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Abstract

A simple method for preparing highly photoactive nano-sized,Tp@otocatalyst with anatase and brookite phase was developed by
hydrolysis of titanium tetraisopropoxide in pure water or the EtOf@Hnixed solution under ultrasonic irradiation. The prepared, TiO
powders were characterized by differential thermal analysis (DTA), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM) and BET surface areas. The photocatalytic activity was evaluated by the photocatalytic oxidation
of acetone in air. The results showed that the photocatalytic activity of pivders prepared by this method from pure water or the
EtOH/H,O mixed solutions with the molar ratio of EtOHfB = 1 exceeded that of Degussa P-25. The molar ratios of Et@BI/H
obviously influenced the crystallization, crystallite size, BET surface areas and photocatalytic activity of the prepargawiers.
Ultrasonic irradiation obviously enhanced the photocatalytic activity of i@vders whether the solvent is pure water or the EtQI@/H
mixed solutions. This may be ascribed to the fact that ultrasonic irradiation enhances hydrolysis of titanium alkoxide and crystallization
of TiO, gel. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction phase are intensively influenced by the preparative condi-
tions and methods [7-9]. Ito et al. [7] found that the volume

A great deal of effort has been devoted in recent years to ratio of HLO/EtOH was a key factor influencing crystallinity
develop heterogeneous photocatalysts with high activities and photocatalytic activity of Ti@particles prepared from
for environmental applications [1-4]. Among various oxide the HO-EtOH mixed solution of TiOS® However, to
semiconductor photocatalysts, titania is a very important our knowledge, the effects of water content and ultrasonic
photocatalyst for its strong oxidizing power, nontoxicity and irradiation on photocatalytic activity of nano-sized 3O
long-term photostability. Titania has three different crys- powders prepared by the sol-gel method have not been
talline phases: rutile, anatase and brookite, among whichreported. Sonochemistry arises from acoustic cavitation,
rutile is in thermodynamically stable state while the latter the formation, growth, and implosive collapse of bubbles
two phases are in metastable state [5]. Photocatalytic ac-in a liquid [10-12]. The collapse of bubbles generates
tivity of titania may strongly depend on its phase structure, localized hot spots with transient temperatures of about
crystallite size, the specific surface areas and pore structureb000 K, pressures of about 500 atm, and heating and cool-
and so on, for example, many studies have confirmed thating rates greater than 98/s [10-12]. Therefore, the use
the anatase phase of titania is the superior photocatalyticof ultrasound to enhance the rate of reaction has become
materials for air purification, water disinfection, hazardous a routine synthetic technique for many homogeneous and
waste remediation, and water purification [1,2]. heterogeneous chemical reactions [10-12].

For the past two decades, the sol-gel routes have become In this study, a novel and simple method for prepar-
an alternative method for the preparation of nanocrystalline ing highly photoactive nano-sized Ti(photocatalyst with
materials [5,6]. It is known that the photocatalytic activity anatase and brookite phase has been developed by sol-gel
and phase transition behavior from amorphous to anatasgmethod and ultrasonic treatment in pure water or the EtOH/

H>O mixed solution. Enhancing effects and mechanisms of
* Corresponding author. Tel852-26096268; fax:-852-26035057. water content and ultrasonic irradiation on the photocatalytic
E-mail address: jimyu@cuhk.edu.hk (J.C. Yu). activity of nano-sized Ti@ powders were discussed.
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2. Experimental can be calculated. The average crystallite sizes of anatase,
rutile, and brookite were determined according to the Scher-
2.1. Preparation rer equation using the FWHM data of each phase after cor-

recting the instrumental broading [13].

All chemicals used in this study were reagent-grade sup- The crystallization behavior is also monitored using
plied from Aldrich and were used as received. Millipore wa- @ TG-DTA machine (model TG-DTA 92-16, Setaram,
ter was used in all experiments. France). Crystallite sizes and shapes were observed using

Titanium tetraisopropoxide (TTIP) was used as a titanium transmission electron microscopy (TEM) (Jcol, 1200EX,
source. TTIP (0.0125 mol) was added dropwise to 100 ml Japan). X-ray photoelectron spectroscopy (XPS) measure-
pure water or EtOH/HO mixed solution under vigorous ments were performed in the PHI Quantum 2000 XPS
stirring at room temperature. The molar ratio of EtOpIH ~ System with a monochromatic Al&source and a charge
(Reton) was 0, 1, and 10, respectively. Sol samples obtained neutralizer; all the binding energies were referenced to the
by the hydrolysis process were irradiated and unirradiated C 1s peak at 284.8 eV of the surface adventitious carbon.
with ultrasonic in an ultrasonic cleaning bath (Bransonic ul- The Brunauer-Emmett—Teller (BET) surface ar&gef)
trasonic cleaner, model 3210E DTH, 47 kHz, 120 W, USA) Wwas determined using a Micromeritics ASAP 2000 nitrogen
for 1 h, followed by aging in closed beaker at room tem- adsorption apparatus. All the samples measured were de-
perature for 24 h in order to further hydrolyze the TTIP and gassed at 180C before the actual measurements. The BET
obtain monodisperse Tiparticles. After aging, these sam- surface area and pore size distribution were directly given
ples were dried at 100C for about 8 h in air in order to va- by the computer annexed to the apparatus.
porize water and alcohol in the gels and then ground to fine
powders to obtain dry gel samples. The dried gel samples2.3. Photocatalytic activity
were calcined at temperatures 400, 500, 600 and’ 06

air for 1 h, respectively. Acetone (CHCOCH) is a common chemical that is used
extensively in a variety of industrial and domestic applica-
2.2. Characterization tions. For example, acetone is frequently used as a solvent

in the printing industry and in analytical laboratories; it is
The X-ray diffraction (XRD) patterns obtained on a & major constituent of many common household chemicals
Philips MPD 18801 X-ray diffractometer using Cuak  [14]. Therefore, we chose it as a model contaminate chemi-
radiation at a scan rate obh2= 0.05° S_l were used to cal. PhOtocatalytiC oxidation of acetone is based on the fol-
determine the identity of any phase present and their crys-lowing reaction [14,15]:

tallite size. The accelerating voltage and the applied current CH;COCHg + 40, — 3CO;, + 3H,0 ()

are 35kV and 20 mA, respectively. The phase content of a ] o ] ]

sample can be calculated from the integrated intensities of TN€ photocatalytic activity experiments on biowders
anatase (10 1), rutile (110) and brookite (12 1) peaks. If a for the oxidation of_acetone in air were performed at ambi-
sample contains only anatase and rutile, the mass fraction€nt temperature using a 7000 ml reactor. The photocatalysts

of rutile (Wg) can be calculated from [13] were prepared by coating an aqueous suspension of TiO

4 powders onto three dishes with diameters of 7.0cm. The

Wgr = AR (1) weight of the photocatalyst used for each experiment was
0.8864a + AR kept at about 0.3 g. The Tigphotocatalysts were pretreated

where Ay and Ag represent the integrated intensity of in an oven at 100C for about 2h and then cooled to room
the anatase (101) and rutile (110) peaks, respectively. If temperature before use. After the dishes coated withp TiO
brookite is also present in a sample, similar relations can powder photocatalysts were placed in the reactor, a small

be derived [13]: amount of acetone was injected into the reactor. The reactor
KaAp was connected to a dryer containing Catblat was used for
Wa = Knda t A+ Kod (29) controlling the initial humidity in the reactor. The analysis
AGA T AR T BBAB of acetone, carbon dioxide, and water vapor concentration in
Wi = AR (2b) the reactor was conducted with a Photoacoustic IR Multigas
KnAp + AR + KgAp Monitor (INNOVA Air Tech Instruments Model 1312). The
KA acetone vapor was allowed to reach adsorption equilibrium
BAB : : . .
Wp = (2¢) with the catalyst in the reactor prior to an experiment. The

KaAn + AR+ KBAB initial concentration of acetone after the adsorption equilib-
whereW, and Wg represent the mass fraction of anatase rium was about 400 ppm, which remained constant until a
and brookite, respectivelpg the integrated intensity of the  15W 365 nm UV lamp (Cole-Parmer Instrument) in the re-
brookite (121) peak, ana andKg are the two coeffi-  actor was switched on. The initial concentration of water
cients and their values are 0.886 and 2.721, respectively.vapor was 120+ 0.01 vol.%, and the initial temperature was
With Egs. (2a)—(2c), the phase contents in anysl$@mples 254+ 1°C. During the photocatalytic reaction, a near 3:1



J.C. W et al./Journal of Photochemistry and Photobiology A: Chemistry 148 (2002) 263-271

ratio of carbon dioxide products to acetone destroyed was
observed, and the acetone concentration decreased steadil’
with increase in UV illumination time. Each reaction was
followed for 60 min.

The photocatalytic activity of the films can be quanti-
tatively evaluated by comparing the apparent reaction rate
constants. The photocatalytic degradation generally follows
a Langmuir—Hinshelwood mechanism [1,2,16] with the rate

r being proportional to the coverage

kKc @

wherek is the true rate constant which includes various
parameters such as the mass of catalyst, the intensity of

light, etc., andK the adsorption constant. Since the initial
concentration is lowdp = 400 ppm= 4.29 x 10~3mol/I),

the termKc in the denominator can be neglected with respect

to unity and the rate becomes, apparently, first order:

r:—%:ch:kac %)
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Fig. 1. DTA curves of TiQ gel powders prepared from the EtOH/BI
mixed solutions under ultrasonic irradiation with: (Bkion = O (pure

wherek, is the apparent rate constant of pseudo-first order. Waten: (b) Reion = 10 and dried at 100C for 8h.

The integral forme = f(¢) of the rate equation is

(6)

€0
In —_— = kat
c

3. Results and discussion
3.1. Thermal analysis
Fig. 1 shows differential thermal analysis (DTA) curves

of TiO, gel powders prepared from pure;® (a) and
EtOH/H,O mixed solutions(Reion = 10) (b). It can be

the exothermic peak intensity of formation of anatase phase
in Fig. 1(a) is much smaller than that in (b). This is as-
signed to the former mostly transformed into anatase phase
at low temperature (as shown in Table 1). Usually, the con-
centration of alkyl (OR) groups in the network structure
decreases as the amount of water is increased in the hydrol-
ysis medium. However, in the titania system, it was found
that a certain concentration of OR groups always remains
in the structure, regardless of the amount of water present
[9]. Therefore, the exothermic peak at 241 in Fig. 1(a)

is due to decomposition of residual unhydrolyzed alkyls in

seen from Fig. 1(b) that a broad endothermic peak at below TiO2 gel samples prepared from pure water, but the relative

150°C and a relatively small exothermic peak at 266are

intensity of peaks decreased owing to the decrease in the

due to desorption of water and alcohol and decomposition amount of the unhydrolyzed residual alkyls.

of organic substances contained in the gel, respectively. At

373°C, a very sharp exothermic peak is observed due to the3.2. Crystal structure

formation of anatase phase [8,17]. Owing to the difference
of the gel compositions, the positions and intensities of

Table 1 shows XRD results of the as-preparedTgel

these peaks are obviously different in Fig. 1(a). Especially, powders from the EtOH/FD mixed solutions Rgion = O,

Table 1
Effects of calcination temperature afgion On phase structure, phase content and average crystalline size LFOTIO
Reton 100°C for 8h 400°C for 1h 500°C for 1h 600°C for 1h 700°C for 1h
0 A: 5.2 (69.5) A: 7.9 (75.1) A: 9.5 (79.6) A: 19.2 (69.5) A: 33.6 (15.0)
B: 5.3 (30.5) B: 7.4 (24.9) B: 7.9 (20.4) B: 13.1 (6.9) R: 46.2 (85.0)
R: 25.6 (2.6)
1 A: 3 A: 8.3 (86.1) A: 11.3 (91.6) A: 27.3 (98.0) A: 40.2 (41.1)
B: 7.7 (13.9) B: 8.2 (9.4) R: 25.1 (2.0) R: 57.3 (58.9)
10 Am A: 221 A: 25.8 A: 28.3 A: 48.8 (79.8)
R: 77.0 (20.2)

2A, B, R and Am denote anatase, brookite, rutile and amorphous, respectively.
b Average crystalline size of TiDwas determined by XRD using Scherrer equation.
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Fig. 2. XRD patterns of TiQ powders prepared from pure water under ultrasonic irradiation and calcinations at: (&};4®) 500°C; (c) 600°C; (d)
700°C for 1h.

1 and 10) after dried at 10@ for 8 h. The TiQ gel pow- tent of brookite decreases and finally disappears af @00
ders obtained from pure watéRgioy = 0) contain anatase, Fig. 3 shows XRD patterns of Tgpowders prepared from
as main phase, and brookite phase. With increaBingy, the EtOH/HO mixed solutiong Rgion = 10) after calcina-
the intensities of anatase peaks steadily become weak andions at: (a) 400C; (b) 500°C; (c) 600°C and (d) 700C
meanwhile brookite phase disappears. WiRgon = 10, for 1 h. TiO, powders only contain anatase phase at“4D0
the TiO, gel powders completely appear amorphous. This and rutile phase appears at 7@ Table 1 shows not only

is probably due to the fact that EtOH solvent suppresses thethat the average crystallite size of Ti@owders prepared
hydrolysis of titanium alkoxide and rapid crystallization of from the EtOH/HO solutions(Rgioy = 10) is obviously
the TiQ, particles by adsorbing on the surfaces of Tigar- larger than that of Ti@ powders prepared from pure wa-
ticles [7]. Usually, with increasing water content, a stronger ter, but also the content of rutile at 700 decreases with
nucleophilic reaction betweeny® and alkoxide molecules increasingReion. The former is ascribed to the phase trans-
will occur and more alkoxyl groups in the alkoxide will be formation of amorphous to anatase occurred at about@73
substituted by hydroxyl groups of 4@ [18]. Therefore, the  causing the growth of anatase crystallites by providing the
decrease of the quantity of unhydrolyzed alkyls in precur- heat of transformation. The latter is due to the increase of
sors results in reduction in steric hindrance by the residual steric hindrance caused by the residual unhydrolyzed alkyls.
alkyls preventing crystallization to crystalline anatase [8].  Fig. 4 shows TEM photographs of Ti@owders prepared
Fig. 2 shows XRD patterns of Tépowders prepared from by hydrolysis of TTIP in pure water under ultrasonic irradi-
pure water, after calcinations at: (a) 4@; (b) 500°C; (c) ation and calcined at: (a) 50C and (b) 700C for 1 h. At
600°C and (d) 700C for 1 h. Fig. 2 shows that with increas- 500°C, the size of the primary particle is about @ nm,

ing calcination temperature (from 400 to 6QD), the peak  which is in agreement with the value determined from XRD
intensities of anatase increase and the width of the (10 1)analyses (9.5nm). At 70@, some of the particles are fused
plane diffraction peak of anatag®y = 25.4°) becomes nar-  together through sintering, which explains the significant
rower. At 600°C, rutile phase appears, Ti@owders mean-  decrease irgsgt With increasing calcining temperature.
while contain three different phases: anatase, brookite and

rutile. At 700°C, rutile is a main phase and brookite dis- 3.3. BET surface areas and pore structure

appears. Table 1 also shows the phase content and average

crystalline size of TiQ samples as a function of calcina- Fig. 5 shows the effects of calcining temperature and
tion temperature anBeton. It can be seen from Table 1 that Rgoy on BET surface areas of TyOpowders. The
when Reion = 0, with increasing calcination temperature, as-prepared Ti@ gel powders from pure water dried at
the average crystallite size of anatase increases, the con100°C show a very larg&get value of 219.9rAg™L. The
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Fig. 3. XRD patterns of TiQ powders prepared from the EtOH/@ solutions(Reion = 10) under ultrasonic irradiation and calcinations at: (a) 400

(b) 500°C; (c) 600°C; (d) 700°C for 1h.

values decrease monotonically with an increase in calci- =Ti-OR and=Ti—-OH species, the more the seed nuclei,
nation temperature. This is due to the increase in averagethe smaller TiQ crystallites.

crystallite size of TiQ powders (as shown in Table 1).

Fig. 6 shows pore size distribution curve calculated

Owing to sintering and phase transformation of anatase tofrom the desorption branch of the nitrogen isotherm by
rutile, at 700°C, the BET surface area of the same sample the Barrett—Joyner—Halenda (BJH) method and the corre-

decreased drastically to 2.0&gr 1. When Rgion = 1, the
Sset value of TiG; at 100°C is higher than that of Ti@
prepared from pure watetReiony = 0) at 100°C. This
is due to the former with smaller TiOcrystallite (3 nm).
When calcining temperature is over 40D, the Szt value
of TiO, prepared from pure watdiRgioq = 0) is larger
than that of TiQ prepared from the EtOHAO mixed so-

lution (Reion = 1 or 10). This may be ascribed to the fact

sponding nitrogen adsorption—desorption isotherms (inset)
of TiO, powders prepared from the EtOH/8 solution
(Reton = 10) and calcined at 500C for 1 h. The sharp de-
cline in the desorption curve is indicative of mesoporosity,
while the hysteresis between the two curves demonstrates
that there is a diffusion bottleneck, possibly caused by
non-uniform pore size. The pore size distribution calcu-
lated from the desorption branch of the nitrogen isotherm

that the more the amount of water in hydrolysis medium, by the BJH method showed that average pore diameter is
the faster the speed of hydrolysis and polycondensation ofca. 7.2 nm and the range of pores is narrow (2.5-12.5nm).

Fig. 4. TEM photographs of Ti@powders prepared by hydrolysis of TTIP in pure water under ultrasonic irradiation and calcination at: (&), %00

700°C for 1h.



268 J.C. Y et al./Journal of Photochemistry and Photobiology A: Chemistry 148 (2002) 263-271

350
] —0—R._ =0
EtOH
300 - ——R_ =1
:m T 0= Ry, =10
E 250 -
[0
o 1 0.
(]
o 200 -
()
©
o i
?
— 150
L
(a1} T \
100 -+ R
]l o
o ] \
o D\D
— R
o+ F+F—n
100 200 300 400 500 600 700

Temperature / °C

Fig. 5. The effects of calcination temperature dgoy on BET surface areas of TiOpowders.

The BET surface areas and pore parameters of the sampleshown here). The average pore diameters were also several
determined from nitrogen adsorption—desorption isotherm nanometers. The mesoporous structure ofyTp@rticles is

by the BJH method are summarized in Table 2. The table attributed to pores formed between Fi@articles [19]. It is
shows all other samples calcined at 3@ with meso- these mesoporous pores that allow rapid diffusion of various
porous structure, also their pore size distribution curve and reactants and products during photocatalytic reaction and
nitrogen adsorption and desorption isotherms are similar enhance the speed of photocatalytic reaction. It can also be
to those of TiQ powders prepared from the EtOH/E seen from Table 2 that with increasiRgion, BET surface
solution (Reton = 10) and calcined at 500C for 1 h (not area, porosity and pore volume decrease and pore diameter
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Fig. 6. Pore size distribution curve calculated from the desorption branch of the nitrogen isotherm by the BJH method. Inset: the correspaaaing nitro
adsorption—desorption isotherms of nano-sized,Ti@wders prepared from the EtOH/& solution (Rgion = 10) under ultrasonic irradiation and
calcined at 500C for 1h.
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Table 2
The effect of ultrasonic irradiation on BET surface areas and pore parameters opdi@ers calcined at 50C
RetoH? Ultrasonic irradiation Sper (MPg~h)P Porosity Pore volume (mlgh)d Pore size (nnf
0 Yes 97.61 50.6 0.218 5.9
1 Yes 91.38 48.1 0.192 5.3
10 Yes 26.34 17.7 0.052 7.2
0 No 75.51 42.7 0.188 7.1
1 No 67.5 36.3 0.136 6.8
10 No 22.3 9.8 0.029 6.5

2The molar ratios of EtOH/bD.

bBET surface area calculated from the linear part of the BET aigtPy = 0.05-Q3).

¢The porosity is estimated from the pore volume determined using the adsorption branch efigtmehidrm curve at the/ Py = 0.995 single point.
dTotal pore volume, taken from the volume ob ldsorbed at/ Py = 0.995.

€ Average pore diameter, estimated using the adsorption branch of the isotherm and the BJH formula.

increases, which is attributed to the growth of Fi@ystal-  various peaks were calibrated using the binding energy of
lites. These result in the reduction in photocatalytic activity ¢ 1s (284.8eV). The atomic ratio of Ti to O is 1:2.03, as
of TiO2 particles (as shown in Fig. 8). expected. In order to determine whether C element is the
residual carbon from precursor solution or the adventitious
3.4. XPSanalysis for composition hydrocarbon from XPS instrument itself, the surface of the

powder sample was bombarded by a 5keV"Aream to
A common concern is whether residual carbon caused byremove the contamination on the specimen. The wide-scan
carbonization of organic groups can be completely removed XPS spectrum of the specimen after tAsputtering for
from the powders during heat treatment. To identify the 5min showed that C 1s peak disappeared. The results sug-
composition of the samples, XPS analyses were carried out.gest that carbon on the surface of the powders is probably
Fig. 7 shows the wide-scan XPS spectrum of Fi@bw- due to contamination caused by specimen handing or pump-
ders prepared from pure water and calcination at°®0  ing oil. On the other hand, if the atomic percentage of resid-
It shows that TiQ powders contain only Ti, O and C ele- ual carbon from precursor solution was more than 0.1% in
ments. The photoelectron peak for Ti 2p appears clearly atthe powder, another weak C 1s peak should have been ob-
a binding energyEp = 4582¢eV, O 1s atE, = 5312eV served at 288.6 eV. Such a peak, however, was not detected
and C 1s atEp = 284.6¢eV. All of the binding energies at  in the narrow-scan XPS spectrum of the C 1s peak of the

50000
O1s

40000
'y Ti2p
S
=
= 30000
2 TiZs
@
el
=
@ L
2 20000
=
S
@
(i

10000 |

Ti3p_. Cls
ﬁ A J
0 ; . ’ , ’ . ’ T ’ . ’
0 100 200 300 400 500 600

Binding energy (eV)

Fig. 7. XPS survey spectrum of nano-sized Figowders prepared by hydrolysis of TTIP in pure water under ultrasonic irradiation and calcination at
500°C for 1h.
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Fig. 8. The dependence of the apparent rate constant®i—1) on calcination temperature arRkion, all the samples were prepared by ultrasonic
irradiation.

as-prepared powders. The C 1s peak at 284.6 eV is symmetshowed a good photocatalytic activity. kseached B4 x
ric and narrow, indicating further that carbon on the surface 10-3. This is assigned to formation of anatase at 10@&nd

of the powders is due to the contamination. high specific surface areas. With increasing calcination tem-
perature, thé& obviously increased. At 50, thek reached
3.5. Photocatalytic activity the highest value and its value was3® x 10~3. The k

was determined to be. #9 x 103 for Degussa P-25 (P25),

Fig. 8 shows the dependence of the apparent rate constantwhich is well known to have a high photocatalytic activity
(k, min—1) on calcination temperature and the molar ratios [1,20]. The photocatalytic activity of Tipowder prepared

of EtOH/H,0 (Reton). For TiO, powder prepared from pure  from pure water at 500C exceeded that of P25, which may

water under ultrasonic irradiation and dried at $Q0 it be attributed to the fact that the former had larger specific
B
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Fig. 9. The effect of ultrasonic irradiation on photocatalytic activity of nano-size@ pi@vders prepared from the EtOH/8 solutions withRgion = 0
(pure water), 1 and 10.
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surface areas, smaller crystallite size and higher purity, etc.enhances the photocatalytic activity of TBiCpowders
Usually, the specific surface areas and crystallite size of P25whether the solvent is pure water or the EtObHmixed
are about 50 mg~1 and 30 nm, respectively. Our XPS re- solutions. This may be ascribed to the fact that ultrasonic
sults showed that P25 contains a small amount of Cl ele- irradiation enhances hydrolysis of titanium alkoxide and
ment (about 0.5 atom%). With further increasing calcining crystallization of TiQ gel.
temperature, thk significantly decreased. This is due to the
phase transformation of anatase to rutile, crystalline growth
and drastic decrease in specific surface areas. Acknowledgements
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