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Thickness Effect in the Photocatalytic Activity of TiOz Thin Films Derived 
from Sol-Gel Process 
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Abstraet-TiO~ films in ;arious thicknesses were prepared by sol-gel method, and their photocatalytic activities in 
the decomtvasition of gaseous 2-propanot were evaluated. It was tbund that the photocatalytic activities of  transparent 
riO, films increase with the increase of film thickness: The pht~tocatalytic activity of  TiO~ fihns in 670 nln-thickness 
was 3,7 times that of" films in 7t1 nm-thickness. We proposed that the higher photocatalytic activities lbr the thicker 
Ti()~ films originate li'om the greater amount of  phomgenerated electron and hoIe pairs, which are transferred fi'om 
the inside to the surface ofTi(), films. Wc also provided some experimental evidences supporting this mechanism, 
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INTRODUCTION 

It has been known that TiQ, dr one of the highest pho- 
tocatalytic activities among semiconductors for the efimination of 
organic pollutants in aqueous soltNon or in gas phase [Matthew, 
f985; Nozik, 1978, Hoffmann et al., 1995; Chat et al., 2000: Lee 
et al., 2000; Fujishima et aL, 1997: Anpo et at., f997]. Especially, 
TiO= photocatalysts in thin film form have promising application 
for the decomposition of gas phase pollutants or as a self-cIeaning 
smart material [Lee Et aI., 2001; Jtmg et al., 19971. Moreover, Ti(~ 
surface presents super-hydrophilic character with an irradiation of 
light [Fujishima et al., 1997, 1998]. Hence, the Ti({ thin films coated 
on window glass, light bulbs, ceramic tiles, or walls can purify the 
polluted air in the room, and can self-clean or defog their surfaces, 
For these industrial applications ofphotocataFytic TiQ fihns, many 
practical problems, such as fabrication of transparent TiQ fiIms, 
adhesion to gIass substrate, blocking of impurity migration from 
the substrate, determination of optimum film thickness, etc,, have 
to be solved. Among them, in this work, we have focused on tJ~e 
correlation of  photocatalytic activity with film thickness. 

In the case of  thin TiQ, films, the photocatalytic reactions take 
place only on the surfaces. 1bus, it is expected that the photocata- 
lytic activity is irrelevant to the thickness of  T i~  film. since the sur- 
face area of  film is not appreciably affected by the change of thick- 
ness. HowEver, it has been found that photocatalytic activity is strong- 
ly dependent on the thickness of  tilm. In the literature, a few re- 
searchers reported on the thickness dependence on the pholocata- 
lyric activity of  TiO_~ fihns [Yu et al., 2000; Cut et aI., 1993], but 
they did not mention the reason why thicker films demonstrate higher 
photocatalytic activities in the photocatalytic oxidation J,eactions. 
In this work we made a scrupulous observation on the photocata- 
lytic behavior of  T i ~  films as a function of film thickness, and sng- 
gested a plausible mechanism. We also provided some experimen- 
tal evidence supporting this suggestion, 
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EXPERIMENTAL 

1. Preparation of TiO2 Films 
3~O, films were prepared by sol-gel method, as described in fol- 

lowing sentences, ~ tetraisopropoxide []i(OPr)~, Aldrich] 
was diluted in n-propano], and two equivalents of  2A-pamanedi- 
one (AcAc, Aldrich) were added dropwise to this solution at 0~ 
With this ]igand exchange reaction, Ti(OPr)~(AcAc)~ was synthe- 
sized. The concentration of~fi-precursor solution was then adjusted 
to 05 M by adding additional n-propanol. The prepared solution 
was spin-coated at 2,200 rpm, and subsequently baked at 350'C. 
To obtain the desired thickness, spin-coating and baking cycles were 
repeated (About 70 rim-thickness was obtained by each coating cy- 
cle). Finally, baked films wet,e heat-treated at 500"C for 1 hr in oxy- 
gen environment to obtain crystallized stmelure and to get rid of  
carbon impurities in the TiO, film. lnstead of Pyrex or sodalime gIass, 
silica glass in 25 mm ~,.25 mm was utilized as substrate, in order to 
avoid contamination in the fabricated TiQ film with a migration 
of alkaline or alkali earth metal ions. 
2. Characterization of TiO_, Fihns 

The surface morphology and cross sectional im~e  of Ti~  films 
were observed by a field emission scanning electron microscope 
(FESEM, Hitachi S-4500). Glancing angle mode X-ray powder dif- 
fraction (XRD) patterns of  the YiQ films were obtained by using a 
Philips difli'actomEter (PW3020) with a monochromated high inten- 
sity CuK., radiation. Since the glancing angle is adjusted to as lane 
as 5 ~, crystallographic information is not confined to the film sur- 
face, but comes from the whole medium of the film. F'rom the atomic 
force microscope (AFM, TopoMetrix ACCUREX), the rcughness 
ofTiO~ film was analyzed. 
3. Evaluation of Photocatalytie Activity of TiOz Films 

TiO= films prepazvd by sol-gel method in various thicknesses were 
tested as photocatalysts for the decomposition of 2-propanol in gas 
phase. The gas reactor system used lbr this photocatalytic reaction 
is described elsewhere/~ The net vohmle of gas tight reactor was 
200 ml, and a TiO, film was located in the center of  the reactor: The 
whole area of  YiQ, film (25 m m , 2 5  ram) was irradiated by a 300 
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W Xe lanp through the 2-inch diameter silica window on the reac- 
tor. After evacuation of  the reactor, a stoichiometric anount o f  2- 
propanol and water vapor was added (the partial pressmes are 2.0 
and 16 ~ respectively). The reactor pressure was then controlled 
to 700 " [on"  by the addition of  oxygen gas. Under these conditions, 
2-propanol and It20 remained in vapor phase. The gas mixtures in 
the reactor were magnetically convected dttri,g the iuadiation. After 
the irradiation, every few minutes 0.5 ml of  gas sample in the reac- 
tor was automatically picked up and sent to a gas chromatograph 
(Young Lin M6OOD) by using an aut(~npling valve systcm (Valco 
Instruments Inc., A60). For the detection o fCQ,  a methanizer was 
installed between the GC column out-let and FID detector. 
4. Photochemical Deposition of  An Particles on TiOa Films 

AuCL (Aldrich) was reduced to Au on the surface of  Ti~ films 
by photochemical decomposition. A 30 ml of  a 5• lO 4 M AuCl) 
aqueous solution was added to a silica reaction vessel. TiQ film 
was then immersed in this AuCI_~ aqueous solution, and the sample 
was irradiated by t 5 sec with a 300 W Xe lamp. The irradiated TiO, 
film was thoroughly rinsed with distilled water, and the deposited 
Au particles on the surface of  "Fi~ film were then observed with 
FESEM. 

RESULTS AND DISCUSSION 
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Fig. 2. XRD patterns of T i O :  films in various thicknesses. Sol-gel 
derived TiO2 films were annealed at 500 "(2 for l hr. 

Several TiO~ thin films in the thickness of  70-670 nm were pre- 
pared by sol-gel method. FESEM images of ' l iQ film in about 3(10 
rim-thickness deposited on silica glass are shown in Fig. 1. From 
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Fig. I. FESEM images of TiO_, film in 300 nm4hickness deposited 
on silica glass: (a) plan*view; (b) cross-sectional-view. 

the plan-view and cross-sectional-view images, the grains in the 
TiO, films are spherical shaper and their diameters are 2040 nm. 
XRD patterns in Fig, 2 indicate that TiO, films annealed at 500 ~ 
in I hr are pure anatase phase regardless of  film thickness. 

We evaluated the photocatalytic activities of TiO,_ films whose 
thicknesses were in the range of  70-670 rim, Gaseous 2-propanol 
was utilized as a model compound ibr the evaluation of  photocata- 
Fytic activity. It has been known that 2-propanol is primarily decom- 
rx)sed to acetone, and then finally decomposcd to CO, and l-t.O [Fuji- 
shima et al., 1997]. Thus, in this work, the photocatalytic activity 
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Fig. 3. Decomposition percentage of 2-propanol by the photocata- 
lyric reaction with TiO_, films as a function of film thick- 
ness (After 15 min of irradiation with 300 W Xe Lamp, the 
decomposed percentage of 2-propanol was measured. The 
gas composition in the reactor: 2-propanol, 2.0 Ton': H,_O, 
16 Torr; O.,, 682 Tort). 
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Fig. 4. Photocatalylic oxidation rate of 2-propanol to COz. with TiO_, 
films as a function of film thickness (After 15 rain of irradi- 
ation with 300 W Xe lamp, the concentration of C'~ evolved 
was measured. The gas composition in the re'actor: 2-pro- 
panol, 2.0 Tort; H20, 16 Torr: O_,, 682 Tort). 

was estimated by two ways. First of  all, the decomposition of 2- 
propanol to acetone was monitored. That is, the percentages of  de- 
composed 2-propanol in 15 min of  irradiation were me&sured, and 
these values were used for the relative comparison of photocata- 
lytic activity. Fig. 3 describes the decomposition rates of  2-pro- 
panol as a ftmction of fihn thickness. The photocata]yt[c activity 
was on a continuous increase with the increase of  the film thick- 
ness. 3tte percentage of  decomposed 2-propanol with the ]50, film 
in 670 nm-thickness was 88%. while that with the film in 70 nm 
was 01113; "~'~o.. D.3 .,'0. 

Second. the amount of  CO_, evolved was analyzed. Fig, 4 describes 
the anlount o f  CO: evolved for the t i (~  films as a function of film 
thickness. In this case, the photocatalytic activity was defined &s 
the CO2 evolved in 15 rain of  photocatalytic reaction. The amount 
of evolved C G  with TIC), films in 670 nm-thickness was 520 ppm, 
while that with the fihns in 70 nm was 140 ppm. 

"[hcse experiments indicate that the photocatalytic activity o f ' l iQ  
films is strongly dependent on the film thickness, then, what makes 
thicker fihns more photocatalytically active? There are several pos- 
sible factors leading to this result, as illustrated below. 

Scheme 1: The thicker film would have larger surface area, be- 
cause the surface roughness increases in general with the increase 
of film thickness. Thus, it is expected that the number of  active sites 
on the "l'iO_~ surface increases. 

Scheme 11: Some alkaline impurities, which are considered to 
be detrimental to photocatalytic oxidation reaction, in the glass sub- 
sWate can diffuse into IiO2 film during the annealing process. The 
diffusion of alkaline impurities from the glass substrate to the sur- 
face of ' I iO,  fihn would be more difficult for the thicker film. 

Scheme 111: For the 13vaqspm'ent T i ~  film, the light can penetrate 
into the inside of  TiO: surlhce. Thus, the TiQ located underneath 
the surface can also be excited by flTadiated light. Then, the gen- 
erated electron-hole pairs may be transferred to the surface of  TiQ, 
For the thicker fihns, a h i~er  concentration of electron-hole pairs, 
which play key role in the photocatalytic oxidation reaction, might 
be generated on the TiO, surface. 
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Fig. 5. RMS roughness of sobgel derived TiO2 films in various 
thicknesses. 

Because the sol-gel derived TiO. f lms do not have micropores 
between the grains, the major factor determining the surface area 
of TiO. film would be the roughness of film surface. Thus, we eval- 
uated the surface roughness of  each 7iO, film by AFM. As in- 
dicated in Fig. 5, the root mean squm,e (RMS) rougtmess of  TiO2 
films prepared by sol-gel method was not appreciably chmlged with 
the inn,ease of  film thickness, while the photocatalytic activity was 
greatly increased with the increase of  film thickness. This suggests 
that Scheme I is not the main factor in determining the high pho- 
tocatalytic activity for the thick TiQ films. In addition, a pnre silica 
glass was used as substrate for this experiment in order to avoid 
the diffusion of  impurity iotas. Hence, Scheme 1I is not a dombaat~ 
ing factoJ; either. Therefore, it is considered that Scheme [I1 is a more 
plausible mechanism in inducing the thickness dependence of pho- 
tocatalytic activity, for the I iO,  thin film, 

Verification of the Scheme 111 mechanism requires detection of 
the amount of  electron-hole pairs generated on the surface of'i-i(~ 
films in various thicknesses. Since the direct measurement is not a 
trivial matter, we estimated it indirectly by performing the follow- 
ing two experiments. First, we performed a photochemical deposi- 
tion e,periment with TiO: films. As we know, AuCL dissolved in 
aqueous solution is not appr~iably decomposed to metallic Au with 
the irradiation of light in 380 nm. ltowever, AnCL can voluntarily 
be decomposed to metallic Au with the photocata134ic reaction of 
TiO:~ under the light in the same wavelength. That is, At~ ion in 
solution accepts photoexcited electrons from "I1~ sufface~ and it 
forms metallic Au, as indicated at following formula. 

Au ~ ~ 3e-~ *An 

As a result, photodecomposed metallic Au is deposited only on the 
surface of TiO, film. Thus, it is deduced that the amount of  photo- 
deposited Au on Ti(~ surface is proportional to the density of cha~e- 
separated electron and hole pairs on the surface of Ti(X. in this ex- 
periment, we observed the amount of  photo&posited Au on the 
surface of  TiO. films it~ ve4ious thicknesses. Photodecomposflion 
reaction time was adjusted to ] 5 sec for all experiments. All TiO, 
fihns were sot-gel derived, and their surface roughness was not ap- 
preciably difllzrenk as indicated in Fig. 3. Fig. 6 shows FESEM im- 
ages for the photodeposited Au. No Au was deposited on the silica 
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Fig. 6. FESEM images for the photodeposited Au on "l'i(~ lihns in various thicknesses: (a) on silica gla.~; (b) on n [ i~  films in 70 nm; 
(el on Tin:  f i lms in 305 nm~ (d) on Tin:  films in 670 nm.  

glass withtmt TiO= film, as we bM expected. On the TK.~ films, 
metallic Au is dep~sited as a form of  particle in the size of alx)ut 
50-100 nm. With the inc~2ase of  film thickness, the number of Au 
panicles is L.-weatly increased. This indicate~ that more electron and 
hole pairs are generated on the surl:ace of  Ti(~ with the, increase of 
film thickness, ll is derivtxt that Ne eleo'am m~d hole pairs gener- 
ated in the bulk "FiO, are transferred Io lhr surface of  TiO, film. 

Secemd. we dt~ermined the kinetic pavame|ers for the TiO. films 
in the pholocatalyxic decompx~sitkm r~xtclion of gaseous 2-pro- 
panol. Lanksnuir-Hinshelw~KKt kin~rtic ~rcatment was intl~tuced m 
determine the kinelic par0ane~ for the TiO, films. "tNs is a very- 
simple mr but il w(~akt be a rca~mable modal in d~,~ribing our 
phot~Ial>lic reaction, since our photocatab~ic r~xtc'fion is a kind 
of gas phase rc~acfion taking place on the sudSce of ht:tt~gcmtx)us 
catalysts, t"r~m~ the n"aditi~mal derivation of  Langnnuir-Hinshdwtwd 
kinetics, K represen|s the ~xtaflibrium binding constank while k re- 
fleck,; Ne reaction rate constam, ~hat is. a measure of  inMnsic re- 
acdviiy at the surface ofca|ab~sL The nne of  reaction (r) can be ex- 
pressed by' 

r-kKP.q I-'. KPt { 1 t 

At an initial vap~r pressure (P, }. above eNuatkm can be modified 
t O  

l/r = I/k-- t/fkKP.A (2 

Inilial reaction rate {rr, } Call be measured simply b,~. 

r,=~ P,,- P~,"At {3) 

where P is the vapor pressure of reac~nt (2-propam)t) after a given 
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Fig. 7. Caacenlration dependence of inRia| reaction rate. The par- 
tial pro, sure of initial 2-propanol was varied from 8xl lP 
arm to 1.3xltF: arm. 

time interval (At). 
In this cxperimcnL At ~.-,~s chr to be 3 rain :rod the inifiat vatx,r 

pressure of2-propanol tE,) was vafi~xt ltorrl 8 l0 ~F r) 1.3 l(r: am3. 
By ploaing l/P., vs. l"r~ ws shown in Fig. 7. the reaction rate con- 
stanLs ( k l  and equilibrium binding constants (K) oF TiO. films in 
differenl thicknt,~s were determined I sex: -[hble 1). tn the photocm- 
atytic r~cfion, k indicates the decomposition rate constant tbr the 
Mmrlx~d reactant molecules, and it is clo.~ly rela~cxt m the density' 
of eter pairs generaled on the IX), surfiace. K rcDv~senls 
the numb~' o f  active sites, and il is reined to the microstructure or 
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Table 1. Kinetic parameters for TiOz films in different thick- 
nesses 

Thickness of TiO, film k (atm-min -t ) K (atm -~ } 

70 1.3 ~ 10-" 210 
280 3.8 * 10 -~ 217 

Pathway I Pathway 11 

Fi l .  8. Sll~eSled possible pathways for the transl~r of eledron- 
linle pairs generated in the bnlk to the suri}ce of TiO 2, 

surface area of  T[O, film. Compared to TiO2 films in 70 am, the 
TiO~ films in 280 nm have 2,9 times higher reaction rate constant, 
while K is not basically different. It is believed that the higher reac- 
tion rate constant for the thick~ 'I'iO. film is closely related to the 
higher mtmbcr of  electron and hole pairs on the surface of ' t i(~.  
On the other hand, the equilibritml binding constant (K) was not 
much different between the thick and thin "fi(~ films. This implies 
that the ntnnber of  active sites is not appreciably changed with the in- 
crease of  thickness. ]hercfore, this experiment also s~ports Scheme 
1II mechanism. 

Then, how would the electron-hole pairs, generated in the bulk 
TiO,, be transferred to the stwface of T i~?  In a single crystal the 
transfer of  electron and holes to the cg,sial surface would be very 
efficient, if the recombination was not considered. In this case, the 
electrons and holes may simply drift through the same conduction 
and valence band, respectively. For the polycrystalline films, how- 
ever; the transfer of  elecmon and hole pairs would be much more 
complicated. "[he generated eledron and hole pairs must pass through 
the many =main boundaries. We have suggested two possible path- 
ways for the transfer of electron and hole pairs generated in the bulk 
to the fihn surface, as shown in Fig. 8. Pathway I seems to be re- 
latively difficult, because the electron and hole pairs should pass 
through many inte~hces. Pathway H indicates that the generated 
eledron and hole pairs are once moved to the grain boundary, and 
then transferred to the surface of film along tM grain boundary, we 
believe that tiffs is a more plausible mechanism. 

C O N C L U S I O N S  

1he photocalalytic activities of  TiO- films in decomposing gas- 
eous 2-propanol were greatly increased with the increase of  film 
thickness. The amount of  CO. evolved with TiO, fihns in 670 nm- 
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thickness was about 3.7 times that of  films in 70 nm-thickness. Au 
photochemical d~position result indicates that the number of  depos- 
ited Au particles on the sua-face of TiO, film greatly increases with 
the increase of  1iO, film thickness. The reaction rate constant (k) 
of  the TiO, film in 280 am-thickness was 2.9 times that of  the film 
in 70 am, while the equilibrium binding constant (K) of  the thick 
film was not nmch different from that of  thin film. These results 
indicate that the photogenerated electron and hole pairs inside of  
the TiO~ surface are transferred to the film surface. 
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