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Abstract Lead zirconate titanate (PZT) nanotubes have

been grown using porous anodic alumina templates. Sol–

gel electrophoretic deposition method was utilized to form

the nanotubes on pore walls. The templates were prepared

using various anodizing voltages to achieve different pore

diameters. Phosphoric acid solution was employed as the

electrolyte. Stabilized PZT sols were prepared using lead

acetate trihydrate and modified precursors of zirconium

and titanium with acetic acid. The filled templates were

then sintered at 700 �C. Scanning electron microscopy

(SEM) shows that tubular PZT arrays have been efficiently

grown in the alumina templates. Transmission electron

microscopy (TEM) further confirms the tubular form and

polycrystalline nature of the tubes. Energy dispersive X-ray

(EDX) analyses also confirm the composition of the tubes.

X-ray diffraction (XRD) spectra indicate the presence of

the perovskite PZT as the main phase.

Introduction

In recent years, research on inorganic nanotubes such as

metals, semiconductors, or oxides has been rapidly

increasing. Ferroelectric oxide nanotubes are suitable one-

dimensional structures for many functional nanodevices

such as nanoscale sensors and actuators and nanoelectro-

mechanical systems (NEMS) because the sensitivity and

efficiency of such devices are directly proportional to the

surface area of the material. Therefore, much effort has

already been devoted to develop various ferroelectric oxide

nanotubes [1–4].

Lead zirconate titanate or PZT, with the perovskite

structure, is a well known ferroelectric and piezoelectric

ceramic material with high spontaneous polarization,

dielectric permittivity, and piezoelectric coefficients. With

the general formula of Pb(ZrxTi1-x)O3, 0 \ x \ 1, it is a

binary solid solution of PbZrO3, an antiferroelectric with

orthorhombic structure, and PbTiO3, a ferroelectric with

tetragonal perovskite structure. PZT refers to the whole

compositional range of this solid solution which includes

various amounts of tetragonal and rhombohedral phases

below the Curie point. However, the dielectric permittivity

and piezoelectric coefficients of PZT ceramics generally

peak at compositions near the so-called morphotropic

phase boundary or MPB. This boundary occurs at x = 0.52

and is nearly temperature independent [5].

It has been acknowledged that the template-based syn-

thesis process is a very useful technique for the production

of various one-dimensional nanostructures including

nanorods, nanowires, and nanotubes [6]. In this process, a

liquid or gaseous precursor of the desired material is

deposited into some porous structure, such as porous ano-

dic alumina (AA) membranes, mesoporous silicone, or

polycarbonates. However, the ferroelectric materials grown
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in this manner are amorphous and should be annealed to re-

crystallize into the desired ferroelectric phase. When

amorphous PZT compositions are annealed to form the

perovskite phase, an intermediate fluorite (or pyrochlore)

phase is first crystallized [7]. The presence of this non-

ferroelectric phase, even in small amounts, causes deteri-

oration of the electrical properties of the whole system.

Therefore, it is necessary to minimize or, if possible, totally

avoid the formation of this phase.

The template-wetting process is known as the main

method in the production of PZT nanotubes [8]. A solid

layer containing lead, zirconium, and titanium precursors is

formed in this deposition method on the pore walls of the

template. This layer is then annealed to crystallize into the

perovskite phase in a tubular form. A polymer-based

solution is normally prepared in this method by addition of

a suitable polymer material to the PZT sol in order to

decrease the surface energy and increase the wetting of the

pore walls with the solution. This increases both the

organic content of the solid layer and the shrinkage of the

tubes during firing which, in turn, can potentially lead to

cracks and defects in the tubular structure due to the large

volume contraction. It seems that post-annealing of the

tubes after template removal is necessary to reduce these

defects and release the residual stress [1–2]. Therefore, it is

strongly desirable to use an alternative method more

compatible with low carbon content PZT gels in order to

decrease the shrinkage upon firing.

It is well known in sol–gel processing that surface-

charged nanoclusters with the desired stochiometry are

generated by hydrolysis and condensation reactions during

sol preparation. This surface charge interacts with other

charged species in the sol to produce a double-layer

charged structure around the particle. Electrostatic stabil-

ization of the sol is based on this charged structure which

prevents agglomeration. Sol–gel electrophoretic deposition

is based on the application of an external electric field to

such an electrostatically stabilized sol. The externally

applied electric field forces these charged particles to move

toward the electrodes inserted in the sol and, therefore,

could be used for the deposition of the particles on the

electrode. This method is used for the production of thin

and thick films and yields films of greater thickness, den-

sity, and quality than the traditional sol–gel method alone

[9]. In addition, it has been widely utilized to produce

nanorods or nanowires of metallic materials and alloys

[10–14] as well as nanorods of both simple and complex

oxides [15–17].

In the present work, sol–gel electrophoretic deposition is

used to produce PZT nanotube arrays. Porous AA mem-

branes are produced to form the nanotubes using a

template-based method. Stabilized PZT sols with near

MPB composition are used to form nanotubes with low

carbon content in order to minimize the shrinkage upon

firing. The aim of this work is to obtain PZT tubular arrays

with the perovskite structure and avoid the formation of the

undesired non-ferroelectric phases in the process.

Experimental procedure

The first step of this research is to prepare the porous

alumina templates through a two-step anodizing process

using commercially available aluminum foils (0.2 mm

thick). The Al foils were first cleaned and annealed in

nitrogen ambient at 500 �C for 3 h to increase the grain

size and provide better homogeneity for the development

of the pores. The foil surfaces were then polished using

three electropolishing steps in a mixture of 4:4:2 by weight

of H3PO4, H2SO4, and H2O [18]. During the electro-

chemical polishing, a constant electropolishing current of

*2 A/cm2 was used for 40 s intervals. The electropolish-

ing solution was cooled down intermittently to avoid the

extra heating of the solution due to high currents. The

polished aluminum sheets were anodized in a 10 wt.%

aqueous solution of phosphoric acid to obtain a nanoporous

aluminum oxide layer on the surface. A cooled electro-

chemical cell, held constant at 1 �C, was used for

anodizing. The first anodized layer was subsequently

removed in a mixture of phosphoric acid (6 wt.%) and

chromic acid (1.8 wt.%) at 60 �C [19]. Both the first and

the second anodizing processes were carried out under the

same voltages in the range of 45–114 V to control the pore

diameters in the 80–200 nm range, and the second anod-

izing step was done over different periods of time from 11

to 24 h to obtain pore lengths varying from about 8 to

30 lm. After anodizing, the unanodized aluminum sub-

strate was removed in a saturated solution of HgCl2 and the

barrier layer of the prepared templates were opened and the

pores were simultaneously broadened after etching in a

5 wt.% phosphoric acid solution for about 4 h at room

temperature. Figure 1 shows a typical SEM planar view of

a porous AA template, prepared as described. The template

has been anodized at 80 V and the average pore diameter is

*140 nm. Figure 2 shows the cross-sectional view of the

same template as in Fig. 1 with the pores widened. Some of

the pores have branched, but a rather uniform and parallel

array of the channels has been achieved after pore broad-

ening. It is also clear that the average pore diameter has

increased to *230 nm.

Lead zirconate titanate sols with the composition of

Pb1.1(Zr0.52Ti0.48)O3 were prepared using lead acetate tri-

hydrate (99.999%, Aldrich), zirconium (IV) butoxide (80%

in n-butanol, Aldrich), and titanium (IV) butoxide (97%,

Aldrich) as the precursors and glacial acetic acid (100%,

Assay, Karl Roth) as the modifier. Excess lead acetate
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(10 mol.%) was also added to compensate for the lead loss

during the firing process. Lead acetate trihydrate (20.86 g)

was first dissolved in glacial acetic acid (24.2 mL) ultra-

sonically. The prepared solution was dehydrated at 110 �C

for 15 min and then cooled down to room temperature.

Zirconium (IV) butoxide (11.9 mL) was also mixed ultra-

sonically with titanium (IV) butoxide (8.4 mL) for several

minutes. In order to prepare a useable sol, the zirconium

butoxide/titanium butoxide mixture was first mixed with

the lead acetate/acetic acid solution at room temperature to

chemically change the hydrolysis behavior of these mate-

rials with acetic acid. Lead acetate/acetic acid solution was

dehydrated first because water could cause non-uniform

gelation of zirconium and titanium butoxides, before they

were modified. Deionized water (0.1 lS/cm, 3.6 mL) was

subsequently added to the prepared solution to hydrolyze

the zirconium and titanium precursors. The hydrolyzed

precursor solution was diluted with 44.6 mL methanol

(100%, Fisher Scientific) to prevent fast gelation of the sol.

Ethylene glycol (99.5%, 3.1 mL), glycerol (99.5%,

4.14 mL), and lactic acid (90 wt.%, 2.9 mL) were also

added to enhance viscosity and stability of the final solu-

tion [20, 21]. The prepared solution was magnetically

stirred and stored in sealed containers. The resulting sol

was transparent and stable for at least 8 weeks.

DC electrophoretic deposition process was used to fill

the template channels with the prepared PZT sol. The

bottom of the templates was first coated by sputtering a

100-nm thick gold film to produce the so-called working

electrode. The coated template was fixed in a specifically

designed stainless steel holder to be connected to an

external power supply during the deposition process. A

platinum mesh was also used as the counter electrode. Due

to the hygroscopic nature of the used precursor materials,

an inert (N2) atmosphere was used during the deposition.

The entire process was carried out at room temperature.

The filled templates were dried at 100 �C for 12 h, and

then fired at 700 �C for 1 h in air to develop the desired

perovskite structure.

X-ray diffraction (XRD) analyses were carried out on

the fired templates with a Philips PW-3710 diffractometer,

using Cu–Ka radiation. Scanning electron microscopy

(SEM) was used on etched templates with both a Leica/

Cambridge S360 and an FEI Nano Nova 200 SEM system.

An energy dispersive X-ray (EDX) spectrometer was also

used to analyze the composition of the grown nanotubes.

Transmission electron microscopy (TEM) was employed to

investigate the thinned templates using a Philips CM-200

FEG-HRTEM system.

Results and discussion

Scanning electron microscopy

Figure 3 shows the SEM planar view of an array of the

grown PZT nanotubes. This array of nanotubes has been

prepared by heavy etching of the template in a 40 wt.%

caustic soda solution at room temperature. The filled

template, after etching, has been rinsed with deionized

water and subsequently dried. It is clearly evident that the

electrophoretic deposition of the prepared sol has resulted

in a hollow tubular structure. The average outer diameter of

the tubes is about 230 nm which is consistent with the

broadened pores of the template in Fig. 2. Although the

template shown in Fig. 3 has been heavily etched, the

separating walls between the tubes, in some areas, can be

distinguished.

Figure 4 shows a larger area of the same sample as in

Fig. 3 at a lower magnification. It is observed that nearly

all of the channels are filled and the grown PZT array has

covered the whole visible area of the template which shows

good filling efficiency of the porous alumina template with

Fig. 1 An SEM plan view of a porous AA template, anodized at

80 V

Fig. 2 Fracture view of an AA template, after pore broadening
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the PZT nanotubes. The hollow nature of the array in the

figure indicates that a tubular rather a rod or wire-like

structure is formed throughout. However, two technical

problems are observed in this figure: first, the nanotubes are

covered with a PZT surface deposit in certain areas and

second, the tubes do not have a uniform height after tem-

plate removal. The surface deposit is marked by the letter

‘‘C’’ in some areas in Fig. 4. It is frequently observed in the

template-based sol deposition of nanostructures and is a

common problem in the production of PZT nanotubes by

template-wetting method [1]. This feature is also observed

in sol electrophoretic deposition of the nanorods of both

simple and complex oxides [15–17] and is due to

mechanical removal of excess sol from the surface.

Both of the above-mentioned problems can be avoided if

the surface of the sample is slightly milled with argon ion

beam. Figure 5 shows the SEM image of another array of

the electrophoretically grown nanotubes. This array was

deposited at the electrophoretic voltage of 1.2 V for 30 min

and the average outer diameter of the tubes is about

200 nm. The filled template in this image, after firing, has

been ion-milled by a Bal Tec RES 100 ion-beam device for

30 min and then partially etched in a 5 wt.% caustic soda

solution at room temperature. It is observed that the tem-

plate contains a flat and uniform array of parallel

nanotubes. Both Figs. 4 and 5 show that nearly all of the

channels are filled with the PZT nanotubes which indicate

the suitability of the DC electrophoretic deposition tech-

nique as an effective method for filling the empty channels

of the AA templates.

Transmission electron microscopy

Transmission electron microscopy was utilized to investi-

gate both the form and crystallinity of the grown

nanotubes. Figure 6 shows a bright-field TEM image of the

grown nanotubes. The porous alumina template is also

visible in the micrograph as the matrix. The alumina

membrane and one of the tubes are marked in this image by

the letters ‘‘A’’ and ‘‘T’’, respectively. To prepare this

sample, the filled alumina membrane was thinned by ion-

beam milling for about 10 h and then slightly etched in a

5 wt.% caustic soda solution at room temperature. The

grown tubes have subsequently stuck out of the milled

template after etching.

It is observed that the two channels at the top of the

image (Fig. 6a) are empty whereas the others contain some

nanotubes. An empty pore is marked in this image by the

letter ‘‘P’’. Since the template is heavily thinned, it is easy

for some of the tubes at the edges to disentangle from the

supporting template after etching. Therefore, we expect

that the tubes which belong to the empty channels have

Fig. 3 SEM micrograph of an array of PZT nanotubes, sticking out

of the template after etching

Fig. 4 SEM micrograph of the etched template in Fig. 3 at lower

magnification

Fig. 5 SEM micrograph of a filled porous alumina template after

slight ion-milling and partial etching
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already left their positions. It is easy to measure the

diameter of the empty pores now, but the measured size of

the hollow channels is not representative of the real

diameter of the grown tubes, because they are excessively

broadened during etching. Pore broadening is observed in

the filled pores of Fig. 6a too. Fig. 6b also shows a bright-

field TEM image of an AA channel with the PZT nanotube,

sticking out of the template after etching. Part of the tube

wall is observed in this image without any hindrance.

Crystallinity of the template matrix and the tube wall

was investigated by electron diffraction and the relevant

images are shown in Fig. 6c and d, respectively. The first

image shows that the matrix is amorphous, as expected,

whereas diffraction image of the tube wall indicates the

polycrystalline nature of the tube.

EDX analysis

Energy dispersive X-ray (EDX) analyses were carried out

to evaluate the composition of the tubes qualitatively.

Figure 7 shows the EDX spectrum of the nanotube array of

Fig. 3. The sample was mounted on a glass substrate using

epoxy resin; therefore, the spectrum represents the X-ray

lines from the array of the nanotubes as well as the carbon

line originating mainly from the epoxy resin. The alumi-

num line is from the porous alumina template, and the

sodium line is due to the residues of caustic soda used for

etching of the template. Since platinum has been used to

coat the sample, platinum lines are also observed. Taking

these considerations into account, we can conclude that the

analyzed nanotubes, grown in an AA template, are com-

posed of titanium, zirconium, and lead oxides.

Formation of nanotubes

The prepared PZT sol was driven into the template chan-

nels under the influence of various DC electrophoretic

voltages of 0.8–4.8 V over different periods of time up to

90 min. At higher voltages ([4 V), however, major fluc-

tuations in the electrical current were observed and

instability set in. In fact, no deposition took place at these

voltages, and microscopic evaluation of the templates did

not reveal any tubes.

In constant-voltage electrophoresis, the potential

between the electrodes is maintained constant, hence, with

increasing deposition (and therefore, increasing electrical

resistance), the electrophoretic current decreases; so does

Fig. 6 Bright-field TEM images of (a) empty and filled pores of an

AA membrane and (b) a tube wall. Electron diffraction patterns of (c)

the alumina matrix and (d) tube wall in (b)

Fig. 7 EDX spectrum of an array of the grown nanotubes
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the deposition rate [22]. A typical plot of the total elec-

trophoretic current versus time for the deposition of the

PZT nanotubes is presented in Fig. 8. Similar behavior of

the electrophoretic current versus time was also observed at

greater deposition times. It must be noted that the above

behavior has been observed at low voltages.

The use of template-based electrophoretic deposition in

the growth of nanowires and rods of complex oxides has

already been discussed [9, 15–17]. Successful growth of

nanotubes of complex oxides, such as PZT, has been

essentially based on the wetting of the pore walls by the

polymer-containing sols. However, successful growth of

nanotubes of such oxides using electrophoresis seems to

rely on the duplex structure of the alumina barrier layer

formed on aluminum during anodization [23–26]. It has

already been reported that this barrier layer consists of an

n-type semiconductor alumina layer, at the electrolyte

interface, and a dielectric passive layer at the Al electrode.

By supplying the proper electrical path to the semicon-

ducting layer, one should essentially be able to set the

positively charged hydrolyzed metal species in the sol in

motion and drive them toward the cathode [20, 21]. The

changing resistance of the sol and the initial deposited layer

as well as the different path lengths of electrical current in

the semiconducting alumina can provide a basis for suc-

cessful deposition of tubes in the template-based DC

electrophoretic deposition.

X-ray diffraction analyses

X-ray diffraction (XRD) analyses were performed to

evaluate both the composition and phase structure of the

filled templates after firing. Because of the presence of

carbon-containing precursors, a special firing schedule was

used. The samples were soaked at about 350 �C for 30 min

to ensure a complete burnout of the organic constituents. A

steep heating rate (25 �C/min) was employed from 350 to

700 �C (final firing temperature) to minimize the formation

of the intermediate phases [27]. The samples were then

furnace cooled down to the room temperature in air.

Figure 9 represents the X-ray spectrum of a fired porous

alumina template containing PZT nanotubes. The probable

phases in this system include aluminum oxide, perovskite

lead zirconate titanate or PZT, fluorite PZT, pyrochlore

PZT, perovskite lead titanate or PT, perovskite lead zir-

conate or PZ, and some unreacted lead, zirconium and

titanium oxides. All peaks were identified according to the

JCPDS standard cards. The perovskite PZT phase was

detected using card number 33-784. However, there is no

standard X-ray diffraction file available for the fluorite or

pyrochlore PZT. We have used the data supplied by Polli

et al. [28] and Wilkinson et al. [29] to identify the fluorite

PZT, and the d(hkl) values calculated by Wiedemann [30]

to evaluate the presence of the pyrochlore PZT phase. It

has already been reported that this calculation agrees well

with both the X-ray data and transmission electron

microscopy diffraction patterns [31]. The perovskite lead

zirconate phase was detected by the JCPDS standard card

number 3-655 and the formation of the lead titanate

perovskite phase was evaluated using the standard card

number of 2-804. Since the intensity of the lines due to the

PZT phase was quite low, long data acquisition times of

about 15 h were employed. The peaks in Fig. 9 indicate the

presence of the perovskite PZT as the main phase, along

Fig. 8 Variation of the electrophoretic current versus time at the

fixed applied voltage of 1.2 V
Fig. 9 XRD spectrum of an AA template containing PZT nanotubes.

The marked peaks are due to PbO
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with a small amount of lead oxide. No trace of crystalline

Al2O3 in the XRD spectrum is expected since the porous

anodic alumina is an amorphous material.

The absence of unreacted zirconium and titanium oxides

indicates the good reactivity of the alkoxide precursors in

the prepared PZT sol. However, the presence of unreacted

lead oxide is due to the excess amount of lead in the initial

composition. The excess lead is added to compensate for

the lead loss, enhance crystallization of the amorphous

PZT, and avoid formation of the fluorite (or pyrochlore)

PZT phase upon firing. However, in the burnout stage, the

carbonaceous species in the pyrolyzed amorphous PZT gel

provide a local atmosphere which reduces the amorphous

lead oxide to the elemental lead. This effect is known as

Pb-partitioning and happens to varying degrees in samples

containing excess lead [32]. Pb-partitioning causes the lead

oxide to move out of the reaction and the remaining lead

which is oxidized in the final firing (700 �C) does not re-

enter into the reaction.

Conclusions

In this research, lead zirconate titanate nanotubes have been

successfully grown through the template-based synthesis

process, using homemade porous anodic alumina templates.

The applicability of DC electrophoretic deposition for the

production of tubular, rather rod or wire-like, PZT structure

is demonstrated. We have shown the potential of this

technique to obtain remarkable filling efficiency of the

pores with the PZT precursor sol over a large area. By

suitable choice of composition and firing process, perov-

skite PZT has been achieved as the main phase and the

formation of undesirable non-ferroelectric phases is avoi-

ded. Flat and uniform arrays of parallel PZT nanotubes can

then be produced by both ion-milling and etching of the

template surface. The produced PZT nanotube arrays are

good candidates for potential applications such as piezo-

electric scanners, mass storage dynamic random access

memories (DRAMs), and tunable photonic crystals.
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