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CuO/F-TiO, nanoparticle photocatalyst was prepared by ball milling. The photocatalyst was characterized by X-ray powder
diffraction, scanning electron microscopy, transmission electron microscopy, UV-Vis diffuse reflectance spectroscopy, and
photoluminescence emission spectroscopy. The photocatalytic activity was evaluated by photocatalytic oxidation of rhodamine B
and reduction of Cr,0;%". The results showed that, for F-TiO, photocatalyst, the photooxidation activity increases remarkably with
the increasing amount of NH4F up to 1.0 g, and the photoreduction activity decreases gradually with the increase in the amounts
of NH4E For the CuO/F-TiO, photocatalyst, the photoreduction activity increases greatly with the increase in the amount of
doped p-CuO up to 1.0 wt.%, and the photooxidation activity decreases rapidly with the increase in the amounts of doped p-CuO.
Compared with pure TiO,, the photoabsorption wavelength range of the CuO/F-TiO, and F-TiO, photocatalysts 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 mechanisms of influence on the photocatalytic activity of the photocatalysts were also discussed.

1. Introduction

Since Fujishima and Honda discovered the photocatalytic
splitting of water on titanium dioxide (TiO;) electrodes in
1972 [1], TiO; as a photocatalyst has been extensively stud-
ied because it has relatively high photocatalytic activity, bio-
logical and chemical stability, low cost, nontoxicity, and long-
term stability against photocorrosion and chemical corrosion
[2-9]. However, the photocatalytic activity of TiO; is limited
to irradiation wavelengths 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 solv-
ed in its application, such as the fast recombination of photo-
generated electron-hole pairs. Therefore, improving photo-
catalytic activity by modification has become a hot topic
among the researchers in the near decade [10, 11]. Many in-
vestigators have quested for various methods, such as doping
transition metals [12-15], doping nonmetallic elements [16—
20], and forming composite photocatalysts from different
semiconductors [21-24], and so forth, to enhance the photo-
catalytic activity of TiO, and to improve the utilization of
visible light.

Recently, fluorinated TiO, (F-TiO;) had been investi-
gated extensively. The results showed that the photocatalytic
oxidation activity of the F-TiO; is much higher than that
of TiO, by reason of the extension of the photoabsorption
wavelength as a result of doped F element [25-27]. The p-n
junction photocatalysts NiO/TiO, and p-ZnO/n-TiO, have
been studied in our laboratory [21, 28]. The results showed
that, compared with pure TiO,, the p-n junction photocata-
lysts have higher photocatalytic reduction activity, but lower
photocatalytic oxidation activity. It is known that CuO is a p-
type semiconductor [29]. When p-type CuO and fluorinated
n-type TiO, integrates, a p-n heterojunction photocatalyst
CuO/F-TiO, will be formed, which may improve charge se-
paration and photocatalytic activity of the photocatalyst.

In this paper, CuO/F-TiO, powder was prepared by ball
milling using NH4F solution as a disperser. The photo-
catalytic activity of the photocatalyst was evaluated by pho-
tocatalytic oxidation of rhodamine B (RhB) and reduction
of Cr,O,2~. The desired result was obtained. The effect
of ball milling time on the photocatalytic activity of the
photocatalysts was also investigated. The mechanisms of



influence on the photocatalytic activity of the CuO/F-
TiO,photocatalyst were also discussed.

2. Experimental

2.1. Materials. The TiO, powder (Anatase 90%, Rutile 10%,
with crystallite size of about 50-60 nm) used in the exper-
iments was supplied by Sinopharm Chemical Reagent Co,
Ltd. Cu(NOs); - 3H,O was supplied by Shanghai Reagent
Factory (purity 99.9%). NH4F, Rhodamine B, and other
chemicals used in the experiments were purchased from
Shanghai and other China Chemical Reagent Ltd. They
were of analytically pure grade. Deionized water was used
throughout this study.

2.2. Preparation of F-TiO, and CuO/F-TiO,. Nanoparticle
CuO was synthesized by heat treatment of Cu(NOs3), - 3H,0
at 500°C for 6 h in air, and the crystallite size is about 80 nm.
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; are as follows: 5.0 g TiO, powder and three differ-
ent sizes of zirconia balls were mixed in the zirconia tank,
and then a certain amount of NH4F (0g, 0.2g, 0.5g, 1.0g,
1.5¢g, 2.0g, 2.5¢g) and H,O (5mL) was added. After being
milled for a certain time (0-24 h) at the speed of 550 rpm,
the wet powder was dried at 110°C in air. The final sam-
ples were used for the determination of photocatalytic ac-
tivity and characterization. CuO/F-TiO, photocatalyst was
prepared in the same procedure. For each sample, 1.0g
NH,E 5.0 g TiO;, and 5.0 mL H,O were added in a zirconia
tank, varying the weight ratio of CuO(0wt.%, 0.1 wt.%,
0.3 wt.%, 0.5wt.%, 1.0 wt.%, 3.0 wt.%, and 5.0 wt.%), and
then different CuO/F-TiO, powder samples were prepared,
respectively. The specific surface area of the different CuO/F-
TiO; photocatalysts has no obvious change and it is about
24.7 m?/g. The flow chart of preparation of the CuO/F-TiO,
is given in Scheme 1.

2.3. Photoreaction Apparatus and Procedure. Experiments
were carried out in a photoreaction apparatus [21, 28]. The
photoreaction apparatus consists of two parts. The first part
is an annular quartz tube. A 375 W medium pressure mer-
cury lamp (Institute of Electric Light Source, Beijing), with
a maximum emission at about 365nm, was used as light
sources. The lamp is laid in the empty chamber of the an-
nular tube, and running water passes through an inner thim-
ble of the annular tube. Owing to continuous cooling, the
temperature of the reaction solution is maintained at approx-
imately 30°C. The second part is an unsealed beaker with
a diameter of 12 cm. At the start of the experiment, the re-
action solution (volume, 300 mL) containing reactants and
photocatalyst was put in the unsealed beakers, and a mag-
netic 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 amount of the photo-
catalyst used was 2.0 g/L, and the initial concentrations of
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Cr,072~ and RhB were 1.0 x 10~% and 1.0 x 10~> mol/L, re-
spectively. In order to disperse the photocatalyst powder, the
suspensions were ultrasonically vibrated for 10 or 20 min
prior to irradiation. After illumination, the samples taken
from the reaction suspension were centrifuged at 7000 rpm
for 20 min and filtered through a 0.2 ym millipore filter to re-
move the particles. The filtrate was then analyzed. In order
to determine the reproducibility of the results, at least dup-
licated 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 measurement 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 40kV 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) scanning electron microscope.

Transmission electron microscopy and high-resolution
transmission electron microscopy (HR-TEM) images were
performed with a JEOL-2010 transmission electron micro-
scope, using an accelerating voltage of 200 kV.

UV-Vis diffuse reflectance spectra measurements were
carried out using a Hitachi UV-365 spectrophotometer
equipped with an integrating sphere attachment. The anal-
ysis range was from 250 to 650 nm, and BaSO, was used as a
reflectance standard.

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 Cr,0;2~ in the solution
is determined spectrophotometrically using diphenylcar-
bazide reagent as a developer. The concentration of rhoda-
mine B (RhB) in the solution is determined spectrophoto-
metrically. The photoreduction efficiency of Cr,O7%~ and the
photooxidation efficiency of rhodamine B were calculated
from the following expression:

0 - [(CO*Cz)

100%, 1
Go ]X o )

where 7 is the photocatalytic efficiency; Cy is the concentra-
tion of reactant before illumination; C; is the concentration
of reactant after illumination time f.

3. Results and Discussion

3.1. Characterization of Photocatalysts

3.1.1. XRD Analysis. The fixed ball milling time is 6h.
The XRD patterns of different photocatalysts are shown in
Figure 1. It is clear that, when the amount of doped CuO is
less than 5.0 wt.%, the diffraction peaks of CuO cannot be
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ScHEME 1: The flow chart of preparation of the CuO/F-TiO,.
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Figure 1: XRD patterns of different photocatalysts. (a) F-TiO,, (b) CuO (0.1 wt.%)/F-TiO;, (¢) CuO (1.0 wt.%)/F-TiO,, (d) CuO
(5.0 wt.%)/F-TiO,, (e) CuO (10.0 wt.%)/F-TiO,, (f) TiO,, and (g) CuO.

found in XRD patterns. This illustrates that CuO is highly
dispersed in the bulk phase of the catalyst. When the amount
of doped CuO is higher than 5.0 wt.%, the diffraction peaks
of CuO can be found in XRD patterns. Since no new crystal
phases are found, it can be concluded that a new solid is not
formed in the ball milling process of TiO,, NH4F, and CuO,
or probably because the new materials content are too low
to allow detection of their reflection peaks. The similar result
was reported in [30]. It is known by the calculation from the
Scherrer equation that the diameter of the photocatalyst is
not obviously changed. The crystallite size is about 50 nm.

3.1.2. SEM Analysis. SEM was used to investigate the mor-
phology of the samples. Figure 2 shows SEM images of CuO
(1.0 wt.%)/F-TiO, photocatalysts ball milled for 6 and 24 h,
respectively. It can be seen that the appearance is shapeless
sheet, and the average diameter of the photocatalyst is about
50-60 nm. The result is the same as that of XRD. From
Figure 2, it also can be seen that, when the ball milling time
is 6h, 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, with the
increase in the ball milling time, the fresh surfaces formed by
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FIGURE 2: SEM images of CuO (1.0 wt.%)/F-TiO, photocatalysts. (a) CuO (1.0 wt.%)/F-TiO, ball milling time 6 h, (b) CuO (1.0 wt.%)/F-

TiO,, ball milling time 24 h.

(a)
FiGure 3: TEM and HR-TEM images of CuO (1.0 wt.%)/F-TiO,photocatalyst: (a) TEM image, (b) HR-TEM image.

high-energy ball milling possess high surface energy and
prefer to agglomerate. The similar result was reported in
[30].

3.1.3. TEM Analysis. In order to investigate the interface of
the sample, the CuO (1.0 wt.%)/F-TiO, was chosen for TEM
and high-resolution TEM characterization.

Figure 3(a) gives an overview of the typical TEM image of
the CuO (1.0 wt.%)/F-TiO, photocatalyst. It clearly exhibits
the existence of CuO nanoparticles with mean sizes of about
50-70 nm dispersing over the particle of TiO,. Figure 3(b)
shows the HR-TEM image of the sample corresponding to
the rectangle region of the TEM image in Figure 3(a). The
upper part depicts the (101) plane of TiO, with a spacing
value of 3.510 nm. The lower part depicts the (—111) plane of
CuO with a spacing of 2.520 nm. The good crystalline quali-
ty and the clear interface between CuO and TiO, are ad-
vantageous for the separation of the photogenerated charge
carriers. Based on the above results, it is suggested that the

Ti0:(101)
d=3. 510nm

heterojunction will be formed by ball milling between CuO
and TiO,.

3.1.4. UV-Vis Analysis. Figure 4 shows the UV-Vis diffuse
reflectance spectra of F-TiO; and a series of CuO/F-TiO;
photocatalysts. The samples were ball milled for 6 h, respec-
tively. It is known that the bandgap of TiO, is about 3.2 eV
and it can be excited by photons with wavelengths below
387 nm. From Figure 4, it can be seen that, compared with
pure TiO,, the absorption wavelength ranges of the F-TiO,
and CuO/F-TiO; are extended greatly towards visible light.
Compared with the F-TiO,, the absorption edge of the
photocatalyst CuO/F-TiO, extends a little to longer wave-
length, revealing the good contact between CuO and F-
TiO,crystallites as a consequence of the interdispersion of
the two phases produced by ball milling process. For F-TiO,,
the presence of a strong absorption band at a low wave-
length in the spectra near 350 nm indicates that the Ti
species are tetrahedral Ti*". This absorption band is generally
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Figure 4: UV-Vis diffuse reflectance spectra of different
photocatalysts. (a) TiO,, (b) F-TiO,, (c¢) CuO(0.1wt.%)/F-
TiO,, (d) CuO(0.3wt.%)/F-TiO,, (e) CuO(0.5wt.%)/F-TiO,, (f)
CuO(1 wt.%)/E-TiO,.
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FIGURE 5: Photoluminescence emission spectra of photocatalysts.
(a) TiO,, (b) CuO (0.1 wt.%)/E-TiO,, (¢) CuO (0.3 wt.%)/F-TiO,,
(d) CuO (0.5wt.%)/F-TiO,, (e) CuO (3 wt.%)/F-TiO,, (f) CuO
(1wt.%)/F-TiO,.

associated with the electronic excitation of the valence band
O2p electron to the conduction band Ti3d level. The photo-
excited wavelength range of the CuO/F-TiO, photocatalyst
is connected with the amount of CuO. It increases with
the increase in the amount of CuO. In theory, 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 photocata-
lyst exhibiting higher photocatalytic activity. From Figure 7,
it is clear that the photocatalytic activity of photocatalyst
CuO/F-TiO; is strongly dependent on the amount of CuO.

In the experimental condition, the results of UV-Vis diffuse
reflectance spectra are consistent with the evaluation of pho-
toreduction activity. There were similar results in previous
reports [28].

3.1.5. Photoluminescence Emission Spectra. The photolumi-
nescence emission spectra have been widely used to investi-
gate the efficiency of charge carrier trapping, immigration,
and transfer and to understand the fate of electron-hole
pairs in semiconductor particles, since photoluminescence
emission is resulted from the recombination of free carriers
[31, 32]. In this study, using an ultraviolet light with a 260 nm
wavelength as the excitation source, the fluorescence emis-
sion spectra of the different samples are shown in Figure 5. It
can be seen that the samples have a stronger emission peak
at around 410nm and a weaker emission peak at around
470 nm [21, 33].

From Figure 5, it is clear that the relative intensity of
the emission spectra of TiO; has the greatest relative inten-
sity, which means that electrons and holes of TiO,are easy to
recombine. The relative intensity of the photocatalyst CuO/
F-TiO,is lower than that of TiO,, showing that doping CuO
is helpful to inhibit the recombination of electrons and holes
and to improve the photocatalytic activity. The amount of
CuO can influence the thickness of the superficial space-
charge layer of TiO,. When the amount of CuO is 1.0 wt %,
the relative intensity of emission spectra is the lowest, which
shows that a 1.0 wt.% doping quantity of CuO can effectively
restrain the recombination of photoexcited electrons and
holes. When the CuO content is too small, due to the absence
of adequate traps, the recombination rate of electron-hole
pairs is higher. When the doping quantity is considerably
high, the absorption of light and the generation of electrons-
holes are both decreased.

3.2. Evaluation of the Photocatalytic Activity

3.2.1. Effect of the Amount of NH4F on the Photocatalytic
Activity of F-TiO,. The photocatalytic activity was investi-
gated by photocatalytic oxidation of RhB and photocatalytic
reduction of Cr,072". The dark absorption and blank tests
are carried out simultaneously. The dark absorption test de-
monstrated that the adsorption on the catalysts varied de-
pending on the samples, while the blank experiment showed
that the substrate with no photocatalyst was hardly degraded
after exposure to radiation for 1 h, illustrating that photoin-
duced self-sensitized photodegradation has little influence
on the results of the experiment. All of the data obtained
are corrected for absorption after stirring for 30 min in the
dark. The detailed procedure was described in [34]. The fixed
ball milling time is 3 h, and fixed illumination times for the
photocatalytic reduction of Cr,O72~ and photocatalytic oxi-
dation of RhB were 20 min and 10 min, respectively. Figure 6
shows the effect of the amount of NH4F on the photocatalytic
reduction of Cr,O7?~ and photocatalytic oxidation of RhB.
From Figure 6, it can be seen that, without NH4F pre-
sent, namely, the pure TiO, powder photocatalyst, its photo-
oxidation activity is the lowest, and the photooxidation effi-
ciency for RhB is 15.3%. The photooxidation activity of
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FiGure 6: Effect of the amount of NH,F on the photocatalytic
reduction of Cr,0;2~ and photocatalytic oxidation of RhB.

F-TiO, increases remarkably with the increasing amount
of NH4F up to 1.0g. When the amount of NH4F is 1.0g,
the photocatalytic activity of the F-TiO, photocatalyst is
at its peak, and the photooxidation efficiency for RhB is
55.7%. When the amount of doped NH4F is higher than
optimal amount, the photooxidation activity of F-TiO, de-
creases gradually. At the same time, it is clear that the photo-
oxidation activity of F-TiO; is higher than that of pure TiO,
photocatalyst in the experimental condition. F-TiO; enhanc-
ed the photodegradation of RhB in aqueous solutions. It
was proposed that the fluorinated surface favored the gener-
ation of free OH radicals, which was responsible for the
enhanced photocatalytic oxidation activity. The result has
been reported in earlier literature [27].

However, under the same condition, for the photocat-
alytic reduction of Cr,O7%", the photocatalytic reduction
activity of F-TiO, decreases gradually with the increase in
the amounts of doped NH,E. For the pure TiO, powder pho-
tocatalyst, its photocatalytic reduction activity is at its peak,
and the photocatalytic reduction efficiency is 32.2%. When
the amounts of NH4F are 0.2 and 2.0 g, the photoreduction
efficiencies are 26.3 and 19.8%, respectively.

3.2.2. Effect of Amount of Doped CuO on the Photocatalytic
Activity. In order to obtain the optimum concentration of
CuO, the effect of the amount of CuO on the photocat-
alytic activity of CuO/F-TiO,photocatalyst was studied. The
experiments were carried out with different concentrations
of CuO varying from 0% to 5wt.%. Figure 7 shows the
effects of the amount of doped CuO on the photocatalytic re-
duction of Cr,0;2~ and photocatalytic oxidation of RhB.
The fixed ball milling time for each sample was 3 h, and the
fixed illumination times for the photocatalytic reduction of
Cr,07%~ and photocatalytic oxidation of RhB were 20 min
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Figure 7: Effect of the amount of doped CuO on the photocatalytic
reduction of Cr,O;2~ and photocatalytic oxidation of RhB.

and 10 min, respectively. The amounts of TiO, and NH4F
were 5.0¢g and 1.0g, respectively. It can be seen that, for
the photocatalytic reduction of Cr,O7%~, the photoreduc-
tion activity of CuO/F-TiO; increases remarkably with the
increase in the amount of doped CuO up to 1.0 wt.%. The
optimum amount of doped CuO is 1.0wt.%. When the
amount of doped is higher than the optimal amount, the
photoreduction activity of the CuO/F-TiO, photocatalyst
decreases gradually as the amount of doped p-CuO increases.
The results also show that, without CuO present, namely, the
F-TiO, powder photocatalyst, its photoreduction activity is
the lowest, and the photoreduction efficiency is 22.2%. When
the amount of doped p-CuO is 1.0 wt.%, the photoreduction
activity of CuO/F-TiO; is at its peak, and the photoreduction
efficiency is 61.2%. From Figures 6 and 7, it is clear that
the photoreduction activity of CuO/F-TiO,is higher than
that of pure TiO, and F-TiO, photocatalyst. It is proposed
that, when the amount of CuO is lower than the optimum
amount, the increase of the amount of CuO can increase
trapping sites of the carriers, which prolongs the lifetime of
the carriers, thereby improving the photocatalytic activity.
The other important reason is that CuO is a p-type semicon-
ductor. When the F-TiO, doped with suitable amount of p-
CuO, both p-CuO and F-TiO, can form the p-n junction
photocatalyst by ball milling. Therefore, the photoreduction
activity increases [33]. But when the amount of p-CuO
is higher than the optimum amount of doping, the high
concentration dopant ions act as recombination centers of
electrons and holes, decrease the thickness of the space-
charge layer on the surface of TiO, particle, and reduce the
photon absorption [21]. However, under the same condition,
for the photocatalytic oxidation of RhB, the photooxidation
activity of p-CuO/F-TiO; decreases rapidly with the increase
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in the amounts of doped p-CuO. For the pure F-TiO, photo-
catalyst, its photooxidation activity is at its peak, and the
photooxidation efficiency of F-TiO, is 55.7%. When the
amounts of doped p-CuO are 0.3 and 1.0 wt.%, the photo-
oxidation efficiencies are 49.5 and 38.1%, respectively.

The photocatalyst CuO/F-TiO, has higher photocatalytic
reduction activity than that of TiO, and F-TiO,. The possible
reasons are as follows.

First, it can be explained by the p-n junction principle
[21, 28]. It is known that CuO is p-type semiconductor, and
TiO; is n-type semiconductor. When p-type CuO and n-type
TiO, integrate p-n junctions will be formed between CuO
and TiO,, and the inner electric field will be also formed at
the same time in the interface. So a number of micro p-n he-
terojunction CuO/F-TiO,photocatalysts will be formed after
doping CuO powder into TiO, granule. At the equilibrium,
the inner electric field formed made p-type semiconductor
CuO region have the negative charge while TiO, region
have the positive charge. The electron-hole pairs will be
created under UV light illumination. With the effect of the
inner electric field, the holes flow into the negative field
and the electrons move to the positive field. Therefore, the
photogenerated electron-hole pairs will be separated effec-
tively by the p-n heterojunction formed in CuO/F-TiO5.

Second, compared with F-TiO,, the photoabsorption
wavelength range of the CuO/F-TiO, photocatalyst red shifts
and extends the wavelength range of photoexcitation and
enhances the utilization of the total spectrum. The results
also show that the photoluminescence emission intensity of
the CuO/F-TiO; photocatalyst is lower than that of the pure
F-TiO,. It indicates that doping CuO is helpful to inhibit the
recombination of electrons and holes and improve the pho-
tocatalytic activity. At the same time, it was reported that p-
type semiconductor is a collector of photoexcited holes [35].
Therefore, there are enrichment electrons in the interface to
react with Cr,072~ adsorbed on the photocatalyst surface, so

the p-n heterojunction photocatalyst CuO/F-TiO; has higher
photocatalytic reduction activity, but lower photocatalytic
oxidation activity.

3.2.3. Effect of Ball Milling Time on the Photocatalytic
Activity. The effect of ball milling time on the photocatalytic
activity of CuO (1.0 wt.%)/F-TiO, photocatalyst is shown in
Figure 8. It can be seen that the ball milling time influences
the photocatalytic activity strongly. Without ball milling,
the photoreduction efficiency is 39.2%, and the photooxi-
dation efficiency is 51.3%. The photoreduction efficiency of
Cr,072™ increases gradually with the increase in ball milling
time up to 6 h. When the ball milling time is 1, 3, 6, 12, and
24 h, the photoreduction efficiency is 45.5, 61.2, 76.8, 74.2,
and 70.1%, respectively. For the photocatalytic oxidation of
RhB, the photooxidation efficiency decreases rapidly with the
increase in the ball milling time. When the ball milling time
is 1h, the photooxidation efficiency is the lowest, and it is
32.7%. However, when the ball milling time is longer than
1 h, the photooxidation efficiency increases gradually with
the increase in ball milling time up to 6 h. When the ball mill-
ing time is 6 h, the photooxidation efficiency of RhB is 40.6%.
When the ball milling time is longer than 6h, the photo-
oxidation efficiency decreases gradually. The reason is that,
without ball milling, F-TiO, and p-CuO only play their own
photocatalytic role, and the p-n junction photocatalysts are
not formed. However, after ball milling, TiO, and p-CuO
can form p-n junction photocatalyst, which results in the
increase of the photoreduction activity and the decrease of
the photooxidation activity rapidly. Another reason is that,
with the increase in the ball milling time, the specific surface
area of the photocatalyst increases. Correspondingly, the
number of active sites per unit weight of photocatalyst also
increases [21]. But when the ball milling time is longer than
the optimum time, it is proposed that, with the increase in
the ball milling time, the fresh surface formed by high-energy
ball milling possesses high surface energy and prefers to
agglomerate [36, 37], resulting in the decrease of the photo-
catalytic activity. The assumption is proved by the results of
SEM.

3.2.4. Hydroxyl Radical Analysis. The formation of hydroxyl
radicals (*OH) on the surface of CuO (1.0wt.%)/F-TiO,
photocatalyst is detected by a photoluminescence (PL)
technique with terephthalic acid as a probe molecule. The
method is rapid, sensitive, and specific, needing only simple
standard PL instrumentation. Terephthalic acid readily reacts
with *OH to produce a highly fluorescent product, 2-hydro-
xyterephthalic acid, whose PL peak intensity is in proportion
to the amount of OH radicals produced in water. Experimen-
tal procedures were reported in earlier reports [27]. After UV
irradiation for 10 min, the reaction solution was filtrated to
measure the PL intensity at 425 nm excited by 315 nm light
of 2-hydroxyterephthalic acid.

Figure 9 shows the changes of PL spectra of different
samples from 5 x 10~*mol/L terephthalic acid solution in
2 X 1073 mol/L NaOH. From Figure 9, it can be seen that,
when the ball milling time is 6 h, the PL peak intensity of
the sample is the highest. It means that the formation rate of
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FiGure 9: Effect of ball milling time on the changes of PL spectra.
(a) 6h, (b) 3h, (c) 12h, (d) 24h, (e) 1 h, (f) pure terephthalic acid.

OH radicals on its surface is much larger than that of other
samples. The PL peak intensities of the samples decrease
are as follows: ball milling time 6h>3h>12h>24h>1h.
The result of PL peak intensity is consistent with that of the
photooxidation activity.

4. Conclusions

The CuO/F-TiO, photocatalyst was prepared by ball milling
method. The photooxidation activity of F-TiO, increases
greatly with the increase in the amount of NH4F up to
1.0 g. The photoreduction activity of CuO/F-TiO, increases
remarkably with the increase in the amount of doped p-
CuO up to 1.0 wt.%. The ball milling time has a significant
influence on the photocatalytic activity of the photocatalyst.
The optimum ball milling time is 6 h. Compared with pure
TiO,, the photoabsorption wavelength range of the F-TiO,
and CuO/F-TiO, photocatalysts red shifts and improves the
utilization of the total spectrum. As the formation of the p-
n heterojunction and p-type CuO species acts as holes traps
and collector, the photogenerated electron-hole pairs of the
CuO/F-TiO, photocatalyst are separated by the inner electric
field and the photocatalytic reduction activity is enhanced
greatly.
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