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Abstract

Nanotubes of ferroelectric lead titanate (PbTiOs3) have been made by a template-assisted method. An equimolar Pb—Ti sol was dropped onto porous
alumina membranes and penetrated into the channels of the template. Single-phase PbTiO; perovskite nanotubes were obtained by annealing
at 700°C for 6 h. The nanotubes had diameters of 200-400 nm with a wall thickness of approximately 20 nm. Excess PbO or annealing in a
Pb-containing atmosphere was not necessary in order to achieve single-phase PbTiO; nanotubes. The influence of the heating procedure and the

sol concentration is discussed.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Template-assisted synthesis is a widely used method to pro-
duce one-dimensional (1D) nanostructures such as nanotubes
and nanowires of a variety of materials.! For oxide materi-
als, the most commonly used negative templates are porous
anodic aluminium oxide (AAO) and track-etched polycarbon-
ate membranes.” These templates have 1D pores or channels in
which a sol or an aqueous solution containing the desired com-
ponents can be incorporated. In following drying and annealing
steps, the solvent evaporates and the material starts to crys-
tallize and densify, forming nanostructures with dimensions
constricted by the pore diameter and the pore length of the
template.

In this work we used commercial Whatman Anodisc AAO
membranes to synthesize PbTiO3 nanotubes. PbTiO3 is a proto-
type ferroelectric material with a perovskite structure and with a
Curie temperature of 490 °C. PbTiO3 has previously been syn-
thesized in AAO templates, producing nanotubes by sol-gel
method®® and nanowires by an aqueous solution method.” In
addition, the closely related compound PbZr;_,Ti,O3 (PZT)
has also been synthesized as nanotubes and nanowires in AAO
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templates.®~15 PbTiO; nanotubes are interesting for instance in
fundamental studies of nanoscale ferroelectricity, in non-volatile
memory applications,®!'* and in piezoelectric applications.” In
this work we studied how the heating procedure, the sol con-
centration, and different nominal pore diameters of the Anodisc
membranes influenced the morphology and the phase composi-
tion of the nanotubes.

2. Experimental

Whatman Anodisc AAO membranes with a thickness of
60 um were used as templates. Three types of membranes
with different nominal pore diameters were used: 20, 100,
and 200 nm. The diameter of the membrane was either 25 mm
(200 nm membranes) or 47 mm (20 and 100 nm membranes).
The pore diameters on the two sides of the membrane were dif-
ferent. For instance, the small pore side of the 200 nm Anodisc
membranes had pore diameters <100 nm, while the large pore
side had pore diameters of 200-250 nm (Fig. 1). The pore diam-
eter across the membrane was therefore inhomogeneous.

A Pb-Ti sol was made by dissolving lead(Il) acetate trihy-
drate (Wako, >99.9%) in acetic acid (Wako, >99.0%), and tita-
nium(IV) tetrabutoxide (Wako, >95.0%) in 2-methoxyethanol
(Wako, >98.0%), and mixing these two solutions by stirring.
Three sol concentrations were used: 0.43, 0.75 and 1.35 mol/L
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Fig. 1. SEM images of a Whatman Anodisc membrane with 200 nm nominal
pore diameter. (a) Small pore side. (b) Large pore side.

(npv/Viotal), see Table 1. The Pb/Ti ratio was 1.00 for all the
sols. The sol was dropped onto the large pore side of a mem-
brane which had been taped at the small pore side. After 10 min,
excess sol was removed by wiping with a paper or with a scalpel.
The membranes infiltrated with the sol were dried in air for
30min and thereafter heat-treated at 700 °C for 0.5-6h. The
membranes were either directly heated to 700 °C in a preheated
furnace, or slowly heated at a rate of 1 °C/min from room tem-
perature. The cooling rate was 3 °C/min for all the experiments.
After the heat treatment, excess PbTiO3 material was carefully
scraped off using a scalpel. The membrane was dissolved by
immersing in 4 mol/L NaOH for at least 1 h, followed by wash-
ing and centrifugation in water. Large-area arrays of nanotubes
were obtained by coating the small pore side of the membrane
with epoxy before the NaOH treatment, while free-standing nan-
otubes were obtained by sonication during the NaOH treatment.
For comparison, the sols were also heat-treated, at 700 °C for
0.5h with a 1 °C/min heating rate.

The phase composition of the products was studied by X-
ray powder diffraction (XRD, Shimadzu LabX XRD-6000).
The morphology of the products and the Anodisc membranes

Table 1

Amount of reactants and sol concentration for the three different sols used.

Sol number 1 2 3

Cation concentration 0.43 mol/L 0.75 mol/L 1.35 mol/L
Lead(II) acetate trihydrate 10.0 mmol 10.0 mmol 10.0 mmol
Titanium(IV) tetrabutoxide 10.0 mmol 10.0 mmol 10.0 mmol
Acetic acid 2.0mL 5.0mL 10.0mL
2-Methoxyethanol 2.0mL 5.0mL 10.0mL

was studied by scanning electron microscopy (SEM, JEOL
JSM-5300), and field emission scanning electron microscopy
(FESEM, Hitachi S-4500). The samples were coated with gold
or osmium before imaging.

3. Results

The diameters of nanotubes synthesized in 200 nm mem-
branes were 200-400 nm, while the lengths varied from 2 pm
to above 10 um (Fig. 2). A side view of the nanotube array
shows that the growth of nanotubes was inhomogeneous in the
membrane (Fig. 2b), suggesting that the internal structure of
the membrane was inhomogeneous. During the drying after dis-
solving the membrane the nanotubes typically bundled together
(Fig. 2c). However, the nanotubes could detach from each other
easily by sonication (Fig. 2d).

The X-ray diffractograms of the heat-treated products show
that while the perovskite phase (PbTiO3) was formed from the
sol after annealing at 700 °C for 30 min with slow heating rate
(Fig. 3a), the same heat treatment for the sol in the membrane
resulted in the metastable fluorite phase (Fig. 3b),'®!7 which
is non-ferroelectric and therefore unwanted. Prolonged heating
increased the perovskite content (Fig. 3c); however, it was more
effective to insert the sol-infiltrated membrane directly into a
furnace preheated to 700 °C (Fig. 3d—f). Initially, a small amount
of the fluorite phase was formed also with the direct heating, but
after 6h at 700 °C the fluorite phase could not be detected by
XRD (Fig. 3f).

Comparing Fig. 3f with a, the diffraction lines in Fig. 3f are
much broader than the corresponding lines in Fig. 3a, and in
addition the splitting of the (10 1) and (1 1 0) diffraction lines at
32-33° evident in Fig. 3a is far less pronounced in Fig. 3f. The
difference between these two diffractograms is caused by line
broadening because of small crystallite sizes. Similar diffrac-
tograms to Fig. 3f have been shown for PbTiO3 nanotubes
that exhibited ferroelectric properties, implying a tetragonal
structure.® The line broadening indicates that the perovskite
crystallites formed in the membrane are much smaller than the
crystallites formed during heat treatment of the sol. The tem-
plate therefore has a confinement effect on the coalescence of
the nanoparticles.

To study if the wall thickness of the nanotubes could be con-
trolled by changing the sol concentration, three different sols
(Table 1) were used with otherwise identical synthesis con-
ditions. However, the wall thickness estimated from FESEM
images was 15-20 nm for all the three sol concentrations and no
significant difference was observed (Fig. 4). Fig. 4 also shows
that the nanotubes were polycrystalline, consisting of grains with
diameters <20 nm.

Anodisc membranes with 20 and 100 nm nominal pore diam-
eters were tried used to make PbTiO3; nanotubes with smaller
diameter. However, the nanotube diameters were the same as
when the 200 nm membranes were used; 200—400 nm. Cross-
section SEM images of a 100 nm membrane show that it was
only a thin layer (~1.5 wm) at the small pore side of the mem-
brane that had the nominal pore diameter, while the rest of the
membrane had larger pores (200400 nm) (Fig. 5). The layer
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Fig. 2. SEM and FESEM images of nanotubes synthesized in 200 nm mem-
branes. (a) Nanotube ends. (b) Side view revealing growth inhomogeneties.
(c) The nanotubes bundled during drying after dissolving the membrane. (d)
Free-standing nanotubes after sonication.

with small pore diameter in the 20 nm membranes was even
thinner (<1 pm).

4. Discussion

The results show that template-assisted synthesis is an easy
method to fabricate ceramic nanotubes. However, control of
the micro/nanostructure and phase composition can be a chal-
lenge. For the PbTiO3 system studied here, the effect of various
heat treatment procedures on the resulting phase is clearly
demonstrated in Fig. 3. The non-ferroelectric fluorite phase that
was formed during slow heating of the membranes is often
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Fig. 3. X-ray diffractograms of products synthesized with 0.75 mol/L sol after
various heat treatments. (a) Sol annealed at 700 °C for 30 min with slow heat-
ing rate (1 °C/min). (b)—(f) Products synthesized in 200 nm membranes (the
membranes were dissolved before XRD characterization). The products were
annealed at 700 °C for the stated length of time, and were either slowly heated
(1°C/min) to 700 °C, or directly inserted into a furnace preheated to 700 °C.
Line identities are based on the PDF standard patterns of tetragonal perovskite
PbTiO3 (6-452) and pyrochlore Pb, Ti O¢ (26-142).
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Fig. 4. FESEM images of nanotubes synthesized in 200 nm membranes using
sol concentrations of (a) 0.43 mol/L and (b) 1.35 mol/L.

Fig. 5. SEM images of the cross-section of a Whatman Anodisc membrane with
100 nm nominal pore diameter. (a) Small pore side. (b) Large pore side.

encountered as an unwanted intermediate phase during anneal-
ing of Pb-based ferroelectrics.'’?? In the fluorite structure,
neither the oxygen vacancies nor the cations are ordered, so
during annealing, formation of the metastable fluorite phase
may be kinetically favoured over the thermodynamically sta-
ble, but highly ordered perovskite phase, because of limited ion
diffusion at lower temperatures.!”-!8 The formation of the fluo-
rite phase will also reduce the driving force associated with the
nucleation of the perovskite phase.'® Thus, when the fluorite
phase is nucleated from the amorphous precursor, the further
transformation into the perovskite phase is slow, although the
perovskite phase is the thermodynamically stable phase. The
difference in phase composition between the powders that were
obtained by the slow heat treatment of the sol (Fig. 3a) and the
sol in the membrane (Fig. 3b), indicates that the pore walls of
the membrane influence the nucleation and growth process. As
the fluorite phase was only observed in the diffractogram of the
membrane-synthesized sample (Fig. 3b), it can be assumed that
heterogeneous nucleation of the fluorite phase occurred at the
pore walls, in a temperature range in which the fluorite phase is
kinetically stable. In contrast, for the sol alone, homogeneous
nucleation is more likely, and the homogeneous nucleation is
likely to be initiated at a higher temperature than the hetero-
geneous nucleation. At this higher temperature, the perovskite
phase may be the preferred phase, so that in absence of the mem-
brane, the perovskite phase is formed because heterogeneous
nucleation is less likely.

Further, the direct heating procedure, in which the membrane
was inserted into a preheated furnace, promotes nucleation of the
perovskite phase because the rapid thermal processing bypasses
the temperature range where the fluorite phase is kinetically sta-
ble. A small fraction of the fluorite phase was formed also during
the direct heating procedure; however, by prolonged anneal-
ing time at 700 °C (up to 6h) the fluorite phase transformed
into the perovskite phase (Fig. 3d—f). The fluorite phase has
a much higher tolerance for Pb deficiency than the perovskite
phase,'® so the complete transformation of the fluorite phase
into the perovskite phase also shows that significant volatiliza-
tion of Pb did not occur, although the precursor solution had a
1.00 Pb/Ti ratio and the nanotubes have a high surface/volume
ratio. A standard approach to compensate for Pb loss during
annealing of Pb-based ferroelectrics is addition of 5-25 mol%
excess Pb to the precursor solution, or annealing in a Pb- or PbO-
rich atmosphere.'® In the previous reports of PbTiO3 nanotubes
made by sol-gel processing in AAO membranes, either a Pb/Ti
ratio of 1.05 was used*® or not specified,’ or the annealing was
performed in a Pb vapour-saturated atmosphere.’ In contrast,
this study shows that single-phase perovskite nanotubes can be
obtained with an equimolar precursor solution, provided that a
direct heating procedure is used during the annealing. Excessive
lead is generally unwanted as it can diffuse into Pt electrodes
and decrease the dielectric constant and the resistivity.2"

The concentration of the sol did not significantly influence
the morphology of the nanotubes (Fig. 4). This has also been
reported by Hernandez-Sanchez et al.* Although the 1.35 mol/L
sol was three times as concentrated as the 0.43 mol/L sol, the
wall thicknesses estimated from the FESEM images were the
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same (15-20nm). It may be that the difference is too small to
be observable by FESEM. A possible explanation for the equal
wall thickness is that the higher viscosity of the high concen-
tration sol lowers the ability of the sol to penetrate the pores,
especially for the long pores used here (60 wm), thus reducing
the amount of material that is deposited in the pores. The wall
thickness is most importantly affected by the pore diameter, as
Zhao et al.> have shown that the wall thickness increased with
the diameter of the nanotubes. From the results of Zhao et al.,
a wall thickness of 10-15% of the pore diameter is expected,
which is consistent with the 20 nm wall thickness obtained in
the 200 nm pore diameter membranes in the present study. To
increase the wall thickness, successive coatings of the template
can be used, but the fragile nature of the AAO membranes makes
such a procedure difficult.* Increasing the immersion time can
also be an alternative, as Zhang et al.'% reported the synthesis
of PZT nanowires in a 45 nm AAO membrane using a long sol
immersion time of 5 h. However, to synthesize PbTiO3 or PZT
nanowires instead of nanotubes in AAO membranes, growth by
a particle-directing method such as electrophoresis?!' or growth
from aqueous salt solutions’ is probably more suitable.

The commercial membranes that were used in this work have
most likely been produced by a one-step procedure, in which
the aluminium film has only been anodized once. By a two-
step procedure, a much better control of the pore diameter and
pore distribution can be obtained, with a constant pore diameter
throughout the membrane.?? Therefore, to make nanotubes with
diameters below 200 nm, it is necessary with a more careful
preparation of the membrane templates.

5. Conclusions

PbTiO3 nanotubes with diameters of 200400 nm were suc-
cessfully prepared by a template-assisted method. Direct heating
at700 °C for 6 h was shown to be sufficient to obtain single-phase
perovskite nanotubes from an equimolar precursor solution,
avoiding the addition of excess lead or annealing in a Pb-rich
atmosphere. Variation of the sol concentration did not signifi-
cantly affect the wall thickness of the nanotubes. Large internal
pores in the Anodisc membranes with nominal pore diameters
of 20 and 100 nm prevented the formation of nanotubes with
smaller diameters.
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