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Abstract

High photocatalytic activities of Ti@films (50-360 nm) were coated on stainless steel webnet by the sol-gel method.
Stainless steel webnet is a good substrate due to its large surface area, good ventilation for gases passing and good utilizatior
of UV light. The TiO; films exhibited a uniform anatase structure with particle size about 10 nm. The photocatalytic activity of
the TiO; film coated on stainless steel webnet can be related to its crystallization and thickness. With increasing of thickness
of the TiQ; film, the diffusion of the substrate was restricted from the surface and a more perfect crystallization fihTiO
was formed. Thicker and better crystallization of Fifdm resulted in its higher photocatalytic activity, which was evaluated
by the photocatalytic oxidation of gaseous formaldehyde in a cylindrical flowing photoreactor. When iHérithickness
exceeds a certain value (about 250 nm), its photocatalytic activity remains unchanged. This indicated that only a certain
thickness of the Ti@film was effective on the photocatalytic reaction.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction tion, chemical vapor deposition (CVD) and sol-gel
techniqueq7]. Coating of TiQ by impregnation is
The photocatalyic activity of Ti@for the degrada- ~ widely used by most researchers because the tech-
tion of organic and inorganic air and water pollutants nhigue is easy and does not require any complicated
is a well-established phenomenon and constitutes aequipment, but the Ti@coating is not homogeneous
very interesting characteristic of this materjat-5]. and is easily detached from substrates. On the con-
Conventional powder photocatalysts, however, have atrary, CVD and sol-gel techniques usually generate
serious limitation—the need for post-treatment sepa- a relatively homogeneous Tyzoating. The sol—gel
ration in a slurry systerf6]. This can be overcome by method of preparing Tigfilms on substrates has many
immobilizing TiO, particles as thin films on a solid advantages over the CVD meth{f], and, as a syn-
substrate. There are three techniques developed forthesis method to produce photocatalyst thin film from
coating of TiQ onto the surface of the support for colloidal solutions, the method has almost exclusively
fluidized- or packed-bed reactors, namely, impregna- been used until now.
The selection of a substrate may influence the ac-
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non-woven fiber textiles, etc. have been developed mixed with 160 ml 98% (v/v) ethanol solution. Sealed

[7-12]. The development of immobilized photocata-
lysts with high activity is still of great technological
importance. However, film-type photocatalysts nor-

and gelatinized for 72 h, a sol with a certain viscosity

was obtained.

The stainless steel webnet was selected as a support

mally have lower surface areas than powdered ones,for catalyst because of its flexibility to be engineered

and the intrinsic photocatalytic activities of films are
usually smaller than those of powders.

So far most of the research papers on Jifdms
are only involved in the study of the structure of the

and its resistance to various corrosions. Additionally,
the large surface area of the stainless steel webnet
can provide more active sites for the deposition of
TiO than general supports. The stainless steel webnet

crystal phase, the catalytic reaction, and so on. How- was obtained from Haidian Hardware Store of Beijing

ever, work is still necessary to elucidate the influence

in China. In the experiment, 60 mesh stainless steel

of all the parameters controlling the preparation of the webnet was first rinsed by 0.1 M hydrochloric acid

supported catalysts and to determine how the char-

acteristics of the resulting material can influence the

and distilled water. Then, a piece of pre-dried stainless
steel webnet, 16 cnx 10.5cm, was dipped into the

photocatalytic process. Among these, the discussion of sol for 10s and then rotated at a high speed to form
the interface reaction between the photocatalyst film a wet gel film. After drying at 80C, the substrate
and the substrate, the effect of the interface reaction coated with a TiQ dry-gel film was heated to 40 at

on the structure and properties of the catalyst are far 5°C min—1, and calcined at 400C for 10 min in an air
from complete. Since the interface reaction sometimes flow oven. The thickness of the TiGilm was adjusted

will have a serious influence on the properties of pho-
tocatalystg§13], it is quite necessary to make a further
study.

by repeating the cycle from dipping to heat treatment.
The thicknesses of the Tifilms subjected to 1-4
cycles were 50, 140, 250 and 360 nm (determined by

In this work, a stainless steel webnet was employed AES analyses), respectively.

as the substrate on which various thicknesses op TiO

films were coated using the sol-gel method. The web-
net structure makes it possible to obtain a large sur-

face area for TiQ films, as well as good ventilation

for gases passing and good utilization of UV light.
The structure of the Ti@coated stainless steel webnet
was related to its photocatalytic activity, and tested in

2.2. Characterization of Ti@film photocatalysts

The morphologies of the TiDfilms were taken
by using a KYKY2000 scanning electron microscope
(SEM). A Hitachi H-800 transmission electron micro-
scope (TEM) was used to measure the particle size.

a flow photoreactor using formaldehyde as the model A small part of the TiQ film was sonicated in a 50%

pollutant. The results confirm that the sol-gel method
is a good way to prepare anatase Fim coated on
stainless steel webnet firmly and this film exhibits high
photocatalytic activity for the photocatalytic degrada-
tion of formaldehyde.

2. Experimental
2.1. Preparation of TiQ film photocatalyst

A 20 ml aliquot Ti(OGHg)4 (A.R.) was added drop-
wise at room temperature to 160 ml of ethanol (A.R.)
and then 3 ml of NH(OgH5), was added to this solu-
tion. After stirring with an ultrasonic horn for 15 min,
a light-yellow transparent solution was formed. After

ethanol solution (v/v) for 20 min. The resulting solu-
tion was dipped onto a piece of Cu net followed by a
TEM analysis. Raman spectra of the Biims with
different coating cycles were conducted on a Renishaw
RM1000 spectrometer, and the wavelength of the laser
light was 514 nm. The Auger electron spectroscopy
(AES) technique was used to determine the thickness
of the TiQ, films subjected to different cycles. Also,
the interface diffusion and reaction could be observed.
AES spectra were obtained using a PHI 610 scan-
ning auger microscopy system. The beam voltage was
3.0kV and the beam current was @.B. The electron
beam was incident at an angle of°6@ith respect to
the specimen surface in order to make the sample sur-
face perpendicular to the ion beam. During the depth
profile analysis, the energy and beam current of the

being gelatinized for 48 h, the precursor solution was Arion beam were 3.0 keV andiBA, respectively. The
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beam diameter was 1 mm and the sputtering rate was3. Results and discussion

approximately 30.0 nm min' for a thermally oxidized
SiOy thin film.

2.3. Photocatalytic reaction

The schematic diagram of the photoreactor sys-

tem used in this study is shown iRig. 1(A). It
consisted of an air carrier gas contaminated with
formaldehyde. The concentration of formaldehyde in

3.1. Texture of Ti@films

The surface morphologies of the stainless steel web-
net coated with and without Tifare shown irFig. 2
It can be seen that TiOfilms of 50-250 nm thick-
nesses can be uniformly coated on stainless steel web-
net. However, when the film thickness increased to
360 nm, some aggregates began to form (as shown in

the contaminated atmosphere was obtained by vapor-fFig. 2(D)).

ization of formaldehyde liquid using pre-determined
values of flow rate controlled by mass flow con-
trollers. The mixture was then forced to flow through
the photoreactor (with Ti@dcoated webnet) where
it was destroyedFig. 1(B) is a schematic drawing
of the employed cylindrical UV photoreactor. The
distance in the radial direction within the cylindrical
UV reactor is represented by L is the length of the
photoreactor. The reflection or refraction of light at
all interfaces is assumed to be negligible. The pho-

toreactor was constructed from stainless steel with an

effective volume of about 0.61. Tidcoated webnet
was wound and fixed to the inner concentric hollow
frame. An 8 W 254 nm bactericidal lamp was used as

Fig. 3 shows TEM images of the TiOfilms. The
TiO> films are made up of spherical particles and
the particle size is about 10 nm. Based fig. 3(A)
and (B) the particle size did not change much with
increasing film thickness. This indicates that the thick-
ness of the Ti@ film does not affect the particle size,
at least up to a thickness of 360 nm.

3.2. Crystallization of TiQ films

Raman spectroscopy was used to investigate the
crystallization of the TiQ film on the stainless steel
webnet. Fig. 4 shows Raman spectra for different
thickness TiQ films coated on webnet as well as that

light source and the radiation power was measured to of the substrate. It was reported that peaks at 142,

be 150QuW cm~2 2.5cm away from the lamp. The
distance between the lamp and the Fi€»ated web-
net was about 2.5 cm and the total effective irradiation
area of the Ti@-coated webnet was about 120tm
A control sample was run by flowing the contami-
nated air through a catalyst-free reactor, in order to
eliminate the possibility of homogeneous photode-
struction (direct photolysis) of formaldehyde. In the
experiment, the gas flow rate was 156 ml min
Reactor influent and effluent samples were col-
lected using an sampling valve (SV) and analyzed

404, 516 and 635cnt are characteristic of anatase
TiO2 [14-16] So the TiQ films here coated on the
stainless steel webnet are anatase. It is commonly ob-
served that the optical edge shifts to the blue, which
is often attributed to the quantum size effg¢t¥].
This effect is much more pronounced for the peak at
142 cnrl, the main peak of anatase titania. The Ra-
man shift increases from 142 to 145cthyindicating
the diameter of the Ti®is about 10 nm according to
the expressions provided by Kelly et §14], Doss
and Zallen[18]. This result is consistent with the

in an SP-502 gas chromatograph (GC) equipped TEM observations.

with a 2m stainless steel column (GDX-403) and
a flame ionization detector (FID). In a typical test,
an air stream contaminated with the formaldehyde

Based onFig. 4, TiO, films with a thickness
from 50 to 140 nm exhibit weak anatase peaks, and
iron oxide with its peak at 671 cm is detected for

under study was passed through the photoreactor inthese two samples. With increasing thickness, the
the absence of UV illumination until the gas—solid anatase peaks become more intense and the iron
adsorption equilibrium was established. After the oxide peak disappears. This indicates that a better
adsorption process reached equilibrium, as indicated crystallization of the anatase TiOs resulted from

by identical inlet—outlet formaldehyde concentration, a thicker TiQ film, which covers the diffusion of
the UV lamp was turned on and the outlet gas was iron oxide. This can be further verified by AES
sampled. analyses.



190 J. Shang et al./Journal of Molecular Catalysis A: Chemical 202 (2003) 187-195

2

2

#l7|l=

e LI e

SV

(A)
inlet inlet
hollow cylindrical
frame
/ Outside wall
(stainless
steel)
TiO,-coated
L=12 cm stainless
L=20 cm l steel webnet
uv ]amp L » outlet
r=3.5 cm
r=2.5cm
(B)

Fig. 1. (A) Schematic of the experimental apparatus. MFC: mass flow controller; S: saturator with formaldehyde; SV: sampling valve; R:
reactor; GC: gas chromatography; PC: personal computer; AB: absorption bottle; V: vent; (B) photocatalytic reactor geometry.
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500 X 100um KYKY-2800 0#

Fig. 2. SEM images of (A) stainless steel webnet substrate; (B) 50 nm thicknessfili® (C) 250 nm thickness Ti® film and (D)
360 nm thickness Ti@film.

3.3. Thickness and interface diffusion of ZFifdms surface. Fe did not diffuse to the surface of the JiO
film when the film thickness was over 50 nm. It was
Fig. 5 corresponds to AES depth profile spectra of found by Zhu et al[13] that Fe in a stainless steel
the TiQ, film/stainless steel webnet samples. As has substrate diffused into a Tifilm and reacted with
been outlined in the experimental section, the thick- O, that diffused from the air, forming an interlayer of
ness of the TiQ films treated for 1-4 cycles can be iron oxide during an annealing treatment. However,
calculated fromFig. 5, with values of 50, 140, 250 the diffusion of iron oxide did not change the elec-
and 360 nm, respectively. tronic structure of the TiQ[13]. The existence of iron
As shown inFig. 5, the interlayers betweenthe TAO  oxide also has been proven by Raman spectroscopy
films and the substrates was observed and a certain(shown inFig. 4). Based onFig. 5, the distribution
amount of Fe was found in the TiQayers. When the  of the Ti concentration with depth in the TiGayer
film thickness was 50 nm, Fe diffused to the surface is homogeneous; however, Ti also diffuses into the
of the TiO, film, with a concentration of 4% on the stainless steel webnet substrate but the concentration
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Fig. 3. TEM images of (A) 50 nm thickness Tidilm and (B)
360 nm thickness Ti@film.

is very low. The above results suggest that diffusion
between the TiQlayer and the stainless steel webnet
has taken place, making the coating of the J1&yer

on the stainless steel webnet firm.

Combining the results of AES and Raman spectra,
it can be confirmed that the incorporation of Fe ac-
counts for the poor crystallization of TgOwvhen the
film thickness is less than 140 nm. However, the dif-
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Fig. 4. Raman spectra of (A) 50nm thickness Fi@m; (B)
140 nm thickness Ti@film (C) 250 nm thickness Ti@film and
(D) 360nm thickness Ti@ film. Substrate is the stainless steel
webnet after calcining at 40@€ for 10 min in an air flow oven.

by increasing the thickness of the Tityer. This re-
sults in more perfect crystallization of the Tid@ims,

as shown by the Raman spectra. That is to say, the
influence of Fe diffusion on the crystallization of the
TiO2 film is negligible with the increase of Tig¥ilm
thickness. In addition, the film is stably attached to the
stainless steel webnet owing to the diffusion.

3.4. Photocatalytic activity of Ti@films

In Fig. 6, the variation of the degraded concentra-
tions of formaldehyde with irradiation time for dif-
ferent thicknesses of the Tidilms are given. Blank
experiments indicated that photocatalytic reaction did
not proceed in the absence of either Ti@ UV light.
However, once there were both Ti@nd UV irradi-
ation, formaldehyde could be photocatalytically de-
graded. After the gas—solid adsorption process reached
equilibrium, with the initial concentration of formalde-
hyde being &5 x 10-°moll~1, the UV lamp was
turned on. As can be seen frofig. 6, the degraded
concentration of formaldehyde increased with both the
irradiation time and film thickness. The increase was
more pronounced at the beginning of the irradiation
(as well as with increasing film thickness) and then

fusion of substrate Fe can be banned from the surfaceleveled off. A new steady state was achieved about
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Fig. 5. The AES depth profile spectra of the %i@Ims/stainless steel webnet samples treated for (A) 1 cycle (50nm); (B) 2 cycles

(140 nm); (C) 3 cycles (250nm) and (D) 4 cycles (360 nm).

5h after the lamp was turned on. Also an increase in

of the photocatalyst changed little and was almost in-

the degraded concentration of formaldehyde was not dependent of the film thickness. The relationship of

obvious after the film thickness reached 250 nm.

As discussed above, it can be concluded that film
thickness of TiQ-coated webnet has an influence on
its crystallization, diffusion, and further on its photo-
catalytic activity. The structure characteristics of the
TiO,-coated webnet can be related to its photocat-
alytic activity. Based on the experimental data, one
could clearly find such a regularity: when film thick-
ness ranged from 50 to 250 nm, the activity of the
photocatalyst increased with increasing film thickness;
when the film was thicker than 250 nm, the activity

the photocatalytic activity to film thickness can be
explained well by analyzing both the crystallization
and light absorption of the Ti©film photocatalyst.
The TiO, film photocatalyst with 50 nm thickness ex-
hibits the lowest activity, which can be explained by
the following two factors: (1) poor crystallization of
the anatase Ti@due to the diffusion of Fe to the film
surface. The diffusion of Fe into the TjQayer was
unavoidable during the baking of the photocatalyst in
an oven at 400C. Especially when the thickness of
the TiG, film was 50 nm, Fe diffused to the surface of
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. . . . . . . crystalline grains in the Ti@ layer exposed to the
light became more perfect. On the other hand, the
number of reactive oxygen species increased, due to
the increase in thickness of the Ti@m and resulted

in an increase in the light-harvesting capacity.

For the two TiQ films with thickness being 250 and
360 nm, Fe is restricted from diffusing to the surface
and consequently there are not too much difference in
the crystallization of the two photocatalysts. It was in-
teresting to note that the photocatalytic activity of the
two samples changed little although the thickness in-
creased continually. That is to say, a certain thickness
of the TiQ, film was needed to guarantee its perfect
) crystallization and correspondingly its photocatalytic
00 > 4 6 8 activity, and after that only a limited thickness of the
TiO> layer (close to 250 nm in this case) was effective
for the photocatalytic oxidation reaction. As we know,
Fig. 6. The variations of the degraded concentration of formalde- carriers (¢ and h") photogenerated in the TiGcan
hyde with irradiation time for different thicknesses of pi@ms. transfer to the surface of TiQvhere trapping reactions
(A)50nm _thickness_Ti@fiIm; (B) 140nm thickr_]ess Ti@fillm_(C) occur with above reactive oxygen species. However,
250 nm thickness Ti@film and (D) 360 nm thickness Tifilm. . . .

Substrate is the stainless steel webnet after calcining at@®0r if the carriers formed in the phOtocatalySt Can_nOF be
10min in an air flow oven. transported to the surface of the photocatalyst in time,
they will not contribute to the photocatalytic reaction.
Most of the carriers recombine with each other within
TiO2 film. As a direct consequence of the Fe diffus- a few nanosecond4]. According to Tachibana et al.
ing into the TiQ layer, the growth of crystalline Ti® [21], an appropriate light-scattering magnitude in the
grains is inhibited, which reduces the intrinsic activity TiO» film originating from the particle sizes and their
of the photocatalyst; (2) there is weak light absorp- distribution, and the film thickness are key parame-
tion due to the thin Ti@ film. As we know, under the  ters in controlling the electron-transfer yield as well
condition that both UV light with suitable energy and as the light-harvesting efficiency. Based on our exper-
oxygen are available, reactive oxygen species such asimental data, it was indicated that the light-harvesting
O,~, O, O, *OH and HQ* are generated on the efficiency reached saturation with a certain thickness
surface of TiQ [19,20] Both holes and reactive oxy- of the TiO, film. Therefore, the photocatalytic ac-
gen species such 4OH have been proposed as the tivity of a TiO, film thicker than 250 nm remains
species responsible for initiating the oxidative attack constant.
on organic compounds. Normally, the more absorbed Table 1shows the effect of the initial concentra-
light, the more reactive oxygen species are generatedtion of formaldehyde on photocatalytic activity us-
on the surface of the photocatalyst, and consequentlying the 250 nm thick Ti@ film as a photocatalyst. It
the more active the photocatalyst is. Fifty nanome- was found that with increasing the concentration of
ter thickness Ti@ film photocatalysts cannot absorb formaldehyde in the inlet gas flow, the degraded con-
enough light for the formation of enough reactive oxy- centration of formaldehyde increased to a certain ex-
gen species to take part in the photocatalytic reaction, tent before reaching a constant value. This probably
resulting in poor photocatalytic activity. resulted from the limited and fixed number of reactive

When the film thickness was increased from 50 to sites on the surface of Tilavailable for the adsorp-
250 nm, the photocatalytic activity could be enhanced. tion of formaldehyde. Similar results were observed
On the one hand, the diffusion of Fe to the surface and discussed for the decomposition of toluene over
of the TiO, film could be decreased by increasing TiO; with saturated adsorption under fixed active sites
the thickness of Ti@ layer. As a consequence, the [22], as well as for the photocatalytic degradation of

Substrate

Degraded Concentration of CH20[ *107° mol/L]

Irradiation Time [h]
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Table 1
Effect of initial concentration of formaldehyde on photocatalytic
activity using a 250 nm thickness Tidilm as a photocatalyst

Initial concentration of
formaldehyde %10-2mol |I-1)

Degraded concentration of
formaldehyde %10-2mol I-1)

1.25 1.25
2.08 2.08
2.50 2.50
4.17 2.79
5.00 2.79
6.25 2.79

TCE [7]. When the concentration of formaldehyde
was below its saturated value, formaldehyde could be
completely degraded to G&nd HO. As can be seen
from Table 1 the maximum degraded concentration
of formaldehyde on a uniform anatase %iflm was
2.79 x 10~°moll~%, the flow rate of 156 mlmint
being constant during the experiment.

It was found that the photocatalytic activity of

TiO2-coated stainless steel webnet was maintained

at a constant value for long periods of reaction time,

usually more than 200 h, and could be assumed to be

constant during the course of reaction. This indicates
that the deposited Ti®is not deactivated during the
reaction and can be re-utilized in subsequent runs.
This is an important feature for its potential use as
an immobilized catalyst working in batch or flow
photoreactors.

4. Conclusion

A good controlled morphology and crystalline
phase of TiQ film (50-360 nm) with a high photo-
catalytic activity can be obtained by sol-gel method
coated on stainless steel webnet.

Thicker and better crystallization of TyCfilm re-
sults in its higher photocatalytic activity. However, the
thickness of the Ti@ film has a saturation value for
the photocatalytic reaction due to the saturation of
light-harvesting efficiency.

This paper shows that the adhesion of 7ién a
stainless steel webnet is of good quality and can be
reused in subsequent runs.
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