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a  b  s  t  r  a  c  t

A  convenient  N2–CCl4 mixture  plasma  treatment  to improve  TiO2 photocatalytic  oxidation  of  aromatic
air contaminants  under  both  UV and  visible  light  was  reported.  X-ray  diffraction  (XRD),  N2 adsorption,
UV–vis  spectroscopy,  photoluminescence  (PL),  and  X-ray  photoelectron  spectroscopy  (XPS)  were  used
to  characterize  the  prepared  TiO2 catalysts.  The  microstructures  of the  TiO2 catalysts  were preserved
after  plasma  treatments.  Chlorine  ions  did  not  doped  into  TiO lattice  but  located  on TiO surface  via
eywords:
2–CCl4 plasma
iO2

hotocatalysis
isible light
hlorine radical

2 2

the coordination  with  Ti4+ sites.  The  doping  N content  of  prepared  TiO2 catalyst  increased  obviously  by
using  this  N2–CCl4 mixture  plasma  method.  The  activities  were  tested  in  the  photocatalytic  oxidation  of
benzene  and  toluene  under  both  UV  and  visible  light.  Chlorine  radicals  which  formed  under  illumination
are  effective  in  oxidizing  aromatic  side  groups,  but  ineffective  in  reactions  with  the  aromatic  ring.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

The heterogeneous photocatalysis of organic and inorganic pol-
utants both in gas and liquid phase is a significant physicochemical
rocess, thus has been extensively pursued. It is considered to be
n effective method to remove several types of air pollutants (NOx,
O2, volatile organic compounds, etc.) from the atmosphere under
V or visible light radiation. TiO2 is one of the most promising het-
rogeneous photocatalysts because of its significant merits, such
s optical–electronic properties, low-cost, chemical stability, and
on-toxicity [1]. However, there are two aspects limiting its appli-
ation. The wide band gap nature of titania (3.2 eV for anatase
nd 3.0 eV for rutile) makes it absorb only ultraviolet (UV) light,
hich accounts for small fraction of the solar light (3–5%). On the

ther hand, the high recombination rate of photoexcited electrons
nd holes make the most of the excitation useless (<90% undergo
ecombination) [2].

N-doped TiO2 is the most typical example of the visible-light
hotocatalysts. Since it was found to be effective under visible light

or the decomposition of acetone and methylene blue by Asahi et al.
n 2001 [3], N-doping has become a hot topic and been widely
nvestigated. There are large numbers of reports on the states of

∗ Corresponding author. Tel.: +86 24 23847473; fax: +86 24 23847473.
E-mail addresses: hushaozhenglnpu@163.com,

ushaozheng001@163.com (S. Hu).

169-4332/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2013.09.052
N species doped in TiO2 and the preparation of the photocatalyst
by various routes [4–8]. However, the reactivities, stabilities, and
quantum efficiencies of visible light responsive N doped TiO2 cata-
lysts are still in a lower level compared with UV case, thus limiting
their practical applications. Besides, it is found sometimes that N
doped TiO2 exhibited lower photocatalytic activity than that of neat
TiO2 under UV light [9]. Therefore, design of more effective and
durable photocatalysts under both UV and visible light is still a great
challenge in this field.

Recently, halogen modified TiO2 catalysts attracted more and
more attention. Fluorine modification could change the inter-
facial electron–hole transfer, surface charge distribution, and
substrate–surface interaction, thus improve the UV light activity
[10,11]. The band gap energy could be narrowed by iodine dop-
ing, in a wide range 1.40–2.50 eV, leading to the increased visible
light absorption and activity [12–14]. However, only a few liter-
atures reported TiO2 catalysts modified with chlorine. Xu et al.
[15] prepared Cl-doped rutile TiO2 photocatalyst via a soft inter-
face method, and suggested that the visible light activity was
attributed to the narrowed band gap, higher surface acidity, and
crystal defects. Wang et al. [16] prepared Cl-doped TiO2 photocat-
alyst via a sonication method in water/ethanol system, and found
that the band gap energy could be adjusted from 3.2 to 2.2 eV by

changing the chlorine concentration. The obtained photocatalyst
was  used to photodegrade phthalate ester under visible light. Li
et al. [17] prepared chlorinated nanocrystalline TiO2 powders via
one-step Ar/O2 radio frequency thermal plasma oxidizing mists of

dx.doi.org/10.1016/j.apsusc.2013.09.052
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2013.09.052&domain=pdf
mailto:hushaozhenglnpu@163.com
mailto:hushaozheng001@163.com
dx.doi.org/10.1016/j.apsusc.2013.09.052
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iCl3 solution. The obtained catalyst exhibited narrowed indirect
and gaps of 2.65 eV and enhanced UV absorption, thus, showed
ubstantially higher photocatalytic activities than Degussa P25 in
he degradation of methyl orange under both visible-light and UV
llumination.

Non-thermal plasma is composed of atoms, ions and electrons,
hich are much more reactive than their molecule precursors.

lasma is able to initiate a lot of reactions, which take place effi-
iently only at elevated temperatures and high pressures, under
ild conditions, thus is used frequently to prepare functional nano-
aterials. Here, we reported a convenient N2–CCl4 mixture plasma

reatment to improve TiO2 photocatalytic activity under both UV
nd visible light. Combined the results of XRD, UV–vis, and XPS,
e confirmed that this method not only doped nitrogen into TiO2

rystal lattice, but also located chlorine on the TiO2 surface via
he coordination with Ti4+ sites, which narrowed the band gap
nd increased the quantum efficiency, simultaneously. Benzene
nd toluene were used as model molecules to investigate the pho-
oactivity of obtained TiO2 catalysts. The possible mechanism was
roposed.

. Experimental

.1. Preparation and characterization

The doping of TiO2 was conducted in a dielectric barrier
ischarge (DBD) reactor, consisting of a quartz tube and two
lectrodes. The high-voltage electrode was a stainless-steel rod
2.5 mm),  which was installed in the axis of the quartz tube and
onnected to a high voltage supply. The grounding electrode was
n aluminum foil which was wrapped around the quartz tube.
or each run, 0.4 g commercial TiO2 powder (P25) was  charged
nto the quartz tube. N2 from a gas cylinder was  allowed to pass
hrough the bed for 3 min  to flush out the air. At a constant N2 flow
20 ml  min−1), a high voltage of 9–11 kV was supplied by a plasma
enerator at an overall power input of 50 V × 0.4 A. The discharge
requency was fixed at 10 kHz, and the discharge was  kept for 6 min.
fter discharge, the reactor was cooled down to room temperature.
he obtained TiO2 sample was denoted as PL-N2. When the mix-
ure of N2 and CCl4 vapor (volume ratio = 9:1) was  used to replace
2 following the same procedure as in the synthesis of PL-N2, the
btained product was denoted as PL-mix.

XRD patterns of the prepared TiO2 samples were recorded on a
igaku D/max-2400 instrument using Cu-K� radiation (� = 1.54 Å).
V–vis spectroscopy measurement was carried out on a Jasco
-550 spectrophotometer, using BaSO4 as the reference sample.
itrogen adsorption was measured at −196 ◦C on a Micromerit-

cs 2010 analyzer. All the samples were degassed at 393 K before
he measurement. BET Surface area (SBET) was calculated accord-
ng to the adsorption isotherm. PL spectra were measured at room
emperature with a fluorospectrophotometer (FP-6300) using a
e lamp as excitation source. XPS were conducted on a Thermo
scalab 250 XPS system with Al K� radiation as the exciting source.
he binding energies were calibrated by referencing the C 1s peak
284.6 eV) to reduce the sample charge effect.

.2. Photocatalytic reaction

Aromatic compounds are an important class of gas pollutants,
ainly benzene and toluene. Therefore, toluene and benzene were

hosen as the model molecules to evaluate the photocatalytic per-

ormance of prepared TiO2 catalysts. 0.4 g catalyst was charged into
he fixed-bed quartz tube reactor and spread in a thin layer (approx-
mately 1 mm  thick). The required quantity of liquid benzene or
oluene is injected into the vapor feed reservoir. The obtained gas
2θ / deg .

Fig. 1. XRD patterns of P25 and plasma treated samples.

stream which mixed with oxygen (100 ppm) was passed though
the reactor with the residence time of 15 s. Prior to the photocat-
alytic experiment, the catalysts were allowed to reach adsorption
equilibrium in the dark. Four 4-W UV lamps with a wavelength
centered at 254 nm were placed around the reactor as UV source.
In the photoreaction under visible light irradiation, four 500 W Xe
lamps with UV cutoff filter (� > 420 nm)  were used. The effluent gas
was  analyzed using gas chromatograph.

3. Results and discussion

It is known that the phase composition and particle size of
TiO2 have significant influence on its photocatalytic activity. XRD
results (Fig. 1) indicated that all peaks can be well indexed to a
mixed phase of anatase and rutile present in both P25 and plasma
treated catalysts. No N, Cl, and C-derived peak is detected. Thus,
plasma treatment does not cause the change in crystallite struc-
ture of TiO2. The phase component and the particle sizes of the
catalysts were calculated by their XRD patterns according to the
method of Spurr and Debye–Scherrer equation respectively [18,19].
The results (Table 1) indicated that there is no obvious change in
phase component and particle sizes among three catalysts. Only
BET specific surface areas of PL-N2 and PL-mix decreased slightly
compared with P25 powder. From the above analyses, it is revealed
that the microstructures of the TiO2 were preserved after plasma
treatments.

The lattice parameters of the catalysts were measured using
(1 0 1) and (2 0 0) in anatase crystal planes by using equations [20]:

d(h k l) = �

2 sin �
(1)

d−2
(h k l) = h2a−2 + k2b−2 + l2c−2 (2)

where d(h k l) is the distance between crystal planes of (h k l), � is
the X-ray wavelength, � is the diffraction angle of crystal plane
(h k l), h k l is the crystal index. The a, b and c are lattice parameters
(in anatase form, a = b /= c). The results shown in Table 1 indicated
that the lattice parameters of all catalysts remain almost unchanged
along a- and b-axes, whereas the c-axis parameter decreased for
plasma treated catalysts. This indicated that N atoms doped into

the TiO2 lattice, leading to the decrease in the cell volume. Besides,
it is noted that no obvious difference in lattice parameters were
observed between PL-mix and PL-N2, indicating Cl and C atoms are
not weaved into the crystal structure.
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Table 1
Summary of physical properties of TiO2 samples.

Sample Size (nm) aXA (%) SBET (m2/g) Lattice parametersa = b, c (Å) (O + N)/Ti

P25 26.6 76.3 56.3 0.37862, 0.95126 2.0
PL-N2 27.3 75.8 54.2 0.37844, 0.94711 1.83
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PL-mix  27.1 75.3 5

a XA represents the phase composition of anatase.

XPS has become an increasingly available and powerful tool for
nderstanding the nature of many different types of surfaces. It can
rovide information about the actual composition and chemical
tate of surfaces and interfaces that dominate properties of nanos-
ructured materials. Generally speaking, the binding energy of the
lement is influenced by its electron density. An increase of bind-
ng energy implies the lowering of the electron density. Fig. 2 shows
he XP spectra of P25, PL-N2, and PL-mix in the region of Ti 2p (a),

 1s (b), N 1s (c), and Cl 2p (d). Compared with P25, obvious shifts
o lower binding energy were shown in Ti 2p region for PL-N2 and
L-mix (Fig. 2a). This is probably attributed to change of chemical
nvironment after N doping [21]. The electrons of N atoms may  be
artially transferred from N to Ti, due to the higher electronega-
ivity of oxygen, leading to increased electron densities on Ti. For
L-N2, the spectra of Ti 2p region were deconvoluted into two con-
ributions, 458.4 and 457.6 eV, which belong to the Ti 2p3/2 of Ti4+

nd Ti3+, respectively [22,23]. This hint Ti3+ existed in PL-N2. In

ig. 2b, the XP spectra of PL-N2 and PL-mix in O 1s region, the peaks
round 530 and 532 eV are attributed to the crystal-lattice oxygen
Ti O) and surface hydroxyl group (O H) of TiO2. The ratio of these
wo peak areas (SO H/STi O) represents the abundance of surface
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Fig. 2. XP spectra of P25, PL-N2, and PL-mix in the reg
0.37839, 0.94722 1.96

hydroxyl groups. The calculation results indicated that SO H/STi O
ratio for PL-N2 was  0.26, much higher than that of PL-mix (0.17).
This is probably due to the interaction between CCl4 and surface
hydroxyl groups under plasma condition. Primet et al. [24] reported
that HCl molecules could react with hydroxyl groups on TiO2 sur-
face by an ion-exchange reaction. Therefore, in this investigation, it
is probably that active chlorine species formed under plasma con-
dition reacted with surface hydroxyl groups to form Ti Cl bond,
leading to the lower hydroxyl groups content.

In Fig. 2c, two common peaks located at 395.7 and 399.8 eV
were observed. According to the previous literatures [25,26], those
two  peaks are attributed to the formation of doping N (Ti N bond)
and other surface N species such as N N and N O bond. Besides,
another peak located at 396.8 eV was shown for PL-mix, which is
probably attributed to the presence of another doping N state in
PL-mix. The doping N contents were calculated according to the
XPS results and shown in Table 2. Obviously, the doping N content

of PL-mix was  much higher that that of PL-N2. This is possible due
to the strong oxophilic ability of CCl4, which is a compound with a
high thermodynamical potential of withdrawing oxygen from the
lattice host, leading to N doping easier. Besides, the Ndoping/Ntotal
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Table 2
Doping N contents in different states of plasma treated samples.

Sample aNtotal (at.%) aNdoping (at.%) Ndoping/Ntotal

PL-N2 1.6 0.5 0.31
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a Ntotal and Ndoping represent the total and doping N content.

atio for PL-mix was much higher than that of PL-N2. This indicated
hat N2–CCl4 plasma treatment led to the more favorable formation
f the doping N compared with the single N2 treatment. Besides, the
urface (O + N)/Ti ratios were calculated by XP spectra and shown
n Table 1. For P25, the (O + N)/Ti ratio was 2.0. For PL-N2, this value
ecreased obviously to 1.83 which was much lower than that of PL-
ix  (1.96). This indicated that less oxygen vacancies were formed

y N2–CCl4 plasma treatment.
In Fig. 2d, the peak at 198.1 eV was observed for PL-mix. This

s very close to that of Cl 2p3/2 in TiCl4 (198.2 eV) [27], which
s assigned to the chlorine ions linking with the lattice Ti4+ ions
28,29]. Since the ionic radius of Cl− is much larger than that of
2− (1.81 ´̊A  vs 1.40 ´̊A), lattice oxygen in TiO2 can hardly be substi-

uted by chlorine ions [27]. No difference in lattice parameters was
bserved between PL-mix and PL-N2 confirmed this point of view.
hus, it is concluded that the chlorine ions located on the TiO2 sur-
ace via the coordination with Ti4+ sites. The chlorine content on
iO2 surface was 0.6 at.% calculated by XP spectra data.

Usually, N doping obviously affects light absorption character-
stics of TiO2. UV–vis spectra of prepared TiO2 catalysts are shown
n Fig. 3. Bare TiO2 (P25) was not able to respond to visible light,

hereas two plasma treated catalysts extended the absorption
dges to visible light region, which must result from nitrogen doped
nto TiO2 lattice. In order to calculate the onsets of absorption edges,

 tangent was drawn on absorption spectra and was extrapolated.
he intercept on the wavelength axis was obtained. The results
howed that the absorption edges for P25 and PL-N2 were 405 and
32 nm.  Whereas, for PL-mix, two absorption edges were observed,
32 and 525 nm.  The band gaps of the TiO2 catalysts were cal-
ulated according the method of Oregan et al. [30]. The results
hown in Table 1 indicated that the band gaps for P25 and PL-N2
ere 3.06 and 2.87 eV. For PL-mix, two band gaps, 2.87 and 2.36 eV
ere observed. It is proved that chlorine ions did not doped into
he TiO2 lattice but locate on the TiO2 surface via the coordina-
ion with Ti4+ sites. Therefore, those narrowed band gaps were not
ttributed to the chlorine doping. Di Valentin et al. [31] provided
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Fig. 3. UV–vis spectra of P25, PL-N2, and PL-mix.
Wavelength / nm

Fig. 4. PL spectra of P25, PL-N2, and PL-mix.

theoretical evidence that for substitutional N doped TiO2, the vis-
ible light response arises from occupied N 2p localized states
slightly above the valence band edge (0.14 eV), whereas for inter-
stitial N-doped TiO2, the visible light response arises from occupied
�* character N O localized states above the valence band edge
(0.73 eV). These theoretical data were quite consistent with our
experimental results. XPS result confirmed the presence of another
doping N state in PL-mix. Therefore, in this work, it is concluded
that the substitutional N present in PL-N2, whereas substitutional
and interstitial N existed in PL-mix simultaneously. Besides, for PL-
N2, a broad absorption over 400 nm is observed. Huang et al. [32]
prepared the visible light responsive TiO2 by nitrogen-plasma sur-
face treatment, and found the similar broad absorption in visible
light region. Such broad absorption originated probably from the
superposition of d–d transitions in Ti3+ species and oxygen vacan-
cies [33]. This confirmed the oxygen vacancies content of PL-N2 was
higher than that of PL-mix.

During the recombination process of photo-induced charge car-
riers, a certain amount of chemical energy can be released, which
would further transform possibly to heat or to light energy. The
light energy can be dissipated as radiation, which results in a
luminescence emission of semiconductor material, called the PL
phenomenon of the semiconductor. PL is a highly sensitive tech-
nique used to investigate the photophysical and photochemical
properties of solid semiconductors, and can provide information
on charge separation/recombination of photoinduced charged car-
riers (electron/hole), as well as surface defects [34,35]. In general,
the lower the PL intensity, the lower the recombination rate of
photo-induced electron–hole pairs, thus the higher the photocat-
alytic activity. Fig. 4 shows the PL spectra of P25 and plasma treated
TiO2 samples. Two  main peaks which located around 330 and
500 nm were observed. According to the previous report, the peak
located around 330 is mainly ascribed to the band–band PL signal,
whereas the other peak at around 500 nm was attributed to the
excitonic PL, which mainly resulted from surface oxygen vacancies
and defects [36,37]. For PL-N2, the peak intensity around 500 nm
was  much higher than that of other two  catalysts, indicating more
surface oxygen vacancies and defects existed which played the role
of recombination center. Besides, Ollis et al. [38,39] reported that

the surface-bound chloride groups could be converted to chlorine
radicals by trapping photogenerated holes if being irradiated by
UV light. Therefore, compared with P25, the lower PL intensity
of PL-mix should be attributed to the decreased electrons/holes
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Table 3
The formation heat data of compounds.

Compound OH• Cl• C6H6 C6H5CH3 HOH HCl C6H5
• C6H5CH2

•

�Hform/kJ mol−1 38.9 121.7 82.9 50.0 −241.8 −92.3 329 200
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Table 4
Calculated heats of reaction for hydrogen abstraction from benzene and toluene.

Reaction �H/kJ mol−1

OH• + C6H6 → HOH + C6H5
• −34.8

OH• + C6H5CH3 → HOH + C6H5CH2
• −130.8

thermodynamic predictions are consistent with our experimental
Fig. 5. NH3-TPD profiles of P25, PL-N2, and PL-mix.

ecombination caused by surface-bound chloride groups, thus lead-
ng to the increased quantum efficiency. Besides, for PL-mix, N
oping causes the decreased cell volume because of the difference

n atomic radius (Table 1). The interactions between different atoms
ead to the bond length will also change. These changes of the cell
olume and bond length result in the distortion of TiO6 octahedron.
he more doping N content, the more distortion occurred. Such dis-
orted TiO6 octahedron lead to the formation of dipole moment,
hich also favors the separation of photoexcited electron–hole
airs [4].

NH3-TPD was used to investigate the surface acid of TiO2 cata-
ysts, and shown in Fig. 5. Low NH3 desorption peaks were observed
or P25 and PL-N2, whereas a broad desorption peaks in the tem-
erature range 390–780 K with two peak maxima at 460 and 570 K
ere observed for N2–CCl4 plasma treated catalyst, PL-mix. Accord-

ng to previous reports, these two peaks were normally attributed
o NH3 chemisorbed to weak and strong acid sites, respectively
40,41]. Xu et al. [15] prepared the Cl doped rutile TiO2, measured
he surface acidity by 1H MAS  NMR, and suggested that as-prepared
l TiO2 demonstrated a stronger acidity than P25. Therefore, such

ncreased surface acid sites on plasma treated catalysts should be
elated to the high electronegativity of chlorine, leading to the adja-
ent titanium atom more “positively charged”, which could play the
ole as Lewis acidic sites. These sites are more favorable to inter-
ct with the � electrons of aromatic ring, leading to the increased
dsorption capacity of benzene and toluene which is favorable to
he photocatalytic reaction.

Fig. 6 shows the photocatalytic degradation of toluene and
enzene over P25, PL-N2, and PL-mix under both UV and visible

ight irradiation. It is shown that all the catalysts exhibited sta-
le activities during the photocatalytic degradation reaction. Under
V light, the toluene and benzene conversions decreased in the
rder: PL-mix > P25 > PL-N2 (Fig. 6a and c), which is opposite to
he PL intensity order (Fig. 4). This indicated that the quantum
fficiency plays a significant important role on the UV light activ-
ty. Under visible light, P25 had no photocatalytic activity for the

egradation of toluene and benzene. Whereas, after plasma treat-
ent, PL-N2 exhibited improved toluene and benzene conversion.

ince the microstructures of the TiO2 catalysts were preserved
Cl• + C6H6 → HCl + C6H5
• 31.9

Cl• + C6H5CH3 → HCl + C6H5CH2
• −64

after plasma treatments, the enhanced photocatalytic activity must
result from the doping of nitrogen in TiO2, which gave rise to the
narrowed band gap and thus to the enhanced absorption in the
visible region. It is noted that the benzene conversion was  lower
than that of toluene over plasma treated catalysts under both UV
and visible light. This is probably due to that benzene has a very
stable aromatic structure and is less susceptible to photocatalytic
oxidation.

Ollis et al. [38,39] reported that chlorine radicals are less ener-
getic than hydroxyl radicals, which could be formed even under
visible light irradiation. Moreover, the chlorine radicals can attack
organic substances having weakly bound branch hydrogen (such
as propylene and toluene) and effectively destruct them into inor-
ganic small molecules by a chain transfer oxidation that is faster
than the corresponding reaction with hydroxyl radicals [38,39].
Thus, the toluene conversion over PL-mix was  much higher than
that of PL-N2 under visible light (Fig. 6b). Besides, the lower band
gap energy and electron/hole recombination rate of PL-mix, which
proved by UV–vis and PL spectra, caused the more efficient uti-
lization of visible light and the better quantum efficiency, thus
increased the toluene conversion. However, in Fig. 6d, the benzene
conversion over PL-mix was lower than that of PL-N2 under visi-
ble light. It should be possible that the holes and hydroxyl radicals
are highly reactive in photocatalysis, especially for the cleavage of
aromatic rings [42,43], whereas chlorine radicals are less energetic
than hydroxyl radicals, thus it is difficult to oxidize benzene by
chlorine radicals directly under visible light. The consuming of the
holes for the generation of chlorine radicals will certainly decrease
the proportion of the total number of holes that could be converted
into hydroxyl radicals, thus leading to the decreased benzene con-
version. Only when the PL-mix was  excited by UV light, with a
higher energy, more photogenerated holes and electrons produced.
Accordingly, the holes were substantially available for the forma-
tion of hydroxyl radicals, and the chlorine radical can attack the
formed intermediates undergoing cleavage reactions, resulting in
the higher conversions of toluene and benzene over PL-mix (Fig. 6a
and c).

To confirm the discussion above, the theoretical calculations are
provided. Table 3 shows the formation heat data of compounds [44].
Using these formation heat data, corresponding heats of reaction,
�H, for hydrogen abstraction reactions from benzene and toluene
are calculated (Table 4). Obviously, hydrogen abstraction reactions
involving photocatalytically generated hydroxyl radicals are ther-
modynamically feasible (�H is negative), for the removal of both
methyl group hydrogen on toluene and aromatic ring hydrogen on
benzene. Abstraction of methyl group hydrogen is also thermody-
namically more favorable than abstraction of ring hydrogens. These
results, in which both benzene and toluene are subject to photo-
catalytic degradation, moreover benzene displays lower removal
rates than toluene. The thermodynamic predictions for the action of
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ig. 6. Photocatalytic activity of P25, PL-N2, and PL-mix: toluene conversion under
ight  irradiation.

hlorine radicals indicated that the removal of methyl group
ydrogen on toluene is thermodynamically feasible, whereas the
emoval of aromatic ring hydrogen on benzene is not feasi-
le (�H is positive). Thus the toluene conversion over PL-mix
as higher than that of PL-N2, whereas benzene conversion

ver PL-mix was lower than that of PL-N2 under visible light
Fig. 6b and d).

After 40 h reaction, the catalyst PL-mix was collected and mea-
ured by XP spectra. The content of doping N and chlorine only
ecreased slightly compared with fresh PL-mix (1.4 and 0.5 at.% to
.6 and 0.6 at.%), indicating the good stability of catalyst. According
o the above conclusions, a possible mechanism for the perfor-

ance enhancement in PL-mix catalyst was proposed. Under UV
r visible light irradiation, electrons and holes were generated, and
eacted with adsorbed O2 and surface hydroxyl group to form •O2

−

nd •OH radicals, which directly oxidized the model molecules
2]. Besides, surface-bound chloride groups could be converted to
hlorine radicals by trapping photogenerated holes. The formed
hlorine radicals can abstract methyl group hydrogen on toluene
o form HCl and activated C6H5CH2

• species, which is faster than
he corresponding reaction with hydroxyl radicals. Then C6H5CH2

•

pecies could be oxidized by O2 completely to form CO2 and H2O.
n the other hand, chlorine radicals cannot abstract the ring hydro-
ens of benzene. But •O2

− and •OH radicals can oxidize the benzene
o form the intermediates with weakly bound branch hydrogen.
uch intermediates could be oxidized by the chlorine radicals, thus

mproved the benzene conversion under UV light. In addition, H2O

as one of the final products in the photocatalytic reaction and
ould be adsorbed and converted into surface hydroxyl groups
45]. As a result, the formed HCl molecules rechemisorbed and
) and visible (b) light irradiation; benzene conversion under UV (c) and visible (d)

circulated to form surface Ti Cl groups under irradiation [24],
resulting in good stability.

4. Conclusion

A convenient N2–CCl4 mixture plasma treatment to improve
TiO2 photocatalytic activity under both UV and visible light was
reported. The microstructures of the TiO2 catalysts were preserved
after plasma treatments. Chlorine ions did not doped into TiO2
lattice but located on the TiO2 surface via the coordination with
Ti4+ sites. Toluene conversion over PL-mix was  much higher than
that of PL-N2 under both UV and visible light. This is due to that
chlorine radicals are less energetic than hydroxyl radicals, which
could be formed even under visible light irradiation. The formed
chlorine radicals can attack methyl group hydrogen on toluene
and effectively destruct them into inorganic small molecules by
a chain transfer oxidation that is faster than the corresponding
reaction with hydroxyl radicals. However, the benzene conver-
sion over PL-mix was  lower than that of PL-N2 under visible
light. This is due to that chlorine radicals are less energetic than
hydroxyl radicals, thus removal of aromatic ring hydrogen with
higher energy is difficult by chlorine radicals directly under visible
light.
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