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Abstract

Bimodal mesoporous titania powders with high photocatalytic activity were prepared by hydrolysis of titanium tetraisopropo
the presence of HNO3 or NH4OH under ultrasonic irradiation. The powders were characterized by X-ray diffraction (XRD), sca
electron microscopy (SEM), BET surface areas, and X-ray photoelectron spectroscopy (XPS). Photocatalytic activity was evalua
photocatalytic oxidation of acetone in air. The effects of catalysts added during hydrolysis on the microstructure and photocatalytic
the TiO2 powders were investigated. The results showed that HNO3 enhanced the growth of brookite, while NH4OH not only retarded phas
transformation of the TiO2 powders from amorphous to anatase and anatase to rutile but also suppressed the growth of brookite.2
powders calcined from 400 to 600◦C showed bimodal pore-size distributions in the mesoporous region: one was intraaggregated po
maximum pore diameters of ca. 4–9 nm and the other interaggregated ones with maximum pore diameters of ca. 35–50 nm. At 7◦C, the
pore-size distributions of all samples exhibited monomodal distribution of the interaggregated pores due to the collapse of the intraa
pores. The photocatalytic activity of the TiO2 powders prepared by this method and calcined at 400◦C exceeded that of Degussa P-25 wh
the molar ratio of HNO3 or NH4OH to H2O was less than 0.05.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

A great deal of effort has been devoted in recent ye
to developing oxide semiconductor photocatalysts with h
activities for environmental protection procedures such
air purification, water disinfection, hazardous waste re
diation, and water purification [1–6]. Among various o
ide semiconductor photocatalysts, titania has proven to
the most suitable for widespread environmental applicat
due to its biological and chemical inertness, strong oxi
ing power, cost effectiveness, and long-term stability aga
photocorrosion and chemical corrosion. Titania has th
different crystalline phases: rutile, anatase, and broo
rutile among which is the thermodynamically stable sta
while the other two phases are metastable [7]. Photocata

* Corresponding author.
E-mail address: jimyu@cuhk.edu.hk (J.C. Yu).
0021-9517/03/$ – see front matter 2003 Elsevier Science (USA). All rights r
doi:10.1016/S0021-9517(03)00034-4
activity of titania is strongly dependent on its phase str
ture, crystallite size, specific surface areas, and pore s
ture [8–10]. For example, many studies have confirmed
the anatase phase of titania is a superior photocatalytic
terial attributable to the low recombination rate of its ph
togenerated electrons and holes [1,2]. Moreover, we fo
that the composite of two phases of titania was more b
eficial for suppressing the recombination of photogener
electrons and holes and thus enhanced photocatalytic a
ity [8,9]. However, the detailed mechanism and factors in
encing its activity were poorly understood [11,12].

Sol–gel processing can be used to make nanom
sized photocatalysts by a chemical reaction in solution s
ing with metal alkoxides as a precursor at room temp
ature [13,14]. An advantage of this method is that it
possible to obtain a large amount of TiO2 powders with
high photocatalytic activity and chemical purity [8,9,15].
sol–gel synthesis of titania, hydrolysis and polyconden
eserved.

http://www.elsevier.com/locate/jcat
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Table 1
Effects of amount of HNO3 and NH4OH catalysts on relative crystallinity of anatase and pore volumes in TiO2 xerogels dried at 100◦C

Sample Type of Catalyst/TTIP pH Relative BET surface Pore volum
catalyst molar ratio crystallinity area (m2/g) (cm3/g)

CAT1 HNO3 0.30 0.5 2.5 240.3 0.19
CAT2 HNO3 0.05 4.1 2.3 246.1 0.29
CAT3 No catalyst 0 6.8 2.1 250.2 0.32
CAT4 NH4OH 0.05 9.6 1.6 365.3 0.33
CAT5 NH4OH 0.30 13.0 1 375.1 0.35

The pH values were recorded right before hydrolysis reaction. The relative anatase crystallinity was calculated from the relative intensity of theiffraction
peak of anatase (101) plane (reference: CAT5 sample dried at 100◦C).
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tion reactions occur simultaneously when titanium tetra
propoxide (TTIP) mixes with water [16,17]. The polyco
densation reaction induces polymerization forming hig
molecular weight products (nuclei and subsequently p
cles) [18,19]. These two reactions are sensitive to the r
tion conditions, such as type and amount of solvent, w
concentration, type and amount of catalysts, reaction
perature, mixing conditions, and so on. Thus, the ph
catalytic activity and microstructure of the obtained tita
powders depend strongly on the above reaction condit
Song and co-workers [20–24] reported the effects of
ter concentration, calcination and hydrolysis temperatu
dopants, type and amount of catalyst, and alcohol solv
on microstructures of bimodally nanostructured porous
tania powders. Ito et al. [14] found that the volume ra
of H2O to EtOH was a key factor influencing crystallini
and photocatalytic activity of TiO2 particles prepared from
the H2O–EtOH mixed solution of TiOSO4. Very recently,
we have also reported the effects of water content and
trasonic irradiation on the enhancement of photocata
activity of nanometer-sized TiO2 powders prepared by th
sol–gel method. It was found that ultrasonic irradiation
viously enhanced the photocatalytic activity of TiO2 pow-
ders, for both cases where the solvent is pure water or w
it is a mixed solution of EtOH/H2O. This may be ascribe
to the fact that ultrasonic irradiation enhances hydrolysi
titanium alkoxide and crystallization [8,9]. However, to t
best of our knowledge, effects of HNO3 and NH4OH cata-
lysts added during hydrolysis on the photocatalytic acti
and microstructures of titania powders prepared by hyd
ysis of TTIP and under ultrasonic irradiation have not b
reported.

In this study, highly photocatalytically active nanomet
sized TiO2 photocatalysts with different phase compositio
have been prepared by sol–gel process and ultrasonic
ment in an EtOH–H2O solution. The effects of the amou
of HNO3 and NH4OH catalysts on the microstructures a
photocatalytic activity of bimodal mesoporous titania po
ders were investigated by X-ray diffraction (XRD), nitr
gen adsorption, scanning electron micrograph (SEM), X
photoelectron spectroscopy (XPS), and photocatalytic
dation of acetone. The scope of this study is to describe
different acid and basic catalysts influence the crystalli
-

.

t-

and ultimately the photocatalytic activity of mesoporous
tania.

2. Experimental

2.1. Preparation

All chemicals used in this study were reagent gr
supplied from Aldrich and were used as received. Millip
water was used in all experiments.

Titanium tetraisopropoxide [Ti(OC3H7)4, 97%] was used
as a titanium source. To moderate its high reactivity,
TTIP was first diluted in anhydrous ethyl alcohol (mo
ratio of ethyl alcohol/TTIP= 3) before reaction with wate
In this study, HNO3 and NH4OH were used as hydrolys
catalysts. The molar ratio of catalyst/TTIP was varied in
the range of 0 to 0.5. Table 1 summarizes the prepara
conditions of different samples of titania powders. Differ
amounts of the hydrolysis catalysts in different samp
were mixed with an equivalent amount of water (mo
ratio of water/TTIP = 60). The hydrolysis was conducte
at room temperature by adding the ethanol solution to
aqueous solution of various catalyst concentrations
vigorous stirring for 1 h. The slurry products containi
white titanium hydroxide precipitates were then irradia
with ultrasound in an ultrasonic cleaning bath (Branso
ultrasonic cleaner, Model 3210E DTH, 47 kHz, 120
USA) for 2 h, followed by aging in a closed beaker at ro
temperature for 24 h in order to further hydrolyze the TT
After aging, these samples were heated at 100◦C for about
24 h in air to remove water and alcohol in the gels a
then ground to fine powders to obtain xerogel samples.
xerogel samples were calcined at 400, 500, 600, and 70◦C
in air for 1 h, respectively.

2.2. Characterization

The X-ray diffraction patterns obtained on a Philips MP
18801 X-ray diffractometer using Cu-Kα radiation at a sca
rate of 0.05◦ 2θ s−1 were used to determine the identity
any phase present and their crystallite size. The acceler
voltage and applied current used were 35 kV and 20
respectively. The phase content of a sample can be calcu
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from the integrated intensities of anatase (101), rutile (1
and brookite (121) peaks. If a sample contains only ana
and rutile, the mass fraction of rutile (WR) can be calculated
from [25]

(1)WR = AR

0.886AA + AR
,

where AA and AR represent the integrated intensities
the anatase (101) and rutile (110) peaks, respectivel
brookite is also present in a sample, similar relations ca
derived [25],

(2a)WA = KAAA

KAAA + AR + KBAB
,

(2b)WR = AR

KAAA + AR + KBAB
,

(2c)WB = KBAB

KAAA + AR + KBAB
,

whereWA andWB represent the mass fractions of anat
and brookite, respectively.AB is the integrated intensity o
the brookite (121) peak, andKA andKB are two coefficients
and their values are 0.886 and 2.721, respectively. W
Eq. (2), the phase contents in any TiO2 samples can b
calculated. The average crystallite sizes of anatase, ru
and brookite were determined according to the Sche
equation using the fwhm data of each phase [25].

Usually, the anatase phase of titania is the main pro
in hydrolytic sol–gel synthesis of nanocrystalline titan
However, brookite is also typically present in synthe
products. Brookite can be detected by the appearanc
its (121) peak in powder X-ray diffraction patterns at 2θ =
30.8◦. However, in some previous studies, the existenc
a significant brookite phase was overlooked [26,27]. Eve
the intensity of the brookite (121) peak is very low compa
to the anatase (101) peak, the amount of brookite ma
considerable [25,28].

Particle sizes and shapes were observed using sca
electron microscopy (Japan). The Brunauer–Emmett–T
(BET) surface area (SBET) of the powders was obtaine
with nitrogen adsorption in a Micromeritics ASAP 201
nitrogen adsorption apparatus. For xerogel samples d
at 100 ◦C, the samples were degassed at 100◦C prior
to actual measurements. However, for xerogel sam
calcined at higher temperatures (from 400 to 700◦C),
the degassing temperature was 180◦C. The BET surface
area was determined by the multipoint BET method us
the adsorption data in the relative pressure (P/P0) range
of 0.05–0.25. The pore-size distribution, based on
desorption branch of the isotherm, was estimated using
method developed by Barret, Joyner, and Halender (B
assuming a cylindrical pore modal [29–31].

2.3. Photocatalytic activity measurement

Acetone (CH3COCH3) is a common chemical used e
tensively in a variety of industrial and domestic applicatio
,

f

g

Therefore, we chose it as a model contaminant. Photo
alytic oxidation of acetone is based on the following re
tion [32,33]:

(3)CH3COCH3 + 4O2 → 3CO2 + 3H2O.

The photocatalytic activity experiments on the prepa
TiO2 powders and Degussa P-25 (P25) for the oxida
of acetone in air were performed at ambient tempera
using a 7000-ml reactor. The photocatalyst samples
oxidation measurement were prepared by coating onto
inner surfaces of petri dishes (7.0 cm in diameter)
TiO2 powders left behind from the evaporation of t
water in a TiO2 aqueous suspension. The weight of
photocatalyst used for each experiment was kept at 0
and the samples were cooled to room temperature be
measurement. After sample-coated dishes were placed i
reactor, a small amount of acetone was injected into
reactor. The reactor was connected to a CaCl2-containing
dryer used for controlling the initial humidity in the reacto
The analysis of acetone, carbon dioxide, and water va
concentration in the reactor was conducted on line w
a Photoacoustic IR Multigas Monitor (INNOVA Air Tec
Instruments Model 1312) [9,21]. The acetone vapor w
allowed to reach adsorption equilibrium with the catal
in the reactor prior to UV light irradiation. The initia
concentration of acetone after adsorption equilibrium w
about 400 ppm, which remained constant until a 15
365-nm UV lamp (Cole-Parmer Instrument Co.) in t
reactor was switched on. Integrated UV intensity in
range 310–400 nm striking the coatings was measured
a UV radiometer (UVX, UVP Inc., CA) and was 540±
10 µW/cm2, while the peak wavelength of UV light wa
365 nm. The initial concentration of water vapor was 1.20±
0.01 vol%, and the initial temperature was 25±1 ◦C. During
the photocatalytic reaction, a near 3:1 ratio of carbon diox
products to acetone destroyed was observed, and the ac
concentration decreased steadily with UV illumination tim
Each set of experiments was followed for 60 min.

The photocatalytic activity of the coatings can be qu
titatively evaluated by comparing the apparent reaction
constants. The photocatalytic degradation generally foll
a Langmuir–Hinshelwood mechanism [1,2,33,34] with
rater being proportional to the coverageθ .

(4)r = kθ = kKc/(1+ Kc),

where k is the true rate constant which includes vario
parameters such as the mass of catalyst and the inte
of light, andK is the adsorption constant. Since the init
concentration is low (c0 = 400 ppm= 4.29× 10−3 mol/L),
the term Kc in the denominator can be neglected w
respect to unity and the rate becomes, apparently, first o

(5)r = −dc/dt = kKc = kac,

whereka is the apparent rate constant of pseudo-first or
The integral formc = f (t) of the rate equation is

(6)ln c0/c = kat .
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The photocatalytic behavior of Degussa P-25 was
measured as a reference to compare with the synthesize
alysts. The measurements were repeated for each cat
system, and the experimental error was found to be wi
±3%.

3. Results and discussion

3.1. Phase structures

Figs. 1a–c show the XRD patterns of the CAT1, CAT
and CAT5 TiO2 powders calcined at different temperatur
respectively. Table 1 shows the effects of HNO3 and NH4OH
catalysts added during hydrolysis on relative anatase c
tallinity of TiO2 xerogel dried at 100◦C. Table 2 shows th
effects of HNO3 and NH4OH catalysts on phase structu
and average crystalline size of TiO2 xerogel powders cal
cined at different temperatures. Apparently, the type of c
lysts added during hydrolysis influences the phase struc
and crystallization of the xerogel powders at 100◦C. Xero-
gel powders made with HNO3 (CAT1) and without catalys
(CAT3) at 100◦C produce the same XRD patterns and b
contain the anatase and brookite phases. There is, how
a small difference in crystallinity between CAT1 and CAT
Table 1 and Fig. 1 show that CAT1 is slightly more cry
talline, as indicated by the relative crystallinity of anata
Interestingly, when NH4OH is used as the hydrolysis ca
alyst, the xerogel powders of CAT5 dried at 100◦C con-
tain only the anatase phase, and the relative crystallinit
anatase also decreases. These results are different from
observed by Song and Pratsinis [23] and Terabe et al.
who found only anatase in the powders prepared with
catalyst. They claimed that the anatase phase is more s
than the amorphous phase in acidic solutions. So et al.
studied the crystalline phase of titania they prepared u
a sol–gel method followed by a peptizing treatment w
HNO3. They found that both anatase and rutile could
formed even at room temperature. It was speculated tha+
ions added would rearrange the amorphous aggregat
form the crystalline phases [36]. These discrepancies in
literature may be ascribed to different preparation meth
and hydrolysis conditions. In general, the greater the rela
crystallinity, the better the crystallization becomes. It can
concluded from Table 1 and Fig. 1 that HNO3 enhances th
crystallization of anatase while NH4OH reduces it under ou
experimental conditions.

Figs. 1a–c and Table 3 also show that the types of
drolysis catalyst obviously influence the phase comp
tion and transformation temperature of anatase to rutile.
CAT1, with increasing calcination temperature (from 1
to 600 ◦C), the peak intensities of anatase increase
the width of the (101) plane diffraction peak of anata
(2θ = 25.4◦) becomes narrower; the crystallization of ti
nia is also enhanced. At 600◦C, brookite disappears and r
tile is formed, and the TiO2 powders contain only anata
t-
c

s

r,

se

e

o

(a)

(b)

(c)

Fig. 1. XRD patterns of the (a) CAT1, (b) CAT3, and (c) CAT5 powd
(Table 1) as a function of calcination temperature. The peaks marked
and B represent the anatase, rutile, and brookite phase, respectively.

and rutile. For CAT3, a trace amount of rutile appears
600 ◦C, and the TiO2 powders contain all three phases
anatase, brookite and rutile. At 700◦C, rutile is the main
phase and brookite is gone. Table 3 shows that with
creasing calcination temperature, the brookite conten
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Table 2
Effects of catalysts and calcination temperatures on phase structures and average crystalline size (nm) of TiO2

REtOH 100◦C 24 h 400◦C 1 h 500◦C 1 h 600◦C 1 h 700◦C 1 h

CAT1 (HNO3) A: 5.7 nm, B: 3.6 nm A: 6.4 nm, B: 5.9 nm A: 10.6 nm, B: 7.7 nm A: 28.3 nm, R: 25.7 nm A: 40.3 nm, R: 62.
CAT3 A: 5.1 nm, B: 4.0 nm A: 6.8 nm, B: 5.7 nm A: 10.4 nm, B: 7.3 nm A: 23.0 nm, B: 9.5 nm, R: 52.2 nm A: 39.3 nm, R: 62
CAT5 (NH4OH) A: 4.9 nm A: 9.3 nm A: 12.4 nm A: 28.3 nm A: 36.6 nm, R: 55.8 n

A, B, and R denote anatase, brookite, and rutile, respectively. Average crystalline size of TiO2 was determined by XRD using the Scherrer equation.

Table 3
Effects of HNO3 and NH4OH catalysts on phase content of TiO2

REtOH 100◦C 24 h 400◦C 1 h 500◦C 1 h 600◦C 1 h 700◦C 1 h

CAT1 (HNO3) A: 65.2, B 34.8 A: 73.5, B 26.5 A: 76.5, B 23.5 A: 92.2, R: 7.8 A: 60.2, R: 3
CAT3 A: 68.6, B 31.4 A: 70.0, B 30.0 A: 75.0, B 25.0 A: 84.0, B 14.0, R 2 A: 6.4, R 93
CAT5 (NH4OH) A: 100 A: 100 A: 100 A: 100 A: 8.4, R 91.6

A, B, and R denote anatase, brookite, and rutile, respectively.

Fig. 2. Schematic model of the phase transformations in the samples calcined at different temperatures.P A, anatase;P B, brookite;P R, rutile. The concentra-
tions of different phases are roughly illustrated by the area size of the circles.
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CAT1 and CAT3 diminish and finally reach zero at 600 a
700 ◦C. For CAT5, there is no trace of brookite, and t
phase transformation of anatase to rutile occurs at 700◦C.
It is also interesting to note from Table 3 that HNO3 cat-
alyst enhances the growth of brookite, while NH4OH re-
tards such growth as well as the phase transformation
anatase to rutile. The detailed mechanism is not clear.
different processes of phase transformation occurring
the three samples are illustrated in Fig. 2. Table 2
Fig. 3 also show that with increasing calcination tempe
ture, the average crystallite size of anatase increases.
500 to 700◦C, there is a steep increase of anatase c
tal size due to phase transformation from anatase to
tile as a result of the heat provided to accelerate g
growth [8–10].

3.2. BET surface areas and pore structure

Fig. 3 also shows the specific surface areas of
CAT1, CAT3, and CAT5 powders calcined at differe
temperatures. All powders show a monotonic decrease o
specific surface area with increasing calcination tempera
due to the crystallite growth and phase transformation.
interesting to observe that the CAT5 powder shows hig
surface area than the CAT3 and CAT1 powders at 100◦C,
but exhibits smaller surface area at 400◦C or higher. This
can be ascribed to the fact that, at 100◦C, the CAT3
and CAT1 powders had better crystallization and lar
crystallite size. At 400◦C or higher, the crystallite size o
the CAT5 powders exceeds those of CAT3 and CAT1.

To compare the pore structure of the as-prepared x
gel powders at 100◦C, their nitrogen adsorption and de
orption isotherms are presented in Fig. 4 for the CA
CAT3, and CAT5 powders. The isotherms correspondin
the CAT1 and CAT3 powders are of type IV (BDDT cla
sification) [30] and have two hysteresis loops, indicat
bimodal pore size distributions in the mesoporous reg
The shapes of the two hysteresis loops are different f
each other. At low relative pressure between 0.4 and 0.7
hysteresis loops are of type H2, which can be observe
the pores with narrow necks and wider bodies (ink-bo
pores) [30]. However, at high relative pressure between
and 1.0, the shape of the hysteresis loops is of type H3
sociated with aggregates of platelike particles giving rise
slitlike pores [30]. For NH4OH catalyst, the isotherm of th
CAT5 powders at 100◦C is a combination of types I and IV
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Fig. 3. Anatase crystallite size and BET surface areas of the CAT1, C
and CAT3 powders as a function of calcination temperature.

Fig. 4. Nitrogen adsorption and desorption isotherms of the (a) CAT1
CAT3, and (c) CAT5 TiO2 xerogel powders at 100◦C.

(BDDT classification) with two very distinct regions: At lo
relative pressure, the isotherm exhibits high adsorption
dicating that the powder contains micropores (type I). H
ever, at high relative pressures between 0.8 and 1.0, the
exhibits a hysteresis loop indicating the presence of m
pores (type IV). The shape of the hysteresis loop is of t
H3, associated with plate-like particles giving rise to narr
slit-shaped pores [30,31].

Fig. 5 shows the pore-size distributions of the CAT
CAT3, and CAT5 titania xerogel powders at 100◦C. The
CAT3 powders dried at 100◦C show bimodal pore-size dis
tributions consisting of fine intraaggregated pores wit
maximum pore diameters of 4.7 nm and larger interag
gated pores with a maximum pore diameter of 42 nm.
cording to Kumar et al. [37], a bimodal pore-size distr
ution is due to hard aggregates in the powders. There
two types of pores present in the bimodal pore size dis
ution. One is the finer intraaggregated pore (represente
the hysteresis loop in the lowerP/P0 range) and the other
the larger interaggregated pore (hysteresis loop in the hi
P/P0 range).
e

r

Fig. 5. Pore-size distribution curves of the (a) CAT1, (b) CAT3, and
CAT5 TiO2 xerogel powders dried at 100◦C.

It is interesting to note that the maximum pore sizes of
intraaggregated and interaggregated pores in CAT1 pow
are less than those in CAT3 powders. Also, the pore volu
of the intraaggregated and interaggregated pores in C
powders are less than those in CAT3 powders. The differ
in the pore-size distributions and pore volumes betw
powders prepared with HNO3 as catalyst and withou
catalyst can be explained by the influence of the peptiza
step [23,38] on the dispersion of primary particles in
sol. For the powders prepared under excess HNO3, protons
(H+) from HNO3 are adsorbed on the surface of the prim
particles. As most particles carry a positive charge, t
repel each other to form a stable sol with a minimum deg
of aggregation. On the other hand, the sol consisting
powders prepared at low HNO3 concentrations or withou
catalyst contains nonuniform, highly aggregated cluster
primary particles. Since the powders prepared with ex
HNO3 have fewer aggregates and the primary particle
the powders are packed more uniformly, the maximum p
diameter and pore volume become smaller.

The dried powders prepared using NH4OH catalyst ex-
hibit bimodal pore-size distributions, consisting of fine
traaggregated micropores and larger interaggregated m
pores. It is also observed from Fig. 5 that the maxim
pore diameters of the intraaggregated pores and the i
aggregated pores decrease with the addition of NH4OH cat-
alyst. This may again be ascribed to the fact that hydro
ions (OH−) from NH4OH are adsorbed on the surface of
primary particles. These particles carrying the same ch
would also repel each other. When the solvents were e
orated at 100◦C, the primary particles within the powde
are packed more uniformly and closely, thus the maxim
pore diameter in the intraaggregated and the interaggreg
become smaller.

Figs. 6a–c show the pore-size distributions of CA
CAT3, and CAT5 powders calcined at different tempe
tures, respectively. For the CAT1 and CAT3 powders,
pores show bimodal distributions consisting of the intra
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Fig. 6. Pore-size distribution curves of the (a) CAT1, (b) CAT3, and
CAT5 powders as a function of calcination temperatures.

gregated and interaggregated pores from 100 to 600◦C. At
700◦C, the pores exhibit monomodal distribution of the
teraggregated pores due to the collapse of intraaggreg
pores. The maximum pore size of the intraaggregated p
in the CAT1 and CAT3 powder calcined at 400◦C lies in
d

Fig. 7. Comparison of the pore-size distribution curves of the CAT3 pow
calcined at 400◦C and Degussa P-25 powder.

4.0 and 5.3 nm, respectively. However, when the powde
calcined 500 and 600◦C, the maximum pore size of th
intraaggregated pores shifts into the larger mesoporou
gion, indicating the growth of pores. This is caused by
growth of anatase crystallites. The bimodal pore-size
tributions are also observed in the CAT5 powders (sho
in Fig. 6c). The maximum pore volume of the intraagg
gated pores in the powder dried at 100◦C lies in the micro-
porous region. However, when the powder is calcined fr
400 to 600◦C, the maximum pore size of the intraagg
gated pores shifts into the mesoporous region (3.7–9.0
indicating the growth of pores. This is caused by the cr
tallization and growth of anatase crystallites. At 700◦C, the
pores also exhibit monomodal distribution of the interagg
gated pores for CAT5 powders. Therefore, it can be infe
that, at 700◦C, hydrolysis catalyst has no influence on t
pore-size distributions.

Fig. 7 shows the comparison of pore-size distribution
the CAT3 powders calcined at 400◦C and Degussa P-2
titania powders prepared by flame hydrolysis of TiCl4. The
P25 powder has smaller specific surface area (53.2 m2/g)
than the CAT3 powder calcined at 400◦C (154.1 m2/g). It
also shows a totally different pore-size distribution. The p
structure of the P25 powder is monomodal with a maxim
pore diameter at 34 nm. However, the pore-size distribu
of the CAT3 powder is bimodal and shows two maximu
values at 5.3 and 47.0 nm.

Fig. 8 shows scanning electron micrographs of the CA
(a, b), CAT3 (c, d), and CAT5 (e, f) powders calcin
at 500 ◦C. The CAT1 powders show a dense struct
with fewer aggregates, resulting in the decrease in
pore volume of the large interaggregated pores in Fig.
The CAT3 powders prepared without catalyst show hig
aggregated and nonuniform structure, resulting in the hig
pore volume of the large interaggregated pores in Fig.
On the other hand, the CAT5 powders show microstruct
of uniform, compact secondary particles with smaller s
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(a) (b)

(c) (d)

(e) (f)

Fig. 8. SEM micrographs of (a, b) CAT1, (c, d) CAT3, and (e, f) CAT5 powders calcined at 500◦C.
ores
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Hence, the pore volume of the larger interaggregated p
is the greatest (as shown in Fig. 6c).

3.3. Photocatalytic activity

Fig. 9 shows the dependence of the apparent rate
stants (k, min−1) of the CAT1, CAT3, and CAT5 powder
on calcination temperature. For the CAT3 powder dried
100◦C, it showed good photocatalytic activity. Itsk reached
3.75× 10−3. This is ascribed to the formation of anata
and brookite at 100◦C (as shown in Fig. 1b) and hig
specific surface areas (as shown in Fig. 3). With incre
ing calcination temperature,k obviously increases. This
due to the fact that TiO2 shows better crystallization (a
shown in Fig. 1b). At 400◦C, k reaches its highest valu
of 5.51× 10−3, obviously higher than that of P25 (as sho
in Fig. 10). Thek was determined to be 4.19× 10−3 for De-
gussa P-25, which is well known to have good photocata
activity [1,20]. The superior activity shown by CAT3 ca
-

Fig. 9. The dependence of the apparent rate constant (k, min−1) of the
CAT1, CAT3, and CAT5 powders on calcination temperature.
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Fig. 10. Comparison of the apparent rate constants of P25 and the CA
powders calcined at 400◦C for 1 h.

cined at 400◦C may be ascribed to the fact that it has lar
specific surface area, smaller crystallite size, and higher
rity. The specific surface area and crystallite size of P25
about 53.2 m2/g and 30 nm, respectively. Our XPS resu
also show that P25 contains a small amount of Cl elem
(about 0.5 at.%). At 600◦C, though the specific surface ar
(46.3 m2/g) of the CAT3 powder is slightly less than th
of P25, the photocatalytic activity of the CAT3 powders e
ceeded that of P25. This may be attributed to the former
ing bimodal mesoporous structures, which is more benefi
in enhancing the adsorption and desorption of reactants
products, respectively. At 700◦C, thek values for CAT1,
CAT3, and CAT5 decrease significantly and reach almos
same magnitude. The former is probably due to the ph
transformation from anatase to rutile, disappearance o
modal mesoporous structures, crystalline growth, and d
tic decrease in specific surface areas. The latter is due
samples having almost the same microstructure, specific
pore distribution, specific surface areas.

Fig. 10 also shows that with an addition of HNO3

or NH4OH catalyst during hydrolysis, thek decreases a
400◦C. When the amount of the added HNO3 and NH4OH
catalyst is low and the molar ratio of HNO3 or NH4OH
to H2O is less than 0.05, the photocatalytic activity of t
prepared TiO2 powders decreases slightly but still excee
that of Degussa P-25. With increasing concentration
HNO3, the photocatalytic activity of the prepared titan
obviously decreases. This is probably due to the decr
in pore volume (the pore volumes of CAT1 and CA
samples at 400◦C are 0.164 and 0.233, respectively). Wh
the concentration of NH4OH is high, the photocatalyti
activity of the prepared titania at 400◦C drops significantly.
This can be explained by the presence of a single ana
crystalline phase in the sample. It is known that a compo
of two phases is beneficial for suppressing the recombina
of photogenerated electrons and holes and thus enha
photocatalytic activity [8,9].
l

s

4. Conclusions

1. The phase structures, texture, and photocatalytic
tivity of titania powders prepared by hydrolysis of titaniu
tetraisopropoxide under ultrasonic irradiation are stron
influenced by the presence of acidic or basic catalysts. W
HNO3 is used as a catalyst, the crystallization of anat
phase and growth of brookite phase are slightly enhan
In contrast, the NH4OH not only retards the phase tran
formation of the TiO2 powders from amorphous to anata
and from anatase to rutile but also suppresses the grow
brookite phase.

2. At 100◦C, the maximum intraaggregated and inter
gregated pore diameter decreases with increasing HNO3 or
NH4OH concentration. From 400 to 600◦C, the calcined
TiO2 powders show bimodal pore-size distributions in
mesoporous region: one is intraaggregated pores with m
imum pore diameters of ca. 4–9 nm and the other is in
aggregated pores with maximum pore diameters of ca.
50 nm. At 700◦C, the pore-size distributions of all sampl
exhibit monomodal distribution of the interaggregated po
due to the collapse of the intraaggregated pores.

3. The photocatalytic activity of the TiO2 powders pre-
pared by this method and calcined at 400◦C is higher than
that of Degussa P-25 when the molar ratio of HNO3 or
NH4OH to H2O is less than 0.05.
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