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Ultrafine Barium Titanate Powders via Microemulsion Processing Routes
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Three processing routes have been used to prepare barium
titanate powders, namely conventional coprecipitation,
single-microemulsion coprecipitation using diether oxalate
as the precipitant, and double-microemulsion coprecipita-
tion using oxalic acid as the precipitant. A single-phase
perovskite barium titanate was obtained when the double-
microemulsion-derived oxalate precursor was calcined for
2 h at a temperature of as low as 550°C, compared to 600°C
required by the single-microemulsion-derived precursor. A
calcination for 2 h at >700°C was required for the conven-
tionally coprecipitated precursor in order to develop a pre-
dominant barium titanate phase. It was, however, impos-
sible to eliminate the residual TiO, impurity phase by
raising the calcination temperature, up to 1000°C. The mi-
croemulsion-derived barium titanate powders also demon-
strated much better powder characteristics, such as more
refined crystallite and particle sizes and a much lower de-
gree of particle agglomeration, than those of the conven-
tionally coprecipitated powder, although they contained
(0.2 wt% BaCOg as the impurity phase.

I. Introduction

BARIUM TITANATE (BaTiOy) is among the most important
electroceramics for applications in electronics and micro-
electronics owing to its excellent ferroelectric, piezoelectric,
and dielectric properties? It is widely used as the main con-
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citrate'®-2routes, as have been reviewed by Phule and Risbud
and Chapuet al?? Some of these novel processing routes have
demonstrated many apparent advantages over the conventional
solid reaction in producing a fine and homogeneous BgTiO
powder, although the degree of success varies considerably
from one technique to another.

Several technologically important ceramic systems have re-
cently been synthesized from water-in-oil microemulsigh&!

The microemulsion-derived ceramic powders are much finer in
particle size, narrower in particle size distribution, and higher
in both composition homogeneity and sinterability than those
prepared via many other chemistry-based processing réties.

A water-in-oil microemulsion, which consists of an oil phase,

a surfactant, and an aqueous phase, is a thermodynamically
stable isotropic dispersion of the aqueous phase in the continu-
ous oil phas&® The size of the aqueous droplets is in the range
of 5 to 20 nm, rendering the microemulsions optically trans-
parent. A precipitation/coprecipitation reaction will be brought
about in the nanosized aqueous domains when droplets con-
taining appropriate reactants collide with each other. Each of
these aqueous droplets will be acting as a nanosized reactor for
forming nanosized precursor particles.

It is both scientifically interesting and technologically chal-
lenging to synthesize an ultrafine, preferably nanosized, barium
titanate powder. Microemulsions offer the feasibility of refin-
ing the particle sizes to nanometer scale, although they are
associated with such disadvantages as a low production yield
and high production cost when the oil and surfactant phases are

stituent in many types of electroceramic devices such as mul-washed off. It is, however, possible to recycle them when the
tilayer capacitors and positive temperature coefficient resistors microemulsion processing technique is fully developed and
(PTCR). Solid-state reaction between BaCamd TiQ, in an matured for industrial applications. Schlag and co-worKers
equimolar ratio at temperatures >1200°C has often been usechave recently tried without success to synthesize fine barium
to prepare BaTiQ powders? Unfortunately, the conventional titanate particles of high purity from an inverse microemulsion
solid reaction is associated with many disadvantages including consisting of decane (oil phase), a nonionic surfactant (Ge-
the high impurity and poor powder characteristics, representednapol OX30, Hoechst, Switzerland), and an aqueous phase
by a coarse particle size, wide particle size distribution, irregu- containing barium and titanium chlorides. Oxalate precipitates
lar particle morphology, and a high degree of particle agglom- were formed in the nanosized microemulsion domains; how-
eration. Itis therefore not surprising to note that a large number ever, they were unable to obtain a single-phase BaTifken

of chemistry-based novel processing routes have been develthe precursor was calcined at various temperatures ranging

oped for the production of fine and homogeneous BaTi@w-
ders. These include coprecipitatiti?, sol-gel processing;®
hydrothermal synthesi¥;**reactions in molten salts;*3pro-
cessing from polymeric precursorsl® and oxalaté&®—*8 and

from 400° to 1200°C. They attributed the failure to the inho-
mogeneous dispersion of titanium in microemulsion droplets
and the adverse effects of residual surfactant and chlorine
counterions left in the precursor. To study the feasibility of

deriving ultrafine BaTiQ powders from microemulsions con-
taining no chlorine ions in the aqueous phase, both single-
microemulsion and double-microemulsion processing routes
were employed in the present work. In the double-
microemulsion processing route, oxalic acid was used as the
precipitant. Diethyl oxalate is sparingly soluble in water (aque-
ous droplets) and slowly releases oxalic acid when decom-
posed. It was chosen as the precipitant in the single-
microemulsion route, in order to avoid a very rapid
coprecipitation reaction which may result in the formation of a
highly agglomerated and chemically heterogeneous BaTiO
powder. The microemulsion-derived BaTi@owders were
characterized in a close comparison with the one derived from
conventional coprecipitation of oxalates.
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Il.  Experimental Procedure TicL, BatNOw,
(1) Starting Materials
The starting materials used in the present work included TIO(NO3),
barium nitrate (>99.0%, Merk, Germany), titanium(IV) chlo-
ride (>99.0%, Hayashi Pure Chemical Industries Ltd., Japan), a
high-purity cyclohexane (AJAX Chemicals, Australia), a non-
ionic surfactant consisting of poly(oxyethyleg&pnyl phenol
ether (NP5) and poly(oxyethylengnonyl phenol ether (NP9) - - -
(NP5:NP9 weight ratio: 2:1, Albright and Wilson Asia Pte Ltd, Bagimolar ratio of B /
Singapore), oxalic acid dehydrate (>99.9%, J. T. Baker Int., —
USA), together with an ammonia solution (concentration:
28.0-30.0 wt%, J. T. Baker Inc., USA) and nitric acid (Hetalab
Chemical Corp., USA). CCR SMC DMC
(2) Aqueous Solution Containing 0.12M Ba(Ng), + gﬁgﬂ Water-in-oil Water-in-oil
0.12M Tio(|\|()3)2 Microemulsion Microemulsion
An agueous solution of titanium oxynitrate was prepared b - Water-in-oil
foIIowinqg the procedures of Kudalket a)ll.28 For this, zfn apppro- g Dlet?oyxlo%alate Mlcc‘fr?teeﬁn:ﬁ}féon
priate amount of deionized water was added slowly to pre- (DIOX)/[Ba"]~8 0-34M HC:0,
weighed titanium tetrachloride (Tig)l which was kept cool
(CD°C) and was constantly stirred. A cold ammonia solution
(12 wt%) was then added to the aqueous solution, resulting in — —_—
the formation of titanium hydroxide hydrates. In order to re-
move the chloride ions, the gelatinous precipitates were filtered
and washed repeatedly using deionized water until the pH of
the filtrate was close to 7.0 and no trace of chloride was de-
tected by AgNQ. Titanium oxynitrate in aqueous solution was 1 l
then prepared by dissolving the white precipitates in an appro-
priate amount of 3/ HNO;, immediately followed by the Ca?cin:fm Ca%ﬁon Caﬁﬁm

concentration determination of 4fi using ICP (inductively
coupled plasma, Thermo Jarrell Ash, IRIS/AP). The concen- gig 1. Flow chart for the preparation of BaTiGowders via three
tration of TIO(NG;), in the solution was adjusted to 024y processing routes.

adding an appropriate amount of deionized water. To prepare
the aqueous solution containing OM2Ba(NGQ;), + 0.12M
TiO(NO,), with an equimolar ratio of B&/Ti**, an equal vol-
ume of 0.2 Ba(NGO;), solution was combined with the aque-
ous solution of titanium oxynitrate.

In SMC, a microemulsion composition consisting of 64.0
wit% cyclohexane, 16.0 wt% NP5 + NP9, and 20.0 wt% aque-
ous phase containing 0.#2Ba(NG;), + 0.12M TiO(NO,),

(3) Phase Diagrams was first prepared. The concentration of Ba(jOand

The procedure of establishing a partial phase diagram at TIO(NO3), was [0.02M in the overall microemulsion compo-
room temperature for the ternary system consisting of cyclo- sition. The coprecipitation was brought about by mixing 780 g
hexane, NP5 + NP9, and an aqueous solution has been detailedf microemulsion composition with 21.7 g of diether oxalate
elsewheré324 To locate the demarcation between the micro- Via vigorously stirring the mixture for 24 h. At the same time,
emulsion and nonmicroemulsion regions, the aqueous phasghe mixture was heated slowly to 40°C. To retrieve the copre-
was titrated into a mixture of given cyclohexane-to-surfactant cipitates formed in the microemulsion, the oil and surfactant
ratio. Thorough mixing of the three components was achieved phases were washed off using distilled ethanol and the precur-
using a Vortex mixer. Microemulsion compositions appear op- sors were then recovered by centrifugation, followed by wash-
tically transparent when the size of aqueous droplets is in theing using deionized water and vacuum-drying at room tem-
range of 5 to 20 nm, because the nanosized aqueous droplets dperature for 48 h.
not cause a substantial degree of light scattering. A series of For DMC, two microemulsion compositions, both consisting
such demarcation points were obtained by varying the cyclo- of 64.0 wt% cyclohexane, 16.0 wt% NP5 + NP9, and 20.0 wt%
hexane-to-surfactant ratio. Partial phase diagrams at room tem-aqueous phase, were prepared. The aqueous phases in the two
perature for two ternary systems were established. They con-microemulsions were 0.12 Ba(NG;), + 0.12M TiO(NO,),
sisted of cyclohexane, NP5 + NP9, and an aqueous phaseand 0.3M H,C,0, solutions, respectively. Coprecipitation re-

containing 0.1 Ba(NGQ;), + 0.12M TiO(NO;), and 0.3M
oxalic acid, respectively.

(4) Preparation of BaTiQ Powders

As shown in Fig. 1, three processing routes were used to
prepare BaTi@ powders in this work, namely, the conven-
tional coprecipitation reaction (CCR), single-microemulsion
coprecipitation (SMC) using diether oxalate as the precipitant,
and double-microemulsion coprecipitation (DMC) using oxalic
acid as the precipitant.

For the CCR, 200 mL of the agueous solution containing
0.12V Ba(NG,), + 0.12M TiO(NO,), was titrated dropwise
into 200 mL of 0.38/ oxalic acid (HC,0,) solution while
being vigorously stirred. The resulting coprecipitates were

action was made to take place when the two microemulsions
were mixed together by vigorously stirring the mixture for 3 h
at room temperature. The resulting precursor was recovered
and dried by following the same procedures as those in the
SMC route.

(5) Precursor and Powder Characterizations

The as-dried precursors from the above three processing
routes were characterized using thermogravimetric analysis
(TGA2950, Du Pont Instruments, Wilmington, DE) and differ-
ential thermal analysis (DTA1600, Du Pont Instruments) with
alumina as the reference at a heating rate of 10°C/min in air
from room temperature up to 950°C. They were then calcined
in air at various temperatures, up to 800°C, followed by phase

washed repeatedly using deionized water and recovered byidentification performed at room temperature using ak&u

centrifugation, followed by vacuum-drying at room tempera-
ture for 48 h.

X-ray diffractometer (PW1729, Philips, 7602 EA Almelo, The
Netherlands) and a Raman scattering spectrometer (Ramascope
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2000, Renishaw, UK) with a spectral resolution of 2 émsing composition than that containing 0/44H,C,0,. The surfac-
a near-infrared lasein(= 782 nm) as the exciting source. They tant-rich compositions are highly viscous, which poses prob-
were also characterized using a FTIR spectrometer (FTS135,lems in obtaining a homogeneous mixture. In both ternary sys-
BIO-RAD Laboratories, Inc., Cambridge, MA) over the spec- tems, the composition of 64.0 wt% cyclohexane, 16.0 wt%
trum range 4000-400 crhand the spectra were averaged out NP5 + NP9, and 20.0 wt% aqueous phase is within the micro-
from 64 scans with a nominal resolution of 2 €n(KBr pellet). emulsion region.
On the basis of XRD line broadening at half-maximum of the  Figure 3 shows the TGA and DTA traces at a heating rate of
(110, 101) peaks, crystallite sizes in the calcined BaTiOw- 10°C/min in air for precursors CCR, SMC, and DMC. When
ders at various temperatures were estimated using the Scherrethe conventionally coprecipitated precursor was heated from
equatior?® The particle/agglomerate size distribution was mea- room temperature to 950°C, it exhibited three apparent falls in
sured using a laser scattering particle size analyzer (LA-910, specimen weight over the temperature ranges from 50° to
Horiba, Miyanohigashi Kisshoin Minami-Ku, Kyoto, Japan). A 120°C, 330° to 400°C, and 680° to 710°C, respectively. Each
gas sorption analyzer (Nova 2000, Quantachrome Corp., Boyn-of these falls in specimen weight corresponds to an endother-
ton Beach, FL), a transmission electron microscope (100CX, mic reaction on the DTA curve. It is generally accepted that the
JEOL, Japan) and a scanning electron microscope (JSM-35CFformation of barium titanate from barium titanium oxalate pre-
JEOL, Japan) were employed to analyze the specific surfacecursors involves the following three steps with increasing cal-
area and particle/agglomerate morphology of these powders,cination temperature, although there are strong arguments for
respectively. The analysis of carbon content was performed onthe types of intermediate phases involv&d? (i) dehydration
the powders calcined at 800°C using a Perkin-Elmer elementalof the oxalate precursor, for example, the conversion of
analyzer (2400 CHN) and the Ba/Ti ratios in these powders BaTiO(C,0,),4H,0 to BaTiO(GO,),; (ii) decomposition of
were determined using ICP (IRIS/AP, Thermo Jarrell Ash, BaTiO(C,0,), to form intermediate phases, such as BgCO
USA). For this, a small amount of each BaTiPowder was TiO,, BaTi,Os, and BaTi,OsCO;; and (iii) formation of
dissolved in a concentrated HCI + HN®olution, followed by BaTiO; as a result of the reaction between the intermediate
gentle heating for 10 min and dilution. A preliminary study was phases or the decomposition of the metastablelB&;CO;.
then made on the sinterability of these BaJi@owders by The three falls in specimen weight are therefore believed to
pelleting them at a uniaxial pressure of 120 MPa and then at ancorrespond to the above three stages, respectively. There is a
isostatic pressure of 350 MPa, before being sintere flo at close agreement between the overall weight loss of 47.7% ob-
1250° and 1325°C, respectively. The sintered density was mea-served when the precursor is heated to 950°C and that expected
sured using the Archimedes method in distilled water, into on the basis of the conversion from BaTiQ®,),4H,0O to
which a few drops of wetting agent were added. BaTiO; (46.8%)>18 To further support this, Fig. 4 shows the
FTIR spectra for precursors CCR, SMC, and DMC calcined at
various temperatures, respectively. The strong absorption band
at around 1440 cnt, together with those ai2450, 1752, 1060,
Figure 2(a) shows the partial phase diagram established atand 859 cm', detected in the conventionally coprecipitated
room temperature for the ternary system consisting of cyclo- powder calcined at 550°C indicates the presence of a carbonate
hexane, NP5 + NP9, and an aqueous solution containing/D.12 phase’3® These absorption bands decrease in intensity with
Ba(NG;), + 0.12V1 TiIO(NO,),. Similarly, the partial phase increasing calcination temperature and most of them will al-
diagram for the ternary system containing O/B#,C,O, as most completely disappear from the spectrum when the calci-
the aqueous phase is shown in Fig. 2(b). In both systems, thenation temperature is raised to 800°C. As will be discussed
microemulsion region widens with increasing NP5 + NP9 to later, XRD phase analyses show that the carbonate phase is
cyclohexane ratio, although the system containing BL.12 crystalline BaCQ, which is therefore believed to be one of the
Ba(NGy), + 0.12M TiO(NOs), exhibits a wider microemulsion  major phases involved in the conversion of barium titanium

Ill.  Results and Discussion

cyclohexane (wt%) cyclohexane (wi%)

viscous region

viscous region

A 20 40 60 80 s A 20 40 60 80 S
Ba-Ti aqueous NP5/NP9 (2:1) Oxalic acid aqueous NPS/NPI (2:1)
solution (wt%) (Wt%) solution (wt%) (Wt%)

(a) (b)

Fig. 2. Partial phase diagram established at room temperature for the ternary system consisting of cyclohexane, NP5 + NP9, and aqueous solution
containing (a) 0.1 Ba(NG;), + 0.12M TiO(NOs), and (b) 0.341 oxalic acid.
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Fig. 3. TGA and DTA traces at a heating rate of 10°C/min in air for I *\.. I -3 W
the precursors prepared via (a) the conventional coprecipitation reac- 700°C
tion (CCR), (b) single-microemulsion coprecipitation using diether . = 71 w
oxalate as the precipitant (SMC), and (c) double-microemulsion co- > .
precipitation using oxalic acid as the precipitant (DMC). 800%€
oxalates to barium titanate with increasing calcination tempera- . s0e
ture. Most of the carbonate-related absorption bands were also 1o *
observed in precursors SMC and DMC when they were cal- ! i ! ! I

cined at low temperatures. As indicated in Fig. 4, however,
both SMC and DMC exhibit a much weaker absorption band at 26 (Degree)

around 1440 crt than that for the conventionally coprecipi-

tated powder when they are all calcined at 800°C for 2 h. Itwas iy 5 xRD traces of the BaTiQpowders calcined fc h atvarious
estimated on the basis of these FTIR analyses[fha wt% temperatures and prepared via the conventional coprecipitation reac-
BaCQ, existed in the two-microemulsion-derived barium titan-  tion, and the single-microemulsion and double-microemulsion pro-
ate powders. The impurity level was also indicated using a cessing routes, respectively) perovskite phase, (+) BaG®hase.
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Fig. 4. FTIR spectra for the powders derived via the CCR, SMC, and DMC routes and calcined at various temperatures.
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Perkin-Elmer elemental analyzer (2400 CHN) for carbon con- DMC calcined at various temperatures over the range from
tent in these powders. 550° to 800°C, respectively. BaG@as the predominant crys-
Three steps in specimen weight, each corresponding to antalline phase detected in the conventionally coprecipitated pre-
endothermic reaction, are also observed in the precursor de-cursor calcined at 550°C, indicating that it was one of the major
rived via the single-microemulsion route. The first two of the intermediate phases involved during the conversion of the oxa-
three occur over almost the same temperature ranges as thoskate precursor into BaTiQwith increasing calcination tempera-
for the conventionally coprecipitated precursor. The remaining ture. BaTiQ, became the predominant phase when the precur-
one, however, occurs ab40°C, which is almost 55°C lower  sor was calcined at 600°C. However, the carbonate phase was
than that in the conventionally coprecipitated precursor. Simi- not completely eliminated until the calcination temperature was
larly, the first two of the major falls in specimen weight ob- raised to 700°C. In contrast, a high-purity perovskite BaTiO
served for the precursor derived via the double-microemulsion phase was obtained in the precursor derived via the single-
route occur over temperature ranges similar to those for the microemulsion processing route at a calcination temperature of
conventionally coprecipitated precursor. This is followed by a 600°C. A further reduction in the formation temperature of a
two-step fall in specimen weight over the temperature range of single-phase perovskite BaTi@owder was observed in the
480° to 595°C. A minor and broadened exothermic peak cor- precursor derived via the double-microemulsion route (550°C
relates to the first step of the fall in specimen weight at around for 2 h). These XRD phase analysis results show that the three
505°C, presumably due to the oxidation of organic residuals. precursors are considerably different in the calcination tem-
The final fall in specimen weight at around 590°C is associated perature required to develop a high-purity BaJighase.
with an endothermic peak observed on the DTA curve. It is  To further support the belief that the formation of BaTi®
apparent that the weight loss in precursor DMC is completed at the two-microemulsion-derived oxalate precursors is com-
[595°C, which is below that observed for precursor SMC and pleted at a lower temperature than that in the conventionally
is much lower than that of the conventionally coprecipitated coprecipitated precursor (more specifically, the formation tem-
precursor. perature follows DMC < SMC < CCR), the powder precursors
To study the phase development with increasing calcination calcined at various temperatures ranging from 700° to 1000°C
temperature in each of the above three precursors, they werewere characterized using a Raman spectroscopy. Figure 6
calcined in air to various temperatures in the range from 550° shows the Raman spectra of powders CCR, SMC, and DMC
to 1000°C at a heating rate of 10°C/min, followed by phase and calcined at 700°, 750°, 800°, and 1000°C. They all exhibit two
structure analyses using XRD and Raman spectrometer. Figuredistinct bands afB810 and 720 cnt, indicating the presence of
5 shows the XRD patterns for precursors CCR, SMC, and tetragonal phase. The very strong resemblance of these spectra

262

310

CCR SMC DMC

259
310
263
310

1000 °C 1000 °C

520

1000 °C

525

191
2

640
720
720
720

Intensity

150 670 1200 150 670 1200
150 670 1200

Frequency shift (cm™)

Fig. 6. Raman spectra of the BaTi@owders derived via the conventional coprecipitation reaction, and the single-microemulsion and double-
microemulsion processing routes, and calcined at 700°, 750°, 800°, and 1000°C for 2 h, respectively.
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to that of a commercially available tetragonal barium titanate Table I. BET Specific Surface Area and Equivalent
powder (99.9%, Johnson Matthey, USA) confirms that they are Discrete Particle Size of Various Calcined BaTiQ Powders

|n the tetl‘agona| fOfm. Flgure 6 aISO I’evea|S two mIHOI‘ bandS Specmc surface area Equiva|ent discrete partic|e
at[640 and 1060 cit, respectively, occurring in the conven- 1, (m*/g) size (nm)

tionally coprecipitated barium titanate powder calcined at (c) DMC SMC CCR DMC sMC CCR
700°C. They Wel'e nOt Observed |n the tWO-mICI'OGthSIOﬂ- 650 4383 3161 2687 227 315 371
derived powders calcined at temperatures above 600°C. The;qq 31.59 2939 772 316 339 1291
640 cm* band corresponds to the principal band of JiO 750 26.77 21.52 4.85 37.2 46.3 205.5
which, as an impurity phase in the conventionally coprecipi- 800 24.16 7.56 3.57 41.3 131.8 279.2
tated barium titanate powder, cannot be eliminated by calcina-
tion at temperatures up to 1000°C. The 1060 trband is

30

Average crystalline size / nm

15

35

30

Average crystalline size/nm

25

20

Fig. 7. (a) Average crystalline size estimated on the basis of peak

25 A

20 4

o

CCR

550 600 850 700 750 800

Calcination temperature /°C

(a)

o CCR

Annealing time at 750 °C / hour

(b)

related to the carbonate, which was observed in the conven-
tionally coprecipitated precursors calcined at temperatures be-
low 700°C. This is consistent with the suggestion that the for-
mation of BaTiQ involves BaCQ as an intermediate phase,
which reacts with TiQ to form BaTiQ,.3%-32

The BaTiQ, powders derived via the above three processing
routes are also different in crystallite and powder characteris-
tics, such as the crystallite size, particle size, and particle mor-
phology. Figure 7(a) plots the average crystallite size as a
function of calcination temperature for powders CCR, SMC,
and DMC. At each calcination temperature, the double-
microemulsion-derived barium titanate powder exhibits the
smallest crystallite size, followed by that derived via the single-
microemulsion route. The conventionally coprecipitated
barium titanate shows a much larger crystallite size than those
of the other two. As expected, the crystallite size increases with
increasing calcination temperature over the range from 550° to
800°C and with increasing calcination time at 750°C for all
three powders, although the increase rate varies with calcina-
tion time as shown in Fig. 7(b).

Table | shows the specific surface area (BET) of calcined
BaTiO; powders at various temperatures for 2 h, derived via
the CCR, SMC, and DMC routes, respectively. The equivalent
discrete particles sizes were worked out by assuming that they
all consisted of monosized particles. The conventionally co-
precipitated powder shows the lowest specific surface area

] \
20 - 650 °C 4 700 °C 750 °C 4

1 ! DMC
10 <«
0

N
o
L

SMC

Frequency (by number) / %
5]
.

o

LA
T

| o I | I | O |
0.11 0.21 0.45 0.11 0.21 0.45 0.11 0.21 0.45

(110) broadening as a function of temperature for the powders derived
via the conventional coprecipitation reaction, and the single-micro-
emulsion and double-microemulsion processing routes, respectively.
(b) Average crystalline size estimated on the basis of peak (110) broad-Fig. 8. Particle/aggromerate size distribution of BaTi@wders de-
ening as a function of annealing time at 750°C for the powders derived rived via the conventional coprecipitation reaction, the single-
via the conventional coprecipitation reaction, and the single-micro- microemulsion and double-microemulsion processing routes, and cal-
emulsion and double-microemulsion processing routes, respectively. cined at 650°, 700°, and 750°C, respectively.

Particle size / pm
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among the three at each calcination temperature and further-powder, as measured using light scattering technique. To re-
more it demonstrates a dramatic fall in specific surface area duce the effect of particle agglomeration on the measured par-
when the calcination temperatures is raised from 650° to ticle size distributions, each powder was dispersed in deionized
700°C. In contrast, the double-microemulsion-derived powder water and ultrasonically stirred for 20 min before a test was
exhibits the highest specific surface area and therefore thecarried out. It is apparent that the average particle/agglomerate
smallest discrete particle size at each calcination temperature size follows the order of CCR > SMC > DMC at each calci-
followed by the single-microemulsion-derived powder. This nation temperature. To further demonstrate the particle/
demonstrates the effectiveness of microemulsion processing inagglomerate size distribution and particle morphology, Figs.
obtaining an ultrafine BaTiQpowder. 9(a—c) and 10(a—c) are SEM micrographs showing the micro-
As shown in Fig. 8, the two-microemulsion-derived barium structure of the three barium titanate powders calcined at 650°
titanate powders were also smaller in average particle/ and 800°C, respectively. Particle agglomerates of 5 ta0
agglomerate size than that of the conventionally coprecipitated in sizes dominate the conventionally coprecipitated powder,

Fig. 9. Three SEM micrographs showing the powders calcined at Fig. 10. Three SEM micrographs showing the powders calcined at
650°C for 2 h, derived via (a) the conventional coprecipitation reac- 800°C for 2 h, derived via (a) the conventional coprecipitation reac-
tion, (b) the single-microemulsion and (c) double-microemulsion pro- tion, (b) the single-microemulsion and (c) double-microemulsion pro-
cessing routes, respectively. cessing routes, respectively.
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although discrete particles are much smaller. The single- As expected on the basis of the refinement in particle char-
microemulsion-derived powder consists of loosely packed par- acteristics, the two-microemulsion-derived barium titanate
ticle agglomerates 3 to am in size. In a remarkable contrast, powders exhibit better sintering behavior than that of the con-
the double-microemulsion-derived barium titanate powder con- ventionally coprecipitated one. For example, the former two
sists of well-dispersed spherical barium titanate particle30 were sintered ta®6% theoretical density at 1250°C for 2 h,
nm in diameter, which are almost agglomerate-free. Figures compared to0P2% for the latter at the same temperature. A
11(a—c) are three TEM micrographs further showing the dif- sintered density of >99% theoretical was obtained for the two-
ferences among the three barium titanate powders calcined aimicroemulsion-derived barium titanates at 1325°C for 2 h, in
800°C in crystallite size, particle morphology, and the degree contrast to <96% for the conventionally coprecipitated barium
of particle agglomeration. titanate at the same temperature. One of the concerns in em-
ploying microemulsions for synthesizing barium titanate is the
Ba/Ti ratio in the resulting powders. As in many other wet
chemical routes, there is a possibility of losing more barium
than titanium because of their difference in solubility. How-
ever, the degree of Ba deficiency in the two-microemulsion-
derived barium titanate powders prepared in this work is mini-
mal, as supported by a Ba/Ti ratio 6D.996 worked out for
them using ICP.

(@)

IV. Conclusions

Barium titanate powders were prepared via three chemical-
based processing routes, namely, conventional coprecipitation,
single-microemulsion coprecipitation using diether oxalate as
the precipitant, and double-microemulsion coprecipitation us-
ing oxalic acid as the precipitant. A single-phase perovskite
barium titanate was obtained when the double-microemulsion-
derived oxalate precursor was calcined 2ch at550°C, com-
pared to 600°C required by the single-microemulsion-derived
precursor. A calcination at >700°Crf@ h was required for the
conventionally coprecipitated precursor in order to develop a
predominant barium titanate phase. It was, however, impos-
sible to eliminate the residual Tihase in the coprecipitated
BaTiO; powder by raising calcination temperature up to
1000°C. All three barium titanate powders exhibited a tetrag-
onal structure when calcined at 700°C and above. The micro-
emulsion-derived barium titanate powders also demonstrated
much better powder characteristics, such as more refined crys-
tallite and particle sizes and a much lower degree of particle
agglomeration, than those of the conventionally coprecipitated
powder.
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