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bstract

Ultraviolet and visible-light-responsive titania was synthesized and employed in the NOx photomineralization. A thermal decomposition reac-
ion of titanium isopropoxide was carried out with a metal-organic chemical vapor deposition (MOCVD), enabling continuous production of TiO2

anoparticles. Carbon-containing titanium dioxide with the anatase phase prepared at 500 ◦C under nitrogen atmosphere exhibited high photocat-
lytic activity for NO oxidation under visible-light illumination. Experimental results indicate that up to 48% removal of NOx can be achieved in
continuous flow type of reaction system under visible-light illumination (green LED). The chamber temperature in this MOCVD process plays
n important role in lattice structure formation, and also affected TiO2 carbon content. The carbonaceous species on the TiO2 surface, shown by
-ray diffractometry (XRD), and Raman, UV–vis, and X-ray photoelectron spectroscopies (XPS), is important to the visible-light absorption and
isible-light-catalytic mineralization of NOx.

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

Since the discovery of photoelectrochemical water split-
ing using titanium dioxide electrodes [1], researchers have
xtensively studied semiconductor-based photocatalysis. Today,
itanium dioxide is the most common photocatalyst material
ue to its strong redox ability and wide use in air purification,
ater treatment, deodorization, self-cleaning, sterilization coat-

ng [1–4], and other applications. In environmental applications,
iO2 exhibits excellent photocatalytic abilities for mineralizing
Ox, SOx, and VOCs under solar irradiation. TiO2 absorbs pho-

ons, and evolves active oxygen species, such as OH radicals and
2
− ions, by reacting with H2O and O2 adsorbed on the TiO2

urface. The high oxidation potential of active oxygen species
ecomposes many kinds of pollutants [3–5].
Many photocatalytic applications use nano-sized anatase
hase TiO2. A light source shorter than 388 nm in wavelength
an activate a TiO2 photocatalyst with an energy gap of 3.2 eV.

∗ Corresponding author.
E-mail address: chmyyl@ccu.edu.tw (Y.-Y. Li).
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or deposition

pproximately 4% of the energy in the solar light spectrum on
he earth’s surface comes from the 280 to 400 nm wavelength UV
egion. Meanwhile, the 400–700 nm wavelength visible-light
egion accounts for 45% of the energy. Further, UV light inten-
ity, 0.1–5 �W/cm2, is very low in indoor illumination. This
as limited TiO2 applications, giving visible-light-responsive
hotocatalysts much more attention for increasing solar and
ndoor lighting energy utilization. Previous studies considered
he sol–gel method [6], sputtering plasma [7,8], and metal ion-
mplantation [9,10] to enhance the visible-light response of
iO2. However, the equipment required for these methods is
xpensive, and mass production is difficult. Materials such as
dS, TaN5, TaON, and InVO4 [11,12] also function as visible-

ight-responsive photocatalysts. Photocatalytic water splitting
esearchers have studied and developed these methods and mate-
ials. However, environmental purification requires considering
he cost and stability of a material for any practical application.
ew feasibility studies exist for these methods and materials

or industrial-scale production due to their higher cost, environ-
ent pollution issues, and material instability. A metal-organic

hemical vapor deposition (MOCVD) is a practical way to pro-
uce visible-light-responsive TiO2 material because it enables

mailto:chmyyl@ccu.edu.tw
dx.doi.org/10.1016/j.molcata.2007.01.031
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he mass production of high quality nanoparticles as well as thin
lms [13–15]. This process also controls photocatalyst influen-

ial factors such as composition, crystal structure, purity, and
article size [15–17].

This study aims to prepare TiO2 nanoparticles with large
urface areas, narrow particle size distribution, and high visible-
ight-responsive activity. Specifically, this paper reports the
hermal decomposition reaction of titanium isopropoxide (TTIP)
o synthesize photocatalyst particles by the MOCVD method
t various growth temperatures. Synthesized nanoparticles were
ollected at the reactor outlet via thermophoretic collection [18].
he synthesized photocatalysts were then evaluated for NOx

egradation under visible-light illumination. This study also
arried out various characterization analyses of the visible-light-
esponsive TiO2 to determine the crystal phase, particle size,
V–vis absorption, and surface composition.

. Experimental

.1. Apparatus, experimental conditions and
haracterization

Fig. 1 shows a diagram of the experimental setup, which was
eported in a previous study [15]. This setup consists of stain-
ess steel gas flow lines, mass flow controllers, a syringe pump,
nd a quartz tube (25 mm o.d., 23 mm i.d., and 1000 mm long)
n an electric furnace functioning as the reactor. The hot zone
as 300 mm long. A mass flow controller and a syringe pump

ontrolled the gas and titanium isopropoxide flow rates, respec-
ively. A mechanical pump enabled a low pressure operation,
o a few Torr, and a convectron gauge measured the chamber
ressure. A stainless steel net trapped the product in a collection
ystem assembled with a 4 ◦C cooling jacket, which reduced
article aggregation.

The quartz tube was purged by nitrogen during the initial
eating step. Upon reaching the desired reaction temperature
between 400 and 1000 ◦C), the furnace reactor was filled with
mixture of TTIP (1.0 mL/min) as the catalyst precursor and

itrogen (500 sccm) as the carrier gas. Oxygen gas was also
ntroduced at 100 sccm, as necessary. The collection system

athered the resulting TiO2 powder. After a 10 min reaction, the
eactor returned to room temperature under a 100 sccm nitrogen
ow. The synthesized TiO2 materials was named TiO2 X when
repared in the MOCVD process under a nitrogen atmosphere

c
[

Fig. 1. Schematic diagram of th
lysis A: Chemical 270 (2007) 93–100

t X ◦C. If the photocatalysts were prepared in the presence of
xygen gas, the sample was named TiO2 X(O).

The photocatalyst crystal phase was identified using X-ray
iffractometry with Cu K� radiation (Shimadzu XRD 6000).
aterial compositions were determined by X-ray photoelec-

ron spectroscopy (Perkin Elmer SSI-M probe XPS system).
easuring average particle size and morphology was per-

ormed by transmission electron microscopy (TEM, Hitachi
600-100KV). The surface area of the powders was measured
y nitrogen adsorption using the BET equation (Micrometrics
odel ASAP 2400). Ultraviolet–visible light absorption spec-

ra were obtained with a powder spectrophotometer (Shimadzu
V-2450). Photocatalyst surface structures were identified by a
aman spectrometer (Renishaw 1000B), and a scattering exper-

ment was conducted with a low-power green laser (30 mW) at
32 nm for 10 s.

.2. NOx degradation over TiO2 photocatalyst

Fig. 2 depicts the continuous flow system where NOx degra-
ation was performed. A round-shaped Pyrex glass vessel was
sed to conduct the NOx, and a sample dish was located inside
he vessel containing the TiO2 powder. LEDs (visible light) or a
lack lamp (UVA light) provided a light source with an intensity
f 1 mW/cm2. The light source spectra, shown in Fig. 3, were
easured using a spectrophotometer (Ocean Optics, USB2000).
he NOx degradation was carried out at room temperature using
n air stream containing 1.0 ppm NO as feedstock. Two mass
ow controllers (MFCs) (Brooks 5850E) manipulated relative
umidity in the feeding stream. The reaction gas in the feed-
ng stream passed through the vessel containing TiO2 powder
0.2 g) at a flow rate of 1 L/min. An on-line chemilumines-
ent NOx analyzer (Eco Physics, CLD 700 AL) continuously
onitored NO and NO2 concentrations for gas analysis in the

utlet.

. Results and discussion

.1. Photocatalyst activity under UV- and visible-light
rradiation
Many researchers use NO oxidation to determine photo-
atalytic reactivity in various TiO2 photocatalytic applications
19–24]. The electron–hole pair (e−–h+) generated upon light

e TiO2 synthesis reactor.
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Fig. 2. Schematic diagram of continuous

xcitation is trapped at the TiO2 surface as spatially separated
edox active sites. Some studies report the formation of reactive
xygen species, such as superoxide ion (O2

•−), atomic oxygen
O), O−, OH and HO2 radicals on the surface of TiO2 irradiated
ith UV light [25–27]. The general mechanism of NOx oxida-

ion by photocatalyst is as follows. Hydrogen ions and hydroxide
ons are dissociated from water. The active oxygen species are
roduced on the TiO2 surface.

2 + e− → O2
− (1)

H− + h+ → OH∗ (2)

+ + O2
− → HO2

∗ (3)

he nitric monoxide is oxidized to nitric acid or nitrous acid by
ctive oxygen species. Based on the gas-phase chemistry of NOx
28], NO is converted to HNO3 as a consecutive photooxidation
ia a NO2 intermediate.

O + HO2
∗ → NO2 + OH∗ (4)

ig. 3. UVA lamp and LED photon energy distribution profiles (the visible-light
egion of UVA lamp is small and not shown in this figure).
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system for photocatalytic NOx removal.

O2 + OH∗ → HNO3 (5)

O + OH∗ → HNO2 (6)

Finally, the nitric acid forms on the catalyst. Photocatalyst
ctivity lessens as acid accumulates. To illustrate the reaction
ehavior of NO photocatalytic oxidation, 0.2 g of TiO2 500 and
mW/cm2 of light intensity were used to conduct the experi-
ent. Fig. 4 shows the NOx oxidation results under UVA and

isible light performed in a continuous flow system. At first,
1 ppm NO gas stream was introduced into the reactor under

ark conditions. The NO concentration in the gas phase dropped
ue to NO adsorption on the TiO2. A few minutes later, the
O was saturated on the TiO2, and the NO concentration was

eturned to 1 ppm. As Fig. 4 shows, the steady state of this pho-
ocatalytic reaction was achieved as soon as the photocatalyst
as illuminated. The NO concentration decreased from 1 to

.46 ppm, and the NO2 concentration increased to 0.06 ppm.
he NOx concentration, which includes NO and NO2 concen-

rations, was maintained at 0.52 ppm for 30 min under green
ED illumination. TiO2 500 activity did not obviously decrease

ig. 4. Reaction profiles of NO over the TiO2 500 photocatalyst during 1.5 h
n stream; catalyst loading: 0.2 g; intensity of irradiation: 1 mW/cm2; inlet con-
entration of NO: 1 ppm; inlet flow rate: 1 L/min; reaction temperature: 27 ◦C.
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Fig. 5. Average removal rate of NOx (�mol/h) on various photocatalysts
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rapidly increased over 700 ◦C [33]. However, the crystallite size
of MOCVD-synthesized TiO2 did not obviously increase with
the temperature, and the rutile phase began to appear at a very

Table 1
Characterization of prepared TiO2

Sample C content
(at.%)

Surface area
(m2/g)

Particle
size (nm)a

Crystallite
size (nm)b

TiO2 500 22.2 109.4 14.1 9.8
TiO2 600 20.4 61.0 25.3 10.6
TiO2 700 17.7 58.9 26.2 11.2
TiO2 800 16.5 41.6 37.1 13.5
TiO2 900 14.2 29.0 53.1 15.9
s. wavelength of irradiation; catalyst loading: 0.2 g; irradiation intensity:
mW/cm2; inlet concentration of NO: 1 ppm; inlet flow rate: 1 L/min; reaction

emperature: 27 ◦C.

ver time, probably due to a large surface area of 109 m2/g.
nder a blue LED, NO, NO2, and NOx concentrations decreased

o 0.38, 0.04, and 0.42 ppm, respectively. The amount of NOx

emoval increased as the illumination wavelength decreased, but
he amount of NO2 generated increased as the illumination wave-
ength increased. This is because the number of induced active
ites on the TiO2 surface decreased with the increase in the wave-
ength of illumination, and NO2 is more difficult to oxidize than
O. Hence, the decreasing reaction rate under visible light is
rimarily caused by the decrease in the NO2 oxidation rate.

The comparison above used commercially available photo-
atalysts (Degussa P25). Fig. 5 shows NOx removal rates using
arious photocatalysts under UV- and visible-light irradiation.
nder UV illumination, these photocatalysts exhibit a similar

ctivity in NOx mineralization, except for TiO2 900 and
iO2 1000. TiO2 400 was inactive. Although the photoactivi-

ies of P25 and TiO2 500(O) were good under UV illumination,
heir visible-light activities were low. These results demonstrate
hat the activity of prepared TiO2 decreases as the synthesis
emperature increases. Under visible light, the activity levels of
hese photocatalysts fell in the order of TiO2 500 > TiO2 600 >
iO2 700 > TiO2 800 > TiO2 900 > TiO2 1000–TiO2 500(O) >
25. This order of activity is the same under different visible-

ight sources (blue and green lights). Adding oxygen gas to
he synthesis reaction obviously decreased the visible-light
esponse of prepared TiO2. Therefore, the optimal CVD
eaction temperature is 500 ◦C, without adding oxygen gas, for
he highest visible-light-responsive activity.

.2. TiO2 photocatalyst characterization

.2.1. XRD

Fig. 6 shows the X-ray diffraction patterns of TiO2 sam-

les. At a synthesis temperature of 400 ◦C, no detectable peaks
ndicate the presence of an amorphous structure. This lack is
esponsible for the very low photocatalytic activity of TiO2 400.

T
T

Fig. 6. XRD patterns of prepared photocatalysts.

he peaks for the (1 0 1), (0 0 4), (2 0 0), (1 0 5), and (2 1 1) reflec-
ions characteristic of the TiO2 anatase phase appeared on the

aterial at a synthesis temperature above 500 ◦C. Process tem-
eratures ranging from 500 to 900 ◦C produce the anatase phase.
he anatase phase was partially transformed to the rutile phase
t 1000 ◦C [29]. The TiO2 anatase phase is more photoactive
han the rutile and brookite phases [30]. Sclafani and Hermann
eport that titania samples with the rutile phase were consistently
uch less photoactive than anatase samples [31]. Therefore, it
as strongly suggested the synthesis temperature should not

xceed 1000 ◦C due to the appearance of the rutile phase. The
rystallite sizes of the prepared photocatalysts were determined
rom a half width of (1 0 1) peak using the Scherrer formula
d = 0.9 λ/β cos θ). As shown in Table 1, vapor molecule accre-
ion caused the crystallite size of TiO2 to gradually increase as
he temperature increased. Cluster–cluster and particle–particle
ollided rapidly, accelerating crystallite growth size (primary
article) and cluster (secondary particle) [32]. Porter et al.
eports that crystallite size of sol–gel-synthesized TiO2 and P25
iO2 1000 67.3 27.0 57.1 16.2
iO2 500(O) 5.63 138.3 11.2 7.7

a Calculated by BET formula, dBET = 6/ρA.
b Calculated by Scherrer formula, d = 0.9λ/β cos θ.
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Fig. 7. Raman spectra of prepared photocatalysts.

igh temperature (1000 ◦C). This is due to a short retention time
0.25 s) of TTIP in the heating zone during the synthesis process.
he heat effect on crystallite size growth was not as obvious as

n previous studies.

.2.2. Raman spectroscopy
Raman spectroscopy can be used to clearly characterize the

iO2 surface structure [20,34]. Raman spectroscopy wave vec-
or selection rules, which limit the wave vector of detectable
hotons to the Brillouin zone center, break down at a very small
ize (>10 nm). As a result, all the spectra peaks broadened as
he particle size decreased. Iida et al. [34] and Li et al. [35]
oth claim that this method is more sensitive for nanometer-
ized crystals than X-ray diffraction. This study used lower laser
ower to avoid laser heating or laser damage effect. Fig. 7 shows
iO2 Raman spectra at different synthesis temperatures. The
aman spectra were consistent with XRD patterns for TiO2 500

o TiO2 900. The anatase phase, Raman shift = 396, 517, and

38 cm−1 [36], existed in all TiO2 samples, and the anatase
hase peaks were narrowed with increasing synthesis tempera-
ure except for TiO2 1000. This shows that the anatase crystallite
ize increased as the synthesis temperature increased from 500

a
t
T
o

Fig. 8. TEM photograph of (a) Ti
lysis A: Chemical 270 (2007) 93–100 97

o 900 ◦C. The broad and low blue-shift peaks of TiO2 500 and
iO2 600 were caused by a low degree of crystallization on the
urface and small particles. The broad and weak intense peaks
f TiO2 1000 included both anatase and rutile phases, 440 and
08 cm−1, due to the mixed and incomplete lattice structure
i.e., amorphous-like structure) on TiO2 surface, which was not
bserved in the XRD pattern. The amorphous-like structure was
robably caused by impurities such as carbonaceous species,
overed or doped on the TiO2 surface.

.2.3. TEM
The morphology of the prepared photocatalysts was observed

y TEM. Fig. 8 shows TEM images of TiO2 500 and TiO2 1000,
here the mean particle sizes are close to 15 and 65 nm,

espectively. The size distribution of TiO2 500 particles was
arrow and non-aggregated. In contrast, the sol–gel nanoparti-
le preparation method easily produced particle agglomeration
fter calcination at high temperature. The MOCVD process can
roduce a good visible-light-responsive TiO2 without agglomer-
tion under proper conditions. The particle sizes ranged from 10
o 70 nm, which increased as the reaction temperature increased.

orphological observation by TEM and XRD calculations
eveal that the large particle size of TiO2 1000 was mainly
aused by agglomeration, not the growth of crystallite size.

.2.4. BET
Table 1 shows the specific surface area of samples prepared

y the BET method. Agglomeration caused the surface area to
ecrease as the synthesis temperature increased. Furthermore,
EM observation confirmed that the prepared TiO2 powders
ad an almost spherical and nonporous form. Therefore, this
elationship can be expressed by a simple equation, assuming a
pherical and nonporous particle:

BET = 6

ρA
(7)

here dBET is the calculated particle size (nm), ρ the density of
iO2 (3.84 and 4.20 g/cm3 for anatase and rutile, respectively),

nd A is the specific surface area (m2/g) [37]. Table 1 shows
hat the calculated diameter of the particles is about 14–57 nm.
he results of specific surface area agree well with the TEM
bservation, but were different from the XRD calculations. Yue

O2 500 and (b) TiO2 1000.
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Fig. 9. C 1s XPS spectra of prepared photocatalysts.

nd coworkers claim that the specific surface area of sol–gel-
ynthesized TiO2 depends only on the size of crystals (primary
article) and was unaffected by aggregation [38]. This is prob-
bly because aggregation in the sol–gel process is loose, so the
2 gas can penetrate the gap between aggregated particles. In

his study, TiO2 aggregation occurs mostly at high tempera-
ures (>500 ◦C); therefore, the particles are tightly aggregated
ith high surface energy. Okuyama and coworkers report this
henomenon as incomplete sintering in the CVD process [16].
ence, the specific surface area is more related to secondary
articles than primary particles in this MOCVD process. More-
ver, the specific surface area of TiO2 500(O) was larger than
ll prepared samples due to a rapid nucleation rate in an oxygen
tmosphere [39]. Nanoparticle size in the MOCVD process is
etermined by the relative magnitudes of nucleation and growth
ate. The TTIP gas was totally decomposed to the monomer
TiO2(g)), after which all monomers were converted into TiO2(s)
n a very short time. This prevented further particle growth.
herefore, it is reasonable to assume that the grain size decreased
fter oxygen gas was added to the reaction atmosphere.

.2.5. XPS
Some studies discuss carbon-doped and carbon-covered

itania materials [19,20,40–46]. These researchers report that
arbonaceous species play a sensitizer role, inducing visible-
ight absorption and response. To investigate the carbon states on
he prepared TiO2, the C 1s core levels were measured by XPS,
s shown in Fig. 9. All samples were cleaned with irradiation
f 2 mW/cm2 UV light for 12 h before XPS analysis, removing
he originally adsorbed organic compounds. Three XPS peaks
ccurred at 284.8, 286.7, and 288.8 eV for the prepared TiO2.
he first value arises from adventitious elemental carbon (C–C),
nd the other two small peaks indicate the existence of C–O and

O, corresponding to a carbonate species [40,41]. The C–O
nd C O were not chromophores, so the C–C structure on the

iO2 surface is most likely responsible for visible-light absorp-

ion. The carbonaceous species covered the TiO2 by the thermal
ecomposition reaction of TTIP. Without oxygen gas added to
he reaction atmosphere, the TTIP alkoxide group was unable

T
o
o
p

lysis A: Chemical 270 (2007) 93–100

o completely convert to C3H6 and CO2 gas. This caused the
arbonaceous species, existing in the condensed and coke-like
tructure, to remain on the photocatalyst. Table 1 shows the car-
on content in the TiO2 at different synthesis temperatures. The
mount of carbon on the TiO2 500(O) is relatively low because
he alkoxide group was completely oxidized to CO2 gas in the
resence of sufficient oxygen gas. The amount of carbon on the
iO2 surface decreased as the synthesis temperature increased,
xcept for the TiO2 1000. The information from Fig. 5 and
able 1 indicates that the visible-light-responsive activity of pre-
ared TiO2 increased as the amount of carbon increased on the
iO2, until 900 ◦C. The amount of carbon on the TiO2 surface is
esponsible for good visible-light absorbance and visible-light-
esponsive activity. This finding agrees well with previous works
y the same authors, and with Maier’s experiment [19–21,45].
owever, these visible-light-responsive TiO2 samples were pre-
ared in the CVD process under an anaerobic atmosphere, so a
ew oxygen atoms on the TiO2 surface were substituted by car-
on to form a TiO2−xCx structure. The oxygen defects of TiO2
ossibly act as a recombination center, reducing photoactivity.
PS analysis of Ti 2p3/2 did not immediately reveal the Ti–C
ond, so the TiO2−xCx structure of these samples is probably
carce. In this case, the small number of oxygen defects in the
iO2 samples does not enhance the recombination rate between
xcited electrons and holes, where the similar UV-responsive
hotoactivities of TiO2 500(O) and TiO2 500 samples obvi-
usly demonstrate this ratiocination, as shown in Fig. 5. The
mount of carbon in the TiO2 1000 material increased to 67%,
ut its UV- and visible-light-responsive activities were smaller
han that of TiO2 500 to TiO2 900. TTIP thermal decomposi-
ion at an extremely high temperature caused this high amount of
arbonaceous species. Many TTIP alkoxide groups transformed
o highly condensed species, like coke, and were deposited and
oped onto the TiO2 surface. Thus, some photoactive sites were
overed by coke species, causing an incomplete lattice structure
amorphous-like surface structure) on the TiO2 1000 sample.
his is shown in the Raman spectra. Therefore, the visible-light-

esponsive activity of TiO2 1000 was less than TiO2 500–900 in
pite of its higher amount of carbonaceous species. In addition,
fter the Ar+ ion etching process of TiO2 500, the peak intensi-
ies of carbonaceous species decreased. After 120 s, carbon was
ot detected on the TiO2. The etching experiment shows that the
arbonaceous species mainly exist on the surface.

.2.6. UV–vis diffuse reflectance spectra
Fig. 10 shows the UV–vis diffuse reflectance spectra of

repared TiO2 materials and P25. This reflectance data was
onverted by instrument software to absorbance values, F(R),
ased on the Kubelka–Munk theory [19,20,23,42,45]. The
isible-light absorbance of the prepared TiO2 depends on the
ynthesis temperature and the presence of oxygen gas. The
isible-light absorption of these photocatalysts was in the order
f TiO2 1000 > TiO2 500 > TiO2 600 > TiO2 700 > TiO2 800 >

iO2 900 > TiO2 500(O)–P25. Except for TiO2 1000, the order
f visible-light-responsive activities was the same as the order
f visible-light absorption. In this study, all photocatalysts
repared in an oxygen-free atmosphere exhibited much bet-
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Fig. 10. UV–vis absorption spectra of various photocatalysts.

er visible-light-responsive activities than commercial powder
P25). Furthermore, the TiO2 500(O) sample, prepared in an
xygen atmosphere, and P25, did not perform well in visible-
ight absorption due to the absence of carbonaceous species.
iO2 1000 possessed the highest visible-light absorption due

o its huge amount of highly dense coke and amorphous-like
urface structure. The visible-light absorptions of TiO2 500 and
iO2 600 were higher than others, except for TiO2 1000. The
mount of carbonaceous species on the surface of TiO2 500
nd TiO2 600 was higher than on TiO2 700, TiO2 800, and
iO2 900, but not very different. Raman analysis reveals a low
rystallization on the surface of the TiO2 500 and TiO2 600,
o the loose and amorphous-like structures of TiO2 500 and
iO2 600 were probably responsible for their better visible-

ight absorbance. In this experiment, TiO2 700, TiO2 800, and
iO2 900 exhibited well-crystallized surface structures, so their
isible-light absorbance was only due to the existence of car-
onaceous species. Therefore, carbon in the samples may play
wo roles; it is the sensitizer for visible-light absorption due to its
oke-like structure; and it also exists as an impurity, the lattice
efect, of TiO2 to form interface states that effectively lower the
and gap.

. Conclusions

Carbon-containing TiO2 photocatalysts were successfully
repared by an MOCVD process using titanium isopropoxide
s the precursor. Carbon-containing TiO2 showed a relatively
igh photocatalytic activity in NOx oxidation under visible-
ight illumination. The visible-light activity of prepared TiO2
ecreased as the synthesis temperature increased. The optimal
ynthesis temperature was 500 ◦C in an oxygen-free atmosphere.
he coke-like carbonaceous species on the TiO2 surface, as evi-
enced by XPS and Raman spectroscopy, are responsible for

ood visible-light absorption and photoactivity. The amount of
iO2 carbonaceous species and visible-light response decreased
s synthesis temperature increased, up to 900 ◦C. In conclusion,
simple and continuous process was achieved for preparing
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[
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[
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isible-light-responsive photocatalysts. These materials can be
ractically applied in the purification process in both water and
ir without UV illumination.
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