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The relation between the effect and the amount of SiO, addition on photo-generated
hydrophilicity of TiO, thin film, was investigated by measuring the X-ray diffraction, the
microstructure, the specific surface area and the TG-DTA. It was found that the optimum
range existed in the amount of SiO, addition to TiO;, 10-30 mol % SiO, addition was most
effective for contact angle of water. The SiO, addition less than 30 mol % has a suppressive
effect on the transformation of anatase to rutile and on the crystal growth of anatase in
calcination, and it has large surface area. With the consequence that the photocatalytic
activity of TiO, and the capability of holding absorbed water which increases during UV
irradiation improved. © 17999 Kluwer Academic Publishers

1. Introduction has reported the microstructure and the humidity-
The research on the semiconductor photocatalyst repesistivity characteristic of 70T02-30- SiO, mol %
resented by Ti@started in the Honda-Fujishima effect humidity sensor. Hosaka and Meguro [9] produced the
[1] in the beginning of the 1970s. Until now, various TiO2-SiO, pellet with 0-100 mol % Si@ calcined at
researches have been performed about antibacteria [2]73 K from metal alkoxide, and they examined surface
deodorization, N@ removal [3], and wet solar battery hydrophilicity and surface acidity. However, photo-
[4], and so on. In recent years, authors have examinegdenerated hydrophilicity of Ti@SIiO, system has not
the method for fixing photocatalysts, such asiGn  been reported yet.

the surface of tiles or sanitary wares in order to give Inthis paper, we report the effect and amount of SiO
antibacterial effect to them [5]. We discovered thataddition on photo-generated hydrophilicity of Tihin
when the TiQ thin film was irradiated by ultraviolet- film, and explain the mechanism by measurement of
ray (UV), the contact angle of water decreased graduX-ray diffraction, SEM observation, specific surface
ally, and finally, it became almost zero [6]. We call this area, and TG-DTA.

phenomenon super-hydrophilicity. Then, in the case of

the thin film which consists of only Ti§) the contact 2. Experimentals

angle of water almost becomes zero during UV irra-As the starting materials, commercial Ti€bl (Ishihara
diation. However, it was found that the contact anglesangyou Kaisya, Ltd., STS-11, solid content 15 wt %)
goes up and is restored early comparatively in a darlkand SiQ sol (Nissan Chemical Industries, Ltd., Snow-
place. It is desirable that the contact angle rises slowex20, solid content 20wt %) were used. Exterior
in a dark place, and maintains low for a long time, tile with graze (TOTO Ltd., ABO2E11, size about
because if actual use is considered, it is not always irraso x 100 mm) was used as substrate.
diated by UV light, such as sunlight. Then, in order to  First, TiO, sol or the mixed solution of Ti@sol and
improve these characteristics, we tried to add variousiO, sol was coated on the surface of substrate tiles us-
additives to TiQ. Consequently, it was found out that ing air spray. The amounts of application are 3.09/m
by adding SiQ, the contact angle of water was low from py wetweight. After drying this sample at room temper-
immediately after production, and the maintenance ofture, it was calcined at 80C and sorking time 1 hour
hydrophilicity in a dark place was also good. by muffle fuenace (Yamato Science Co. Ltd., FP-31).
As for TiO,-SiO; system material, many researchesThus, we obtained the samples for examination.
were performed in the past on glasses, humidity sen- Next, ultraviolet-ray irradiated to the surface of the
sors, and so on. For example, Kamiya and Sakkgample by commercial 20 W black light blue fluores-
[7] has measured the amount of water by IR-spectrgent light (BLB; Sankyo Denki, FL20SBLB). The UV
about TiQ-SiO; glasses which consist of 0-15wt% intensity of 330-390 nm is 0.3 mW/énfmeasured by
TiO; and fired at 1173 K. Shikatani and Takechi [8] UIT-101+UVD-365PD, Ushio Electric Co. Ltd.). And
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the contact angle of water was measured by a contactescribed as? Since the initial contact angle was low
angle meter (Kyowa Interface Science Co. Ltd.,in this SiG amount, the contact angle becanier®a
CA-X150 type) every 24 hours. In addition, the surfacevery shorttime of UV irradiation. However, inthe range
of the thin film which consists of Ti@or TiO,-SiO, of more than 42 mol % SiQ)it is rather higher than only
obtained on tile substrates was observed by a fieldTiO,. And it increases with increasing Si@ontents.
emission type scanning electron microscope (FE-SEM; After putting samples for 24 hours in adark place, the
Hitachi, S-4100). contactangle increased in all samples except 100 mol %
Powder sample was prepared apart from the abovesiO,. In the case of only Ti@ the contact angle went
described tile samples. Titanium dioxide sol or mixed-up from 10 to 18. The sample of 12—30 mol % S;0O
solution of TiG-SiO, sol which has the same additionareinthe super-hydrophilic state such aot0
composition as the tile sample were dried at 1C0 less. Furthermore, the contact angle of 12 and 15 mol %
in air bath, it was ground by agate mortar and it wasSiO, samples after leaving in a dark place for 1 week
calcined at 800C for 1 hour by muffle furnace. X-ray were 7.2 and 9.6, respectively. In this range of S}O
diffraction patterns of these powder sample were meaeontents, the contact angle increased very slow and it
sured and evaluated with a diffractometer (Mac Sci-maintained super-hydrophilic state for a long time.
ence, MXP-18). Specific surface area was measured From the above result, by adding Si® TiO; thin
by nitrogen absorption on a micromeritics FlowSorb Il film, initial contact angle and minimum one during UV
2030type. TG and DTA analyses were performed in drradiation can be reduced, and the super-hydrophilic
Seiko Instruments Inc. TG/DTA320, under air atomo-state can be maintained for a long time.
sphere, at a heating rate of A0/min.

3.2. X-ray diffraction

X-ray diffraction patterns which obtained from powder

3.1. Contact angle of water in TiO,-SiO, of the same composition as the thin film of tile samples
thin films are shown in Figs 2 and 3. Fig. 2 is the patterns be-

F|g 1 shows the contact ang|e of water in Variousfore CaICination, Flg 3isthe patterns after CaICining at
amount of SiQto TiO,, as-sintered, after BLB irra- 800°C for 1 hour.
diation for 24 hours and in a dark place for 24 hours.  As shown in Fig. 2, TiQ sol before calcination has
The contact angle of the sample after calcinationmonophase of anatase crystalline, S&l is amor-
which consists of only Ti@was about 25 And up  Phous and Ti@-SiO, system is both mixture of them.
to 30 mol % SiQ addition, the contact angle was be- As shown in Fig. 3, the rutile peak (transition from
low 25°. However, more than 42 mol % SjQ@ddition, anatase) is slightly seen in the sample of only IO
the contact angle was same level with only TiO calcined at 800C for 1 hour. Moreover, since anatase
After BLB irradiation for 24 hours, it decreased to Peak height is larger as compared with before calci-
10° with only TiO, sample. And the minimum angle Nation, sintering of Ti@ crystals progress and grain
was 4 after BLB irradiation for 1 week. On the one growth is expected. It does not form solid solution in
hand, in the range of 7—30 mol % Si@ddition, contact ~ T102-SiO, system [10] calcined at 80C for 1 hour,
angle of water became lower than only Fi@specially, and they are mixture of Tifand SiQ. Moreover, the
in the range of 7—15 mol % SiQthe contact angle of Ppeak of rutile phase which existed the sample of only
water became below the measurement limit. This isl1O2 is not seen at all. Since the anatase peak height

3. Results and discussion
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Figure 1 Contact angle of the surface of Ti€BiO, thin films sintered
at 800°C for 1 hour.
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has been hardly changed by calcination, even at 800
for 1 hour, sintering of Ti@ particles has seldom pro-
gressed. And itis expected that the particle size o&TiO
is almost the same as before calcination.

In the above-mentioned contact angle measurement,
12 mol % SiQ was slightly better than 30 mol % S;O
in the maintenance of hydrophilicity in a dark place.
But the X-ray diffraction patterns did not show the dif-
ference between 10 mol % Si@nd 30 mol % SiQ.

3.3. Microstructures

Fig. 4 shows SEM photographs of the surface of

TiO2-SiO, system thin films, (a) Si€0 mol %, (b) SiG

10 mol %, (c) SiQ 30mol%. It is observed that the

shape and the particle size of Ti@re considerably

different with the existence and the amount of &iO
Thatis, inthe case of the thin film which consists only

TiO, (Fig. 4a), TiQ crystal is the form with roundness,

and the particle size is about 50—100 nm. On the other

hand, the thin film which added 10 mol % Si(ig. 4b)

has the particle size of Ticrystal as small as about

30-70 nm, and it has a little angular form as compared

with Fig. 4a. As for the thin film which added 30 mol %
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Figure 2 X-ray diffraction patterns of Ti@-SiO, powder before calcination. Sg3rontent: (a) 0 mol %, (b) 10 mol %, (c) 30 mol %, (d) 50 mol %,
(e) 75 mol %, (f) 100 mol %.
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Figure 3 X-ray diffraction patterns of Ti@-SiO, powder calcined at 80TC for 1 hour. SiQ content: (a) 0 mol %, (b) 10 mol %, (c) 30 mol %,
(d) 50 mol %, (e) 75 mol %, (f) 100 mol %.

SiO;, (Fig. 4c), particle size became as smaller as aboyparticles are observed as compared withSi@e sam-
20-50 nm. ple. Althoughitwas notrecognizedin X-ray diffraction,

If the film consists of only Ti@, because of sintering in the range of 10—-30 mol % SOit was found that the
and grain growth progress, many comparatively largesuppressive effect of grain growth is higher as much
particles with roundness are observed. As for the samSiO, contents.
ple with SiG addition, contact between Ti(articles
is barred by SiQ@. In spite of the temperature to which 3.4. Specific surface area
sintering happens, originally, grain growth of THiO Fig. 5 shows the result of measured specific surface
crystal is suppressed and particle size is maintained axea by BET method using the powder of the same
before calcination. Therefore, itis considered that smaltomposition as the thin film on tile samples.

2571



Figure 4 SEM photographs of the surface of Ti3iO; thin film on tiles calcined at 80TC for 1 hour (a) Si@ 0 mol %, (b) SiQ 10 mol %, (c) SiQ
30 mol %.

sintered at 800C and the surface area decreased. This
5 suggestion and the measurement results are in agree-
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contact of TiQ particles is barred by SiQand grain

180

140
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i: 120 is suppressed. Consequently, it is considered that the
~ 100 small size particles can be maintained before calcina-
8 tion, then the decrease of surface area is controlled. If
§ 80 the amount of Si@ addition increases, since contact
€ 58 of SiO, particles will increase and sintering will be-
@ come easy to take place, it is considered that decrease
40 of surface area by sintering of Si@ brought.
It is considered that the change of surface area cal-
A cined at 800C for 1 hour in TiQ-SiO, system, in less
0 : I S w4 8 than 50 mol % SiQ, it increases by suppressing on the
0 10 20 30 40 50 60 70 80 90 100 SinteringofTiQand SiQ,in SiO, more than 50 mol %,
SiO2 content / mol% it decreases by the sintering of SIO

Figure 5 BET surface area of Ti®SiO, powder. . . .
9 P 3.5. Thermogravimetric analysis

Figs 6 and 7 show the result of thermogravimetric anal-

As for the specific surface area of powder driedysis which was obtained from powder of the same com-
at 110°C which corresponds before calcination, pureposition as film samples. Fig. 6 shows the curves before
TiO, powder is the smallest. Surface area of FO calcination, and Fig. 7 shows the curves after calcining
SiO, system was increased almost linearly in propor-at 800°C for 1 hour. TG was measured from room tem-
tion to SiQ, contents. On the one hand, the specificperature to 200C. Within this temperature range, des-
surface area of the pure Tipowder which calcined orption gas may be consider as absorbed water which
at 800°C for 1 hour decreased to about8l In the existed on the sample surface [11].
range of 10-50 mol % Si£addition, reduction of spe-  As shown in Fig. 6, with powder before calcination,
cific surface area was slight as compared with beforaveight loss of only TiQ was the smallest, it became
calcination. large with SiQ addition, and weight loss of pure SiO

However, at 75 mol % Si@addition, it decreased in was the largest. These results are appropriate, because it
the half before calcination. In the case of only iO isexpected fromthe result of surface areameasurement.
it became ¥30 and the amount of reduction was the As shown in Fig. 7, with powder calcined at 80D
maximum. for 1 hour, weight loss of pure SiQwas smaller than

The result of specific surface area measurement ipure TiQ. This result is also in agreement with the
considered with the result of X-ray diffraction and SEM result of specific surface area measurement. When the
observation mentioned above. In the case of onlyTiO powder calcined at 80T for 1 hour, it turns out that
it is suggested that crystal growth was taken place bintering of SiQ particles progresses considerably. As
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Figure 6 Thermogravimetric analyses of Ti5iO, powder before
calcination. SiQ content: (a) 0mol %, (b) 10 mol%, (c) 30 mol %,
(d) 100 mol %.
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Figure 7 Thermogravimetric analyses of T¥5iO, powder calcined at
800°C for 1 hour. SiQ content: (a) 0 mol %, (b) 10 mol %, (c) 30 mol %,
(d) 100 mol %.

compared with pure Tig the weight loss is about 4
times in 10 mol% Si@ addition and it is about 3.5
times in 30 mol % Si@ addition. According to Fig. 1,
since SiQ 10 mol % was better than S0 mol % in
the maintenance of hydrophilicity in a dark place, this
difference of weight loss is considered to influence th
contact angle in a dark place.

However, when there is much Si@ddition, in spe-

cific surface area measurement, it becomes large anéim

it is opposite to the result of weight loss. Although the
whole surface area of 30 mol % Si®ample is larger
than 10 mol % SiQ, it is guessed pore size distribution
of TiO, or SiOG, does not differ. And it is considered as
a future subject for detalils.

From the above result, the relationship between,SiO

€

When the amount of Sigis 30 mol % or less, since
all TiO, crystal is anatase type, its photocatalytic ac-
tivity is large and its hydrophilic activity is also ex-
cellent. Grain growth is suppressed and the surface
area is kept large. In this case, since the capability
of holding absorbed water becomes large, the mainte-
nance of hydrophilicity in a dark place improves. Fur-
thermore, we are expecting about the mechanism that
the maintenance of hydrophilicity improves in a dark
place, absorbed water of the surface increases by photo-
generation of TiQ, it diffuse on SiQ from TiO, and
SiO; holds it.

When SiQ addition exceeds 30 mol %, the amount
of TiO, which generate hydrophilicity decreases and
the capability of hydrophilicity becomes small. Sinter-
ing of Si0, takes place, the reduction of surface area is
caused, and then, the maintenance of hydrophilicity in
a dark place is also lost.

From the above reasons, in the amount of SiO
10-30mol %, it is considered that the contact angle
during UV irradiation falls off and its maintenance in a
dark place is excellent.

4. Conclusions

Inthisresearch, the thin film in which Sj@vas added to
TiO, was produced on the tile, and the relation between
the effect and the amount of Si@ddition on photo-
generated hydrophylicity of Tigxhin film was investi-
gated. The following knowledge was obtained as results
of X-ray diffraction measurement, SEM observation,
specific surface area measurement, and TG-DTA anal-
ysis for examining the mechanism.

1. By adding SiQ to TiO,, the initial contact an-
gle and the final contact angle during UV irradiation
can be lowered, and the super-hydrophilic state can be
maintained for a long time.

2. The optimum range existed in the amount of SiO
addition to TiQ, and it was found that 10-30 mol %
SiO, addition is most effective for the contact angle of
water.

3. SiG, addition less than 30 mol % has a suppres-
sive effect on the transformation of anatase to rutile and
on the crystal growth of anatase in calcination. Conse-
guently, it is considered that the photocatalytic activity
and the capability of holding absorbed water which in-
creases during UV irradiation improves.

4. When SiQ addition is more than 30 mol %, Ti{O

ount decreases and surface area decreases by sinter-
ing of SiO, takes place in calcination. Consequently,
it is considered that the photocatalytic activity and the
capability of holding absorbed water become small.

addition and the change of contact angle is considereqReferences
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sintering progresses and grain growth takes place, the o3,

capability of holding absorbed water becomes small.
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