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Designed synthesis of anatase-TiO2 (B) biphase nanowires/ZnO 
nanoparticles heterojunction for enhanced photocatalysis 

Chaoyang Sun,a Qiuhua Xu,a Yu Xie,*,a Yun Linga and Yang Hou*,b,c 

A high performance photocatalyst based on heterostructure using ZnO nanoparticles (NPs) decorating mesoporous 

anatase−TiO2 (B) biphase TiO2 nanowires (NWs) was synthesized by a facile water bath reflux method. The morphology, 

structure, and optical property of the prepared hybrid photocatalyst were well characterized. The results showed that the 

mesoporous biphase TiO2 NWs consisted of TiO2 (B) and anatase phase. When ZnO NPs was loaded on the surface of 

biphase TiO2 NWs, a heterojunction was formed between TiO2 NWs and ZnO NPs that could favor the separation of 

photogenerated electron-hole pairs. The TiO2-ZnO heterojunction exhibited remarkably enhanced photocatalytic activity 

and excellent stability for both the dyes degradation and H2 evolution compared with those of TiO2 NWs. The 

heterojunction with a 20 wt.% ZnO content exhibited the highest photocatalytic activity and the reaction rate constant 

was about 4.2 and 1.3 times higher than that of TiO2 NWs for dye degradation and H2 evolution, respectively. The main 

active species were found to be O2•- and •OH by electron paramagnetic resonance technique. This work may open a 

promising venue in producing highly-efficient heterojunction photocatalyst with special structure for large-scale 

environment and energy applications. 

1. Introduction 

Environmental pollution and clean energy have become the 

main factors that influence the global sustainable 

development.1, 2 Many efforts are being taken to develop more 

green and effective technologies to address these issues. The 

utilization of semiconductors for applications in photocatalytic 

pollutant degradation and H2 production from water splitting 

has received much attention due to advantages of clean, low-

cost, and environmentally friendly operation.3-5 Titanium 

dioxide (TiO2), one of the most promising photocatalytic 

material, has attracted arising extensive and long lasting 

attention owing to its excellent photocatalytic performance, 

high chemical stability, non-toxicity, and low cost.6, 7 

Nevertheless, wide band-gap (3.2 eV) of TiO2 makes it only 

respond to ultraviolet light that accounts for only around 5% of 

the solar spectrum.8, 9 Meanwhile, the recombination of 

photogenerated electron-hole pairs is another reason for the 

decrease in photocatalytic efficiency.10 To date, various 

strategies have been developed to improve the photocatalytic 

performance of TiO2, including doping TiO2 with metal11-13 and 

non-metal elements,14-17 coupling with other 

semiconductors,18-22 and surface sensitization,23 etc. Among 

them, coupling photocatalyst with metal oxides such as CuO,24 

ZnO,25 and NiO26 has been demonstrated to be an effective 

approach to promote the separation efficiency of 

photoelectrons from vacancies, and thus enhance the overall 

photocatalytic activity.27 

Recently, ZnO has been reported to be a promising optical and 

electronic material due to its wide band-gap of 3.37 eV and 

large exciton binding energy of 60 meV,28 and widely used in 

the fields of photocatalysts, rechargeable lithium-ion batteries, 

gas sensors, and electrodes in solar cells.29-32 Besides the 

similar band edge energy with TiO2, ZnO possesses some 

distinctive advantages such as longer life time of 

photogenerated carriers, higher quantum yield, and higher 

electron mobility than that of TiO2,33, 34 which are favorable for 

the enhancement of photocatalytic activity. In addition, the 

properties of easy crystallization and anisotropic growth allow 

ZnO to be synthesized in a variety of nanostructures.35 

Importantly, the valence band position and energetic 

conduction of ZnO are favorable for the H2 evolution from 

water splitting, and the band level of ZnO matches well with 

TiO2.36 Therefore, it is a promising way to enhance the 

photocatalytic performance for pollutant degradation and H2 

production by coupling ZnO with nanostructured TiO2. 

Since Iijima et al.37 discovered carbon nanotubes in 1991, one 

dimensional (1D) nanomaterials, such as nanowires (NWs), 

nanotubes, nanorods, and nanofibers, have attracted much 

attention due to their distinctive advantages. TiO2 NWs have a 

high aspect ratio with a length reaching hundreds of 

micrometers, which make it suitable to possess a relatively 
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large specific surface area and easy transfer of photogenerated 

electrons along the axial direction.38 Furthermore, the 

advantages of TiO2 NWs, such as higher chemical stability and 

lower photogenerated carrier recombination rate than those 

of TiO2 nanoparticles (NPs), make it widely used in 

photodegradation and photocatalytic H2 evolution from water 

splitting.39, 40 Therefore, it is believed that the TiO2 NWs 

coupled with ZnO to form a heterojunction will possess 

excellent photocatalytic properties. 

Anatase, rutile, and brookite are the most common phases of 

TiO2, which play important roles in photocatalytic activity. The 

TiO2 (B) phase, discovered in late 1980s by Marchand et al.,41 is 

a metastable phase with a loose structure and a lower density 

than that of anatase and rutile. During the past few decades, 

TiO2 (B) has attracted much interest in the applications of 

rechargeable lithium-ion storage, sensor, and photocatalysis.42, 

43 Shen et al.44 found that the formed Ti3+ and oxygen 

vacancies in TiO2 (B) can enhance solar light absorption, thus 

improving the photocatalytic properties. Moreover, compared 

with single phase TiO2, mixed phase TiO2 can exhibit much 

higher photocatalytic activity than either of the component. 

For example, the commercial P25 (Degussa) that consists of 

anatase (~80%) and rutile (~20%), possesses higher 

photocatalytic activity than that of pure anatase or rutile,45 

which may be due to the fast interfacial electron transfer 

caused by difference between the conduction band edges of 

two phases, thus increasing charge separation efficiency. 

Although the photocatalytic activity of TiO2 (B) is much lower 

than that of anatase, the existence of difference between 

anatase and TiO2 (B) can improve the charge separation 

efficiency when the two phases are in contact with each 

other.46, 47 It has been well established in the literatures that 

TiO2 photocatalyst with the mixed phase of anatase and TiO2 

(B) exhibited superior photoactivity as compared to pure 

anatase and TiO2 (B) catalyst.43, 46, 47 Therefore, the 

construction of ZnO/biphase TiO2 (B)/anatase heterojunction 

for pollutant degradation and H2 evolution is actively being 

pursued. 

In this work, a biphase anatase/TiO2 (B) NWs was synthesized 

by a hydrothermal, ion exchange, and calcination of P25, and 

then the ZnO NPs was decorated on the biphase anatase/TiO2 

(B) NWs to form a TiO2-ZnO heterojunction by a simple reflux 

method. The as-prepared hybrid photocatalyst exhibited a 

significant improvement in photocatalytic degradation and H2 

evolution from water splitting, thanks to the heterojunction 

formed at the interface of TiO2-ZnO that reduced the 

recombination of photoinduced charge carriers, ultimately 

improving the photocatalytic efficiency. 

2. Experimental 

2.1. Materials preparation 

Biphase TiO2 NWs was prepared according to the precious 

reports with slight modifications.48 All chemicals were of 

analytical grade and used without further purification. 2.0 g 

P25 (Beijing Entrepreneur Science & Trading Co., Ltd) was 

dispersed into 80 mL of 10 M NaOH (West Long Chemical Co., 

Ltd, purity > 96.0%) solution. After being ultrasonicated for 30 

min, the mixture was kept under magnetic stirring for 30 min. 

Afterward, the mixture was transferred into a 100 mL Teflon-

lined autoclave, which was further placed in an electric oven at 

200 °C for 24 h. After naturally cooling in air, the product was 

harvested by centrifugation, and then washed with deionized 

water for several times until the pH of supernatant reached to 

7.0. Then, the obtained precipitate was dispersed in 0.1 mol L-1 

nitric acid (Cangzhou Longsheng Chemical Co., Ltd) solution 

with continuous stirring for 5 h. After that, the product was 

collected via centrifugation, and washed with deionized water, 

and then dried in a vacuum oven at 80 °C for 24 h. Finally, the 

obtained sample was calcined at 500 °C for 3 h with a heating 

rate of 5 °C min-1. 

ZnO NPs loaded biphase TiO2 NWs heterojunction was synthesized 

by a reflux method. Typically, a certain amount of TiO2 NWs was 

dispersed in 62.5 mL of 0.01 M Zn(CH3COO)2/methanol solution. 

After vigorous stirring, the mixture was kept under ultrasonic 

treatment for 30 min to obtain the uniform solution. Next, 32.5 mL 

of 0.03 M NaOH was added into the solution with strong stirring, 

followed by reflux at 6 h in 60 °C. Subsequently, the sample was 

collected by centrifugation, washed with deionized water and 

methanol, and then dried in a vacuum oven at 80 °C for 24 h. The 

weight percentages of ZnO in the hybrid photocatalysts were 0, 10, 

15, 20, 30, 50, and 70 wt.%, and the resulting samples were labeled 

as TiO2-ZnO-x, where x = 0, 10, 15, 20, 30, 50, and 70, respectively. 

2.2. Materials Characterization 

X-ray diffraction (XRD) measurement of the products was recorded 

on a Rigaku RINT 2000 Advance X-ray diffractometer (Cu Kα 

radiation, λ=1.5406 Å). Raman spectra were obtained on a laser 

Raman spectrometer with a back-scattering configuration using an 

Ar+ laser (20 mW, 532 nm) as excitation source. The morphology of 

the samples was examined with a JEOL JSM-6700F Field emission 

scanning electron microscopy (FESEM) in a secondary electron 

scattering mode at 15 kV. The morphology and lattice structure was 

characterized by a Tecnai G2F20 S-Twin instrument at an 

accelerating voltage of 200 kV. The UV-Vis absorption spectra of the 

samples were recorded using an Evolution 220 UV-Vis 

spectrophotometer (Thermo Fisher) from 200 to 800 nm, using 

BaSO4 powder as the substrate. The Brunauer–Emmett–Teller (BET) 

surface area and pore structure of the samples were measured with 

a NOVA 2000e (Quantachrome). The surface composition and 

chemical state were analyzed by an ESCALAB MK II X-ray 

photoelectron spectrometer (XPS) with a Mg Kα (1253.6 eV) as the 

excitation source. All the binding energy values in the XPS spectra 

were calibrated using carbon contaminant (C 1s: 284.6 eV) as 

reference. 

2.3. Photoelectrochemical (PEC) measurements 

PEC measurements were carried out using a CHI 660D 

electrochemical workstation in a conventional three electrode 

system. The TiO2 and ZnO/TiO2 electrodes were employed as the 

working electrode. Ag/AgCl electrode and glassy carbon electrode 

served as the reference and counter electrodes, respectively. 0.5 M 

sodium sulfate was used as the electrolyte solution (pH = 7.0). A 

300 W Xe lamp (PLS-SXE300, Perfect Light Company, Beijing, China) 

was utilized as the light source. To prepare the working electrode, 

10 mg TiO2 or ZnO/TiO2 sample was dispersed into 1 mL deionized 
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water, respectively. Then, the suspension was dip-coated onto the 

surface of fluorine tin oxide (FTO) glass substrates (2 cm × 2 cm), 

and dried at room temperature. Electrochemical impedance spectra 

(EIS) of the samples were obtained in a 0.1 M KCl solution. 

2.4. Photocatalytic activity measurements 

Photocatalytic activity of the samples was evaluated by degradation 

of MO, MB, RhB, and phenol. A 300 W Xe lamp (PLS-SXE300, Perfect 

Light Company, Beijing, China) was used as the light source. The 

light intensity was 100 mW cm-2. The distance between light source 

and the surface of reaction solution was set at 15 cm. 10 mg of 

photocatalyst was dispersed in an aqueous solution of MO (50 mL, 

10 mg L-1), RhB (50 mL, 10 mg L-1), MB (50 mL, 10 mg L-1), 

respectively, and 50 mg of photocatalyst was dispersed in an 

aqueous solution of phenol (50 mL, 10 mg L-1). Prior to the 

irradiation, the mixtures were magnetically stirred for 30 min in 

dark to reach the adsorption-desorption equilibrium between the 

samples and model pollutants. At a given time interval, aliquots (3 

mL) of the solution were sampled and subsequently centrifuged to 

remove the photocatalysts. The concentration was monitored by 

measuring the maximum absorbance at 463 nm for MO, 554 nm for 

RhB, 664 nm for MB, and 269 nm for phenol through a UV-Vis 

spectrophotometer (UV-2550, Shimadzu, Japan). 

Photocatalytic H2 evolution tests were carried out in a double 

jacketed British purple glass reactor with a flat optical window at 

room temperature. The experiments were conducted by dispersing 

50 mg of photocatalyst in an aqueous solution containing 72 mL of 

deionized water and 8 mL of methanol used as the sacrificial 

reagent. Prior to the reaction, the mixture was thoroughly stirred to 

ensure that the photocatalyst was well distributed into the solution. 

The system was completely vacuumed to remove CO2 and O2 

dissolved in water. A 300 W Xeon-lamp was used as the light source. 

The H2 evolution was measured using an on-line gas 

chromatography (GC) with the interval of 0.5 h each (Huaai GC9560, 

TCD, China). 

3. Results and discussion 

X-ray diffraction (XRD) analysis was conducted to investigate the 

crystalline structure of the resulted materials. Fig. 1 shows the XRD 

patterns of TiO2 NWs and TiO2-ZnO samples. The TiO2 NWs are 

mainly composed of anatase and TiO2 (B) phases. The strongest 

peak at around 25.2° and the other peaks at 37.8, 53.9, 55.1, 62.6° 

correspond to the (101), (004), (105), (211), and (204) crystal planes 

of anatase TiO2 (JCPDS 21-1272), whereas the peaks at 14.2, 28.6, 

29.7, 29.9, 33.2, 43.5, 44.5, and 48.4° match well with the (001), 

(002), (401), (111), (310), (003), (601), and (020) crystal planes of 

TiO2 (B) (JCPDS 46-1237). After coupling with ZnO NPs, the 

characteristic peaks for TiO2 NWs and ZnO NWs are observed. From 

Fig. 1b, the peaks at 31.7, 34.4, 36.2, 47.54, 56.5, and 67.9° can be 

indexed as the (100), (002), (101), (102), (110), and (112) diffraction 

planes of ZnO with a wurtzite structure (JCPDS 89-1397). It is clearly 

seen that the loading amount of ZnO NPs has a great influence on 

the composition of TiO2 crystal phase. The phases of TiO2 NWs are 

mainly composed of TiO2 (B) and relatively few anatase. However, 

with an increase of loading amount of ZnO NPs, the peaks 

intensities of TiO2 (B) decrease gradually. When the content of ZnO 

NPs is up to 20%, the peaks intensities of TiO2 (B) become 

weakened obviously, and when the content of ZnO NPs exceeds 

20%, the (001) plane of TiO2 (B) is vanished. 
         

 

Fig. 1. XRD patterns of (a) TiO2 NWs, (b) TiO2-ZnO-10, (c) TiO2-ZnO-20, (d) TiO2-ZnO-30, 

and (e) TiO2-ZnO-50.

Raman measurements were completed to further characterize the 

crystal structure of the TiO2 NWs and TiO2-ZnO samples. The Raman 

spectra of the TiO2 NWs exhibit a small shift to the lower frequency 

compared with the previous results,49, 50 which could mainly be 

attributed to the size effect and special nanostructure. For the TiO2-

ZnO samples, the peaks at 119, 236, and 248 cm-1 can be assigned 

to the vibration of TiO2 (B), while the peaks at 141, 195, and 636 cm-

1 are attributed to the Eg vibration of anatase (Fig. 2). No obvious 

ZnO peaks are observed in the hybrid. Raman analysis further 

confirms the presence of TiO2 (B) and anatase, which are the main 

phases in the hybrid samples, consistent with the XRD results. 

      

 
Fig. 2. Raman spectra of (a) TiO2 NWs, (b) TiO2-ZnO-10, (c) TiO2-ZnO-20, (d) TiO2-ZnO-

30, and (e) TiO2-ZnO-50. 

 

FESEM measurements were conducted to investigate the 

surface morphologies of TiO2 NWs and TiO2-ZnO samples. The 

FESEM images in Fig. S1a shows that the TiO2 NWs possess a 

typical 1D structure with a diameter of ～ 50 nm and a length 

of ～ 4 µm. Fig. S1b-e exhibit the morphology of ZnO NPs 

modified TiO2 NWs with different loading amounts. It can be 
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clearly seen that the ZnO NPs is spherical nanoparticles with a 

diameter of ～ 20 nm, which is uniformly dispersed on the 

surface of TiO2 NWs. For the TiO2-ZnO-50 sample (Fig. S1d), 

most of the ZnO NPs were accumulated on the surface of TiO2 

NWs, which could lead to a decrease in photocatalytic activity. 

The energy-dispersive X-ray spectroscopy (EDS) and elemental 

mappings of the TiO2-ZnO-20 sample prove the existence of Ti, 

O, and Zn elements in the hybrid (Fig. S1f-i). 

TEM and high resolution TEM (HRTEM) measurements were 

conducted to investigate the microstructures of the TiO2-ZnO-20 

sample, and the results are shown in Fig. S2a-d. The TiO2 NWs 

shows a uniform wire-like morphology with a rough surface; lots of 

ZnO NPs with a size of about 20 nm are attached on the surface of 

TiO2 NWs. As shown in the HRTEM images (Fig. S2c-d), the lattice 

spacings of the TiO2 NWs are 0.24, 0.35, and 0.38 nm, respectively, 

corresponding to the (001) and (101) crystal planes of anatase, as 

well as the (111) crystal plane of TiO2 (B), which is well consistent 

with XRD results that the TiO2 NWs was composed of TiO2 (B) and 

anatase. The lattice spacing of ZnO NPs is about 0.26 nm, 

corresponding to the (002) plane of hexagonal wurtzite ZnO. The 

distinct and continuous fringe suggests the high crystallinity of the 

hybrid photocatalyst. Moreover, the circled zone in Fig. S2d shows 

that the interface between ZnO NPs and TiO2 NWs is likely formed 

by epitaxial growth, which results in a strong interaction between 

ZnO and TiO2. The strong interaction between them may be due to 

the fact that the lattice spacing of (101) plane for anatase is 0.35 

nm which is close to the a and b values (a = b = 0.32 nm)51 of the 

lattice parameters of hexagonal wurtzite ZnO. This match between 

the lattice parameters makes it easy to form a heterojunction 

between ZnO NPs and TiO2 NWs.52 

The optical properties of TiO2 NWs and TiO2-ZnO samples were 

investigated by UV-Vis diffuse reflectance spectroscopy (Fig. 3a). 

The absorption edge of TiO2 NWs is estimated to be 470 nm. For the 

TiO2-ZnO samples with different loading amounts, a slightly red shift 

of the absorption edges is observed compared with that of TiO2 

NWs. Thus, the TiO2-ZnO samples can effectively extend the photo-

responses of TiO2 NWs into the visible spectrum, leading to the 

improvement of solar light utilization efficiency. 

The band gap energies (Eg) are calculated from the Kubelka–Munk 

function plots of (ahν)1/2 versus energy (hν) (Fig. 3b), where “a” and 

“hν” are the optical absorption coefficient and photonic energy, 

respectively. The Eg of TiO2 NWs and TiO2-ZnO-20 sample are 

determined to be 2.99 and 2.96 eV, respectively. The valence bands 

(VB) of TiO2 NWs and TiO2-ZnO-20 sample can be estimated by the 

following empirical equation:53 

EVB = X – Ee + 0.5 Eg                                     (1)                                                                               

ECB = EVB – Eg                                          (2)                                                                                              

X is the electronegativity of the semiconductor, and the value is 

5.66 eV for TiO2. Ee is the energy of free electron on the hydrogen 

scale (～  4.5 eV), and Eg is the band gap energies of the 

semiconductor, which can be calculated to be 2.99 eV for the TiO2. 

Thus, the EVB of TiO2 NWs and TiO2-ZnO-20 sample are calculated to 

be 2.66 and 2.64 eV, and the ECB of TiO2 NWs and TiO2-ZnO-20 

sample are calculated to be -0.33 and -0.32 eV, respectively. 

Meanwhile, XPS valence spectra were used to determine the VB of 

TiO2 NWs and TiO2-ZnO-20 sample, and the results are shown in Fig. 

S3e-f. The TiO2 NWs and TiO2-ZnO-20 sample show the maximum 

energy edge of the VB at about 2.66 and 2.65 eV, respectively, 

which are consistent with the estimated values. 
         

 

Fig. 3. (a) Optical absorption spectroscopy and (b) band gap of TiO2 NWs, TiO2-ZnO-10, 

TiO2-ZnO-15, TiO2-ZnO-20, TiO2-ZnO-30, and TiO2-ZnO-50.

XPS measurements were used to investigate the surface 

composition and the chemical state of the TiO2 NWs and TiO2-ZnO-

20 sample. Fig. S3 shows the XPS survey spectra and high-resolution 

XPS spectra of Ti 2p, Zn 2p, and O 1s regions for the TiO2-ZnO-20 

sample. The survey spectra of the TiO2 NWs and TiO2-ZnO-20 

sample further indicate the presence of Ti, Zn, O, and C elements in 

the TiO2 NWs and TiO2-ZnO-20 sample (Fig. S3a). Fig. S3b exhibits 

the high-resolution Ti 2p spectra of the TiO2 NWs and TiO2-ZnO-20 

sample. In the Ti 2p spectra, the existence of Ti (IV) in the TiO2-ZnO-

20 sample is evidenced by a main peak located at 458.4 eV, slightly 

shifting of 0.1 eV towards the lower binding energy as compared to 

that of TiO2 NWs (458.5 eV), which can be assigned to Ti 2p3/2. And 

the higher binding energy at 464.2 eV is assigned to Ti 2p1/2. The 

high-resolution Zn 2p spectra of the TiO2-ZnO-20 sample (Fig. S3c) 

exhibit two contributions, Zn 2p1/2 and Zn 2p3/2, located at 1,021.5 

and 1,044.6 eV, respectively, indicating that the Zn exists in the 

form of Zn2+. The high-resolution O 1s spectra of the TiO2-ZnO-20 

sample in Fig. S3d can be fitted into two peaks. The main peak at 

529.9 eV indicates that the O is in the form of O2-. And the higher 

binding energy at 531.7 eV assigned to the -OH group on the 

surface of the TiO2-ZnO-20 sample, shows an apparent shift of 0.2 

eV towards the higher binding energy in contrast with that of TiO2 

NWs (531.5 eV). 
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The transient photocurrent tests were carried out to investigate the 

separation efficiency of the photogenerated electrons and holes 

pair of the as-prepared photocatalysts, and the results are shown in 

Fig. 4. For the TiO2 NWs and TiO2-ZnO samples, upon the light 

irradiation, the transient photocurrent is generated and then 

photocurrent density increases sharply. Subsequently, the 

photocurrent density decreases rapidly to zero when the irradiation 

is stopped. Clearly, the TiO2-ZnO-20 sample exhibits the highest 

photocurrent density among all of the measured samples. The 

photocurrent density of 2.2 μA cm-2 for TiO2-ZnO-20 sample was 

more than twice as high as that of the TiO2 NWs (0.9 μA cm-2). The 

enhanced photocurrent response of the TiO2-ZnO-20 sample 

indicates that the coupling ZnO with TiO2 is an efficient way to 

promote the separation of photogenerated electrons and holes. 

EIS measurement was used to investigate the charge transfer 

resistance and the separation efficiency of the photo-generated 

electrons and holes. Fig. S4 shows the EIS Nynquist plots of TiO2 

NWs and TiO2-ZnO samples before and after light irradiation. The 

arc radius of the TiO2-ZnO-20 sample is the smallest among all of 

the samples under light irradiation, indicating that the TiO2-ZnO-20 

sample has the lowest electron-transfer resistance. The results 

demonstrate that the loading of ZnO NPs onto the surface of TiO2 

NWs can efficiently promote the separation of photogenerated 

charge carriers through an interfacial interaction between ZnO and 

TiO2, which is an agreement with the transient photocurrent 

responses of these photocatalysts. 

  
Fig. 4. Transient photocurrent responses of the TiO2 NWs and TiO2-ZnO samples.

Nitrogen physical adsorption was used to investigate the textural 

properties of the TiO2 NWs and TiO2-ZnO samples. The BET specific 

surface area, total pore volume, and average pore diameter of the 

TiO2 NWs and TiO2-ZnO samples are shown in Table S1. The BET 

specific surface area of TiO2 NWs is calculated to be 21.94 m2 g-1, 

the average pore diameter and pore volume are 17.08 nm and 

0.094 cm3 g-1, respectively. When the ZnO NPs are introduced onto 

TiO2 NWs, the BET specific surface area firstly increases to 23.29 m2 

g-1 for the TiO2-ZnO-20 sample, and then decreases to 22.16 m2 g-1 

with further increasing the loading amount of ZnO NPs to 50 wt.%, 

which can be attributed to the fact that a partial reunion 

phenomenon is occurred when the loading excessive ZnO NPs on 

the surface of TiO2 NWs.54 The agglomeration causes the decrease 

in BET specific surface area of hybrid photocatalysts. Among all of 

the samples, the TiO2-ZnO-20 sample with the highest BET specific 

surface area is the most suitable candidate for photocatalytic 

reaction. The Nitrogen adsorption-desorption isotherms and pore 

size distributions of the TiO2 NWs and TiO2-ZnO samples are shown 

in Fig. 5. In Fig. 5a, the TiO2 NWs shows a typical type-IV isotherm 

with a type H3 hysteresis loop at high relative pressure (P/P0 = 0.6-

1.0), suggesting the existence of mesoporous structure. The 

samples of TiO2-ZnO-20 and TiO2-ZnO-50 display similar isotherms 

as the TiO2 NWs, indicating that the ZnO NPs loaded on the TiO2 

NWs has a minor impact on the mesoporous structure of TiO2 NWs. 

The corresponding pore size distribution curves are shown in Fig. 

5b. The pore size distribution curve of the TiO2-ZnO-20 sample 

shows a broad peak, indicating the existence of different grades of 

porous structure, including the small mesopores of 10 nm and large 

mesopores of 20 nm, which are consistent with the TEM analysis. 

These different grades of porous structure are mainly originated 

from the nonuniform space between the packed NPs and existence 

of mesopores with different sizes on the surface of TiO2 NWs. Such 

a hierarchical porous structure and high specific surface area of the 

TiO2-ZnO hybrid can not only increase the contact area of the 

reactant molecules and catalyst surface, but also provide more 

favorable reaction sites in the process of adsorption and 

photocatalytic reaction, thus improving photocatalytic efficiency. 

 

 
Fig. 5. Nitrogen adsorption–desorption isotherm of the TiO2-ZnO samples with different 
loading amounts (a) and the corresponding pore size distributions curves (b).

 

The photocatalytic performance of TiO2-ZnO samples was evaluated 

by the degradation of MO, as shown in Fig. 6a. There is almost no 

degradation of MO after 80 min irradiation in the absence of 
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photocatalyst, indicating that the MO molecules are sufficiently 

stable under UV-Vis light irradiation and its self-photolysis can be 

ignored in the photocatalytic process. 79.6% of MO is degraded 

over the pristine ZnO NPs after 50 min irradiation. And this 

percentage is further increased to be 97.7% over the TiO2-ZnO-20 

sample. As for the TiO2 NWs, it shows a weak photocatalytic 

activity, and ～  31% of MO is decomposed after 80 min 

irradiation. After coupling with ZnO NPs, the photocatalytic activity 

of TiO2-ZnO hybrids firstly increases monotonously with the mass 

ratio of ZnO NPs increases from 10 wt.% to 20 wt.%, and then 

decreases with further increase of ZnO NPs content. Therefore, the 

20 wt.% ZnO content in the TiO2-ZnO samples is found to be the 

best loading ratio for MO degradation. The result suggests that the 

heterojunctions should be formed between ZnO NPs and TiO2 NWs, 

which play crucial role in the separation and transfer of photo-

generated charge carriers. Under the UV-Vis light irradiation, the 

generated electrons in the TiO2 NWs and ZnO NPs could be excited 

from the valence band (VB) to the conduction band (CB). Due to the 

difference of CBs, the photo-generated electrons in the CB of 

anatase and ZnO can easily transfer to the TiO2 (B), resulting in the 

efficient separation and reduced possibility of the recombination of 

photogenerated electron-hole pairs. 

To better compare the photocatalytic performance of these 

samples, the reaction kinetics of MO degradation is investigated. 

Fig. 6b presents the linear fitting of the degradation time against – 

ln (C/C0), and the reaction rate constants (k) are given in Table S2. 

Obviously, the degradation process of MO follows the pseudo-first-

order kinetics, and the TiO2-ZnO-20 sample has the maximum k 

value of 0.0420 min-1, which is almost 4.2 times as high as that of 

TiO2 NWs. 

To further investigate the degradation of dyes with different 

structures, RhB and MB were also used to evaluate the 

photocatalytic activity of the as-prepared TiO2-ZnO samples. As 

shown in Fig. 7a-b, upon light irradiation, the concentration of RhB 

and MB decreases gradually as the reaction time increases. The 

TiO2-ZnO-20 sample exhibits excellent photocatalytic performance 

for the degradation of RhB and MB than those of TiO2 NWs. 

Considering the obvious structural difference of the three dyes, it 

turns out that the TiO2-ZnO hybrid has the universal application on 

degradation of dyes. 

For comparison, the phenol was selected as a different kind of 

model pollutant to further ascertain the photocatalytic 

performance of the TiO2-ZnO samples. As shown in Fig. 7c, the TiO2-

ZnO-20 sample shows a much higher photocatalytic performance 

than that of TiO2 NWs. Fig. 7d exhibits a temporal evolution of the 

UV-Vis absorption of phenol solution degraded by the TiO2-ZnO-20 

sample. The intensity of the characteristic absorption peak at about 

269 nm decreases gradually and about 99% phenol is degraded over 

TiO2-ZnO-20 sample after 2 h irradiation. Based on this result, it can 

be reasonable to conclude that the MO, MB, and RhB degradation 

over TiO2-ZnO samples are mainly attributed to the photocatalysis 

process of TiO2-ZnO samples rather than the photosensitization 

effect of the dyes. 

 

     
Fig. 6. (a) Photocatalytic degradation of MO in the presence of TiO2 NWs and TiO2-ZnO 

samples, and (b) kinetic fit for the degradation of MO with the TiO2 NWs and TiO2-ZnO 

samples. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 7. Photocatalytic degradation of RhB (a), MB (b), and phenol (c) in the presence of 

TiO2 NWs and TiO2-ZnO-20 sample under light irradiation. (d) UV-Vis absorption 

spectral changes during the photocatalytic degradation of phenol in aqueous solution 

in the presence of the TiO2-ZnO-20 sample.

 
In order to identify the active species over the TiO2-ZnO samples, 

the EPR spin-trap experiments with 5,5-dimethyl-1-pyrroline N-

oxide (DMPO) were carried out under light irradiation, and the 

results are shown in Fig. 8. The characteristic peaks from the 

DMPO-O2
•− species can be observed in the dispersion of TiO2-ZnO-

20 sample, and the characteristic peaks of DMPO-•OH can also be 
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obviously observed in the irradiated suspension. The intensity of 

DMPO-O2
•−

 signal is higher than that of DMPO-•OH signal, which 

indicates that the O2
•−

 radicals may play a more important role 

than •OH radicals during the photodegradation process.   

     

 
Fig. 8. EPR spectra of radical adducts trapped by DMPO in TiO2-ZnO samples: (a) 

methanol dispersion and (b) aqueous dispersion under UV-Vis light irradiation. 

 

In the photocatalytic reaction, the stability and repeatability of the 

photocatalyst are important factors affecting the photocatalytic 

efficiency. In order to get insights into the cycling stability, the TiO2-

ZnO-20 sample was used to test the recycling performance of 

photocatalyst. In our test, 60 mg of photocatalyst was added into 

the 30 mL of MO solution (10 mg L-1), and then the mixture was 

magnetically stirred for 30 min in dark to reach the adsorption-

desorption equilibrium between the powder sample and model 

pollutant. After 1 h light irradiation, the sample was collected by 

centrifugation and used for the next reaction. The experimental 

results are shown in Fig. 9. It is clear to see that the TiO2-ZnO-20 

sample still maintain the high activity even in the photocatalytic 

degradation experiment for 5 times. The results suggest that the 

structure of the as-prepared TiO2-ZnO sample wis stable, reusable 

and hard to inactivate. 

    
Fig. 9. Cycling performance of the TiO2-ZnO-20 sample for MO degradation.

 

In order to further investigate the photocatalytic properties of as-

prepared TiO2-ZnO samples, additional experiments were carried 

out for photocatalytic H2 evolution in the presence of 1 wt.% Pt co-

catalyst. Fig. 10a shows the total H2 evolution by TiO2 NWs and the 

TiO2-ZnO samples. The TiO2-ZnO-20 sample displays the highest H2 

evolution among these samples at every 30 min. Fig. 10b shows the 

H2 generation rate of TiO2 NWs and all of the TiO2-ZnO samples. The 

H2 generation rate of the samples is relatively stable. The H2 

generation rate of the TiO2 NWs, TiO2-ZnO-10, TiO2-ZnO-15, TiO2-

ZnO-20, TiO2-ZnO-30, TiO2-ZnO-50 samples are 145, 134, 181, 193 

172, and 155 µmol h-1 g-1, respectively. The results indicate that the 

TiO2-ZnO-20 sample has the highest photocatalytic activity among 

these samples and its H2 generation rate is about 1.3 times as much 

as that of TiO2 NWs, revealing that the heterojunction structure is 

helpful to enhance the photocatalytic performance. 

Based on the above results, a possible photocatalytic mechanism is 

proposed to explain the enhancement of the photocatalytic activity 

of TiO2-ZnO heterostructure (Fig. 11). The TiO2-ZnO photocatalyst is 

believed to exhibit cooperative or synergic effects among anatase, 

TiO2 (B), and ZnO NPs. When the TiO2-ZnO samples are irradiated by 

UV-Vis light, the photogenerated electrons in the VB of ZnO NPs 

and anatase−TiO2 (B) biphase TiO2 NWs can be excited to the CB of 

ZnO NPs and anatase−TiO2 (B) biphase TiO2 NWs, respectively. 

Then, the photogenerated electrons on the CB of ZnO NPs and TiO2 

(B) are transferred to the CB of anatase,46 while the holes are 

transferred from the anatase and TiO2 (B) to ZnO NPs due to the 

existence of energy gradient at the interface between ZnO, anatase, 

and TiO2 (B). This process results in an effective separation of active 

photogenerated electrons and holes, thus increasing the lifetime of 

the charge carriers and hence improving the photocatalytic activity. 

The separated photogenerated electrons can reduce the H2O to H2, 

and the holes can oxidize the organic compounds to CO2 and H2O. 

As a consequence, the enhanced charge separation and transfer 

induces the superior photocatalytic activity of the heterostructured 

ZnO NPs/mesoporous anatase−TiO2 (B) biphase TiO2 nanowires 

heterojunction. 
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Fig. 10. H2 evolution from water splitting over TiO2 NWs, and TiO2-ZnO samples by using 

methanol as an electron donor. 

 

    

Fig. 11. Schematic illustration of photo-induced charge transfer and separation at the 

interface of TiO2-ZnO heterostructure.

 

4. Conclusions 

In this work, we developed a simple solution synthesis method to 

prepare a heterojunction photocatalyst of ZnO NPs decorating 

biphase TiO2 NWs. The as-prepared TiO2-ZnO hybrid presents 

appreciable photocatalytic performance in pollutant degradation as 

well as H2 evolution, which can be mainly attributed to their 

constructed wire-like morphology, multiphase structure, high BET 

surface area, and heterojunction built. It is promising that this 

material can be further used in the fields of rechargeable lithium-

ion batteries, gas sensors, and electrodes in solar cells. 
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