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Hetero-photocatalysts TiOs/CuO were prepared by a wet impregnation pro-
cess and their optical properties were characterized with a variety of tech-
niques. The x-ray diffraction patterns corresponding to the anatase and the
rutile phases of TiO, were noticed for all the samples, but the peaks belonging
to CuO crystals were observed only for samples with high CuO content
(>4 wt.%). The UV-Vis spectra show that absorption edges of the modified
TiO, were shifted toward longer wavelengths, indicating a reduction in the
energy bandgap upon CuQ. For photocatalytic application, the addition of
CuO into TiO, was found to increase the photodegradation of methylene blue
and methylene orange with the highest photodegradation observed at CuO
content of 3 wt.%. Moreover, using some extra experimental processes, we
reveal how the CuO component affects the optical properties of the resulting

materials.
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INTRODUCTION

TiO, as a photocatalyst has been extensively
studied and widely applied due to its relatively
high photocatalytic activity, biological and chemical
stability, low cost, nontoxicity, and long-term sta-
bility against photo-corrosion and chemical corro-
sion.'~® However, the large bandgap of TiO,, (3.2 for
the anatase phase and 3.0 eV for the rutile phase)
limits the light interaction only to UV light which
accounts for 4% of the solar spectrum. Of many
approaches to extend the spectral response to the
visible light region, doping (metal and nonmetal)
has been considered as the most effective.*> How-
ever, in metal-doped or nonmetal-doped TiOs,, it is
difficult to control nonmetal doping concentration,
or to avoid the formation metal oxide clusters.
Consequently, the composite materials developed
from such original photocatalysis have been more
attractive objects in photocatalysis research and
application.

(Received December 28, 2016; accepted May 16, 2017;
published online May 31, 2017)

Among these modified photocatalysts, TiOs/CuO
hetero-structures have been of great interest thanks
to their well-performing visible photoactivities and
simple preparations.®” TiO,/CuO nano-structures
with a narrower energy band gap have been synthe-
sized, using various preparation techniques, includ-
ing wet chemical processing,®® hydrolysis,'® and
electrospinning.’’ Bandara and Choi reported that
hydrogen production of pure TiOy, was markedly
enhanced by CuO compositing.'*'® Wu et al.'* has
developed TiOo/CuO composite nanoparticles for Hy
generation and reported significant enhancement of
photocatalytic Hy generation compared with that of
TiOy/Pt of about 10%. Xu et al.'® investigated TiOs
with deposited Cu, and found that this sample had
high efficiency for reaction photocatalytic applica-
tion. Many studies have focused on the photocatalytic
application of TiOy/CuO. However, the optical prop-
erties of such modified photocatalyts, especially the
original mechanism of band gap reduction on these
properties, have not been properly investigated.

In the present work, a series of TiOy/CuO nano
hetero-structures was prepared by a wet impregna-
tion process using precursors TiO, P25 and Cu(Il)
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Fig. 1. TEM images of the (a) pure TiO,, and (b) TiO,/CuO contents at 3%.
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salt. We focally analyzed the modifications based on
the optical property of the photocatalysts as well as
their mechanisms based on UV-Vis reflective diffu-
sive spectra measurements. Moreover, by develop-
ing some extra experimental processes, we have
evaluated the role of CuO, of Cu?* ions attached to
TiOs in the variation of the optical property of the
resulting materials.

SYNTHESIS AND CHARACTERIZATION

TiO, P25 powders and Cu(NOgz)y:3H,O were
magnetically stirred in iso-propanol for 4 h at 95°C
and entirely dried at room temperature. The
obtained residue was ground for 4 h and then
heated at 500°C for 2 h. By changing the amount
of initial supports, a series of TiOy/CuO samples
with various CuO wt.% was prepared. For a deeper
understanding of the role of CuO in reducing the
bandgap, CuO was then removed from the TiOy/
CuO sample by HNOj acid.

Transmission electron microscopy (TEM) analysis
was performed using a transmission electron micro-
scope (JEOL 1200CX) with an accelerating voltage
of 80 kV. The structure of the TiO, samples were
determined by x-ray diffractometer D5005 (Siemen)
with CuKa radiation (1 = 1.5406 A). The element
composition was confirmed by energy dispersive
x-ray (EDX) spectroscopy analysis. Optical absorp-
tion spectra were measured by V-670 spectropho-
tometer. The photocatalytic efficiency of the result-
ing samples was evaluated through the decomposi-
tion of methylene blue (MB) and methylene orange
(MO) dyes under visible light. The self-designed
reactor vessels containing 200 mL of dyes solution
(10 ppm) mixed with 100 mg of photocatalyst pow-
ders were placed under visible radiation. The tem-
perature stabilization and magnetically stirring
system were equipped for maintaining the homoge-
neous and unique conditions for all tests. An optical
system with a 400 nm filter in front of a 150 W
Xenon lamp L2273 was used as the visible radiation
source. Before turning on the light, the suspension
containing the dyes and the photocatalyst were
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Fig. 2. X-ray diffraction patters of TiO,, CuO, and TiO,/CuO with
various CuO contents.
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magnetically stirred continuously in the dark until
no change in the absorbance of the solution was
observed. The purpose of this process was to make
sure that the physical adsorption plays no role in
reducing the dye concentration. Additionally, the dye
solution without a catalyst illuminated in the same
conditions for 4 h to investigate the decomposition of
dyes by light source was used as a control sample. The
reduction in the concentration of the dyes was
determined by monitoring UV-Vis spectra.

RESULTS

TEM was used to study the size and shape of the
samples. Shown in Fig. 1 are TEM images of TiO,
P25 sample (Fig. 1a) and TiOo/CuO with 3 wt.%
CuO (Fig. 1b). It can be seen that the shapes of the
particles are completely spherical, and relatively
monodispersed. The size of TiO; is uneven, ranging
from 70 nm to 200 nm. CuO particles which are
located on the surface of TiO, have a size of about
20 nm, indicated by arrows as shown in Fig. 1b.

Powder x-ray diffraction (XRD) was carried out
to study the crystallographic structure of the
materials. The XRD patterns in Fig. 2 exhibit
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Fig. 3. (a) UV-Vis diffusive reflective spectra of TiO,, and TiO,/CuO with various CuO contents: 1, 2, 3, 4, 5, and 20%; (b) the transformed

Kubelka—Munk function versus energy of the excitation source.

Table I. The energy band gap values of the samples

TiO2/CuO samples Pure TiO; CuO-removed sample (R) 1% CuO 2% CuO 3% CuO 4% CuO 5% CuO 20% CuO

Eg (eV) 3.18 2.98

2.96 2.91 2.84 2.85 2.85 2.83

characteristic peaks of the anatase (~79%) and
rutile phases of TiOg (~21%). The location, shape,
and relative intensity of these peaks remain
unchanged, indicating no influence of CuO on the
structure of the TiO,. The peaks at 20 of 35.6° and
38.7° belong to CuO crystals and can be observed
only for samples with high CuO concentration
(>4 wt.% in the present work). Conventionally,
metal oxide doping (such as Al,Os3, NiO, CeO,,
ZrQO5 and Sby0O5) is used to extend the anatase to the
rutile transformation to a higher temperature
(700°C).15"® However, some metal oxides like
LisO, ZnO, MgO and Sb,Oj3 accelerate this trans-
formation.'®?° The results in Fig. 2 show that the
intensities of the peaks at 25.5° and 27.5° slightly
increase with increasing the CuO content, implying
the influence of CuO on the crystallization of TiOs.
However, the intensity ratio of these two peaks is
nearly unchanged in the TiOy/CuO samples, indi-
cating that CuO has almost no influence on the
anatase phase to the rutile phase transformation.
To investigate the optical properties of the TiOo/
CuO composite materials, the UV-Vis spectra were
recorded and are shown in Fig. 3a. It can be seen
that the enhancement of visible absorption of TiO,
upon CuO doping is remarkably different from that
of supporting TiO,. All TiO5/CuO samples contain
two interesting features: the first (region I) is
characterized by an absorption edge extending to
above 400 nm and the second (region II) is featured
by its broadness ranging from 550 nm to 900 nm
(see Fig. 3a). The fact that the two distinguishable

absorption edges corresponding to the anatase and
the rutile phases were shifted toward longer wave-
lengths is consistent with a reduction in the band
gap E, of CuO upon doping, as observed in Fig. 3b.
The figure clearly shows a decrease in E,; from 3.18
to 2.84 eV for the anatase phase and from 3.02 to
2.83 eV for the rutile phase when the CuO concen-
tration increases from 1 wt.% to 4 wt.%. Interest-
ingly enough, the change in E, is no longer observed
after the CuO content reaches 4 wt.%. The results of
calculation of band gap energy of all the samples are
listed in Table I.

Previous literature?"?? has attributed the first
absorption (between 380 nm and 420 nm) to the
interfacial charge transfer from the O2p valence
band to the Cu(Il) state which can be presented by
Cu?* ions attached to TiOy (Cu(II) cluster). On the
other side, the second absorption band (between
550 nm and 900 nm) was assigned to the d—d
transition of Cu®* in the crystalline environment
of Ti0,.%? In this article, the treatment temperature
of the samples is 400°C, making it possible for some
of the Cu®" ions to replace surface Ti** sites.

For a better understanding of the influences of
CuO on E, the TiOyo/CuO with 20 wt.% CuO
samples were washed with HNOj acid several times
to remove CuO on the material (CuO-removed
sample). It can be expected that the Cu®* attached
to TiOy (in form of Cu(Il) clusters) will not be
influenced by this treatment. An absorption spec-
trum of a treated sample (the red line in Fig. 4a)
shows that the extra visible absorption region from
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Fig. 4. (a) UV-Vis diffusive reflective spectra of the sample CuO-removed (R), pure TiO,, and TiOo/CuO with CuO contents at 1%; (b) the
transformed Kubelka—Munk function versus energy of the excitation source.

500 nm to 900 nm is no longer present. This sug-
gests that it is not the Cu(Il) clusters but the CuO
locating in TiO4 lattice which accounts for the 550—
900 nm band. However, the treated sample still
performs a red shift in the absorption region from
380 nm to 420 nm. This red shift in the absorption
edge of TiO, was still observed, but with a shift less
visible than those of the untreated samples. This
indicates that CuO has little effect on E, or, in other
words, the change in E, observed in the treated
sample can be mainly attributed to the Cu(Il)
clusters. So, the presence of Cu(Il) clusters (they
are not washed by acid) is the reason for the small
visible-shifting in the absorption spectrum of
the treated sample. This is consistent with what
Li et al.?® suggested: the 380—420 nm absorption
band was mainly due to the charge transition from
the valence band of TiO, to the Cu?* attached to
TiOg (Cu(Il) clusters).

For the elemental microanalysis of TiO/CuO
(20 wt.% CuO) and CuO-removed samples, EDX
spectra were used. Figure 5 shows the EDX spectra
of TiOy/CuO and CuO-removed samples. Peaks
belonging to Cu are present in both spectra. How-
ever, the Cu peak of the TiOy/CuO sample is much
more intense than that of the CuO-removed sample.
The quantitative elemental contents of the samples
are compiled in Table II. The percent of Cu in the
TiOo/CuO (20 wt.% CuO) sample reaches 16.19%,
while the amount of Cu in the CuO-removed sample
is only 1.53%. This result indicates that the HNO;
acid only removes CuO on the TiOs/CuO material,
but has no influence on the Cu?* attached to TiOs.
The small amount of Cu (1.53%) corresponding to
Cu?* attached to TiOy contributes significantly to
the shift in the absorption edge of TiOg in the 380—
420 nm range, as shown on the absorption spectrum
in Fig. 4.

The photocatalyst activity of the synthesized
samples and the photo-degradation efficiencies of
both the MB and MO dyes were studied and are

shown in Fig. 6 which reveals a strong dependence
of the amount of dyes decomposed on the content of
CuO in the photocatalysts. The modified samples
containing 3 wt.% of CuO exhibited considerably
enhanced photo-efficiencies, which are approxi-
mately 4 and 2.5 times higher than that of the pure
TiO, for the degradation of MB and MO, respec-
tively. For the samples with CuO contents lower
than this optimum range, the photo-degradation
increases with increasing CuO content due to the
gradual reduction in the energy band gap of these
samples. In this case, the materials can absorb
higher wavelengths, facilitating the electron—hole
generation which in turn promotes the number of
photo-degradation reactions of the organic mole-
cules. However, for samples with a concentration of
CuO 4wt.% and more, the photo-efficiency falls
rapidly and even reaches a point which is less
effective than the original TiOs. This result can be
explained by considering the shading effect origi-
nating from the excellent absorption behavior of the
CuO particles. When the CuO content exceeds its
optimum value, the CuO species tend to aggregate
into larger clusters covering the TiO, photocatalyst
particles. Consequently, the illuminated photos
have been absorbed by these CuO clusters, the
non-photoactive elements, before reaching and
being absorbed by the photoactive TiOs.

Figure 6 also shows the photo-degradation efficien-
cies by the CuO-removed sample (the sample TiOo/CuO
with 20 wt.% CuO; however, the CuO was removed by
HNO; acid). The results indicate that the ability to
decompose the dyes of this sample is worse than the
TiOy/CuO with the 20 wt.% sample, but better than the
remaining samples. Thus, the red-shifting in the
absorption region from 380 nm to 420 nm due to the
Cu(Il) clusters plays a more important role in enhanc-
ing the photocatalytic activity.

For applications, the stability of a photocatalyst is
an important parameter. Here, the reliability and
stability of the photocatalytics of the TiO5/CuO with
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Table II. EDX analysis results of the TiO2/CuO (20 wt.% CuQO), and the CuO-removed sample

Samples Ti (wt.%) Cu (wt.%) Others (wt.%)
TiOy/CuO (CuO content 20 wt.%) 46.99 16.19 0.71
CuO-removed sample 57.78 1.53 0.36
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Fig. 6. Photodecomposition of (a) MB, and (b) MO catalyzed by the catalysts under visible-light illumination.
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Fig. 7. Photocatalytic activities of the TiO,/CuO with 3 wt.% CuO sample (squares) and the CuO-removed TiO,/CuO sample (circles) for the
degradation of (a) MB, and (b) MO under visible light irradiation for four cycles.

the 3 wt.% CuO sample and the CuO-removed
sample were evaluated by circulating runs in the
photocatalytic degradation of dyes under visible
light irradiation. As shown in Fig. 7, after four
successive experimental runs, the degrading of MB
decreased a little bit, from 60% to 55%, for the TiOs/
CuO with the 3 wt.% CuO sample, whereas the
amount degraded of MB decreased from 58% to 52%
for the CuO-removed sample. The result in Fig. 7
also reveals that there is no noticeable decrease in
photocatalytic activity of MO up to the fourth cycle.
This result indicated that the photodegradation
ability of all samples after four photocatalytic
experiments was almost identical to that of the
fresh samples.

CONCLUSIONS

The optical properties of various TiOs/CuO pho-
tocatalysts obtained by the wet impregnation
process were experimentally investigated and ana-
lyzed. The XRD patterns corresponding to the
characterized peaks of the CuO crystals (at 35.6°
and 38.7°) were observed, but only for samples with
a CuO content higher than 3 wt.%. The composite
material can absorb light with higher wavelengths
and the absorption even covers the whole range of
the visible region. The percent of MB and MO
decomposed depends on the ratio between TiO, and
CuO, and the highest decomposition rate of MB and
MO on the catalysts was observed for samples with
3 wt.% of CuO. The Cu(Il) clusters were mainly
responsible for the red shift in the absorption edge
observed in the 380-420 nm range, while the CuO
located on the surface of TiO5 accounts for the broad
absorption peak from 500 nm to 900 nm. By devel-
oping some extra experimental processes, we found
that an interesting result of this study is that it is
not the CuO but the Cu®* attached to TiOs compo-
nent which plays a vital role in enhancing the
photocatalytic properties of TiOy/CuO materials
prepared by a wet impregnation process.
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