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Through studying the optical, electrical and photocatalytic properties of anatase TiO2 films with

different preferred orientations, (101) and (004), this study clarified the relationship between the

formation of metallic nanowires by thermally assisted photoreduction process and surface atomic

bonding conditions of TiO2. Experimental results show that the (101) anatase films which yielded

much more Ag nanowires than the (004) oriented films and exhibited more complex superficial

atomic bonding, which could be demonstrated by the Gaussian bands in photoluminescence

spectra. This might lead to higher carrier concentration and mobility, as well as longer life time

for photo-exited electrons and consequently a greater photocatalytic activity for reducing metallic

ions. The fact that the anatase (101) surface acted as the preferred nucleation sites for Ag

nanowires was supported by high resolution transmission electron microscopy lattice image of a

TiO2 nanofiber where an Ag nanowire was grown.

Introduction

TiO2, a wide band gap oxide semiconductor, has attracted

much interest due to its unique properties, such as its high

dielectric constant,1 high refractivity,2 photocatalysis,3–6 and

super-hydrophilicity.7 In comparison to the other crystalline

phases of TiO2, anatase is the most photoactive.8 Its enhanced

photoactivity results from the difference in energy band structure.9

The most stable and frequently observed anatase films have a

(101) preferentially oriented structure.10,11 Investigations on

surface science have yielded an abundance of atomic-scale

structural and chemical information on anatase (101),12

whereas works on other anatase planes are scarce,13,14 probably

because of the high surface energy required for growing other

oriented planes.

Taking advantage of its photocatalytic capability, anatase

TiO2 is an excellent choice for reducing metal ions from

solution by ultraviolet illumination.15,16 Most often it has

been used in the form of nanoparticles for reducing metal ions

in solution.17,18 Notably, one recent breakthrough consisted

of the synthesis of various metallic nanowires including

Au, Ag, and Cu in large quantities by a modified photo-

reduction process employing anatase TiO2, namely thermally

assisted photoreduction.19–21 It has been demonstrated that

the crystallinity, surface morphology, and the photocatalytic

ability of the anatase TiO2 substrate significantly influences the

yield (or nucleation) of metallic nanowires.

By means of radio-frequency-sputtering and electron-beam-

evaporation techniques, anatase films with different preferred

orientations of (101) and (004) were obtained respectively in

this study for clarifying the relationship between the crystal

orientation and physical properties such as the electrical

and optical properties, as well as photocatalytic activity. In

addition, to further investigate how the crystal structure

affects the nucleation of the thermally assisted photoreduced

metallic nanowires, an Ag nanowire grown on a TiO2 fiber

prepared by the novel electrospinning process was also

examined. Silver nitrate (AgNO3) aqueous solution was chosen

as the precursor for forming Ag nanowires.

Materials and methods

Synthesis

The TiO2 thin films with a thickness of 400 � 30 nm were

prepared by radio-frequency-sputtering and electron-beam-

evaporation techniques on 1 cm2 square silicon wafers. For

the radio-frequency-sputtering method, evacuation was done

using a turbomolecular pump (Alcatel ATP400) to a base

pressure lower than 5 � 10�6 Torr and the deposition was

proceeded in a mixed atmosphere of argon (99.99%) and

oxygen (99.99%) gases. The circular magnetron equipped with

a titanium target (Solar Comp., 99.9%) was powered by a

radio frequency supply operating at a frequency of 13.56 MHz

and a constant power of 300 Watts. The electron-beam-

evaporation method was evacuated by a mechanical pump

(Alcatel 2033SD) and a cryopump (Cti-Cryo-Torr8) to a base

pressure lower than 10�6 Torr. A TiO2 (Solar Comp., 99.9%)

target was used and the films were deposited in oxygen

atmosphere. The TiO2 electro-spun nanofibers were prepared

by mixing with 3 mL of acetic acid (Aldrich, 99%) and 3 mL of

ethanol (Aldrich, Z 99%), followed by the drop wise addition
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of 3 g of titanium isopropoxide (Aldrich, 97%) precursors.

The polymer-based sol–gel solution was completed by adding

a solution containing 0.42 g of polyvinylpyrrolidone with

molecular weight of 40 000 (Aldrich, 99.5%) and 8 mL of

ethanol and was loaded in a syringe equipped with a 21 gauge

stainless needle. The high voltage source of up to 15 kV

connected to the flat tip needle and a jet formed resulting in

fibers deposited on the Au grid target. All the above-

mentioned TiO2 products obtained were heated at 500 1C,

followed by an isothermal stage at 500 1C for 8 h to transform

to the anatase phase.

To produce Ag nanowires, 15 mL droplets of 0.1 M AgNO3

aqueous solution were dropped on the annealed TiO2 substrate

(including thin films and electrospinning nanofibers), which

were placed on quartz plates and heat treated in an infrared

furnace in air. The samples were heated up at a constant rate

of 5 1C per min, followed by an isothermal stage at 300 1C for

3 h and finally furnace-cooled to the ambient temperature. In

order to prepare the TEM sample, the Ag nanostructures were

separated from the TiO2 substrate by ultrasonication for

10 min in ethanol and subsequently dropped the ethanol with

Ag nanowires on the Cu grid.

Characterization

The structure and preferred orientation of TiO2 were

characterized using X-ray diffraction (XRD, Rigaku

D/MAX2500), scanning electron microscope (SEM, EVO50),

energy dispersive spectroscopy (EDS, JSM-7000) and trans-

mission electron microscopy (TEM, JEM-2100F). The

electrical properties of TiO2 films were examined by van der

Pauw Hall measurements at room temperature. The optical

properties of the TiO2 films were investigated by using photo-

luminescence (PL) and time-resolved photoluminescence

(TRPL). The PL measurements were carried out at 10 K with

the 325 nm line of a 35 mW helium–cadmium laser for

excitation. The TRPL measurements, which were performed

using a Hamamatsu streak camera with a time resolution of

about 5 ps. The photocatalytic capability of TiO2 films were

evaluated by measuring the contact angle between 15 mL water

droplets and the surface of 1 cm2 square TiO2 substrate, all of

which were performed in ambient atmosphere (65% humidity)

at room temperature (20 1C). The samples were first exposed

under a halogen lamp (8 mW cm�2 at 360 nm) for 48 h and

stored in the dark. The change in the contact angle was

recorded up to a storage time of 336 h.

Results and discussion

Characteristics of TiO2 films with respect to crystalline

orientation

The preferred orientations of the TiO2 films prepared by

radio-frequency-sputtering and electron-beam-evaporation

were demonstrated by the grazing angle X-ray diffraction

patterns (Fig. 1). As illustrated, the radio-frequency-sputtering

films are (101) oriented polycrystalline anatase, while the

electron-beam-evaporation films showed a strong (004)

preferred orientation. The AFM images of the above TiO2

substrates with different surface orientations were shown in

Fig. 2. The average surface roughnesses of the samples did not

differ too much, which were 1.6 nm for (101) oriented films

and 2.5 nm for (004) oriented films. Table 1 lists the results of

the Hall measurement. It was found that both samples were

n-type semiconductors. The carrier concentration and mobility

of the anatase (101) oriented films were higher than those of

the anatase (004). In contrast, the (004) oriented films exhibited a

greater electrical resistivity.

With respect to the optical properties, Fig. 3(a) and (b)

illustrate the photoluminescence spectra of the (101) and (004)

oriented TiO2 films measured at 10 K respectively. It is known

that the free excitonic emission diminishes as the temperature

goes down.22–24 Instead, some narrower peaks, originating

from the exciton bound at either the donor or acceptor, appear

at cryogenic temperatures. The PL spectrum in Fig. 3(a) shows

that in the case of (101) oriented TiO2 films, four bands with

peaks at 2.36 eV, 2.43 eV, 2.49 eV, and 2.52 eV can be

distinguished from the Gaussian distribution based on the

literature.25–27 In comparison, the spectrum of the (004)

oriented TiO2 films (Fig. 3(b)) exhibited a broader luminescence

peak comprising two Gaussian bands centered at 2.36 eV and

2.46 eV.

Fig. 4 shows the time-resolved photoluminescence (TRPL)

curves of the anatase films. A two-exponential function

equation, I(t) = A1*exp(�t/t1) + A2*exp(�t/t2), was fitted

to the data on PL decay profiles, where t1 and t2 denote the

decay times for the faster and the slower components as

illustrated in Table 2, and A1 and A2 are the PL amplitudes.

Following the previous discussion,28,29 the slow component

(t2) originates from the indirect formation of self-trapped

exciton30,31 with trapped electrons whereas the fast component

(t1) is believed to be due to the direct formation of free

electrons and holes. The tendency of the profiles indicates that

the growth direction of films significantly affected the PL

decay behavior. Compared with (004) films, the PL of the

(101) samples took more time to decay, and its fast component

Fig. 1 XRD patterns of TiO2 thin films annealed at 500 1C for 8 h

with (lower) (101) and (upper) (004) preferentially oriented structures.

Fig. 2 AFM morphologies of TiO2 thin films annealed at 500 1C for

8 h with (a) (101) and (b) (004) preferentially oriented structures.
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(t1) reached 82% of a decrease in total. The large fraction of

the fast component implies the high concentration of charge

carriers for anatase (101) oriented films, which is identical to

the results of Hall measurements. Worthy of notice is that the

slow component representing the indirect recombination of

electron-hole pairs for the (101) oriented film lasted at least

two times longer than that for the (004) oriented film. We

believe that the PL decay time is strongly affected by the

difference in the crystal orientation of superficial bonding.

This will be discussed in more detail later.

The photocatalyst hydrophilicity of the samples was also

examined. Fig. 5 shows the time dependence of the contact

angle (f) of the water drops on the (101) and (004) oriented

films in the dark after ultraviolet irradiation. In both the cases,

an increase in the contact angle was observed with prolonged

storage in the dark, which indicates the degradation of the

photocatalytic ability. With the contact angles after a short

period of time in the dark (fS), a long period of time in the

dark (fL), 0 h in the dark (right after UV irradiation) (f0h),

and 336 h (14 days) in the dark (f336h), the degradation ratio

in contact angle, Rf, can be defined as (fL � fS)/(f336h � f0h).

From the fully excited state to the first 96 h in the dark and

from then to 336 h, Rf of the (101) oriented film changed from

0.80 to 0.20. This means the contact angles of (101) samples

ascended rapidly during the first 96 h, and subsequently the

increasing of Rf became slow. The contact angle of (004)

samples rose much faster and reached Rf = 0.83 in the first

48 h. After that, the contact angle of water on (004) oriented

films exceeded 301, while that on the (101) oriented films

remained lower than 301 even after 14 days. It can be inferred

that the (101) oriented TiO2 films exhibit a more stable

photocatalytic ability, which implies that the photo-excited

electrons on the (101) surface have a longer lifetime.

Effect of the orientation of TiO2 on the nucleation of Ag

nanowires

The SEM images in Fig. 6(a) and (b) display the Ag nanowires

synthesized by heating aqueous AgNO3 droplets respectively

on the (101) and (004) oriented TiO2 films at 300 1C. The Ag

nanowires have lengths ranging from 4 mm to 10 mm and a

diameter of about 150 nm. The inset of the Fig. 6(b) illustrates

that the nanowires showed a pentagonal appearance. The

structure of the nanowire was investigated by using trans-

mission electron microscopy (TEM). The diffraction pattern

shown in Fig. 6(c) confirms that the Ag nanowire is

monocrystalline with a growth direction along [01�1] and no

impurities were detected. Interestingly, the population of

nanowires on (004) films was significantly lower than that on

(101) films and most of the reduced Ag appeared as nodules

rather than wires. The chemical analytical results shown in

Fig. 6(d) demonstrates that the nanowires were pure Ag

without detectable impurities.

To explore the orientation relationship between Ag nano-

wires and TiO2, an Ag nanorod grown on a TiO2 nanofiber

was prepared and studied (Fig. 7(a)). The electron diffraction

pattern of the nanofiber (Fig. 7(b)) shows distinct diffraction

Table 1 Electrical properties obtained from the Hall measurement

Sample Type Carrier concentration/cm�3 Mobility/cm2 V�1 s Resistivity/O cm

(101) oriented n 1.99 � 1017 1092 1.66 � 10�2

(004) oriented n 5.24 � 1016 312 2.27 � 10�1

Fig. 3 PL spectra of (a) (101) oriented TiO2 film and (b) (004)

oriented TiO2 film at 10 K; PL spectra (solid line) are deconvoluted

into Gaussian distributions (dashed lines).

Fig. 4 PL decay profiles of (101) and (004) oriented TiO2 film.

Table 2 Summary of the multi-component exponential curve fitting

Sample t1 t2

(101) oriented 0.36 ns (82%) 5.31 ns (18%)
(004) oriented 0.23 ns (44%) 2.08 ns (56%)

Fig. 5 Variation of the water contact angle in the dark of the (101)

and (004) oriented TiO2 films.
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rings corresponding to the (101), (004), and (200) planes of

anatase, indicating a fine polycrystalline structure. Fig. 7(c)

shows a high-resolution TEM lattice image near a facet of

nanofiber on which the Ag nanorod grew. Clear lattice fringes

of the (101) planes of the anatase structure with a d-spacing of

0.35 nm were identified. This verifies that the anatase (101)

plane acted as the preferred nucleation site for Ag nanowires.

Aspect of atomic arrangement and bonding

In order to explain the aforementioned differences between

(101) and (004) oriented films, we should consider the atomic

arrangement on the surface of anatase films with respect to

crystal orientations. As sketched in Fig. 8(a), the surface of

(101) oriented TiO2 film has a sawtooth-like corrugation12

with fully coordinated six-fold Ti atoms, Ti6C, and three-fold

O atoms, (O3C), as well as under-coordinated five-fold Ti,

Ti5C, and two-fold O, O2C. Each Ti5C or O2C is deficient in one

bonding to oxygen atom or titanium atom. This will form two

kinds of defects on the surface of anatase (101). As for the

(004) oriented TiO2 surface (Fig. 8(b)), the atomic model

illustrates that the surface is smooth with fully coordinated

three fold O atoms (O3C) and under-coordinated three-fold Ti

atoms (Ti3C) which is deficient in three bonds to oxygen and

forms only one kind of surface defect.

The atomic model proposed can also explain the Gaussian

distributions in the PL spectra illustrated in Fig. 3. The atoms

with various coordination numbers can be ascribed to different

Gaussian bands. In the case of the (101) surface, Ti6C, Ti5C,

O3C, and O2C correspond to four Gaussian bands; likewise two

Gaussian bands in the spectrum of (004) samples represent Ti3C
and O3C. Next, considering the TRPL results and the ability

to form nanowires, the complex superficial conditions and

atomic bonding on the (101) surface might lead to a greater

efficiency in trapping charge carriers and thus extend the

recombination rate of electron-hole pairs. This can explain

the long-lasting photo-excited electrons on the (101) oriented

surface and why it serves as the preferential nucleation site for

nanowires.

Conclusions

To summarize, the crystal orientation of anatase thin film not

only affects its physical properties, but also influences the

nanowires forming ability of TiO2. The TRPL measurements

and hydrophilicity test revealed that the photo-excited electrons

on the surface of (101) oriented TiO2 film have longer lifetime

than that of the (004) oriented film. This was closely related to

the complex bonding conditions of superficial atoms, which

could be verified by the numbers of Gaussian bands in the PL

spectrum. The advantages in the superficial properties made

the anatase (101) films have a greater ability to form Ag

nanowires through thermally assisted photoreduction process.
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