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ABSTRACT. We report the synthesis and characterization of the perovskite nanotubes made by sol-gel template syn-
thesis. Both lead titanate (PbTi®T), lead zirconate (PbZg(PZ) and lead zirconium titanate (PbZ#ebTiO;: PZT)

solid solution nanotubes were prepared with a chelate sol-gel of titanium isopropoxide Y Ji(@Rmwonium tet-
rabutoxide (Zr(OBu) and the respective lead acetate (Pb(@&ELO). Whatmafi anodisc membranes, with a 200

nm pore size, served as the template. After the removal of the template in the 6M-NaOH, scanning electron microscopy
shows that the shapes formed are 200 nm outer diameter tubes with [BAgths. Transmission electron microscopy

and electron diffraction reveal that the tubes are polycrystalline. The PT nanotubes so far have shown an anomalous
transition temperature, 234@ as measured by DSC with a small particle size, 15.4 nm determined by X-ray analysis
with the aid of Scherrer’s equation.
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INTRODUCTION mula ABQ,, which has generally shown in both its cubic
or tetragonal phases. In both structures?*AKE: Ca, Sr
A series of sol-gel routes to oxide-based pyroelectricsand Ba) and Pbcations occupy the A site on each cor-
and ferroelectrics belong to the structural family known ner of the unit cell. The Zror Ti** ion occupies in the
as the perovskite structures. They have the general foreenter of an octahedron and a distorted octahedron
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size, 5qum length, 25 mm diameter) anodisc membranes
were purchased from Fisher and used as received. Puri-
fied water was obtained by passing house-distilled water
through a Milli-Q (Millipore) water purification system.
1500 grit sandpaper (3 M) was purchased from Auto-
Zone. Quick-dry epoxy from Cole-Parmer Instrument
Co. was used. Formvar coated 200 mesh copper grids
and double-sided copper tape was purchased from Ted
Pella Inc.

Solid Solution. Powders and tubes in the solid-solu-
tion series PbTiQPbZrQ, system were prepared by
Fig. 1. Configuration of the ABQperovskite unit cell for the heating a stoichiometric mixture of the‘reagents Ph©AC)
PbZr,,Ti, O, system. lonic radiid): P#*(1.49), Ti*(0.61), 3H;0, Zr(OBuj), and Ti(OBu) or (Ti(OP),), respectively.
Zr*(0.72), G (1.42). The dip-coating tubes and the mixtures were heated in

alumina crucibles at suitable temperatures and then
cooled. X-ray powder diffraction patterns and X-ray thin
formed by the six ® anions in the B site. Both cubic film diffraction patterns of the products were collected
(paraelectric phase) and tetragonal (ferroelectric phaseyvith a Phillips diffractometer. Also, they were character-
forms are known to have high dielectric constants atized by using a Raman spectrometer.
room temperature. However, it is the tetragonal form that Synthesis.PbZrQ,, PbTiQ,, and solid solution system
possesses a ferroelectrics behawdg.(1). tubes were prepared using a sol-gel method similar to

Advances toward nano-scale electronics have causethat described by Sharretal* For example, a lead solution
interest in size effects on the properties of ferroelectric was prepared by dissolving 6.069 g of Pb(GA¢),0 in
ceramics. These materials are employed for their dielec-13mL of HOAc (~40C) or 13 mL of CHOCH,CH,OH
tric, piezoelectric, electrorestrictive, pyroelectric, and (~124°C) for a 0.8 M PbTi@sol-gel solution. The solu-
electrooptic properties with applications accounting for tion was then allowed to cool. During this process 2 mL
~60% of the total high technology functional ceramics of EtOH was added to the solution. A second solution
market globally:> The properties of ferroelectric ceram- composed of 4.548 g of Ti(ORror 4.251 mL of Ti(OBu)
ics arise from having non-centrosymmetric unit cells thatand 5 mL of EtOH or 5 mL of MeOEtOH was made.
produce a polarization stateUnderstanding how the The titanium solution was added to the room tempera-
crystal structure and state of polarization is influenced byture lead solution resulting a clear and colorless solu-
particle size is vital to the performance of the ferroelec- tion. Membranes were dipped into this solution for one
tric ceramics. minute and then allowed to air dry for 30 minutes. Three

sets of membranes were then calcined in the air at a
EXPERIMENTS ramp rate of 50CC/hr to temperatures of 580 and
650°C and held for six hours followed by cooling to

Materials Used. Ethyl alcohol (EtOH) (dehydrated) room temperature at 3C/hr. The remaining solution
and 2-methoxyethanol (GBCH,CH,OH) were pur-  was used to make bulk powder samples of Ph1o®
chased fronPharmco. Glacial acetic acid (HOAc) and comparison ofd-spacing from the electron diffraction
sodium hydroxide (NaOH) pellets from Mallinckrodt were pattern of the nanotubes to d spacing determined from
used as received. Titanium (IV) isopropoxide, (Ti(@QPr  the powder X-ray diffraction. The other compounds were
was purchased from Aldrich and distilled prior to use. prepared by the above way.

Titanium (IV) butoxide, (Ti(OBu,)) and Zirconium (1V) Characterization Methods. Scanning electron micro-
butoxide, (Zr(OBu)) were purchased from Aldrich. Lead scope (SEM) images were obtained using the following
acetate, Pb(OAgBH,0O, and Whatmah(0.2pum pore procedure. The calcined membrane was adhered to a
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piece of paper towel using epoxy. After the membrane600°C for DSC analysis and from 50 to 1600°C for
was set, the surface film was removed by polishing. TheDTA analysis, respectively.

alumina template was removed by immersing the sam-

ple in 6 M NaOH for 1 hour. After soaking in base, the RESULTS AND DISCUSSION

sample was washed in distilled water to remove the

NaOH. After drying overnight in air, the samples were  Synthesis of ABQ Nanotubes on AIQ membrane
attached to SEM stubs using double-sided Cu tape. Using The synthesis of the perovskite nanotubes made by
an Anatech sputter coater, 20 nm of Au was applied tosol-gel template synthesisThe perovskite ABQnano-
surface. Images were taken on a Phillips 505 micro-tubes were prepared with a chelate sol-gel of titanium
scope. Energy dispersive X-ray spectroscopy (EDS) analyisopropoxide (Ti(OP),) and the respective metal ace-
sis was performed in the SEM using a Kevex Super 800Qtate. Whatmahanodisc membranes, with a 200 nm pore
Microanalyzer. size, served as the template.

Transmission electron microscope (TEM) images were Membranes dipped into the AB®ol-gel for one minute
obtained by grinding up the calcined membrane with aled to the formation of nanotubes. Masking off one side
mortar and pestle. The powder was then allowed to soalof the membrane was helpful in preventing surface film
in NaOH solution for 1 hour. The solution was then formation that hindered the identification the nanotubes.
decanted off and the remaining powder was rinsed sev-The template was allowed to air dry and then calcined at
eral times with purified water. A layer of water was left 650°C.
so that a pipette could be used to transfer both water and PZT Solid Solutions
powder onto a formvar coated 200 mesh copper grid. A solid solution is a crystalline phase that has variable
Excess water was removed with a syringe and the sameomposition. The compound PbZr&xhibits a continu-
ple was allowed to dry overnight. Images and electronous substitutional solid solution with PbTiQJnit-cell

diffraction patterns were taken on a JEOL 20@0ro- volumes in the series PRhZFi, O, continuousely decrease
scope. The accelerating voltage was 100 kV and the camas the composition of Ti, X increases for x<1. Because of
era length was 120 cm. the structural similarities among the materials, PRTiO

Powder X-ray diffraction data were collected on a and PbZrQ the data are consistent with complete solid
Phillips PW1830 diffractometer with Cu  Kradiation solubility across the entire range of x with Vegards law
(1.5406 A). (Fig. 2).

Raman spectra were obtained using a Nicolet Magna- Morphological Characterization of ABO, Tubes
IR spectrometer with FT-Raman module attachment Initial SEM images looked like the known thin films
using a Nd:YAG excitation laser (1064 nm). are of a calcined sample prior to polishing. We already

Permittivity €") measurements were taken on a TA identified what film formation looks like on top of the
Instruments DEA 2970 Dielectric Analyzer using paral- AlO, template made from the 0.8 M sol-gel solution at
lel plate capacitor sensors. Samples underwent a tempetthe previous experiment. Previous attempts in using 0.1
ature ramp/frequency sweep program mode. The temperaturi!, 0.5 M and 0.6 M solutions resulted in no surface film
range measured was from ®Dto 400°C and frequency formation and were therefore abandorfeid. 3 shows
range was 1-10,000 Hz. an SEM image of PbTi@tructures obtained after removal

Curie temperature and melting point measurementsof the template. The sample PbT&hown was calcined
were taken on a TA Instruments Thermal Analysis & at 650°C. Higher magnifications of the structures show
Rheology DSC 2010 and high temperature (P6)MTA surface film still present on top of structures, which pre-
by using aluminum pans and aluminum oxide crucibles vented the distinction between tube or fiber formation.
as holders, respectively. Samples underwent a tempera- Microanalysis of the structures and remaining surface
ture ramp sweep program mode. The standard material§ilm by EDS confirmed the presence of (Pb, Ti) of PRTIO
were just aluminum pans for DSC améhl ,O, for DTA. (Pb, Zr;Fig. 4b)) of PbZrQand (Pb, Zr, Ti) of PbZy,
The temperature range measured was fromMiC5@ Ti,O; on both surface film and structure areas for each
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Fig. 3. (a) Top view of PbTiQbundle illustrating formation

of open tubes with an outer diameter of 200 nm. (b) Energy
dispersive X-ray spectrometry analysis with the presefice o
(Pb, Zr) on Pbzr@bundle.

Fig. 2. (a) Powder X-ray diffraction trace of the Phdi, O,
system. (b) Graph of the continuous substitutional solid
solutions of the series PhZMi,O5 V is Volume, z is the
number of fomula in the unit cell, and x is the composition
of Ti. (c) Nanotubes X-ray diffraction trace of PbTi®ith
AlO, membrane.

perovskite. However, this experiment did confirm the g R rei] |
absence of template material on surface of structures. (g, &)
To evaluate whether tube or fiber formation occurred,
the template was masked off on one side prior to being
dipped into the sol-gel solution. The same procedure as
described above was followed and the sample was firec
at 650°C. i
Fig. 4 shows cross-sectional SEM pictures of PZT Fig. 4. SEM images of 5am( ] -thickness PbZ;Ti, O, (x=0.6)
structures obtained after removal of template. It shouldym: Cross-sectional SEM picture of PZT film on epoxy.
be noted that the thickness, with adequate sand on the
surface of films and without AlOmembrane in the 6 M- Structural Characterization of ABO,; Tubes
NaOH, was about 50 mm lengths. Powder and Nanotubes X-ray Diffraction. The bulk

LY
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material heated to 65€ and 900C was analyzed using .

powder x-ray diffraction (XRD). As shown iRig. 2, L E

each powder pattern had peak positions in good agree

ment with the tetragonal phase indexed by the software

library. The results of the powder pattern indexing made

standard identification because thin films made with

similar sol-gel synthesis methods were reported to have

ferroelectric behavior when crystallized at 680 How- L 20 el oy 6 o
ever, the nanotube patterns itself indicated that the cubic

phase and the tetragonal phase were present dependit| [k % *

on patrticle sizes. If the tetragonal phase were present ir ‘f\-
the bulk powder, the lower symmetry of the unit cell would

cause more diffraction lines to app@dihe increase in | N e r ras -
the number of lines is due to the introduction of new

plane spacing, caused by a non-uniform distoftiGhe

tetragonal phase of PbTj@nd BaTiqQ is often identi- o 4 o2 i = st
fied by the characteristic peak separation of the (200) 2d

and (002) diffraction lines neaB243 and 4§ respec-  Fg. 5. Nanotubes X-ray diffraction trace of two displacive
tively.”*° Fig. 5 also shows that there are two displacive phases: (a) Tetragonal phase of PRTithe crystallite size

phases, cubic and tetragonal phases of nanotubes deper(*) is 29 nm. (b) Polycrystalline phase of PbfiDhe crystallite

ing on PbTiQ crystallite sizes. We will describe in more Size (%) is 11.2 nm.

detail about that at the section of crystallite sizes and

Raman spectroscopy. each particle now becomes a single-domain. The size

Crystallite Sizes.The study of nanomaterials has become was determined by X-ray analysis with the aid of Scher-
an important aspect in learning how size influences prop-rer’s equation, transmission electron microscopy (TEM)
erties of the material in question and it has been observednd Raman spectroscdpyf (Fig. 5 andTable 1). We
that size does matter. An example of how nanoscalingidentified that an apparent tetragonal phase was shown
materials can influence properties can be seen througlabove 15.4 nm of particles size. Instead the particles size
the work of Lubrosky who has shown that ferromag- dependence of the polycrystalline phase was observed by
netic particles isolated by a nonmagnetic matrix, has anXRD patterns in the nanobundles. The critical particles
increase in coercive force as the particle size is reducedize, size effects on phase changing from tetragonal to
from micrometers to the nanometer scafé. cubic, will be currently being considered.

This observation is related to the magnetic domains Raman SpectroscopyBulk samples were analyzed
present in the material. At the micrometer size each parwith Raman spectroscopy to confirm the symmetry in
ticle contains several magnetic domains that contributethe unit cell.Fig. 6 shows spectra for powders calcined
to the coercive force, but as the particle size decreasesat 650°C and 900C andTable2 and 3 summarizes peak

Table 1. Tetragonality (c/a) and crystallite sizes of the Pppi@vder and nanotubes (calcination temperature®@p0

Sample type Tetragonality(A)/a(A) Grain size Calculation method
=1 <15 nm -Scherrels
4.1262/3.9311 equation

Nanotubes =1.0496 25 nm -TEM
4.1176/3.9027 -Raman
=1.0551< 15 nm 29 nm spectra

-Scherrels
equation

Journal of the Korean Chemical Society
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100 200 300 400 500 600 700 800 800
cm!
(b)
100 200 300 400 500 600 700 800 900
cm!
©
100 300 500 700 900
cmr'!
(d)
100 300 500 700 900
cm!

Table2. Peak positions in Raman spectra of the PBZO,
systems (Rxn. Temp.: 650)

Unit: cm*
Composition of Ti Soft Mode
X A;(1TO) E (2TO)
1 149.14 211.45
0.9 145.71 203.88
0.8 145.18 197.63
0.6 142.11 196.07

type materials should be Raman inactive whereas seven
of the optical modes for the polar tetragonal phase
should be Raman activé® Peaks observed in PbTHO
nanotubes spectrum shownFig. 6 imply that the local
symmetry of the sol-gel processed PKTi® not the
lower symmetry of the tetragonal phase determined by
XRD and therefore the nanotubes are not phase pure at a
critical particles size.

Submicron phase pure tetragonal Php@wders made
through hydrothermal synthesis showed Raman spectra
(Table 2) where eight peaks at 86, 106, 142, 213, 287,
337, 504 and 613 cthconfirmed the phasé®'* Nano-
tubes that are not phase pure can show Raman activity.
Powders prepared using a sol-gel method at a low tem-
perature of 400C also showed Raman activity in pow-
ders that were determined to be phase transition between
C,, and G, point groups induced by the size reductidn.
The authors explain that the Raman spectra indicated the
existence of a stable ferroelectric phase in the PpbTiO
nanocrystals at room temperature. They showed that the
7 nm patrticles of the PbTi@xhibited unique spectral
features that were different from those of crystals to the
amorphous powder and 17 nm particles nanoscale. The
Raman spectrum of a 17 nm average size was also observed
in our spectra as the calcinations temperature increased.

Zhou, Zhang, Chen and Choys study on grain size effects

Fig. 6. Raman spectra identified by changing of the relative ©" Structure made by sol-gel processing also report simi-
intensities of E+B1 and E(2TO) soft modes according to particlelar values for powders that were determined to be parti-

sizes: (a) Bulk PbTiQpowder calcined at 90C. (b) PbTiQ
powder calcined at 65C. (c) Tetragonal phase of PbTiO
nanotubes calcined at 6%D (d) Polycrystalline phasef o

PbTiO, nanotubes calcined at 6%D.

cles size by XRD and the effects of the particles size by
the Raman’® They discuss that the Raman activity of

the particles size determined by XRD is attributable to
the vibrational modes at room temperature of ultrafine
PDbTiO, particles. They also refer that the Raman peaks

positions observed for each spectrum. Based on grougxhibit downshift in frequency, broadening and intensity
theory all four of the optical modes of cubic perovskite- changes with decreasing particle siZg. 6 shows that

2002 Vol. 46, No. 3
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Table 3. Phonon energies in PbTigwder calcined at 65C and relative intensities of Raman peaks in PAZO, powder
(a) Phonon energies in PbTi@wder (calcinations temperature: 66D

Mode A(1TO) E(2TO) E+B A(2TO) E(3TO) A(3TO) A(1LO)
Energy(cm?) — 147.17 21451 288.25 347.40 503.49 623.13 71557

(b) Relative intensities of Raman peaks in RPEAfO, powder (tetragonal phase)
Composition of Ti X 1.00 0.90 0.80 0.60 0.52
rel. legrofrel. lgva: 0.729 0.876 0.953 1.016 0.965

the Raman activity of the apparent cubic phase deter-
mined by a XRD patterrF{g. 5). The vibration peak of
A, (ITO) mode disappears when the particle size is 11.2
nm as determined by XRD. Generally, the Raman peaks
broaden with decreasing a particle size. The Raman spectr
show that the small particles size nanotubes were not phas
pure. This may have caused the peak positions to matcl|
up with the cubic phase. Through the method of compar-
ative d-spacing, the nanotubes must be assigned the
cubic phase, as grain size was reduced. Instead the grai
size dependence of the paraelectric phase was observed

Transmission Electron Microscopy and Electron Di- ) |_ —
ffraction. Imaging by TEM revealed that the tubes
observed in the SEM images are comprised of small e}
grains Fig. 7). The electron diffraction region selected
was the center of the structures imaged at 40,000X mag
nification. The diffraction pattern indicated that the
grains of the tubes are polycrystallifég( 7). The powder
rings resulting from the electron diffraction were indexed
to the XRD of the bulk material by the method of com-
paratived - spacing.

D-spacing can be calculated from the diameters of the
diffraction rings using the following equation dks
where d is the calculatetispacing in Angstoms, r is the
radius of the diffraction rings in mni,is the camera
length in mm, and & is the wave length of the electrons ingig. 7. (a) TEM images and (b) Electron diffraction pattern
A.* To reduce error, a ratio of each ring radius to the cen-of the PbTiQ nanotubes: TEM images and electron diffrac-
termost ring is calculated and compared to the ratio oftion pattern for both perovskites that the structures observed

correspondingl-spacing of the bulk PbTigowder. in Fig. 5 comprose small grains that are polycrystalline with
single in some of samples.

r (outer)/ r (inner) =d (inner)/ d (outer)

Table 4 summarizes measured and calculated valuesPbTiO, was about 12 nm through TEM images.
The ratio calculated from the diffraction pattern is close Dielectric Analysis of Structures.A temperature ramp/
in value to the powder pattern for the cubic phase. Also,frequency sweep program was chosen to determine the
we identified that the nanotubes were capped in the bot-appropriate frequency to measure dielectric permittivity
tom coating side of the template and the grain size of(€') and also to evaluate the nanostructures phase. Dur-

Journal of the Korean Chemical Society
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Table 4. Measured radius values from the electron diffraction of BiEf@btubes and d-spacing from the powder pattern are
shown: ratios are close in value

d-spacingh) Radius(mm) Ratio of radii Ratio of d-spacing
d,=3.9209 =3.3 r/r,=1.33 d/d,=1.40
d,=2.8008 =4.4 r/r=1.52 d/d,=1.71
d;=2.2929 5.0 r,/r,=1.89 d/d,=2.00
d,=1.9577 =6.2
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Fig. 8. Graph of loss factor vs. temperature 1 Hz for the RbTiO
nanotubes with AIQ membrane(thickness of nanotubes:
0.0607 mm; method: temperature ramp).

ing the analysis, it was determined that 1 Hz was the

18 : ’
appropriate frequency to measure permittivity. The dielec- | [o=496.5"(
tric properties of PbTiQis temperature and phase depen- (b Exo:lip
dent}?4*2° The phase transition from ferroelectric to 1 ity ros] Hee sl TEM eapling]
. ) ) BT iemplaie  pemeed by S S Nl 0]
paraelectric behavior occurs at #4@and at this temper- 1, whsiked  MaClH wiih wabse
ature, a maximung' can be measured. But we measure et tim vemples bn the wven orevnighe

the dielectric constants of PbTjetween 30C and "
450°C according to the instrument specification. -

Fig. 8 shows the dielectric constants of Phiidth Wi |
temperature dependence of the alumina template: The

l“l W W W &

T
sample size is 0.0607mm thickness with Ai€nplate. o
At 265.7°C €' is 2.87 with a maximum peak. This is the 4
other evidence of Curie temperature in the PT nanotubes 1
Curie Temperatures and Melting Point of Nanotubes.
DSC and DTA experiments were performed on a com- LY
puter controlled DSC 2010 and high temperature (X6p0 i —

DTA of TA instruments thermal analyzer. Typically, a

sample (~2mg) Of_ nanot.ube crystalline material was Fig. 9. Curie temperatures of PbTiPowder and nanotubes:
obtained from PbTiQcoating on the Alomembrane  (5) Bulk powder calcined at 969G with treatment of 6M-
and then removing the Al@nembrane in the 6M-NaOH  NaOH. (b) Nanotubes calcined at 8680without AIQ, membran

solution. The samples were heated to ®@or DSC  in the 6M-NaOH.

analysis and 160 for DTA analysis at 1fC/min,

respectively. A size effect on the ferroelectric phase tran-investigated by using DSC analysEfg( 9 andTableb).
sition in PbTiQ and PZT particles and nanotubes was Ishikawaet al*? investigated the effect of particle size on

2002 Vol. 46, No. 3
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Table5. Curie temperatures of PRZFi,O, powder and nanotubes

Composition of Ti

N Curie temperature Calcination temperature Material type
496.5°C 900°C Powder
1 489.7°C 650°C Powder
234.4°C 650°C Nanotubes
248.0°C
476.1°C 900°C Powder
0.9 476.9°C 650C Powder
' 236.9°C 650°C Nanotubes
266.0°C
0.8 451.9C 900°C Powder
229.7C 900°C Powder
0 213.7°C 650°C Powder
123.6°C Nanotubes

the ferroelectric phase transition temperature in the RbTiO lous Curie temperature shifts toward lower temperature,
powder materials. The DSC analysis of bulk PRTIO as the particles size of powder and nanotubes becomes
powder fired at 900C showed the Curie temperature small. The melting point of PbTihanotubes was mea-
was 496.5C, while the DSC analyses of bulk PbTiO sured by using DTA analysiBif. 10). The melting point of
nanotubes indicated that Curie temperatures were largbTiO, nanotubes showed a large depression, 1207
temperature ranges, from 23244to 282.7°C, depend-  with decreasing size, as a larger fraction of the total num-
ing on the particle sizes and on the aging of a solutionber of atoms is on the surface. As a standard material, the
processing. The above-phenomenological discussion ommelting point of PbTi@powders calcined at 90C was
the ferroelectric phase transition show that the anoma-1271°C. Thermodynamic models based on differences
in surface tension between the liquid and solid can be
og applied to this system, even though the bonding is highly
directionaP*

(BT} =4

14 b o
500 1000 1500
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