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Abstract

Nanostructured TiO2 with 11- (P11) and 5-nm (P5) crystal sizes were prepared by a modified sol–gel method. Controlled crysta
and a pretreatment process were employed to obtain TiO2 with different surface roughness and degree of hydroxylation, while mainta
an identical crystal (i.e., 11 or 5 nm) and aggregate (i.e., 100 nm) sizes, phase structure (i.e., anatase), and crystallinity (i.e., X-rayon
peak intensity). Using the photooxidation of airborne trichloroethylene as a probe reaction, we were able to identify that the
groups on low-coordinated titanium atoms are responsible for the generation of dichloroethylene and dichloroacetaldehyde by
Their presence usually means lower TCE conversion and in some cases leads to catalyst deactivation.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Photocatalytic oxidation (PCO) is an attractive meth
for low-temperature remediation of volatile organic co
pounds (VOCs) in process air stream [1–3]. Using in
pensive TiO2 catalysts irradiated with UV light, airborn
VOCs can be mineralized into carbon dioxide, water,
mineral compounds (e.g., HX, where X= Cl) at room tem-
perature. The semiconductor TiO2 catalyst generates ele
trons and holes with the absorption of UV photons a
these photogenerated charges can migrate toward the
lyst surface where they initiate redox reactions that oxid
the adsorbed organic molecules. The low quantum yield
the possible formation of undesirable by-products are
of the most important issues in PCO technology [4]. R
cently, new types of photocatalysts based on nanostruc
TiO2 have been developed in order to address these p
lems. These nanometer-sized TiO2 particles exhibited highe
activity [5–7] and selectivity [7] than the commercial TiO2

(P25, Degussa) for gas-phase PCO of VOCs.
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E-mail address: kekyeung@ust.hk (K.L. Yeung).
0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00187-8
-

-

Nanostructured TiO2 with controlled crystal and ag
gregate sizes were prepared by a modified sol–gel t
nique [6]. The anatase TiO2 (3–20 nm) were crystallize
from amorphous titania gel spheres by thermal and
drothermal processes. The nanostructured TiO2 exhibited
different structural, electronic, and catalytic properties,
pending on the crystal size [6–9]. A recent study show
that the surface properties of the nanometer-sized TiO2 cata-
lysts, as well as their photocatalytic activity are affected
the crystallization conditions [10]. This paper attempts
clarify the role of the surface structure and surface hydro
groups on the photocatalytic properties of nanostructu
TiO2. Two sets of nanostructured TiO2 with crystal sizes of
11 nm (P11) and 5 nm (P5) were prepared for the study. E
set of catalysts had similar phase structure (i.e., anat
crystal (i.e., 11 or 5 nm), and aggregate (i.e., 100 n
sizes, crystallinity, surface area, and band-gap energy
differed in their surface properties. Electron paramagn
resonance (EPR) and Fourier-transformed infrared (FT
spectroscopies were used to obtain information on the
face properties of the TiO2 samples. The photocatalytic ox
dation of airborne trichloroethylene was chosen as the p
reaction because of the abundant literature data for thi
action system [11–22]. The photoreaction was monitore
in situ Fourier-transformed infrared spectroscopy.

http://www.elsevier.com/locate/jcat
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2. Experimental

2.1. Synthesis and characterization of nanostructured TiO2

Nanostructured TiO2 of well-defined crystal and aggre
gate sizes were prepared by a modified sol–gel method
The procedure involved the precipitation of amorphous
nium oxide gel spheres, followed by a controlled crystalli
tion of anatase TiO2 crystals. After thermal or hydrotherm
treatments, the amorphous gel spheres were transforme
aggregates of TiO2 nanocrystals that retained the origin
size and shape of the gel spheres. By using this method
aggregate size and shape were fixed, while the primary
ticle sizes were varied from 3 to 20 nm [6]. Pure anat
and rutile TiO2 were successfully prepared using this te
nique. The 11-nm, anatase-TiO2 were crystallized by ther
mal (P11t) and hydrothermal (P11h) processes. P11t wa
tained by heat treating the 100-nm titania gel spheres in a
723 K for 3 h, while P11h was synthesized under hydrot
mal action at 473 K for 12 h. A third sample, P11h-d w
prepared by outgassing P11h in flowing dry air under UV
radiation (fluorescent black lamp,λ = 356 cm−1) at room
temperature (298 K) for 3 h. The 5 nm anatase-TiO2 (P5h)
was crystallized in a solution containing 10 ml isopropa
and 15 ml water at 423 K for 8 h. P5h-d was obtained
outgassing the P5h sample under UV irradiation for 3 h.

The crystal structure, particle size, morphology, and
face area of TiO2 photocatalysts were characterized us
X-ray diffraction (XRD), transmission electron microsco
(TEM) and N2 physiadsorption. X-ray analyses of the TiO2
powder were conducted at the Synchrotron Radiation
search Center (SRRC) in Taiwan. The X-ray radiation (λ =
1.3271 Å, beam current= 120–200 mA) at beamline BL17A
was supplied from a 1.5 GeV storage ring. The XRD patte
were recorded for 15◦ < 2θ < 55◦ by step-scanning at 0.05◦
increments. The phase structure, crystallinity, and grain
of the TiO2 were determined from the X-ray diffraction pa
tern. The X-ray absorption spectra of the TiO2 samples were
also obtained at room temperature. Important informatio
the bond structure (i.e., bond lengths, numbers and typ
neighboring atoms) could be obtained from the X-ray
sorption data. The transmission spectra were collected u
a gas-ionization detector. The ion chambers used for me
ing the incident (I0) and transmitted (I ) synchrotron beam
intensities were filled with a He/N2 gas mixture and N2 gas,
respectively. Data were collected from 200 eV below the
K-edge (4966 eV) to 1100 eV above the edge. Standard
nium metal foil and commercial anatase TiO2 were used a
reference standards.

The TiO2 nanoparticles were examined with a Phil
CM20 transmission electron microscope at an accelera
voltage of 200 kV. Routine chemical analysis using an
situ energy dispersive X-ray spectrometer (EDXS) dete
only the energy signatures corresponding to the Ti and O
ments. The average TiO2 crystal and aggregate sizes, as w
as their morphologies, were obtained from the X-ray
o

-

-

f

-

fraction peak broadening and TEM micrographs. The B
surface area of the TiO2 photocatalyst was measured u
ing the N2 physiadsorption technique (Micromeritics ASA
2010) after outgassing under vacuum at 523 K for 4
The change in the band-gap energy of the TiO2 as a re-
sult of the material preparation was also measured usi
Philips/Unicam Pu8700 UV/VIS spectrometer with diffus
and specular reflection accessories to provide informatio
the electronic band gap. A Ba2SO4 standard white plate wa
used as background. The spectra were recorded at a
speed of 125 nm/min and a bandwidth of 2 nm.

2.2. Evaluation of photocatalytic activity of TiO2

Gas phase, photocatalytic oxidation of trichloroethyl
(TCE) was conducted in an in situ infrared photoreac
cell. The cell consists of two KBr windows and a sa
ple holder for the catalyst wafer. The reactants and p
ucts enter and exit the cell through a set of inlet and ou
ports. The compressed air used in the reaction was me
(800 ml/min) and pretreated through a series of moist
and hydrocarbon traps that included a liquid N2 trap, a dry-
ing column packed with desiccant and molecular sieves
using a syringe pump (kdScientific 1000), trichloroethyle
was fed to a mixing tee where it was vaporized and mi
with the dry air. The reactant mixture then flowed throu
the in situ IR photoreaction cell and was allowed to equ
brate at room temperature (298 K). Once the reactant
centration had stabilized, the inlet and outlet ports were
off and the UV lamp was turned on to allow the photore
tion to proceed under batch conditions. The infrared spe
were continuously collected by a Fourier-transform infra
spectrometer (FTS 6000, Bio-Rad Laboratories) during
reaction until the intensity of the characteristic peaks of
sorbed TCE molecule reached a steady state or decrea
a value less than 0.2 of the original. The UV lamp was t
turned off and the cell was purged with flowing dry air. T
catalyst wafers used in the reaction experiments were
pared by mixing 0.08 g of TiO2 with 0.70 g of KBr. Three
wafers were prepared in each batch and each wafer wei
0.20 g. The wafer thickness as measured by the scan
electron microscopy (JEOL 6300) was 280± 22 µm, thus
giving the wafers an average density of 2.28 g/cm3. The
wafers were purged with dry air for 2 h at room tempe
ture to remove adsorbed CO2.

2.3. Materials

The chemicals used in the synthesis of nanostruct
TiO2 photocatalysts included titanium isopropoxide (97
Aldrich), 2-propanol (99.5%, Aldrich Chemicals), and d
tilled water. Standard FTIR-grade potassium bromide (A
rich Chemicals) was used as the catalyst diluent for th
situ IR experiments. The trichloroethylene (99.5%) used
the catalyst tests was purchased from Aldrich Chemicals
tanium foils and anatase TiO2 used as standards for XR



K.L. Yeung et al. / Journal of Catalysis 219 (2003) 107–116 109

ich

res
-
ysta
ing
cro-
ans-
mic

orm
ho-
face
d
llic
CO
le 1
m-
UV
tase

of
and XAS experiments were also purchased from Aldr
Chemicals.

3. Results and discussion

3.1. Nanostructured TiO2

Both sets of P11 and P5 nanostructured TiO2 prepared
by the different crystallization and pretreatment procedu
were pure anatase with the TiO2 crystals forming spheri
cal aggregates of 100 nm in diameter. The average cr
sizes of TiO2 measured from the X-ray peak broaden
were comparable to the results obtained from the mi
Raman spectroscopy, atomic force microscopy, and tr
mission electron microscopy. Fig. 1a displays the ato
l

force microscope (Tapping mode, Nanoscope IIIα) image of
P5 TiO2. It is clear from the picture that the individual TiO2
crystals are about 5 nm in diameter (Fig. 1a, inset) and f
spherical aggregates of uniform 100 nm sizes. X-ray p
toelectron spectroscopy and EDXS analyses of the sur
and bulk compositions of TiO2 detected only titanium an
oxygen, with carbons originating from the organometa
precursors and ambient contamination (i.e., adsorbed2
and hydrocarbons) as the main surface impurity. Tab
shows that the TiO2 within each set of samples have co
parable crystal size, crystallinity, BET surface area, and
absorption. In the table, the relative intensity of the ana
(101) peak is used as a qualitative measure of the TiO2’s
crystallinity.

The smaller P5 TiO2 have a larger BET surface area
220 m2/g compared to P11 TiO2 (95 m2/g). Also, the P5
Fig. 1. (a) Atomic force microscope picture of P5 TiO2, (b) XANES, and (c) EXAFS spectra of nanostructured P5 and P11 TiO2 along with an anatase TiO2
standard.
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Table 1
Structural, electronic, and catalytic properties of the TiO2 catalysts

Anatase Crystal sizeb Crystallinityc BET area UV absorption TCE photooxidation rate (×10−9 mol1/s1 m2)d

TiO2
a (nm) I/I0 (m2/g) (nm) Conversion Mineralization

P5h 5.1 1 220 388 5.2 3.0
P5h-d 5.1 1 242 388 4.1 2.7
P11t 10.5 1 97 410 12.5 9.1
P11h 10.8 0.95 93 402 4.8 3.9
P11h-d 10.8 0.96 93 405 4.3 4.1

a XRD analysis indicated pure anatase phase.
b Primary particle size was calculated from XRD line broadening.
c I0 for P5h and P11t was used as reference for P5 and P11 TiO2, respectively.
d The reaction rates were calculated after steady-state condition was established.
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TiO2 exhibit a clear shift in the band-gap energy tow
higher energy compared to the P11 TiO2 (cf. Table 1). The Ti
K-edge X-ray absorption near-edge spectra (XANES)
extended X-ray absorption fine structure (EXAFS) analy
of the P11 and P5 samples provide additional informa
on the local atomic environment, that is not available fr
X-ray diffraction. The XANES results shown in Fig. 1
indicate that the relative amount of 5-fold coordinated
(i.e., peak A2 at 4970.5 eV) is greater in P5 than in P
which consist mostly 6-fold coordinated titanium atoms (i
peak A3 at 4971.75 eV). The postedge region of comm
cial anatase TiO2 (i.e., 4980 to 5020 eV) contains a numb
of resolved and understood intense 3s→np dipole-allowed
transitions that are also present in P11 but are absent
samples. The EXAFS analysis done using UWXAFS
software package and FEFF8 program (Fig. 1c) shows
the amplitude of the Fourier transform of the TiK-edge
k3-weighted EXAFS data (not corrected for phase shift)
P11 is higher than P5, especially for the peaks that co
spond to the outer shells. The fitting results indicate
whereas the P11 TiO2 display the characteristic four sho
and two long Ti–O bonds of an octahedral anatase TiO2, the
smaller P5 consist of three short (1.93 Å) and three l
(1.98 Å) Ti–O bonds. The TiK-edge EXAFS results ar
summarized in Table 2.

The high concentration of low coordinated Ti4+ cations,
as well as the distorted anatase crystal structure observ
P5 TiO2, suggests the possible presence of amorphous m
rials in these samples. However, a recent EPR study [7]
unable to detect the broad Ti3+ signal from the P5 sample
which is the main signal found in UV-irradiated amorpho
TiO2. The EPR data did confirm the presence of low coo
nated Ti4+ cations but mostly on the crystal surface. This
understandable since the P5 TiO2 contain a larger interfacia
region where nearly 60% of its 17,600 TiO2 units reside on
the crystal surface compared to only 5% for P11 TiO2. Since
the surface Ti4+ sites are associated mostly with corner, s
edge, kink, and defect sites, this suggests that the sm
P5 TiO2 have a rougher surface structure compared to P
The subsurface Ti4+ associated with bulk defects was a
detected indirectly from the formation of subsurface−
species (OB−) when the P5 sample was irradiated in
t

n
-

r

Table 2
Ti K-edge EXAFS results for TiO2 catalysts

Samples Shell R (Å) C.N. σ2 (Å2)×10−3

TiO2 Ti–O 1.94 4.3 6.7
(commercial) Ti–O 1.99 2.1 6.8

Ti–Ti 3.07 3.5 4.6
Ti–Ti 3.81 3.5 4.7

P5 Ti–O 1.94 2.8 8.9
Ti–O 1.99 3.2 9.1
Ti–Ti 3.05 2.2 5.9
Ti–Ti 3.79 1.0 6.1

P11 Ti–O 1.95 3.9 7.8
Ti–O 2.00 2.3 7.9
Ti–Ti 3.06 3.3 5.3
Ti–Ti 3.81 3.0 5.4

presence of oxygen. The abundant surface hydroxyl gr
on the P5 TiO2 helped stabilize the photogenerated ho
(h+) at subsurface O2− anion (i.e., –O2−–Ti4+–OH+h+ →
–O−–Ti4+–OH). The XANES, EXAFS, and EPR expe
ments indicated that the smaller P5 TiO2 do not only have
a rougher and more hydrated surface, but also possess
bulk defects than the P11 TiO2.

The P11 TiO2 crystallized by thermal (P11t) and h
drothermal (P11h) processes have different EPR spe
The spectra, obtained over the UV-irradiated P11t and P
samples after their outgassing in vacuum (T = 298 K, t =
1 h), displayed low intensity signals that suggest rapid
combination of photogenerated charges (i.e.,e− and h+).
The P11t spectrum consisted of several overlapping
nals (i.e.,g values> 2) that originated from oxygen radic
species, while the P11h displayed a main signal that
responds to Ti3+ cations in an anatase environment (i
g⊥ = 1.991 andg‖ = 1.960). The stabilization of the photo
generated electrons as Ti3+ cations on hydrothermally crys
tallized TiO2 (e.g., P11h) is an indication of a rough surfa
that has an abundant number of Ti4+ sites in the form of de
fects, edges, and corners [8]. Their absence in P11t sug
that this catalyst possesses a smooth surface where ele
can remain delocalized in the conduction band. More in
mation about the catalyst structure could be deduced
the EPR spectra of the UV-irradiated P11t and P11h sam
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of (b) P
Fig. 2. (a) Electron paramagnetic spectra of UV irradiated (1) P11t and (2) P11h in the presence of adsorbed oxygen. FTIR transmittance spectra11t
and P11h and (c) P11h and P11h-d TiO2.
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in the presence of adsorbed oxygen (Fig. 2a). Since oxy
is a very efficient electron scavenger, its presence decre
the rate of annihilation ofe−–h+ pairs and consequentl
a larger number of radicals could be identified and studie

Computer simulation indicates that the P11t spect
consists of four main signals (Fig. 2a,1). They are
(g1 = 2.028, g2 = 2.009, g3 = 2.003), O2 (g1 = 2.035,
g2 = 2.009,g3 = 2.003), O3 (g1 = 2.028,g2 = 2.016,g3 =
2.002), and O4 (g1 = 2.011,g2 = 2.007,g3 = 2.003). The
O1 and O2 signals have been assigned to O2

− and OH2· that
originated from the photogenerated electrons, whereas
O3 and O4 correspond to the surface O− and O3

− formed by
the photogenerated holes. Computer deconvolution rev
that the P11h spectrum (Fig. 2a,2) is made of the over
ping O3 and O5 (g1 = 2.057,g2 = 2.012,g3 = 2.003) sig-
nals. The O3 signal disappears from the P11h due to dip
broadening after the addition of an excess amount of o
gen, without affecting the signal O5. It can be conclud
that the species responsible for the O5 signal must be
cated within the bulk of anatase TiO2 where it is inaccessibl
to oxygen. Signals with similarg2 andg3 values had bee
assigned to O− species in bulk anatase (OB

−); however,
the g1 value should have been lower than 2.057. Naka
s
and Nosaka [23] assigned the components atg = 2.012 and
2.003 to OB

− species, and proposed that theg = 2.057 fea-
ture belongs to O2− (low field component) or water-relate
species (high field). However, our computer simulation
sults seem to indicate that the maximum atg = 2.057 must
be a component of the orthorombic signal O5. Since
signal was observed mainly in the TiO2 samples with very
small crystal size where the presence of bulk defects is
likely, it must be related to OB− formed at these defect site
It is believed that the feature atg = 2.057 corresponds t
the geometry of the defect where OB

− is located. From the
EPR data, it can be concluded that hydrothermally crys
lized P11h has a rougher surface and greater amounts o
defects than P11t.

Figs. 2b and c display the transmittance infrared spe
of P11t, P11h, and P11h-d TiO2 after purging in dry air a
room temperature for 2 h. The figure insets are the dif
ence spectra. The spectra of P11t and P11h shown in Fi
are the typical anatase TiO2 spectra reported in the literatur
It consists of a strong signal at about 1620 cm−1 that corre-
spond to molecularly adsorbed water, a broad band at ar
3400 cm−1 belonging to weakly bound water molecule a
associated hydroxyl groups [24,25], and a peak centere
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3700 cm−1 assigned to isolated hydroxyls [24,26,27]. T
sharp drop in transmission at around 1200 cm−1 is a char-
acteristic feature of TiO2, which has an intense absorban
at 980 cm−1. The spectrum shown in the figure inset clea
shows that P11h, with its rougher surface rich in low coo
nated titanium atoms, is able to harbor more hydroxyl gro
and water than P11t. The P11h-d TiO2 sample was obtaine
by UV irradiation of P11h to partially remove some of t
surface bound water (Fig. 2c). Indeed, the figure inset sh
that the UV irradiation of the TiO2 results in a decrease
signal intensity at 1640 and 3400 cm−1 regions. The FTIR
results show that the amount of surface-bound water
hydroxyl groups decreases from P11h to P11h-d and P
Both FTIR and EPR analyses of the P11 sample indicate
the three nanostructured TiO2 have different surface prope
ties. A similar study indicates that P5h-d obtained after
UV-mediated outgassing possessed a less hydrated su
compared to P5h. It can be summarized that in term of
surface roughness and bulk defects, P5h∼ P5h-d> P11h
∼ P11h-d> P11t, and for the degree of surface hydrati
P5h> P5h-d and P11h> P11h-d> P11t.

3.2. Photocatalytic activity of nanostructured TiO2

The performance of P11 and P5 nanostructured T2

catalysts has been evaluated in a traditional, flat-plate
toreactor. The outlet gases were analyzed using gas
matography from which the reaction rates were calcula
(Table 1). Both the higher band-gap energy and greater n
ber of bulk defects contribute toward the poorer mineral
tion rate of P5 photocatalyst. Although gas chromatogra
is a convenient method for most reaction studies, it is
able to provide real-time monitoring of the transient eve
that are occurring on the catalyst surface. This study
ployed an in situ Fourier-transform infrared spectroscop
obtain information on the adsorbed species (i.e., react
intermediates, and products) and chemistry of the cata
surface during the reaction [15]. Figs. 3a–c display tim
series FTIR spectra for TCE photooxidation on P11t, P1
and P11h-d, respectively. Prior to UV illumination (t = 0),
the adsorbed TCE molecule displays characteristic ban
850 (δC–H), 950 (νC–Cl), 1250 (δCH–Cl), 1550 (νC=C), 1580
(νC=C), and 3070 cm−1 (νC–H) [21]. Upon irradiation, the
intensity of TCE bands (e.g., 850, 950, and 3070 cm−1) ex-
hibits a monotonic decrease with time, while the signals
responding to CO2 (i.e., 2340 and 2360 cm−1), dichloroac-
etaldehyde (i.e., 1250 (δC–H), 1400 (δCH=O), and 1740 cm−1

(νC=O) [15]), and formaldehyde (i.e., 1400 cm−1 (δCH=O))
increase as the reaction progresses. Although the po
action analysis of the catalyst surface reveals the p
ence of dichloroethylene band at 1600 cm−1 (νC=C) and
a weaker dichloroacetaldehyde band at 1250 cm−1 (δC–H),
these bands are obscured by water and TCE during the
tion. The gas chromatography detected three major rea
products from the photooxidation of TCE over the P11
.
t

e

-

-

,

t

-

-

talysts. They are carbon dioxide, dichloroacetaldehyde,
dichloroethylene.

Fig. 4 plots the characteristic bands of TCE (950 cm−1),
CO2 (2340 cm−1), dichloroacetaldehyde (1745 cm−1),
and water/bicarbonates/dichloroethylene (1640 cm−1) as
a function of irradiation time. Fig. 4a shows a monoto
decrease in the intensity of the IR signal at 950 cm−1 as
trichloroethylene is consumed by photocatalytic oxidat
over the UV-irradiated catalysts. Four sets of experim
consistently show that P11t is more active than P11h
TCE conversion. The figure also shows that the irradia
P11h-d has a comparable activity as P11h. The carbon d
ide signal at 2340 cm−1 increases as the reaction progres
as shown in Fig. 4b. It can be seen from the figure that P1
the most active of the three catalysts for photomineraliza
of TCE followed by P11h. The latter is only slightly worse
performance than P11h-d. Dichloroacetaldehyde is for
rapidly on P11h (Fig. 4c), quickly reaching an almost c
stant value early in the reaction (i.e., 20 min), whereas
amount of dichloroacetaldehyde formed on P11t is con
erably less and takes a longer time (i.e., 90 min) to rea
maximum. An intermediate amount of dichloroacetaldeh
is found on P11h-d (Fig. 4c). The broad band with maxim
at 1640 cm−1 (Fig. 4d) can arise from adsorbed water, f
mates, bicarbonates, and dichloroethylene (∼ 1600 cm−1).
Although possible, the production of formates and bicarb
ates during the photooxidation of TCE is unlikely. Adsorb
water is easily recognized by its distinct spectrum and
signal is weak even for the P11t catalyst that has the h
est mineralization rate (cf. Fig. 3a). This suggests that
plots shown in Fig. 4d contain mainly the contribution fro
adsorbed dichloroethylene.

Besides monitoring the different adsorbed species for
during the reaction, the FTIR also reveals the change
the surface properties of the TiO2 catalyst. It is well known
that the surface OH groups of TiO2 play an important role
in the photooxidation of organic compounds. By trapp
photogenerated holes, the hydroxyl groups are transfor
into reactive OH radicals that participate directly in the p
tooxidation reaction. They also serve as adsorption site
organic molecules. Therefore, depending on the prope
of their surface hydroxyl groups, the nanostructured T2
can possess different photocatalytic activity. From the ti
series FTIR spectra shown in Figs. 3b and c, it can be
that the bands (i.e., 3600–3800 cm−1) corresponding to iso
lated hydroxyls decrease with reaction time for P11h
P11h-d. This decrease suggests that these hydroxyl gr
are either being transformed or consumed by the reac
A similar decrease could also be due to strong adsorp
of reaction intermediates or by-products on these hydr
groups. The lack of response in this region for P11t is m
likely due to the absence of these hydroxyl groups from
TiO2 that has been crystallized at high temperature.

A closer examination of Fig. 4a indicates that the i
tial TCE conversion rates of all three nanostructured T2
are nearly the same. However, the more hydrated P11
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Fig. 3. FTIR spectra of TCE photooxidation on (a) P11t, (b) P11h, and (c) P11h-d as a function of UV irradiation time.
and
on

s in
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The
sta-
talyst produces mostly dichloroacetaldehyde (Fig. 4c)
dichloroethylene (Fig. 4d), which are strongly adsorbed
the TiO2 surface such that the postreaction treatment
flowing dry air and UV irradiation were unable to com
pletely remove them. Removing some of the surface
droxyl groups by UV irradiation leads to less dichloroace
dehyde and dichloroethylene (cf. Fig. 4c and d, P11h-d).
quantity of dichloroacetaldehyde and dichloroethylene
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Fig. 4. Plots of the intensity of infrared signals from P11 TiO2 correspond-
ing to (a) TCE (νC–Cl = 950 cm−1), (b) CO2 (2340 cm−1), (c) dichloro-
acetaldehyde, and (d) water/bicarbonates/dichloroethylene (1640 cm−1).
bilized on P11t is significantly less than that of the other
TiO2 catalysts. This strongly suggests that some of the
face hydroxyl groups present on the rough P11h and P1
catalysts are responsible for the production and stabiliza
of dichloroacetaldehyde and dichloroethylene compou
The presence of these strongly adsorbed by-products o
catalyst can significantly decrease the number of sur
sites available for the reaction, resulting in lower cata
activity. This may explain the subsequent lower TCE c
version rates of P11h and P11h-d (Fig. 4a).

To verify that these sites are indeed responsible for
formation of dichloroacetaldehyde and dichloroethylene
products, a smaller P5 TiO2 catalyst was prepared. Th
smaller radius of curvature of P5 means that the cata
surface consists mainly of edges, steps, and corners th
populated by low-coordinated titanium atoms. The P5h
P5h-d TiO2 have similar structure, chemistry, and electro
state, but differ only in that P5h TiO2 possesses a mo
hydroxylated surface compared to the UV-pretreated P
TiO2. Fig. 5 displays the plots of the characteristic IR ba
for TCE, CO2, dichloroacetaldehyde, and dichloroethyle
as a function of reaction time. It is clear from the figu
that the removal of hydroxyl groups from P5 TiO2 leads
to lower TCE conversion (Fig. 5a) due to the less prod
tion of dichloroacetaldehyde (Fig. 5c) and dichloroethyl
(Fig. 5d). Indeed, only a trace amount of dichloroethyl
could be found on P5h-d. The results of both photorea
(Table 1) and in situ infrared reaction (Fig. 5b) studies
dicate that P5h and P5h-d have comparable mineraliza
rates.

It can be deduced from the reaction data obtained f
the two sets of nanostructured TiO2 that the surface hydroxy
groups on low-coordinated titanium atoms are respons
for the formation of undesirable by-products from pho
oxidation TCE. The removal of these hydroxyl groups le
to a decrease in their production without affecting the m
eralization reaction. This suggests that a different set of
alytic sites may be responsible for mineralization. Ther
also a strong correlation between mineralization efficie
and bulk defect densities, where catalysts containing m
bulk defects exhibit lower mineralization. It can be co
cluded from this study that TiO2 that has a rough and hy
droxylated surface is a poor catalyst for TCE photomine
ization. However, the same catalyst was found to be idea
photomineralization of toluene [10]. In this case, the sa
hydroxyl groups serve as adsorption sites for toluene
catalyze the ring-opening reaction. Indeed, the toluene
version rate over P11h catalyst is five times faster than on
P11t and unlike P11t, it does not produce benzoic acid [

4. Concluding remarks

This study demonstrates that the structure and chem
of the nanostructured TiO2 could be engineered using th
modified sol–gel technique developed by the authors.
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Fig. 5. Plots of the intensity of infrared signals from P5 TiO2 corresponding
to (a) TCE (νC–Cl = 950 cm−1), (b) CO2 (2340 cm−1), (c) dichloro-
acetaldehyde, and (d) water/bicarbonates/dichloroethylene (1640 cm−1).
size, crystallinity, and phase structure of the TiO2 crystals
as well as the aggregate size and shape could be prec
controlled using this preparation method. Manipulating
TiO2’s surface roughness and hydration allowed us to
tain catalysts with different surface properties. This a
ity enables us to study in more detail the role of surf
properties on the photocatalytic activity of nanostructu
TiO2. Using the photooxidation of TCE as probe reacti
we were able to identify that the hydroxyl groups on lo
coordinated titanium atoms are responsible for the g
eration of dichloroethylene and dichloroacetaldehyde
products. These compounds are strongly adsorbed on
surface of TiO2 and cannot be removed even after prolong
UV treatment in flowing air. Their presence usually mea
lower conversion and in cases leads to catalyst deactiva
This study also ascertained that there is a separate s
catalytic sites for mineralization reaction. Mineralization
ficiency is low for TiO2 catalysts that have higher band-g
energy or greater number of bulk defects. Most studies in
photocatalysis focus mainly on the bulk properties of the
alyst; this work clearly shows that a greater emphasis m
be given to the surface properties of photocatalysts. A m
detailed study is currently underway to identify the indiv
ual catalytic sites on nanostructured TiO2 and to determine
their role in the photoreaction.
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