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Hydrothermal Preparation and Characterization of

BaTiOs from Hydroxide Precursors
Hyun—Ki Kim

Dept. of Materials Engineering, Graduate School of
Korea Maritime University, Busan 606—791, Korea

ABSTRACT

High—purity ultrafine BaTiOs powders are mainly applied in
manufacturing electronic ceramics. Among them, the multi—layer ceramic
capacitor MLCC) and PTC thermistor have a close relation with our daily
life and the latter has wide applications, such as starter for refrigerator,
automatic magnetic eliminator for color TV, heater in the specified
temperature range, dial telephone and energy saving lamp, etc.

The BaTiOs is superior to the product made by the conventional
solid—state reaction method due to its advantages such as high purity,
homogeneous chemical composition, fine particle size and high
sinterability of granules. These advantages contribute to the physical and
electrical properties of the sintered ceramics.

According to the conventional hydrothermal process, the crystalline
BaTiOs powders can only be synthesized above pH 13 and the processes
requires strong basic conditions using KOH or NaOH mineralizer. The
hydrothermal process often needs relatively high temperature and takes
long reaction time. The alkaline cations (K or Na"), which are known to
be difficult to remove, deteriorate the sintering and electronic properties

of the final ceramic products. For these reasons before, a modified



hydrothermal process was studied with next objectives; to develope a
modified hydrothermal synthesis in alkali—free system via a novel
synthesis route from the titanium—peroxo—hydroxide precursor and to
prepare BaTiOs without alkaline mineralizer, KOH or NaOH, which
influence the performance of the prepared powders and resulting sintered
ceramics. Barium hydroxide octahydrate (Ba(OH): - 8H:0) was used as
both the Ba precursor and the mineralizer in the alkali—free system.
Present process offers advantageous synthesis conditions at considerably
lower temperature (=807C) with shorter reaction time (even without
reaction time at 100C) comparing to the conventional hydrothermal
processes

As the result, BaTiOs3; powders were prepared by a modified
hydrothermal synthesis from barium hydroxide and
titanium—peroxo—hydroxide (TiO205(0H)») precuresor. The advantageous
features of the modified hydrothermal process are an alkali—free
system, lower reaction temperature, and shorter reaction time
comparing to the conventional hydrothermal process. The phase—pure
BaTiOs powders with a cubic perovskite structure were synthesized at
temperature as low as 80T. Synthesized powders were a ball shape
having a particle diameter ranging from 0.5 to 1 um. Well—developed
crystalline (perovskite) BaTiOs3 was obtained in the mild synthesis
conditions (temperature <130T, reaction time < 2 h, pH <13). The
BaTiO3 ceramics sintered at a temperature as low as 1150C for 1 h

had a density over 95 of theoretical.
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Table 1. Properties and applications of BaTiOs3

Properties of BaTiOs

Melting point (Tw) 1618TC
Curie temperature (T¢) 120~1307TC
Solid density (o) 6.02 g/cm’
Dielectric constant (&) > 1000
Resistivity > 10" Q-cm
PTC phenomenon semiconducting BaTiOg3

Applications of BaTiOs ceramics

1) Ceramic condenser and multilayer ceramic capacitor (MLCC)

2) PTC(R) (Positive temperature coefficient of resistivity) devices
¥ temperature sensors, heating elements, current regulators etc.

3) Piezoelectric actuators

4) Electro—optical devices




Ba2+ (0.006 nm)

Ti%*+ (0.012 nm)
NI

02 (0.003 nm)

Fig. 1. Crystal structure of the perovskite ABOj3 unit cell.
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Fig. 2. Crystallographic transformation in BaTiOs.



Table 2. Polymorphism of BaTiO3

_ Trasition Lattice ..
Crystal System | Polar Axis 5 Ferroelectricity
Temp.(TC) Parameter
ao = 5.375
Hexagonal - X
14600(: Co — 14.05
Cubic - ao = 4.00 X
120C
ap = 3.99
Tetragonal <001> O
N Co — 4.03
5C
ao = 3.990
Orthorhombic <011> bo = 5.669 O
| co = 5.682
-80T
ao = 3.990
Rhombohedral <111> bo = 5.669 O
co = 5.682
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b et el o 4k Az atel oa) 2 Ee] givh. Table 200 Al

Table 2. Applications of ferroelectrics since 1940

1940s Dielectric properties
Ceramic capacitors

Piezoelectric properties
Underwater sonar
(Rochelle salt, ADP)

1950s Piezoelectric properties
Underwater sonar
(Ceramic BaTiO3)
Phonograph pickups
Gas Lighter
Bulk wave filters

Switching properties
Computer memories

1960s Piezoelectric properties
Surface acoustic wave
devices
Trapped energy filters
Piezoelectric transformers

Electro-optic properties
Bulk modulators
Q switches

1970s  Pyroelectric properties
Intruder detection
Fire alarms

Thermal imaging

Electro-optic properties
Large area shutters
(transparent ceramics)
Integrated optic devices
Page composers

Semiconducting properties
Self-stabilizing ovens
Sensors

1980s  Pyroelectric properties
Multi-element arrays

Solid state thermal imaging

Electro-optic properties
Integrated optic modulators,
switches, sensors
Displays

Switching properties
Memories (thin films)

_15_
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Table 3. Comparison of powder preparation methods

Process Advantages Disadvantages Particle size
. . May require calcination,
High product purity and . . .
Sol—gel sometimes milling; mixed

(hydrolysis of
metal alkoxides),
precipitation,
coprecipitation

homogeneity, crystal symmetry;
metastable compounds with
unique properties; narrow
particle size distribution; lower
sintering temperatures

alkoxides can cause
inhomogeneity,
non—stoichiometry;
sometimes expensive raw
materials

Down to 5 nm
1.0 to 5 um

Evaporative
decomposition
solids

Wide range of chemical
com—positions; single—step
process; no separate

calcination or milling required

Hollow aggregates formed;
precursor must decompose at
low temperatures; excess
carbon impurities may
require calcination

1 to 20 um

Hydrothermal
processing

High surface area; 99% dense
sintered powders; submicron
particles with narrow size
distribution; no milling or
cal—cination short reaction
times; lower energy
requirements

Requires moderate
temperatures/pressures;
requires additives (seed

crystals), surface treatments

Down to 8 nm

Ceramics Synthesis (from the works of M. Yoshimura and S. Somiya)
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Korean Chem. Eng. Res., Vol 42, No. 1, February, 2004

Fig. 5. The schematic diagram for (a)the dissolution—precipitation and
(b)the in—situ reaction mechanism.
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AL e2ATTES ZH-F BaClor BaTiOz &/ ol Wo] AFEE U &I A] £ 9]
pH7} =4 ¢om v drAsgE9 A 244 #H9 &2 #H7AHF,
HCl 5)2] AHe7} estrh. 183 7)¥F phosphatet} sulfur 33E2 7
woll =4 ¢ro} whgAd g vt} whEhA] =il AuEE e EdE
AW ell= Bad] &0l 2 BaCOs7F 7HE wWol ARg-H ™ Hdwolv 33

rlr

O

o o
i)

BaClz, Ba(NO3) 2, Ba(OH)» 5] ol AHE-E U

Table 4. Comparison of Ti starting materials

TiO2 equivalent

Starting material weight fraction

Treatment of ore Characterization Price

Ti(O—iCyH,), 28.14 % alkoxide very expensive 3.68
TiO, 100 % H,50, dissolution low reactivity 1.5
750, - xH,O 82 % H,SO, dissolution low cost 1

700, - H,0 80 % H(l dissolution high cost 1.2
1704, - 8H,0 28.65 % HCl dissolution HCl treatment 0.904
7icl, 4212 % HCl dissolution HCl treatment 0.799
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Table 5. Solubility data of wvarious Ba—compounds in aqueous
medium along with weight fraction of barium in these compounds

Compound Solubility Ba wt%
Acetate Ba(CyH;0y), soluble 53.79
Benzoate Ba (C,H;0,), soluble 36.20
Tartrate Ba (C,H,0) weak soluble 48.13
Oxalate Ba(C,0,) weak soluble 60.95
Citrate Ba,(CzH; O, ), weak soluble 52.15
Formate Ba(CHO,), soluble 60.40
Bromide BaBr, soluble 46.22
Chloride BaCl, soluble 65.95
Fluoride BaF, weak soluble 78.33
Iodide Bal, soluble 35.11
Chlorate Ba(ClO;), soluble 45.14
Carbanate BaCOj insoluble 69.59
Phosphate Ba, (PO,), insoluble 68.21
Sulfate BaSO, insoluble 58.84
Sulfide RS decomposition 81.10
Cyanide Ba(CN), soluble 72.53
Nitrate Ba(NO;), soluble 52.55
Hydroxide Ba(OH), soluble 80.16
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Table 6. The experimental conditions of BaTiOs powder synthesis

Experimental parameters | Experimental condition

D Reaction pH 13

@ Reaction time 0~6 h

@ Reaction temperature | 70~150T

@ Heating ratio 1C/min
® Drying at 80T for 24 h
® Sintering at 1100~1200C for 1 h
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Out

@ Process controller @ Motor

® Heating vessel @ Teflon vessel
® Thermo couple ® Impeller

@ Gas nozzle Pressure gauge
©® Pressure relief valve Vent valve

Fig. 6. Experimental equipment.
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T/ZOCZQ in HQO HQOQ
| |

v
Ba (OH), - 8H,O Ti0,0,(OH),
| |
v
Hydrothermal Synthesis
v
Washing / Filtering
v
Drying
v
BaTi Oy Powders © XRD, SEM, ICP,
v
Pressing and Sintering
v
Characterization : XRD, SEM

Fig. 7. Flow chart for hydrothermal synthesis of BaTiOs.
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E% anatase FH 9 TiO7F AAdE S & 4+ 3T
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98 |

96 2
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Ti-precusor (%o0)
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90 | | | | |
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Fig. 8. Percentage of precipitated amorphous Ti—precursor with
different pH.
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Fig. 9. SEM photos of the amorphous Ti—precursor prepared at
(@)pH 8 and (b)pH 9 (X 100).
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Fig. 10. XRD patterns of the Ti—peroxo—precursor prepared at
(a)pH 8 and (b)pH 9 and the TiOs(anatase) powders prepared at
(c)pH 8 and (d)pH 9 and heat treated at 600TC for 2 h.
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Fig. 11. XRD patterns of the hydrothermally synthesized powders
at various reaction temperatures: (a) 70T, (b) 75T, (c) 80T,
(d) 1107C, (e) 130T and (f) 150C.
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Fig. 12. SEM photos of BaTiO3 powders synthesized at various
reaction temperatures (pH 13, 2 h, Ba/Ti ratio of precursors : 3)
(@) 70T, (b) 75T, (c) 80T, (d) 1107TC, (e) 130T and (f) 150C.
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Fig. 13. XRD patterns of the heat treated powders (a)
hydrothermally synthesized at 70C for 2 h and (b) obtained by
boiling for 1 h.
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Fig. 14. XRD patterns of the synthesized powders by the
hydrothermal process from various mole fractions (Ba/Ti) of
precursors: (a) 1, (b) 1.2, (c¢) 1.5, (d) 2, (e) 2.5 and (f) 3.
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Fig. 15. SEM photos of BaTiOs3 powders of the synthesized
powders by the hydrothermal process from various mole fractions
(Ba/Ti) of precursors: (a) 1, (b) 1.5, (¢c) 2.5 and (d) 3.
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Fig. 16. XRD patterns of the hydrothermally synthesized powders
for various reaction times : (a) Oh, (b) 1 h, (c) 2 hand (d) 6 h.
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Fig. 17. SEM photos of BaTiOs powders synthesized for various
reaction times: (a) Oh, (b) 1 h, (¢c) 2 hand (d) 6 h.
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Fig. 18. XRD patterns of the sintered BaTiOs at 1150C for 1 h
from various precursors having different Ba/Ti mole fractions:(a) 1,
(b) 1.5, (¢) 2, (d) 2.5 and (e) 3.
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Fig. 19. SEM photos of sintered BaTiO3z at (a) 1100C for 3 h, (b)1150TC
for 1 h and (c)1200C for 1 h.
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