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Abstract Growth of ZnO nanowires within TiO2 meso-

porous structures is carried out by hydrothermal method.

Structural, optical and thermal characterizations have been

carried out by SEM, XRD, EDAX, DTG, TG, PL and UV–

Vis spectroscopy. XRD characterization shows that the all

diffraction peaks of the tandem nanostructures films can be

well indexed to a mixture of hexagonal wurtzite ZnO and

anatase TiO2 structures. The UV–Visible absorbance

spectrum indicates that the tandem nanostructures based on

TiO2 mesoporous/ZnO nanowire arrays have 3.13 eV band

gap energy while pure ZnO nanowire and bare TiO2 me-

soporous show 3.37 and 3.22 eV band gap energy, re-

spectively. The PL spectra of tandem nanostructures show

that the UV, violet and yellow emission peaks appeared at

3.1, 2.6 and 2.3 eV, respectively. It has been shown that

from the PL spectra, the enhanced ultraviolet emission of

TiO2/ZnO tandem structures is related to the fluorescence

resonance energy transfer between TiO2 mesoporous and

ZnO nanowires. Thermogravimetric analysis from room

temperature to 800 �C has been performed to identify the

thermal stability and the amount of tandem TiO2/ZnO

structures.

1 Introduction

Nanosemiconductor shows a wide range of physical, che-

mical and optoelectronic properties depending on their

surface morphologies [1]. Nanosemiconductor materials

draw intensive interests because of their improved

properties and promising technological applications, such

as photochemical solar cells, photocatalysts, photosensors,

electroluminescent displays and biolabels [2]. Mesoporous

and nanowires are accepted as ideal system for investi-

gating the transport process in one-dimensional (1D) con-

fined objects, which are useful for understanding the

fundamental phenomena in low-dimensional systems and

developing new generation nanodevices with high perfor-

mance [3, 4]. TiO2 mesoporous and 1D ZnO nanowires

have been investigated as a basic model structure for na-

noelectronic devices because of their physical properties

and their potential applications to serve as a basis for

nanoscale devices [5, 6]. ZnO is a low-cost and widely

used semiconductor material with prominent physical and

chemical characteristics [7]. At room temperature, the band

gap and exciton binding energy of ZnO are 3.37 and

60 meV, respectively, both contributing to its extraordinary

chemical and thermal stability [8]. Thus, ZnO thin films

exhibit magnificent applications in the manufacturing

process of nanodevices [9]. 1D ZnO nanowires have also

some important advantages. For example, they exhibit both

semiconducting and piezoelectric (PZ) properties which

can form the basis for electromechanically coupled sensors

and transducers [10]. In addition, 1D ZnO is relatively

biosafe and biocompatible and can be used for biomedical

applications [11]. TiO2 is also widely used in the synthesis

of nanosemiconductor applications such as solar cell and

sophisticated electronic optical devices [12, 13]. Meso-

porous TiO2 indicates fairly high activity in photocatalysis

performance due to its high specific surface area [14]. A

fast and convenient preparation method to obtain TiO2 with

high porosity, high homogeneity and high surface area is

required [15]. However, compared with the pure compo-

nents of TiO2 and ZnO, TiO2/ZnO tandem nanostructures

show increased photocatalytic performance and enhanced
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photoluminescence (PL) properties [16, 17] due to the high

electron injection efficiency of TiO2 and high electron

transport rate and large specific surface area of ZnO [18].

Additionally, TiO2/ZnO structure limits the recombination

of photogenerated electrons by acting as an energy barrier

between the photoanode and electrolyte interface [19]. In

this study, we investigated the physical, thermal and op-

toelectronic properties of the TiO2/ZnO tandem structures.

The study is mainly focused on the rational synthesis,

structure analysis and novel properties of TiO2/ZnO tan-

dem structures which can be used in optoelectronic de-

vices. Various methods have been described for the

preparation of ZnO nanostructures including metal organic

chemical vapor deposition, vapor–liquid–solid, chemical

vapor deposition, pulsed laser deposition, electrochemical

deposition, hydrothermal process and template-based

methods [20, 21]. Among these methods, hydrothermal

method is a promising technique and does not require ex-

pensive equipment, complex process control and high

growth temperature. This method not only allows growing

ZnO nanostructures at low temperature (50–200 �C), but

also provides large-scale production [22].

2 Experimental procedure

2.1 Materials

Conducting glasses with fluorine-doped SnO2 (FTO

*14 X/cm2) were used as the substrate. Firstly, the sub-

strates were cleaned carefully by dipping for 2 min each in

Propan-2-ol, deionized water, methanol and deionized

water, in sequentially manner. The FTO substrates were cut

into lots of pieces with a dimension of 2 cm 9 2 cm. The

pieces were ultrasonically cleaned with trichloroethylene,

acetone, methanol and deionized water. Titanium (IV)

oxide and Zn(NO3)2�6H2O (aq) were used for the synthesis

of the hybrid photoanodes. The pH was adjusted by a

concentrated solution of ammonia (28 %, Sigma-Aldrich).

2.2 Design of tandem nanostructures based on TiO2

mesoporous/ZnO nanowire

The tandem nanostructures based on TiO2 mesoporous/

ZnO nanowires were fabricated as follows. First, aqueous

solution of 1 mM titania (IV) oxide, 10 ml HCl and 40 ml

deionized water were prepared into Teflon-lined stainless

steel autoclave. Eight milliliters of ammonia (28 %) was

added into the solution for adjusted pH [4.5. FTO sub-

strates were immersed into the solution and then heated to

175 �C for 24 h. After hydrothermal processes, the sub-

strate was dried by N2 blowing. As a result, the TiO2

mesoporous was obtained on FTO substrates and sample

was placed in a furnace at 450 �C for 40 min in order to

remove of defects. When we changed molar ratio of so-

lution from 1 to 10 mM titania (IV) oxide, we obtained

different amount mesoporous TiO2 on FTO substrate about

TiK Wt = 3.99 and 15.83 %, respectively. Secondly, 1D

ZnO nanowires arrays were grown within mesoporous

TiO2 substrate. 1 mM Zn(NO3)2�6H2O (aq) solution was

prepared, and pH of the solution was adjusted to *11

using ammonia solution. Then, the mesoporous TiO2 sub-

strates were immersed into the solution and then heated to

150 �C for 16 h. The final products of all samples were

annealed in air at 450 �C for 1 h so as to use structural and

optical characterization.

2.3 Characterization of tandem nanostructures based

on TiO2 mesoporous/ZnO nanowires thin films

The surface morphology of the tandem nanostructures was

analyzed using a The Philips XL30 ESEM-FEG/EDAX

system (SEM-EDAX). The crystal structure was analyzed

by X-ray diffraction (XRD) (Rigaku D/Max-IIIC diffrac-

tometer) with Cu–Ka radiation of 1.54 Å, within the 2h
angle ranging from 20� to 80�. The absorption measure-

ments were carried out by Perkin-Elmer UV–VIS Lambda

2S spectrometer. The PL measurements were conducted

with the RF 5301 PC Shimadzu spectrofluorometer at room

temperature. Thermal decomposition temperatures of TiO2/

ZnO nanostructures were measured by Simultaneous TGA-

DTG Instrument (SEIKO). The surface composition, which

is capable of providing atomic and molecular information

regarding the surface of the material, was investigated by

X-ray photoelectron spectroscopy (XPS: Thermo Scientific

K-Alpha X-ray Photoelectron Spectrometer is used). The

Raman scattering measurements were taken using a micro

Raman Renishhaw 2000 system with an excitation source

of 514.5 nm at room temperature.

3 Results and discussion

3.1 Morphology and structural properties of tandem

TiO2 mesoporous/ZnO nanowires structures

Figure 1a–d shows scanning electron microscopy (SEM)

images and XRD patterns of as-synthesized TiO2 meso-

porous, ZnO nanowires and TiO2/ZnO tandem nanostruc-

tures. The surface morphology, crystal structure and

orientation of TiO2 mesoporous are shown in Fig. 1a. The

SEM image shows that the TiO2 mesoporous are ho-

mogenously grown on FTO substrate by hydrothermal

method. It can be seen that the TiO2 mesoporous have

50–100 nm pore radius and 2 lm film thickness. The phase

purity and orientation of the TiO2 mesoporous are shown
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on SEM images in Fig. 1a. XRD characterizations explain

that the pure TiO2 can be well indexed to anatase structure

(JCPDS No. 65-5714) without any impurity diffraction

peaks. Good crystallization is also shown from sharp

diffraction peaks. The mesoporous crystalline structures

show an anatase phase with preferred (101) orientation at

2h = 25.25�. All other diffraction peaks at (004), (200),

(105), (211), (204) and (220) are assigned well to anatase

crystalline phase of TiO2 mesoporous structures. In addi-

tion, high-ordered ZnO nanowire structures are also ob-

tained on FTO substrate due to attempt to make a one-to-

one comparison of structural and optical characterization

with TiO2 mesoporous and TiO2/ZnO tandem nanostruc-

tures. The SEM images in Fig. 1b indicate a high density

and homogeneous distribution of the ZnO nanowires can be

growth on the FTO substrate. The SEM images also

showed that the ZnO nanowires have average diameter in

the range of 30–50 nm, and their lengths are several tens of

microns. The synthesized ZnO nanowires were analyzed

with XRD patterns to determine the crystallinity and

crystal planes of the as-grown structures. As can be seen in

Fig. 1b, all diffraction peaks are consistent with the values

of the standard (JCPDS card No. 36-1451), and the nano-

wires show the pure hexagonal ZnO structure with high

crystallinity. The peaks at 2h & 31.64�, 34.46� and 36.23�

are attributed to (100), (002) and (101) ZnO planes, re-

spectively. The enhanced (002) diffraction peak at

2h & 34.460 indicates the preferential orientation of the

crystals along the c-axis of the ZnO nanowires. The surface

and typical cross-section morphology of TiO2/ZnO tandem

structures are shown in Fig. 1c. It can be clearly seen that

the ZnO nanowires have been successfully and uniformly

grown within the TiO2 films after the hydrothermal reac-

tion, forming a tandem film consisting of ZnO nanowires

and TiO2 mesoporous structures with TiK Wt = 3.99 and

15.83 % for 1 and 10 mM titania (IV) oxide, respectively.

It is also revealed that the VA ZnO NWs are well-grown

with a uniform morphology within the TiO2 substrates. The

average diameters and lengths of the as-grown ZnO NWs

were normally in the range of 50–100 nm and above

10 lm with dense arrays. Interestingly, the use of pH (ar-

ranged with the ammonia %28) of Zn(NO3)2�6H2O (aq)

seeding on the TiO2-coated FTO substrate is the essential

step for synthesizing highly branched ZnO NWs. The

TiO2/ZnO tandem film maintains the mesoporous structure

of the TiO2 film, indicating the postinjecting of ZnO

nanowires does not induce any degradation of the TiO2

film structures. XRD characterization shows that the

diffraction peaks of both anatase TiO2 and wurtzite ZnO

could be observed in the as-prepared tandem structures,

implying that the films consist of TiO2 and ZnO (Fig. 1d)

and there is no other impurity phase from the XRD

diffraction peaks. The average crystalline sizes of above

three samples calculated using the diffraction peaks (1 0 1)
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of anatase phase for TiO2 or wurtzite phase for ZnO from

Scherer’s formula [19] are in the range of 15–30 nm.

EDX analysis result can give the chemical composition

of the TiO2/ZnO tandem films. As shown in Fig. 2a, b, the

peaks of O, Zn and Ti can be clearly seen while no other

elements are detected besides those Au doped because Au

element is used on samples in order to increase conduc-

tivity of the films. The amount of TiO2 mesoporous in film

can be adjusted by varying the Ti-precursor concentration.

Because of the concentrations of 1 mM titania (IV) oxide

are increased to 10 mM titania (IV) oxide, similar contents

of Ti element are indicated at 3.99 wt% and 15.83 wt% in

TiO2/ZnO tandem structure, respectively. The Ti element

distribution is similar to that of Zn and O elements in both

modified ZnO nanowires. Considering the small size of

TiO2 nanoparticle or TiO2 mesoporous observed in SEM

image (Fig. 1), it is hard for EDX image to locate Ti ele-

ment exactly. But the overall Ti element distributions in

both samples suggest that the TiO2 mesoporous structure is

well distributed below ZnO nanowires

The XPS analysis is investigated to show presence of

TiO2 and ZnO oxide phases in the hybrid films, which is in

accordance with XRD analysis. XPS spectrums of TiO2/

ZnO tandem films are shown in Fig. 2c, d respectively. The

peak positions were referenced to carbon at 285 eV. In

Fig. 2c, the XPS peaks with binding energies of 1,020.86

and 531.41 eV correspond to Zn 2p3/2 and O 1s, respec-

tively. TiO2/ZnO tandem film shows an additional peak

with a binding energy of 473.501 eV corresponding to Ti

2p3/2 is present in Fig. 2c. This is due to the formation of

Ti3?. In hybrid films of TiO2/ZnO, the strong chemical

activity of Ti3? can transfer excessive electrons to the

carboxylate group of the dye molecules, which forms co-

ordination bonding and may increase the amount of dye

adsorption [23]. Moreover, the formation of Ti3? can in-

crease oxygen vacancies, which support the transport of

electrons and holes between dye molecules and the pho-

toanode [24]. The Ti 2p peak of TiO2/ZnO tandem shifts to

a lower banding energy. It also shows that coated ZnO can

change the energy band of TiO2. The peak position of the

film prepared with TiO2/ZnO is shifted to a high binding

energy due to the O 1s band position at higher binding

energy in TiO2 compared with that in ZnO. Figure 2d

shows the narrow scan of Zn 2p which confirm the pres-

ence of peaks with a binding energy of 1,020.86 and

1,043.99 eV corresponding to Zn 2p3/2 and Zn 2p1/2,

respectively.

3.2 Optical characterization of TiO2/ZnO hybrid

structures

The UV–Vis spectra of TiO2 mesoporous, ZnO nanowires

and TiO2/ZnO hybrid structures with a wavelength range of

300–800 nm are presented in Fig. 3. As can be seen that

pure TiO2 show absorption spectra consisting a single

sharp absorption at around 397 nm which is in good

agreement with the band gap value of anatase (Fig. 3). This

absorption edges of TiO2 mesoporous occurred at
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k = 397 nm due to the charge transfer from the valance

band which is mainly formed by 2p orbitals of the oxide

anions to the conduction band which is mainly formed by

3d t2g orbitals of TiO4? cations [22–24], whereas the ab-

sorption spectra of ZnO nanowires show a well-known

exciton band and strong blueshift compared mesoporous

TiO2 from Fig. 3a, b. This blueshift is mainly due to

quantum confinement effect of the ZnO nanowires.

Between 365 and 420 nm, a weak absorption band is ex-

plained below the band gap that may be related to defects

levels. UV–Vis spectra indicated that an obvious redshift

compared with TiO2 mesoporous, possibly due to differ-

ences in the surface state of the ZnO/TiO2 tandem struc-

tures (Fig. 3c, d). From the UV–Visible spectrum, optical

band gap can be calculated by the following equation [25]:

ðahmÞ ¼ A ðhm� EgÞ1=2

where a is absorption coefficient and A is constant. The

direct band gap Eg was determined from (ahm) 2 photon

energy, and as a result, optical band gap was calculated as

3.22, 3.37 and 3.13 eV for TiO2 mesoporous, ZnO nano-

wires and TiO2/ZnO hybrid structure, respectively. It was

indicated that the band energy of TiO2/ZnO hybrid struc-

ture is lower than that for ZnO nanowires and TiO2 me-

soporous. The presence of ZnO can modify the optical

properties, to extend the range of the excited spectrum and

favor the absorption of solar energy in the visible region.

Figure 4a illustrates the PL spectra of mesoporous TiO2,

ZnO nanowire and TiO2/ZnO tandem film under room

temperature. ZnO nanowire shows a strong ultraviolet lu-

minescent band at 361 nm (3.4 eV), and it is commonly

believed that the ultraviolet emission band is due to the

recombination of free excitons between conductive band

and valence band of ZnO nanowires and is called near-

band-edge emission. The broad emission peaking at

2.65 eV (blue) in the ZnO nanowire samples might be due

to deep level(s), which is also shown clearly in the ab-

sorption measurement at very similar energy values.

However, TiO2 mesoporous does not show an obvious UV

luminescence corresponding to the near-band-edge (NBE)

emission due to its indirect-band energy structure [26]. The

PL spectrum of TiO2 mesoporous film shows a weak and

broad green emission band. PL spectrum of TiO2 meso-

porous indicates self-trapped excitons, oxygen vacancies

and surface states. The peak of green emission band at

about 540 nm is attributed to oxygen vacancy, and these

oxygen vacancies are at the surface of TiO2 [27]. The PL

spectra of TiO2/ZnO tandem structures show that the UV,

violet and yellow emission peaks appeared at 3.1, 2.6 and

2.3 eV, respectively. It was shown that two different green

emission peaks appeared at 469 and 531 nm. The green

emission peak at 469 nm was stronger than the UV lumi-

nescence at 394 nm in the samples. These results confirm

that the PL of the ZnO/TiO2 hybrid structure is mainly

determined by the electrons in the conduction band owing

to the higher barrier in the valence band preventing the

hole’s movement [28, 29].

Figure 4b shows the schematic diagram of the enhanced

PL processes for TiO2/ZnO tandem structures with Raman

scattering spectra measurements. In semiconductors, the

electrons and holes are at their lowest energy states. The

enhanced ultraviolet emission of ZnO/TiO2 tandem
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structures is related to the fluorescence resonance energy

transfer between TiO2 mesoporous and ZnO nanowires [30,

31]. The energy variation at the interfaces of hybrid

structures tends to spatially separate those electrons and

holes which are excited by UV light on different sides of

the ZnO nanowires and TiO2 mesoporous hetero-junction

[32]. The energy band gap of TiO2 mesoporous structures

is located at 3.2 eV between valance band and conduction

band. Both energy levels are covered by 1D ZnO nano-

wires. As shown in Fig. 5b, under illumination of TiO2/

ZnO hybrid samples, the electrons easily go down from the

conduction band of ZnO nanowire to conduction band of

TiO2 mesoporous. In addition, the holes are passed from

the valence band (VB) of TiO2 to VB of ZnO. The excited

electron–hole pairs are made up in TiO2 mesoporous

structures, as usual; they can recombine through the band

edge as well defect states when the incident photon energy

is below the band gap energy of ZnO nanowires [30]. It

was shown that the atomic flat interfaces across TiO2 and

ZnO of TiO2/ZnO tandem structures ease this charge

transfer/isolation process by a decreased interface resis-

tance [30, 31]. In addition, the 1D ZnO nanowires may also

helps to decrease the recombination probability of photo-

generated carriers due to an increased delocalization of

electrons [31]. To investigate the crystal quality and

structural defect of TiO2/ZnO tandem structures, Raman

spectra were also carried out at room temperature. Raman

scattering spectrum clearly identifies the anatase phase of

the TiO2 mesoporous on the basis of its Raman band at

141.2 cm-1 of Eg mode [32]. It is known that the Eg mode
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corresponds to O–Ti–O bending-type vibration. The lack of

other peaks characterized rutile and brookite phases sug-

gests that the TiO2 has a pure anatase phase. A small peak

at about 397 cm-1 is observed from the spectra and is

attributed to be the A1T modes of ZnO. The presence of

this peak is due to impurities and structural defect of

oxygen vacancies and Zn interstitials [33].

3.3 Thermal characterization of TiO2/ZnO hybrid

structures

Thermogravimetry is one of the most widely used tech-

niques to observe the composition and structural depen-

dence on the thermal degradation of a hybrid or composite

structures. Figure 5 shows the results of thermogravimetry

analyses (TGA and DTG) of the TiO2/ZnO tandem struc-

tures. The thermogravimetric analysis (TGA) and the

derivative thermogravimetric measurements (DTG) of the

samples are shown in figure in order to investigate thermal

stability. TGA from room temperature to 800 �C was

conducted to identify the thermal stability and the amount

of TiO2/ZnO tandem structures. The weight loss below

20 �C reflects the loss of humidity and acid. As shown in

Fig. 5, TGA curve of TiO2/ZnO exhibits a typical inter-

layer water loss up to 180 �C. Rapid mass loss (2.5 %) up

to 135 �C is followed by slower mass loss approaching a

constant value toward the end of thermal dehydration at

180 �C. At this temperature, mass loss of 5.6 % was ob-

served for hybrid structures. The 8.9 % weight loss be-

tween 200 and 400 �C was attributed to the elimination of

OH groups from the structure. TGA measurements of TiO2/

ZnO tandem structures can imply a formation of low-

concentration oxygen vacancies during the heat treatment,

due to the escape of part of the crystal lattice oxygen from

the component single oxides (ZnO, TiO2). The DTG

analysis shows an initial peak between 150 and 200 �C

with a weight loss of up to 17.7 %, which was related to

moisture evaporation. After this peak, DTG shows one

sharp peak and one small peak in the range of 200–500 �C.

These three peaks may arise from the loss of chemical

bonding water. A strong peak started at 241 �C with the

maximum at 260 �C can be found in the DTG curve, it is

induced by the thermal decomposition of hybrid chains of

TiO2/ZnO hetero-structures. Consequently, this thermal

event also caused a broad exothermic peak in the range of

200–330 �C in the DTA curve (figure not shown). The last

sharp DTG peak centered at 411.6 �C accompanied by a

strong exothermic peak in the DTA curve should arise from

the oxidation decomposition of TiO2/ZnO tandem struc-

tures in the air.

4 Conclusion

One-dimensional (1D) ZnO nanowires has been grown

within mesoporous TiO2 structures for tandem nanosystem

design. 1D ZnO nanowires and mesoporous TiO2 are an

important and promising class of nanoscale materials for

environment-friendly and cost-effective optoelectronics

devices. Hydrothermal methods are successfully used to

produce tandem structures. The presence of TiO2 in the

film of TiO2/ZnO tandem structures is confirmed by EDX

and XPS. XPS has shown that the mesoporous TiO2 is

anatase. EDX analysis indicates the chemical composition

of the TiO2/ZnO hybrid films. It has been shown that the

enhanced ultraviolet emission of ZnO/TiO2 tandem struc-

tures is related to the fluorescence resonance energy

transfer between TiO2 mesoporous and ZnO nanowires.
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