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Abstract

Titania sols were prepared by acid hydrolysis of a TiCly precursor instead of titanium alkoxides. The effect of acid
concentration on the particle size and stability of sol was investigated. Stable titania sols with mean particle size of 14 nm
could be obtained when the H/Ti molar ratio was 0.5. The titania sols were modified with Pt, SiO», ZrO,, WO3 and MoO3
to prepare a series of modified catalysts, which were used for the photocatalytic oxidation of formaldehyde at 37°C. They
showed different photocatalytic activities due to the influence of the additives. Comparing with pure TiO,, the addition of
silica or zirconia increased the photocatalytic activity, while the addition of Pt and MoO3 decreased the activity, and the
addition of WO3 had little effect on the activity. It is of great significance that the conversion of formaldehyde was increased
up to 94% over the SiO,-TiO, catalyst. The increased activity was partly due to higher surface area and porosity or smaller
crystallite size. A comparison of our catalyst compositions with the literature in this field suggested that the difference in
activity due to the addition of a second metal oxide maybe caused by the surface chemistry of the catalysts, particularly the
acidity. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Photocatalytic oxidation of organic compounds in
water and air has received much attention as a poten-
tial technology of pollution abatement. Several books
and reviews have been published in this area [1-6].
The removal of volatile organic compounds (VOCs) in
air has been a topic of major and continuing emphasis
over the last decade [7-9]. Potential application sites
for air purification and decontamination technologies
include completely or partially enclosed atmospheres
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such as those found in spacecraft, office buildings,
factories and homes. Titanium dioxide (TiO;) has
been extensively studied as a photocatalyst for the
photocatalytic oxidation of organic compounds. A
wide range of organic compounds can be oxidized
to CO, and H,O at room temperature on TiO, cata-
lysts in the presence of UV or near-UV illumination
[10-12]. However, slow reaction rates and poor solar
efficiency (maximum 5%) have hindered the commer-
cialization of this technology. In the hope of improv-
ing reaction rates, we dedicated much of our research
in this area toward synthesis of better photocatalyst.
It has been shown that the photocatalytic activity
of TiO; is influenced by the crystal structure, surface
area, size distribution, porosity, band gap, and sur-
face hydroxyl group density [13—16]. Recently, noble
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metals (Pt, Pd, Au, Ag, etc.) deposited on TiO; have
been widely studied for the purpose of improving the
latter’s photocatalytic activity [17-21]. An enhance-
ment of photocatalytic activity in the noble metal
modified TiO, has been explained in term of a photo-
electrochemical mechanism in which the electrons
generated by UV irradiation on the TiO, semicon-
ductor transfer to the loaded metal particles, while
the holes remain in the semiconductor, resulting in
a decrease in the electron-hole recombination [6]. In
contrast to metal/TiO; photocatalysts, there have been
few studies reported concerning the photocatalytic ac-
tivity of metal oxide/TiO; catalysts. Fu and co-workers
have reported that the mixtures of silica or zirconia
with titania had significantly higher activities than
pure titania for the complete photocatalytic oxidation
of ethylene [24]. Do and Papp have found that degra-
dation rates of 1,4-dichlorobenzene on WOs3/TiO,
and MoO3/TiO; systems were enhanced by the addi-
tion of ca. 3 mol% WOs3 and MoQOj in titania [22,23].
However, Liu [25] has found that the photocatalytic
activity of MoO3/TiO; catalyst for the photooxidation
of methanol was only one-fifth that of pure TiO,.

It is well known that the sol-gel technology is an
advanced method to prepare the mixed-metal oxide
catalysts, which provides a highly controllable prepa-
ration route with inherent advantages such as mole-
cular-scale mixing of the constituents, homogeneity
of the sol-gel product and the use of different
wet-chemical preparation tailoring tools [26]. In
the traditional process, most of titania colloids are
obtained by the controlled hydrolysis of titanium
alkoxides. However, the synthesis of titania colloids
from the corresponding salts (chloride, sulfate or ni-
trate) is lacking, which is possibly due to the rapid
hydrolysis of the inorganic salt making the formation
of precipitates become more easy and uncontrolled.
In our early work, it was found that the fresh precipi-
tate produced from the hydrolysis of either alkoxide
or inorganic salt could be peptized with acid to yield
a stable sol under appropriate conditions. The use of
inorganic salt precursor rather than organic alkoxide
precursor not only can reduce the cost of synthesis, but
also can avoid the use of organic solvent to decrease
pollution. In this paper, aqueous titania colloids were
prepared from TiCly. A series of photocatalysts were
obtained by modifying the titania colloids with Pt,
Si0y, ZrO;, WO3 and MoO3. Formaldehyde was

chosen as a probe for its presence and toxicity in air.
The effects of the additives in titania on the structure,
the photochemical properties and the photocatalytic
activities were investigated by the physico-chemical
methods such as X-ray diffraction (XRD), BET sur-
face area, pore volume, UV-VIS diffuse reflectance
spectroscopy (DRS) and photocatalytic oxidation of
formaldehyde.

2. Experimental
2.1. Preparation of catalysts

All catalysts were prepared using the sol-gel
method. The titania sols were prepared via acid pep-
tizing the precipitate of TiCly solution with ammonia.
A 10% NH4OH solution was dropped into the TiCly
solution and a white precipitate was obtained at pH =
7. The precipitate was washed with deionized water
until the absence of C1~ and NH41 ions, then a cer-
tain amount of deionized water was added to form a
suspension. By adding a correct amount 1.6 M HNOj3
([HT)/[Ti] = 0.5) with strong stirring for 24 h at 70°C,
the precipitate was peptized to form a highly dispersed
and stable titania sol. Appropriate amount of H, PtClg,
TEOS, Zr(NOs3)4, (NH4)»WO4 and (NHy);MoQOy4
solutions were dropped into the above titania sols, re-
spectively. The modified sols were dried and calcined
at 400°C to obtain Pt/TiO7, Si0O2-TiO2, ZrO-TiO»,
WO3-TiO, and MoO3-TiO; catalysts. The loading of
Pt was 0.5 wt.%, and the contents of the other metal
oxide in the modified catalysts were all 10 wt.%.

2.2. Reactivity measurements

The catalysts were packed into a 11 cm long and
2.4mm diameter Pyrex tubular reactor. The weights
of the catalysts were kept constant at 0.20 g and in all
cases the illuminated length of the catalyst was identi-
cal. [llumination was provided by four 4 W UV bulbs,
which produced a strong peak centered at 365 nm.
Formaldehyde was mixed with a zero air stream to
afford a reactant stream including 500 ppm formalde-
hyde. The reactant mixture flow rate was 20 ml/min.
The temperature of the reactor under illumination was
37°C. Analysis of the reactor effluent was conducted
with a HP6890 gas chromatograph.
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2.3. Physicochemical analysis

The size of the sol particles was measured by
quasi-elastic light scattering (QELS). Surface areas
were calculated using nitrogen adsorption data at
77K and BET analysis with OMNISORP 100CX
Micromeritics. Porosities were determined from the
adsorption maxima. X-ray diffraction analysis was
performed using a Rigaku D/Max-RB X-ray diffrac-
tometer with a copper target at 40KV and 100 mA.
Crystallite sizes were calculated from the peak width
by using the Schrerrer equation. UV-VIS diffuse
reflectance spectra were recorded on a HITACHI
200-10 spectrophotometer. The sample for UV-VIS
spectra was obtained by pressing the same-mass
powder in a sample cell under the same pressure.

3. Results and discussion

3.1. Preparation of sols and catalysts

In the preparation process of titania sols, the acid
concentration affected the size of the sol particles.
Table 1 shows that the size of the sol particles, esti-
mated from QELS measurements, varied with the acid
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Table 1

The size of sol particles under different acid concentrations

No. TiO, HT/Ti Particle Stability
(mole/l) (mole ratio) size (nm) of sol

1 0.3125 0.08 - Unpeptized

2 0.3125 0.2 102 Stable

3 0.3125 0.4 45 Stable

4 0.3125 0.5 14 Stable

5 0.3125 0.7 56 Stable

6 0.3125 1.0 96 Stable

7 0.3125 1.2 - Unstable

concentration. It was found that the sol was the most
stable and its mean particle size is the smallest when
the H*/Ti molar ratio was 0.5. Fig. 1a shows the size
distribution of the titania sol prepared under the H*/Ti
molar ratio of 0.5. The size distribution of the parti-
cles was uniform and the most probably particle size
was 14 nm. After calcination at 400°C, the pore size
of the titania xerogel obtained was also very uniform
and the mean pore diameter was about 4.6nm (see
Fig. 1b). For the modified catalysts, their pore sizes
were also as uniform as that of pure TiO;. Table 2
lists the surface area and pore structure parameters
of the pure TiO, and the modified catalysts. For the
Pt modified titania catalyst, the surface area, the pore
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Fig. 1. (a) Particle size distribution of titania sols and (b) pore size distribution of TiO, xerogel prepared from this titania sol. The titania
sol was obtained by acid hydrolysis of TiCly when H*/Ti molar ratio was 0.5. The size distribution of particles was measured by QELS
at room temperature. TiO, xerogel was prepared by drying and calcining the above titania sol for 3h at 400°C. The pore structure was
studied by low temperature nitrogen adsorption with OMNISORP 100CX Micromeritics.
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Table 2

Structural data for TiO,-based catalysts

Sample SBET Ve Porosity  Crystallite
(m?/g) (cm3/g) (%) size (nm)

TiO, 72.1 0.131 33.8 8.5

PY/TiO, 80.4 0.140 353 9.4

Si0,-TiO, 229.8 0.156 37.8 6.2

ZrO,-TiO; 132.7 0.137 34.8 6.2

WO3-TiO; 129.6 0.128 333 7.8

MoO3-TiO,  139.7 0.095 27.0 6.7

volume and porosity were slightly higher than that of
the pure TiO,. For the binary metal oxide catalysts,
the addition of a second metal oxide increased the
specific surface area of the catalyst. Especially, the
surface area of the SiO,-TiO; catalyst was remark-
ably increased up to 229.8 cm?/g. However, the effects
of the additives on the pore volume and porosity were
different. Si0,-TiO, and ZrO,-TiO, catalysts gave
higher pore volume and porosity, while MoO3;-TiO,
catalyst presented the lowest pore volume and poros-
ity, which were 0.095 cm>/g and 27%, respectively.
Fig. 2 shows the XRD spectra of these catalysts. All
of the titania in these systems were in the anatase form,
although a peak at d of 5.38 in WO3-TiO; catalyst
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cannot be assigned. The crystallite size of these cat-
alysts listed in Table 2 shows that modification by Pt
increased the crystallite size, while the addition of a
second metal oxide could decrease the crystallite size,
especially for the addition of SiO; or ZrOs.

3.2. Photochemical properties of catalysts

In most articles, UV-VIS band position is more of-
ten used to demonstrate the particle size or quantum
effect. Fig. 3 shows the UV-VIS diffuse reflectance
spectra of these catalysts. It was found that there was
no obvious difference on their UV-VIS band position,
which were close to the band position of the pure TiO».
However, their UV-VIS absorption intensities were
observably different. The intensity decreased with the
order of SiO,-TiO,, ZrO,-TiO3, TiO2, WO3-TiO»,
Pt/TiO, and MoO3-TiO;. In the preparation process
of binary mixed oxides, as calcination temperature in-
crease, pairs of hydroxyl surface will combine to lose
a water molecule and form a metal-oxygen—metal link
to establish dissimilar oxide interface. An interaction
between the additives and TiO, possibly change the
surface region of the pure TiO;. So, the photoelectric
behavior of modified titania systems become more
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Fig. 2. XRD patterns of the catalysts (a) TiOy; (b) Pt/TiOy; (c) SiO2-TiO3; (d) ZrO,-TiOy; (e) WO3-TiOy; (f) MoO3-TiO,. The samples
were calcined for 3h at 400°C. X-ray diffraction analysis was performed using a Rigaku D/Max-RB X-ray diffractometer with a copper

target at 40KV and 100 mA.
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Fig. 3. UV-VIS diffuse reflectance spectra of the catalysts. (a) SiO>-TiO3; (b) ZrO,-TiOz; (c) TiO2; (d) WO3-TiO3; (e) Pt/TiOs;
(f) MoO3-TiO;. The samples were calcined for 3h at 400°C. UV-VIS absorption spectra were recorded on a HITACHI 200-10

spectrophotometer.

complicated. Due to the difference of additives in ion-
icity, coordination structure, electron or hole energy
levels, etc., the properties of the interface between ti-
tania and additives are very different. Under UV-light
illumination, it seems possible to result in current
carrier with different concentrations on the materials
modified by different additives, which has a great
effect on the UV-VIS absorption intensities.

3.3. Photocatalytic activity of the catalysts

Conversions of formaldehyde over these modified
catalysts and pure TiO, prepared from the titania sols
are shown in Fig. 4. The conversion of formaldehyde
over pure TiO; was 41%, while the modification of Pt
in TiO, did not increase the photocatalytic activity as
reported in most of the literature, and the conversion
of formaldehyde was only 30%. By comparison, it
was found that the effects of the addition of a second
metal oxide on the photocatalytic activity were ob-
viously different with the composition. Modification
by silica or zirconia was shown to have significantly
higher activities than pure titania. Moreover, the con-
version of formaldehyde over the SiO,-TiO; catalyst
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Fig. 4. Conversions of formaldehyde over different photocatalysts.
The reaction was carried out on a home-made equipment. The
weights of the catalysts were kept constant at 0.20 g. Illumination
was provided by four 4 W UV bulbs. These bulbs produced a
strong peak centered at 365 nm. Formaldehyde was mixed with
a zero air stream to afford a reactant stream including 500 ppm
formaldehyde. The reactant mixture flow rate was 20 ml/min. The
temperature was kept at 37°C. Analysis of the reactor effluent was
conducted with a HP6890 gas chromatograph.
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Table 3

The total activity and specific activity of these catalysts

Catalyst TiO; Pt/TiO, Si0,-TiO, Zr0,-TiO; WO3-TiO, MoO3-TiO,
Total activity (%) 41 30 52 41 11

Specific activity (x 103 wmol/s/m?) 474 3.11 3.41 3.26 2.64 0.66

increased up to 94%, and such a high conversion of
formaldehyde at low temperature is very important
for the photocatalysis since all inhabited atmospheres
of concern to humans exist at or near 20-30°C. It
was found that the addition of WOs3 had little effect
on the activity, while the addition of MoO3 seriously
decreased the conversion of formaldehyde that was
only 11%.

As is shown above, the addition of the second metal
oxide increased the surface areas and porosities of the
catalysts, and decreased the crystallite size. The higher
surface area and porosity and the smaller particle size
of the Si0O,—TiO; probably caused the increase of the
activity. The conversion of formaldehyde in Fig. 4 is
values of total conversion of these catalysts. In order
to declare the influence of surface area on the con-
version of formaldehyde, values of total conversion of
formaldehyde are divided by the catalyst surface area
and expressed in terms of specific activity with units
of pdmol/m2 (see Table 3). The results showed that the
specific activities of the modified catalysts were lower
than that of the pure TiO», which suggested that the
surface area had important influence on the activity
of the photocatalyst. In current statement, the reactive
rate on per active site of the catalyst cannot be obtained
because the active site population on the surface of cat-
alyst is unknown. On the other hand, the specific activ-
ity of the catalysts cannot really reflect the reactive rate
on per active site because the active site population and
surface properties of the modified photocatalysts are
very different with those of the pure TiO,. However,
it was found that the specific activity of SiO,-TiO;
catalyst is highest among these modified photocata-
lysts. Their specific activity decreased with the or-
der of SiO,-TiO,, ZrO,-TiO,, Pt/TiO;, WO3-TiO,
and MoO3-TiO,, which suggested that the chemical
change on the catalyst surface would be possibly an
important factor for the activity of photocatalyst.

It is interesting to note that there is a corre-
sponding relation between the absorption intensity

and the activity of the catalysts. The stronger the
UV-absorption intensity, the higher the activity. It
is well known that the semiconductors can act as a
photocatalysts for light-induced redox process due to
their electronic structure, which is characterized by
a filled valence band and an empty conduction band.
When a photon with an energy of v matches or ex-
ceeds the bandgap energy, Eg, of the semiconductor,
an electron is promoted from the valence band into
the conduction band, leaving a hole. The separate
electron or hole would react with electron donors and
electron acceptors adsorbed on the semiconductor
surface to run the light-induced redox process. The
strong absorption intensity implied that more elec-
trons could be promoted from the valence band into
the conduction band and more separate electrons or
holes could be produced, which were help to enhance
the photocatalytic activity.

In particular, It has been found that mixed oxides
can develop very strong acidity even when the pure
oxide components do not show it. Recently, increasing
interest has been devoted silica-titania mixed oxides.
Materials belonging to this system have been found
to be even more acidic that silica-aluminas [27,28]. In
this case, surface acidity is thought to take the form
of stronger surface hydroxyl groups. These groups
accept holes generated by illumination and, in turn,
oxidize adsorbed molecules. Hole traps such as the
hydroxyl groups prevent electron-hole recombination
and, therefore, increase quantum yield. Thus, a greater
number of surface hydroxyl groups may be expected to
yield a higher reaction rate. In fact, zirconia and silica
modified titania displayed some of the highest acidities
among the binary metal oxides [27]. Silica is tetrahe-
drally coordinated with each oxygen bonding to two
silicon atoms, and titania is octahedrally coordinated
with each oxygen bonded to three titanium atoms. So,
if a titanium atom enters a silica lattice, then each of
its six bonds will be attached to an oxygen atom hav-
ing only one other cation bond. Four valence electrons
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(on Ti) divided by six gives a charge imbalance of
—1/3 per bond. Since the imbalance is negative, pro-
tons are expected to associate with the nearby oxygen
atoms. There are now more surface hydroxyl groups
than would be initially expected. Some experiments
indicated that the titanium migrates into silicon sites
in titanium-rich binary mixed oxides [29,30]. It has
been found that the new acidic sites created by lattice
substitution have Bronsted acid instead of Lewis acid
characteristics [28,31]. It is well known that zirconia
is eight-fold coordinated with each oxygen bonding
to four zirconium atoms. If titania migrates into zir-
conia, the zirconia-modified titania displays Lewis
acid. Modification by silica provides more surface
hydroxyl groups that may be beneficial for the photo-
catalytic oxidation of formaldehyde. It is hoped that
FTIR, XPS and NXANE studies in our lab will pro-
vide more insight and populations of surface groups
in these mixed oxide photocatalysts. Further surface
chemistry studies appear to be necessary to identify
the rate enhancement mechanism with certainty.

4. Conclusion

Stable titania sols can be obtained by acid hydro-
lysis of TiCly instead of titanium alkoxide when the
H™/Ti molar ratio is 0.5. The modification of the tita-
nia sol with different compositions can enhance or
reduce the photocatalytic activity for the oxidation of
formaldehyde. The modification of the titania sol by
silica has been shown to produce a better photocata-
lyst for the oxidation of formaldehyde. Conversion of
formaldehyde at 37°C can be increased up to 94% over
Si0,-TiO; catalyst. This substantial increase in activ-
ity is in part due to higher surface area and porosity or
smaller crystallite size. The increase of UV absorption
intensity also plays a significant role. In addition, the
surface chemistry of catalysts, particularly the acidity,
is also closely related to the photocatalytic activity.

Acknowledgements

The project was supported by the National Natural
Science Foundation of China and Chinese Academy
of Sciences. We are very grateful to Mr. S.S. Sheng for
the experimental assistance and the helpful discussion.

References

[1] N. Serpone, E. Pelizzetti (Eds.), Photocatalysis, Fundamentals
and Applications, Wiley, New York, 1989.

[2] D.F. Oills, H. Al-Ekabi (Eds.), Photocatalytic Purification
and Treatment of Water and Air, Elsevier, Amsterdam,
1993.

[3] M.R. Hoffmann, S.T. Martin, W. Choi, D.W. Bahnemann,
Chem. Rev. 95 (1995) 69.

[4] P.V. Kamat, Chem. Rev. 93 (1993) 267.

[5] M.A. Fox, M.T. Dulay, Chem. Rev. 93 (1993) 341.

[6] M. Anpo, Catal. Surveys Japan 1 (1997) 169.

[7] J. Peral, D.F. Ollis, J. Catal. 136 (1992) 554.

[8] M.L. Sauer, D.E. Ollis, J. Catal. 149 (1994) 81.

[9] L.A. Dibble, G.B. Raupp, Catal. Lett. 4 (1990) 345.

[10] A.P. Rivera, K. Tanaka, T. Hisanaga, Appl. Catal. 3 (1993)
37.

[11] S.J. Tsai, S. Cheng, Catal. Today 33 (1997) 227.

[12] D.S. Muggli, J.L. Falconer, J. Catal. 175 (1998) 213.

[13] H.V. Damme, in: N. Serpone, E. Pelizzetti (Eds.), Photo-
catalysis, Fundamentals and Applications, Wiley, New York,
1989, Chapter 7.

[14] H. Harada, T. Ueda, Chem. Phys. Lett. 106 (1984) 229.

[15] R.I. Bickley, T. Gonzalez-Carreno, J.S. Lees, L. Palmisano,
R.J.D. Tilley, J. Solid State Chem. 92 (1991) 178.

[16] K. Kobayakawa, Y. Nakazawa, M. Ikeda, Y. Sato, Ber.
Bunsenges. Phys. Chem. 94 (1990) 1439.

[17] M. Anpo, N. Aikawa, Y. Kubokawa, J. Phys. Chem. 88 (1984)
3998.

[18] L. Izumi, W.W. Dunn, K.O. Wilbourn, F.-R.F. Fan, A.J. Bard,
J. Phys. Chem. 84 (1980) 3207.

[19] C.-M. Wang, A. Heller, H. Gerischer, J. Am. Chem. Soc. 114
(1992) 5230.

[20] Y.-M. Gao, W. Lee, R. Trehan, R. Kershaw, K. Dwight, A.
Wold, Mater. Res. Bull. 26 (1991) 1247.

[21] W. Lee, H.-S. Shen, K. Swight, A. Wold, J. Solid State Chem.
106 (1993) 288.

[22] X. Fu, L.A. Clark, Q. Yang, M.A. Anderson, Environ. Sci.
Technol. 30 (1996) 647.

[23] Y.R. Do, W. Lee, K. Dwight, A. Wold, J. Solid State Chem.
108 (1994) 198.

[24] J. Papp, S. Soled, K. Dwight, A. Wold, Chem. Mater. 6
(1994) 496.

[25] Y.C. Liu, G.L. Griffin, S.S. Chan, L.E. Wachs, J. Catal. 94
(1985) 108.

[26] C.J. Brinker, G.W. Scherer, Sol-Gel Science — The Physics
and Chemistry of Sol-Gel Processing, Academic Press, New
York, 1990.

[27] K. Shibata, T. Kiyoura, T. Kitagawa, T. Sumiyoshi, K. Tanabe,
Bull. Chem. Soc. Jpn. 46 (1973) 2985.

[28] M. Itoh, H. Hattori, K. Tanabe, J. Catal. 35 (1974) 225.

[29] C.U.I. Odenbrand, J.G.M. Brandin, G. Busca, J. Catal. 135
(1992) 132.

[30] Z. Liu, R.I. Davis, J. Phys. Chem. 98 (1994) 1253.

[31] P.K. Doolin, S. Alerasool, D.I. Zalewski, J.F. Hoffman, Catal.
Lett. 25 (1994) 209.



