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bstract

PbTiO3 nanotube arrays have been synthesized via sol–gel template method, and their morphology and structures have been determined by
canning electron microscopy (SEM), X-ray diffraction (XRD) and transmission electron microscopy (TEM). The diameter and length of these
anotubes are about 300 nm and 50 �m, respectively, and their wall thickness is typically several tens of nanometers. XRD data shows that
s-prepared PTO nanotubes possess perovskite structure, and electron diffraction demonstrates that they are polycrystalline. Photoluminescence
pectrum of PTO nanotubes reveals an intense and wide emission band centered at 505 nm. Polarization–electric field (P–E) response curves

f PTO nanotube array were measured, and the hysteresis loops illustrate a room temperature ferroelectric characteristic of as-prepared PTO
anotubes.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Quasi one-dimensional (Q1D) oxide nanostructures, such as
anowires, nanotubes and nanobelts, are attracting more and
ore attention because of their novel properties compared to

heir bulk counterparts and potential applications in nanoelec-
ronics, nano-optics and nanodevices [1–4]. To date, most Q1D
imple oxides, for example, ZnO, SiO2, In2O3, TiO2, SnO2,

gO, etc., have been extensively studied [5–16]. Currently,
t has an increasing research interest in Q1D multicomponent

omplex oxides [4,17–25].

In general, the fabrication of Q1D complex oxide nanos-
ructures is relatively difficult through conventional physical
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r chemical vapor deposition approaches. Although several
xamples of solution-based syntheses of perovskite nanowires
ave been reported recently [18,19,25], sol–gel template syn-
hesis, in contrast, has been proven to be a simple and low-cost

ethod for fabricating complex oxide nanowires or nanotubes.
nodic aluminum oxide (AAO) is one of the most widely used

emplates currently because of its highly ordered nanoporous
tructure, controllable pore size and excellent chemical stability
t high temperature. It is expected that most Q1D complex oxide
anowires or nanotubes can be synthesized via sol–gel template
ethod as long as the ingredient and concentration of precur-

or sol can be properly controlled and the sol can wet out the
anochannel surfaces of AAO template.

Lead titanate (PbTiO3, PTO) has been widely used in opto-
lectrics, transducers, sensors and non-volatile memory devices

ue to its remarkable ferroelectric, pyroelectric and piezoelec-
ric properties [26]. More recently, PTO nanostructures become

ore and more attractive because they are promising candidates
or high-density, non-volatile information storage and scanning
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robe-based ferroelectric mass storage [27,28]. Several reports
ave been dedicated to the synthesis and characterization of PTO
anotubes and nanowires [20,29,30]. In the aspects of physical
roperties, although size-induced ferroelectric phase transitions
f PTO nanotubes has been investigated [22], the photolumines-
ence (PL) property and polarization–electric field (P–E) loops
f PTO nanotube arrays are still rarely reported [31]. In this arti-
le, we will report the sol–gel template synthesis and structural
haracterization of PTO nanotubes. Furthermore, photolumi-
escence and P–E loops of PTO nanotube arrays will also be
iscussed.

. Experimental

The commercially available AAO membranes (Whatman
nodisc 47, nominal pore diameter 200 nm) were used as tem-
lates in our experiments. The precursor sol was prepared as
ollows: 9.552 g lead acetate (Pb(OAc)2, AR) with 5% excess
as firstly dissolved in 10 ml glacial acetic acid, and then the

olution was refluxed at 60 ◦C under stirring for 0.5 h. The reason
hy 5% excess of lead is added in the precursor is to compen-

ate the lead loss during thermal annealing. This has been widely
sed in the sol–gel synthesis of PTO thin films [22,32,33]. After
efluxing, the solution was cooled down to room temperature. A
econd solution of 7 ml purified Ti(OPri)4 and 10 ml ethanol was
dded to the lead acetate solution drop by drop. Next, the mixed
olution was stirred for several hours to obtain clear sol. Then,
he AAO template was immersed into the sol. The immersion
ime was about 3 h. After that, the AAO template was washed
arefully with ethanol for several times to remove the residual
ol coated on template surfaces, and dried in air for 0.5 h. The
AO template embedded with PTO gel was calcined in air at a

ate of 50 ◦C/h to 650 ◦C and was maintained at this temperature
or 6 h, then was cooled down to room temperature at a rate of
0 ◦C/h.

The morphology and structure of as-prepared PTO nanotubes
ere determined by field-emission scanning electron micro-

cope (SEM, Hitachi S-5200), X-ray diffraction (XRD, Riguka)
nd transmission electron microscope (TEM, JEOL 2010). For
EM and TEM observations, the AAO template embedded with
TO nanotubes was soaked in 4 M NaOH solution for 6 h to
emove alumina completely, then the resulting product was
ashed with distilled water for several times. It was found that

he released PTO nanotubes could still keep the closely packed
lm-like morphology even after removal of the template. Some
TO nanotube films were placed on SEM sample holder to per-
orm morphology observation. For TEM investigation, the film
as put in deionized water and subjected to ultrasonic treatment

or several minutes, then a drop of suspension was placed on
arbon-coated copper grid to carry out TEM studies. The PL
pectrum was collected by a fluorescence spectrometer (PTI-
-700) equipped with He–Cd laser (λ = 325 nm, 50 mW). To
easure P–E hysteresis loops of PTO nanotube array, both sur-
aces of the array were firstly polished carefully with sand paper
ntil PTO nanotubes were emerged, and then a layer of Au with a
hickness of 100 nm was sputtered on both sides of the template
s conductive contacts. The measurement was performed at a
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onlinear ferroelectric thin film testing system (Technologies,
T6000S).

. Results and discussion

Fig. 1 shows typical SEM images of as-prepared PTO nan-
tube array after removal of AAO template. Fig. 1(a) is an
verview image of the array. It can be seen that PTO nanotubes
till keep aligned morphology even in the absence of the support
rom AAO template. The length of nanotubes is about 50 �m,
onsistent with the thickness of template. A close top view SEM
mage of PTO nanotube array is given in Fig. 1(b). From this
icture, the open-ended tubular structure can be clearly seen.
he magnified top view image is shown in the inset of Fig. 1(b),

llustrating that the average outer diameter and wall thickness
f as-prepared nanotubes are about 300 nm and 40 nm, respec-
ively. The particles at the tube mouths are a result of incomplete
emoval of PTO sol from template surface. Fig. 1(c) displays a
ide view image of PTO nanotube array. It is evident that the nan-
tubes are highly parallel to each other and have a closely packed
orphology. Fig. 1(d) represents a SEM image taken from the
iddle part of the nanotube array. The fractures resulted from

ample preparation process clearly demonstrate that the nan-
tubes are hollow through the whole length, instead of just at
he ends. Fig. 1(e) shows a representative energy-disperse X-
ay (EDX) spectrum of as-prepared PTO nanotubes. It is clear
hat the nanotubes consist of Pb, Ti and O. The atomic ratio of
hese three elements is given in the inset of Fig. 1(e), showing
hat Pb:Ti:O is approximate to 1:1:3. This demonstrates that the
s-prepared PTO nanotubes have an ideal stoichiometric ratio.

It is believed that AAO templates we used here played an
mportant role on the formation of nanotubes. As is known, AAO
emplates have hydrophilic inner surfaces, so the sol entered the
anochannels through capillary action can be easily adsorbed on
he channel surfaces, facilitating the tube formation. On the other
and, the 50 �m channel length is too long to allow for more sol
olution to enter. Thus, the sol can only fill the nanochannels
ncompletely, so that solid fibers are difficult to be obtained. In
act, Hernandez et al. have also demonstrated previously that
horter channel length is more conducive to the formation of
olid fibers, while using 50-�m thick AAO template yields only
anotubes [22].

The XRD patterns of as-prepared PTO nanotube array
mbedded in AAO template and PTO gel powders calcined at
he same condition are presented in Fig. 2. Since alumina tem-
late begins to be crystallized only when it is annealed above
00 ◦C [34,35], it does not contribute any diffraction peaks in
he XRD pattern in present case. From Fig. 2, it is found that
ll diffraction peaks of PTO gel powders are well consistent
ith standard powder XRD pattern of tetragonal perovskite PTO

JCPDS 78-0299), and no other impurity phases were detected,
hich demonstrates the formation of pure tetragonal ferroelec-

ric phase. In contrast, PTO nanotube sample exhibits a similar

RD pattern, but the diffraction peaks of nanotubes are obvi-
usly broader. The average crystallite sizes of PTO gel powders
nd PTO nanotubes are estimated by Scherrer formula after per-
orming proper instrumental broadening correction with LaB6
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Fig. 1. SEM images of as-prepared PTO nanotubes after the removal of AAO templat
(

F
a

d) SEM image taken from the middle part of the array; (e) EDX spectrum as-prepare

ig. 2. XRD patterns of as-prepared PTO nanotubes embedded in AAO template
nd PTO gel powders prepared in the same condition.
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e. (a) Overview; (b) top view, inset: magnified image; (c) side view of the array;
d PTO nanotubes, inset: the atomic ratio of products.

tandard sample. Scherrer formula can be written as

= Kλ

β cos θ
(1)

here D stands for crystallite size, K ≈ 0.89 is Scherrer con-
tant, and λ and β represent the wavelength of X-ray and full
idth at half maximum of the corresponding diffraction peaks,

espectively. Since the shape of PTO nano-crystallites may not
e spherical, the crystallite sizes of top three strong diffractions
that is, (1 0 0), (1 1 0) and (1 1 1) diffractions) are calculated
nd their average value is given. As-calculated average crystal-
ite sizes for PTO gel powders and PTO nanotubes are 69.4 nm
nd 24.3 nm, respectively. It is evident that the average crystallite
ize of PTO gel powders is nearly three times larger than that of
TO nanotubes, although they were prepared in the same con-

ition. This implies that AAO template may have a confinement
ffect on the coalescence of PTO nano-crystallites, as suggested
y Hernandez et al. [22]. In addition to small crystallite size,
nother reason responsible for the XRD peak broadening of PTO



44 L. Liu et al. / Materials Science and En

F
t
r

n
b
p

p
t
0
w
e
b
c
a
s
c
d
b

t
w
p
m

n
e
t
m
T
T
c
X
t
t
d
H
i
s
o
t

s
U
s
r
a
P
r
P
P
t
e
I
p
a
F
t
p
P
o
P
s
h
i

s
t
b
h
s
m
g

ig. 3. (a) TEM image of as-prepared PTO nanotubes. Inset: selected-area elec-
ron diffraction pattern of PTO nanotubes; (b) HRTEM image of the crystallized
egion of as-prepared PTO nanotubes.

anotubes is their poor crystallinity. This will be demonstrated
y the HRTEM image shown in Fig. 3(b), which displays the
resence of amorphous PTO besides PTO nano-crystallites.

According to Fig. 2, it is also noted that the proximate double-
eak diffractions in nanotube sample is disappeared. This seems
o imply the formation of cubic paraelectric phase (JCPDS 70-
747) in as-prepared PTO nanotubes. However, it is known that
hen evaluating nanomaterials via powder XRD method, the

ffect of line broadening will sometimes cause a pseudocu-
ic structure to be observed [22,36]. Therefore, it could not be
oncluded readily now that the PTO nanotubes are paraelectric
lthough they reveal a cubic structure. In fact, we noted that

imilar result was also reported by Hernandez et al. [22]. They
larified that the cubic paraelectric structure of PTO nanotubes
etermined by XRD was actually a pseudocubic phase caused
y line broadening, and they further confirmed the ferroelec-
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ric feature of PTO nanotubes by Raman scattering. In our case,
e will also demonstrate below that PTO nanotubes we pre-
ared are ferroelectric at room temperature through P–E loop
easurements.
Fig. 3(a) displays a typical TEM image of as-prepared PTO

anotube. From this picture, it can be seen that the outer diam-
ter of PTO nanotube is uniform along the axial direction, but
he wall thickness is inhomogeneous, probably due to the inho-

ogeneous covering of precursor sol on the channel surfaces.
he electron diffraction pattern is given in the inset of Fig. 3(a).
he ring-like diffractions clearly demonstrate the polycrystalline
haracter of as-prepared nanotubes, which is in agreement with
RD data. For obtaining further insight about the microstruc-

ures of the nanotubes, HRTEM was performed. It is found that
he nanotubes actually consist of many PTO nano-crystallites
ispersed in amorphous PTO matrix. One of representative
RTEM images of the crystallites is shown in Fig. 3(b). The

nterplanar distance of the crystallite is about 0.39 nm, corre-
ponding to that of PTO (1 0 0) crystal planes. The average size
f the crystallites is approximate to 20 nm, slightly smaller than
hat calculated by Scherrer formula (24.3 nm).

Although perovskite-type titanates have been extensively
tudied for many years, their PL properties were neglected.
ntil recently, the discovery of room temperature PL emis-

ion in amorphous ABO3 perovskites stimulates considerable
esearch interests in room temperature PL of this class of materi-
ls [37–43]. Here, room temperature PL behavior of as-prepared
TO nanotubes embedded in AAO template is investigated. For
eference, the PL spectra of empty AAO template as well as
TO gel powders are also given. Fig. 4(a) and (b) shows the
L spectra of AAO template and PTO nanotubes embedded in

emplate, respectively. As is depicted in Fig. 4(a), two broad
mission bands centered at 408 nm and 455 nm were detected.
n contrast, the PL spectrum of PTO nanotubes embedded in tem-
late can be fitted with three bands centered at 407 nm, 455 nm
nd 505 nm, respectively, just like the dash curves shown in
ig. 4(b). Compared with Fig. 4(a), it is evident that the first

wo PL bands are originated from the emission of AAO tem-
late, while the last band centered at 505 nm is the emission of
TO nanotubes themselves. Fig. 4(c) displays the PL spectrum
f well-crystallized PTO gel powders (as shown in Fig. 2). No
L peaks can be detected except the background of excited light
ource. This agrees well with previous reports [37–43], which
ave demonstrated that room temperature PL cannot be observed
n well-crystallized ABO3 materials.

Now there is a consensus that room temperature PL emis-
ion of amorphous ABO3 materials is mainly originated from
heir structural disorder [43]. We consider that this should also
e the origin of room temperature PL of PTO nanotubes studied
ere. As we can see from Fig. 3(b), the PTO nanotubes con-
ist of small PTO nano-crystallites dispersed in amorphous PTO
atrix. Such structural disorder will result in a non-uniform band

ap structure [37–40]. On one hand, the presence of amorphous

TO will introduce localized tail states in which electrons or
oles may be trapped. On the other hand, it has been demon-
trated both experimentally and theoretically that there exist
wo kinds of Ti coordination in amorphous PTO, fivefold oxy-
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Fig. 5. (a) The schematic diagram of P–E loop measurement of PTO nanotube
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ig. 4. Photoluminescence spectra of (a) AAO template; (b) PTO nanotubes
mbedded in AAO template; (c) well-crystallized PTO gel powders.

en Ti coordination (TiO5 square base pyramid) and sixfold
xygen Ti coordination (TiO6 octahedron) [40,42]. The coexis-
ence of [TiO5] and [TiO6] clusters will yield a charge imbalance
hat encourages the trapping of holes in previously mentioned
ocalized states. In addition, a large amount of surface defects
nd oxygen vacancies are usually existed in sol–gel synthesized
aterials, and consequently yield gap states. Since the PL emis-

ion of PTO nanotubes is centered at 505 nm (2.46 eV), It could
ot result from the direct energy gap transition because the band
aps of PTO ceramic and sol–gel-derived films are around 3.6 eV
44]. Thus, the photoluminescence of PTO nanotubes may be
ttributed to the radiative recombination between trapped elec-
rons and trapped holes in tail and gap states. This radiative

ecombination mechanism of PL emission in amorphous PTO
anomaterials has been proven by Leite et al. [39,42,43].

For investigating the ferroelectric feature of as-prepared PTO
anotubes, the P–E loops of nanotube array were measured at

c
s
a
b

rray; (b) P–E hysteresis loops of PTO nanotube array measured with different
oltage ranges.

oom temperature. Fig. 5(a) is the schematic diagram of P–E
urve measurement. The sample stage and two probes are made
f stainless steel. One of probes (probe 1) always kept contact
ith sample stage during the measurement, so that they had

qual potential. The PTO nanotube array embedded in AAO
emplate with top and bottom Au electrodes was directly placed
n the surface of sample stage, thus, the bottom electrode also
ot a same potential with sample stage and probe 1. Then another
robe (probe 2) was drived to approach the top electrode of PTO
anotube array. A capacitance detector was applied between the
wo probes to monitor the capacitance between probe 2 and top
lectrode. When probe 2 did not touch the top electrode, the
etector shown the capacitance of the air. But when probe 2 had
good contact with top electrode, the capacitance would have
sharp change. At this point, the measurement could start. P–E

oops measured within different voltage ranges are displayed in
ig. 5(b). Here, the polarization values have been normalized

o the area fraction of PTO nanotubes. The hysteresis behavior
nambiguously demonstrates the room temperature ferroelec-
ricity of as-prepared PTO nanotubes. It also clarifies that the
ubic structure of PTO nanotubes determined by XRD does
epresent “pseudocubic” phase, and is not a real paraelectric
hase. From Fig. 5(b), it also can be seen that the hysteresis
an even occur when the applied voltage changes only within a

mall range of −1 V to +1 V, indicating that the PTO nanotubes
re easily polarized. With the increase of applied voltage range,
oth remanent polarization and coercive field enlarge gradually.
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owever, leaky behavior is shown when high voltage is applied,
s can be seen from the bending corner of P–E loops at extreme
pplied voltage.

We also prepared PTO nanotubes with different diameter and
all thickness successfully. This was achieved by varying pore
iameter of template and the immersion time of AAO template
n precursor sol. The investigation about the influence of diam-
ter and wall thickness on photoluminescence and ferroelectric
roperties is in progress.

. Conclusion

In summary, we have successfully prepared PTO nanotube
rray via sol–gel template approach. The morphology and struc-
ures were investigated by SEM, XRD and TEM in detail. Room
emperature PL property of as-prepared PTO nanotubes was
tudied, and a wide PL band centered at 505 nm was detected. It
s considered that the luminescence emission is attributed to the
olycrystalline microstructures and is originated from the radia-
ive recombination of trapped electrons and holes in tail and gap
tates. Furthermore, P–E loops of as-prepared PTO nanotube
rray were measured, and the hysteresis clearly demonstrates
he room temperature ferroelectricity of the nanotubes, indi-
ating PTO nanotube array is potential media as ferroelectric
nformation storage.
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