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ABSTRACT

N and F-codoped TiO, microspheres were prepared by ethanol solvothermal method, using tetrabutyl
titanate as precursor, urea as a nitrogen source and ammonium fluoride as a fluorine source. The pre-
pared catalysts were characterized by X-ray diffraction (XRD), N, physical adsorption, scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS), ultraviolet-visible adsorption spectroscopy
and photoluminescence spectra (PL). The photocatalytic performance of N-F-TiO, microspheres was
evaluated by analyzing the degradation of acid orange 7 (AO7) under visible light irradiation. It was
found that N-F-TiO, microsphere with mesoporous structure is composed by anatase phase, and the
interstitial doping of nitrogen into TiO; lattice might be responsible for the visible light response. Mean-
while, F-doping could not only retard the transformation from anatase to rutile, but also increase the
concentration of OH* radicals in solution, which is beneficial for improving the photodegradation rate
of organic compounds. The synergetic effect of nitrogen and fluorine doping leads to the high activity of
N-F-TiO; for the photodegradation of AO7 under visible light irradiation.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

As one of the most promising photocatalysts, nanosized TiO, has
long been investigated for photocatalytic degradation of organic
pollutants, photocatalytic dissociation of water, solar energy con-
version and disinfection [1-3]. However, its band gap (3.2eV for
anatase) is so wide that only ultraviolet (UV) light can be absorbed.
A promising approach to achieve the visible light activity of TiO; is
doping TiO, with a non-metal element, such as N, C, S, B,and F[4-8].
Among them, the N-doped TiO, seems to be the most efficient
and the most extensively investigated. N-doped TiO, photocata-
lysts have been prepared by high temperature sintering of TiO,
under N-containing atmosphere [4,9,10], sputtering, implantation
[11,12], and wet chemical method such as sol-gel, hydrothermal
treatment in the presence of N-precursor containing ammonia or
organic amines [13-15]. Nakamura et al. [10] proposed that the
visible light response for N-doped TiO, arises from an N-induced
mid-gap (N 2p) level, formed slightly above the top of the (O 2p)
valence band. Asahi et al. [4] theoretically calculated the band
structure of the N-doped TiO, and concluded that the visible light
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sensitivity is due to the narrowing of the band gap by mixing the
N 2p and O 2p states. The origin of visible light photoactivity of
N-doped TiO, is still in debate. Yu et al. demonstrated F-doping
into TiO, can induce visible light-driven photocatalytic activity for
degradation of gas-phase acetone [8]. Compared with single non-
metal dopant, doping two kinds of non-metal atoms such as S and
N atoms [16,17], C and N atoms [18,19], B and N [20,21] and F and
N atoms [22-27] has shown more beneficial effects. Li et al. [22,23]
synthesized N and F-codoped TiO, spheres from a mixed aque-
ous solution containing TiCl, and NH4F by spray pyrolysis and the
as-prepared N-F-TiO, exhibited higher visible light activity than
N-doped or F-doped TiO,, because the doped N atoms improved
the visible light absorption and the doped F atoms enhanced the
surface acidity and the adsorption of agents. Huang et al. [24] pre-
pared N and F-codoped TiO, by a sol-gel-solvothermal method
using triethylamine as a nitrogen source, and ammonium fluoride
as afluorine source and the N-F-codoped TiO, powder showed high
photocatalytic activity for p-chlorophenol and Rhodamine B under
visible light irradiation. Xie et al. [25] reported F-N-comodified
TiO, photocatalysts prepared at low temperature using TiCls as
precursor, ammonia as nitrogen source and ammonium fluoride as
fluorine source, which also exhibited good photoactivity for degra-
dation of methyl orange under visible light. Livraghi et al. [26]
prepared N-F-codoped TiO, using ammonium fluoride as source of
dopants by sol-gel synthesis and successive calcinations in air. Di
Valentin et al. [27] investigated N-F-codoped TiO, through a com-
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bined theoretical and experimental study. Their experiment results
confirmed that the incorporation of nitrogen was favored in the
presence of fluorine and the photocatalytic activities of N-F-TiO,
under visible light irradiation were enhanced compared with the
single doped materials. However, among these N-F-TiO, photocat-
alysts reported in the literature, only N-F-codoped TiO, by spray
pyrolysis under high temperature consisted of spherical particles,
synthesis of mesoporous N-F-codoped TiO, microsphere with wet
chemical method has seldom been investigated up to now.

Herein, we reported a simple one-step and template-free
solvothermal method to synthesize mesoporous N and F-codoped
TiO, microsphere using urea as a nitrogen source and ammonium
fluoride as a fluorine source. In this study, the degradation of AO7
in visible light was selected as a probe reaction to measure the
photocatalytic activity of different samples. It was found that the
resulting N-F-codoped TiO, microsphere by this method exhib-
ited much higher photoactivity than undoped TiO, and mono N or
F-doped TiO,.

2. Materials and methods
2.1. Catalyst preparation

The fluorine and nitrogen codoped TiO, sample were prepared
by combining sol-gel method followed by solvothermal treat-
ment. Tetrabutyl titanate was used as a starting material, urea as
a nitrogen source, and ammonium fluoride as a fluorine source.
All chemicals used in the experiments were analytical reagent
grade. 3 mL tetrabutyl titanate was dissolved into 16 mL anhydrous
ethanol and 0.2 mL concentrated nitric acid (68%) (solution A), urea
(N/Ti=2mol ratio), NH4F (F/Ti=0.1 mol ratio) and 1 mL distilled
water were dissolved into 35 mL anhydrous ethanol (solution B).
Then, solution A was added drop-wise to solution B under magnetic
stirring. The resultant mixture was stirred at room temperature for
2h and then transferred into a 100 mL teflon-inner-liner stainless
steel autoclave. The autoclave was kept for 16 h under 150°C for
crystallization. After this solvothermal treatment, the precipitate
gained was washed by distilled water, dried at 100 °C for 24 h and
calcined at 400°C for 2 h in the muffle oven. The obtained photo-
catalyst was denoted as N-F-TiO,. For comparison, the undoped
TiO, was prepared by the similar method in the absence of urea
and ammonium fluoride. F-TiO, was prepared in the presence of
sodium fluoride and N-TiO, was prepared in the presence of urea.

2.2. Catalyst characterization

XRD analysis of the as-prepared photocatalysts was carried out
at room temperature with a Rigaku D/max 2550 VB/PC apparatus
using Cu Ko radiation (A=1.5406A) and a graphite monochro-
mator, operated at 40kV and 30mA. Diffraction patterns were
recorded in the angular range of 10-80° with a stepwidth of
0.02s-1. To analyze the light absorption of the photocatalysts,
UV-vis absorption spectra were obtained using a scan UV-vis spec-
trophotometer (Varian Cary 500) equipped with an integrating
sphere assembly, while BaSO4 was used as a reference. To investi-
gate the chemical states of the photocatalysts, X-ray photoelectron
spectroscopy (XPS) was recorded on a Perkin Elmer PHI 5000C ESCA
System with Al Ka radiation operated at 250 W. The shift of bind-
ing energy due to relative surface charging was corrected using the
C 1s level at 284.6 eV as an internal standard. The porous texture
of the powders was analyzed from nitrogen adsorption-desorption
isotherms at 77 K. Using a Micromeritics ASAP 2000 system, the BET
and BJH methods were applied for the determination of the specific
surface area, and the mean mesopore equivalent diameter, respec-
tively. The recombination of electron-hole in the samples was

Scheme 1. Molecular structure of orange acid 7.

studied by the photoluminescence (PL) emission spectra, which
was measured on a luminescence spectrometry (Cary Eclips) at
room temperature under the excitation light at 280 nm.

OHe* radicals generated on the photocatalysts surface under
visible light irradiation were investigated using a fluorescence
spectrophotometer. About 0.15 g of the photocatalyst was added
to 40 mL of terephthalic acid solution with a concentration of
0.83 g/L. The OH* radicals generated by means of visible light irra-
diation reacted with terephthalic acid to produce high fluorescence
hydroxyterephthalic acid. The amount of 2-hydroxyterephthalic
acid corresponded to the amount of OH® radicals [28]. The 2-
hydroxyterephthalic acid is the only product with any significant
fluorescence. The shapes of the spectra characteristic to the reac-
tion product and wavelength of maximum emission were the same,
whereas only the intensity of these spectra was changed. To deter-
mine the amount of OH* radicals, the peak areas were calculated.

Fig. 1. XRD patterns of different samples: (a) TiO2, N-TiO,, F-TiO;, and N-F-TiO;;
(b) N-F-TiO, samples calcined at 300, 400, 500 and 600 °C.
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Fig. 2. SEM images of samples of (a) TiO,; (b) F-TiO,; (c) N-TiO3; (d) N-F-TiO,.

2.3. Photocatalytic activity test

The photocatalytic activities of samples were evaluated in terms
of the degradation of acid orange 7 (AO7) under visible light illu-
mination. AO7 is an azo-dyes (Scheme 1), which is difficult to
decolorize and frequently-used in textile industry. The photocata-
lyst powder (0.08 g) was dispersed in a 100 mL quartz photoreactor
containing 80mL of a 50mgL-! AO7 solution. The mixture was
sonicated for 10 min and stirred for 30 min in the dark in order
to reach the adsorption-desorption equilibrium. A 1000 W tung-
sten halogen lamp equipped with a UV cut-off filters (A >420 nm)
was used as a visible light source (the average light intensity was
60 mW cm~2). The lamp was cooled with flowing water in a quartz
cylindrical jacket around the lamp, and ambient temperature is
maintained during the photocatalytic reaction. At the given time
intervals, the analytical samples were taken from the mixture and
immediately centrifuged, then filtered through a 0.22 wm Millipore
filter to remove photocatalysts. The concentration of the filtrate
was analyzed by checking the absorbance at 484 nm with a UV-vis
spectrophotometer (Varian). The reproducibility was checked by
repeating the measurements at least three times and was found to
be within the acceptable limit (£5%).

3. Results and discussion
3.1. XRD analysis

Fig. 1a shows the XRD patterns of all of samples calcined at
400°C. All of samples consist of anatase as a unique phase [JCPDS
no. 21-1272, space group: 141/amd (141)]. Calculated from the
full width half maximum (FWHM) of anatase (101) diffraction,
the crystallize sizes of TiO,, N-TiO,, F-TiO,, and N-F-TiO, are
13.5, 12.5, 13.3, and 12.9 nm, respectively. Compared to undoped
TiO,, the crystallize size of N-TiO,, F-TiO, and N-F-TiO, slightly
decreased, which indicated that non-metal doping could slightly

restrain the growth of TiO, crystallite, similar to the previous report
[23].

Fig. 1b shows the effects of calcination temperature on phase
structures of N-F-TiO, powders. Clearly, N-F-TiO, powders con-
tain only anatase phase over the calcination temperature range of
300-600°C. Additionally, the peak intensity of anatase increases
with increasing calcination temperature and the width ofthe (101)
plane diffraction peak of anatase (26 =25.4°) becomes narrower,
suggesting that crystalline size and the relative crystallinity signif-
icantly increase. However, the rutile phase for undoped TiO, starts
to appear at 600 °C (not shown). Hence, it could be concluded that N
and F-doping suppress phase transformation from anatase to rutile.
Li and co-workers [25] also found that the as-sprayed N-F-TiO,
samples belonged to anatase when the spray pyrolysis temperature
ranged from 600 to 1000 °C.

3.2. SEM images

Fig. 2 presents SEM images of undoped TiO,, F-TiO5, N-TiO,
and N-F-TiO, calcined at 400°C. It is found that TiO,, F-TiO,
and N-TiO, are rough and irregularly agglomerated by primary
particles. However, N-F-TiO, consists of solid microspheres with
relatively smooth surface. Their diameters are in the range of
several hundred nanometers to several micrometers. The micro-
spheres synthesized show no agglomeration and do not collapse
even after calcination at 400 °C for 2 h. This result indicates that the
additive of urea and ammonia fluoride is essential for the forma-
tion of N-F-TiO, microspheres. During the solvothermal treatment,
urea would be gradually decomposed into ammonia and carbonate
ions, which lead to the slow rise of the pH in the solution. Thus, the
alcoholysis process of tetrabutyl titanate was initiated. While, the
presence of ammonia fluoride could behave as an electrolyte and
thus modify the Zeta potential of spherical poly-condensed tita-
nia species generated at the initial stage of the alcoholysis reaction
[29]. The molar ratio of urea to ammonia fluoride would affect the
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Fig. 3. N, adsorption-desorption isotherm of N-F-TiO; (a) and undoped TiO, (b).
The inset shows their BJH pore size distribution curve.

average diameter of the N-F-TiO, microspheres. The investigation
on this facet is in progress.

3.3. Nitrogen physical adsorption

The surface area and porosity distribution of N-F-TiO, micro-
spheres and undoped TiO, sample calcined at 400°C were
investigated using nitrogen adsorption and desorption isotherms
(shownin Fig. 3a and b). The isotherms of N-F-TiO, sample are typ-
ical type IV-like with a type H2 hysteretic loop, which indicates the
presence of mesoporous materials according to IUPAC classifica-
tion [30]. The plot of the pore size distribution (inset in Fig. 3a) was
determined by using the Barrett-Joyner-Halenda (BJH) method
from the desorption branch of the isotherm; it shows that N-F-TiO,
microspheres clearly have mesoporous structure. The average pore
diameter of N-F-TiO, microspheresis about 10 nm and the BET sur-
face area is 78 m2 g~1. Mesoporous structure is probably formed by
agglomeration of primary particles (interparticle pores). However,
compared to N-F-TiO, sample, the area of the hysteresis loop of
undoped TiO, significantly decreases, its average pore diameter is
only 2.5nm (shown in Fig. 3b) and the BET surface area is about
36m2g .

3.4. UV-vis spectra

The UV-vis absorption spectra of undoped TiO,, F-TiO,, N-TiO,
and N-F-TiO, are shown in Fig. 4. The band gap energies can be
calculated by a plot (ahv)'/2 versus photon energy (hv). The absorp-
tion coefficient @ and indirect band gap Eg are related through the

Fig. 4. UV-vis absorption spectra of different samples.

following equation [31]
(ahv)'/? « hv — Eg (1)

where v is the frequency and h is Planck’s constant. The obtained
energy band gaps for undoped TiO,, F-TiO,, N-TiO, and N-F-TiO,
were 3.02, 2.95, 2.80 and 2.74 eV, corresponding to the band gap
absorption onsets of 400, 421, 443 and 452 nm, respectively. Obvi-
ously, the optical absorption edges of those non-metal doped
samples shift to the lower energy region compared to the undoped
TiO,. N-TiO, sample presents a significant absorption in the visi-
ble region, which is similar to those reported in the literature for
N-doped TiO, [4,9,10]. This absorption in the visible region is asso-
ciated to the impurity states deriving from nitrogen insertion in the
bulk of the oxide. The red shift of absorption bands in the visible
spectral range for F-doped TiO, remains under debate. Yamaki et
al. [32] and Li et al. [22] found that only F-doping did not cause the
red shift of absorption of TiO,. They assumed that the F 2p states
located below the bottom of the O 2p valence band, so F-doping
did not affect the optical absorption property of TiO,. But some of
studies revealed that intrinsic defects, including those defects asso-
ciated with oxygen vacancies, contribute to the absorption of light
in the visible spectral region [33,34]. A recent study by Kuznetsov
and Serpone has proposed that the commonality in these anion
doped titania rests with the formation of oxygen vacancies and
the advent of color centers that absorb the visible light radiation
[35,36]. Some reports have confirmed that F-doping favors forma-
tion of oxygen vacancies [8,27]. So we proposed that the red shift
of F-TiO5 is contributed to oxygen vacancy. Both nitrogen and flu-
orine codoping can evidently narrow the band gap of TiO,, which
may be assigned to the synergistic effect of nitrogen and fluorine
codoping.

3.5. XPS analysis

Fig. 5a shows the F 1s XPS spectra of the F-TiO; and N-F-TiO,
samples. The F 1s region is composed of two peaks. The peak at
683.7-684.6 eV could be assigned to F~ ions physically adsorbed on
the surface of TiO, [8]. Another small peak at 688.0-688.6 eV could
be attributed to the substitutional F atoms that occupied oxygen
sites in the TiO, crystal lattice and form bond of Ti-O-F[8,22]. Based
on XPS results, the content of F atoms are 2.0% for F-TiO, and 1.9%
for N-F-TiO,. Additionally, it is worth to note that most of the F
atoms in the F-TiO, and N-F-TiO, samples are present mainly in
the form of F~ ions adsorbed on the surface of samples, while only
low amount of F atoms can be incorporated into the lattice of TiO,,
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Fig. 5. XPS spectra of (a) F 1s of N-F-TiO, and F-TiO,, (b) N 1s of N-F-TiO, and N-TiO,, (c¢) Ti 2p of different samples, and (d) O 1s of different samples.

Fig. 5b shows the XPS spectra for the N 1s region of N-TiO,
and N-F-TiO, samples and their fitting curves. A broad peak
extending from 396 to 404 eV is observed for both of N-TiO; and
N-F-TiO, samples, which is typical of nitrogen-doped titanium
dioxide, reported by several other researchers [4,14]. After fitting
of the curve, two peaks are obtained at 399.1 and 400.1-400.3 eV,
respectively. In many cases, the peak at about 399 eV is attributed
to the anionic N- in O-Ti-N linkages, in consistent with some lit-
erature proposal [14,37]. The origin of another peak above 400eV
is subject to much controversy. Asahi et al. [4] and Kisch and co-
workers [14] attribute the binding energy of N 1s peaks between
400 and 402 eV to molecularly adsorbed nitrogen species. Burda

Fig. 6. Photoluminescence spectra of different samples.

and co-worker [38] suggested that it was attributed to the N atom
in the environment of O-Ti-N. This peak was assigned to the for-
mation of the Ti-O-N structure [15]. The N content was 0.78% for
N-TiO, and 0.57% for N-F-TiO,. Livraghi reported that F~ ions sub-
stitute oxygen in the lattice of TiO, favor N species incorporation in
the TiO, and lead to higher N content than only N-TiO, [26]. Unfor-
tunately, our result shows that there is similar N content between
N-TiO, and N-F-TiO, samples, which may be due to the different
preparation procedure.

Fig. 5c shows the XPS spectra for the Ti 2p region of TiO,, F-TiO,,
N-TiO; and N-F-TiO; samples. The Ti 2p3, and Ti 2p; ; of undoped
TiO, appear at 458.8 and 464.6 eV, respectively, indicating that Ti
exists in the Ti** form [39]. The binding energy of Ti 2p for F-TiO,
decreases 0.3 eV compared to undoped TiO,. It was reported that
F-doping may convert some Ti** to Ti3* by charge compensation,
thus lowing the binding energy of Ti—O-Ti, the equation is shown
as follow [8]:

TiOy +qF~ — Tig>*Ti**1_q0? 2 _qFq~ +q0~ 2)

But in our XPS result there is no evidence of Ti3* formation. It
may be attributed to lower amount of Ti3* beyond the limitation of
XPS detection. Meanwhile, the binding energy of Ti 2p for N-TiO,
lower 0.5eV than that of undoped TiO, suggests different elec-
tronic interactions of Ti with N anions, which causes partial electron
transformation from the N atom to the Ti atom and an increase
of the electron density on Ti because of the lower electronegativ-
ity of nitrogen compared to oxygen [15]. In the case of N-F-TiO5,
the binding energy of Ti 2p negatively shifts 0.7 eV, implying that
some charges from nitrogen species may be transferred to Ti on
the surface of TiO, as well as the formation of Ti3*, thus leading to
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increasing of charge density of Ti species. Fig. 5d shows XPS spectra
for the O 1s region for these four samples. The O 1s region is com-
posed of two peaks. One peak at 530.0 eV is attributed to the Ti-O in
TiO, and the composite, while the other one at 531.5 eV is assigned
to the hydroxyl group. N and F-doping did not cause significantly
changes among these samples.

3.6. PL analysis

PL emission spectra have been widely used to investigate the
efficiency of charge carrier trapping, migration, and transfer and
to understand the fate of electron-hole pairs in semiconductor
particles. It is known that the PL emission is resulted from the
recombination of excited electrons and holes, the lower PL inten-
sity may indicate the lower recombination rate of electron-holes
under light irradiation [40]. Fig. 6 shows the PL spectra of undoped
TiO,, F-TiO,, N-TiO, and N-F-TiO, samples. Two peaks appearing
at about 360 and 380 nm are ascribed to the emission of the band
gap transition [40]. It can be seen that undoped TiO, has the highest
intensity among these samples, implying the fastest recombination
rate of electron-holes. After N and F introduced into TiO,, the PL
intensity of F-TiO,, N-TiO, and N-F-TiO, samples decreased. This
result indicates the recombination of charge carriers is effectively
suppressed. It was reported that doped F atoms into TiO, can con-
vert Ti** to Ti3* by charge compensation and that the existence of a
certain amount of Ti3* can reduce the electron-hole recombination
rate [8,27]. In our previous study, we found the doping of nitrogen
into TiO, lattice led to the efficient quenching of the photolumi-
nescence [15]. The effective quenching of the photoluminescence
can be attributed to the two reasons. One is the electron is trapped
by the oxygen vacancy which induced by N doping, while the hole
is trapped by the doped nitrogen. Another is that the excited elec-
tron can transfer from the valance band to the new levels that exist
upper of the conduction band introduced by nitrogen doping, which
can also decrease the photoluminescence intensity. Therefore, a
synergistic effect of N and F codoping would lead to improving the
electron-hole separation.

3.7. Photocatalytic activities

Fig. 7a shows the visible light-induced photocatalytic decompo-
sition of AO7 with N-F-codoped TiO, photocatalysts. It can be seen
that no degradation of AO7 takes place in the absence of photo-
catalyst. The degradation rate of AO7 on the P25 and undoped TiO,
under visible light irradiation is very low, which can be attributed to
the self-sensitization of AO7. Among them, the N-F-codoped TiO,
shows the highest photodegradation activity, which is four and
three times higher than that by commercial P25 TiO, and undoped
TiO,, respectively. Additionally, F-TiO, also exhibits higher pho-
toactivity than N-TiO,, although N-TiO, has the best visible light
absorption among these samples. It should be noted that there is
not a definite correlation between the light absorption properties
and the activity of the samples, that is, the stronger absorption of
visible light dose not mean the higher decomposition rate of organic
compound.

Generally, the photocatalyst activity of TiO, is affected by
many factors such as phase composition, surface area, crystallinity,
surface hydroxyl density, and oxygen vacancies. The highest pho-
tocatalytic activity of nitrogen and fluorine codoped TiO, here
observed may be attributed to the following reasons. Firstly, the
good photoactivity of N-F-TiO, sample is associated with its larger
BET surface area and mesoporous structure. It is widely accepted
that a larger surface area provides more surface activity sites for the
adsorption of reactant molecules and mesoporous structure facili-
tates the transportation of reactant and product molecules, which
making the photocatalytic process more efficient. Fig. 7b shows

Fig. 7. (a) Photodegradation of AO7 using different samples under visible light
irradiation. (b) Adsorption ratio and photodegradation ratio of AO7 over different
samples.

adsorption ratio of AO7 on the surface of these samples under dark
and their photodegradation ratio for AO7. The highest adsorption of
AO7 on the surface of N-F-TiO, photocatalyst was observed. Addi-
tionally, Li et al. [22] investigated the surface acid of N-F-TiO, by
NH3-TPD and they found that F-doping resulted in the formation
of surface acid sites. These acid sites would not only be benefi-
cial for adsorption of reactant molecules but also act as electron
acceptors. It has been reported that the photocatalytic reaction typ-
ically occurs at the surface of photocatalyst. Adsorption of reactant
is generally considered to be an important factor in their photocat-
alytic degradation. Therefore, the unique surface characteristics of
N-F-TiO, including a large BET surface area, mesoporous structure
and surface acidity enhance the adsorption of organic compound,
and thus improve the photoactivity. Secondly, it is generally rec-
ognized that the excitation electrons from the local state of N 2p
to the conduct band initiate the visible photoreaction and result
in the generation of conduction band electrons (e~) and valence
band holes (h*), respectively. These charge carriers may recombine
into heat without a net chemical reaction or migrate into the sur-
face where they are trapped and eventually react with a suitable
electron donor and acceptor. The electrons are captured by surface
adsorbed O, to form superoxide radicals (O, ). The holes migrate
to the surface and combine with OH~ adsorbed on the surface of
N-TiO, and result in formation of OH* radicals (as per Egs. (3)-(7)).
Additionally, Minero et al. [41,42] have reported that the surface
modification of TiO, with fluoride results in the enhanced produc-
tion of free OH* radicals in solution by holes directly oxide water in
solution (as per Eq. (8)). As the photodegradation of AO7 are largely
relevant to the action of OH* radicals, we propose that the enhance-
ment of concentration of OH* by F-doping would be beneficial for
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Fig. 8. Plots of the induced fluorescence peak area at 426 nm against irradiation
time for terephthalic acid on different samples.

improving photocatalytic activity.

TiOy_xNx+hv— h* +e" (3)
Oz+e — Oy~ (4)
20,7 +2H,0 — 2H50, 4+ 0, (5)
H,0, +e~ — °*OH + OH~ (6)
h* +=Ti-OH~ - =Ti-*OH (7)
=Ti-F + Hy0 + h* — =Ti-F + *OHge + H' (8)

The analysis of OH* radical’s formation on these samples
surface under visible light irradiation was performed by fluo-
rescence technique with using terephthalic acid, which readily
reacted with OH* radicals to produce highly fluorescent product,
2-hydroxyterephthalic acid. The intensity of the peak attributed
to 2-hydroxyterephtalic acid was known to be proportional to the
amount of OH* radicals formed [43]. In Fig. 8, the formation of
OH?e* radicals on the surface of these samples is shown with time
of visible light irradiation. The amounts of the produced OH* radi-
cals increase with increasing visible irradiation time. It can be seen
that the highest amount of OH* radicals are created on the sur-
face of N-F-codoped TiO,, the highest photoactivity among these
photocatalysts is also observed. Thus, the enhancement of concen-
tration of OH* by F and N codoping would play an important role
in improving photocatalytic activity.

In summary, the higher visible photocatalytic activity of
N-F-TiO, microsphere is ascribed to its large surface area, meso-
porous structure and a synergetic effect of N and F codoping.

4. Conclusions

N and F-codoped TiO, photocatalyst was prepared by ethanol
solvothermal method using urea as a nitrogen source and ammo-
nium fluoride as a fluorine source. The as-prepared N-F-TiO,
shows the spherical morphology and mesoporous structure. The
band gap of TiO, was narrowed by N substituted O into the lattice
of TiO,, which led to the absorption edge shift to the visible region.
Meanwhile, F-doping could not only suppress the transformation
from anatase to rutile, but also enhance the formation of oxygen
vacancies as well as OH* radicals in solution to reduce the combi-
nation of photoexcited electrons and holes. The synergetic effect
of nitrogen and fluorine doped is responsible for enhancement of
photodegradation activity of AO7 under irradiation of visible light.
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