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In this paper, the Cu2O/TiO2 heterostructure is composed of Cu2O particles and TiO2 nanoring/nanotube
(R/T). The high order TiO2(R/T) were prepared by two-step anodization. With small diameter Cu2O par-
ticles deposited on the TiO2(R/T) by a simple thermal decomposition process, the photoelectrochemical
properties of the TiO2(R/T) has been enhanced. As-prepared samples were characterized by scanning
electron microscopy, X-ray diffraction and energy dispersive spectrometer. The photoelectrochemical
behavior of the samples was studied through electrochemical impedance spectroscopy and photo-to-
current conversion efficiency measurement. It was found that the combination of Cu2O with TiO2(R/T)
could not only improve the carrier separation efficiency, but also extend the optical response range of
TiO2(R/T) to the visible light region. Finally, the mechanism that Cu2O can enhance the photoelectro-
chemical properties of TiO2(R/T) is discussed.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

TiO2 has great potential to solve energy and environmental
problems. However, due to its narrow light absorption band and
high carrier recombination rate, the use of TiO2 has been limited
[1]. Researchers usually improve its photoelectrochemical proper-
ties by modifying or adding captors. Metal doping or noble metal
surface modification was usually used for the performance
improvement of TiO2 [2,3]. Recently, experiments have shown that
the charge separation efficiency can be improved by heterojunc-
tions formed between TiO2 NTs and narrow bandgap semiconduc-
tors like CdSe, CdS, Bi2S3 and so on [4–6].

The structure of TiO2 nanotube combined with TiO2 nanoring
has been founded to have better photoelectrochemical properties
[7]. It has better light collection cross section and contact area with
solution. With the bandwidth of 1.9–2.2 eV and the characteristics
of non-toxicity, abundant reserves, low price, Cu2O has great
potential in the development and utilization of sunlight. However,
Cu2O photocarriers are unstable and its carriers are very easy to be
recombined, which limits its application [8].

Theoretically, Cu2O can broaden the absorption spectrum of
TiO2 from the ultraviolet region to the visible region, and the band
positions can effectively transfer electrons [9]. However, the size of
Cu2O particles made by traditional method is so large that it blocks
the pores of TiO2 NTs, which restrict TiO2 NTs to exerting its advan-
tages. Recently, a new method of preparing Cu2O particles by ther-
mal decomposition can solve it [10].
2. Experimental section

2.1. Preparation of TiO2(R/T) combined structure

TiO2(R/T) is obtained from Ti foil by two-step anodic oxidation
(see Scheme 1 in Supporting Information). Anodic oxidation was
carried out in a glycol system containing 0.25 wt% NH4F and
1.5 vol% deionized water with a two-electrode system. After the
anodizing, the film formed by the primary oxidation was removed
and then the second anodic oxidation was carried out. After 2 h,
the samples were cleaned by ultrasonic with ethanol and deionized
water respectively. Finally, the synthetic TiO2(R/T) arrays can be
achieved by heating to 450 for crystallization.

2.2. Synthesis of Cu2O-TiO2 heterojunction

The Cu2O-decorated TiO2(R/T) arrays can be obtained by
thermal decomposition of Cu(Ac)2(see Scheme 2 in Supporting
Information) [10]. First, the previously prepared TiO2(R/T) was
immersed in solution of 1 mmol/L of Cu(Ac)2 for 1 h, and then
the samples were rinsed with deionized water at 45 �C and dried
at 70 �C. The next step is to decompose the Cu(Ac)2 molecules into
Cu2O with a temperature of 400 �C for 2.5 h.
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2.3. Photoelectrochemical measurements

Photoelectrochemical measurements were performed using the
typical three-electrode system of an CHI660E electrochemical
workstation (see Scheme 3 in Supporting Information).
2.4. Characterization

The morphology and structure of the Cu2O-TiO2(R/T) were
observed by SEM (ZEISS, the acceleration voltage was 15 kV). An
energy dispersive spectrometer (EDX) fitter to the SEM and the
mapping corresponding SEM image areas were applied for elemen-
tal analysis. The samples are also characterized by XRD (X-ray
diffraction) patterns.
3. Results and discussion

3.1. General characterization

Fig. 1a presents an array of tubular structure under the
nanoring. The nanoring thickness is smaller than that of nanotubes
(Fig. 1b). Each nanoring has a diameter of about 100 nm and a wall
thickness of 10 nm. TiO2 nanotube diameter was about 40 nm and
the length was about 3.2 lm. Since the concentration of Cu(Ac)2
solution is relatively low, and most of them were attached to the
inner wall of NTs, it is not easy to find Cu2O particles in Fig. 1c.
EDX and XRD was used to further characterize the samples [11].

Fig. 1d shows the XRD pattern (see Scheme 4 in Supporting
Information). Compared with the pure TiO2(R/T) structure, a small
diffraction peak appeared in the Cu2O-TiO2(R/T) at the position of
36.54 diffraction Angle (Fig. 1d. Inset image), which indicates that
the sample contains Cu2O.
Fig. 1. a SEM for TiO2(R/T). b Cross section view of a. c SEM for Cu2O-TiO2(R/T). d XRD of
2). Insert plot refers to a larger view of the area around C(1 1 1). e Corresponding EDX
mapping of f (g1 O, g2 Ti, and g3 Cu).
EDX results shows the result after thermal decomposition of
1 mmol/L Cu(Ac)2 (Fig. 1e). This data further indicates the exis-
tence of Cu and it is in agreement with the XRD results. Figure g1,
g2 and g3 are mapping of O, Ti and Cu elements respectively, which
is consistent with the results in Fig. 1e.

3.2. Optical property

The IPCE of TiO2(R/T) has two obvious peaks in the wavelength
of about 340 nm and 385 nm (Fig. 2a). The peak around 385 nm
belongs to the TiO2 in TiO2 nanotube, and the peak around
340 nm belongs to the TiO2 nanoring in TiO2(R/T) [12]. After the
loading of Cu2O, The IPCE of the sample is enhanced not only in
the range of 300–400 nm, but also in the range of visible light
above 400 nm. The peak at wavelength of 375 nm (red line) is still
caused by TiO2(R/T) while the enhancement around 300–400 nm is
caused by PN junction between Cu2O and TiO2(R/T) (see Support-
ing Information), which can reduce charge recombination. In the
visible wavelength part, the enhancement of IPCE mainly comes
from the absorption of visible light by Cu2O.

3.3. Photoelectrochemical properties

Fig. 2b presents the photocurrent density–time characteristics
of TiO2(R/T) and Cu2O-TiO2(R/T). When turn on the light, the pho-
tocurrent of TiO2(R/T) shows a tendency of rapid attenuation from
a high current to a low current, while that of Cu2O-TiO2(R/T) shows
an upward trend. With the accumulation of time, both of them
tend to be stable, and the photocurrent of TiO2(R/T) before and
after loading Cu2O is about 9 lA/cm2 and 23 lA/cm2 respectively,
which indicates that Cu2O can effectively improve the photoelec-
trochemical properties of TiO2(R/T) by reducing the electron-hole
recombination. When turn off the light, the dark current of
TiO2(R/T) (Line 1 A, anatase; T, titanium; C, cuprous oxide) and Cu2O-TiO2(R/T) (Line
spectrum of f. f Top-view SEM of Cu2O-TiO2(R/T). g Corresponding area element



Fig. 2. a The IPCE of TiO2(R/T) (black) and Cu2O-TiO2(R/T) (red) respectively. b The photocurrent of TiO2(R/T) before and after loading Cu2O respectively. c EIS spectra of
TiO2(R/T) and Cu2O-TiO2(R/T) respectively. d The photoelectric schematic diagram of Cu2O-TiO2(R/T).
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TiO2(R/T) decreases rapidly, while that of Cu2O-TiO2(R/T) decreases
exponentially. This is because, Cu2O-TiO2(R/T) heterojunction still
acts as an obstacle to the electron-hole recombination. In addition,
Cu2O has a wide band gap which leads to a good response to visible
light, so the photocurrent of Cu2O-TiO2(R/T) can be greatly
improved, which is consistent with the result of IPCE.

Fig. 2c is a typical Nyquist plot of TiO2(R/T) and Cu2O-TiO2(R/T).
The arc radius of Cu2O-TiO2(R/T) is significantly less than that of
TiO2(R/T) and a smaller half arc means faster moving interface
charge to electron donors-receptor or photoproduction electron-
hole. The inset in Fig. 2c is the equivalent circuit diagram of
Cu2O-TiO2(R/T). Rs represents the resistance of solution, Rp repre-
sents the resistance of transferring charge from the surface of
Cu2O-TiO2(R/T) to the surface of solution, and CPE represents the
constant phase element. Both photocurrent images and EIS spectra
reveal that the loading of Cu2O can give TiO2(R/T) a better photo-
electrochemical properties (see Supporting Information).

Fig. 2d shows the charge separation mechanism diagram of
Cu2O-TiO2(R/T) photoanode. The improvement of photochemical
properties is attributed not only to visible light, but also to charge
separation efficiency. Firstly, Cu2O has a good response to visible
light because it is a narrow band gap semiconductor and no require-
ment for momentum condition. Secondly, with the formation of PN
junction between Cu2O and TiO2, a potential barrier is formed
between Cu2O and TiO2. In addition, both the bottom of conduction
band and the top of valence band of Cu2O is higher than that of TiO2.
Therefore, photoexcited electrons will directly transfer from the
conduction band of Cu2O to the conduction band of TiO2. Mean-
while, the heterojunction can help these photoexcited electrons
to transfer quickly, thus inhibiting carrier recombination [13].
4. Conclusions

In general, we successfully prepared the Cu2O-TiO2(R/T)
heterostructure by means of two-step anodization and thermal
decomposition of Cu(Ac)2. XRD, SEM and EDX showed the distribu-
tion of Cu2O. Photocurrent images showed that the deposition of
Cu2O can increase the photocurrent of TiO2(R/T) effectively. The
EIS spectrum reflected the electron action between photoanode
and dielectric. IPCE spectrum indicated that Cu2O can broaden
the optical response range of TiO2(R/T) to the visible light region.
However, it remains to be studied how much Cu2O should be com-
bined on TiO2(R/T) and how the length ratio of TiO2(R/T) affects the
overall heterostructure performance.
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