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ABSTRACT. W report the synthesis and characterization of the perovskite nanotubes made by sol-gel template syn-
thesis. Both lead titanate (PbTiO,: PT). lead zirconate (PhZir(Q;: PZ) and lead zirconium titanate (PbZrO,-PhTi0,: PZT)
solid solution nanolubes were prepared with a chelale sol-gel of titanium isopropoxide (Ti(OPr'),). zirconium tel-
rabutoxide (Zr(OBu),) and the respective lead acctate (Ph{OAc),-3H,0). Whatman® anodise membrancs. with a 200
nm pore size. served as the template. Atter the removal of the template in the 6M-NaOH. scanning ¢lectron microscopy
shows that the shapes formed are 200 nm outer diameter (ubes with 30 um lengths. Transmission electron microscopy
and electron diffraction reveal (hal the tubes are polvervstalline. The PT nanotubes so far have shown an anomalous
transition temperature. 234.4 °C as measured by DSC with a small particle size. 13.4 nm determined by X-ray analysis
with the aid ot Schemer’s cquation.

Keywords:  Titanate. Nanotubes. Template. Feroelectries

INTRODUCTION mula ABO,. which has generally shown in both its cubic

or letragonal phases. Tn both structures. AR (Al Ca. Sr

A serics of sol-gel routes to oxide-based pyroelectrics and Ba) and Pb™ cations occupy the A sitc on cach cor-
and ferroclectrics belong to the structural family known ner of the unit cell. The Zr'' or Ti*' ion oceupics in the
as the perovskite structures. They have the general tor- center of an octahedron and a distorted octahedron
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Fig. 1. Configuration of the ABO; perovskite unit cell lor the
PbZr, Ti 0 svstem. lonic radii (A ) Pb¥ (1 49). Ti"' (0.61),
7r1(0.72). O°F(1 42).

tormed by the six O anions in the B site. Both cubic
(paracleetric phase) and tetragonal (terroclectric phasc)
forms arc known to have high dicleetric constants at
room temperature, However. it 1s the tetragonal torm that
posscsses a ferrocleetnes behavior (F7g. ).

Advances toward nano-scale clectronics have caused
interest in size eflects on the properties ol lerroelectric
ceramies. These materials are emploved lor their dielec-
irie. piecoelectric. electrorestrictive. pyroelectric. and
electrooplic properties with applications accounting lor

60% ol the lolal high technology functional ceramics
markel globally.™* The properties ol lerroelectric ceram-
ics anse from having non-centrosymmetric vt cells that
produce a polarization statc.® Understanding how the
crystal structure and state of polanzation 1s influenced by
particle size 15 wital to the performance of the terroclee-
tric ceranucs.

EXPERIMENTS

Materials Used. iihvl alcohol (14OI1) (dehvdrated)
and 2-methoxyvethanol (C11,0CILCILON) were pur-
chased from Pharmeo. (Glacial acetic acid (1TOAc) and
sodium hydroxide (NaOIT) pellets from Mallinckrodt were
used as reecived. Litamum (1V) isopropoxide. (11(0OPr')))
was purchased from Aldnch and distilled prior to use.
Titanmum (1V) butoxide. (11(OBu),) and Zivcomum (LV)
butoxide. (Zr(OBu),) were purchased trom Aldieh. Lead
acctate. Pb{OAc)-3H,O. and Whatman™ (.2 um pore
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size. SO pm length, 25 mm diameter) anodise membranes
were purchased from Fisher and used as received. Puri-
lied waler was oblaimed by passing house-distilled water
through a Milli-Q) (Millipore) water purilication svstem.
13500 grit sandpaper (3 M) was purchased from Auto-
Zone. Quick-dnv epoxy' from Cole-Parmer Lnstrument
Co. was used. Formvar coated 200 mesh copper grids
and double-sided copper tape was purchased trom ‘led
Pella Lne.

Solid Solution. Powders and tubes in the solid-solu-
tion series Pb1i0-PbZ(), svstem were prepared by
heating a stoichiometric mixture ol the reagents Pb{OAc),-
31L,0. Zi{OBu),. and Ti(OBu), or (1{OP),). respectively.
‘The dip-coating tubes and the mixtures were healed in
alumina crucibles at suitable temperatures and then
cooled. X-ray powder dillraction patterns and X-ray thin
film ditiraction patterns ot the products were collected
with a Phillips ditfractometer. Also. they wore character-
1zed by using a Raman spectrometer.

Synthesis, PbZrO,. PbTIO,. and solid solution system
tubes were prepared using a sol-gel method similar to
that deseribed by Sharma ¢t af ' For example. a lead solution
way prepared by dissolving 6.069 g ol PB{OAEC),-31LO in
13ml. of 1HOAe (-40°C) or 13ml. of CIHLOCH.CILOII
(- 124°C) lor a 0.8 M PbTiO, sol-gel solution. The solu-
tion was then allowed (o cool. During this process 2 ml.
ol IUOIT was added 1o the solution. A second solution
composed of 4.348 g of Ti(OPr), or 4251 ml. of Ti{OBu),
and 3 mL of EtOH or 3 mL of McOEtOH was made.
The titanium solution was added to the room tempera-
ture lead solution resulting a clear and colorless solu-
tion. Membranes were dipped into this solution tor one
minute and then allowed to air dry tor 30 minutes. Three
scts of membranes were then caleined in the air at a
ramp rale of 50 °CCrhr to temperatures of 5350 °C and
650°C and held for six hours tollowed by cooling to
room temperature at 30 °C:hr. The remaining solution
was used to make bulk powder samples of PbTiO, tor
comparison of d-spacing from the electron diltraction
paltern of the nanotubes to d spacing determined from
the powder X-ray diffraction. The other compounds were
preparcd by the above way.

Characterization Mcthods. Scanning clectron micro-
scope (SEM) 1images were obtained using the tollowing
procedure. The caleined membrane was adhered to a
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piece of paper towel using epoxy. Afler the membrane
was sel. the surface film was removed by polishing. The
alumina lemplate was removed by immersing the sam-
ple i1 6 M NaOl1 for 1 hour. Afler soaking in base. the
sample was washed in distilled water fo remove the
NaOH. Atter drving overnight in air. the samples were
attached to SEM stubs using double-sided Cu tape. Using
an Anatech sputter coater. 20 nm of Au was applied to
surtace. Images were taken on a Phillips 303 micro-
scope. Encrgy dispersive X-ray speetroscopy (EDS) analy-
sis was performed in the SI:M using a Kevex Super 8000
Microanalvzer.

Transmission electron microscope (11:M) images were
oblained by grinding up the caleined membrane with a
mortar and pesile. The powder was then allowed (o soak
in NaOll solution for 1hour. The solution was then
deeanted oft and the remaining powder was rinsed scv-
cral times with puriticd water. A laver of water was lett
so that a pipette could be vsed to transter both water and
powder onto a tormvar coated 200 mesh copper grid.
Excess water was removed with a syringe and the sam-
ple was allowed to div overnight. Images and clectron
diffraction patlems were taken on a JIZOL 2000 micro-
scope. The accelerating voltage was 100KV and the cam-
era length was 120 em.

Powder X-rav diflraction data were collected on a
Phillips PW1830 diflractometer with Cu K, radiation
(13406 A).

Raman speetra were obtamed vsing a Nicolet Magna-
IR spectrometer with FT-Raman module attachment
using a Nd: YAG cxeitation laser (1064 nm).

Permittivity (&) measurements were taken on a TA
Instruments DEA 2970 Dicleetne Analyzer vsing paral-
lel plate capacitor sensors. Samples undenvent a temper-
ature ramp frequency sweep program made. The temperature
range measured was from 30 °C to 400 °C and frequency
range was 1-10.000 Tz,

Curie temperalure and melting point measurements
were laken on a TA Instruments Thermal Analvsis &
Rheology DSC 2010 and high temperature (1600 °C) IDTA
by vsimg aluminum pans and aluminum oxide crueibles
as holders. respectively, Samples underwent a tempera-
ture ramp sweep program mode. The standard matenals
were just alunumum pans for DSC and o-AlLO, tor DTA.

The temperature range measured was from S0°C to

Fllen R. Fisher * Peter K. Dorhout

600°C for DSC analvsis and from 30°C to 16(0°C lor

IDTA analvsis. respectively.
RESULTS AND DISCUSSION

Synthesis of ABO, Nanotubes on AlOQ, membrane

The synthesis of the perovskite nanotubes made by
sol-gel template svathesis.” The perovskite ABO, nano-
tubes were prepared with a chelate sol-gel of titanium
isopropoxide (Ti(OPr'),) and the respective metal ace-
tate. Whatman® anodise membranes. with a 200 nm pore
size. served as the templale.

Membranes dipped into the ABO;, sol-gel for one minute
led to the formation of nanotubes. Masking off’ one side
ol the membrane was helplul in preventing surface film
formation that hindered the identification the nanotubes.
The template was allowed to air dry and then caleined at
650 °C.

PZT Solid Solutions

A solid solution is a erystalline phase that has variable
composition. The compound PbZeO, exhibits a continu-
ous substitutional solid solution with PbTiO,. Unit-cell
volumes in the series PbZr 11,0, continuousely decrease
as the composition of Ti. X increases for x| Because of
the structural similarities among the materials. PhTiO,
and PbZr0,. the data are consistent with complete solid
solubility across the entire range of x with Vegards law
(tig. 2).

Morpholoegical Characterization of ABO, Tubes

Initial SEM images looked like the known thin films
are of a caleined sample prior to polishing. We alrcady
identitied what film tormation looks like on top of the
AL, template made trom the 0.8 M sol-gel soluton at
the previous experiment. Previous attempts in using (0.1
M. (1.5 M and (1.6 M solutions resulted in no surtace film
formation and were thereflore abandoned. #ig. 3 shows
an SEM image of PbTiO), structures obtained after removal
of the template. The sample PbTiQ); shown was calcined
al 630°C. Higher magnilications ol the structures show
surlace tilm still present on top of structures. which pre-
vented the distinetion between tube or tiber formation.

Microanalvsis of the structures and remaining surtace
filn by EDS confinned the presence of (Ph. Th) of PhTO,.
(Pb. Zr. Fig. 4b)) of PbZrO, and (Pb. Zr. Th) of PbZr
T1,0, on both surface film and structure arcas tor cach

Jorrnal of the Kovean Chemicad Society



-
w
=
|
~N
I
A
i
zn
4
o
BT
At
off!
Al
B
o
L]
iy
A
o
~J
=
wh

()]
e TNy B
=nl P
ol
L] 20 H &0 =1 B
In
T4 (b
T2
m{ e
Vg e S
BB e B
B8 e "
B4 e S
B2
0 .2 04 08 o 1
A

10 20 b oy 1} ]

X
Fig. 2. (a) Powder X-rav dillraction trace of the ’bZr, 11,0,
svstent, (b} Graph ol the continuous substitutional solid
solutions of the series PbZr 11,0, V is Volume. 2z is the
number of tomula in the umt cell. and x is the composition
of Ti. (¢) Nanotubes X-may dithaction trace of PhTiO); with
AlO, membrane.

perovskite. However. this experiment did contirm the
absence of templale material on surface of stmetures.

To evaluale whether tube or {iber lormation oceurred.
the template was masked off on one side prior to being
dipped inlo the sol-gel solution. The same procedure as
deseribed above was (ollowed and the sample was fired
at 630 °C.

Fig. 4 shows cross-scctional SEM pictures of PZT
structures obtained after removal of template. It should
be noted that the thickness. with adequate sand on the
surface of tilms and without AIO, membrane m the 6 M-
NaOH. was about 30 mun lengths.
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[{e]l
Fig. 3. (a) Top view of PETi0, bundle illustrating tonmation
ol open tubes with an outer diameter of 200 nm. {b) Energy
dispersive X-ray spectrometny analvsis with the presence ol
(I’b. Zr)y on IPbZr0); bundle.

Fig. 4. SEM images ol 30 un( o ythickness PbZr, [1.0,(x—0.6)
film: Cross-sectional SEM picture of PZT film on epoxy.

Structural Characterization of ABO; Tubes
Powder and Nanotubes X-ray Diffraction. The bulk



246 8%t + Bemadette o\ Hemandez - Ellen R, Fisher - Peter K. Dorhout

matenal heated to 630 °C and 900 °C was analvzed using
powder x-rav diflraction (XR1). As shown in Fig. 2.
each powder pattern had peak positions in good agree-
ment with the tetragonal phase indexed by the soliware
librarv, The results ot the powder pattern indexing made
standard identitication because thin films made with
similar sol-gel svnthesis methods were reported to have
terroclectric behavior when crvstallized at 630 °C. How-
cver. the nanotube patterns itsclt indicated that the cubic
phase and the tetragonal phase were present depending
on parlicle sizes. 1l the tetragonal phase were present in
{he bulk powder. the lower svimmetry of the unit cell would
cause more diffraction lines to appear” The increase in
the number of lines is due 1o the introduction ol new
plane spacing. caused by a non-unifonn distortion.” The
tetragonal phase of Ph 110, and 132110, 1s oflen identi-
ticd by the characteristic peak separation of the (200)
and (002) diftraction lines near 26=43 and 46", respee-
tively. ™" /g, 5 also shows that there arc twe displacive
phases. cubie and tetragonal phases ot nanotubes depend-
g on PbTidy, erystallite sizes. We will deseribe in more
detail about that at the scction of ervstallite sizes and
Raman speclroscopy.

Crystallite Sizes. The study of nanomalerials has become
an important aspect in learning how size inlluences prop-
erties ol the malerial in question and it has been observed
that size does maller. An example of how nanoscaling
malenals can influence properties can be seen through
the work ot Lubrosky who has shown that ferromag-
netie particles isolated by a nonmagnetic matiix. has an
inerease in cocreive foree as the particle size 1s reduced
from micrometers to the nanometer scale, '

This ebservation is related to the magnetic domains
present i the matenal. At the nuerometer size cach par-
ticle contains several magnelic domains that contribute

lo the coercive foree. but as the particle size decreases.

] 20 30 41 L] &
I

fig. 3. Nanotubes X-ray dittraction trace of nwo displacive
phases: (a) Tetragonal phase of PbTiO,. The ervstallite size
(*¥}1s 29 nm. (b) Polverystalline phase of PbTi0);. The ervstallite
size (*)is 11.2 nm.

each particle now becomes a single-domain. The size
way determined by X-rayv analvsis with the aid of Scher-
rer’s equation. transmission electron microscopy (T11M)
and Raman spectroscopy' ™" (Fig. 5 and Table 1). We
identified that an apparent letragonal phase was shown
above 134 nm of particles size. Instead the particles sive
dependence of the polyerystalline phase was observed by
XRD patterns in the nanobundles. The crnitical parucles
size. size effeets on phase changing trom tetragonal to
cubic. will be currently being considered.

Raman Spectroscopy. Bulk samples were analvzed
with Raman spectroscopy 1o confirm the symmetry in
the unit cell. Fig. 6 shows spectra for powders calcined
at 630 °C and 900 °C and Table 2 and 3 summarizes peak

Table 1. Tetragonality (¢ a) and crvstallite sizes ol the U110, powder and nanotubes (calcination temperature: 630 °C)

Sample tvpe Tetragonality ¢ (A)a(A) Grain size Calculation method
=] I3 nm -Scherrer’s
4.1262 3.9311 ceuation
Nanotubes —1.0496 25 nm -TEM
41176 3.9027 -Raman
—1.0551+ 153 0m 29 nm spectra

-Schener’s
cquation

Jowrnad of the Korean Chemicdd Society
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Fig. 6. Raman spectra identified by changing of the relative
mtensities of E1B1 and E(2'TO) sofl modes according to particle
sizes: (a) Bulk Pb1iO; powder calcined at 900 °C. (b) I'bTiO;
powvder calcined at 630°C. (¢} Tetragonal phase ol I’bTiO,
nanotubes calcined at 630°C. (d) Polvervstalline phase ol
IPE110; nanotubes calcined at 630 °C.

positions obscrved tor cach spectrum. Based on group
theory all four of the optical modes of cubie perovskite-

2002, "ol 46, No. 2
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Table 2. Peak pasitions in Raman spectra ot the PbZr Ti O,
svstems (Rxn. Temp.: 630°C)
Unit: cm !

Composition of 11 Solt Mode
x A(ITO) I.(2TO)
1 14914 21145
09 143.71 203.88
0.8 14518 197.63
006 142.11 196.07

type malerials should be Raman inactive whereas seven
of the optical modes for the polar tetragonal phase
should be Raman active.™* Peaks observed in PbTiO),
nanolubes spectrum shown in fig. 6 imply that the local
symmetry ol the sol-gel processed PHli0, is not the
lower svmmelry of the tetragonal phase determined by
XRD and theretore the nanotubes are not phase pure at a
critical particles size.

Submicron phase pure tetragonal PbTiO, powders made
through hydrothermal synthesis showed Raman spectra
(Table 2) where cight peaks at 86, 106, 142, 213, 287.
337. 504 and 613 e contirmed the phase.™™!" Nano-
tubes that are not phase pure can show Raman activity.
Powders prepared using a sol-gel method at a low tem-
perature of 400 °C also showed Raman activity in pow-
ders that were determined to be phase transilion between
C,, and C,, point groups induced by the size reduction *
The authors explain that the Raman spectra indicated the
cxistenee of a stable ferroclectric phase in the PbTiO,
nanoervstals at room temperature. They showed that the
7 nm particles of the PbTiO, exhubited unique spectral
features that were ditterent from those of crvstals to the
amorphous powder and 17 nm particles nanoscale. The
Raman spectrum ot'a 17 mm average size was also obscrved
in our spectra as the caleinations temperature increased.

Zhou, Zhang. Chen and Chovs studs on grain sive effects
on structure made by sol-gel processing also report simi-
lar values lor powders that were determined to be parti-
cles size by XRI) and the eflects of the particles sive by
the Raman.!™ They discuss (hal the Raman activity of
the particles size determined by XRD 15 attributable to
the vibrational modes at room temperature ot ultrating
PbThO, particles. They also reter that the Raman peaks
exhibit downshift m frequency. broadening and intensity
changes with decreasing particle size. Fig. 6 shows that
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Table 3. Phonon enerzies n P10, powder caleined al 630 °C and relative mtensities of Raman peaks in PbZr 110, powder

() Phonon energies in PENO, powder {(caleinations temperature: 630°C)

Mode A{1TO) E(210) E-B, A(2TO) E(310) A(310) A(ILO)
Energs(em ') 147.17 214.51 288.25 34740 S03.49 623.13 713.57
(b) Relative mlensities of Raman peaks m PbZr, 11,0, powder (tetimgonal phase)
Composition of 11X 1.00 0.90 0.80 0.60 0.52
rel. Lymgorrel. Ly . 0.729 0.876 0953 1.016 0.965

the Raman activitv of the apparent cubic phase deter-
mined by a XRI12 pattern ({ig. 5). The vibration peak of
Ay (1TO) mode disappears when the particle size is 11.2
nm as determined by XRD. Generally. the Raman peaks
broaden with decreasing a particle size. 1'he Raman spectra
show that the small particles size nanolubes were nol phase
pure. This may have caused the peak positions 10 maich
up with the cubie phase. Through the method of compar-
ative d-spacing. the nanotubes must be assigned the
cubic phase. as grain size was reduced. Instead the grain
size dependence of the paraclectric phase was obscrved.

Transmission Electron Microscopy and Electron Di-
firaction. Imaging by TEM revealed that the tubes
observed in the SIEM images are comprised ol small
grains (Iig. 7). The electron diffraction region selected
was lhe cenler of (he structures imaged at 40.000X mag-
nilication. The diflraction pattern indicated that the
grains ol the tubes are polvenvstalline (fig. 7). The powder
nings resulling from the electron diffraction were indexed
to the XRD of the bulk matenal by the method of com-
parative o - spacing.

D-spacing can be caleulated trom the diameters ot the
diffraction rings using the tollowing cquation dr=/7A.
where d is the calevlated d-spacing in Angstoms. ris the
radius of the diffraction rings in mm. { is the camera
length in mm. and e is the wave length of (he electrons in
A To reduce error. a ratio of each fing radius (o the cen-
fermost ring is caleulaled and compared (o the ratio of

corresponding d-spacing of the bulk PhTiO; powder.
r{outer)’ r (inner) ~ d (nmer)’ d (outer)

Table 4 summanzes measured and caleulated values.
The ratio calculated from the ditbraction pattem 1s close
i value to the powder pattem for the cubie phase. Also.
we identified that the nanotubes were capped m the bot-

tom coating side of the template and the gram size of

(b

tig. 7. (a) TEM 1mages and (b) Flectron diftraction pattern
of the PhTiO), nanotubes: TEM images and clectron diftrac-
tion pattern for both perovskites that the structures observed
in Fig. 5 comprose small grains that e palyervstalline with
single in some ol samples.

PbTi0, was about 12 nm through TEM images.
Diclectric Analysis of Structures. A temperature rampy
frequeney sweep program was chosen to determine the
appropriate frequency to measure diclectrie pernuttivity
(€") and also to evaluate the nanostructures phasc. Dur-

Sonarnal of the Kovean Chemicad Socien:
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Table 4. Measured radius values lrom the electron diflmction of Ph11O, nanotubes and d-spacing from the powder patten are

shown: ratios are close in value

d-spacing(A} Radius(mm) Ratio of radii Ratia ot d-spacing
d,-3.9209 o33 dyd,— 140
d.~2 8008 e dyd- 171
d,-2.2929 150 d,d,-2.00
d,-19577 162
P {_.- 1nj Exo:Up
; T
A T ‘ | ¢
i 11 g Y d
o |Pommittivity . o = — & = )
fn.g.,‘ I wosipd ke pasrder crysisls |p ihe 484 Pl
e W —_ a3 T <dried the aumples in Lhe oven overeight
50 150 i 25 380 Wig |
L ———
Fig. 8 Graph of loss factor vs. temperature 1 Hz lor the B 110,
nanolubes with AlQ, membrane(thickness ol nanotubes: A
0.0607 mm: method: temperature ranip).
| "
ing the analvsis. it was determined that | Hz was the ‘
. . it i o . 18 Tr=d40% & ™
appropriate frequency 10 measure permittivity. The dielec- _h_( lo=4%96.5"C
trie properties of Pb1i0), is temperature and phase depen- g Exo:lip

2 Mo I - .
{12 T he phase (ransition {rom lerroelectric to

den
paraglectric behavior oceurs at 490 °C and at this temper-
ature. a maximum €' can be measured. Bul we measure
the dielectric constants of Pb1i0; between 30°C and
450 °C according to the instrument specitication.

Fig 8 shows the diclectric constants of PhTiO; with
temperature dependence of the alumina template: The
sample size 1s 0.0607mm thickness with AIO, template.
At263.7"C ¢ 1s 2.87 wath a maximum peak. This is the
other evidence of Curic temperature i the T nanotubes.

Curie Temperatures and Melting Point of Nanotubes.
DSC and DTA experimenis were performed on a com-
puter controlled 18C 2010 and high temperature (160X °C)
DTA of TA instruments (hermal analvzer. Tvpically. a
sample (-2 mg) of nanotube crvstalline malerial was
obtained rom PbTi0, coaling on the AIO, membrane
and then removing the AlO; membrane m the 6M-NaOH
solution. The samples were heated to 600 "C for DSC
analysis and 1600 "C tor DTA analvsis at 10°Cimn.
respeetively, A size effect on the femoclectiie phase tran-
sition 11 PbTiO, and PZT particles and nanotubes was

2002, ol 46, No, 2

L. reughly proued the maples(TEM u-pll:-p
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Te=2344°C

Fig. 9. Cune temperatures of PhTiO), powder and nanotubes:
(a) Bulk powder calcined at 900"C with treatment of 6M-
NaOH. (b) Nanotubes calcined at 630"C without AlQ, mentbiane
in the 6M-NaOH.

mvestigated by using DSC analvses (Fig. 9 and Table 3).
Ishikawa e al. " investigated the cftect of particle size on



250 8%t + Bemmadette A, Hemander -

Table 5. Curle temperatures ol PbZr, 11,0, powder and nanotubes

Fllen R. Fisher * Peter K. Dorhout

Composition of Ti . -
Cune temperature

Calcination lemperature Muaterial (vpe

X
4963 °C 900"°C Powder
1 1897 °C 630°C Powder
2344 °C 630°C Nanotubes
2480°C
476.1 °'C 900 °C Powder
0.9 4769 °C 630°C Powder
" 2369°C 630°C Nanotubes
266.0°C
0.8 4519 °C 900 °C Powder
229.7"C 900 °C Powder
0 2137°C 650 °C Powder
123.6"°C Nanotubes

the femoclectnic phase transition temperature in the PhTiO;
powder materials. The DSC analvsis of bulk PbTiO,
powder fired at 900 °C showed the Curic temperature
was 496.5 "C. while the DSC analvses of bulk PbTiO,
nanotubes mdicated that Curie temperatures were large
temperature ranges. trom 234.4°C to 282.7 °C. depend-
ing on Lhe parlicle sizes and on the aging ol a solution
processing. The above-phenomenological discussion on

the ferroelectric phase transiion show that the anoma-

1271C

., I207C
o -';rm_,:
Fig. 10. Melting points of PbTiO; (a) powder and {b) nanotubes

without AlO, membrane in the 6M-NaOH are measured by
DTA.

lous Curic temperature shitts toward lower temperature.
as the particles size of powder and nanotubes becomes
small. The melting point ot PbTiO, nanotubes was mea-
sured by using DTA analysis (Fig 10). The melting point off
PbTiO, nanotubes showed a large depression. 1207°C
with deercasing sice. as a larger fraction ot the total num-
ber of atoms is on the surtace. Ay a standard material. the
melling point ol PHTi0); powders caleined at 900 °C was
1271 °C. Thermodynamic models based on differences
in surlace tension between the liquid and solid can be
applied to this svslem. even though the bonding is highly

directional ™

Acknowledgments. This work was in progress with
the aid of PKD at chemistry department of Colorado
State University tor the period of my sabbatical. from
February 15, 2001 to February 220 2002, KSC would
like to thank Prot. Peter K. Dorhout (PKD). Prot. Ellen
K. Fisher and Ph.D. student. Bernadette A, Hernandees
also at the chenustry.

REFERENCES

1. Mitswi, T.. Tatsuzakai, I.: Nakamura. T, Fds. A# Intro-
dhiction fo the Physics of Ferroelectrics: Gordon and
Breach Science Publishers: New York, 1976.

2. Akdogan, F. K. T.eonard, M. R.: Satan. A. Size Effects
i Ferroelectric ceramics: Nawala, T 8. Fds.: Hand-
book of T.ow and Thigh Mielecetne Constant Matenals,
Vol.: Acadenie Press: San Diego. 1999: 61.

Jonarnal of the Kovean Chemicad Socien:



PT. P73} P7ZT-fipee] &

3. Jona. F: Shirane. G. Fermwelectric Crstals; MacMillan:
New York. 1962

4. Sharma. I1. B.: Mansingh, A. J Mater: Sci. 1998, 33,

4453,

emandez. B. A Chang. K. 8: Fisher. IX. R: Dorhout,

P K. Chem. Mater 2002, 14, 480,

o. Cullity. B. D. Flements of X-Ray Diffraction: Addison-
Iestyv: Massactesetts. 1978,

7. Astaie. R Zho, W2 Akbar. 8. A Dutta. P K Chens.
Mater 1996, 8. 226.

8. Golego. N.. Studenikin. 8. A.. Cocivera. M. Chent
Meater, 1998, 10, 2000,

9. Yukawa. K2 Wakino. K. Tnterg. Ferroclect, 1998, 20,
107.

10. Ma. Y. Vileno. E.: Suib. 8. Dutta. 1 K. Chene. Aater,
1997. 9. 3023,

11. Lubrosky. ¥ E. J Appl Plys 1961, 32, 1718,

12. Weissmuller, I In Nanomaterials: Sunthesis, Properties
and Applications. Cammarata. A. S, T a. R. C.. Tid.:
Institute of Physics Publishing: T.ondon. 1996 p 266.

>l

A
Pe)
off!
o
B
o
,
A
o
2]
W

13. Ishikawa, K Yoshikawa. K.: Okada, K. /Yfvs. R B,
1988. 57(10). 5852.

I4. Zhang. W. I.. liang. B.: Zhang. P. .. Ma. I. M.:
Cheng. I1. M Yang., 7. . Li. 7. 1L J Pl Con-
dems. Alation 1993, 3. 2619

13. Fatelv. W. G2 Dollish. F. R.: MeDeviit. N, 1. Benlly.
F. K Infared and Ramast Selection Rules [For Aolecular
and Lattice Vibrations: TVilev-Interscience: New York,
1972.

16. Fu. Do Suzuk. H.: Ishikawa, K. Phvs. Rev B 2000,
62(5). 3125.

17. Blum. 1. B. M. Leit. 1985, 3(9-10). 360.

18. Zhow. Q. F: Zhang. J. X: Chan. H. L. W Chov. C. L.
Ferroelectrics. 1997, 195, 211.

19. Frex. M. H.: Han. Z. X. I’ Payne. D. A, Ferroelectrics
1998. 206, 207. 337,

20. Kamalasanan. M. N. Kumar. N. D Chandra. 8. 1.

Appl. Phvs. 1993, 74 5679,

. Goldstein A, N.: Echer. C. M. Alivisatos. A. P. Scicnce

1992. 256, 1425.

2

2002, Vol 46, No, 2



