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Abstract-Phott)catalytic activities of TiO2 films were experimentally studied. TiO2 films with dill~rent cD'stal struc- 
tures (amorphous, anatase, rutiIe) were prepared by a Low' Pressure Metal Organic Chemical Vapor Deposition 
(LPMOCVD~ at dil~l~'rent reaction temperatures and a l~ by a Sol-(}eI method using THP (Titanium Tetra l~-Pro- 
~)xy dc). The Effect of CVD weparation lnethod. CVD reaction conditions, cr3,stat structure and wave-length of I TV 
light on the photocatalyfic dccomposition rate of  methylene blue in aquct~us solution were studie& I:i~t. the chm-ac~.eris- 
tics o fCVD weparation ofT](),  films, such as the CVD film growth rate, crystal structure and morphology of the 
grown TiO, fihns, were experimentally studied as a Ihnetion of CVD reaction temperatme. Secondly. photocatalytic 
activities of TiO~ films were evaluated by using two types of  photo-reactor. The results indicated that TiO_, films pre- 
pared by CVD exhibit higher photocatalytic activity than a catalyst prepared by the Sol-Gel method. Among the CVD 
grown IiO, films, anatase and futile showed high photocatalytic activities, ttowever, amorphous Ti(), films showed 
lower activities. The activib of  the photocatatysts of anatase films was excellent under all t 3 pes of  I iV-tamps, The 
activit 5 of CVD-pmpared anatase fihns was four to seven times higher than that of  phomcatalyst tillns prepared by 
the Sol-Gel method. 
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INTRODUCTION 

In t972, Fujishima and Honda discovered the photocatalytic de- 
composition of water on TiQ electrodes. Since then, extensive re- 
search efforts have been conducted to understand the fundan~ental 
reaction mechanisms and to i, nprove the photocatalytic efficiency 
[Fox and Dulay, 1993; Linsebigler et al., 1995] in the fields of  hy- 
drogen resource development and energy storage. In recent years, 
the most aclive research area of  heterogeneous photocataiysis is its 
agplication to the environmental cleanup [Lozano et al., 1992: Palm- 
isano ctal., 1993: Mills et al., 19941. This is inspired by the reports 
on the total destruction of organic compounds in polluted air and 
wastewater [Jacoby et al., 1995; Nimlos et al., 1996; Blanco et al., 
19%; ~Ierzian et al., 1991: Amadelli et al., t99l; Muszkat et al., 
1992]. 

Recently, many researchers have been interested in the effect of  
the preparation method of T i ~  catalyst on its photocatalytic activ- 
ity [Konenkamp et al., 1993; Kim and Anderson, 1994; "lhda and 
Honda, I995]. A number of  preparation techniques have been re- 
ported for TiO, thin films, such as thermal oxidation, sputtering, 
pyrolysis, sol-gel method and chemical vapor deposition (CVD). 
Among these, CVD is considered as a promising method to pre- 
pare high-quality thin films over lame surface area with a well-con- 
trolled composition and low defect density, [Kirkbir and Komiyanla, 
1987; Siefering etaL t990: Egashira et al., I994; Kim et al., 1998], 

Photocatalytic chemical reactions on the surface ofsemiconduc- 
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tor materials are accompanied by multiple rate processes, starting 
from the absorption of Iight and ending with photo-generated elec- 
trons and holes on the surface. Since the mechanical and electrical 
properties of  TiO~ film depend on its thickness, composition~ crys- 
tallinity and morphology ['INlaka et al., I991; "I~ai et aI,~ 1997], it 
is imporlant to control CVD conditions to optimize these charac- 
teristics during the CVD film-growth, in the research "I~Q films via 
a Low Pressure Metal Organic CVD (LPMOCVD)were prepared 
by using titanium tetraisopropoxide (Ti[OC! f(Clld,]~: TTIP here- 
after) to study the effects of  CVD operating conditions on the cha- 
racteristics of  the grown TiQ films and also on the photocatalytic 
activity for decomposition of methylene blue in its aqueous solu- 
tion. The photocatalytic activities of  CVD grown Ti(L films were 
compared with those of 2qQ, films prepm,ed by the Sol-Gel method. 

EXPERIMENTAL 

!. Preparation of TiO, Film by Chemical Vapor Deposition 
CVD-grown -I'iO2 films were prepared by using a horizontal hot- 

wall LPCVD apparatus shown in Fig. 1 with a large quartz reac- 
tor tube (47~ID~ 506~OD, length 400 ram). Argon gas was passed 
through a bubbler containing T I IP  liquid (Aldrich), healed at 323 I4, 
to carry the vapor of]q ' lP to the reactor, ]he gas was further diluted 
with argon and oxygen at the inlet of the reactor tube. The flow rotes 
of  argon and oxygen gases were modulated by mass-flow control- 
lers. The system was evacuated by a rotary oil vacuum pump, and 
the operating pressure was measured by a pressure transducer (pirani 
945, MKS, Ltd,) at the outlet of  the reactor tube. The gas lines were 
heated to prevent the condensation of TrIP vapor in pipes. A porous 



868 S.-C, ,lung and N, lmaishi 

IIIIIHI ,~I~ . . . . . . . . . . . . . . .  

. \  . ~. ! 
"~I:~ ~ ~ ii 

�9 . . . . . . . . . . . . . . .  . . . . .  , : .  . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  .L-7- I 

!!!!!!!!!.~Z " \' ,'.,; mm~.:, 
:::::::::.....,, 

Fig. 1. Schematics of the LPMOCVD apparatus. 

membrmle wi|h about l Ogre pores (Ffuoropore: FPI000, Sumit, 
omo Electric Industries, Ltd.) was used to collect fine particles, t he  
source gas was led to a fiquid nitrogen trap, during tim periods in 
which the reactor was heated to a desired temperature before the 
film growth and was cooled down to room temperature after CVD 
growth. 

The crystal structure was characterized by X-ray diffraction (Max 
Science, MPX3). The morphology and the step coverage of  the 
~'own film were observed by using a scannh~g electron microscope 
(tlitachi, S-3500N), The films were characterized by a Fourier trans- 
form in frared spectrometer (Shim adzu, 8700). 
2. Preparation of TiO2 Photocatalyst 

Photocatalysts were prepared by depositing Ti~ film (thickness: 
2-5 bun) on alumhaa balls (Nikkato, HD-I 1, ~8 ram). Alumina bails 
were placed on a ball-holder plate and installed in the CVD reactor 
as shown in Fig. 2. 

Following conditions were used for CVD opcTations: total flow 
rate 1,500 seem, oxyg~en concentration in the gas phase 50 mol%, 
operating pressure 1Torr, reaction tcTnperature 423-1,173 K, ~ 
evaporator tcanperature 323 K, reaction time 3-15 hr. The thickness of  
the N'own t10. film was evaluated by measuring the weight change 
of  small silica substrates placed at several spots on the ball-holder 
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Fig. 3. Preparation of TiOx film by the Sot-Gel method. 

plate. Crystallinity was evaluated by XRD spectra of  these CVD 
fihns grown on silicon substrates, 

For the sake of  comparison, "I'iO2~ films were also prepared by 
the Sol-gel method. TiO, Sol was prepared by using H,O, HNO3 
and TI lE  A solution with a ~atio of 150 mt of  I-~O: t 5 ml of  TFIP: 
I ml of  IINO~ was refluxed at 353 K for 1 day, ]he precursor so- 
lutions were transparent and were very stable in air. TIC), fihn was 
coated on rod substrates by the Wocedure indicated in Fig, 3, A three- 
step process of  dipping, drying, and heat-t~eatment was used to coat 
the alumina bails. The film was dried in air and heat-treated in an 
electric furnace at 773 K for 24 hr to obtain anatase film on cata- 
b'st balls. 
3. Evaluation of Photocatalytic Activily 

Fig. 4 shows the annular tube type small photo-reactor used in 
this study. The annulus space of  this reactor was filled with the CVD 
photocatalyst balls prepared at various teraperatures. Two types o f  
experiments were conducted, in the first case. an aqueous solution 
of methylnene blue (total volume: 500 cc) was circulated at a con- 
stunt flow rate of 50 cc/min using a 1,oiler pump (RP-1000, EYELA), 
Decomposition rate was evaluated from the change of  concentra- 
tion of  methylene blue at the reactor outlet with reaction times. In 
the second case, the solution was ted Io the reactor without t,e-cir- 
culation (single pass operation), 

Fig. 5 shows schematics of  a larger scale reactor with double an- 
nulus channel structure, Thermostated water was fed to the outer- 

Fig. 2. Photographs of the alumina balls ~t  in the quartz reactor 
tube. 
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Fig. 4. Schematic diagram of annular tube type photo-reactor 
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Fig. 5. Schematic diagram of triple annntar type photo-reactor. 

most d]mmel tu maintain the r~ac6on tempereaure, To conduct re- 
circulating flow t~xp~rimen|s, mefl~ybne blue ~[ufitm of 1,(~?0 cm; 
was pr@ared and drcu[alat with a flow rale of 200 r ~ 'rain. In all 
~.~ses. comvntmtion of methyk~e blue was m~t~ured by the: ab~)r- 
I ~ c e  a~ Z=580 nm. using a spectmphotomder (UV-  1601, Shim- 
dzu). Dependency of the phot{~a]tal3aic aclivit~, of  catalysts pre- 
paration methtd was eva}umed by using these r~aclor~ under dif- 
fe~'~lt UV source. 

1-o evaluate the effect of  UV light wave leng~, three kinds of 
UV ~urces were u~,d; I_JV-A [Philips. TDIW..'05 arv, t FI5TgBI~B: 
Ithe most inlensive wavdt'ngth; 368 nm )]. Uu [Sankyo Dvnki, 
G4T5E and G i5TSE: (the most intensive wavde]gth; 305 nm ~] 
and UV-C [Philips. TUV4W..'G5 and TUVI 5W/G ISTg: t the most 
int~msk,e wavebngth: 250 nml]. Under an irradiation of  UV-C lan~p, 
mcdD'lene b|ue was slowly decomtx~sed through a hon3ogen~xms 
photo reaction, even without d~  phot~m@s{ bails. H0w,,wer, under 
an im~d'mtion of t  ]V-A lamp, no d~onlFasition ~'curs without Fano- 
toc~mdyst balls. Among the exT~'rimentat resuhs in the folbwing 
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f ' i #  6. (-;m-a.l~ rate rd'liO, fdm by U MOCVI) using ] T I E  CVD 
gn-,wth conditions: "lbtal pressure; l "[brr, total flow rate; 
t .~,t'R) ~em. oxygen eoneent ration ~ 50 moil!4,, 

~dions, the phot,~,:at'alytic activities of TiO. films are most pre- 
cisely represented by the experimental results with t.:V-A lamp. 

RESULTS AND DISCUSSION 

1. Characterization ~ffTiO~ Films Prepared by LPMOCVD 
(ho~th rote ofTiO, &.Then;is ~m the CVD reaction temlx~tlure 

as shovm in f"ig. 6. G m ~ h  rate w&s veD' k~w at low rea~lkm tem- 
peratures, 423 K and 473 K. As the reaction tempe~-ature increa,ves, 
the gro~.d] rate al~ incrat,~,,s, And the gm~'th r , ~  dex..'Teases at alx)ve 
973 K. This decrease w~s caused by the powder formatkm in the 
reractt~/', [~..vau.~ the amoullt o f  gartictes colk~_ltxt in the membrane 
filter at the oudct increased stcepty at aNwe 973 K. 

X-ray diffractior~ patterns o f  the TiO, fihns grovm on silica sub- 
strates ~mdv~r different reaclion temperatures ale slmwn in Fig. 7. 
The cliff]action l~flems indicate that amorphous TiO, films were 
grown under CVD r~'ar tempm*al'ure range of423N73 K.Ana- 
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fig. 7..\-ray diffraction ImRern of the I%O: fifms grown at 1 "for," 
under differenl temperatures. 
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Fig. 9. SEM photos of grown TiO~ film profile on micro-scale trench at various CVD temperatures. 

tase films were #,own at 523-92_3 K, However, a weak peak of brook- 
ire was observed at 673 K. Peaks ofratile began to appear at 923 K. 
TiO2 films prepared at 1,073 K still indicate a weak peak ofanatase. 
Films grown at 1,123 K indicate XRD peaks ofrutile. Tio` films 
prepared at 673 K and 773 K indicate XRD peaks o f  ( 112} ori- 
ented anatase, i lowever, the effects of  the growth temperature on 
crystal orientation are not clearly understood. 

Fig. 8 shows SEM observation results of  surface morphology of  , 
the TiO_~ CVD fihns grown at various temperatures. TiO,_ fihns grown o 
at low temp,:'ratures (such as Fig. 7 at 423 K) are composed of very o 
fine particles and show smooth and flat surfaces. "riO, film ~own ~'~ 
at 523 K shows islands of  anatase crystals in the amorphous film. < 
At higher CVD temperatures, surface morphology of  the gown 
TiO_~ films changes as shown in Fig. 8. 

Fig. 9 shows the experimentally observed step coverage of  the 
~O~ film grown at different CVD reaction temperatures. TiQ films 
~own at 423 K and 523 K show a conformal step coverage (i.e., 
tile film thickness on the top is the same as that at the bottom of 

O 

the step), ifoweven TiO, films grown at higher temperatures (above 
573 K) show a non-conformal step coverage. These different profiles o 

/ indicate that the surface reaction rate constant (ks=hw 4) is strongly _o 
< 
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Fig. 10. Infrared spectrum of the TiO, films grown by CVD at 1 
Torr under various temperatures (A: 473 hi, B: 773 K, C: 
1,073 K). 

dependent on the gowth temperature, i.e., at lower temperatures, 
h is small and h approaches to unity at higher temperatures [Aki- 
yama et aL 1995; Jung et al,, 1999]. Where h is the reactive sticking 

0.10 L 
1[ UV-C Lamp 
I'L\ �9 1073K 

0.08 I ' ~  : 973K 
I k \ %  .. 873K 

0.06 p~)~.k k ~ ~ 773K 
[ " ~  ~ ~ 673K 

0.04 p • ' N  ~ _  ~ ............ 573K 
i " - . . . . , .  , 473K 

0.00 I I ~ " ' - . e . _ ~ - ' m , - . ~ l  " w . . . _ .  I I I 

1 O0 200 300 400 500 600 700 800 

0.10 

0.08 

0.06 

0.04 

0.02 

0.00 
0 100 200 300 400 500 600 700 800 

0.10 

0 08 

8 0.06 
r )  

0 04 

0.02 

0 00 
0 100 200 300 400 500 600 700 800 

Reaction time [min] 

Fig. 11. Eflbet of CVD temperatures on photocalalytic activity of 
TiO_, films for decomposition of methylene blue in aque- 
ous solution under three types of U'~'-Iamp irradiation us- 
ing a reactor of Fig 4 (Re-circulating a 500 nil of" solution 
with a flow rate of 50 cc/min). 
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COeIliciL~t and v-[8RT/(rcM.~)] ~''~ is the mean molecular velocity of  
A [m/sl, R the gas constant [J/(moi'K)], T the temperature, and M~ 
the molecular weight o f  A, 

Fig. 10 shows I~T-IR spectrum o f T i ~  fihns prepared by CVD 
at different reaction temperatures. Organic group was not detected 
in all types of  TiO2 films (Fig. 10A: an amorphous film gown at 
473 K, Fig, 10B: an anatase film ~own at 773 K and Fig. IOC: a 
rutile film Kown at 1,073 K). The absorption peaks at near 2,380 
cm ~ correspond to that of  carbon dioxide adsorbed on TiQ sur- 
face in the ah'. These results indicate that TiO, films prepared by 
the present LPMOCVD reactor are considerably pure. 
2. Photocatalytic Activity of  TiO, Film Prepared by CVD 

In this study, the photocatalytic activity ofTiO films was investi- 
gated with the photocatalytic decomposition of mdhylene blue in 

its aqueous solution. Methylene biue was chosen since it does not 
show strong absorption (and photo-decomposition) of  UV ~ght of  
UV-A la3np. 

Fig. 11 shows the plots of  methylene blue composition, at the 
outlet of  the reactor of Fig. 4, as a function of irradiation time of 
different UV lamps with I i Q  coaled catalyst balls prepared at var- 
ious CVD reaction temperatures. Initial concentration of methyl- 
erie blue was about 8.6~< I W' tool//and 500 cm; ofsolation was cir- 
culated into the reactor by a flow rate of 200 cc/min. These results 
indicate that methylene blue was decomposed by a photocatalytic 
reaction in the presence of Ti(~ catalyst and UV light. The decom- 
position rate is the largest under a UV-C lamp irradiation and the 
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Fig. 12. Photocatalytie decomposition of methylene blue under one* 
pass flow condition using a reactor of Fig. 4 (Flow rate: 
50 cc/min). 

smallest under a UV-A lamp. The films yrepared at 473 K showed 
the smallest activity. The activities of  the photocatalysts of  ana~se 
(prepared by CVD at 673 K, 773 K, 873 K and 973 K) exhibit large 
activity under any type of  UV lamp. Among them~ the catalyst pre- 
pared at 773 K showed the highest activity. The rattle films pre- 
pared at 1,073 K were less active than anatase films (except for the 
anatase prepared at 573 K). 

Fig. 12 shows time variations of  the methylene blue concentra- 
tion at the reactor exit of  a photo-reactor (Fig. 4) during one-pass 
type operations. All results in Fig. 12 e~ibit  large initial decompo- 
sition rates, it is attributed to the fact that methylene Nue was ab- 
sorbed on the surface of catalyst balls. Gradually the mass transfer 
rate in liquid phase and photocatalytic reaction rate determines the 
decomposition rate. 
3. Comparison of  the Photocatalytic Activities of  TiO2 Films 
by CVD with Sol-Gel Method 

Fig. 13 compares the decomposition rates of  methylene blue with 
catalyst balls prepared by CVD at 773 K and that with catalyst balls 
prepared by the Sol-Gel method, using a large photo-reactor of Fig. 
5, Decomposition rate was very high under the UV-C lamp and was 
lowest under the UV~A lamp, Under UV-A lamp light, the CVD 
photocalalyst took about f40 rain to attain complete decomposi- 
tion of methylene blue in 1,000 cm ~ of solution. On the contrary, 
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Fig. 13. Effect of the preparation method on the photocatab~ic ac- 
tivities of TiO, films for decomposition of methylene blue 
in aqueous solution using the reactor in Fig. 5. Compari- 
son between the SoM~,d method and a CVD film grown 
at 773 K. 
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the Sol<3el photocatalyst n~ded about 1,000 min. Under UV-B 
lamp lighL the CVD photocatalyst took about 90 min and the Sol- 
Gel photocatalyst about 360 rain. Under UV-C lamp li~t, CVD 
photocatalyst took about 40 rain and Sol-Gel photocatalyst about 
240 rain. These results indicate that the activity of  the CVD photo- 
catalyst is higher than that of  the Sol-Gel catalyst by a factor of  4 
to 7. 

CONCLUSION 

We studied the preparation of TiQ photocatalyst films on alu- 
mina balls by LPMOCVD using TI'IE Amorphous films were oh- 
mined in the temperature range of 423-473 K, Anatase films were 
obtained at 523-92_3 K and mille films at 1,073 K or above, Sur- 
face morphology of TiO~ fihn changes by increasing temperature, 
from very small groin particles to more well-defined large grain crys- 
tals. The difference in the step coverage profiles indicates that the 
CVD surface reaction rate increases with reaction temperature. "lhe 
CVD grown TiO, films were characterized as a hi~-quality from 
FT-IR spectra. The activity of  photocatalyst films was evaluated 
by the decomposition rate of  methylene blue in aqueous solution. 
~he results indicate thal CVD-grown anatase films exhibit excel- 
lent activity under all type of UV-lanlps. The activity of  the amor- 
phous film was the lowest. Rutile films showed higher activity than 
that o f  an anatase grown al 573 K, but lower than those of other 
anatase fihns. The activity of  CVD photocamlyst was higher than 
that of  catalyst prepared by the Sol-Gel method by a factor of  4 to 7. 
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