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Control of the surface structure of titanium dioxide thin film photocatalysts was
successfully carried out by a polymer-doped dip-coating process. The thin films prepared
were either transparent or opaque, depending on the molecular weight of the polymer
doped. All the thin film photocatalysts had anatase form with similar crystallinity. The
surface of the transparent thin films looked plain consisting of uniformly aggregated
nanometer-size TiO, particles, while the opaque thin films were formed of cubic crystalline
TiO, at the micrometer level. Both the transparent and opaque films showed catalytic
activity for the elimination of NO, in air. The specific surface area and photocatalytic
activity of the transparent thin film was almost the same as that of the opaque one.

The activity of the thin films was almost equal to the commercial photocatalyst P25.
Decrease in the film thickness led to a decrease of the elimination of NO in air by the thin
films. The thin films were porous and the surface area was dependent on the film thickness.
Adsorbed NO was photooxidized to NO, by the thin films, while the NO, formed was
re-photooxidized to HNO3 before the desorption of NO, from the film surface. © 7998
Kluwer Academic Publishers

1. Introduction expected that the thin films have many micropores, and
Nitrogen oxides (N@, NO + NO,) emitted from au- they act as a good catalyst for the elimination of NO
tomobiles and combustion facilities are hazardous aias well. In the present study, we prepared_fildn film
pollutants [1]. High NQ concentrations are often ob- photocatalysts by a dip-coating process using titanium
served along highways, and removal techniques fronalkoxide with organic or polymer compound additives
the atmosphere are required. We have developeg-TiO [5]. The surface structure of the thin film has been elu-
based photocatalysts that actively remove,Né@@m  cidated, and their activity for the elimination of N@
ambient air [1, 2]. TiQ is a well-known photocatalyst discussed in terms of the surface structure.

and is a harmless white powder. The %ighotocata-

lyst acts by UV irradiation at around the 360 nm region.2. Experimental procedure

We propose the use of the Ti@hotocatalyst for the A starting solution for the dip-coating process was
elimination of NQ, in open air and that the intensity of prepared by mixing tetrapropyl! orthotitanate (TPOT),
sunlight will be enough to activate the TiCHowever, ethanol, the organic/polymer additives, poly(ethylene)
TiO, has one problem in the elimination of NOThe  glycol (PEG) with an average molecular weight of 300
desorption of N@ from the TiQ, photocatalyst surface to 1000, and 2-(2-ethoxyethoxy)ethanol (EEE) (all the
is observed during the oxidative removal of NO, andchemicals were obtained from Wako Chemical Indus-
such desorption must be suppressed becausgidlO tries, Ltd.). Approximately 700 ml of ethanol, 80 g of
a regulated pollutant. An activated carbon-mixed JiO PEG, and 80 ml of EEE were mixed, and 80 ml of TPOT
photocatalyst was reported by Ibusekal.and Uchida was continuously added to the mixed solution. Silica-
et al.[1, 3]. Environmental pollutants and/or their in- coated glass plates (2010 x 0.1 cm) were dip-coated
termediates (i.e., NO or Nf) adsorb to the activated with the solution under a relative humidity of 10%. The
carbon, and they are completely oxidized to HN@  withdrawing speed of the substrates was 1.5 mm/s. The
the photocatalyst. However, developing activated phodip-coated glass plates were calcined at 4G@or 1 h.
tocatalytic material containing carbon is difficult. We This process was repeated to obtain a film of approx-
have attempted to design an increase in the adsorptidmately 1 m thickness. The thin film photocatalysts
area of the thin film photocatalyst. By modifying the doped with PEG300, PEG600, and PEG1000 were des-
photocatalyst surface, the adsorption surface area fagnated as Ti@-P300, TiQ-P600, and Ti@ -P1000,
NO, must be obtained unless an adsorbent is used. hespectively, and a film without doping was designated
is known that highly photoactive thin film catalysts for as TiG-PO.

the removal of acetaldehyde in the atmosphere are pre- The film thickness was determined by the interfer-
pared from polymer-doped titanium alkoxide [4]. It is ence pattern of the transmittance spectra of the films.
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The transmittance spectra were recorded with a Hitachis derived from the increase in the film thickness. The
330 spectrophotometer. The surface structure of the thitransparency of these films did not lessen with the in-
film was observed by atomic force microscopy (AFM, creasing of dipping times, and the transmittance of these
Shimadzu-9500). The crystal structure oftheJoat-  films in the visible region was around 80% except for
ings was identified by X-ray diffraction (XRD, Mac TiO,-P1000. As shown in Fig. 1, the wave pattern is
Science; CH« radiation at 40 kV and 200 mA). attributed to the light interference. The number of in-
Observation of the surface area was carried out byerference peaks increased with the dipping times. It
a Quantchrome AS-1. A flow type photoreactor wascan be considered that the wavelengths at maximum or
constructed to examine the photocatalytic activity ofminimum light interference wave are correlated to the
the films. The light intensity was about 0.38 mWFAm thicknesst, and the refractive index, of the film by
(A = 365 nm) at the photocatalyst surface. Dry airthe following equation [7].
containing 1 ppm of NO was passed through the re-
actor at a rate of 1.5 I/min. The NGconcentration N = d1A2/{2t(h2 — A1)} (1)
was monitored with a chemiluminescent Nénalyzer
(Monitor Labs, Model 8440). The commercial photo- wherei; and, indicate the wavelength of the adjacent
catalyst powder, P25 (Degussa Co.) was used as thgairs of the minima and maxima. We calculated the
reference photocatalyst. The photocatalyst, 60 mg ofiim thickness from the transmittance spectra using the
P25, was spread onto the glass substrate over the sarassumed constant refractive index= 2.1 [8]. Film
area of the thin film photocatalyst (2010 cm). The thickness of TiQ-P1000 could be calculated because
weight of P25 (4.0 mg/cf) was almost the same as the light was penetrated despite the opaque film.
film weight of TiO,-P1000. Fig. 2 shows the XRD profiles of the Tidhin films,
which show that an anatase was formed without any
contamination of the other phase of Bi{®, 10]. The
crystallinity of each thin film was almost the same. We
also observed the XRD pattern of the $iCrystals
(d =6.3,5.3, and 4.7). The peak intensity of the 5iO
. i : crystals is related to the size of the polymer doped into
ZI22_Efogo\’\get;teaitrmzpﬁn;i]m“iecgiiog% M35 the TiO, thin films, and this intensity decreased with
paque. ’ P~ theincrease inthe doped polymer size except forTiO

pings were required, except for TieP0, which re- ; o . ) L
quired about 50 dippings. Fig. 1 shows the transmit-PlOOO'Th'S resultindicates the film density. The thick

A . ness of each film is aroundAm while the weight of
tance spectra of the TiCxhin films. The absorption "% -~ . : , N
edge of the TiQ thin films apparently shifted as the thin film increased in the order of Ti¥aPO, Ti0,-P300,

film thickness increased (at around 340 nm with and TiG-P600. It is considered that the silica layer of

. o . "M 3he substrate could be observed through the, Té@er
5-time dipping operation to around 360 nm with aby XRD investigations.

20-time operation). However, it is considered that this™”_. : .
i ; Fig. 3 shows the AFM images of the Ti€P600
shift is not related to the quantum size effect [6] bUtsurface. The surface structure of the other transparent

3. Results and discussion

3.1. Formation and characterization of thin
film photocatalysts

The obtained thin films, Ti@P0, Ti0,-P300, and
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Figure 1 Transmittance spectra of T¥P600 with increase in dipping  Figure 2 XRD pattern of thin films: (A) TiQ-PO; (B) TiO,-P300;
time: (A) 5 times; (B) 10 times; (C) 15 times; and (D) 20 times. (C) TiO,-P600; and (D) Ti@-P1000.
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Figure 3 AFM images of the TiQ-P600 surface: (A) 16 10 um;
(B)1x1pum;(C)01x0.1um.

samples (Ti@-P300 and Ti@-P0) was almost the same
as TiG:-P600. As shownin Fig. 3a, b, the surfaces of the
transparent films are very flat at the micrometer regions.
The transparent film was constructed with smoothly ag-
gregated nano-sized Ti@articles, as shown in Fig. 3c,
and the particle size was around 5 nmin diameter. These
particles consist of a single crystal of TiCFrom the
half-width of the XRD pattern of the thin films, the
crystal size of TiQ was determined to be around 4 nm.
This result is in good agreement with the AFM image
of the thin films.

Fig. 4 shows the AFM image of the T§aP1000 sur-
face. As shown in Fig. 4a, Ti&2P1000 reveals a dif-
ferent structure than that of TgP600. The surface
of TiO,-P1000 was made from aggregated cubicsTiO
crystals of approximately 0.am. The XRD pattern
shows that the crystal size of Ti1000 was around
4 nm, as was the size of the other thin films shown
in Fig. 2; it is considered that this crystal has a poly-
crystalline structure. However, we could not observe
any boundary on the cubic Ticrystal, as shown in
Fig. 4c.

This striking difference in the surface structure be-
tween transparent films such as 3#©600 and the
opaque film such as Ti&P1000 may be explained in
terms of the hydrolysis of TPOT and polymer. It is
known that metal alkoxide is coordinated with diols
such as 2-methyl-2, 4-pentanediol in mixed solution,
and this coordination controls the hydrolysis rate of
metal alkoxide [11]. As will be discussed, the larger
size of polyethyleneglycol weakens the interaction be-
tween ligand and alkoxide, or the large size of the poly-
mer prevents the coordination between TPOT and EEE.
As aresult, the hydrolysis of metal alkoxide is acceler-
ated by the water in the atmosphere (i.e., humidity) and
may be caused by the separation between the inorganic
phase and the organic phase [11, 12]. For the PEG1000-
doped TPOT solution system, doped polymer is sepa-
rated from TiQ in the withdrawing process. The sep-
arated TiQ is localized and forms an aggregation,
while the aggregated Tirhanges to a polycrystalline
phase on the substrate by the calcination process. Many
TiO, polycrystals are formed by repeating this withdra-
wing process, and the opaque film was obtained. This
competitive reaction between metal alkoxide hydroly-
sis and phase separation may be explained by spinodal
phase separation [13].

Fig. 5 shows the AFM image of the T§aP1000 sur-
face after one dipping. The Tiolycrystals form and
disperse on the substrate as an island with just one dip-
ping. The microparticles grew and accumulated het-
erogeneously with an increasing number of dippings.
Finally, the TiQ large-particle-accumulated-structure
was formed, as shown in Fig. 4a.

In the case of PEG600 and PEG300, the doped poly-
mer and TiQ do not localize in the film because the hy-
drolysis rate of TPOT is not so fast, and the homogene-
ity of the polymer—TPOT mixture may be maintained
in the withdrawing process. Tgddoes not crystallize
in a large size, because titanium alkoxide may be
dispersed in the polymer matrix during calcination. As
a result, very small particles and pores were formed
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Figure 4 AFM images of the Ti@-P1000 surface: (A) 1& 10 um; (B)
1x1pum;and(C)0L x 0.1um.
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Figure 5 AFMimages of the TiQ-P1000 surface dipped one time (com-
pare with Fig. 4a). (A) 16« 10 um.

after the calcination process with the evaporation of
organic compounds, and transparent film was obtained.

Humidity is another important factor to control the
transparency (i.e., control of the surface structure) of
the films. Under a humid atmosphere (over 20% rel-
ative humidity), the PEG600-doped system produced
an opaque film the same as BHB1000. These results
show that a higher humidity decreases the interaction
between TPOT and the polymer.

3.2. Photocatalytic ability of the thin
film photocatalysts

Fig. 6 shows the time course of the changes in the
NO and NQ concentration by the thin film photocata-
lyst with the differences in film thickness. The experi-
mental system for the evaluation of the photocatalytic
ability for deNOx was the same as used by Takeuchi
[14]. The film thicknesses of the photocatalyst for the
photooxidation of NO were 1, 0.5, and 0.2Bn. The
photocatalytic ability of the thin films was drastically
changed with the film thickness. As shown in Fig. 6a,
the amount of NO removal by Am of thin film was
higher in the other thin films and P25. The photocat-
alytic ability of 1 um of thin film was higher than P25
at the same weight (approximately 60 mg) and the illu-
minated area (100 ciof the thin films. On the other
hand, the amount of NOformed by 1um of the thin
film was lower than for the other thin films.

NO is converted to HN@with photooxidation by
way of NO,.

hv
NO + 1/20, — NO, )
TiO2

h
ONO, + 1/20, + HyO—> 2HNO;  (3)
TiO2
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Figure 7 Time-course of the concentration of NO and Ni© the pres-

Figure 6 Time-course of the concentration of NO and Ni© the pres- ence of the catalyst: (A) NO: (B) NO(LI: TiO,-PO; A: TiO»-P300; O:
ence of TiQ-P600 and P25 with different film thicknesses: (A) NO; (B) TiO,-P600;V: TiO,-P1000).

NOz (O: 1 pum thick; A: 0.5 um thick; O: 0.25 um thick; and V:
60 mg of P25).

adsorption water under high humid conditions. In the
The decrease in photocatalytic activity of the catalystcase of the Lum thick film, after the saturation of the
after photoirradiation was attributed to the coverage oHNO3 formation, the stoichiometric ratio between the
the catalyst surface by the HNGormed. Hydrogen removed NO and the NQwas attained after photoirra-
formed HNQ from NO, on the TiQ thin films, as diation for 12 h. From these results, the most suitable
shown in Equation 3, because the carrier gas of NO didilm thickness is Jum.
not include the humidity in our experimental system. Fig. 7 shows the time dependence of the elimina-
It was considered that hydrogen was supplied from théion of NO and NG by the photocatalysts. The aver-
surface hydroxyl groups and adsorbed water of,TiO age NO removal by TiggP300, TiGQ-P600, and TiQ-
It is easily expected that Am of the film has a larger P1000 was 65, 70, and 81%, respectively, while that
surface area than the other thin films. This large surfacef TiO,-P0O was about 71%. As shown in Fig. 7, the
area leads to much adsorbed water, and adsorbed N@mount of NQ from the transparent film desorbed was
can be easily photooxidized to HN®efore desorp- almost same as the opaque one. The photocatalytic ac-
tion. All of the adsorbed water is spent in the reactiontivity of the TiO, thin films were expected to change
for the formation of HNQ by the re-oxidation of N@), by the modification of the surface structure of the thin
and the increase in HN{s caused by saturation. How- films. However, the amount of NQlesorbed from the
ever, the photocatalytic ability was decreased wherthin film did not vary with the other thin films. The sur-
the surface of the films was covered with excessivdace areas of each film was thus measured. The BET
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surface area of Ti@PO, TiG,-P300, TiQ-P600, and the thin films with difference sizes of doped polymer is

TiO»-P1000 was 112, 104, 118, and 143/g)respec- almost the same.

tively. These specific surface areas are twice those of

P25 (approximately 50 f/g). This result indicates that

the difference of specific surface area of these thin fiimfieferences
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