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bstract

Gas-phase photocatalytic oxidation (PCO) of nitric oxide (NO) with immobilized TiO2 films was studied in this paper. The immobilized TiO2 films
ere synthesized by hydrothermal method. The characterization for the physicochemical properties of catalysts prepared under different hydrother-
al conditions were carried out by X-ray diffraction analysis (XRD), transmission electron microscopy (TEM), high resolution-transmission

lectron microscopy (HR-TEM), Brunauer–Emmett–Teller measurements (BET) and scanning electron micrograph (SEM). It was found that
he PCO efficiency of the catalyst was mainly depended on the hydrothermal conditions. The optimal values of hydrothermal temperature and

ydrothermal time were 200 ◦C and 24 h, respectively. Furthermore, it was also known that the photocatalytic efficiency would decrease remark-
bly when the calcination temperature was over than 450 ◦C. Under the optimal conditions (hydrothermal condition: 200 ◦C for 24 h; calcination
emperature: 450 ◦C), the photocatalytic efficiency of catalyst could reach 60% higher than that of Degussa P25.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Nitrogen oxides (NOx) emissions to the air have direct impact
n the global environment and human health through the forma-
ion of photochemical smog and the acid deposition. Various
rocesses, including combustion modifications, dry processes
nd wet processes have been developed to remove NO from flue
as [1–6].

Traditional wet processes are very efficient to remove NO2
rom flue gas, but cannot remove NO because of its low solubility
n aqueous solution [7–10]. One promising approach to improve
he absorption efficiency of wet processes is the transformation
f NO to NO2 by the gas-phase oxidation.

The photocatalytic oxidation (PCO) may be an environmen-
ally friendly and cost-effective process to convert NO to NO2
n gas-phase [11,12]. The PCO of NOx in the ambient atmo-

phere, using TiO2 as the photocatalyst, was firstly reported in
994 [13]. Ichiura et al. studied the PCO of nitrogen oxides over
itanium dioxide sheets that contained metal compounds [14].

∗ Corresponding author. Tel.: +86 571 87952459; fax: +86 571 87953088.
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alton et al. investigated the NOx adsorbate reaction at the TiO2
ubstrate surface in the PCO [15]. Hashimoto et al. reported the
CO of NO with Hycom TiO2 and zeolite to remove NOx in the
tmosphere [16]. Devahasdin et al. [17] studied the mechanism
or the PCO of NO. It was found in his study that the PCO behav-
or consisted of a series of oxidation steps by the OH• radical
nd O2

−.
Unfortunately, the mentioned investigations were mostly

ocused on the removal of NO from ambient environment (either
ndoor or outdoor air). Comparing with NOx from flue gas,
he concentration of NO from ambient environment is much
ower. Therefore, it is necessary to develop more effective ways
o enhance the photocatalytic efficiency at high concentration
f NO for the treatment of NO from flue gas. In general, a
arge surface area and good crystallinity of catalysts are ben-
ficial to the TiO2-based photocatalysis in air phase [11,16,17].
he hydrothermal method has been found to be one of the best

echniques to prepare TiO2 particles of desired size and shape
ith homogeneity in composition as well as a high degree of
rystallinity [18–21]. Its most important feature is that it favors
decrease in agglomeration among particles, narrow particle

ize distributions, phase homogeneity and controlled particle
orphology.

mailto:yueliu@zju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2007.05.050
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In this study, several TiO2-based catalysts were prepared by
ydrothermal method and NO conversion was investigated in the
resence of air under light irradiation. The effect of hydrother-
al conditions on the NO conversion efficiency was studied.
he physicochemical properties of the prepared TiO2 catalysts
ere characterized and the relationship between physicochem-

cal properties and NO conversion efficiency were discussed.

. Experimental

.1. Material

NO gas from a compressed gas cylinder with a nitrogen
alance was used for the NO oxidation experiments (concentra-
ion: 10,000 ppm). The Degussa P25 TiO2 powder was obtained
rom Degussa (crystal size: 20–50 nm, surface area: 50 ± 5 m2/g,
rystal distribution: 70% anatase and 30% rutile). Tetrabutyl
itanate, ethanol and distilled water were all analytical grade.
he woven glass fabric was supplied by Hangzhou woven glass

abric factory (thickness: 0.5 mm; filament diameter: 9 �m).

.2. Preparation of TiO2 catalysts

Nano-sized TiO2 was prepared by hydrothermally treating
he sol–gel derived hydrous oxides [19]. 0.1 mol tetrabutyl
itanate was dissolved in 1.5 mol anhydrous ethanol and the
repared solution was then added dropwise to a water–ethanol
olution containing 1 mol ethanol until the ratio of water to tetra-
utyl titanate reach 50. A white precipitate of amorphous oxide
as produced and the mixture was stirred by a magnetic stirrer at

oom temperature for 1 h. Then the precipitate and mother-liquid
ere transferred to a Teflon-covered stainless steel autoclave

volume: 100 ml). The autoclave was then placed in a furnace
or the hydrothermal treatment (temperature: 120–240 ◦C, time:
–24 h). After hydrothermal crystallization, the precipitate was
ashed by ethanol three times followed by centrifugation. Then

he collected particles were diffused into anhydrous ethanol to
ake 5% (w/w) suspension for the next dip-coating process.
Immobilization was carried out by the dip-coating method.

he TiO2 suspension was gradually dropped and the catalyst
as coated on the woven glass fabric (pretreatment: 500 ◦C for
h) over an area of 4 cm × 80 cm. The coated woven glass fabric
as treated with a desiccation process in a convection oven at
0 ◦C overnight. Finally, the woven glass fabric was calcined at
ifferent temperatures ranged from 200 to 750 ◦C for 3 h. The
mount of TiO2 coated was determined as the mass increase of
he woven glass fabric after the coating. In all experiments, the
eight of TiO2 coated was determined to be 0.5 g ± 10%.

.3. Characterization of TiO2 catalysts

X-ray diffraction analysis (XRD) of the catalysts was per-
ormed on a Rigaku diffractometer (D/Max RA) at 40 kV

nd 150 mA, at an angle of 2θ from 20◦ to 80◦. The scan
peed was 1◦/min. The strongest TiO2 peaks, corresponding
o anatase (1 0 1) and rutile (1 1 0), were selected to evaluate
he crystallinity of the samples. The mean crystallite size was

a
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etermined by the Scherrer equation. Brunauer–Emmett–Teller
easurements (BET), with nitrogen as the adsorption molecule

ASAP 2020, Micromeritics Com.), were used to determine
he surface area of the samples. The morphology, structure
nd grain size of TiO2 particle were examined by transmission
lectron microscopy (TEM) and high resolution-transmission
lectron microscopy (HR-TEM) using a JEM-2010 instrument.
icrostructures of the prepared samples, after being coated with

latinum, were observed with a scanning electron micrograph
SEM) in Phillips XL-30-ESEM system at a voltage of 20 kV.

.4. Experimental set-up

A set of experiments for the removal of NO from a gaseous
hase was carried out in the continuous-flow reactor using the
atalysts prepared under different conditions. The experimental
et-up consisted of the gas supply, PCO reactor and analytical
ystem [22]. The air, NO and N2 gas streams were mixed to
btain the desired concentration (NOx: 90 ppm; NO: 80 ppm;
elative humidity: 80%). The flow rate of the gas was 2.0 L/min
nd the empty bed retention time (EBRT) was 10 s.

The immobilized catalyst was set into a Pyrex reactor with
Z” type. The Pyrex reactor was irradiated with one Hg-arc lamp
125 W, Philips) outside, with a volume of 340 ml. The wave-
ength of the Hg-arc lamp varied in the range from 300 to 400 nm
ith the maximum light intensity at 365 nm. The Pyrex reactor

nd light source were set in a hollow chamber that was coated
ith tinfoil. The temperature of the reactor and lamp were con-

rolled by the fan. The reaction temperature in the reactor was
0 ± 5 ◦C, heated by the irradiation of the Hg-arc lamp. NO,
O2 and O2 were measured with a Kane International Lim-

ted Model KM-9106 flue gas analyzer. The relative humidity
as measured with a relative humidity analyzer (Testo Co. Ltd.,
odel 605-H1).
The blank test consisted of a gas stream of ca. 90 ppm NOx

ca. 80 ppm NO) that was irradiated by the Hg-arc lamp, without
he TiO2 photocatalyst, at 80 ± 5 ◦C. The variation of the NO
oncentration could not be observed within 120 min irradiation.
oreover, there was also no change of the NO concentration

n the inlet or the outlet when the Hg-arc lamp was turned off
nd the catalyst was present in the reactor. Therefore, it was
oncluded that the absence of the TiO2 or the Hg-arc lamp does
ot cause the oxidation of NO.

. Result and discussion

.1. Crystal structure and size of TiO2 catalysts

A series of TiO2 catalysts with different hydrothermal tem-
eratures at 120, 160, 200 and 240 ◦C was prepared and named
s HT-120, HT-160, HT-200 and HT-240, respectively. The
ydrothermal time of the mentioned catalysts was 12 h and the
alcination temperature was 450 ◦C. The XRD patterns of cat-

lysts with different hydrothermal temperature were shown in
ig. 1. The results of XRD analysis indicated that the catalysts
ere anatase structure. The crystal size of these catalysts was
etermined by the Scherrer equation to be in the range between
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Fig. 2. XRD patterns of catalysts with different hydrothermal times ((a) HH-1;
(b) HH-6; (c) HH-12 and (d) HH-24).
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ig. 1. XRD patterns of catalysts with different hydrothermal temperatures ((a)
T-120; (b) HT-160; (c) HT-200 and (d) HT-240).

.4 and 8.4 nm as listed in Table 1. The amounts of rutile phase
ormed in the heated samples were calculated from the follow-
ng equation [23]: FR = 1/{1 + 0.79 [IA(1 0 1)/IR(1 1 0)]}. Here
R is the mass fraction of rutile in the samples; IA (1 0 1) and IR

1 1 0) are the integrated 1 0 1 intensities of anatase and 1 1 0 of
utile, respectively.

These results showed that the hydrothermal temperature did
ot have significant influence on the crystal size. The crys-
allinity of TiO2 nanoparticles could be evaluated via the relative
ntensity of the (1 0 1) diffraction peak of the anatase [24,25].
urther observation with XRD patterns revealed that with an

ncrease in hydrothermal temperatures (range: 120–240 ◦C),
RD peak intensities of anatase became stronger and the
idth of XRD diffraction peaks of anatase became slightly nar-

ower, indicating the formation of more TiO2 crystallites and an
nhancement of crystallization.

The catalysts with different hydrothermal times at 1, 6, 12
nd 24 h were prepared and named as HH-1, HH-6, HH-12 and
H-24, respectively. The hydrothermal temperature of the men-

ioned catalysts was 200 ◦C and the calcination temperature was
50 ◦C. The XRD patterns of catalysts with different hydrother-
al time were presented in Fig. 2. The results of XRD analysis

ndicated that the catalysts were anatase structure.
The crystal size of these catalysts was determined by the

cherrer equation to be between 8.9 and 7.6 nm as listed in
able 1. From Table 1, it was shown that the hydrothermal time
ad little influence to the crystal size of TiO2. Further observa-
ion revealed that the crystal size had a slight decrease at the

nitial stage of hydrothermal treatment. This could be attributed
o the growth rules of TiO2 crystallites under hydrothermal con-
itions [26]. At low temperature (up to around 300 ◦C) a solid
tate epitaxial growth mechanism dominated, and a dissolu-

X
t
w
8

able 1
hysical properties of TiO2 with different hydrothermal temperatures and times

atalyst code HT-120 HT-160 HT-200 HT

rystal phase Anatase Anatase Anatase An
rystal size (nm) 7.4 7.7 7.6 8.4
ig. 3. XRD patterns of catalysts with different calcination temperatures ((a)
C-200; (b) HC-350; (c) HC-450; (d) HC-550; (e) HC-650 and (f) HC-750).

ion/precipitation mechanism dominated above this temperature.
hen the solid state epitaxial growth mechanism dominated, the

rystal size would not increase rapidly. Thus, the crystal sizes
ad negligible variations with lower hydrothermal temperatures.

The catalysts with different calcination temperatures at 200,
50, 450, 550, 650 and 750 ◦C were prepared and named
s HC-200, HC-350, HC-450, HC-550, HC-650 and HC-750,
espectively. The hydrothermal temperature of the mentioned
atalysts was 200 ◦C and the hydrothermal time was 12 h. The
RD patterns of catalysts with different calcination tempera-

ures were presented in Fig. 3. The crystal size of these catalysts

as determined by the Scherrer equation to be between 6.4 and
1.1 nm as list in Table 2.

-240 HH-1 HH-6 HH-12 HT-24

atase Anatase Anatase Anatase Anatase
8.9 8.3 7.6 7.6
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Table 2
Physical properties of TiO2 with different calcination temperatures

Items Catalyst

HC-200 HC-350 HC-450 HC-550 HC-650 HC-750

Calcination temperature (◦C) 200 350 450 550 650 750
Anatase (%) 100 100 100 100 100 61.8
Crystallite size (nm) 6.4 7.9 7.6 15.9 28.5 51.3
Rutile (%) – – – – – 38.2
Crystallite size (nm) – – – – – 81.1
One point BET surface area (m2/g) (Ps/P0 = 0.3) 140.97 116.51 127.44 60.28 26.84 12.68
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ET surface area (m2/g)
ingle point adsorption total pore volume of pores (Ps/P0 = 0.3) (10−2 cm3/g)

The results of XRD analysis indicated that the catalysts
ere anatase structure except HC-750. It could be seen that

he peak intensities of anatase increased greatly and the width
f the (1 0 1) plane diffraction peak of anatase became nar-
ower with increasing calcination temperature. The crystal size
ncreased slightly when the calcination temperature was lower
han 450 ◦C, but it increased rapidly with the higher calcina-
ion temperature. It could be also found that the rutile structure
id not appear in the catalysts until the calcination temperature
eached 750 ◦C.

.2. Microstructure and crystallization analysis by TEM
nd HR-TEM

TEM and HR-TEM were used to study the microstructures
nd crystallization of the hydrothermal treated TiO2 powders.
EM micrographs of HT-200, HT-120, HH-12 and HH-1 were
hown in Fig. 4. From the TEM micrograph of HT-200, shown in
ig. 4a, it could be seen that the primary particle size was about
nm, which was in agreement with the value of the crystallite

ize determined by XRD (7.6 nm, as shown in Table 1). Fur-
hermore, it could be found that HT-200 had a well crystallinity
f TiO2 (shown by the arrowhead). Fig. 4b showed the TEM
mage of the TiO2 powders prepared at 120 ◦C for 12 h (HT-120).
he crystal profiles were somewhat unclear and ambiguous; the
rystal size was lack of homogeneity (shown by the arrowhead).
rom Fig. 4a and b, it could be known that the crystal profile
f HT-200 was clearer than that of HT-120. It indicated that a
igh hydrothermal temperature could enhance the crystallinity
f TiO2, which was in agreement with the result of XRD analy-
is. Similar results were obtained from Fig. 4c and d that a long
ydrothermal time would enhance the crystallinity of TiO2.

HR-TEM micrographs of HT-200, HT-120, HH-12 and HH-
were shown in Fig. 5. From Fig. 5a clear lattice fringes

ould be observed, which allowed the identification of crys-
allographic spacing and indicated the prepared anatase TiO2
owder was well crystalline. The lattice fringes of 0.352 nm were
orresponding to the crystallographic planes (1 0 1) of anatase
iO2 [27,28]. From Fig. 5a, the lattice fringes of anatase (1 0 1)

lane were calculated to be 0.350 nm, which matched the men-
ioned value (0.352 nm) well. From the HR-TEM photograph
f HT-120 shown in Fig. 5b, it could be found the crystals had
bnormity shape. The crystal profiles and fringes were unclear

s
t
2
o

48.50 119.23 131.25 62.46 27.57 13.13
7.16 5.92 6.47 3.08 1.36 0.64

nd the calculated lattice fringes of anatase (1 0 1) plane were
.325 nm. The result confirmed the conclusion gained from the
EM analysis.

The HR-TEM photograph of HH-12 shown in Fig. 5c showed
etter crystallinity compared with those shown in Fig. 5d. In
ig. 5c the grain boundary and the lattice fringe could be
bserved obviously, and the single crystal grain size was about
0 nm. The straight fringes were observed in the grains, and the
attice fringes corresponding to the anatase (1 0 1) were mea-
ured as 0.354 nm. Furthermore, the calculated lattices of (1 0 1)
lane for HH-1 were measured as 0.335 nm. All these results
emonstrated that the surface of (1 0 1) for HH-12 was more
erfect than HH-1.

.3. Surface area and pore size of TiO2 catalysts

The specific surface area, t-plot total surface area and total
ore volume (Ps/P0 = 0.3) of TiO2 samples were measured by
he BET method. The analytical results for the TiO2 catalysts
repared at different calcination temperatures were listed in
able 2.

The results in Table 2 indicated that the TiO2 samples pre-
ared by the hydrothermal method had the large total surface area
nd total pore volume. It was shown that total surface area and
otal pore volume had a little change when the calcination tem-
erature was lower than 450 ◦C. However, a higher calcination
emperature (>450 ◦C) would do harm to the surface morphol-
gy of TiO2, because the total surface and total pore volume
ould decrease rapidly when the calcination temperature was
igher than 450 ◦C.

.4. Microstructure and morphology of immobilized TiO2

lms

SEM studies were conducted to investigate microstructure
nd morphology of immobilized TiO2 films. Fig. 6 showed SEM
icrographs of sample HC-200 and HC-650.
After thermal treatment at 200 ◦C and for 3 h, there were lots

f crystals with small size in the films, the surface was very

mooth; and TiO2 particles were well-dispersed, the surface of
he film was uniform with free crack (Fig. 6a and b, for HC-
00). As the calcination temperature increased (650 ◦C), the size
f crystals enlarged and crystals dispersion became disorderly
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Fig. 4. TEM micrographs of TiO2 particles ((a) TEM of HT-20

n Fig. 6c and d, and the evident cracks could be seen in the
iO2 films. Also, it could be seen the visible aggregates of TiO2
articles on the film surface. The results agreed well with the
onclusions from XRD and BET analysis that the high calcina-
ion temperature would lead to the aggregate of TiO2 particle
nd destroy the surface of catalyst.

.5. NO conversion

Experimental study to remove NO from a gaseous phase was
arried out in a continuous-flow reactor using different catalysts.
fter a stabilized period for about 1 h, outlet NO concentration
ecame the same as that of inlet gas and then the experiment

tarted by turning on the UV lamp. The PCO behavior con-
isted of a series of oxidation steps by the OH• radical and
2
−: NO → HNO2 → NO2 → HNO3 [17,22]. At steady-state,

he equilibrium between HNO3 and NO2 was reached on the

f
t
1
a

TEM of HT-120; (c) TEM of HH-12 and (d) TEM of HH-1).

atalyst surface. NO2 was the dominant product at the steady-
tate. In this experiment, the steady-state was defined as the
ituation after 120 min reaction, since the variation of the outlet
oncentration of the NO was less than 5%. The NO conversion
f steady-state was calculated according to the definition as: NO
onversion = (([NO]inlet − [NO]outlet)/[NO]inlet) × 100.

Fig. 7 showed that variation of the NO conversion of cat-
lysts with different hydrothermal temperatures and Degussa
25. For the catalysts of HT-120, HT-160, HT-200, HT-240
nd Degussa P25, the conversion of NO at the steady-state was
0.6, 65.4, 68.7, 71.1 and 48.0%, respectively. From Fig. 7, it
ould be found that the catalysts prepared with the different
ydrothermal temperatures had good photocatalytic activities

or NO oxidation except HT-120. HT-240 had the best pho-
ocatalytic activity among the mentioned catalysts, which was
.5 times higher than Degussa P25. From the result of XRD
nalysis (Fig. 1), it was obviously shown that hydrothermal
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Fig. 5. HR-TEM micrographs of TiO2 particles ((a) HR-TEM of HT-200

emperature had little influence on the crystal size of TiO2. How-
ver, from the TEM and HR-TEM analysis (Figs. 4 and 5) it
ndicated that the catalysts with high hydrothermal temperature
>160 ◦C) had a better degree of crystallinity than others. Previ-
us studies [19,24,29] also gave the similar conclusions. From
ig. 7, higher hydrothermal temperature could not give obvious

ncrease of NO conversion efficiency when hydrothermal tem-
erature was over than 200 ◦C. In view of the energy cost, the
uitable hydrothermal temperature should be around 200 ◦C.

Fig. 8 showed that variation of the NO conversion of catalysts
ith different hydrothermal times. It could be seen from Fig. 8

hat the NO conversion increased with an increase in hydrother-
al times. For the catalysts of HH-1, HH-6, HH-12 and HH-24,
he conversion of NO at steady-state was 60.7, 70.0, 68.7 and
3.8%, respectively (Fig. 8). From the result of XRD analysis
Fig. 2), it was shown that hydrothermal time had little influ-
nce on the crystal size of TiO2. However, TEM and HR-TEM

a
t
t
o

R-TEM of HT-120; (c) HR-TEM of HH-12 and (d) HR-TEM of HH-1).

nalyses (Figs. 4 and 5) had indicated that the long hydrother-
al temperature (>12 h) led to a high degree of crystallinity.
herefore, the catalyst had a better photocatalytic activity with
longer hydrothermal time.

Fig. 9 showed that variation of the NO conversion of cat-
lysts with different calcination temperatures. The conversion
f NO for the catalysts (HC-200, HC-350, HC-450, HC-550,
C-650 and HC-750) at steady-state was 76.0, 70.7, 68.7, 25.3,
9.5 and 13.8%, respectively (Fig. 9). It could be seen that the
hotocatalytic activity of the TiO2 decreased fast when the cal-
ination temperature was higher than 450 ◦C. From the analysis
f XRD, it was observed that the crystal size increased fast with
he high calcination temperature (>450 ◦C). The total surface

nd total pore volume decreased greatly for a higher calcina-
ion temperature (see Table 2). Therefore, too higher calcination
emperature (>450 ◦C) would damage the surface morphology
f TiO2, leading to an obvious reduction of NO conversion.
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Fig. 6. SEM micrographs of TiO2 particle films ((a) HC-200, 100

Deng et al. [19] and Kominami et al. [30] reported that
he activity of their hydrothermally produced titania photocata-
ysts improved when they were calcined. The enhancement of
hotocatalytic activity might be attributed to the reduction of
rganic residues [19] or the decrease in the number of crystal-

ite defects in the powder [30]. In our cases, it was clear that
he catalyst with low calcination temperature had the better effi-
iency within the investigated range. It might be thought that
ow calcination temperature of 200 ◦C was sufficient to reduce

ig. 7. NO conversion efficiency of catalysts with different hydrothermal tem-
eratures (125 W Hg-arc lamp; relative humidity: 80%; O2 concentration: 21%;
BRT: 10 s).

T
T
4
T

F
(
1

) HC-200, 5000×; (c) HC-650, 100× and (d) HC-650, 5000×).

he organic residues on TiO2 particles. Furthermore, the calci-
ation temperature (under 450 ◦C) would have little influence
n the physical properties of TiO2 (Table 2). But the high calci-
ation temperature (>550 ◦C) had a devastating influence on the
urface areas of catalysts, leading to the reduction of activity.

he similar results could be also found in the literature [26].
hus, it was confirmed that the calcination temperature under
50 ◦C was more adequate for the hydrothermal preparation of
iO2.

ig. 8. NO conversion efficiency of catalysts with different hydrothermal times
125 W Hg-arc lamp; relative humidity: 80%; O2 concentration: 21%; EBRT:
0 s).



24 Z. Wu et al. / Journal of Hazardous

F
a
E

d
i
m
t
(
k
i
t
g
p
d
r
p
r
d
b
m
p
m
s
c
e

4

a
m
t
t
s

(

(

(

(

A

E
(

R

[

[

[

[

[

ig. 9. NO conversion efficiency of catalysts with different calcination temper-
tures (125 W Hg-arc lamp; relative humidity: 80%; O2 concentration: 21%;
BRT: 10 s).

Comparing the photocatalytic activity between the TiO2 pow-
ers with different hydrothermal treatment and Degussa P25,
t could be seen that the catalysts with hydrothermal treat-

ent had better photocatalytic activity than Degussa P25. Under
he optimal conditions, the photocatalytic activity of catalyst
HC-200) was 1.6 times as high as Degussa P25. It was well
nown that the photocatalytic activity of TiO2 depended upon
ts crystal structure (anatase, or rutile), surface area, size dis-
ribution, porosity, presence of dopants, and surface hydroxyl
roup density, etc. These factors influenced directly on the
roduction of electron–hole pairs, the surface adsorption and
esorption process and the redox process [11,18]. From the
esult of XRD analysis, it was observed that TiO2 particles
repared by hydrothermal method had a small crystal size, nar-
ow particle size distribution, pure anatase phase and a high
egree of crystallinity compared to the TiO2 particles prepared
y other methods [19,24,31,32]. TEM micrographs, HR-TEM
icrographs and SEM micrographs indicated these excellent

roperties of TiO2 prepared by hydrothermal treatment. Further-
ore, BET analysis indicated that these particles had a large

urface area as three times as Degussa P25. The high photo-
atalytic activity of the particles might be attributed to these
xcellent characters.

. Conclusion

Immobilized TiO2 particle films with high photocatalytic
ctivity for the NO oxidation were prepared by a hydrothermal
ethod. The effect of hydrothermal conditions (hydrothermal

emperature, hydrothermal time and calcination temperature) on
he TiO2 particle characters and NO conversion efficiency was
tudied. It could be drawn from this study that:
1) Compared to other methods, TiO2 particle films prepared
by hydrothermal method had a small crystal size (7–10 nm),
narrow particle size distribution, pure anatase phase and a
high degree of crystallinity;

[
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2) with the increasing of hydrothermal temperature or time, the
degree of crystallinity could be improved. For the photocat-
alytic oxidation of NO, hydrothermal temperature (around
200 ◦C) and hydrothermal time (24 h) were favorable for the
synthesis of TiO2 particles;

3) Low calcination temperature (200 ◦C) was sufficient to
reduce the organic residues on TiO2 surfaces. High cal-
cination temperature (>450 ◦C) would damage the surface
morphology and crystal structure of TiO2, which caused the
reduction of NO conversion efficiency;

4) under the optimal conditions (hydrothermal condition:
200 ◦C for 24 h, calcination temperature: 200 ◦C), the pho-
tocatalytic efficiency of catalyst would reach around 60%
higher than that of Degussa P25.
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