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Cu2O-decorated TiO2 nanotube arrays (NTAs) are obtained using a two-step
approach on Ti sheets. The applied voltage of Cu2O is � 0.2 V and � 0.3 V,
respectively. The morphology and structure of these samples have been
studied by field-emission scanning electron microscope (FESEM) and an x-ray
diffractometer (XRD). FESEM analyses show that nanometre-sized Cu2O
particles are attached to the TiO2 NTAs and the quantity of the Cu2O has
greatly increased when the applied voltage tends to be more cathodic. The
diffraction peaks for the anatase TiO2 and Cu2O are detected from XRD
analysis. The bandgaps of TiO2 NTAs shift from 3.27 eV to 3.11 eV based on
UV–Vis absorption spectra measurements. The photocatalytic performance of
the Cu2O-TiO2 NTAs depends on the Cu2O deposition voltage.
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INTRODUCTION

As a typical n-type semiconductor, titanium diox-
ide (TiO2) is known for its numerous and wide-
spread use.1–3 The direct band gap of TiO2 is
approximately 3.2 eV and could be suitable for
water purification, photocatalytic degradation of
pollutants, as well as drug and biosensing deliv-
ery.4–7 Low-dimensional TiO2 nanomaterials pre-
sent unique photoelectrochemical properties.8–10 In
the past few decades, many researchers have shown
interest in the synthesis, characterization, and
practical application of TiO2 nanomaterials because
of their importance and the variety of applications
mentioned above.11–13

To our knowledge, significant attention has been
given to TiO2 nanostructures including nanoparti-
cles, nanotubes, nanowires, and nanorods.14–16

Among these nanostructures, TiO2 nanotubes have
attracted much research interest for their wide-
spread applications in numerous fields.17,18

Nevertheless, based on its wide band gap, the low
absorption coefficient of TiO2 nanotubes in the
visible light region constrains its range of
applicability.19–21

To expand the absorption of TiO2 nanotubes into
the visible light region, narrower band gap semi-
conductors (Cu2O, CdSe, and PbS) have been
employed to fabricate composite structures with
TiO2 nanotubes.22–25 It has been known that Cu2O
is a typical semiconductor with a narrow bandgap
(about 2.1 eV), possessing good mobility and high
minority carrier diffusion length.26–31 Cu2O has
become a promising material for photovoltaic appli-
cation due to its abundance, nontoxicity, low cost
and higher absorption in the visible light
region.32–38 As such, Cu2O is considered an ideal
partner with TiO2 for composite structure.

The Cu2O-TiO2 composite material has always
been prepared by several methods including Pulsed
Laser Deposition (PLD), Chemical Vapour Deposi-
tion (CVD), sputtering and electrodeposition.39–41

Until now, a significant amount of attention has
been given to the Cu2O-TiO2 composite material for
solar cells, while the reports on Cu2O-TiO2 NTAs for
photocatalysis are presently lacking.42–45
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In this current work, Cu2O-TiO2 NTAs were
obtained by a simple two-step method and Cu2O
particles were adjusted by the deposition potential.
The effect of the applied voltage on the catalytic
performance of the Cu2O-TiO2 NTAs has been
investigated in detail.

EXPERIMENTAL

The TiO2 NTAs were obtained using the anodic
oxidation method on Ti sheets. Ti sheets (0.2 mm
thick, 99.9%), ethylene glycol [(CH2OH)2, Analytical
Reagent (AR)] and ammonium fluoride (NH4F, AR)
were used in the experiment. All reagents were
analytical grade and used without further
purification.

Prior to oxidation, Ti substrates were first thor-
oughly rinsed in acetone, alcohol, and deionized (DI)
water. Following that, the Ti substrates were pol-
ished by being immersed in a mixed acid solution
composed of HF and HNO3 acids for about 10 s.
Then, the Ti substrates were immersed in DI water
and dried under atmospheric conditions. A simple
two-electrode system with a direct current power
supply was employed for anodization of Ti sub-
strates at room temperature. The Ti substrates
were anodized in 0.2 M NH4F solution at 50 V for
4 h. The solvent consisted of DI water and glycerol
(the volume ratio was 1:20). After oxidation, the
samples were washed in DI water and dried in air.
Finally, the oxidized Ti sheets were annealed at
350�C for 2 h in air.

The deposition of Cu2O on the TiO2 NTAs were
carried out in a solution consisting of copper acetate
(Cu(CH3COO)2) and sodium acetate (NaCH3COO).
The concentration of the solution was 0.05 mol/L
and 0.1 mol/L, respectively. The annealed TiO2

NTAs worked as the working electrode. A platinum
wire served as the counter electrode and the refer-
ence electrode adopted an Ag/AgCl electrode. The
deposition of Cu2O was conducted for 10 min at
60�C in a water bath. The applied voltage was fixed
at � 0.2 V and � 0.3 V versus the reference elec-
trode. The samples were labelled as Cu2O(-0.2)-TiO2

and Cu2O(-0.3)-TiO2, respectively. The resulting
films were washed 5 times with DI water and then
dried in an oven at 60�C for 24 h.

The surface morphology of the Cu2O-TiO2 NTAs
was carried out with a scanning electron microscope
(FESEM; S4800, Japan). The XRD patterns of the
samples were observed with x-ray diffraction (MAC
Science, Japan) with CuKa radiation. The Raman
spectra were recorded on a micro-Raman spectro-
scope system. The UV–Vis absorption spectra of the
as-deposited films were recorded by a UV–Vis
spectrophotometer (UV-2550, Shimadzu, Japan).
The chemical composition was determined by an x-
ray photoelectron spectrometer (XPS; ESCALAB
250, USA).

RESULTS AND DISCUSSION

Surface Morphology Analysis

Figure 1 presents SEM morphologies of the Cu2O-
TiO2 NTAs obtained in this work. As shown in
Fig. 1a, the sample exhibits highly ordered NTAs.
The inner diameter of nanotubes of the annealed
NTAs has an average diameter of 50 nm, which was
estimated by statistical analyses from the top views
of the SEM images. The average diameter of the

Fig. 1. SEM images of Cu2O-TiO2 NTAs with different Cu2O
deposition potentials of (a) 0 V, (b) � 0.2 V, and (c) � 0.3 V.
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annealed NTAs is larger than the unannealed
samples because of the dehydration reaction during
the phase transition from amorphous to anatase.
From Fig. 1b and c, it can be determined that there
is an abundant amount of Cu2O embedded on the
unpaired mouth atoms of the TiO2 NTAs. The space
among the nanotubes is filled with Cu2O particles.
There is an obvious increase in the amount of Cu2O
particles when the applied voltage becomes catho-
dic. It should be noted that the tube pitch of TiO2

NTAs become larger as the Cu2O deposition voltage
increases.

Microstructure Analysis

Figure 2 presents the XRD patterns of the Cu2O-
TiO2 NTAs with different applied potentials of
Cu2O. In Fig. 2, besides the diffraction peaks corre-
sponding to the Ti sheet, the peaks are ascribed to
the (101), (103), (004), (200), (105), and (204)
reflections peaks of anatase TiO2 according to
JCPDS: 21-1272.46 In addition to the peaks of
anatase TiO2 and Ti sheet, the weak (111) diffrac-
tion peak of Cu2O appears (JCPDS: 05-0667).47 The
characteristic peak of Cu2O deposited at � 0.2 V
and � 0.3 V is very weak, and this can be ascribed
to the obtained Cu2O particles without annealing
treatment.

From Fig. 2, the typical diffraction peaks of metal
copper and copper oxide are not detected for the
samples. It is suggested that no Cu or CuO formed
in the Cu2O deposition procedure. Cu2O can be
obtained with an applied voltage below � 0.3 V.48 It
is noted that the Cu2O (111) peak (2h = 36.50�) is
very close to the TiO2 (004) peak (2h = 37.80�) and
they may be overlapped in the diffraction patterns.
In short, compared with TiO2 NTAs, the peaks of
Cu2O without the annealing process are weaker due
to the short reaction time.

Raman Spectra Analysis

Raman spectra analysis does not generally touch
the sample or need to make any modification to the
sample. Accordingly, Raman analysis was applied to
the study of Cu2O-TiO2 NTAs. The three crystals of
TiO2 correspond to different spatial structures,
presenting a unique Raman pattern. The Raman
spectra of the Cu2O-TiO2 NTAs are shown in Fig. 3.
Figure 3 shows Raman peaks at 144.6 cm�1,
196.7 cm�1, 396.1 cm�1, 515.0 cm�1 and
636.2 cm�1, which respectively correspond to
Egðm6Þ, Egðm5Þ, B1gðm4Þ, A1gðm3Þ, B1gðm2Þ and Egðm1Þ of
anatase TiO2.49 Perfect anatase TiO2 is obtained
from the sharp peak value of 142.8 cm�1. Mean-
while, the peaks at 218 cm�1, 146 cm�1 and
626 cm�1, which correspond to 2C12� vibration mode
and C15 infrared vibration mode of Cu2O, are not
detected in the Raman spectra. This is ascribed to
the decreasing crystallinity.

XPS Analysis

XPS test was performed for surface elements
analysis of the Cu2O-TiO2 NTAs with Cu2O depos-
ited at � 0.2 V (Fig. 4). The XPS spectra have been
calibrated by C1s peak at 285 eV to compensate the
charge effect. Figure 4a shows that the surface of
the sample includes Ti, Cu, and O elements. Fig-
ure 4b, c, and d illustrate the high resolution of
Ti2p, Cu2p, and O1s, respectively. The Ti2p and
Cu2p peaks can be observed from Fig. 4. Two peaks
of Ti2p at 459.10 eV and 464.85 eV are identified
with Ti2p3/2 and Ti2p1/2, respectively, which can
be assigned to Ti2+ in TiO2 NTAs (Fig. 4b).50 The
peaks of Cu2p at 955.10 eV and 934.80 eV for the
Cu2O-TiO2 NTAs manifest the existence of Cu+ for
Cu2O particles (Fig. 4c).

It is worth mentioning that the typical peaks at
953.60 eV and 933.70 eV for Cu2+ were not

Fig. 2. The XRD patterns of Cu2O-TiO2 NTAs.

Fig. 3. Raman spectra of Cu2O-TiO2 NTAs.
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detected.51 The above analysis illustrates that the
sample exits in Cu+, and not Cu2+ and Cu.

UV–Vis Absorption

Figure 5 illustrates the absorption spectra for the
Cu2O-TiO2 NTAs with different applied voltage of
Cu2O. As shown in Fig. 5, an obvious absorption

edge at about 380 nm for the TiO2 NTAs was
discovered. The absorption edges of the Cu2O-TiO2

NTAs shift towards the longer wavelength side
relative to the pure TiO2 NTAs. The samples reveal
a broad absorption in the visible region, which is
ascribed to the combination effect of Cu2O (approx-
imately 2.17 eV) and TiO2 (about 3.37 eV). The
absorbance in the visible range increases with

Fig. 4. XPS spectra of Cu2O(-0.2)-TiO2 NTAs: (a) survey spectrum, (b) Ti2p, (c) Cu2p and (d) O1s.

Fig. 5. UV–Vis absorption spectrum for Cu2O-TiO2 NTAs.
Fig. 6. Plot of ðahmÞ2 versus photon energy for Cu2O-TiO2 NTAs.

Shi, Jiang, Zheng, Zhang, and Sun6594



increasing the Cu2O deposition time. The introduc-
tion of Cu2O in TiO2 NTAs makes the absorption
edge shift to the visible, which is crucial to fully
utilize sunlight.

The optical bandgaps (Eg) of Cu2O-TiO2 NTAs can

be obtained from the equation: ðahmÞ2 ¼ Aðhm�
EgÞ.52 Eg can be estimated by linear extrapolation

to the horizontal (hm) axis. Figure 6 shows ðahmÞ2

versus hm for the Cu2O-TiO2 NTAs. The estimated
bandgaps of the samples are provided in Table I.
The value of the absorption spectrum changed,
which originates from variation in deposition volt-
age. As the Cu2O deposition voltage increases from
� 0.2 V to � 0.3 V, the bandgaps of Cu2O are
2.29 eV and 2.32 eV, respectively. Furthermore,
the bandgaps of TiO2 change from 3.27 eV to
3.11 eV, which corresponds with the SEM and
XRD results.

Photocatalytic Degradation of MO

In the experiment, the catalytic performance of
the different samples was carried out by using
methyl orange (MO) as a simulated pollutant. The
degradation process was monitored using visible
light irradiation, and the results are shown in
Fig. 7. The degradation efficiency of MO was calcu-

lated by the equation: g ¼ C0�C
C0

� 100%, where C0

and C represent the initial and the concentration of
MO after degradation, respectively. From Fig. 7, the
concentration of MO decreases by visible light
irradiation. The Cu2O(-0.3)-TiO2 NTAs showed the

highest catalytic performance under visible light
irradiation among these samples after 100 min,
with the MO degradation efficiency of 90%, com-
pared to 78% and 26% for Cu2O(-0.2)-TiO2 and pure
TiO2 NTAs, respectively. Compared with the � 86%
photocatalytic degradation rate for the Cu2O-TiO2

NTA films by a simple thermal decomposition
process and � 78% of Cu2O modified 3D-TiO2 NTAs
by electrochemical deposition,53,54 the photoactivity
of this as-synthesized Cu2O-TiO2 sample was
improved.

As shown in Fig. 7, the pure TiO2 NTAs exhibit
the bad degradation ability of MO. The main reason
for this is that visible light does not have enough
energy to excite electrons carried from the valance
to the conduction band.55 The Cu2O-TiO2 NTAs
show stronger degradation activity of MO than the
pure TiO2 NTAs. This can be ascribed to the higher
degradation ability of Cu2O in comparison with
TiO2. With the increase in Cu2O electrodeposition
voltage, the degradation ability of the Cu2O-TiO2

NTAs is enhanced. Meanwhile, the quantity of
Cu2O attached to the TiO2 NTAs increases when
the Cu2O applied voltage becomes more negative. In
addition, the Cu2O-TiO2 NTAs show larger surface
area than the pure TiO2 NTAs. From Fig. 7, the
concentration of MO can be reduced to about 10% in
100 min for the sample of Cu2O(-0.3)-TiO2. Thus, it
can be concluded that the degradation ability of the
Cu2O-TiO2 NTAs greatly depends on the Cu2O
applied voltage.

CONCLUSIONS

In this study, Cu2O-TiO2 NTAs with various
deposition voltages of Cu2O were prepared using a
two-step method. Surface morphology, microstruc-
ture, optical properties and catalytic performance of
the composite films were studied in detail. The main
conclusions of the research are as follows:

1. The XRD and Raman spectra test results
showed that Cu2O-TiO2 NTAs were obtained
by a simple two-step method. The main specific
diffraction peaks belong to anatase TiO2 and
cubic crystal system Cu2O crystal.

2. SEM analysis indicates that Cu2O particles
adhered to the TiO2 NTAs and the Cu2O grain
quantity recognizably increased as the deposi-
tion-applied potential of Cu2O becomes more
cathodic.

3. XPS analysis affirmed the chemical composi-
tion, which mainly consists of Ti, Cu and O
elements.

Table I. Estimated direct bandgaps of the Cu2O-TiO2 NTs

Cu2O deposition potential (V) 0 � 0.2 � 0.3
Cu2O bandgap (eV) – 2.29 2.32
TiO2 nanotube arrays bandgap (eV) 3.27 3.01 3.11

Fig. 7. The photocatalytic degradation ratios to MO for Cu2O-TiO2

NTAs.
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4. The absorbance in the visible light of the
obtained Cu2O-TiO2 NTAs increased compared
with the pure TiO2 NTAs.

5. The photocatalytic test indicated that the MO
degradation efficiency is 90% under visible light
irradiation in 100 min for the Cu2O(-0.3)-TiO2

sample.
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