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Abstract

The nitrogen doped (N-doped) titanium dioxide (TiO2) photocatalyst was prepared by the atmospheric-
pressure plasma-enhanced nanoparticles synthesis (APPENS) process operated under normal temperature,
i.e. the dielectric barrier discharge plasma process. The N2 carrier gas is dissociated in the AC powered
nonthermal plasma environment and subsequently doped into the TiO2 photocatalyst that was capable of
being induced by visible light sources. The APPENS process for producing N-doped TiO2 showed a higher
film deposition rate in the range of 60–94 nm/min while consuming less power (<100 W) as compared to
other plasma processes reported in literatures. And the photocatalytic activity of the N-doped TiO2

photocatalyst was higher than the commercial ST01 and P25 photocatalysts in terms of toluene removals in
a continuous flow reactor. The XPS measurement data indicated that the active N doping states exhibited
N 1s binding energies were centered at 400 and 402 eV instead of the TiN binding at 396 eV commonly
observed in the literature. The light absorption in the visible light range for N-doped TiO2 was also
confirmed by a clear red shift of the UV-visible spectra.

Introduction

Photocatalysis of volatile organic compounds
(VOCs) is one of the most popular indoor and
outdoor air pollution control approaches because
of its low energy consumption. However, most of
the studies have been focused on the utilization of
light sources in the ultraviolet (UV) spectrum with
titanium dioxide (TiO2) as the photocatalysts
(Fujishima et al., 2000). In the recent years, a
number of studies (Asahi et al., 2001; Ohno et al.,
2004) have reported that doping TiO2 with metal
or non-metal compounds could initiate photo

activation by visible light sources, thereby
improving VOCs destruction efficiency and
potentially expanding its fields of application.
Among the viable doping elements or compounds
for TiO2, the substitutional doping of N has been
recognized to be one of the most effective means
for producing visible light irradiation effect (Asahi
et al., 2001; Ihara et al., 2003; Irie et al., 2003).
Many methods have been documented to suc-

cessfully prepare N-doped TiO2 films or particles,
including surface treatment by sputtering (Asahi
et al., 2001) or plasma (Miao et al., 2004), pulsed
laser deposition (György et al., 2003; Suda et al.,
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2005), sol–gel (Livraghi et al., 2005) or other
aqueous phase reactions (Sakatani et al., 2004;
Chen et al., 2005; Nosaka et al., 2005; Yin et al.,
2005), and the plasma-assisted deposition pro-
cesses. The plasma-assisted processes, such as ion-
beam-assisted deposition (IBAD) (Yang et al.,
2004a; Yang et al., 2004b; Wu et al., 2005) and the
radio frequency (r.f.) plasma-enhanced chemical
vapor deposition (PECVD) (Battison et al., 2000;
Irie et al., 2003; Maeda and Watanabe, 2006) for
the preparation of TiO2, own numerous advanta-
ges such as high product purity, excellent step
coverage, and precise control of reaction parame-
ters (Battison et al., 2000). However, most of the
plasma processes entail stringent operating envi-
ronment of low pressures (vacuum) and/or high
temperatures.
In a previous study, the present authors have

successfully produced uniform and nano-size par-
ticles by an atmospheric-pressure nonthermal
plasma process, hereafter referred as APPENS
(atmospheric-pressure plasma-enhanced nanopar-
ticles synthesis) process (Bai et al., 2004). As
compared to other plasma processes, the APPENS
process holds a distinct advantage in three-folds:
(i) it operates without requiring environments with
near vacuum or elevated temperature conditions,
(ii) the energy requirement is low but sufficient for
breaking and doping N2 or NH3 molecules into the
titania precursors, and (iii) the plasma source of
the APPENS process has been widely applied for
industrial ozone production, therefore scaling up
of the system for the mass production of N-doped

TiO2 nano-films or nano-particles appears highly
viable.
In the present study, the N-doped TiO2 photo-

catalytic nano-particles were prepared and utilized
to decompose toluene and isopropanol (IPA), two
VOCs commonly existed in the industrial emis-
sions as well as in the indoor ambiences. The
effectiveness of the prepared photocatalyst was
examined under UV and visible light sources, and
was subsequently compared with the performances
by the bare anatase TiO2 and the commercial
photocatalysts as well. The production rate of
photocatalysts and the energy requirement of the
process were also evaluated in the context of other
plasma processes available in literatures.

Experimental

Preparation of N-doped TiO2 photocatalyst

A schematic diagram of the APPENS process for
producing the N-doped photocatalyst is shown in
Figure 1. The titanium tetraisoproxide (TTIP) and
water vapor, both serving as the reaction precur-
sors, were obtained by passing N2 carrier gas into
separate impingers controlled at 150 and 25 �C,
respectively, before mixing and delivering into the
plasma reactor. The plasma reactor was made of
Pyrex glass with 21 mm I.D., 23 mm O.D. and
200 mm in length. The total flow rate of the pre-
cursor vapors was 137.4 sccm, with TTIP/H2O
volumetric flow ratio of 4.0 at 25 �C being the
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Figure 1. Schematic diagram of the APPENS reactor for producing N-doped TiO2 nanoparticles.
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optimal mixture as determined from the previous
study (Bai et al., 2004).
The APPENS process was modified from a wire-

tube type glow dielectric barrier discharge reactor.
One electrode was a stainless steel rod of 2 mm in
diameter positioned along the central line of the
reactor. The other electrode was a sheet of stain-
less steel mesh wrapped around a portion of the
reactor (135 mm in wrapping length). An alter-
native current (AC) with 60 Hz frequency was
applied in the non-thermal plasma reactor, yield-
ing an electric field strength of 9.6 kV/cm in
atmospheric pressure. Under such conditions, the
total power consumption of the process was
approximately 9 W. The photocatalytic nanopar-
ticles were either directly deposited on the reactor
wall as a thin film or collected at the reactor outlet
by a filter paper (A100A047A, Advantec MFS,
Inc.) for further analysis.
After the plasma process, the glass tube was

annealed at 500 �C in air for 3 h to remove carbon
residue and to transform the titania from amor-
phous to anatase phase. To establish a basis for
comparison, bare TiO2 photocatalyst of pure ana-
tase was also prepared via the APPENS process
under the operation conditions identical to those
used for preparing the N-doped TiO2, except that
the carrier gas of the plasma process as well as the
annealing gas was 20%O2 + 80%Ar. The crys-
tallite phase and size of the samples was determined
by the X-ray diffraction patterns using an X-ray
powder diffractometer (XRPD, Rigaku; Cu target,
30 kV, 20mA), with the results from transmission
electron microscopy (TEM, Philips CM-200
TWIN) analysis, BET surface area measurement
(ASAP 2020, Micromeritics) and SMPS (Scanning
Mobility Particle Sizer, TSI model 3080L) mea-
surement as the supporting evidence. In addition,
the chemical composition of the N-doped TiO2 was
analyzed by electron spectroscopy for chemical
analysis (ESCA, Perkin–Elmer; PHi 1600).
To facilitate quantitative comparisons concern-

ing the production rate of TiO2 photocatalysts
between the APPENS and the other plasma pro-
cesses, a plate-type plasma reactor capable of
receiving a flat glass substrate of 50 mm in diam-
eter was used. The power consumption of the
plate-type reactor increased to 60–80 W, which
was about 6–9 times higher than the wire-tube
geometry. The N-doped TiO2 film collected on the
glass substrate was then weighed, and the film

thickness was estimated based on the visual images
taken by scanning electron microscopy (SEM,
Hitachi-S4700).

Photocatalytic degradation of IPA in a batch
reactor

A batch photocatalytic reactor for IPA and Tolu-
ene removal is sketched in Figure 2a. The reactor
was essentially the same device as the one used for
producing the TiO2 particles, except that the inlet
and outlet ends were sealed to form a batch-type
configuration. Before the photocatalytic reaction
test, small amounts of IPA 0.04 lL) and toluene
(0.01 lL) were injected separately into the sealed
reactor at a constant temperature of 45 �C and
relative humidity of 70%. After 60 min, the IPA
and toluene reached a steady-state vapor concen-
tration of 145± 1 and 250± 10 ppm as con-
firmed by a GC/FID (China Chromatography,
9800). The illuminating light was then turned on
and the concentrations of IPA or toluene vapors
subjected to the photocatalytic decomposition by
either the TiO2 or the N-doped TiO2 photocatalysts
were recorded. To avoid the diffusion limitation in
a batch reactor, the light was turned off for 30 min
after each sampling to ensure well mixed of the
organic molecules, and then the light was turned on
again to continue the photocatalysis tests.

Photocatalytic degradation of toluene in a
continuous flow reactor

In addition to the batch-type decomposition
studies, continuous flow (Figure 2b) studies tar-
geting toluene removal were also performed using
5 mm glass beads (Beco Mfg Corp.) as the packing
media. The glass beads were directly coated with
N-doped TiO2 after 10 h of the plasma process.
The BET surface area of the glass beads was
determined (ASAP 2020, Micromeritics) to be
0.0278 m2/g with negligible pores. The mass of the
coated photocatalysts per clean glass beads was
1.17 mg/g, and the mass of photocatalyst per
surface area of clean glass beads was 42.24 mg/m2.
For comparison basis, approximately the same

amounts (± 0.07 mg/g) of ST01 and P25 photo-
catalysts as the N-doped TiO2 were also coated on
the glass beads and tested in separate reactors under
the identical conditions. The commercial photo-
catalysts of ST01 (Ishihara Sangyo) and P25
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(Degussa) powders were dispersed into the de-ionic
water to a concentration of 50 g/L. Then the clean
glass beads were dipped into the slurries and dried
at 105 �. The glass beads were weighted before and
after coating procedure to determine the actual
coating amount of ST01 and P25 on the glass beads.
The toluene vapor was obtained from an imp-

inger with clean air as the carrier gas, with the total
gas flow rate of 18.3 sccm and typical toluene
concentration of 463± 13 ppm. The reaction
temperature and the relative humidity were main-
tained at 25 �C and 70%, respectively. The corre-
sponding residence time in the continuous flow
photocatalytic reactor was 2.35 min.
The illumination light sources used in the batch

and continuous flow photocatalytic decomposition
studies were either UV (364.2 nm; FL10BLB,
Sankyo Denki) or visible light (FL10D-EX, Tyo
Light) sources having the same irradiation intensity
(10 W). To facilitate understanding of the prepared
photocatalyst for indoor air pollution control
application, the visible light bulb used in this study
is simply the one used in household living space.
Both the intensity and the spectra of the light

sources were obtained from a spectrophotometer
(Ocean Optics, USB2000). The intensities of illu-
mination in the reactor were 3.78 mW/cm2 for UV
light source and 4.81 mW/cm2 for visible light
source. The light spectra of the visible light source
are shown in Figure 3 with major peaks observed
at 435, 488, 545, 587 and 611 nm. One can also
observed a very small peak for visible light lamp at
UV range of 364 nm with intensity of 0.35 mW/
cm2. To ensure the effect of this small peak at
364 nm on visible light photocatalysis, a photoca-
talysis test was also conducted with UV lamb
(364.2 nm) of 0.43 mW/cm2 intensity (a precise
control of the light intensity to be 0.35 mW/cm2

was not feasible during the test). And the results
revealed that both the IPA and toluene removals
were below detection limit.
Blank tests were conducted for both batch and

continuous flow photocatalytic tests. The blank
tests included those conducted with catalyst but
without illumination, and those without catalyst
but with light illumination. Each type of blank
tests showed that the removals of IPA and toluene
vapors are negligible.

Figure 2. Schematics of the (a) batch type and (b) continuous flow photocatalytic reactors for VOCs removal.
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Results and discussion

Comparison of the APPENS process with other
plasma processes

Values of the operating parameters and the basic
properties of the N-doped TiO2 prepared via the

APPENS process are summarized in Table 1.
These values are compared to the available litera-
ture data which employed other plasma processes
for producing N-doped TiO2 photocatalysts,
namely the ion-beam-assisted deposition (IBAD)
and the r.f. plasma-enhanced chemical vapor
deposition (PECVD) processes.
As a common feature of all plasma processes,

the particles produced by the APPENS process
were firmly coated on the reactor surface and
could not be easily removed by mechanical or
chemical washing. Therefore it was possible that
the TiO2 vapors were deposited onto the reactor
surface (i.e. via CVD process) first and then crys-
tallized to form TiO2 particles. Besides, the
APPENS process also produced high quality films
in terms of uniform size within nano-range as well
as high photo-reactivity as demonstrated hereafter
in this study.
In addition to the common feature of firm

coating and high quality films among all plasma
processes, the APPENS process was operative
under normal conditions (i.e., room temperature
and atmospheric pressure) as opposed to the IBAD
and the PECVD processes. Therefore, the photo-
catalyst prepared by the APPENS process could
be deposited on a substantially wider variation
of substrate materials. Furthermore, the power
consumption of the APPENS process (<80 W)

Table 1. The operation parameters and the product properties of the APPENS process and other plasma processes for
producing N-doped TiO2 photocatalysts.

Properties APPENS (This study) Reference processes

IBAD (Yang et al., 2004a, b;
Wu et al., 2005)

PECVD (Battison
et al., 2000)

System temperature 298 K 523–573 K 393–523 K
Temperature of TTIP 423 K Not available 313 K
System pressure �101,300 Pa (i.e. �1 atm) 10)4–10)2 Pa 60 Pa
Power Wire tube: �9 W; Plate: 60–80 W 3 kW (Wu et al., 2005) 10500 W
Gas flow rate 137.4 sccm <20 sccm 20 sccm
Production rate 60–94 nm/min (plate type) 6–12 nm/min <10–25 nm/min
Grain size �12 nm (25 nm)a 20–200 nm 20–30 nm
Crystal phase Amorphous, then to anatase after

3 h annealing at 773 K
Direct use of anatase source

(Wu et al., 2005). Rutile TiO2

source material transferred to

amorphous or anatase

(Yang et al., 2004a, b)

Amorphous, then to anatase
after 6 h annealing at 773 K.

aThe grain size was around 12 nm as estimated by the Scherrer equation (Musić et al., 1997) based on XRPD data and the
particle size was around 25 nm as observed from TEM photo images for tests shown in this study. The particle size may vary
from 20–40 nm as the precursor ratio and the applied voltage were varied in the APPENS process.
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Figure 3. The light spectra of the visible light source used in
this study. The three major peaks were observed at 435, 488,
545, 587 and 611 nm.
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was less than that of the PECVD (100–500 W) and
the IBAD (3 kW) processes.
The production rate of the N-doped photocat-

alyst was in the range of 60–94 nm/min as verified
by the plate-type APPENS process, with a SEM
photo image of the N-doped TiO2 deposited on a
glass substrate shown in Figure 4. This production
rate is much greater than those exhibited by the
IBAD and PECVD processes, most probably due
to the higher gas flow rate of 137.4 sccm employed
in this study as compared to those (�20 sccm)
used in the IBAD and PECVD processes. It is also
noted that although a direct comparison between
the production rate of the wire-tube plasma reac-
tor and those of the IBAD and PECVD processes
was not feasible, the total mass production rate in
the wire-tube plasma reactor as collected by the
glass beads (8.3 ± 0.5 mg/h) was about 20 times
greater than that in the plate-type plasma reactor
(0.4 ± 0.05 mg/h). Hence the production rate of
the APPENS reactor should be higher than that of
the IBAD and PECVD process because scaling up
of the IBAD and PECVD processes for operating
at higher flow rates are technically not feasible due
to the necessity of vacuum condition.
The TEM images (Bai et al., 2004) indicated that

the product particles were very uniform in size,
whether or not nitrogen was doped into the
TiO2 particles. The variation in the average diam-
eters between 20 and 40 nm depended on the
operating conditions such as the precursor ratio
and the plasma intensity. The crystallite sizes were
also calculated by the Scherrer equation (Musić

et al., 1997) using data obtained from the XRPD
pattern for the TiO2-XNX nanoparticles. The cal-
culation results showed that the crystallite sizes
were 11.8± 0.5 nm for particles having an esti-
mated average size of 25 nm based on 62 primary
particles observed in the TEM images.
To check the difference between the TEM

observed particle size and the XRPD-determined
crystallite size, both SMPS (Scanning Mobility
Particle Sizer, TSI model 3080L) and BET surface
area (ASAP 2020, Micromeritics) measurements
were conducted. The online measurement of the
size distribution by SMPS indicated that the geo-
metric standard deviation of the particle size dis-
tribution was around 1.21 at a particle size of
23 nm. While the powder specific surface area by
nitrogen adsorption was determined to be 69.9 m2/
g, thus the specific surface area-determined particle
size (dp) was 22 nm using dp = 6/(qpA), where qp is
the density of anatase TiO2, and A is the BET
specific surface area. Because there was no obvious
porosity of the photocatalysts observed by the
adsorption-desorption curve of BET measurement,
one can conclude that the difference in TEM par-
ticle size and XRPD-determined crystallite size was
mainly due to coagulation of crystallite particles.
The particles collected directly from the sub-

strate via the APPENS process were amorphous,
but they became strictly anatase after being
annealed at 500 �C for 3 h. The anatase structure
was observed regardless whether nitrogen was
doped into TiO2 photocatalysts.

Characterization of the N-doped TiO2 photocatalyst

The evidence of the nitrogen doping is provided by
the ESCA spectrometry of Ti 2p and N 1s, as
shown in Figure 5. According to the literature
database (Jill Ed., 1992), TiO2 is characterized
with peaks appearing at around 458–459 eV for Ti
2p3/2 and 464 eV for Ti 2p1/2. The presence of
TiO2-xNx, however, tends to shift the Ti 2p peaks
to lower binding energy (Miao et al., 2004; Chen
et al., 2005). More importantly, the presence of
N-doping in the TiO2 particles is substantiated by
the N 1s spectra, where a significant peak at
around 402 eV and a minor peak at around
400 eV were observed for the photocatalysts
doped with nitrogen. In contrast, there were no
obvious N 1s peaks for the TiO2 photocatalysts
prepared in O2/Ar environment.

Figure 4. SEM photo image that shows the film thickness
of N-doped TiO2 deposited on a glass substrate via a plate
type APPENS reactor. The electric field strength was
19.2 kV/cm and the deposition time was 2 h.
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These feature peaks at 400–402 eV were assigned
either to be bound to hydrogen (Diwald et al.,
2004), to the chemisorbed c-N2 (Yang et al., 2004a)
or to the formation of oxynitride (Chen et al.,
2005) as the N-doping status. For examples,
Diwald et al. (2004) showed that the peak observed
at 399.6 eV is responsible for the shift of the pho-
tochemical threshold down to �2.4 eV. And this
form of nitrogen is most likely located in an
interstitial site bound to hydrogen. Diwald et al.
(2004) also indicated that this form of nitrogen
doping disagrees with the conclusion of Asahi et al.
(2001), who reported that nitride ions that sub-
stitute for O2) ions in the TiO2 lattice are the nec-
essary dopant species for TiO2 photocatalysis in
the visible-light region. Chen and Burda (2005)
assigned the N1s peak observed at 402 eV to O–Ti–
N formation, which can also enhance the photo-
catalytic activity in visible light region. In reference
to literature data, it revealed that N-doping sites
other than TiN observed at N 1s of 396 eV could
also be responsible for effective photocatalysis in
the visible light region.

Photocatalytic activity of N-doped TiO2 in a batch
reactor

The extent of IPA photocatalysis to form acetone
vapors was tested in a batch-type reactor exposed

under both 10 W of UV (Figure 6a) and visible
light (Figure 6b) illumination. One can observe
from Figure 6a that near complete removals of
IPA was achieved in about 20 min by both bare
TiO2 and N-doped TiO2. The peak concentrations
of acetone were observed at around 8 min before
the complete destruction of IPA and the acetone
concentrations gradually approached zero at
around 30 min.
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Figure 5. ESCA spectra of Ti 2p and N 1s that show
evidence of nitrogen doping into the TiO2 photocatalyst.
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Figure 6. (a) The decomposition of IPA and the formation
of acetone as a function of time in a batch photocatalytic
reactor under UV light (10 W, peak at 364.2 nm). (b) The
decomposition of IPA and the formation of acetone as a
function of time in a batch photocatalytic reactor under
visible light (10 W, peaks at 435, 488, 545, 587 and 611 nm).

371



On the other hand, as observed in Figure 6b the
IPA and acetone removal rates were much slower
under visible light irradiation when compared to
the UV light irradiation. For test with N-doped
TiO2, near complete destruction of IPA was
achieved at around 50 min. The formation of
acetone also reached its peak concentration at the
same time and then the acetone concentration
started to decay. While for test with bare TiO2, the
IPA oxidation was still undergoing even after
80 min of irradiation.
In comparison of Figure 6a and b, one can see

that under UV-irradiation where acetone could be
oxidized to CO2 even though the IPA destruction
had not yet been completed. But this was not the
case under visible light irradiation; the destruction
of acetone would occur only after the IPA had
been completely oxidized. Thus the visible light
photocatalysts may be good for organics degra-
dation but they may require much longer time for
mineralization (total oxidation to CO2).
Even though the bare anatase TiO2 showed less

photocatalytic activity than the N-doped TiO2 in
the visible light source, it was still photocatalytic
effective in the visible light range. This may be
different from typical understanding that bare
anatase TiO2 should be non-effective in the visible
light range. But since photocatalytic tests with
364.2 nm UV lamb at the intensity of 0.43 mW/
cm2 showed negligible photo-activity, it was not
due to the minor UV peak (0.35 mW/cm2 at
364 nm) of the visible light lamb for this photo-
activity. This phenomenon was also observed in the
literature, for examples, Asahi et al. (2001) and
Nosaka et al. (2005) used color filters to filter out
the UV light source and conducted bare anatase
TiO2 for photocatalytic tests under visible light
range. They still found some photo-activity for the
bare anatase TiO2 in the visible light range.
In order to study the visible-light induced pho-

tocatalysis of odorous VOCs with another repre-
sentative molecular structure (i.e., aromatic ring),
the photocatalytic removals of toluene vapors via
the N-doped TiO2 and the bare TiO2 in a batch
reactor were also tested and the results are shown
in Figure 7 under both UV and visible light illu-
mination. One can see that the N-doped TiO2 had
higher activities than bare TiO2 under both UV
and visible light sources. But at an initial time of
less than 10 min, the removal rates of toluene were
almost the same using the same photocatalyst

under the same light intensity and were almost
independent of the light source. Then after 10 min
of reaction time, the difference on the toluene
removals between UV and visible light sources was
increased. The toluene removal rates under visible
light source were gradually retarded for both N-
doped TiO2 and bare TiO2. This might be caused
by the formation of intermediate species such as
benzoic acid, benzyl alcohol and benzaldehyde
during the decomposition of toluene vapors. Such
intermediate products which strongly adsorbed
were less reactive on the catalysts surface and led
to deactivation of the catalyst (d’Hennezel et al.,
1998).

Comparison of N-doped TiO2 photocatalysis with
commercial photocatalysts

The extent of decomposition of toluene vapor in a
continuous-flow reactor with a short residence
time of 2.35 min was evaluated to explore other
application field such as air cleaners. The com-
parison results of photocatalytic activity between
the N-doped TiO2 produced in this study and the
commercial photocatalysts of P25 and ST01 are
shown in Figure 8. One can see that the toluene
removal efficiency for N-doped TiO2 gradually
increased with the operation time of the continu-
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Figure 7. The removal efficiency of toluene as a function of
time in a batch photocatalytic reactor under UV (10 W,
peak at 364.2 nm) and visible light (10 W, peaks at 435,
488, 545, 587 and 611 nm) sources.
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ous flow reactor. It then reached a near steady-
state removal efficiency of around 7.5%±0.5%.
On the other hand, the toluene removal efficiencies
of both ST01 and P25 were less than that of the N-
doped TiO2. Although the toluene removal effi-
ciency of ST01 was slightly higher than that of
P25, the difference in the removal efficiency was
within 2%. With the relative reactivity of P25
photocatalyst (0.125 lmole/h), defined by the
accumulated amount of toluene removal over
60 min of operation, as the reference base (relative
reactivity = 1), it was calculated that the photo-
activity of ST01 photocatalyst was approximately
3.2 times higher than that of the P25 photocata-
lyst. The relative activity for the N-doped photo-
catalyst prepared in this study, in comparison, was
notably greater than both commercial photocata-
lysts, with reactivity of 11.2 and 3.5 times higher
than those of P25 and ST01 photocatalysts,
respectively.
Very limited literature data have compared the

visible-light induced photocatalytic activity of the
N-doped TiO2 with those of the commercial
photocatalysts. Li et al. (2005a, 2005b) prepared
the N-doped and N-F-codoped TiO2 photocata-
lysts via spray pyrolysis and demonstrated that the
photocatalytic activities of N-doped and N-F-

codoped TiO2 were about 2 and 7 times, respec-
tively, higher than that of the P25 photocatalyst in
terms of the initial removal rate of acetaldehyde
using a 150 W Xe lamp visible light source with
420 nm cut filter. Chen et al. (2005) prepared
nanocolloid N-doped photocatalysts via a liquid
phase method and found that the photocatalytic
activity of the nanocolloid N-doped photocatalyst
was 7 times higher than that of the P25 photo-
catalyst in terms of the methylene blue decompo-
sition with a 540 nm visible light source. Our test
result on comparing the visible light-driven pho-
tocatalytic activity of the N-doped photocatalyst
and the commercial P25 was qualitatively similar
to those by Li et al. (2005b) and Chen et al. (2005)
prepared via other processes. In addition, the N 1s
spectra of N-doped TiO2 reported in this study
was also very similar to those prepared by Chen
et al. (2005), both exhibiting peaks at around 400–
402 eV.
The Kubelka–Munk absorption spectra (Fran-

cisco et al., 2000) of N-doped TiO2, ST01 and P25
were shown in Figure 9, and they showed that the
UV-visible spectra of N-doped TiO2, ST01 and
P25 were consistent with their toluene removal
efficiency. As observed that the N-doped TiO2

prepared in this study has a clear red shift into the
visible light absorption range, with two absorption
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Figure 9. Kubelka-Munk absorption spectra of the com-
mercial photocatalysts (P25 and ST01) and the N-doped
TiO2 (TiO2-xNx) photocatalyst prepared in this study.
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Figure 8. Comparison of the toluene decomposition be-
tween P25, ST01 and the N-doped TiO2 (TiO2-xNx) phot-
ocatalysts tested in a continuous flow reactor under visible
light (10W) illumination. The residence time in the reactor
was 2.35 min.
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edges at around 400 and 520 nm. On the other
hand, there was only one absorption edge at
around 395 and 405 nm, respectively, for the ST01
and the P25 photocatalysts. Also, although the
wavelength of the absorption edge of P25 was
slightly larger than that of ST01, their removal
efficiencies were very similar (<2%) in the visible
light range as demonstrated in Figure 8. This
might be due to that the photocatalytic activity
was also influenced by many other factors such as
crystalline size, surface and bulk defects, porosity,
surface area, impurities and active sites such as
Ti3+ and OH sites etc.

Conclusion

The N-doped TiO2 was prepared in this study via
the APPENS process. The advantages of the
APPENS process, as compared to other plasma
processes for producing N-doped TiO2 films or
particles, encompass operation under normal
temperature and pressure, as well as possessing a
higher film deposition rate with lower power
consumption. Effective removal of odorous VOCs
in both batch and continuous flow photocatalytic
reactors under visible and UV light sources were
demonstrated as well. The results showed that the
N-doped TiO2 photocatalyst was more effective
in removing IPA under both UV and visible light
sources than the un-doped TiO2 photocatalyst.
Furthermore, the N-doped TiO2 photocatalyst
was superior in toluene removal than the com-
mercial ST01 and P25 TiO2 photocatalysts under
visible light irradiation. Considering that UV
light accounts for only 3–5% of the solar light
intensity, and that indoor lighting is predomi-
nantly in the visible light range, the results
presented in this study strongly suggest that the
N-doped TiO2 photocatalysts prepared via the
APPENS process has a potential application in
the arena of indoor and outdoor air pollution
control.
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