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Abstract Titania (TiO,) nanowires with diameters of 20,
50, and 80 nm were successfully synthesized via the tem-
plate-assistant method. The TiO, nanowires embedded in
anodic aluminum oxide template have extremely high
crystallization and anatase-to-rutile phase transition tem-
peratures than that of the free-state TiO, powders, and the
thermal stability of embedded TiO, nanowires depends on
the diameter of the templates. The growth and nucleation
activation energy of rutile in 20 nm nanowires are deter-
mined to be £, =2.8 £02¢eV and E, = 2.7 £02¢€V,
respectively, much higher than that of the free-state TiO,
powders with E; = 1.6 £ 0.2 eV and E, = 1.9 = 0.2 eV.
The pressure induced by the difference of thermal expan-
sion coefficient between the TiO, and aluminum oxide
acts as an effective barrier that prevents phase transition,
resulting in the enhancement of the TiO, structural
stability.

Introduction

One-dimensional inorganic nanostructures exhibit a wide
range of electrical and optical properties due to the size-
dependent properties [1]. Titania (TiO,) has been widely
studied because of its unique optical and chemical prop-
erties in catalysis [2], photocatalysis [3], sensitivity to
humidity and gas [4, 5], nonlinear optics [6], photolumi-
nescence [7], and so on. Naturally, TiO, has three different
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crystallographic forms: brookite, anatase, and rutile, and
the properties of TiO, are very sensitive to its crystal
structure [8, 9]. For example, Anatase has been found to be
much more active than that of the rutile phase in photo-
catalysis [8]. While at ambient pressure and temperature,
the rutile phase is more thermodynamically stable than that
of the anatase phase, which is kinetically stable phase at
relatively low temperature [10]. Several methods, includ-
ing the preparation TiO,-based nanocomposites (TiO,/
alumina, TiO/silica) and surface impurities, have been
reported to increase the stability of the anatase structure
[11-13]. However, most of the reports deal with the
preparation of the composite using surfactant, and it is
difficult to eliminate the organic agent from the sample
[14]. Therefore, a direct preparation of high thermal sta-
bility titania with surfactant-free method is of particular
interest.

Previous studies revealed that the role of confinement
from the interface and the difference of thermal expansion
between the core and shell are significant in the phase
stability of materials [15, 16]. For instance, Wang et al.
[15] observed the large superheating of the «-Sn phase
encapsulated in SnO, nanotube with the diameter of
10 nm. Mei et al. [16] studied the pressure effect of the
superheating of the Al nanoparticles encapsulated in Al,O3
shell and observed 7-15 K beyond the bulk equilibrium
melting point of Al. However, the crystallization and
structural transition of TiO, nanowires in confined space
are still poor understood. Herein, the thermodynamics and
kinetics studies of the TiO, nanowires embedded in Anodic
Aluminum Oxide Template (AAT) are reported. The
embedded nanowires have extremely high crystallization
and anatase-to-rutile phase transition temperatures and the
thermal stability of TiO, shows obvious size-dependent

property.
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Fig. 1 Typical TEM image of as-prepared nanowires with diameters of a 20, ¢ 50, and d 80 nm, b the SAED patterns of the nanowires

Experimental

The AAT were prepared by a two-step anodization process
as described by Masuda and Fukuda [17]. Typically, the
template with the pore diameters of 20 nm were prepared
by anodized aluminum foil in 0.3 M sulfuric acid with the
potentials of 25 V at 5 °C. The templates with the pores of
50 nm in diameters were prepared by anodized in 0.3 M
oxalic acid with the potentials of 40 V. The 80 nm AAT
were prepared by anodized in 0.3 M oxalic acid with the
potentials of 40 V and then etching in the 5 wt% phos-
phoric acid for about 40 min [18]. TiO, nanowires were
prepared using a sol-gel process with AAT. In brief, the
AAT were immersed in 10 mL of tetrabutyl titanate at
room temperature for 30 min, then the wet AAT were
hydrolyzed with addition few droplets of 0.1 M HCI
aqueous solution and dried it in an oven at 50 °C for 12 h.
TiO, powders were obtained by hydrolyzing tetrabutyl
titanate with 0.1 M HCI aqueous solution and then dried in
an oven at 50 °C for 12 h. The microstructures of the
samples were characterized by employing the XRD
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Fig. 2 The XRD patterns of the T20 in AAT after annealing at
different temperatures for 1 h

measurements. For TEM and selected-area electron dif-
fraction observations, the AAT was fully dissolved using
NaOH (0.5 M) solution.
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Fig. 3 a, ¢ Typical TEM images of the T20 after annealing at 600 and 900 °C for 1 h, respectively. b, d The corresponding SAED patterns
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Fig. 4 The XRD patterns of the free-state TiO, powders after
annealing at different temperatures for 1 h

Results and discussion

The typical TEM images of the synthesized TiO, nano-
wires with the average diameters of 20, 50, and 80 nm
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Fig. 5 The XRD patterns of the T50 in AAT after annealing at
different temperatures for 1 h

(denoted as T20, TS50, and T80) are showed in Fig. 1. The
selected-area electron diffraction patterns of the as-pre-
pared samples show amorphous structural character (see
Fig. 1b).
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Fig. 6 The XRD patterns of the T80 in AAT after annealing at
different temperatures for 1 h

Figure 2 shows the XRD patterns of annealed T20
embedded in AAT at different temperatures for 1 h. The
crystallization of the T20 occurs at about 600 °C. With the

L i
o

calcination temperature increased to 800 °C, «-Al,O3
crystallize from AAT appears, but the T20 still shows
anatase structure. Increasing the calcination temperature to
900 °C, we find rutile is obtained. Figure 3 shows the
bright field images and the corresponding diffraction pat-
terns for T20 annealed at 600 and 900 °C for 1 h, respec-
tively. The results confirmed that the -crystallization
temperature and structure transition temperature of T20
sample are 600 and 900 °C, respectively, which are in
agreement with the XRD results. In order to study
the confinement effect of AAT on the phase transition
behavior, the free-state TiO, powders at various annealing
temperature were determined by XRD (see Fig. 4). It can
be seen that the free-state TiO, powders crystallize at
200 °C and structural transition starts at about 600 °C,
which are much lower than that of the embedded TiO,
nanowires.

The above results suggest that inhibition of crystalliza-
tion and structural transition may be caused by the con-
finement of the AAT [17, 18]. To further explore the effect
of confinement on the structural stability of TiO,

A(105)

Fig. 7 a, ¢ Typical TEM images of the T50 after annealing at 500 and 800 °C for 1 h, respectively. b, d The corresponding SAED patterns
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Fig. 8 a, ¢ Typical TEM images of the T80 after annealing at 400 and 750 °C for 1 h, respectively. b, d The corresponding SAED patterns

nanowires, T50 and T80 nanowire arrays embedded in
AAT are annealed at different temperatures. It can be seen
that for T50 sample with the diameter of 50 nm, the
characterized peaks corresponding to the anatase (101)
plane and rutile (110) plane appear at 500 and 800 °C,
respectively (see Fig. 5). When the diameter of the TiO,
nanowires increases to 80 nm, the crystallization and phase
transition temperatures decrease to 400 and 750 °C,
respectively (see Fig. 6). Those are directly confirmed by
TEM studies (see Figs. 7, 8). The results reveal a strong
size dependence of the thermal stability of TiO, nanowires
embedded in the AAT.

A detailed study of the nucleation and growth kinetics of
nanocrystalline anatase to rutile was performed by in situ
X-ray diffraction techniques. Figure 9a, c present the
annealing time dependence of the mean size d of the rutile
of T20 and free-state TiO, at different temperatures. The
size of the rutile shows an exponent-shaped increase with
annealing time ¢. It is quite clear that the time needed to
reach the saturation-state growth rate (i.e., d0d/0r =0),
which is defined as the saturation time constant fi, varies

with the annealing temperature. To determine the #g, the
experimental data shown in Fig. 9 were fitted by:

a0 = .~ (&~ dopoexp - ) (1
where djy and d; are the initial and growth saturation sizes
of the rutile nanoparticles, respectively.

The saturation time constant g decreases with increas-
ing the annealing temperature 7 (see Fig. 9a), indicating
that the growth of the rutile is a thermally activated pro-
cess. Assuming the saturation rate 7z' has an Arrhenius
temperature dependence, we have

E
fg! = fgxXp (— ;@—gr) 2)

where E, is the growth activation energy, fgo is the pre-
exponential factor, and kg is the Boltzmann’s constant. An
Arrhenius plot shown in Fig. 9b yields a growth activation
energy E, = 2.8 £ 0.2 eV for the rutile in the TiO,
nanowires.
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No obvious increase in the size of the rutile is observed
after annealing in the temperature range from 900-1000 °C
for 1 min (see Fig. 9a). Therefore, the increase of the
volume fraction in the annealing temperature range
depends dominantly on the nucleation of the rutile. This
allows the nucleation process of the rutile nanoparticles to
be investigated independently. The nucleation rate Ng of
the rutile at the annealing temperatures (for 1 min) is
determined by employing XRD measurements according to

AV 3)

NR = —
R Vo - At

where V, is the volume of the rutile at ¢ = 1 min,
AV = Vry) — VR, Vryand Vy are the volume fraction of
the rutile at annealing temperature 7 for 1 min and at room
temperature (here, Vg = 0), respectively; At is the time for
the variation of the volume fraction AV of the rutile.

The nucleation rate Ny of the rutile determined by the XRD
studies increases with increasing annealing temperature (see
Fig. 9), indicating that the nucleation of the rutile is also a
thermally activated process. According to the Arrhenius
temperature dependence [19], we have, for # = 1 min,

E,
NR = NR,oexp _k T
B

(4)

where E), is the activation energy for the formation of the
rutile, Ngo is the preexponential factor. The Arrhenius
plots shown in Fig. 9b yield a similar nucleation activation
energy E, = 2.7 £ 0.2 eV.

@ Springer

Using the similar methods, the growth and nucleation
activation energy for rutile in free-state TiO, powders in the
temperature range of 600-700 °C are yielded to be
E, =16 =+02eV and E, =19 £ 0.2 eV, respectively
(see Fig. 9c, d). This value can be compared with the nucle-
ation activation energy E = 185.1 kJ/mol (E, = 1.92 eV)
reported by Zhang et al. [20], which is much smaller than that
of the confined-state TiO, nanowires (E, = 2.7 eV). The
results indicate that it is much more difficult to nucleate and
grow for the rutile phase confined in the channels of the AAT
than free-state powders.

We want to point out here that the restriction by the
channels of alumina membrane may inhibit the structural
change, greatly increase the thermal stability of TiO,
nanowires. The extremely high thermal stability of anatase
encapsulated in the AAT is attributed to the pressure
induced by the difference of thermal expansion coeffi-
cient between Al,O3 (7.5 x 107%/K) [21] and TiO,
(8.5x 107 /K) [22] upon heating. Al,Oj; is the stiffest and
strongest oxide ceramics with a shear modulus of about
150 GPa [23]. Supposing the AAT is constructed by a
bundle of hollow cylindrical and the column diameters are
uniform, the overpressure on the TiO, core encapsulated by
the Al,Oj3 shell can be calculated using the modifying shell
model [21]:

T )
2.“5 1—ve b2+ ]7—\“gsa2
3K, 1-2v, b2 —a?
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where y is the shear modulus of the shell, K. is the bulk
modulus of the core, v.and v, are the Poisson’s ratio, a and
b are the radius of the core and shell, respectively, AT is
the temperature difference, and A« is the thermal expan-
sion coefficient difference between TiO, and Al,O;. By
parameters as previously reported, we calculated the
pressure as a function of the relative shell/core ratio (a/b)
and the temperature difference (AT). For sample T20, TS50,
and T80, the pressure derived from the shell model are
about 0.13, 0.10, and 0.05 GPa at 900, 800, and 750 °C,
respectively.

In anatase TiO, nanoparticles, the excess pressure
compresses the particle, resulting in a contraction in the
Ti—O bond [24], and hence a stronger binding between Ti
an O atoms. As a result, more thermal energy is needed to
break and rearrange bonds to nucleate rutile at anatase
surfaces. This causes an increase in the activation energy
that can be assumed to be proportional to the excess
pressure [20], which can be expressed as the following:

E, =E,(o0) +cP+Ey (6)

where E, (00) is the activation energy for nucleation in bulk
anatase, Ej is the affinity energy of Ti—-O—Al bond, P is the
excess pressure, and c is proportional coefficient. A linear
relationship exists between the nucleation activation
energy and the pressure. Assuming Ey=0, gave ¢ =
6.15 eV/GPa, then E,(T50) = 2.5 £ 0.2 eV, and E,(T80) =
2.2 £ 0.2 eV, respectively. The increase in nucleation acti-
vation energy confirmed the retarding effect of AAT on the
anatase-to-rutile phase transition.

Conclusion

In summary, we successfully synthesized TiO, nanowires
by simple methods with different diameters. The embedded
nanowires have extremely high crystallization and anatase-
to-rutile phase transition temperatures and the thermal
stability of titania depends on the diameter of the AAT.
The growth and nucleation activation energy of rutile in the

embedded nanowires are much higher than the free-state
titania powders. The pressure induced by the difference of
thermal expansion coefficient between the titania and alu-
mina act as an effective barrier that prevents phase tran-
sition, resulting in enhancement of the TiO, structural
stability. This study could be of importance not only in
fundamental interest, but also in the structural design,
thermal stability of future nanodevices.
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