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Different V2O5/ZnO heteronanorods were synthesized at different oxidization 

temperatures. Novel PL properties, including new PL peaks, the tuned PL intensity, 

and enhanced visible emission, were observed. Enhanced photocatalytic activities 

were obtained and the temperature influence was discussed. Novel PL properties and 

enhanced photocatalytic activities were attributed to the collective effect of V-doped 

ZnO layer at interface, decreased defect concentration, and improved particle 

crystallinity. 
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Novel Photoluminescence Properties and 

Enhanced Photocatalytic Activities for V2O5-

Loaded ZnO Nanorods 

Haihong Yin,ab Ke Yu,b* Jingjing Hu,a Changqing Song,a,b Bangjun Guo,b Zhiliang 
Wang,a and Ziqiang Zhub 

Three different kinds of V2O5/ZnO heteronanorods were synthesized through a CVD process and 

oxidized in air at temperatures of 350, 420 and 500 
°
C. These 1D heteronanorods are formed by ZnO 

nanorods (NRs) coated with V2O5 nanoparticles (NPs). With the rise of oxidization temperature, the 

coated V2O5 NPs are found growing and their crystallinity gradually improved. Photoluminescence (PL) 

spectra for these V2O5/ZnO samples exhibited some novel characteristics, such as the appearance of 

new emission peaks, the variation in PL intensity, and the tremendously enhanced visible emission for 

the sample of 500 
°
C. Photocatalysis investigation for all V2O5/ZnO samples showed enhanced 

photocatalytic activities compared to their single-component counterparts. Furthermore, their 

photocatalytic activities were also influenced by the oxidization temperature. The sample of 350 
°
C 

showed the highest photocatalytic activity, and gradually decreased photocatalytic activities were 

observed for other two samples. The novel PL properties and enhanced photocatalytic activities were 

attributed to the coupling between ZnO NRs and V2O5 NPs, and can be interpreted by the collective 

effect of the V-doped ZnO layer near the interface, the decreased defect concentration in V2O5 NPs, and 

the improved particle crystallinity. 

Introduction 

Hybrid materials draw a lot of attention and effort for providing 

clues to develop new materials with improved performance or 

new useful properties.1 Among them, combining different 

semiconductors at the nanoscale into a hybrid nanostructure has 

been an important research direction in the nanostructure 

synthesis. The band offset at the interface and the synergistic 

interactions between each component could strongly affect the 

final properties. As compared to their single-component 

counterparts, the properties of these heteronanostructures could 

be tuned both through composition and subtle structure control, 

often exhibiting improved properties in optoelectronics,2 

photovoltaic,3 catalysis,4 and bioengineering.5 

ZnO nanostructure is an important semiconductor with a 

direct bandgap of 3.34 eV, and the primary motivator of ZnO 

research is its great potential for a variety of practical 

applications, such as in LEDs,6 solar cells,7 nanogenerators,8 

transistors,9 sensors,10 catalysts,11 etc. In these applications, 

coupling ZnO with other compounds and forming 

heteronanostructures is a promising strategy to improve their 

physicochemical properties. For example, visible-light-driven 

photocatalytic properties have been observed in ZnO/ZnFe2O4 

core/shell nanocable arrays.12 Enhanced field emission 

performance with a large emission current has been 

demonstrated in MgO-loaded ZnO nanotetrapods.13 In the light-

emitting devices, ZnO nanostructures often exhibited two 

different emission bands including the ultraviolet emission 

(~380 nm) and the green emission (450~600 nm). How to 

control and tune the two emission bands is crucial for the actual 

application of ZnO light-emitting devices. In many literatures, a 

variety of strategies, such as doping,14, 15 thermal annealing,16-18 

plasma treatment, 19, 20 and constructing heteronanostructures,21, 

22 have been developed. Among them, constructing ZnO 

heteronanostructures has been proved to be a feasible technique 

to improve ZnO luminescence properties.23 However, the 

luminescence properties of ZnO-based heteronanostructures are 

strongly dependent on the actual synthesis environment and 

closely correlated to factors including the crystallinity, the 

coupling material properties, and the defect concentration.17 For 

example, Jin et al. reported enhanced near-band edge (NBE) 

emission in ZnO-core/SnO2-shell nanorods (NRs);23 however, 

the opposite suppressed NBE emission was also reported by 

Kuang et al. in ZnO-core/SnO2-shell nanostructures.24 

Obviously, the synthesis environment and the microstructure 

played a crucial role in the luminescence properties of ZnO-
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based heteronanostructures. Thus, selecting an appropriate 

coupling material and studying the influence of synthesis 

environment are essential for the adjustment of the final 

luminescence performance. 

V2O5, a semiconductor with a bandgap of 2.3 eV, is the 

most stable form of vanadium oxides. Previous reports have 

revealed that V2O5 showed visible photoluminescence (PL) and 

the emission intensity strongly depends on its microstructure.25-

27 In addition, enhanced visible luminescence was also 

observed in V2O5/ZnO bilayer;28 however, the opposite 

enhanced NBE emission was observed in V2O5-coated ZnO 

NRs.29 Thus, the microstructure and the synthesis parameters of 

1D V2O5/ZnO heteronanostructures should play a crucial role, 

and their influence on the final optical properties should be 

detailedly investigated. Besides photoluminescence, the 

photocatalysis property of ZnO nanostructure has also been 

actively investigated owing to its high electron mobility, 

abundant morphologies, easy synthesis, and low cost.4, 30 

However, its large bandgap (∼3.3 eV) only allows it absorbing 

UV light for the charge carrier generation, and the high 

recombination (∼90%) hinders photogenerated electron−hole 

pairs migrating from the inner to the surface, leading to a low 

photodegradation efficiency under the solar irradiation. Up to 

now, several methods, such as doping,31, 32 structure 

improvement,33, 34 and surface modification,35-37 have been 

proposed to prevent the recombination of photogenerated 

carrier pairs and extend the light-absorption range. In 1D 

V2O5/ZnO heteronanostructures, the combination of ZnO with 

V2O5 can enlarge the light absorption from UV to the visible 

region; meanwhile, the separation of photogenerated carriers is 

promoted at the interface due to the band offset, thus the 

enhanced photocatalytic activity should be expected. In this 

paper, V2O5/ZnO heteronanorods were prepared by coating 

V2O5 nanoparticles (NPs) on ZnO NRs through a CVD route 

followed by a thermal oxidization. By changing the oxidation 

temperature in the synthesis process, the crystallinity and size 

of the coated V2O5 NPs can be adjusted, and we focus on the 

effect of the particle size and their crystallinity on the final PL 

and photocatalytic properties. 

Experimental Section 

Synthesis of V2O5/ZnO heteronanorods The synthesis 

strategy for V2O5/ZnO heteronanorods is to synthesize ZnO 

NRs and then coated with V2O5 NPs. Briefly, a cleaned silicon 

(100) substrate was placed ~10 cm downstream of a quartz tube 

in a horizontal tubular furnace. Mixed ZnO power (purity 

99.99%) and graphite powder (purity 99.9%) were loaded in a 

quartz boat and placed at the center of the furnace. Then, the 

central temperature was increased to 870 °C at a rate of 10 °C 

min-1 and held 60 min under a constant N2 (purity 99.9%) flow 

of 400 sccm. After the furnace was cooled to room temperature, 

a light white ZnO layer was found being deposited on the 

substrate. Subsequently, V2O5 NPs were coated on the ZnO 

NRs using a CVD method. The silicon substrate covered with 

ZnO was located at the tube center of a CVD system. Vanadyl 

acetylacetonate (VO(acac)2) was taken as vanadium precursors 

and placed in a special evaporating chamber, where temperature 

was controlled at 200 °C. Before heating, the CVD system was 

pumped to expel oxygen in the tube, and pure nitrogen gas was 

introduced to reach the pressure of atmosphere. Then, the 

reaction chamber was heated to 500 °C. A nitrogen flow (purity 

99.9%) at a constant rate of 90 sccm was used to carry the 

precursor vapor to the reaction chamber. The reaction lasted for 

30 min, and then the system was cooled down to room 

temperature under a N2 flow, and the color of the product 

changed from light white to dark gray. After oxidizing them in 

air for 120 min, the color of the products changed from dark-

gray to yellow, and V2O5/ZnO heteronanorods were finally 

obtained. When controlling the oxidization temperature at 350, 

420, 500 and 550 °C, respectively, four different samples of 

V2O5/ZnO heteronanorods were obtained. 

Characterization The morphologies and size of the product 

were characterized by field-emission scanning electron 

microscopy (FESEM, Hitachi-S-4800) and transmission 

electron microscopy (JEOL, JEM-2100). The crystal structure 

was characterized by X-ray diffraction (XRD, Bruker D8 

Advance diffractometer using monochromatized Cu Kα 

radiation (λ = 1.5418Å). UV-visible spectra were recorded with 

a UNICO-2802 ultraviolet-visible spectrophotometer. PL 

spectra were measured on a fluorescence spectrometer 

(Edinburgh FLS920) by using a He–Cd laser (325 nm) as the 

excitation source. All measurements for the as-prepared 

samples are carried out at room temperature. 

Photocatalysis Measurement The photocatalytic activities of 

pure ZnO, V2O5 and three V2O5/ZnO samples were evaluated 

by the degradation of MB at room temperature under 

ultraviolet-visible (UV-vis) light. The maximum optical 

absorption of MB at 664 nm was used to monitor the 

concentration. The as-fabricated photocatalysts (0.03 g) were 

added to a cylindrical container containing 100 mL MB 

aqueous solution (10 mg L-1). Before irradiation, the solution 

was stirred in the dark for 30 min to ensure establishment of the 

equilibrium between adsorption and desorption. To minimize 

the heat effect, the photo reactor was fixed in a glass jacket and 

cooled by flowing water. The solution was irradiated with a 

tungsten halogen lamp (λ ≥340 nm) to trigger the photocatalytic 

reaction. After recovering the photocatalyst by centrifugation, 

the MB concentration was analyzed by a UV-vis 

spectrophotometer (UNICO 2802) every 30 minutes during the 

total irradiation time of 150 minutes. The photocatalytic 

measurements for different photocatalysts (ZnO NRs, V2O5 

NPs and different V2O5/ZnO samples) were performed in 

independent experiments. 

Results and discussion 

In the synthesis of V2O5/ZnO heteronanorods, VO(acac)2 was 

decomposed under high temperature, an intermediate of V2O5 

was coated on ZnO NRs through a CVD process, and a V2O5 

encapsulation was finally formed on ZnO surface after a 

thermal oxidization process. To investigate the effect of the  
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Fig. 1. (a) XRD patterns of bare ZnO NRs (A) and V2O5/ZnO heteronanorods 

obtained at different oxidization temperatures of 350 (B), 420 (C), 500 (D) and 

550 
°
C (E), respectively. It is noted that some impurities of ZnV2O7 and ZnV2O6 

appeared in the product of 550 
°
C. (b) The expanded view of XRD patterns for 

V2O5/ZnO heteronanorods obtained at 350 (B), 420 (C), 500 
°
C (D), respectively. 

oxidization temperature, the oxidization treatments were 

performed at temperatures of 350, 420, 500 and 550 °C, 

respectively. The purity and crystallinity of as-prepared 

products were analyzed by an X-ray diffractogram. XRD 

pattern for bare ZnO NRs in Fig. 1a (curve A) shows only 

peaks indexed to wurtzite ZnO (JCPDS 36-1451) with lattice 

constants of a = 11.516 Å, b = 3.566 Å, c = 4.373 Å. No peaks 

of any other phases or impurities were detected in the spectra, 

revealing the high phase purity of ZnO NRs. For V2O5/ZnO 

heteronanorods obtained at 350 °C, the XRD pattern (curve B, 

Fig. 1a) verified there was a new phase in addition to wurtzite 

ZnO, which could be indexed to orthorhombic V2O5 (JCPDS 

41-1426). When the oxidization temperature was adjusted to 

420 °C and 500 °C, no characteristic peak of other phases or 

impurities was detected except XRD peaks indexed to V2O5 

and ZnO, confirming the components of the V2O5 and ZnO in 

binary V2O5/ZnO heteronanorods. Furthermore, the diffraction 

intensity for V2O5 peaks increased gradually with the 

oxidization temperature, meanwhile, the corresponding FWHM 

(full width at half maximum) narrowed gradually (Fig. 1b). 

Generally, the increasing of peak intensity and the narrowing of 

FWHM can be attributed to the crystallinity improvement and 

the grain size enlargement, thus the crystallinity and size of the 

coated V2O5 NPs can be tuned by adjusting the oxidization 

temperature. When the oxidization temperature was increased 

to 550 °C, the XRD pattern of the product showed some extra 

sharp peaks related to Zn2V2O7 and ZnV2O6 (curve E, Fig. 1a). 

Thus, the phase changes in products are quite sensitive to the 

oxidization temperature. To obtain pure V2O5/ZnO 

heteronanorods, the oxidization temperature should be 

controlled in an appropriate range during the oxidization 

process.   

Fig. 2a shows a typical SEM image of bare ZnO NRs 

synthesized by a thermal evaporation method. It can be seen 

that the product is composed of a large quantity of 1D rod-like 

ZnO nanostructures with good quality and smooth surface. The 

lengths of them are from 2 to 10 µm, and their diameters range 

from 100 to 200 nm (see the inset of Fig. 2a). After a coating 

process followed by an oxidization treatment at 350 ◦C, V2O5  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. (a) The SEM image of bare ZnO NRs obtained by a thermal evaporation 

method. SEM (b), and TEM (c) images of V2O5/ZnO heteronanorods oxidized at 

350 
◦
C. (d) Enlarged TEM image of the coated V2O5 NPs. Upper inset: High-

resolution TEM image of a single V2O5 NPs. Lower inset: the fast Fourier 

transform (FFT) patterns corresponding to the white square region of the upper 

inset. 

NPs were coated on the ZnO surface, forming V2O5/ZnO 

heteronanorods. As shown in Fig. 2b, these V2O5/ZnO 

heteronanorods still retain the initial 1D structure of ZnO NRs. 

However, rough surface of them can be clearly seen (Fig.2b), 

and their diameters also increased remarkably from ~100-200 

nm to ~400 nm, confirming V2O5 NPs being coated on ZnO 

NRs. Fig. 2c shows a low-magnification TEM image of a single 

V2O5/ZnO heteronanorod, where the ZnO core has a diameter 

of ~200 nm and the thickness of V2O5 shell is ~80-120 nm. In 

the corresponding selected area electron-diffraction (SAED) 

shown in the inset of Fig. 2c, two sets of diffraction patterns are 

observed, the bright and clear diffraction spots belong to the 

single crystal ZnO NR, and the regular polycrystalline rings can 

be attribute to the loaded V2O5 NPs. The enlarged TEM image 

for the shell (Fig. 2d) indicates that the polycrystalline V2O5 

shell is composed of V2O5 NPs with size less than 20 nm. The 

corresponding HRTEM image (upper inset, Fig. 2d) for the 

region marked in red square shows a nanoparticle with regular 

spacing of 0.28 nm, which is accordance with the interplanar 

distance of (301) plane of V2O5. The well-resolved fringes and 

the corresponding FFT patterns (lower inset of Fig. 2d) confirm 

the single crystallinity of the V2O5 particles. 

As the oxidization temperature increased to 420 °C and 

500 °C, respectively, other two V2O5/ZnO samples were 

obtained. As shown in Fig. 3a and 3b, morphologies of the two 

samples are found to be quite different from the sample of 

350 °C. Although both of them have similar 1D rod-like 

nanostructures as the sample of 350 °C, it is found that the 

surface roughness of them increases remarkably. Due to the 

Ostwald ripening process, the coated V2O5 NPs grew larger 

with the risen oxidization temperature (Fig. 3c and 3d), leading 

to the increasing surface roughness. As shown in Fig. 3e and 3f, 

the particle size of coated V2O5 NPs at 350 °C is less than 20  

(b) (a) (a) (b) 

(c) (d) 
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Fig. 3. SEM images for V2O5/ZnO heteronanorods of (a) 420 

°
C and (b) 500 

°
C. 

TEM images for V2O5/ZnO heteronanorods of (c) 420 
°
C and (d) 500 

°
C. Enlarged 

TEM images for coated V2O5 NPs in V2O5/ZnO heteronanorods of (e) 420 
°
C and (f) 

500 
°
C. Upper insets in (e) and (f): the high-resolution TEM images for V2O5 NPs 

marked by red squares. Lower insets in (e) and (f): the corresponding FFT 

patterns for the white square regions in the upper insets. 

nm (Fig. 2d); however, the value increased to ~40-70 nm (Fig. 

3e) and then grew larger than 100 nm (Fig. 3f) when the 

temperature increased to 420 °C and then to 500 °C. The 

HRTEM images for the coated V2O5 NPs are shown in upper 

insets of Fig. 3e and 3f, corresponding to the sample of 420 °C 

and 500 °C, respectively. In them, the lattice fringes are 

observed much clearer than that in Fig. 2d, illustrating the 

crystallinity improvement of coated V2O5 NPs, in good 

agreement with the XRD results (Fig. 1a and 1b). Clear lattice 

fringes in HRTEM images (upper insets, Fig. 3e and 3f) and 

their corresponding FFT pattern (lower insets, Fig. 3e and 3f) 

reveal the single crystal of the V2O5 NPs, and the lattice 

spacing of 0.28 nm and 0.20 nm corresponds to d spacing of 

(301) and (202) planes, respectively. 

PL spectra for different V2O5/ZnO heteronanorods of 350, 

420, 500 and 550 °C are shown in Fig. 4a. For comparison, pure 

V2O5 NPs and bare ZnO NRs are also employed and their PL 

spectra are figured in Fig. 4a. Here, pure V2O5 NPs were 

successfully synthesized by depositing the intermediate on a 

silicon substrate and oxidizing them at 500 °C. As shown in Fig. 

4a, pure V2O5 sample shows a broad visible light emission 

centered at 543 nm, consistent with the reported bandgap of 

crystal V2O5 of 2.3 eV. Bare ZnO NRs exhibit a narrow UV 

light emission with a peak at 381 nm and a broad green 

emission with a peak at 510 nm. The UV emission band was  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. (a) Room-temperature PL spectra for different V2O5/ZnO heteronanorods 

obtained at temperatures of 350, 420, 500 and 550 
°
C, respectively. For 

comparison, the PL spectra of the pure V2O5 and bare ZnO NRs were also figured. 

(b-e) Fitting ultraviolet PL spectra (360-420 nm) for different V2O5/ZnO 

heteronanorods obtained at temperatures of 350, 420, 500 and 550 
°
C, 

respectively. 

due to the near-band-edge (NBE) transition, and the green 

emission originated from defect emissions in the ZnO crystals. 

After coating V2O5 NPs on ZnO NRs, quite different PL spectra 

were observed as shown in Fig. 4a, and their PL spectra are 

noted being strongly influenced by the oxidization temperature. 

Compared to bare ZnO NRs, the green emission peaks for all 

V2O5/ZnO samples exhibit a significant redshift as shown in 

Fig. 4a. The peak redshift should be caused by the visible 

emission of V2O5 due to its relative narrow bandgap (2.3 eV). 

In addition, another conspicuous difference of new peak 

appearance was observed in the region from 350 nm to 420 nm. 

Unlike only one UV emission peak of bare ZnO NRs, PL 

spectra for all V2O5/ZnO samples show several emission peaks 

in the near UV region (Fig. 4a). The Gaussian multiple fitted 

curves for these peaks are figured in Fig. 4b-e, showing three 

emission peaks located at 381, 389 and 401 nm, respectively. 

The emission peak at 381 nm is attributed to the NBE emission 

of ZnO; however, the neighbor peaks at 389 and 401 nm cannot 

be attributed to ZnO, and does not appear in the PL signals of 

the pure V2O5 tested before. In previous studies about V-doped 

(a) 

(c) (d) 

(e) (f) 

(b) (a) 

(c) (b) 

(d) (e) 
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ZnO films, PL emission peaks at 3.217 eV (~389 nm) and 3.13 

eV (~401 nm) have been reported.38, 39 In our V2O5/ZnO 

heteronanorods, some V atoms at the interface may diffuse into 

the ZnO core through a high-temperature oxidization process, 

and a thin V-doped ZnO layer should be formed at the interface 

of V2O5/ZnO. Thus, the appearance of new extra PL peaks 

should be closely correlated to the dopant of vanadium. The 

emission peak at 389 nm is attributed to the radiative 

recombination of the donor-acceptor pair, according to the 

interpretation of Singh et al..38 The emission peak at 401 nm is 

attributed to the deep level emission introduced by the V 

impurity.  

In addition, the PL intensity of V2O5/ZnO heteronanorods is 

noted to be strongly influenced by the oxidization temperature. 

V2O5/ZnO heteronanorods obtained at 350 °C showed a 

weakened PL emission intensity compared to bare ZnO NRs. 

Considering the coated V2O5 NPs, the weakened PL spectra 

should be closely related to these V2O5 NPs. In V2O5/ZnO 

heteronanorods of 350 °C, the size of coated V2O5 NPs is 

smaller than 20 nm, their crystallinity is the lowest (Fig. 1 and 

Fig. 2d), and thus the defect concentration in V2O5 NPs should 

be the highest. Furthermore, the staggered band offset at 

V2O5/ZnO interface can promote the separation of 

photogenerated carrier pairs. As irradiated by a laser, a part of 

photogenerated carries is separated at the interface, leading to a 

decreased recombination rate. Although other carrier pairs will 

recombine to excite photons from the ZnO core, these excited 

photons will be captured immediately by defects of V2O5 NPs. 

Therefore, a weakened PL intensity was observed and 

attributed to the interface carrier separation and the defect-

related photon absorption. When raising the oxidization 

temperature to 420 °C, the PL emission intensity is observed 

enhanced to some extent. The raised temperature will promote 

V2O5 NPs growing larger (Fig. 3e), improve their crystalline 

quality, and lower the defect concentration; thus, the PL 

emission intensity was observed enhanced. When the 

oxidization temperature was further increased to 500 °C, the 

obtained V2O5/ZnO heteronanorods showed a tremendous 

enhancement of visible light emission, exhibiting an ~8.1 times 

and 3.5 times emission intensity compared with the sample of 

420 °C and 500 °C, respectively; whereas, the PL peak intensity 

in near UV region was noted to be weakened compared to the 

sample of 420 °C. It is understandable that the enhancement of 

green light emission is partially due to the improved 

crystallinity of V2O5 NPs, while the weakened UV emission 

cannot be interpreted by this. Here, the ZnO core may play 

another important role in the enhanced green emission and the 

depressed near-UV emission. Actually, in the PL testing 

process, the external laser source excites the V2O5 NPs and 

ZnO NRs simultaneously. Then, the ZnO core and the V-doped 

ZnO layer at interface will emit UV light around 381, 389 and 

401 nm, and V2O5 NPs will mainly emit visible light (2.3 eV of 

bandgap). Because the ZnO NRs were coated by V2O5 NPs, the 

emitted UV light will be absorbed by V2O5 NPs and excite 

V2O5 NPs nearly at the same time. Thus, two exciting channels 

for V2O5 NPs are formed, one is the external laser source, and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 5. UV−vis absorpDon spectra of bare ZnO NRs and V2O5/ZnO heteronanorods 

of 350, 420 and 500 
°
C, respectively. 

the other is the UV light from the ZnO core and V-doped ZnO 

layer. Due to the resonant excitation, the PL spectrum for 

V2O5/ZnO heteronanorods of 500 °C shows a tremendous 

enhancement of visible light emission, meanwhile, the UV 

emission peaks were suppressed due to the absorption. For 

V2O5/ZnO heteronanorods obtained at 550 °C, both the UV 

emission and the visible emission are observed weakened to 

some extent, which can be attributed to the impurity appearance 

of Zn2V2O7 and ZnV2O6.  

To evaluate the photocatalytic activities, V2O5/ZnO 

heteronanorods of 350, 420 and 500 °C are selected, and their 

UV−vis absorption spectra are firstly measured and shown in 

Fig. 5. For comparison, bare ZnO NRs are also employed, but 

V2O5/ZnO heteronanorods of 550 °C are eliminated because of 

impurities of Zn2V2O7 and ZnV2O6 existing in them. As shown 

in Fig. 5, bare ZnO NRs shows a sharp NBE absorption edge at 

∼380 nm due to the bandgap of 3.3 eV. After coating V2O5 NPs 

on ZnO NRs, the absorption edge becomes ambiguous 

compared to that of bare ZnO NRs. The average absorption for 

UV light weakens slightly, whereas the absorption in the visible 

range strengthens greatly, indicating their potential for the 

photocatalytic application with visible light. Bare ZnO NRs, 

pure V2O5 NPs, and three different V2O5/ZnO heteronanorods 

(350, 420 and 500 °C) are used as photocatalysts and compared 

each other. Their photocatalytic activities are evaluated in the 

photodegradation of MB dye in water under UV−vis light 

irradiation. The characteristic absorption of MB at 664 nm was 

used to monitor the photocatalytic degradation process. The 

dependencies of the degradation efficiency on irradiation time 

for the samples are presented in Fig. 6a. The degradation 

efficiency is defined as C/C0, where C is the remaining 

concentration of the MB solution, and C0 refers to the MB 

concentration after the equilibrium establishment between 

adsorption and desorption by stirring in the dark for 30 min. 

After adding either ZnO NRs or V2O5 NPs into the MB solution 

and keeping the solution in the dark for 30 min, a small 

decrease in concentration was observed due to the adsorption of 

MB molecules onto the photocatalyst surface. When binary  
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Fig. 6. (a) The decrease (C/C0) and (b) logarithm (Ln(C0/C)) of the normalized 

concentrations vs. irradiation time for the MB solution containing different 

photocatalysts: S1, bare ZnO NRs; S2, pure V2O5 NPs; S3, V2O5/ZnO 

heteronanorods of 350 
°
C; S4, V2O5/ZnO heteronanorods of 420 

°
C; S5, V2O5/ZnO 

heteronanorods of 
°
C. The dashed lines in (b) are the linear fitting results 

corresponding to different photocatalysts, respectively. 

V2O5/ZnO heteronanorods were added into MB solution, 

dramatic decreases in the MB concentration were observed, 

showing enhanced adsorption abilities which are beneficial in 

improving photocatalytic performance. In three different 

V2O5/ZnO heteronanorods, the sample of 350 °C exhibits the 

highest adsorption ability as shown in Fig. 6a (S5). Because of 

the minimum V2O5 particle size and the lowest crystallinity, 

large defects exist on the surface of V2O5 NPs and act as 

adsorption sites, leading to the highest adsorption ability. Under 

the UV-vis light irradiation for 150 min, all V2O5/ZnO samples 

showed improved photocatalytic activities in comparison with 

either ZnO NRs or V2O5 NPs, illustrating a feasible way that 

constructing binary V2O5/ZnO heteronanorods to enhance the 

photocatalytic activity. Furthermore, it is noted that the 

oxidization temperature in the synthesis process also play an 

important role in the finial photocatalytic activity. As shown in 

Fig. 6a, the photocatalytic activity for different V2O5/ZnO 

heteronanorods decreases gradually with the risen oxidization 

temperature. V2O5/ZnO heteronanorods of 350 °C show the 

strongest photocatalytic activity and the photocatalytic activity 

for the sample of 500 °C is the lowest. After photocatalytic 

reaction for 150 min, the degradation efficiencies of three 

V2O5/ZnO samples were calculated to be ∼60%, ∼46.5%, and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7. Cycling runs in the photodegradation of MB in the presence of the 

V2O5/ZnO sample of 350 
°
C under UV-vis light irradiation. 

∼30.6%, corresponding to 350, 420 and 500 °C, respectively. 

The degradation efficiencies for ZnO NRs and V2O5 NPs were 

also calculated to be ∼8.3% and ∼19.8%, respectively. Fig. 5b 

shows the logarithm of the normalized concentrations 

(Ln(C0/C)) as a function of irradiation time for the MB solution 

in the presence of photocatalysts. The linear fitting indicates 

that MB photodegradation followed pseudo-first-order kinetics. 

According to the Langmuir–Hinshelwood model, the linear 

relationship can be described as Ln(C0/C)=kt + A, where k is 

the apparent rate constant of the degradation, C0 and C are the 

concentrations of MB at initial and at a certain irradiation time t, 

respectively. Thus, the constant photodegradation rates, k, are 

calculated and included in Fig. 6b. The photodegradation rate 

for bare ZnO NRs and pure V2O5 NPs was calculated to be 

0.000526 and 0.00146 min−1, respectively. Clearly, the loss of 

MB over V2O5/ZnO heteronanorods was faster than their 

individual single-component counterparts. In a series of 

V2O5/ZnO samples, the sample of 350 °C showed the highest 

photodegradation rate of 0.00593 min−1, and the rate decreased 

to 0.00405 and 0.00241 min−1, when the oxidization 

temperature was increased to 420 °C and 500 °C, respectively. 

In addition, the MB solution without photocatalyst didn’t show 

any appreciable degradation after 150 min of irradiation (curve 

S0, black line in Fig. 6a). Therefore, it is concluded that the 

enhanced photodegradation activity indeed originates from the 

heteronanostructure formation and strongly depends on the 

microstructure of V2O5 NPs. 

   For a photocatalyst to be useful, it should be stable under 

repeated application. To evaluate the stability and reusability of 

V2O5/ZnO heteronanorods, the sample of 350 °C was chosen 

and additional experiments cycled for four times were carried 

out to degrade MB dye under UV−vis light irradiation. As 

shown in Fig. 7, V2O5/ZnO heteronanorods obtained at 350 °C 

showed a slight decline after four cycles of experimental tests: 

∼53.0% of the original MB was degraded after the fourth run, 

whereas the extent of degradation was 60.0% for the first run, 

confirming the stability of our V2O5/ZnO heteronanorods 

during the photocatalytic process. 

(b) 

(a) 
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Fig. 8. Schematic diagram of the band configuration and charge-carrier transfer 

processes in V2O5/ZnO heteronanorods. 

The photocatalysis result demonstrated very poor 

photodegradation ability for bare ZnO NRs and pure V2O5 NPs. 

However, V2O5/ZnO heteronanorods displayed a clear 

improvement of the photodegradation ability. Furthermore, it is 

noted that the oxidization temperature also plays an important 

role in the final photodegradation ability. For binary V2O5/ZnO 

samples, the improved photocatalytic activity and the 

temperature influence can be understood as described below. 

Only UV light can excite electron−hole pairs from bare ZnO 

NRs, and the recombination rate for either ZnO NRs or V2O5 

NPs is too high, so the photodegradation efficiency of single-

component photocatalysts is very poor. For V2O5/ZnO 

heteronanorods, the schematic diagram for the band 

configuration is shown in Fig. 8, where a V-doped ZnO layer is 

formed near the interface as revealed in the PL spectra (Fig. 4). 

It is well known that the Fermi level for two different 

components will equilibrate when they encounter each other. 

Clearly, different components of ZnO, V-doped ZnO, and V2O5 

have essentially the same Fermi energy level at the interface, 

the doped V atoms provide some deep levels near the interface, 

and a staggered band offset is formed there. The equilibrium 

alignment of the Fermi level creates a built-in electric field in 

the space charge region near the ZnO/V2O5 interface. When 

V2O5/ZnO heteronanorods were irradiated with UV-vis light, 

electrons in V2O5 and ZnO are excited by visible and UV light, 

respectively. Because the conduction and valence bands of 

V2O5 lie below the energy band of ZnO (Fig. 8), 

photogenerated electrons with energy higher than the built-in 

field can easily cross the interface and transfer from ZnO to 

V2O5. Likewise, the holes excited from V2O5 can easily cross 

the interface and transfer to the valence band of ZnO. Moreover, 

deep levels provided by the doped V atoms can also decrease 

the built-in field near the interface, provide a stair for electron 

transfer from ZnO to V2O5, and ultimately, promote the 

separation of photogenerated carriers. Thus, elevated 

photocatalytic abilities are obtained in V2O5/ZnO 

heteronanorods. Moreover, the influence of the oxidization 

temperature can also be interpreted by changes in the size and 

the crystallinity of coated V2O5 NPs. When the oxidization 

temperature was set at 350 °C, the coated V2O5 NPs showed a 

particle size smaller than 20 nm, and their crystallinity is 

relatively low. The small particle size less than 20 nm not only 

increased the contact area between V2O5 NPs and the MB 

solution, but also shortens the transfer distance for 

photogenerated electrons emigrating from the inner to the 

surface. In the photochemical reaction, the photogenerated 

carrier pairs are separated at V2O5/ZnO interface. These 

separated electrons are injected into V2O5 NPs, emigrate to the 

particle surface, and ultimately, react with MB molecules. The 

relative low crystallinity of V2O5 NPs leads to a high defect 

concentration. As shown in the TEM image of Fig. 2d, the 

coated V2O5 NPs are single crystallinity; thus, the defects 

should be mainly on the surface not in the bulk. These surface 

defects acts as reaction sites, where the moving electrons can be 

easily captured and react with adsorbed MB molecules, so the 

photochemical reaction is accelerated and the elevated 

photocatalytic activity was obtained. When the oxidization 

temperature increased to 420 °C and then to 500 °C, V2O5 NPs 

grew bigger and bigger, meanwhile, the crystallinity was 

improved gradually. Thus, the defect concentration is lowered, 

and the emigration distance for photogenerated electrons 

moving to the surface is prolonged, resulting in the gradually 

decreased photocatalytic activity.  

Conclusions 

In summary, V2O5/ZnO heteronanorods were prepared via a 

coating process followed by a thermal oxidization. XRD, SEM 

and TEM analyses revealed that the interior ZnO cores were 

coated by a large quantity of V2O5 NPs. When the oxidization 

temperature was increased from 350 °C to 420 °C and then to 

500 °C, three different V2O5/ZnO heteronanorods were 

obtained. In them, coated V2O5 NPs were observed growing 

with the oxidization temperature; meanwhile, their crystallinity 

was improved gradually. PL and photocatalysis investigation 

indicates that coating V2O5 NPs on ZnO NRs can remarkably 

change the PL signals and the photocatalytic activity. New 

extra PL emission peaks located at 389 and 401 nm were 

observed, the PL intensity strongly depended on the oxidization 

temperature, and the sample of 500 °C exhibited a tremendously 

enhanced visible emission. In addition, these binary V2O5/ZnO 

samples showed remarkably enhanced photocatalytic activities 

compared to bare ZnO NRs and pure V2O5 NPs. Moreover, 

their photocatalytic activities are found strongly depending on 

the oxidization temperature, the sample of 350 °C showed the 

highest photocatalytic activity, and activities for the other two 

samples decreased gradually with the oxidization temperature. 

The appearance of extra PL peaks, the variation in PL intensity, 

and different photocatalytic activities can be interpreted by the 

V-doped ZnO layer formed at interface, the decreased defect 

concentration in V2O5 NPs, and the improvement of the particle 

crystallinity. 
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