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Abstract: A new kind of self-standing CuO@TiO2 nanowires (NWs) film with hierarchical feature was prepared by a three-step 

protocol consisting of hydrothermal reaction, electroless plating, and branched growth processes. This heterostructured CuO@TiO2 

NWs film demonstrates the favorable physical properties in the photoelectrochemical cell (PEC) water splitting, such as the 

hierarchical surface, the extended optical absorption range, and the rapid interface charge transfer kinetics. Under the illumination of 

the simulated solar light, the pristine TiO2 NWs film only attains a photocurrent density of 0.12 mA/cm2 at 1.0 V versus reversible 

hydrogen electrode (RHE). Significantly, the CuO@TiO2 NWs film can yield a dramatically increased photocurrent density of   

0.56 mA/cm2 at the same applied voltage. Furthermore, amperometric I−t tests of the CuO@TiO2 NWs film reveal satisfactory 

stability. All the above characteristics of this heterostructured CuO@TiO2 NWs film indicate its great potential in the water splitting 

applications with solar visible light. 
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1 Introduction 
 

To meet the steadily increasing demand on the 

sustainable energy source, it is of great importance to 

develop novel photoanode materials in photoelectron- 

chemical cells (PEC) to convert solar energy into the 

chemical fuels by splitting water or reducing CO2 [1−3]. 

Among various inorganic and organic materials, metal 

oxides exhibit great advantages to be used as the 

photoanodes [4,5]. However, the performances of the 

photoanodes consisting of single metal oxides are usually 

hindered by several constraints such as the limited light 

absorption wavelength range, the low charge-separation 

efficiency, and the slow interfacial charge transfer rates. 

For example, the nanostructured TiO2, a n-type 

semiconductor serving as the benchmark of photo- 

electrode materials [6], is able to only utilize the light 

with wavelength shorter than 380 nm due to its wide 

band gap (3.26 eV for anatase TiO2) [7,8]. Furthermore, 

due to the reduced space charge layer thickness and the 

absence of interior electrical field in a single 

nanostructured material, the electron/hole injection rates 

from the TiO2 nanostructures into the electrolyte are 

governed by the kinetics of interfacial charge transfer 

alone, which usually leads to the growth of undesirable 

processes [2]. An effective approach for overcoming the 

above problems of the single TiO2 nanostructure is 

deterministically growing an additional semiconducting 

component on it to form the distinct heterojunction and 

increasing its surface complexity [5,9−13]. 

To date, a lot of TiO2 nanostructures, including the 

nanoparticle films and the nanotube/nanorods arrays 

have been employed as the photoanodes in PEC [14]. A 

comprehensive comparison of the effects of the 

morphologies on the performances of the TiO2 

photoanodes shows that the electron diffusion coefficient 

in TiO2 nanorods is 200 times larger than that in 

nanoparticle films and the mean electron free diffusion 

length can reach 10 m in TiO2 nanotubes [15]. 

Fortunately, we have recently found that millimeter-long 

TiO2 NWs can be hydrothermally synthesized and 

spontaneously organize into a large-area free-standing 

film [16,17]. Moreover, since all the NWs in the film are 
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exposed and highly accessible by foreign species, they 

should be particularly suitable for the deterministic 

growth of the secondary semiconductor. CuO, one of the 

few p-type semiconductors, shows a narrow band gap 

(1.2 eV) and diverse applications in the fields of solar 

energy conversion, field-emission emitters, super- 

conductors, optical switches, and so on [18,19]. Recently, 

many efforts have been directed toward the combination 

of this p-type semiconductor with other n-type metal 

oxide semiconductors to form the desirable PN junction 

(such as CuO@ZnO and CuO@TiO2) in order to 

improve the efficiencies of harvesting solar energy by 

encouraging the red shift and the separation of the 

photogenerated electrons and holes [20,21]. 

In this study, a new kind of self-standing 

CuO@TiO2 heterostructured NWs film for PEC water 

splitting was prepared by a three-step protocol consisting 

of hydrothermal reaction, electroless plating, and 

branched growth processes. When tested as a PEC 

photoanode, the CuO@TiO2 NWs film shows the optical 

absorption range covering the region of visible light and 

ultraviolet light. Under the irradiation of the simulated 

solar light, the CuO@TiO2 NWs film could yield a 

dramatically increased photocurrent density at the same 

applied voltage when compared with the pristine TiO2 

NWs film. The CuO@TiO2 NWs film also demonstrates 

a much higher efficiency in the PEC water splitting than 

the TiO2 NWs film. The enhanced performance is 

attributed to the hierarchical and heterostructured 

features, the large red shift in the absorption spectrum, 

and the modified interface photocatalytic process. 

 

2 Experimental 
 

2.1 Preparation of self-standing CuO@TiO2 NWs 

film 

Firstly, the self-standing TiO2 NWs film was 

prepared according to the previously published 

procedure [16,17]. After the protonation and annealing 

treatment at 700 °C, the self-standing film consisting of 

ultra-long TiO2 NWs was formed. The growth of CuO 

NWs on the self-standing TiO2 NWs film was achieved 

by a general two-step method [22]. In the first step, the 

TiO2 NWs were coated by a layer of elemental Cu using 

electroless plating at room temperature for 30 min. The 

formula of the electroless bath was composed of      

15 mL/L 40% formaldehyde (HCHO), 10 g/L copper 

sulfate (CuSO4), and 40 g/L potassium sodium tartrate 

(C4O6H4KNa), which play the role in the reducing agent, 

the copper source, and the complexing agent, 

respectively. In the second step, the TiO2 NWs film 

coated by the Cu
0
 layer was thermally oxidized under air 

atmosphere in a tube furnace. The film was heated from 

room temperature to 400 °C at a rate of 2 °C/min and 

held at 400 °C for 3 h. 

 

2.2 Characterization 

The morphology characterizations of the samples 

were performed on a HITACHI S−4800 field emission 

scanning electron microscope (SEM). The phase 

composition of the samples was distinguished with an 

X’Pert PRO SUPER A rotation anode X-ray 

diffractometer. Optical reflection spectra of the samples 

were recorded on a Shimadzu 3150 UV-vis–near- 

infrared spectrophotometer fitted with an integrating 

sphere. Electrochemical impedance spectroscopy (EIS) 

data for the samples were recorded with a Zahner Im6ex 

instrument under the following conditions: AC voltage 

amplitude 5 mV, frequency range 0.001 Hz to 100 kHz, 

and open circuit. The photoelectrochemical measurements 

were performed in a standard three-electrode cell with a 

quartz window (CHI Instruments, model 660C, Shanghai 

Chenhua, China). The TiO2 NWs film or the CuO@TiO2 

NWs film, platinum wire, and Ag/AgCl were used as the 

working electrode, the counter electrode, and the 

reference electrode, respectively. A 0.5 mol/L Na2SO4 

aqueous solution was used as the electrolyte. The 

working electrode was illuminated from the front side 

with the stimulated solar light emitted by a 300 W Xenon 

lamp through an AM 1.5G solar simulator filter. The 

photoelectrochemical data were collected with a CHI 

660C instrument. The potential was converted to RHE 

potential by using the equation φRHE=φAg/AgCl+0.1976+ 

0.059 pH. 

 

3 Results and discussion 
 

3.1 Microstructure 

The free-standing CuO@TiO2 heterostructured 

NWs film was achieved by three main steps, as shown  

in Scheme 1. The first step involved the hydrothermal  
 

 
Scheme 1 Three main steps used for growing self-standing CuO@TiO2 NWs film with hierarchical structure 



Shuai ZHANG, et al/Trans. Nonferrous Met. Soc. China 26(2016) 2094−2101 

 

2096 
 

synthesis of the titanate film precursor and the thermal 

conversion of the titanate NWs film into TiO2 NWs film 

at the temperature of 700 °C. In the following step, the 

TiO2 NWs were encapsulated by a layer of elemental Cu 

via the electroless plating method, which is the required 

raw material for growing CuO NWs. Finally, a thermal 

treatment step in the air atmosphere was applied to the 

film, which can oxidize the elemental Cu and induce the 

epitaxial growth of the CuO NWs. 

Figure 1(a) shows the optical image of the 

as-prepared TiO2 NWs film with a gauze-like appearance 

(sizes: 1 cm × 1 cm). The white color of the film verifies 

that TiO2 does not have the ability to absorb the visible 

light, which is the consequence of its wide band     

gap [19,23]. Although the film is assembled by the NWs 

and there only exist weak intermolecular forces among 

the NWs, the film is robust and is able to maintain the 

shape without the support of any solid substrate. This 

suggests that the NWs might have a large longitudinal 

dimension that favors the NWs to intertwine with each 

other. To confirm this speculation, SEM measurements 

of the film were performed and the results are shown in        

Figs. 1(b)−(d). From the panoramic view (Fig. 1(c)), an 

approximately periodic pattern in the film is observed, 

which is associated with the guided growth of the film by 

the ordered grooves on the side wall of the Teflon   

liner [17]. The SEM images of the film at the high 

magnification clearly reveal that the film is formed by 

the interconnected NWs. The lengths of the NWs can 

approach 1 mm and their diameters are less than 80 nm, 

thus showing an unprecedented high aspect ratio (>10
4
). 

XRD measurements (Fig. 1(e)) demonstrate that the film 

is composed of anatase TiO2 (TiO2-A) and monoclinic 

TiO2 (TiO2-B). According to our previous study [15], 

TiO2-A and TiO2-B serve as the backbone and the sheath 

of the NWs, respectively. 

Figures 2(a)−(c) show the SEM images of the TiO2 

NWs after the electroless plating of a layer of elemental 

Cu. As seen, the TiO2 NWs are thickened and their 

surface becomes rough, indicative of the formation of the 

core-shell structured Cu@TiO2 NWs. In addition, the 

core-shell structure is exemplified by a broken nanowire 

at the termination (Fig. 2(c)). By comparing the diameter 

difference between the bare TiO2 NWs and the Cu@TiO2 

NWs, the thickness of the layer of the elemental copper 

is determined as ~200 nm (Figs. 2(b) and (c)). During the 

SEM observation, we noticed that all the TiO2 NWs in 

the film were uniformly coated by the elemental copper, 

demonstrating the effectiveness of the current electroless 

plating method. This is because the TiO2 NWs possess a 

relatively broad and flat surface, which creates a 

comfortable nucleation and growth environment for the 

secondary component [10]. Interestingly, as indicated by 

the arrows (Fig. 2(b)), the Cu@TiO2 NWs in the film are 

welded together after the electroless plating. The    

high interconnection of the Cu@TiO2 NWs will form an 

 

 

Fig. 1 Optical image of self-standing TiO2 NWs film (a), SEM images of TiO2 NWs film at low magnification (b) and high 

magnification (c, d), and XRD pattern of TiO2 film (e) 
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Fig. 2 SEM images of NWs film after electroless plating of copper (a−c), CuO@TiO2 NWs film (d−f), XRD patterns of NWs film 

after electroless plating of copper (g), CuO@TiO2 NWs film (h), and EDS spectrum of NWs film after electroless plating of   

copper (i) 

 

efficient percolation network, which is practically 

advantageous for the rapid transfer of the photogenerated 

charges to the electrolyte interface and the back contact. 

Besides the evidence of the surface topography, XRD 

measurement also confirms the presence of the elemental 

copper as a primary crystalline phase in the sample  

(Fig. 2(g)). It is worth noting that the peaks 

corresponding to TiO2 NWs are missing in the XRD 

pattern of the sample, which implies that the component 

of Cu might be dominant relative to TiO2. In order to 

clarify the contents of Cu and Ti in the sample, EDS 

measurements were performed. As shown in Fig. 2(i), no 

impurities are detected except for the elements (Cu, O 

and Ti) associated with the Cu@TiO2 NWs. Quantitative 

analysis based on the EDS data indicates that the mole 

ratio of Cu to Ti is as high as 77:3, thereby supporting 

the XRD result. 

Since the layer of the elemental copper is thick 

enough (~200 nm), it should provide sufficient source  

for growing CuO NWs via the thermal oxidation  

method [22]. Therefore, after the heat treatment of the 

Cu@TiO2 NWs at 400 °C under air atmosphere, a large 

quantity of NWs were stemmed from the backbone, 

leading to the formation of an interesting hierarchal 

structure (Figs. 2(d)−(f)). Relative to the long and thick 

TiO2 NWs backbone, the CuO NWs are short and thin, 

with diameter less than 50 nm and length less than 10 μm. 

More impressively, even though a series of processing 

steps were involved in the fabrication of hierarchal 

CuO@TiO2 NWs, the sample still remained the film-like 
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appearance (inset in Fig. 2(d)). However, owing to the 

decoration of the CuO NWs, the color of the film has 

changed to brown from the initial white. We also 

characterized the brown film by the XRD technique  

(Fig. 2(h)). The result reveals that CuO and TiO2 are two 

primary crystalline phases of the brown film. The 

suppressed diffraction peaks of TiO2 relative to those of 

CuO is because the content of CuO is much higher than 

that of TiO2, as revealed by the EDS measurement as 

shown in Fig. 2(i). Additionally, the elemental Cu was 

not detected by the XRD technique, which suggests the 

complete transformation of the Cu@TiO2 NWs into the 

CuO@TiO2 NWs under the described conditions. 

 

3.2 Optical properties 

For the application of the CuO@TiO2 NWs film in 

the PEC device, their optical absorption properties are 

fundamentally important for the performance of the 

device. Usually, it is desired that the reflectance value is 

as low as possible. Figure 3 shows the surface diffuse 

reflection (SDR) spectra of the bare TiO2 NWs film and 

the CuO@TiO2 NWs film. For comparison, the SDR 

spectrum of CuO nanoparticles is also included in Fig. 3. 

As seen, bare TiO2 NWs film exhibits an intense 

absorption towards the light below 400 nm, which is 

consistent with the wide band gap of TiO2. After the 

growth of the CuO NWs on the TiO2 NWs, a broadened 

and enhanced absorption across the entire spectral range 

was seen. Considering that CuO shows the low 

reflectance characteristic in the region of visible light, 

the absorption enhancement of the CuO@TiO2 NWs film 

mainly comes from the presence of CuO NWs. Moreover, 

the branched surface of the NWs can also effectively 

diminish the reflection of the incident light, as it provides 

numerous scattering centers. In a word, when compared 

with the bare TiO2 NWs film, the CuO@TiO2 NWs film 

shows a large red shift and the suppressed reflection, 

which means that more photons can be absorbed by the  

 

 

Fig. 3 Optical reflection spectra of TiO2 NWs film, CuO@TiO2 

NWs film, and CuO NWs 

film and be utilized for the subsequent PEC reaction. 

 

3.3 Photoelectrochemical performance 

The CuO@TiO2 NWs film was investigated as the 

photoanode in PECs for hydrogen generation from water 

splitting. PEC measurements were performed in a    

0.5 mol/L Na2SO4 electrolyte solution buffered to pH 7.0 

with phosphate buffer solution, by using a standard 

three-electrode electrochemical cell configuration. 

CuO@TiO2 NWs film (area: 5 mm ×5 mm), a platinum 

coil, and Ag/AgCl were used as the working electrode, 

the counter electrode, and the reference electrode, 

respectively. The photocurrent density versus the applied 

voltage curves were recorded in the dark and under the 

irradiation of 100 mW/cm
2
 of simulated solar light from 

a 300 W Xenon lamp through an AM 1.5G solar 

simulator filter (Fig. 4(a)). The photocurrent density in 

Fig. 4(a) was calculated based on the whole geometric 

area of the photoanode instead of the effective 

electro-active area on the photoanode. Under the dark 

 

 

Fig. 4 J−V curves recorded for TiO2 NWs film and CuO@TiO2 

NWs film with scan rate of 10 mV/s and with AM1.5G 

simulated solar light at 100 mW/cm2 (a) and photoconversion 

efficiency of TiO2 NWs film and CuO@TiO2 NWs film as 

function of applied potential (b) 
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conditions, the linear sweep voltammagrams from 0.2 to 

1.2 V (versus reversible hydrogen electrode, RHE) (all 

potentials reported here are with respect to this  

reference) showed an almost negligible current in the 

range of 10
−6 

A/cm
2
. When the electrodes were 

illuminated by the standard simulated solar light, the 

TiO2 NWs film yielded a photocurrent density of    

0.11 mA/cm
2
 at 1.0 V (vs RHE). With the CuO@TiO2 

NWs film the photocurrent density reached 0.56 mA/cm
2
 

at the same applied voltage, which is 6 times higher than 

that for the bare TiO2 NWs film. Interestingly, there is no 

saturation of photocurrent observed throughout the 

potential scan range, indicative of the efficient separation 

of the photo-generated charges in the CuO@TiO2   

NWs [5]. Furthermore, the onset potential of the 

photocurrent for the CuO@TiO2 NWs film is much more 

negative than that for the bare TiO2 NWs film (0.51 V vs 

0.78 V), which indicates that the CuO NWs grown on the 

surface of the TiO2 NWs have significant influence on 

the surface catalysis process at the semiconductor– 

electrolyte interface. 

Figure 4(b) displays the efficiency (η) of water 

splitting on bare TiO2 NWs film photoanode and 

CuO@TiO2 NWs film photoanode. The efficiency is 

calculated using the following equation: 
 

app

light

(1.23 )J V

P



                             (1) 

 

where J is the externally measured photocurrent density, 

Vapp is the applied voltage versus RHE, and Plight is the 

power density of the light [3]. As shown in Fig. 4(b), the 

bare TiO2 NWs film yields a maximum photoelectrode 

efficiency of 0.12% at the applied voltage of 0.19 V   

(vs RHE). In contrast, the CuO@TiO2 NWs film yields a 

maximum efficiency of 0.57% at the applied potential of 

0.24 V (vs RHE), which is 5 times higher than that for 

the bare TiO2 NWs film. 

To examine the PEC reaction kinetics, EIS 

characterizations of the TiO2 NWs film and the 

CuO@TiO2 NWs film were performed (Fig. 5). The 

insets in Fig. 5 show the corresponding equivalent circuit 

diagrams fitted from the EIS data. For the CuO@TiO2 

NWs film, the EIS data are composed of two regions, i.e., 

a semicircle at high frequencies and a linear part at low 

frequencies (Fig. 5(a)). The charge transfer resistance of 

the CuO@TiO2 NWs film is around 20 Ω (obtained from 

the x-axis intercept of semicircle), demonstrating the 

high charge-transfer rate between the electrolyte and the 

active material. As for the bare TiO2 NWs film, the EIS 

data are only composed of a large semicircle and the 

charge transfer resistance obtained is as large as  

2.1×10
5
 Ω. The sharp contrast demonstrates that the 

CuO@TiO2 NWs film can afford markedly faster PEC 

kinetics. These findings further confirm the role of the 

 

 

Fig. 5 Electrochemical impedance spectra of CuO@TiO2 NWs 

film (a) and TiO2 NWs film (b) (insets correspond to equivalent 

circuit diagrams of different elements from EIS analysis; ESL: 

Equivalent series inductance; Rs: Internal resistance; Rct: 

Charge-transfer resistance; Cp: Pseudocapacitive element; CPE: 

Constant-phase element) 

 

CuO NWs in the promotion of the PEC performances of 

the TiO2 NWs film photoanode. 

To assess the stability of the PECs, we also 

performed an amperometric I−t study on the TiO2 NWs 

film and the CuO@TiO2 NWs film, which were 

fabricated as the photoanode, under the illumination of 

simulated solar light at 1.0 V (vs RHE). Figure 6(a) 

shows the results of transient photocurrent  

measurements. When the stimulated solar light is 

switched on or switched off, a prompt and reproducible 

photocurrent increase or decrease was observed for both 

films, demonstrating the stability of the photoanode 

fabricated by the self-standing films. Figure 6(b) shows 

the photocurrent retention performance of the 

CuO@TiO2 NWs film. After 1200 s of operation, the 

attenuation of the photocurrent density is almost 

negligible. Consequently, the CuO@TiO2 NWs film 

might represent a new class of efficient, stable, and 

cost-effective photoanodic materials for solar water 

splitting. 
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Fig. 6 Transient photocurrent density response of CuO@TiO2 

NWs film and TiO2 NWs film at applied potential of 1.0 V  

(vs RHE) (a), and photocurrent density retention performance 

over 1200 s of CuO@TiO2 NWs film (b) 

 

4 Conclusions 
 

1) The free-standing CuO@TiO2 NWs film that 

exhibits the PEC water splitting activity is prepared by a 

three-step protocol consisting of hydrothermal reaction, 

electroless plating, and branched growth processes. 

2) The CuO@TiO2 NWs film exhibits a 

significantly enhanced solar water splitting activity when 

compared with the bare TiO2 NWs film. Under the 

irradiation of the simulated solar light, the PEC 

photoanode made of the pristine TiO2 NWs film could 

attain a photocurrent density of 0.12 mA/cm
2
 at 1.0 V  

(vs RHE). At the same applied voltage, the CuO@TiO2 

NWs film could yield a dramatically increased 

photocurrent density of 0.56 mA/cm
2
. Moreover, the 

CuO@TiO2 NWs film demonstrates a five times higher 

efficiency in the PEC water splitting than the TiO2 NWs 

film. 

3) The superior PEC water splitting performance of 

the CuO@TiO2 NWs film is attributed to the unique 

architecture and the improved physical properties of the 

film, such as the hierarchical surface, the extended 

optical absorption range, and the favorable interface 

charge transfer kinetics. 
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摘  要：通过水热反应、化学镀和枝化生长三个步骤，制备了具有层级特征的异质型 CuO@TiO2 纳米线膜。研究

表明，CuO@TiO2 纳米线膜表现出了众多适合光电解水应用的优异物理特性，如层级表面、拓展的光学吸收范围、

快速的界面电荷转移能力等。在可见光照和 1.0 V 偏压(相对可逆氢电极)条件下，未修饰的 TiO2 纳米线膜产生的

光电流密度为 0.12 mA/cm2。CuO@TiO2 纳米线膜在相同条件下产生的光电流密度为 0.56 mA/cm2。而且，计时电

流法研究表明 CuO@TiO2 纳米线膜具有良好的稳定性。因此，所制备的 CuO@TiO2 纳米线膜是潜在的太阳能光电

解水阳极材料。 

关键词：水分解；光阳极；异质型纳米线；氧化铜；二氧化钛 
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