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In this paper, F-TiO, and TiN/F-TiO, nanoparticle photocatalysts were prepared by ball milling. The
photocatalysts were characterized by X-ray powder diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), terephthalic acid photoluminescence probing technique
(TA-PL), X-ray photoelectron spectroscopy (XPS), and UV-vis diffuse reflection spectroscopy (DRS). The
photocatalytic activity of the photocatalysts was evaluated by photocatalytic degradation of methylene
blue (MB) and rhodamine B (RhB). The results showed that the photocatalytic activity of the F-TiO, was

I;ﬁ{) ‘:;Ocﬁjlyst much higher than that of TiO,, and the photocatalytic activity of the TiN/F-TiO, was much higher than
TiN/F-TiO, that of TiO, and F-TiO, under UV light irradiation. The optimum percentage of doped TiN is 0.2 wt.%.

Compared with pure TiO;, the photoabsorption wavelength range of the TiN/F-TiO, and F-TiO, photo-
catalysts red shifts and improves the utilization of the total spectrum. The effect of ball milling time on the
photocatalytic activity of the photocatalysts was also investigated. The optimum ball milling time is 12 h.
The mechanisms of influence on the photocatalytic activity of the photocatalysts were also discussed.
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1. Introduction

In recent years, the photocatalytic degradation of various kinds
of organic and inorganic pollutants using semiconductor powders
as photocatalysts has been extensively studied since Fujishima and
Honda discovered the photocatalytic splitting of water on TiO, elec-
trodes in 1972 [1,2,3]. Owing to its relatively high photocatalytic
activity, biological and chemical stability, low cost, non-toxicity,
and long-term stability against photocorrosion and chemical corro-
sion, TiO, has been widely used as a photocatalyst [4,5]. However,
the photocatalytic activity of TiO, is limited to irradiation wave-
lengths in the UV region, thus the effective utilization of solar
energy is limited to about 3-5% of the total solar spectrum. Some
problems still remain to be solved, such as the fast recombina-
tion of photogenerated electron-hole pairs. Therefore, to improve
the photocatalytic activity by modification has become a hot topic
among researchers in the last decade [6,7]. Many investigators
have quested for various methods, such as doping transition met-
als [8,9,10,11], doping non-metallic elements [12,13,14,15,16], and
forming composite photocatalysts from different semiconductors
[17,18,19,20], etc., to enhance the photocatalytic activity of TiO,
and to improve the utilization of visible light. The results showed
that nearly all the composite semiconductors had higher photocat-
alytic activity than single ones.
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Recently, fluorinated TiO, (F-TiO, ) has been investigated exten-
sively to enhance the photocatalytic activities. It was proposed that
the fluorinated surface favored the generation of free OH radicals.
Meanwhile, the photoabsorption wavelength of the photocatalyst
was extended [21,22,23]. The composite photocatalyst TiN/TiO,
has been studied in our earlier report and the photocatalytic activity
is improved for doping appropriate Ti3*, which can act as a reac-
tive center on the surface [24]. When TiN integrates with F-TiO,, a
relative heterojunction photocatalyst TiN/F-TiO, is formed, which
may improve charge separation and photocatalytic activity of the
photocatalyst effectively. To the best of our knowledge, however,
the study of the composite photocatalyst TiN/F-TiO, has not been
reported.

In this study, F-TiO, and TiN/F-TiO, powders were prepared by
ball milling using NH4F solution as a disperser. The photocatalysts
were characterized by X-ray powder diffraction (XRD), scan-
ning electron microscopy (SEM), transmission electron microscopy
(TEM), terephthalic acid photoluminescence probing technique
(TA-PL), X-ray photoelectron spectroscopy (XPS), and UV-vis dif-
fuse reflection spectroscopy (DRS). The photocatalytic activity of
the photocatalysts was evaluated by photocatalytic oxidation of
methylene blue (MB) and rhodamine B (RhB). The desired result
was obtained. It showed that the photocatalytic activity of the
TiN/F-TiO, photocatalyst was much higher than that of TiO, and the
mixture of TiN and F-TiO, without ball milling under UV light irradi-
ation. The effect of ball milling time on the photocatalytic activity of
the photocatalysts was also investigated. The mechanisms of influ-
ence on the photocatalytic activity of the TiN/F-TiO, photocatalyst
were also discussed.
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2. Experimental
2.1. Materials

The TiO, powder (Anatase 90%, Rutile 10%, with crystallite size
of approximately 50-60 nm) used in the experiments was supplied
by Sinopharm Chemical Reagent Co Ltd. TiN powder (99.5%) was
supplied by a Johnson Matthey Company. NH4F was of analytically
pure grade, and purchased from Shanghai Chemical Reagent Co Ltd.
Methylene blue (MB), rhodamine B and other chemicals used in the
experiments were purchased from Shanghai and other China chem-
ical reagent Ltd. They were of analytically pure grade. Deionized
water was used throughout this study.

2.2. Preparation of F-TiO, and TiN/F-TiO,

The preparation of F-TiO, photocatalyst was carried out in a
ND2-2L ball mill (made in Tianzun Electronics Co Ltd., Nanjing
University). The procedures for the preparation of F-TiO, were as
follows: 5.0 g TiO, powder and three different size Zirconia balls
were mixed in the Zirconia tank, and then a certain amount of
NH4F (0g,0.2¢g,0.5g,1.0g,1.5¢,2.0g,2.5g) and H,0 (5mL) were
added. After being milled for a certain time (0-24h) at the speed
of 550 rpm, the wet powder was dried at 110°C in the air. The final
samples were used for the determination of photocatalytic activity
and characterization. The TiN/F-TiO, photocatalyst was prepared
in the same procedure. For each sample, 1.0 g NH4F, 5.0 g TiO,, and
5.0 mL H,0 were added in a Zirconia tank, varying the weight ratio
of TiN(0%, 0.03%, 0.05%, 0.07%, 0.1%, 0.2%, 0.5% and 1%), and then
different TiN/F-TiO, powder samples were prepared, respectively.

2.3. Photoreaction apparatus and procedure

Experiments were carried out in a photoreaction apparatus [24].
The photoreaction apparatus consists of two parts. The first part is
an annular quartz tube. A 375 W medium pressure mercury lamp
(Institute of Electric Light Source, Beijing) with a maximum emis-
sion at about 365 nm was used as UV light sources. The lamp is laid
inthe empty chamber of the annular tube, and running water passes
through an inner thimble of the annular tube. Owing to continuous
cooling, the temperature of the reaction solution is maintained at
approximately 30°C. The second part is an unsealed beaker with
a diameter of 12 cm. At the start of the experiment, the reaction
solution (volume, 300 mL) containing reactants and photocatalyst
was put in the unsealed beakers, and a magnetic stirring device
was used to stir the reaction solution. The distance between the
light source and the surface of the reaction solution is 11 cm. In
the experiments, the initial pH of the reaction solution was 5.0,
the illumination time was 10 min, and the amount of the photo-
catalyst used was 2.0 g/L, the initial concentrations of MB and RhB
were 1.0 x 10~4 mol/L and 1.0 x 10~> mol/L, respectively. In order
to disperse the photocatalyst powder, the suspensions were ultra-
sonically vibrated for 20 min prior to irradiation. After illumination,
the samples (volume of each was 5mL) taken from the reaction
suspension were centrifuged at 7000 rpm for 20 min and filtered
through a 0.2 wm millipore filter to remove the particles. The fil-
trate was then analyzed. In order to determine the reproducibility
of the results, at least duplicated runs were carried out for each
condition for averaging the results, and the experimental error was
found to be within +4%.

2.4. Characterization
In order to determine the crystal phase composition and the

crystallite size of the photocatalysts, X-ray diffraction measure-
ment was carried out at room temperature using a DX-2000 X-ray

powder diffractometer with Cu Ka radiation and a scanning speed
of 3°/min. The accelerating voltage and emission current were 40 kV
and 30 mA, respectively. The crystallite size was calculated by X-ray
line broadening analysis using the Scherrer equation.

The microcrystalline structure and surface characteristics of the
photocatalysts were also investigated by using (X-650 Japan) scan-
ning electron microscopy (SEM).

Transmission electron microscopy and high-resolution trans-
mission electron microscopy (HR-TEM) images were performed
with aJEOL-2010 transmission electron microscope, using an accel-
erating voltage of 200 kV.

UV-vis diffuse reflectance spectroscopy measurements were
carried out using a Hitachi UV-365 spectrophotometer equipped
with anintegrating sphere attachment. The analysis range was from
250 to 650 nm, and BaSO4 was used as a reflectance standard.

X-ray photoelectron spectroscopy was carried out on a Thermo
ESCALAB 250 multifunctional spectrometer (VG Scientific UK)
using Al Ko radiation. All XPS spectra were referenced to the Cls
peak at 284.8 eV from adventitious hydrocarbon contamination.

Photoluminescence emission spectra were recorded on a JASCO
FP-6500 type fluorescence spectrophotometer over a wavelength
range of 360-500 nm.

2.5. Analysis

The concentration of MB and RhB in solution was determined by
spectrophotometer. The photoxidation conversion of MB and RhB
was calculated from the following expression:

G -G

=gt % 100

where 7 is the photocatalytic conversion; Cy is the concentration
of reactant before illumination; C; is the concentration of reactant
after illumination time t.

3. Results and discussion

3.1. Effect of the amount of NH4F on the photocatalytic activity of
F-TiO,

The blank test shows that photo-induced self-sensitized pho-
todegradation has little influence on the photocatalytic oxidation
of MB and RhB. The fixed ball milling time and illumination time
for each sample is 12 h and 10 min, respectively. Fig. 1 shows the
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Fig. 1. Effect of the amount of NH4F on the photocatalytic activity of F-TiO,.
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Fig. 2. Effect of the amount of doped TiN on the photocatalytic activity of TiN/F-TiO5.

effect of the amount of NH4F on the photocatalytic activity of the
photocatalysts.

From Fig. 1, it can be seen that, if NH4F is absent, namely, with
the pure TiO, powder photocatalyst, its photooxidation activity is
the lowest, and the photooxidation conversion for MB and RhB
is 14.4% and 15.3%, respectively. The photooxidation activity of
F-TiO, increases remarkably with the increase of the amount of
NH4F up to 1.0g. When the amount of NH4F is 1.0g, the pho-
tocatalytic activity of the F-TiO, photocatalyst is at its peak, and
the photooxidation conversion of MB and RhB is 48.2% and 55.7%,
respectively. When the amount of NH4F is higher than the optimal
amount, the photooxidation activity of F-TiO, decreases gradu-
ally.

3.2. Effect of the amount of doped TiN on the photocatalytic
activity of TiN/F-TiO,

The fixed ball milling time for each sample was 12 h. The amount
of TiO; and NH4F was 5.0 g and 1.0 g, respectively. Fig. 2 shows the
effects of amount of doped TiN on the photocatalytic activity of
TiN/F-TiO,.

The fixed illumination time for each experiment was 10 min.
From Fig. 2, it can be seen that the photocatalytic activity of TiN/F-
TiO, increases remarkably with the increase of the amount of doped
TiN up to 0.2%. The optimum amount of doped TiN is 0.2%, and the
photodegradation conversion for RhB and MB is 97.4% and 94.2%,
respectively. When the amount of doped TiN is higher than the
optimal amount, the photocatalytic activity of TiN/F-TiO, decreases
gradually. The results also show that if TiN is absent, namely, the
pure F-TiO, powder photocatalyst, its photooxidation conversion
for MB and RhB is 48.2% and 55.7%, respectively. It is clear that the
photocatalytic activity of TiN/F-TiO, is higher than that of F-TiO,
photocatalyst. It is known that, TiN can be dissociated to Ti3* in
the ball milling process, and the amount of Ti3* increases greatly
after a suitable amount of TiN loading on TiO, by ball milling. Ti3*
on the surface of TiO, is the most reactive center for the photocat-
alytic process, which may be a surface defect and offers unique site
for oxygen chemical adsorption, and results in the high activity of
the corresponding photocatalyst [24,25]. Another important rea-
son may be that the F-TiO, doped with the suitable amount of TiN,
the coupled photocatalyst can be formed between TiN and F-TiO,
by the ball milling method, which prolongs the lifetime of the carri-
ers and improves the photocatalytic activity. However, after adding
redundant TiN, Ti3* ions can enter into the photocatalyst lattice in
the process of ball milling and the inner Ti** may become a recom-
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Fig. 3. Changes of PL spectra of different samples: (a) TiN(0.2 wt.%)/F-TiO,,
(b) TiN(0.5 wt.%)/F-TiO3, (c) TiN(0.03 wt.%)/F-TiO2, (d) F-TiO2(NHF4:1.0g), (e) F-
TiO2(NHF4:1.5 g), (f) F-TiO2(NHF4:2.0 g), (g) F-TiO»(NHF4: 0.2 g), (h) TiO, (i) pure
terephthalic acid.

bination center of carriers, so the photocatalytic activity decreases
steadily.

3.3. Hydroxyl radical analysis

The formation of hydroxyl radicals (*OH) on the surface of
F-TiO, and TiN/F-TiO, photocatalyst is detected by a photolu-
minescence (PL) technique with terephthalic acid as a probe
molecule. The method is rapid, sensitive, and specific, which only
needs simple standard PL instrumentation. Terephthalic acid reacts
with *OH readily to produce a highly fluorescent product, 2-
hydroxyterephthalic acid, whose PL peak intensity is in proportion
to the amount of OH radicals produced in water. Experimental
procedures were reported in earlier reports [23]. After UV irradia-
tion for 15 min, the reaction solution was filtrated to measure the
increase of the PL intensity at 425 nm excited by 315 nm light of
2-hydroxyterephthalic acid.

Fig. 3 shows the changes of PL spectra of different samples from
5 x 10~% mol/L terephthalic acid solution in 2 x 10~3 mol/L NaOH
with irradiation. From Fig. 3, it can be seen that, the PL peak of
TiN(0.2 wt.%)/F-TiO, is higher than any other samples, and it sug-
gests that the formation rate of OH radicals on its surface is much
higher than that of the other powders. When the amount of TiN is
too small or redundant, the surface of TiN/F-TiO, sample inhibits
the production of OH radicals, which implies the photocatalytic
oxidation activity of the photocatalyst is much lower than that of
TiN(0.2 wt.%)/F-TiO,. Similarly, when the amount of NH4F is lower
or higher than 1.0 g, the production of OH radicals is inhibited and
the photocatalytic oxidation activity of the F-TiO, photocatalyst
decreases. The same results are verified in the Sections 3.1 and 3.2.

3.4. Effect of the ball milling time on the photocatalytic activity of
F-TiO, and TiN/F-TiO,

The fixed amount of NH4F was 1.0g. The amount of TiN in the
sample was 0.2 wt.%, and the illumination time for each sample
was 10 min. The relationship between the photocatalytic activity
and the ball milling time varying from 0 to 36 h was investigated.
The result is shown in Fig. 4.

From Fig. 4, it is clear that the ball milling time influences the
photocatalytic activity greatly under UV light irradiation. It is obvi-
ous that the photocatalytic activity of the F-TiO, and TiN/F-TiO is
much higher than that of the mixture of NH4F-TiO, and TiN-NH4F-
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Fig. 4. Effect of the ball milling time on the photocatalytic activity: (a) MB (F-TiO;),
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TiO, without ball milling. The photocatalytic conversions of four
different samples have similar trend lines. The photocatalytic con-
versions increase rapidly with the increase of the ball milling time
up to 12 h. When the ball milling time is longer than 12 h, the pho-
tocatalytic conversions decrease gradually. Without ball milling,
the photocatalytic activities of the samples are the lowest, and the
conversions of a, b, c and d are 15.0%, 16.3%, 18.0%, and 21.1%,
respectively. When the ball milling time is 12 h, the photocatalytic
activities of the samples reach their maximum and the conversions
of a, b, cand d are 48.2%, 55.7%, 94.2%, and 97.4%, respectively.
F-TiO, enhanced the photodegradation of RhB and MB in aque-
ous solutions. It was proposed that the fluorinated surface favored
the generation of free OH radicals, which was responsible for the
enhanced photocatalytic oxidation activity [23]. The possible rea-
son for the increased photocatalytic activity of the photocatalyst
TiN/F-TiO, may be attributed to the fact that TiO, and TiN only play
their own photocatalytic role without ball milling, and the hetero-
junction photocatalyst is not formed. However, TiO, and TiN can
form heterojunction photocatalyst after ball milling. The hetero-
junction photocatalyst TiN/F-TiO, conduces to the separation of
the photoexcited electron-hole pairs effectively, and the photocat-
alytic activity is enhanced. When the ball milling time is lower than
12 h, with the ball milling time increasing, the F ions on the pho-
tocatalyst surface may enter into the photocatalyst lattice so that
the absorption wavelength red shifts and the photocatalytic activ-
ity is improved remarkably. Meanwhile, the amount of Ti>* on the
surface of the photocatalyst increases, which is the most reactive
center for the photocatalytic process [26]. At the same time, with
the increase of the ball milling time, the specific surface area of the
photocatalystincreases [20]. Correspondingly, the number of active
sites per unit weight of the photocatalyst also increases. However,
when the ball milling time is longer than the optimal time, it is
proposed that with the increase of the ball milling time, the fresh
surface formed by high-energy ball milling possesses high surface
energy and prefers to agglomerate. The assumption is proved by
the results of SEM. At the same time, a number of crystal defects
and inner Ti3* in the TiO, lattice are produced during high-energy
ball milling. And the crystal defects and the inner Ti3* will become
recombination centers of the photogenerated electrons and holes.

3.5. Comparison of photocatalytic activity among the TiO,,
TiN(0.2%)/TiO,, F-TiO, and TiN(0.2%)/F-TiO,

The fixed ball milling time for each sample was 12 h. The amount
of TiO, and NH4F was 5.0g and 1.0 g, respectively. The photocat-
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Fig. 5. Photocatalytic activity of TiO;, TiN(0.2%)/TiO2, F-TiO, and TiN(0.2%)/F-TiO,.

alytic activity of the samples was investigated by photocatalytic
oxidation of rhodamine B and MB. All of the data obtained are
corrected for absorption after stirring for 20 min in the dark.

Fig. 5 shows the photodegradation of RhB and MB over pure
TiO,, TiN(0.2%)/TiO;, F-TiO;, and TiN(0.2%)/F-TiO, under UV light
radiation. It can be seen that the photocatalytic activity of het-
erostructure TiN/F-TiO, is the highest, and the photocatalytic
activity of TiN/TiO, and F-TiO,, is higher than that of pure TiO,. At
the same time, it is clear that the photocatalytic activity of F-TiO,
is a little higher than that of TiN/TiO5.

3.6. Characterization of the F-TiO, and TiN/F-TiO, photocatalysts

3.6.1. XRD analysis

The fixed ball milling time is 12 h. The XRD patterns of different
photocatalysts are shown in Fig. 6. It is clear that when the amount
of doped TiN is less than 5.0 wt.%, the diffraction peaks of TiN can-
not be found in XRD patterns. This illustrates that TiN is highly
dispersed in the bulk phase of the catalyst. When the amount of
doped TiN is higher than 5.0 wt.%, the diffraction peaks of TiN can
be found in XRD patterns. Since no new crystal phases are found, it
can be concluded that there are no new materials formed in the ball
milling process, or the new crystal phases formed in the process of
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Fig. 6. XRD patterns of different photocatalysts: (a) F-TiO3, (b) TiN(0.05 wt.%)/F-
TiO2, (c) TiN(0.1 wt.%)/F-TiO2, (d) TiN(5.0 wt.%)/F-TiO> (e) TiN(10.0 wt.%)/F-TiO,.
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Fig. 7. SEM images of TiN(0.2 wt.%)/F-TiO, photocatalysts: (a) TiN(0.2 wt.%)/F-TiO>,
ball milling time 12 h, (b) TiN(0.2 wt.%)/F-TiO,, ball milling time 24 h.

ball milling are so small that they cannot be detected in the exper-
imental condition. The similar result was reported in Ref [27]. It is
known by the calculation from the Scherrer equation that the diam-
eter of the photocatalyst is not obviously changed. The crystallite
size is about 50 nm.

3.6.2. SEM analysis

SEM was used to investigate the morphology of the samples.
Fig. 7 shows SEM images of TiN(0.2 wt.%)/F-TiO, photocatalysts. It
can be seen that the appearance is shapeless sheet, and the average
diameter of the photocatalyst is about 45-55 nm. The result is the
same as that of XRD. From Fig. 7, it also can be seen that when
the ball milling time is 12 h, the dispersion degree of the sample is
higher than that of the sample ball milled for 24 h. Namely, when
the ball milling time is longer than the optimum time, the fresh
surfaces formed by high-energy ball milling possess high surface
energy and prefers to agglomerate with the increase of the ball
milling time. The similar result was reported in Ref. [27].

d=2. 439nm
- TIN(LLD)

Ti02(101)

Fig. 8. TEM and HR-TEM images of TiN(0.2 wt.%)/F-TiO, photocatalys: (a) TEM
image, (b) HR-TEM image.

3.6.3. TEM analysis

In order to investigate the interface of the sample, the
TiN(0.2 wt.%)/F-TiO, photocatalyst was chosen for TEM and high
resolution TEM (HR-TEM) characterization.

Fig. 8a gives an overview of the typical TEM image of the hetero-
junction TiN(0.2 wt.%)/F-TiO, photocatalyst. It clearly exhibits the
existence of TiN nanoparticles with mean sizes of about 60-70 nm
dispersing over the particle of TiO,. Fig. 8b shows the HR-TEM
image of the sample corresponding to the rectangle region of the
TEM image in Fig. 8a. The upper part depicts the (11 1) plane of TiN
with a spacing of 2.439 nm. The lower part depicts the (10 1) plane
of TiO, with a spacing value of 3.510 nm. The good crystalline qual-
ity and the clear interface between TiN and TiO, are advantageous
for the separation of the photogenerated charge carriers. Based on
the above results, it is suggested that the heterojunction will be
formed by ball milling between TiN and TiO,.

3.6.4. UV-vis analysis

Fig. 9 shows UV-vis diffuse reflectance spectra of F-TiO, and a
series of TiN/F-TiO, photocatalysts. The samples were ball milled
for 12 h, respectively. It is known that the band gap of TiO; is about
3.2eV and it can be excited by photons with wavelengths below
387 nm. Fig. 9 shows that compared with pure TiO», the absorption
wavelength range of the F-TiO, is extended greatly towards visible
light with the F~ doped. And it will increase the number of photo-
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Fig. 9. UV-vis diffuse reflectance spectra of different photocatalysts: (a) TiO,, (b) F-
TiO2, (c) TiN(0.03 wt.%)/F-TiO2, (d) TiN(0.05 wt.%)/F-TiO2, (e) TiN(0.07 wt.%)/F-TiO>,
(f) TIN(0.1 wt.%)/F-TiO2, (g) TiN(0.2 wt.%)/F-TiO>.

generated electrons and holes to participate in the photocatalytic
reaction, which will enhance the photocatalytic activity of F-TiO,
powders [28]. For F-TiO,, the presence of a strong absorption band
at a low wavelength in the spectra near 350 nm indicates that the
Ti species are tetrahedral Ti%*. This absorption band is generally
associated with the electronic excitation of the valence band 02p
electron to the conduction band Ti3d level [19,29]. Compared with
F-TiO,, the absorption edge extends a little to longer wavelength for
the photocatalyst TiN/F-TiO,, revealing the good contact between
TiN and F-TiO,, crystallites as a consequence of the inter-dispersion
of the two phases, which is produced by ball milling process. The
photoexcited wavelength range of the photocatalyst is connected
with the amount of TiN. It increases with the increase of the amount
of TiN. The extension of absorption wavelength range can proba-
bly be attributed to the introduction of Ti3* and the formation of a
defective energy level in the particles during the ball milling pro-
cess. Because the absorption wavelength range is extended greatly
towards visible light and the absorption intensity increases, the
formation rate of electron-hole pairs on the photocatalyst surface
also increases greatly, which results in the photocatalyst exhibiting
higher photocatalytic activity. The results are consistent with the
evaluation of photocatalytic activity. There were similar results in
previous report [30].

3.6.5. Photoluminescence emission spectra

The Photoluminescence emission spectra have been widely used
to investigate the efficiency of charge carrier trapping, immigra-
tion and transfer, and to understand the fate of electron-hole
pairs in semiconductor particles for photoluminescence emission
is resulted from the recombination of free carriers [31,32]. In this
study, an ultraviolet light with a 260 nm wavelength as the excita-
tion source was used for get the fluorescence emission spectra of
the different samples. The results are shown in Figs. 10 and 11,
respectively. It can be seen that the pure TiO, samples have a
stronger emission peak at around 410 nm and a weaker emission
peak at around 470 nm, showing indirect band gap characteristics
[33].

From Fig. 10, it is clear that the relative intensity of the emission
spectra of TiO, has the greatest relative intensity, which means
that electrons and holes of TiO, are easy to recombine. The rela-
tive intensity of the F-TiO, photocatalyst is lower than that of TiO5,
showing that the doped NH4F is helpful to inhibit the recombi-
nation of electrons and holes and to improve the photocatalytic
activity. The amount of NH4F can influence the thickness of the
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Fig. 10. Photoluminescence emission spectra of pure TiO, and different F-TiO,
photocatalysts: (a) TiO, (b) NH4F (0.20 g)-TiO2, (c) NH4F (0.50 g)-TiO,, (d) NH4F
(1.50g)-TiO,, (e) NH4F (1.0 g)-TiO,.

superficial space-charge layer of TiO,. When the amount of NH4F is
1.0 g, the relative intensity of emission spectra is the lowest, which
shows that 1.0 g doping quantity of NH4F can effectively restrain
the recombination of electrons and holes. When the NH4F content
is too small, the recombination rate of electron-hole pairs is high
due to the absence of adequate traps. When the doping quantity
is considerably high, the absorption of light and the generation of
electrons-holes are both decreased.

From Fig. 11, it can be seen that the photoluminescence spectra
are quite sensitive to the doping amount of TiN. Due to doping TiN,
the photoluminescence emission intensity of the different TiN/F-
TiO, photocatalysts is lower than that of F-TiO,. When the amount
of doped TiN varies from 0% to 0.2 wt.%, the photoluminescence
emission intensity decreases accordingly. However, if the amount
of TiN is 0.5wt.%, the photoluminescence emission intensity is
higher than that of the 0.2 wt.% TiN. The result is consistent with
that of the photocatalytic activity experiment.

Itis known that the photoluminescence emission intensity is the
result of the recombination of photoexcited electrons and holes,
and the lower photoluminescence emission intensity indicates a
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Fig. 11. Photoluminescence emission spectra of pure TiN and different TiN/F-
TiO; photocatalysts: (a) F-TiO,, (b) TiN(0.03 wt.%)/F-TiO,, (c) TiN(0.05 wt.%)/F-TiO,,
(d) TiN(0.07 wt.%)/F-TiO; (e) TiN(0.1 wt.%)/F-TiOs, (f) TiN(0.5wt.%)/F-TiOs, (g)
TiN(0.2 Wt.%)/F-TiO5.
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Fig. 12. High resolution scanning XPS spectra.

lower recombination rate of photoexcited electron-hole [34]. Con-
sequently, compared with pure TiO,, doping NH4F and TiN into
samples will enhance the charge separation efficiency of the pho-
toexcited electrons and holes. That is to say that doping proper
NH4F and TiN is helpful to inhibit the recombination of electrons
and holes, which improves the photocatalytic activity.

3.6.6. XPS analysis

To identify the chemical state of F and Ti atoms in the pho-
tocatalyst, the X-ray photoelectron spectroscopy (XPS) of the
TiN(0.2%)/F-TiO, ball milled for 12 h was measured. The result is
shown in Fig. 12. From the high resolution scanning XPS spectra
of F 1s (Fig. 12a), it can be seen that the photoelectron peaks for
F 1s appear clearly at the binding energy of 684 eV, which is due
to the surface fluoride of TiO,. The surface fluoride (=TiO,-F) was
formed by the ligand exchange reaction between F~ and the surface
hydroxyl group on the surface of TiO,. From Fig. 12b, the oxidation
and spin state of the atoms match well with standard Ti 2p1/2 and
Ti 2p3/2 peaks, indicating that the two peaks are approximately
consistent with the data of Ti2p provided by the databank [35,36].
However, there are no signal of F ion in the lattice (BE=688.5eV)
of the sample and peak shoulder at 456.7 eV attributed to Ti3* in
the high resolution scanning spectra [23,24]. It may be attributed
to the fact that the contents of F ion and Ti3* are so small that they
cannot be detected in the experimental condition.

UV+Vis

03 + H—»=.OH

F-TiO, TiN

Fig. 13. Schematic diagram of charge separation and the photocatalytic activity for
the photocatalyst.

3.7. Discussion of mechanism

It is known that surface fluorination can be done by a simple
ligand exchange between surface hydroxyl groups on TiO, and flu-
oride ions [34].

=Ti-OH + F~ & =Ti-F + OH~

Minero et al. confirmed that fluoride enhanced the photodecom-
position of phenol with TiO, in aqueous solutions and proposed
that the fluorinated surface favored the generation of free OH
radicals, which was responsible for the enhanced photocatalytic
oxidation activity [23,37]. Meanwhile, with the increase in the ball
milling time, the F ions on the photocatalyst surface may enter into
the photocatalyst lattice, which results in the absorption wave-
length red shifts, and the photocatalytic activity is increased. At the
same time, Ti3*on the TiO; surface is produced during high-energy
ball milling. Surface Ti3* is the most reactive center for photocat-
alytic process, and the Ti3* on the surface of TiO, is the unique
site for oxygen chemical adsorption. O,*~ may be produced by the
reaction of Ti3* and O, so the photocatalytic activity is improved.
Furthermore, it is proposed that when TiN integrates with the
F-TiO, granule, a number of micro heterojunction photocatalyst
TiN/F-TiO, are formed. At the equilibrium, the inner electric field is
formed in the junction between TiN and TiO,. Under near UV illu-
mination, the photogenerated electron-hole pairs will be separated
effectively by the heterojunction formed in the TiN/F-TiO,. There-
fore, the photocatalytic activity of the TiN/F-TiO, photocatalyst is
enhanced greatly. The schematic diagram of charge separation and
the photocatalytic activity for the photocatalysts is shown in Fig. 13.

4. Conclusions

The F-TiO, and TiN/F-TiO, nanoparticle photocatalyst were pre-
pared by ball milling. The photocatalytic activity of the TiN/F-TiO,
is much higher than that of TiO,, F-TiO,, and the mixture of TiN/F-
TiO, without ball milling. The optimum percentage of doped TiN is
0.2 wt.%. The ball milling time has a significant influence on the pho-
tocatalytic activity of the photocatalyst. The optimum ball milling
time is 12 h. Compared with pure TiO,, the photoabsorption wave-
length range of the F-TiO, and TiN/F-TiO, photocatalysts red shifts
and improves the utilization of the total spectrum. The increase
of the Ti3* reactive center on the surface and the extension of
the photoabsorption wavelength are favorable for the increase of
the photocatalytic activity of the TiN/F-TiO,. Another important
reason may be attributed to the formation of the heterojunction
between TiN and F-TiO,, the photogenerated electrons and holes
are separated efficiently, and the photocatalytic activity of the pho-
tocatalyst is enhanced greatly.
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