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Abstract

Effects of solvents on the cubic to tetragonal phase transition of barium titanate (BT) nanocrystals were investigated by solvothermal treatment.
Different processing variables, such as temperature and time were taken into consideration for different solvents. There were no effects on the
phase transition of BT below the boiling temperature of all the solvents. Above the boiling temperature, a nanocrystals of tetragonal barium
titanate could be obtained from the commercial cubic phase BT powder (Cabot, BT-08). There were no significant changes of the particle
size and morphology of the BT powders before and after the chemical treatment. There was small reduction of surface area and particle size
observed in the chemically treated BT powders. The crystal structure, phase transition and morphology of the powders were analyzed by
XRD, DLS, DSC, TGA and SEM.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction tion, accompanied with tetragonal symmetry. In the range of
—90 and 5C, the crystal symmetry is orthorhombic and the
Barium titanate powders (BaTi)BT), due to its excel-  direction of spontaneous polarization transfers to a pseudocu-

lent dielectric properties, are extensively used in the prepara-bic (110, a face diagonal of the former cubic cell. Around
tion of multilayer ceramic capacitors (MLCCSs). Effectively, —90°C, afurther transitionto rhombohedral symmetry spon-
powder characteristics such as purity, particle size and sur-taneously polarized along a body diagonal takes place. These
face area mainly influence their behavior during sintering. three transitions exhibit different electrical properties near the
BT-based dielectrics have dominated the ceramic capacitortransition temperatures.
industry since 1950s, representing 80-90% of the businéss. Size effects in nanostructured materials are of great im-
Rapid reduction of the thickness of the dielectric layers in portance from both fundamental considerations and practi-
MLCCs to 1-2um dictates MLCC industry to acquire sub- cal applications. The properties and behavior of macroscopic
micron BT powders. There has been considerable interestferroelectric systems are, in principle, well known. An area,
in developing new processes for Bagi@owders synthe-  whichis poorly understood atbest, is so-called size effect. Ini-
sis allowing the formation of submicrometer homogeneous tial research on size effects in ferroelectrics has concentrated
tetragonal phase particlés. on BaTiG; with the desire to understand the governing mech-
The phase transition of BT occurs at three temperatures inanisms that control the performance of multilayer capacitors
the vicinities 0f—90, 5and 130C 34 Above 130°C BT has a as a function of layer thickness. However, in ferroelectric
stable cubic phase. In the temperature range of 5anéi@30 fine particles, it was known that ferroelectricity decreases
the crystal is spontaneously polarized alond 8 0 direc- with decreasing particle and grain sizes, and disappears be-
low a certain critical siz&1 The preferred tetragonal phase
*+ Corresponding author. Tel.: +1 864 656 5348; fax: +1 864 656 1453, ©f B1 May be unstable at room temperature for a crystallite
E-mail addresses: pbadhek@clemson.edu (P. Badheka), size below a certain size and then the stable phase is cubic.
burt.lee@ces.clemson.edu (B.I. Lee). Therefore, the size effect in ferroelectrics such as BT can be
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Table 1

Specification of BT powdérused in this study

Powder Manufacturer Diameter (nm) Density (g/cc) Specific surface; ardg)(m Ba/Ti ratio
BT-8 Cabot Corp. 250 5.9 8.5 0.998

a Supplied by the manufacturer.

considered to be one of the most important phenomena forTable 2 ' o
an interest to the industry as well as to the scientific commu- Physical properti€sof the solvents used in this study

nity. The hydrothermal technique yields submicron size pow- Sample Solvent Boiling; Dielectric;
ders with a uniform geometry and narrow size distribution. point (C) constant (K)
Barium titanate ceramics are usually tetragonal pervoskites,1 1-Propanol 97 263

with high dielectric constants, from approximatel§@up to 2 Toluene 111 38

130°C which is known as the Curie transition temperature. Dimethy! formamide 153 3a

Single crystals of BaTi@present a relative permittivity of ~ * CRC handbook.
400 along the tetragonalaxis and of 4000 along the axes
perpendicular to it? nanoparticles. Cubic BaTgpowders with small particle size
Wada et al'® established low temperature direct synthesis of 20—60 nm and narrow particle size distribution were ob-
(LTDS) method to synthesis nanosize Bagf@wders. How-  tained by Chen and Ji&8.It was observed that solvothermal
ever, since water is the general medium for the hydrothermal reaction was slower than hydrothermal, attributable to the low
LTDS process, OH species are most likely incorporated into solubility of precursor gel in the alcohol medium. However,
BaTiOs lattice as defects! Hennings et at>~17 character-  no defectanalysis was reported in their paper. Bocque#ét al.
ized hydrothermal BaTi@powders and found OH groups synthesized BaTi@powders by hydrolysis of the alkoxide
were chemisorbed in the perovskite lattice, and showed sim-in isopropanol under a high pressure (10 MPa) at tempera-
ilar “loose packed” structure of as prepared BaJigbw- tures between 100 and 200 in tubular flow reactor. Later,
ders to the presence of large amount of water inside thea thermal treatment of the formed solids was applied under
particles. A defect chemical model was derived and the lat- the supercritical state of the solvent. They observed the parti-
tice defects were calculated from thermogravimetric analy- cles size of the powders to be 10 nm with cubic phase and the
sis (TGA) data. Clark et & had the comparable observa- dielectric properties of the as-synthesized BaTiwders
tions. It is well known that such defects can lead to variation are similar to those already reported in the literature.
of stoichiometry, poor sintering density, inhomogeneous mi-  In this study, we have examined the phase transformation
crostrucure of green tapes, quality and reproducibility and in BaTiOs powders from metastable cubic to ferroelectric
degradation of final product<. Thus, reducing such kind of  tetragonal phase using a solvothermal treatment. The strategy
defects are exigent for BaTgynthesis. is to examine the phase change in as-received commercial cu-
The recently developed solvorthermal technique, which bic BaTiO; powders attributable to the effect of different sol-
involves use of organic solvent instead of wafer! may vents with different processing conditions. Assessment of the
provide an alternative to produce low defects BagliO influence of different temperatures and different times have

Table 3
Experimental conditions BT powder samples chemically treated in autoclave
Sample Solvent Time (H) Temperatufe&] Phase change; cubic—tetragonal
1 1-Propanol 6 100 NA
2 1-Propanol 24 100 NA
3 1-Propanol 6 150 NA
4 1-Propanol 24 150 NA
5 1-Propanol 6 170 NA
6 1-Propanol 24 170 NA
7 Toluene 6 100 NA
8 Toluene 24 100 NA
9 Toluene 6 150 NA
10 Toluene 24 150 NA
11 Toluene 6 170 NA
12 Toluene 24 170 NA
15 Dimethyl formamide 6 100 NA
16 Dimethyl formamide 24 100 NA
17 Dimethyl formamide 6 150 NA
18 Dimethyl formamide 24 150 NA
19 Dimethyl formamide 6 170 Partially tetragonal

20 Dimethyl formamide 24 170 Fully tetragonal
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shown that tetragonal phase BT can be formed from cubic 170°C) were used for the treatment. Atfirst, 2 g of BT powder
phase under a solvothermal condition with respect to the sol-were taken with 75 ml of the solvents in the autoclave. The
vent properties. Main characteristics of the chemically treated reaction was carried out in a 100-ml Teflon-lined stainless
powders have been determined by X-ray diffraction, deferen- steel autoclave (Parr Instrument Co.) without any agitation.
tial scanning calorimeter, scanning electron microscopy and The autoclave was heated up to different temperatures and
the results have been compared with as-received commerciatimes in an oven as shown irable 3 After cooling down to
powder. room temperature in the oven, the resultant precipitate was
centrifuged and washed with mixture of water/alcohol for
several times, and finally dried at 8G for 24 h in a vacuum
2. Experimental procedure oven. Series of BaTi@samples prepared are described in
Table 3
All of the reagents and solvents used were of analytical Room temperature X-ray diffraction (RTXRD, Scintag
grade and used without further purifications. Materials spec- PAD V using CK,, with A =0.15406 nm) was used for crys-
ification of highly pure commercial hydrothermal BaEO talline phase identification of the powder samples and deter-
powder (Cabot, BT-08) is shown ifable 1and three differ- mination of cubic to tetragonal phase transition were recorded
ent solvents used are shownTable 2 Two different times ~ with step scan mode: step 0105 s per step, 2= 20-80:
(6 and 24-h) and three different temperatures (100, 150 and40 kV, 40 mA. The morphology of BaTi§powders was an-

3 5.0kV 8.1mm x70.0k SE(V) 5/16/03

Fig. 1. (a) and (b) SEM micrographs of as-received BaTp@rticles at different magnifications.
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alyzed by Hitachi FE SEM 4700. A small amount of Ba%iO by TA instruments Inc. USA). About 20 mg of the differ-
powders were pressed on a carbon tape, which attached t@nt samples were heated at"ZImin under a nitrogen flow
the brass sample stub. Air spray was used to blow out theof 100 ml/min from 25C up to 900°C. The specific sur-
excess BaTi@ powders that were not adhered to the carbon face area{geT) of powders was determined from nitrogen
tape. The BaTi@ powders were then coated with platinum adsorption-desorption isotherms obtained-496°C using

via plasma sputtering to create a conductive surface layerthe Micromeritics ASAP 2020 instrument. All samples were
that was necessary for SEM imaging. The particle size and outgassed at 10@ overnight prior to each adsorption ex-
particle size distribution of resulting BaTi(powders were  periment. The BET and BJH methods were applied to the
characterized using a Horiba LA-910 laser dynamic scatter- nitrogen adsorption—desorption isotherms to calculate the to-
ing particle size analyzer. The samples were diluted with tal surface area, total pore volume, pore size distribution and
deionized water and ultrasonicated for 20 min before anal- average pore size of BT samples.

ysis. DSC measurements were performed using a thermal

analysis system (DSC-2920 Differential Scanning Calorime-

ter, TA-Instruments Inc., USA) at a heating rate of @min 3. Results and discussion

under nitrogen gas flow from 5€ up to 200°C. TGA mea-

surements were performed using a thermal analysis system SEM micrographs of the starting BT nanocrystals are
(Hi-Res. TGA 2950 Thermogravimetric Analyzer-TA Instru- shown inFig. 1. the average size of the BT powders is
ments Inc., USA) connected to the TA5000 computer (also 250 nm. The specific surface area of the powder is §/fm
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Fig. 2. (a)—(c) XRD patterns of BaTigJpowders chemically treated with 1-propanol, dimethyl formamide and toluene, respectively at 100, 150 ébt70
6 and 24 h compared with commercial tetragonal BaTpowder.
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@ (b) ) Fig. 3(a). Fig. 3(b) expands the powder diffraction patterns
o \\ 240 (170°C) in the 41-50 26 region, at room temperature for BaGO
e T This region of the diffraction pattern is a characteristic of the
- A . tetragonal versus cubic form of BaTiOThere is a splitting
§ Lo e U109 of the{2 0 0} reflection in the tetragonal form, with the lower
) 0 angle shoulder indexed at (0 02)On the basis of this cor-
Jj “\\“ BT-08 (Cubic) relation, it is apparent frorRig. 3(a) and (b) that the BaTi®
%‘ L A A treated with DMF is in the tetragonal form as compared to
S \ 2Theta . the cubic form in the starting of the process. Although the
| J‘ S 24 o) exact reason for this is still under investigation, it is believed
| / . that diminishing hydroxyl ions (OH) in the BT lattice re-
W | N N S huroey sults in the stabilization of the tetragonal form of BaZi&
' room temperaturé* There are not many studies done on sol-
'\ J‘L LA ) BT-08 Reference (Cubic) vent based treatment of nanocrystalline Bagli@has been
" I “‘f - reported earlier that only cubic BaTi@an be formed and
20 30 40 50 60 70 80 tetragonal BaTi@ cannot be formed by solvothermal syn-
2-Theta thesis with the help of high pressure and temperature for a
longer time?°
F_ig.3. (a)and (b)_XRD patterns of BaTi@owders chemically treated with This is further demonstrated by the DSC data shown in
dimethyl formamide at 170C for 6 and 24 h. Fig. 4. The BaTiG powders chemically treated with DMF

clearly shows an endothermic transition on heating att24
compared to as received BaBOThis corresponds to the
tetragonal to cubic phase transition at the Currie point of
BaTiOs. The change in enthalpy corresponding to the tran-
sition is 550 and 663 mJ/g for 6 and 24 h chemically treated
powder samples. In the literature, for a commercial tetrago-
nal sample the change in enthalpy is given#&50 mJ/¢??

In the present work, the\H for the reaction is close to the
fully tetragonal conversion of nanocrystalline Ba%i@s the
reference. This shows chemical treatment gives the com-
plete formation of tetragonal BaT§OAs mentioned earlier

and the Ba/Ti ratio of the as received Ba%i@owder is
0.998.Fig. 2(a)—(c) shows XRD patterns of BT nanocrystals
of chemically treated with 1-propanol, dimethyl formamide
(DMF) and toluene at three different temperatures for 6 and
24 h. Different temperatures and different times were chosen
with respectto the boiling point of each solvent. XRD patterns
of the powders treated with 1-propanol and toluene show that
there is no change in the phase transition after the chemical
treatment. The XRD analysis indicates that the powders are
pure cubic BaTi@ based on nonsplitting of the (200) and

(002) peaks at 4520. There are varying degrees of split in in this paper the extraction of the lattice hydroxylions (OH

the {200} peaks of the powder treated with DMF. There is helps in the phase transition of metastable cubic to tetragonal

a change in the phase from cubic to tetragonal when these_ "
powders treated with DMF 1 7@ for 6 and 24 h as shown in BaTiOz. These results are also supported by TGA. The TGA

curves of as-received BaTipowders lost~1.5% weight
while treated at 170C (6 and 24-h) lost almost no weight as
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Fig. 4. Differential scanning calorimetry of BaTiQpowders chemically Fig. 5. Thermogravimetric analysis of BaTj@owders chemically treated

treated with dimethyl formamide at 17C for 6 and 24 h. with dimethyl formamide at 170C for 6 and 24 h.
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5.0kV B.3mm x45.0k SE(V) 5/16/03

Fig. 6. (a) SEM micrograph of treated BaTi@articles at 170C for 6-h. (b) SEM micrograph of treated BaTi@articles at 170C for 24-h.

shown inFig. 5. The chemically treated powder shows essen- extent after the chemical treatment by DMF. It is clear from
tially no weight loss (surface water and lattice water) as well the various literature studi#&&s25that for the tetragonal form
as the surface carbonate in comparison with the as-receivedo be stabilized, the particle size hasto be atleast 100—300 nm
BaTiOs powders. ranges in order to alleviate the lattice strain. In this work,
SEM micrographs of the BaTigpowders treated using the particle size is practically in the same range of litera-
DMF as solvent are shown iRig. 6(a) and (b). Compared ture where the BaTi@particles are in complete tetragonal
to the as-received BaTiJpowder Fig. 1), the chemically form. The results of surface area measurements of BaTiO
treated powders give little change with respect to morphol- particles inFig. 8 show slight decrease in the surface area
ogy and size of the particles. In order to realize the full poten- of the BaTiQ particles paralleling with the particle size re-
tial of fine powders in terms of size distribution of particles, duction after the chemical treatment. The change in surface
it is essential that the particles do not form agglomerates. area is shown to correlate to the pore size which was initially
The particle size, however, decreased slightly with the chem- present in as-received BaTi(articles.Fig. 7 reveals de-
ical treatment of the powders. The particles size analysis alsocrease in particle size due to contraction of particles with the
proved this correlation between treated and untreated pow-chemical treatment which leads to the reduction in pore size
ders as shown ifrig. 7. The particle size decreased to some shown inFig. 8 along with the surface area.
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1399

ously, reduction in the hydroxyl group impurities provides
280 ] the phase change in BaTi@owders supported by DSC and
] TGA data. The optimum chemical treatment condition for
:-.—_j 260 (250 nm) the phase transition in BaTiparticles was determined .to
g . be 24 h for 170C using DMF as an effective solvent. By in-
g 240 creasing the temperature above the boiling point of the solvent
g 220_‘ and given more time, the tetragonality was increased. Extrac-
Q ] tion of the lattice OH relieves the lattice strain which in term
g 200 transformed the cubic phase to tetragonal phase dfBT.
o E (183 nm)
Tt 180 '\(175 nm)
g | .
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