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Hierarchical growth of ZnO nanorods over SnO2 seed layer: 

Insights into electronic properties from photocatalytic activity  
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The use of nanostructured heterojunctions has been a promising option for hindering the charge recombination and thus 

enhancing the photocatalytic performance of catalysts. Here we present a simple strategy to hierarchically grow 

heterostructures using a hydrothermal treatment route. A buffer SnO2 film was produced by a sol-gel derived method, 

resulting in a film of approximately 100 nm composed of 5-10 nm nanoparticles. X-ray diffraction and scanning electron 

microscopy revealed preferential growth of the nanorod-like structures along the c-axis perpendicular to the SnO2 film, 

with an average nanorod diameter and length of approximately 160 nm and 1.5 µm, respectively. The photoluminescence 

spectra of ZnO−SnO2 revealed a reduction in UV emission compared to individual ZnO nanorods, indicating that the 

recombination of the photogenerated carriers was inhibited in the heterojunction. This behavior was confirmed by 

evaluating the photocatalytic performance of such films against methylene blue degradation, showing that the as-

prepared ZnO−SnO2 heterojunction was superior to the individual semiconductors, ZnO and SnO2.

1. Introduction 

Metal oxide semiconductors (MOS) have attracted 

considerable interest from many researchers due to their 

unique properties that allow numerous technological 

applications such as in gas sensor devices,
1–3

 dye-sensitized 

solar cells,
4–6

 and photocatalysis.
7–12

 In past decades, 

photocatalysis technology has attracted considerable interest 

for solving environmental problems, especially for the removal 

of contaminants in water and air.
7,8,13

 

Despite the potential application of MOS to the 

photodegradation of non-biodegradable pollutants, the high 

electron-hole (e
-
/h

+
) recombination rates impair the 

photocatalytic reaction efficiency.
14–17

 Therefore, great efforts 

have been made to further improve the performance of MOS, 

for example, the coupling or creation of junctions between 

semiconductors (homo and/or heterojunctions) has been a 

promising option for hindering the charge recombination and 

thus enhancing the photocatalytic performance. Indeed, 

several articles have demonstrated the great technological 

potential of the different heterostructured compounds, for 

example, Fe3O4−WO3,
18

 TiO2−V2O5,
19

 TiO2−SnO2, 
20

 

TiO2−WO3,
21

 ZnO−CuO,
22

 and ZnO−SnO2.
13,15,23–25

 

ZnO and SnO2 are important n-type semiconductors (Egap= 

3.37 eV and 3.6 eV, respectively at 300 K) that have attracted 

considerable interest in diverse applications.
3,26–29

 The 

literature has reported that the junction of these 

semiconductors, forming a suitable type-II heterostructure, 

can further enhance their properties mainly due to the 

efficient charge separation.
13,23,25,30

 

Recently, Park and co-workers synthesized SnO2-core/ZnO-

shell nanowires through a two-step process consisting of a 

thermal evaporation followed by an atomic layer deposition.
25

 

A remarkably improvement of the UV-activated gas-sensing 

properties towards different NO2 gas concentrations was 

reported.
25

 Additionally, using a two-step procedure and 

through thermal evaporation, Huang and co-workers 

decorated ZnO nanorods with SnO2 nanoparticles obtaining an 

improvement in photocatalytic activity for rhodamine B 

oxidation in comparison to pure ZnO nanorods, which was 

attributed to heterojunction formation.
23

 

Thus far, the majority of the photocatalysis applied for the 

removal of contaminants in water have been in powder form. 

However, the difficulties in the recovery and reuse of these 

photocatalysts has discouraged their application in water 

purification systems.
31,32

 For this reason, the use of 

photocatalysts based on thick and/or thin film forms has been 

encouraged.
31,33–36

  

Physical and/or chemical methods have been employed for 

the synthesis of various heterostructures.
6,13,14,23,25,37

 Among 

these methods, the hydrothermal approach can be considered 

a simple and versatile methodology to obtain various 
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compounds in the forms of ceramic powders and/or 

films.
3,10,38–41

 Its main advantages include simple manipulation, 

low energy consumption, good reproducibility, and easy 

control and/or design of microstructural properties. 
3,11,41,42

 

We report here on the crystal engineering processes for 

obtaining ZnO-SnO2 heterojunctions via hydrothermal method, 

while studying the relationship between their morphological 

and photocatalytic properties. X-ray diffraction, scanning 

electron microscopy, and high-resolution transmission 

electron microscopy were applied to investigate the formation 

of the ZnO rod-like structures over a SnO2 thin film. To gain 

information about the surface and electronic properties, 

photoluminescence and X-ray photoelectron spectroscopy 

were also performed, respectively. The photocatalytic activity 

was monitored using methylene blue (MB) dye under UV light 

activation. 

2. Experimental Section 

2.1. Preparation of ZnO-SnO2 heterojunction 

The growth of ZnO nanorod-like structures on SnO2 

nanoparticles was accomplished using the hydrothermal 

treatment method. The preparation process of the hierarchical 

ZnO rod-like structures is detailed below. To grow ZnO rod-like 

structures on a nanostructured SnO2 thin film, zinc nitrate 

[(Zn(NO3)2 6H2O, Aldrich, > 99%] and hexamethylenetetramine 

(C6H12N4, HMTA, Aldrich, > 99%) were dissolved in deionized 

water under vigorous stirring at room temperature. Then, the 

SnO2 seed layer was immersed in the solution with the SnO2 

layer (i.e., thin film) facing down. The details of the synthesis 

and the deposition procedure of nanostructured SnO2 thin 

films may be found in the electronic supplementary 

information (ESI). The ZnO nanorods were hydrothermally 

grown by holding the screw-capped bottle in a furnace for 4 

hours at 110 
o
C with a heating rate of 10 

o
C.min

-1
. At the end 

of the hydrothermal treatment, the samples were removed 

from the solution, thoroughly washed several times with 

deionized water and isopropyl alcohol to remove loosely 

adherent white powder that had precipitated during the 

deposition, and dried overnight at 80 
o
C. To compare the 

photoluminescent and photocatalytic properties, we also 

prepared ZnO nanorods over a ZnO thin film (labeled as 

ZnO−ZnO) following the procedure described in Ref. 3. 

 

2.2. Materials characterization 

XRD patterns were determined using a Rigaku diffractometer 

(model ULTIMA IV) operating in Bragg configuration using a 

CuKα radiation source. The data were collected in the 2θ= 20 − 

60 
o
 range, with a 0.02 

o
 step at a 2 

o 
min

-1
 scanning speed. The 

morphological properties of the SnO2 (seed layer) and 

ZnO−SnO2 films were analyzed using a field emission scanning 

electron microscope (FESEM, Zeiss Supra35 and JEOL JSM-

6701F) operating at 10 kV. The average nanorod size was 

estimated by measuring 150 particles from the FESEM 

micrographs. The samples were also studied by the SEM 

analysis of the as-prepared films perpendicular to the c-axis of 

the ZnO nanorods. Transmission electron microscopy (TEM) 

was performed using a JEOL JEM 2100F operating at 200 kV. 

The sample was prepared for TEM analysis using a scraping 

method in which the ZnO nanorods were removed from the 

SnO2 layer, dispersed, and dropped on a copper grid covered 

with a thin layer of carbon. Photoluminescence spectra were 

collected using a Thermal Jarrel-Ash Monospec 27 

monochromator and a Hamamatsu R446 photomultiplier 

linked with a data acquisition system consisting of a SR-530 

lock-in controlled by microcomputer. The samples were 

excited by 325 nm wavelength light from a krypton ion laser 

(Coherent Innova) and the nominal output power of the laser 

was kept at 200 mW. The monochromator slit width used was 

200 µm. All measurements were collected at room 

temperature. X-ray photoelectron spectroscopy (XPS) was 

performed on a Thermo Scientific K-Alpha spectrometer using 

a monochromatic Al Kα X-ray source. The spectra were peak 

fitted using the Casa XPS software, and all binding energies 

were given with reference to the C 1s signal (284.9 eV) arising 

from the surface hydrocarbons. 

 

2.3. Photocatalytic activity experiments 

The catalytic performance of the photocatalysts was probed by 

methylene blue (MB) dye oxidation under UV light. 

Rectangular samples of SnO2, ZnO−ZnO, and ZnO−SnO2 (area= 

57.72(5) mm
2
) films were immersed in 10 mL of an aqueous 

MB dye solution, 10 mg.L
-1

. Atomic force microscopy (AFM, 

Veeco, NanoScope V, tapping mode) was performed to 

determine the Rrms (root-mean-square) roughness of the 

samples, and the values obtained were 3.5 nm (SnO2), 350.0 

nm (ZnO−ZnO), and 230.0 nm (ZnO−SnO2). AFM images of the 

photocatalyst samples are shown in Figure S1. The solution 

containing the photocatalysts as rectangular films was placed 

in a photo-reactor at controlled temperature (20 °C) and 

illuminated by six UV lamps (TUV Philips, 15 W, and maximum 

intensity at 254 nm) with an optical irradiance of 

approximately 35 mW cm
-2

. The color removal of the MB dye 

solutions was monitored by its absorption maximum at 665 

nm using an UV–VIS spectrophotometer (Shimadzu-UV-1601 

PC spectrophotometer) at different times of light exposure. To 

test the direct UV-photolysis of the dye, blank experiments 

were performed using a MB dye solution without any catalyst. 

Before the experiments, the suspensions were left in darkness 

for 30 min to establish the adsorption-desorption equilibrium 

of the dyes on the catalyst surface. However, it was observed 

that color removal through the adsorption process could be 

neglected. 

3. Results and discussion 

Figure 1 shows the X-ray diffraction (XRD) patterns of a 

nanostructured SnO2 thin film and the ZnO nanorods grown on 

the SnO2 seed layer (Figure 1a). All diffraction peaks were 

indexed as a hexagonal wurtzite structure of ZnO with the 

P63mc space group and silicon, according to Joint Committee 

on Powder Diffraction Standards (JCPDS) file 36-1451. The 
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broader peaks were attributed to a tetragonal SnO2 phase 

(JCPDS file 41-1445). No additional peaks related to 

undesirable phases were observed. Furthermore, it can be 

observed that the intensity of the (002) peak is higher than the 

other peaks, suggesting a preferential orientation of the 

nanorods along the c-axis.
3
 

FESEM images of hierarchical ZnO nanorod arrays on a 

SnO2 thin film are illustrated in Figure 1b. These images 

confirmed the preferential crystal growth along the [001] 

direction and revealed a high density of arrays of hexagonal 

ZnO rods over the nanostructured SnO2 layer. The average 

diameter and length of the rods were approximately 160 nm 

and 1.5 µm, respectively. 

In past years, the growth process of hierarchical ZnO rod-

like structures via hydrothermal treatment method has been 

extensively studied.
27,43–48

 Feng and co-workers reported that 

the crystal growth process of these arrays of oriented rod-like 

structures is based on the dissolution-crystallization of ZnO 

crystalline grains.
44

 Additionally, the presence of a nucleation 

seed is essential for the growth process of these nanorods.
47–49

 

In this way, the crystal growth process of the nanorods 

consists of the nucleation and crystallization of ZnO crystals, 

followed by their preferential growth along the c-axis, induced 

by the seed layer,
44

 as seen in Figure 1. 

 

 

Fig. 1 ZnO nanorods grown on a SnO2 thin film (ZnO−SnO2) at 110 
o
C 

via the hydrothermal treatment method. (a) X-ray diffraction patterns 

of ZnO−SnO2 and SnO2 thin films used as seed layers (inset shows a 

detail region of its pattern) (b). FESEM micrographs of a ZnO−SnO2 

sample. 

 

Figure 2 shows cross-sectional FESEM images of the 

hierarchical ZnO rod-like structures grown on a SnO2 thin film. 

It is important to note that the FESEM images show that the 

ZnO nanorods are not vertically well aligned, unlikely grown 

over a ZnO seed layer (Figure S2a) and extensively investigated 

in the literature. 
27,43

 This fact is likely related to the different 

surface energy of the SnO2 layer, which affects the formation 

of the nucleation sites and consequently the crystal growth of 

the ZnO nanorods. When the hydrothermal treatment was 

performed over a silicon substrate without a seed layer, the 

arrays of oriented nanorods were not formed (Figure S2b) due 

to the absence of nucleation sites.
49

 

Figure 2b displays an expanded image from region A 

(depicted in Figure 2a) that confirms the presence of the SnO2 

thin film with a thickness of approximately 100 nm. Figures 2c 

– 2d show an individual ZnO rod, and it is possible to observe 

the presence of SnO2 nanoparticles recovered at its base. This 

result confirms the formation of ZnO nanorods from the SnO2 

seed layer, showing the characteristics of the interface 

between the materials, which are very important because such 

characteristics of nanostructure interfaces are considered a 

challenge in the development of new and efficient 

heterostructures.
17,50

 Scheme 1 illustrates of the ZnO nanorod 

crystal growth over different seed layers via the hydrothermal 

method. 

 

 

Fig. 2 FESEM analyses of a ZnO−SnO2 sample. (a) – (d) Cross-sectional 

images of the hierarchical ZnO nanorods grown on a SnO2 thin film. 

Scheme 1 Schematic illustration of the crystal growth process of the 

ZnO nanorods on different seed layers: ZnO (ZnO−ZnO), and SnO2 

(ZnO−SnO2). 
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Similarly, the TEM images confirm the presence of 

nanoparticles at the base of ZnO nanorods, as shown in Figure 

3a. Indeed, HRTEM and the Fast Fourier Transform (FFT) of 

individual ZnO nanorods (Figure 3b and 3c, respectively) 

clearly indicate a single crystalline nature of the as-synthesized 

ZnO nanorods, with preferential growth along the [001] 

direction. HRTEM and the corresponding FFT were also 

performed for the SnO2 nanoparticles observed on ZnO 

nanorods (Figure 3d and 3e, respectively). The FFT image 

corresponding to nanoparticles observed in Figure 3d could be 

indexed to a tetragonal SnO2 crystalline phase, which is in 

good agreement with the XRD results. 

 

 

 

Fig. 3 TEM images of single ZnO-SnO2 sample: (a) bright-field TEM 

image of a single ZnO nanorod containing SnO2 nanoparticles; (b) 

HRTEM images of a single ZnO nanorod; (c) FFT image corresponding 

to image illustrated in (b); (d) HRTEM images of SnO2 nanoparticles 

attached to ZnO nanorods; (e) FFT image corresponding to image 

illustrated in (c). 

 

The surface structure of the ZnO nanorods grown over the 

SnO2 film was investigated by XPS, and the experimental 

results are shown in Figure 4. The analysis of the surveyed XPS 

spectrum (Figure 4a) indicated the presence of the elements C, 

Zn, and O, where any contamination was observed. The 

absence of peaks related to Sn in the XPS spectrum can be 

attributed to the high ZnO nanorod density on the SnO2 thin 

film. The XPS spectrum of a ZnO–ZnO homojunction is 

displayed in Figure S4.  

The high-resolution XPS spectra of Zn 2p, and O 1s are 

shown in Figure 4b and 4c, respectively. The Zn 2p peaks are 

symmetric and centered at 1021.5 eV and 1044.6 eV, 

indicating the existence of the Zn
2+

 state.
24,50,51

 The O 1s peak 

was deconvoluted into three Gaussian-Lorentzian curves, as 

illustrated in Figure 5c. The lower-energy peak located at 530.1 

eV corresponds to O
2-

 ions in Zn-O binding, while the second 

peak at approximately 531.3 eV is attributed to the oxygen of 

the surface hydroxyl groups.
51,52

 The third peak, at 532.1 eV, is 

due to the chemisorbed oxygen molecule on the ZnO nanorod 

surface.
27,51–53

 Additionally, the percentage of hydroxyl groups 

and chemisorbed oxygen molecules observed in the O 1s 

spectra was larger in the heterojunction than the 

homojunction (Figure 4c and Figure S3). According to the 

literature, hydroxyl species present on the semiconductor 

surfaces could act as active sites, enhancing 

photocatalysis.
8,49,52,54

 

 

Fig. 4 XPS spectra of ZnO−SnO2 sample. (a) Survey XPS scan spectrum, 

(b) Zn 2p, and (c) O 1s core levels. 

 

The photocatalytic performance of the ZnO−SnO2, 

ZnO−ZnO, and SnO2 samples was evaluated by the degradation 

of methylene blue (MB) dye under UV light. To obtain kinetic 

data on the process, it was assumed that the degradation 

follows a pseudo-first-order reaction.
8,55

 

Figure 5 shows that all samples were photoactive for MB 

photodegradation, as the kinetic curves decrease faster than 

the direct photolysis curve. The observed order of 

photocatalytic activity related to the studied photocatalysts 
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was ZnO−SnO2 > ZnO−ZnO > SnO2. Remarkably, the ZnO−SnO2 

heterojunction led to approximately 30% removal of MB dye 

after approximately 4 hours of UV illumination, showing the 

best photocatalytic performance by the heterojunction in 

contrast to the ZnO–ZnO and SnO2 samples. The pseudo-first-

order rate constants for ZnO−SnO2, ZnO−ZnO, and SnO2 were 

calculated to be 7.7 x 10
-2

, 5.3 x 10
-2

, and 2.5 x 10
-2

 min
-1

, 

respectively. Thus, the rate of the reaction catalyzed by the 

heterojunction was approximately 1.5 times higher than the 

rate of the reaction catalyzed by ZnO−ZnO sample and 3 times 

higher than the rate of the reaction catalyzed by the SnO2 seed 

layer. It is therefore reasonable to believe that the superior 

photocatalytic performance of the heterojunction (ZnO−SnO2) 

is due to reduced charge carrier recombination and not solely 

a surface area effect because the homojunction (ZnO−ZnO) 

presents a higher surface roughness than the heterojunction, 

as observed by AFM experiments (Figure S1). 

 

Fig. 5 Kinetics of the MB dye (10 mg.L
-1

) photodegradation catalyzed 

by SnO2 thin film, the ZnO−ZnO homojunction, and the ZnO−SnO2 

heterojunction under UV light activation. 

 

Figure 6 displays the room-temperature 

photoluminescence (PL) measurements performed on the 

ZnO−ZnO and ZnO−SnO2 samples. In both spectra, an 

ultraviolet emission peak was observed at 389 nm, as well as a 

broad visible emission centered near 600 nm, characteristic of 

ZnO.
56

 The UV emission corresponds to a near band-edge 

(NBE) transition, resulting from the recombination of free 

excitons of ZnO.
23,26,37,53,57

 The emission in the visible region 

can be attributed to single and double ionized oxygen 

vacancies,
26,49,53,57

 which have been considered active sites for 

redox reactions.
49

 

As seen in Figure 6a, the PL spectrum of the ZnO−SnO2 

heterojunction exhibited a slight reduction in UV emission 

accompanied by an increase in visible emission compared to 

the ZnO−ZnO homojunction. The reduction of UV emission 

suggests that the recombination of the photogenerated 

electrons and holes was inhibited in the ZnO−SnO2 

heterojunction compared with ZnO−ZnO.
23,24,37

 Additionally, 

the high visible emission indicates a large number of oxygen 

defects in the heterojunction, which is in good agreement with 

the XPS results. Therefore, the good charge carrier separation 

and the surface oxygen vacancies present in the ZnO−SnO2 

heterojunction contribute to its better photocatalytic 

activity.
13,23

  

The photocatalytic and PL experiments indicated the 

formation of a type II heterostructure of SnO2 nanoparticles 

with ZnO nanorods. This scheme, with charge transfer 

between the semiconductors, is illustrated in Figure 6b. As can 

be observed, when the electron-hole pair is photogenerated, 

the electrons are spontaneously transferred from the CB of 

ZnO to the CB of SnO2, while the holes are spontaneously 

transferred from the VB of SnO2 to the VB of ZnO. 
13,58,59

 

Therefore, the photogenerated charge carriers are separated 

in different semiconductors, consequently increasing their 

lifetime and allowing suitable oxidation and reduction 

reactions for photocatalytic application.
13,58,59

 

 

 

Fig. 6 (a) Room-temperature photoluminescence spectra of ZnO 

nanorods grown on two different seed layers: ZnO and SnO2 thin film. 

The inset shows an expanded view of the UV region. (b) Schematic 

illustration of the photocatalytic mechanism of the ZnO-SnO2 

heterojunction catalyst. 

Conclusions 

This paper reports a simple and versatile way to prepare 

heterostructured ZnO−SnO2 film for use as a photocatalyst via 

a hydrothermal treatment method. XRD patterns indicated the 

presence of crystalline ZnO and SnO2 phases, with a 

preferential texture along the c-axis of ZnO. An analysis of 

FESEM and HRTEM images revealed the growth of arrays of 

rod-like ZnO structures over a SnO2 thin film, forming the 

ZnO−SnO2 heterojunction. Photocatalytic experiments 

revealed an improved of performance of the as-prepared 

Page 5 of 8 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

ZnO−SnO2 film in the degradation of MB dye under UV light 

activation. The enhancement of photocatalytic activity was 

attributed to the good charge separation and the presence of 

oxygen defects, which were confirmed by PL results. We 

believe that these findings offer not only a promising strategy 

to manufacture photocatalysts but also new opportunities for 

the low-cost preparation of various materials applied in gas 

sensors and sensitized solar cells. 
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Hierarchical growth of ZnO 

nanorods over SnO2 seed layer: 
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The ZnO-SnO2 heterojunction catalyst was 

prepared via an easy and versatile method, 

hydrothermal treatment route. The 

heterojunction exhibited a superior 

photocatalytic performance in comparison to 

SnO2 and ZnO photocatalysts, attributed to the 

good charge separation. 
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