solar　Cell　ApPlication　　　　Laxmikant　DAMODARE，　Kalaga　Murali　KRISHNA，　　　　　　　　　　　　　　　Md．　Mosaddeq−ur−RAHMAN＊，Tetsuo　SOGA＊＊，　Takashi　JIMBO＊＊and　Masayoshi　UMENO＊＊＊　　　　　　　　　　　　RεSεαrcん0εη‘εr／br　Mεcro−S孟配C飽re　DθUεCθS　　　　　　　　　　　　　　　　　　　（Received　September　1，2000）Abstract：Thin　films　of　TiO2　incorporated　zeolite（LZM−5）were　deposited　on　SnO2　coated　gla串s　andSi（100）substrates　by　spin−coating　method　using　the　sol　consisting　of　TiO2　and　zeolite　mixture．The　thin　films　were　characterized　by　X−ray　diffraction，　Fourier　transform　infrared　spectros−copy　and　optical　UV−VIS−IR　spectroscopy　techniques．　The　spectrosopic　techniques　have　indi−cated　that　very　small　nanocystalline　TiO2　particles　are　able　to　snake　though　the　channels　ofLZM−5　zeolite　belonging　to　the　Mordenite　class．　The　TiO2−zeolite　thin　films　were　subjected　todye　sensitization　using　the　Ruthenium　535　bis（TBA），c‘8−bis（isothiocyanto）bis（2，2’一bipyridil−4，4’一dicarboxylato）一ruthenium（II）bis−tetrabutylammonium　dye　to　fabricate　the　dye−sensitizedsolar　cells．　The　solar　cell　parameters　thus　obtained　at　AM　1．5　and　l　sun　conditions　are　dis−cussed．1．　Introduction：　　　Recently　zeolites　have　shown　a　vast　applicationsin　the　field　of　technological　needs　and　the　most　promi−nent　among　them　are　the　catalysis　and　detoxication　ofwater．　Zeolites　have　a　well　defined　matrix　type　struc−ture　with　uniform　cavities　and　channels．　There　aremore　than　100　classes　of　zeolites．　Zeolites　have　onernore　apPlication，　and　that　apPlication　is　the　incorpo−ration　of　semiconducting　molecules／particles　in　theircavities．　Certain　wide　band　gap　semiconductors　likeTiO2　in　nano　particle　form　exhibit　excellent　physicalproperties　when　incorporated　in　zeolite　matrices．Since　TiO2　particles／molecules　can　be　grown　in　ex−tremely　small　size（nanomemeter　size）by　sol−gel　tech−niques・，　so　it　is　possible　to　study　the　properties　ofsemiconducting　TiO2　molecules　in　zeolite　matrix　andthe　photochemical　reactions　resulting　due　to　TiO2　in−corporatlon．　　Research　Center　for　Microstructure　Devices，　＊Venture　Business　Laboratory，＊＊cepartlnent　of　Environmental　Technology　and　　Urban　Planning，辮Department　of　Electrical　and　Computer　Engineering　　　Zeolites　are　basically　molecular　sieves　with　selec−tive　adsorption　properties　capable　of　separating　com−ponents　of　a　mixture　on　the　basis　of　a　difference　inmolecular　size　and　shape．　The　term　was　coined　byMcBain　in　19321｝．　Molecular　sieves　include　clays，　po−rous　glasses，　microporous　charcoals，皐ctive　carbons，etc．　Zeolites　are　crystalline　aluminosilicates　withfully　cross−linked　open　framework　structures　made　upof　corner−sharing　SiO4　and　AIO4　tetrahedra．　The　firstzeolite，　stilbite，　was　discovered　by　Cronstedt　in　17562｝who　found　that　the　mineral　loses　water　rapidly　onheating　and　thus　seems　to　boil．　The　name“zeolite”comes　from　the　Greek　words　zθo（to　boil）and　Z励os（stone）．　A　representative　empirical　formula　of　a　typi−Cal　zeOlite　iS：M2／。0．A1203．xSiO2．yH20where　M　represents　the　exchangeable　cation　of　valenceπ，Mis　generally　a　group　l　or　ll　ion，　although　othermetal，　non−metal　and　organic　cations　may　also　bal−ance　the　negative　charge　created　by　the　presence　of　Alin　the　structure。　The　framework　may　contain　cagesand　channels　of　discrete　size，　which　are　normally　occu−pied　by　water3〕。140Bulletin　of　Nagoya　Institute　6f　Techn610gy　Vol．52（2000）　　　In　addition　to　Si4＋and　A13＋，　other　elements　canalso　be　present　in　the　zeolitic　frame宙ofk．．They　neednot　be　isoelectronic　with　Si4＋or　A13＋，but　must．　be　ableto　occUpy　framework　sites．．Aluminosilicate　zeolitesdisplay　a　net　negative　framework　charge，　bu．煤@othermolec丘lar　sieve　frameworks．m紅y　be　electrically　neu−tral．　　　　Molecular　sieves　have　found　widespread　indus−trial　apPlications　as　highly　selective．．　adsorbents，　ionexchangers　and，　mosちimportantly，　catalysts　of　excgp−tionally　high　activity　ahd　selectivity　in　a．wide　rangeof　reactions3）．　These　apPlications　include　the　drying　ofrefrigerants，　removal　of　atmospheric　pollutants　suchas　sulphur　dioxide，　cryo　pumping，　separation　of．aircomponents，　separation　and　recovery　of　normal　paraf．．．fin　hydrocarbons，　recovering　radioactive　ions　fromwaste　solutions，．catalysiS　of　hydrocarbon．reaction臼and　the　curing　of．plastics　and．　rubbeτ．　Molecularsieve3　exhibit　appreciable　Bronsted　acidity　with　shape−selective　features　not　available　in　amorphous．cata−lysts　of　simiiar　composition．．．　　　　Molecular　sieves　are　selective，　high−ca画city　ad−sorbents　becausθof　their　high　intracrystalhne　surfacearea　and．　strong　interactions．　with　adsorbates．Molecules　of．different　size．　generally　have．differentdiffusion．　properties　in　the　same　molecular　sieve．Molecules　are　separated　on　the　basis．of．size　and．　struc−ture　relative　to　the　size　and　geometry　of　the　aperturesof　the　sieve．　Molecular　sieves　adsorb　molecules，　inparticular　those　with　a　permanent　dipole．　moments，and．exhibit　other　interactions　not　found　in　othersorbents．　Different　polar　molecules．have　a　differentinteraction　with　the　niolecular　sieve　framework　and　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，Ihay　thus　be．separated　by　a　particular　molecular　sieve．This　is　one　of．：the　major　uses　of　zeolites．　An　exampleis　the　separation　of　N2　and　O2．in．the　air　on　zeolite　A，by　exploiting　different　．　PQIarities　of　the　twomolecules3＞．　　　　The　ring　sizes　of　molecular　sieve　may　be　deter−mined　by　sorption　of　molecules　of　different　size3）．Water　and　nitrogen　ar．e　two　qf　the　smallest　moleculeswhich　can　easily　penetrate　almost．the　entire　struc−tures．　These　t．翌潤@molecules　are　normally　used　to．de−termine　the　cry6tallinity．　of　molecular．　sieves．bycomparing　the　adsorption　volume　with．that　of　a　stan，dard　s．ample．　　　Zeolites　with　low　Si／Al　ratios　have　strongly　polaranionic　frameworks．　The　exchangeable　cations　createstrohg　local　electrostatic．fields．　and　interact　withhigh．ly　polar．molecules　such　as　water．　The　cation−exchange　behaviour　of　zeolites　depends　on（1）the　na−ture　of　the　cation　species，　the　cation　size　（bothanhydrous　and　hydrated．）　and　cation　charge，（2）　thetemperature，（3）the　concentration　of　the　cationic　spe．cies　in　the　sol血tion，（4）the　anion　associated　with　thecation　in　solution，．（5）the　solvent（．most　exchange　hasbeen　carried　out　in　aqueous　solutions，　although　somework　has　been　done　in　organics），　and（6）the　struc−tural　characteristics　of　the　particular　zeolite．　　　Cation　exchange　in　a　zeolite　is　accompanied　by　analteration　of　stability，　adsorption　behaviour　and　se一．lectivity，．catalytic　act．ivity　and　other．prop6rties．　Insome　cases，．the　i．ntroduction　of　a　larger　or　smallercation　will　decrease　or　enlarge　the　pore　opening．　Thelocation　of　that　cation　within　the　crystal　will　alsocontribute．to　the　size　of．pore　opening．．For　example，the　Na＋form　of　zeolite　A　has　a　smaller　effective　poredimension　than．　would　belexpect6d　for　its．8−memberedring　framework　opening．　This　is　due　to　sodium　ion　oc−cupancy　of　sites　where　it　will　partially　block　the　8−membered　ring　window．　When�nhe　N3＋ion　isexchanged　for　the　largef　K＋ion，　the　pore．diam6ter　isreduced　so　that　only　the．very　small　po互ar　moleculeswill　be　adsorbed．　If　the　divalent　Ca2＋cation　is　used　tobalance　the　framework　charge，　the　effective　pore　open−ing　widens，　as　only　half．the　number　of　cations　areneeded．　These．ions　occupy　sites　within　the　vQids　of　thezeolit．e　and　do　not．reduce　th．e　effective　pore　diameterof　the　8−membered　ring．　Highly　and　purely　siliceousmolecular　sieves　hav．e　virtually．　neutral　frameworks，exhibit　a　high　degree　of　hydrQPhobicity　and　no　ion−exchange．capacity．．　　　The　most　important　apPlication　of　molecularsieves　is　as　catalysts。．．Zeolites　combine　high．aciditywith　shape　selectivity，　high　surface　area　and　high　ther」mal　stability　and　have　been　used　to　catalyse　a　variety．of　　hydrocarbon　　reactions，．　such　　as　．cracking，hydrocracking，　alkylation　and　isomerisation．　The　re−activity　and　selectivity　of　zeolites　as　catalysts　are　de−termined　by　the．active　sites　brought　about　by　a　chargeimbalance　between七he　silicon　ahd　aluminium　atoms　inthe　fra；neWor瓦Each　frameWork　aluminiμm吊tom　in−duces　a　potential　active　acid　site．　In　addition，　purelysiliceous　and．AIPO4　molecular　sieves　have　Brのnsted名古屋工業大学紀要　第52巻（2000）141acid　sites　whose　weak　acidity　seems　to　be　caused　bythe　presence　of　terminal−OH　bonds　on　the　externalsurface　of　the　crystal．　　　Shape　selectivity，　including　reactant　shape　selec−tivity，　product　shape．selectivity　or　transition−stateshape　selectivity，　plays　a　very　important　role　in　mo−lecular　sieve　catalysis．　The　channels　and　cages　in　amolecular　sieve　are　similar　in　size　to　medium．sizedmolecules．　Different　sizes　of　channels　and　cages　maytherefore　promote　the　diffusion　of　different　reac−tants，　products　or　．transition−state　species．　　Highcrystallinity　and　the　regular　channel　structure　are　theprincipal　features　of　molecular　sieve　catalysts．Reactant　shape　selectivity　results　from　the　limiteddiffusivity　of　some　of　the　reactants，　which　cannot　ef−fectively　enter　and　diffuse　inside　the　crystal．　Productshape　selectivity　occurs　when　slowly　diffusing　productmolecules　cannot　rapidly　escape　from　the　crystal，　andundergo　secondary　reactions．　Restricted　transition−state　shape　selectivity　is　a　kinetic　effect　arising　fromthe　local　environment　around　the　active　site：the　rateconstant　for　a　certain　reaction　mechanism　is　reducedif　the　necessary　transition　state　is　too　bulky　to　formreadily．　　　Many　workers臥718・9｝have　studied　growth　of　TiO2molecules　and　other　semiconductors　in　zeolite　matri−ces　but　there　are　no　reports　on　dye　sensitized　TiO2−zeolite　thin　film　solar　cells　although　there　are　manyreports　on　dye　sensitized　nano−crystalline　TiO2　solarCellS11・12・13・14・15）．　　　In　this　paper，　we　present　our　priliminary　resultson　the　characterization　of　TiO2　incorporation　inzeolite　such　as　LZM−5．　A　combination　of　Fouriertransform　infrared　spectroscopy（FTIR），　X−ray　dif−fraction（XRD）and　UV−VIS　spectroscopy　have　beenemployed　for　the　characterization　of　TiO2−Zeolitesamples．　The　results　of　dye　sensitized　solar　cells　usingthe　TiO2−zeolite　are　also　discussed．2．Experimental　Section：a）Preparation　of　Semiconductor−Loaded　Zeolites：　　　The　following　procedure　was　used　to　prepare　theTiO2　incorporated　zeolite，　LZM−5．　Using　the　molecu−lar　mass　of　zeolite　LZM−5，　Nag（SiO2）27（AIO2）g．21H20and　TiO2　molecules，　the　number　of　channels　that　areavailable　in　the　Zeolite，　LZM−5　are　calculated．　Takingthe　unit　cell　dimensions．of　Zeolite　and　TiO2，　the　num−ber　of　TiO2　molecules　that　can　be　incorporated　in　perzeolite　channel　available　is　calculated．　It　is　found　thatabout　10　TiO2　molecules　per　channel　can　be　incorpo．rated．　Taking　5　grams　of　zeolite　powder　a　sol　is　pre−pared　with　4　cc　of　Titanium　isopropoxide，20　cc　ofethanol　at　30℃and　l　cc　of　water．　The　sol　is　stirredfor　24　hours　and　then　the　sol　is　heated　for　24　hours　at80℃in　a　constant　temperature　bath．　To　obtain　asmoothened　surface　thin　film　for　better　dyesensitiza．tion，　prior　to　thin　film　coating　by　spin　coatingmethod，349．6　milligrams　of　polyethylene　glycol（carbowax）was　added．　About　4μm　thick　thin　filmsof　the　zeolite　incorporated　TiO2　were　coated　by　spincoating　on　F　doped　SnO2　glass　plates　and　Si（100）wa−fers　at　a　spin　rate　of　1000　rpm　and　annealed　in　air　at450℃．b）Characterization　of　Zeolite　Thin　Films：　　　The　thin　films　were　sublected　to　XRD，　FTIR　andUV−VIS　optical　absorption　measurements　to　study　thestructhre　of　the　thin　film　material　to　ascertain　the　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，bonding　of　various　elements　like　Ti−0，　Si−O，　Na−O　andto　study　the　band　gap　of　TiO2−zeolite　composite　thinfilm．　X−ray　RIGAKU　set　up　Model　No．　RINT　1000with　copper　K、（1．5602　A）radiation　was　used　forstructural　characterization．　For　optical　characteriza−tion，　JASCO　spectrophotometer　Model　No．490　wasused　to　study　the　band　gap　of　TiO2　thin　films．　ForFTIR　measurements　Perkin　Elmer　FTIR　spectropho−tometer　was　used．　For　I−V　Characteristics　the　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，nanocrystalline　TiO2　incorporated　zeolite　thin　filmselectrodes　were　initially　subjected　to　thermal　treat−ment　at　100℃and　immediately　immersed　in　dye　toprevent　the　electrodes　from　rehydration　from　the　sur−rounding　air　which　can　degrade　the　cell　performance．The　TiO2−zeolite　thin　films　were　subjected　to　dyesensitization　in　ruthenium　535　bis　TBA），　cεs一一bis（isothiocyanto）bis（22’一bipyridil−4，4’一dicarboxylato）一ruthenium（II）bis−tetrabutylammonium，．　1）μrchasedfrom　Solaronix　and　was　used　as　received．　The　dye　wasdissolved　in　dry　ethanol　at　a　concentration　of　O．29／1．Nanocrystalline　TiO2　incorporated　zeolite　thin　filmselectrodes　were　kept　immersed　in　the　dye　solution　for3hours　at　60℃．　The　dyesensitized　solar　cell　was　pre−pared　by　making　a　module　where　two　narrow　stips　of．about　2mm　of　sealing　material，　Amosil−4　were　placed142Bulletin　of　Nagoya　In6titute　of　Techllology　Vol．D52（12000）on　the　two　sides　of　the　TiO2　thill　films　and　platinizedFdoped　SnO2coated　glass　was　placed　on　the　top　as　thecounter　electrode．．The　two　electrodes　were　clampedtightly　together．　The　set　up　was　left　in　an　air　tightbox　for　24　hours　so　that　the　system．remains　compact6Electrical　connections　were　made　with．copper　wireusing　silver　paste　contacts〜vi．th　TiO2　thin　film　and　thecounter　electrode．3．Results　and　Discussion：a）X−ray　Diffraction：　　　　Figure　la　shows　the　X−ray　diffraction　spectra　ofthe　as　grown　TiO2　thin　films，　zeolite　powder　and名eolite　incorporated　TiO2　thin　films．　The　characteris−tic　peak　of（101）oriented　TiO2　thin　film　is　seen　con−firming　the　anatase　phase　formation．　Figure　lbshows　the　TiO2　incorporated　zeolite　thin　film　whichexhibits　other　peaks　apart　from　a　small　intensityanatasg　Peak　revealing　that　there　are　some　moleculesof　TiO2　which　have　been　incorporated　into　the　cavitiesof　zeolite　and　some　TiQ2　molecules　may　be　there　at　thesurface　of　the　zeolite　thin　films　exhibting　a　reductionin　the　peak　height　which　clearly　infers　the　incorpora．tion　of　TiO2　molecules　inside　the　zeolite　cavities．　Alsothe　decrease　in　the　crystallinity　of　the　zeolite　patternupon　TiO2　incorporation　reveals　some　of　the　alkaliatoms　have　been　replaced　with　positively　charged　Tispecies　of　the　TiO2　molecule4）．　The．垂窒?ｐａｒａｔｉｏｎ　proce−dure　does　not　involve　the　use　of　high　am．ount　of　waterthus　assuring　that　the　Ti　species　can　be　inc（）rporatedinto　almost　all　available　Zeolite　cavities．　The　patternof　the　Zeolite　LZM−5　powder　spectra　show　variouspeaks　which　tally　with．the　values　given　in　theliteraturelO）．紹．’ﾚ⇔ゴを。目昏’閉3同b）FTIR：　　　Figure　2　shows　the　FTIR　spectra　of　TiO2　incorpo−rated　zeolite　thin　films　deposited　on　sihcon．　The　as−grown　thin　fil血s　exhibit　the　characteristic　bonding　ofthe　Ti＝0．（4506mつ，　Ti−0−Ti．（810　cm『1），0−T−O（T＝Si，　Al），　T−0−Si（1025　cm−1），　Na−0（2350cm　1）．According　to．Beattie　and　Faecett4）the　monomer　Ti−Oand　Ti＝Ostretching　vibrations　are　550　cm−I　and　450cm−l　respective正y　and　the　Ti−Q−Ti　linkage　vibration　isaround　850　cln−1．．@Thus　comparing　these　values　withour　data　suggests　that　TiO2＋species　and　Titanium　inthe　form　O−T−0（where　T罵Si　or　Al）are　incorporatedinto　the　zeolite　framework．　The　spectrum　a160　showsaslight　shift　Qf　T−0−T（T＝Si，　Al）stretching　vibra−tions　of　the　framework　at　around　1000．cm−1　and　showsthe　effect　of　Ti　specie30n　the　Zeolite　framework．0．80．6塁選討。・40．2．0．0（》gT．0ぐr＝Si　or　AI）　　（105�Cc皿．1）Ti＝0（450cm’1）T藍・0−T1810cm4）T・0・Si（1025cm．1）　Na・0（2350cm’1）りFig．1．102030XRD　pattern　ofTioゴLZM−5　Powder．incorporated．zeolite　thin　film　　40　　50　　60　　70　2Them（a）TiO2　thin　film　on　glass（b）　　　　　　　　　　　　　　　　　（C）　zeolite　　　　　　　500　　　　1000　　　1500　　．2000　　　2500　　　3000　　　　　　　　　　　　　　　　　Wavenumber（cm‘1）Fig．2．　FTIR　spectrum　of　TiO2　incorporated　zeolite　LZM−　　　　　5thin　film　on．Si（100）wafer，c）　Optical：　　　From　the　diffuse　reflectance．spectra　of　the　TiO2exchanged　Zeolite　thin．films　in　the　the　range　of　300to800nm，　assuming　the　transmittance　of　the　zeolitefilms　to　be駕Othe　follgwing　equation　was　used　fgrcalculation　of　optical　absorption　coefficient，α＝T＝（1−R）exp（一αx）（1）Where　T＝Transmittance，　R＝Reflectance　and“x”isthe　thickness　of　the　thin　film．．　　　Aplot　ofαびs　hv（Fig．3）and（αhの1／2びs　hレ（Fig．4）are　p五〇tted．　It　is　seen　that　from　Fig．3the　onset　of1名古屋工業大学紀要　第52巻（2000）143the　absorption　starts　from　3．15　eV　and　from　Fig．4theband　edge　gets　shifted　to　nearly　3．35　eV．　The　reasonfor　this　blue　shift　is　that　on　the　incorporation　ofTiO2　into　the　cavities　of　the　LZM−5　mordenite　zeolitecan　be　explained　by　the　quantum　size　effects　as　indi−cated　in　CdS　and　other　semiconductor　materials5）．This　quantum　size　effect　is　due　to　charge　carrier　con−finement，　and　it　leads　to　a　change　of　optical　proper−ties　of　small　particles6）．　A　comparision　of　the　aboveresults　with　the　XRD　results　suggest　that　the　sizes　ofthe　Ti　species　in　our　TiO2−zeolite　samples　are　ofnanometric　dimensions．　Redox　polyiodide　electrolytewas　inserted　from　the　sides　using　microsyringe．　Allthe　I−V　characteristics　were　measured　under　AM1，5white　light　illumination．d）1−VCharacteristics：　　　The　I−V　Characteristics　were　performed　on　the　dyesensitized　TiO2−zeolite　thin　film　solar　cells　bothunder　dark　and　illumination．　The　following　redoxelectrolyte　compositons　were　used：（i）0．3M　LiI，0．03M　I2，　acetonitrile　60　wt％and　NMO　　　（3−Methyl−2−oxazolidinone）40　wt％（ii）0．3M　LiI，0．03M　I2，　Acetinitrile　100　vol％and　TBP　　　（tertiary−butylpyridine）3vol％　　　It　is　seen　from　the　Fig．5for　a　polyiodide　electro−lyte　composition　of（i）and　solar　cell　area　of　O．28cm2　the　efficiency　is　O．425％．　　　It　is　also　seen　from　the　Fig．6for　a　polyiodideelectrolyte　composition　of　（ii）　the　efficiency．isO．292％．　　　　　325x10ボ　目畠2015105　　　　　0　　　　　　　0　　　　1　　　　2　　　　3　　　　4　　　　　　　　　　　　　　　　　　　Energy【eV】Fig．3．　A　plot　of　optical　absorption　coefficient，“α”vs　en．　　　　　ergy　for　a　TiO2　incorporated　zeolite　LZM−5　thin　　　　　film．ロ弦壱）1．00．8給日0．6　0置α、h0．20．0E皿�ttro且y脂e詔6：4　．AN：MOZoo置i重e＝LZM・5C曲�@w1腿【＝40　wt％Area＝0．28cm2．η一〇．425％＠AM　1．50．00．2　　　0．4V（Volts）0．60．8300200．100　　　　　0　　　　　　　　　2．0　　2．5　　3．0　　3．5　　4．0　　4．5　　5．O　　　　　　　　　　　　　　　　　　Energy（eV）Fig．4．　A　plot　of　optical　absorption　coefficient，（αhレ）112　vs　　　　　energy　for　a　TiO2　incorporated　zeolite　LZM−5　thin　　　　　film．Fig．5．　LV　plot　of　dye　sensitized　solar　cell　for　polyiodide3．02．5　　　2．0唱者工5肖1．00．50．0composition　of．6：4　AN：NMO．＠AM　1．5El�ttrolyte＝3％TBP＋州Z◎o雇龍e＝LZM・5Carbowax＝40　wt％Area＝0．28cm2η■0。292％　　　　0．0　　　　　0．2　　　　　0．4　　　　　0．6　　　　　0．8　　　　　　　　　　　　　　　　　　　V（Volts）Fig．6．1−V　plot　of　dye　sensitized　solar　cell　for　polyiodide　　　　　composition　of　3　Vol．％TBP十AN。144Bulletin　of　Nagoya　Institute　of　Techno！ogy　Vol．52（2000）　　　　From　the　above　results　we　see．　that　the．solar．power　conversion　efficiencieS．are　very　low．．　There　areseveral　reasons　for　the　low　values　of　the　power　conver−sion　efficiency．．　Siz6．　of　the　TiO2　molecules／particlesintroduced．into　the　zeolite　matrices　have　to　be．consis−tent　with　the　colhmnar　dimellsions　of．the　cavities　thusthere　can　be　agglomeration　of　small　c母vities　contain．ing　particles．of　TiO2．must．　have　occured　producing　ma−terials　that　can　‘‘snake”　through　the　cavities　of　thezeolites　thus　Ihany　of　the　absorbed　dye　molecules　donot　have　proper　contact　with．the　semiconductingTiO2　molecules．　Also　the　zeolite　matrix　being　a　sili−cate　matrix，　itself．being　all　insulator　acts　as　a　barrierfor　the　dye　molecules　to　be　in　contact　with　each　otherin　the　lateral　directional　cavities．　Since　the　cavity　di−mension　are　of　a　few　nanometer6　so．only．smallTiO2　particles　could　have．　formgd　in晦em　thu呂6ffec一・tiye　interaction　with　dye　molecules　i6　reduced　for　solarpower　conVerslon・4．　Conclusions：　　　　This　paper　describes　a　viable　me七hod　for　the　ihcor−PQration　of　TiO2　in　the　zeolite．LZM−5　matrix　by　syn−thesizing　nanom6ter　scale　TIO21．　preやared　by　spincOating　technique　using　the　coll．oidal．sols　of．　TiO2−zeoli．tes．with　proper　compo串ition．　It　is　found　fromX．RD，　FTIR　and　UV・VIS　optical　absorption　tech−niques，　that　th6　Zeblite血atix母。　cont吊in　TiO2　mole一．cules．　　　　Ashift　of．　the　band　gap　of　the　TiO2−zeolite　thinfilm　indicates　that　the　particles　incorporated　into　thezeolite　matrix　are．　very　small　and　slightly　change　the．ze・lit・6�n・u・tμre・Th・4ye　sen・itized　Ran…γrt・lli・・thin　film　sola士cells　yield　low　efficiencies．of　aboutO・425％・F・雌er曽・rk　6・．　th・TiO・P・esence　i・ze・lit・matrlces　ls．1n．　progressl．．References：1．2．3．4．5．6．7．8．9．10．11．12．13．14．15．J．W．　McBain，　The　Sorption．of　Gases．and　Vaporsby　Solids，　Rutledge，1．ondon，　ch．5，（1932）．A．F．．　Crops．tedt，　Acad．　HandL　Stockholm，17，120（1756）．D．W．　Bregk，　Zeqlite．．Molecular　Sieves：Structure，Chemistry　and　Use，　John　Wiley，．London，．（1974）．1．R．　Beatte　and　V．　Faecett，　J．　Chem．．　Soc．．　A．，1583（1967）．L．E．　Brus，　J．．Chem．　Phys．，79，5566（1983）．C．R．　Berry，　Phys．　Review．，，161，848（1967）．．Marye．Anne　Fox　and　．Thomas　I．．．．Pettit，．Lang田uir，5，．1056（1989）．Xinsheng　Liu，　Kai−Kong　lu　and　J．．　Kerry　Thom包s，J．Chem．　Soc．　Faraday　Trans．，89（11），1861（1983）．H．Ch6h，　A．　Matsuni．oto，　N．　Nishi血iya，　K．Tsutsumi，　Colloids　．　and　　Surfaces　　A：Physicochemical　and　Engineering　Aspects　o，157，295　（1999）．V．Gramlich，　PhD　dissertation，　ETH，　Zurich，（1971）。B．OReagen　and　M．　Gratzel，　N昂ture，353，737（1991）．M．K．　Nazeeruddin，　A。　Kay，1。　Rodicio，　R．Humphry−Baker，　E．　Muller，　P．　Liska，　N．Vlachopoulos　and　M．　Gratze1，　J．　Am．　Chem．　Soc．115，β382（1993）ご．M．M．　Rahman，　K．　Murali　Krishna，　T．　Miki，　T．Soga，　K．　Iga血ashi；S．　Tanemura　and　M．　Umeno，Solar　Energy．　Mater．　Solar　Cells，48，123（1997）．M．M．　Rahman，　G．　Yd；．K．　Murali　Krishna，　T．Soga，　J．　Watanabe，　T．　Jimbo　and　M．．Umeno，AppL　Opti¢s，　OT　37，691（1998）．M．M．　Rahman，　K．　Murali　Krishna，　T．　Soga，　T．Jimbo　and　M．　Umeno，　J．　Phys．　Chem．　Solids．，60，201（1999）．．

