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Abstract Bulk structure and surface texture of BaJiOtion in dynamic random access memory (DRAM) has
materials synthesized at low temperature using sol-geken further studied [1, 3]. However, thin films with both
technique have been investigated. The materials whigh dielectric constant and good insulating properties
produced by the pyrolysis of an xerogel precursor of thee required. The conventional technique for the prepara-
tentative formula BaTiQ,(CH;COO),,, which was pre- tion of BaTiO; by the solid-state reaction between
pared using 1:1 molar ratio of barium acetate and titaBaCO; and TiO,, which requires a temperature as high
um oxyacetate solution. The present method avoids as-1400°C, seems to be inappropriate to the recent appli-
ing alkali-metal hydroxides (as a hydrolyzing agent), acdtions.

thus produces an alkali-metal free precursor. The decomThus non-conventional preparation methods involving
position course of the xerogel at the onset of formatiarilder heat processing are encouraged. Low tempera-
of crystalline BaTiQ was probed applying thermograviture, wet chemical routes offer favorable alternatives
metry (TG), differential scanning calorimetery (DSCJpr the synthesis of high purity, homogenous, ultrafine
Fourier-transform infrared spectroscopy (FTIR), and XBaTiO; from which electronic components with tailored
ray diffraction (XRD) techniques. Results indicated thand predictable properties could be prepared [4]. Several
most of the precursor weight loss occurs below 400°@f,these methods are based on the use of alkoxides, ace-
with the formation of titania rich intermediates. Howeuates, citrates, oxalates, hydroxides and combinations, as
er, it was not until the temperature reack®00°C that parent materials were reported [5-13]. However, meth-
well crystallized BaTiQwas produced. The specific surods adopting barium acetate and titanyl acylate-type pre-
face area and porosity were assessed for Bapi®- cursors are more promising, and offer several technologi-
duced at 600-1000°C using, lddsorption at liquid M cal advantages. Barium acetate is a moisture insensitive

temperature. and inexpensive precursor on one hand; and titanyl acy-
late dissolves readily thus avoiding the potential problem

Key words BaTiO; - Barium titanate - Titanium of hydrous titania, on the other [4].

oxyacetate - Surface texture - Surface area - Porosity -  The use of barium acetate and titanyl acylate precur-

Crystalline powde - sors for the preparation of BaTj@hrough a Sol-precipi-

tation or a Sol-gel route was described [8-11]. Accord-
ingly, the Sol-precipitation method is shown to involve
Introduction the reaction of titanium isopropoxide with excess glacial
acetic acid (Ac/Ti=10) to form a titanyl acylate (white
Barium titanate, BaTiQ is one of the most importantprecipitate under acidic conditions). The precipitate was
materials in the electronic industry [1]. This is mainlgissolved in excess water and the barium acetate solution
due to its high dielectric constant and ferroelectric progas added to obtain a stoichiometric sol. The sol was
erties [2]. The most important application of BaJi@a- then hydrolyzed by the addition to a highly alkaline solu-
terial is as a multi-layer capacitor. Recently this applicten of sodium hydroxide to obtain stoichiometric BaJiO

powders.
Presented at thinnovations in Materials ConferenciVashing- 1 he Sol-gel method involves the use of identical pre-
ton, D.C., July 19-22, 1998 cursors [8-10], however with no alkali-metal addition. In

K M.S. Khalil acidic media, monolithic gels were formed. It has been
VLS. all . . K
Chemistry Department, Faculty of Science, reported [4], that gelation can be enhanced by increasing
South Valley University, Sohag 82524, Egypt the temperature. Calcination of the dry gels resulted in
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The present investigation was designated to atterﬁPWC in a covered aluminum sample pan at 5°C/min and a flow
utilizing a low acetic acid ratio (Ac/Ti=1) in isopropanof' 30 mi/min of nitrogen gas.

to partia_lly replace the _alk_oxy groups by acetate groupsgyp Spectroscop¥TIR spectra were recorded in 4000—-40Gtm
On addition of a stoichiometric amount of Ba(CHagainst a pure KBr disc, using an instrument model Shimadzu-
COO), solution (water solution) a gel was formed. ThETIR800 (Japan).

dried xerogel was characterized and the evolution of

; . ; ; : -ray Powder diffractometryXRD was carried out using a XRD
crystalline BaTiQ from this precursor was investigate diffractometer model D5000 Sieminse (Germany) with Ni-filtered

Since no alkali-metal was added, the precursor is ternggfk radiation §=1.5418 A). An on-line data acquisition and
as being an alkali-metal-free precursor. The bulk crystaindling system (Diffrac software, Siemens) and JCPDS-ICDD
lization structure of BaTiQformed was characterized bystandard data [15], were used for phase identification purposes.

XRD. The surface texture was assessed by analysig OfNwrogen gas adsorptiorN, gas adsorption/desorption isotherms

adsorption data. were measured at —196°C using a model ASAP 2010 (Micromer-
tics Instrument Corporation, USA). Test samples were thoroughly
outgassed for 2 h at 150°C. The specific surface args, ®as
Experimental calculated applying the BET equation [16]. Pore Volume distribu-

tion curves were generated by DFT plus V1.00 (2010) software of
the instrument indicated, implementing the original density func-
tion theory, and slit pores shape [17].

Materials

The Xerogel precurso@.005 mole of acetic acid was add to 50 ml
of isopropanol solution containing 0.020 mole of Ti(QPr
(Aldrich, 99.99%). The solution was stirred at 400 rpm for 30 mResults and discussion
at room temperature. Then, a 50-ml portion of an aqueous solution

containing 0.020 mole of Ba(GBOO), (Carlo Erba, 99%) was . - .
added to the above solution. A white gel was immediately formércr'e xerogel pyrolysis and BaTi@ormation

The gel temperature was raised to 60°C, and then allowed to stir

for an additional 60 min. The resultant gel was pored into a gladsde xerogel was found to be amorphous under XRD.
dish, covered with a filter paper and the solvent was evaporateg-gjure 1 shows the TG and DTG curves recorded for the
room temperature. After three days a translucent dry gel ogel precursor heated up to 900°C at 5°C/min and
formed, which was ground and allowed to dry at 90°C overnig : : -

This dry precursor is termed aboV&he xerogel precursor’ mI/mln. flow of nitrogen (Fig. 1A) or oxygen atmo-

Portions of the xerogel were examined by Thermal analys@@.here (Fig. 1B). TG and DTG curves recorded for the
The decomposition course was probed using infrared spectrosgopye Ba(CHCOO), and the oxytitanylacetate com-
for the solid decomposition products. A set of products were pigounds are shown in Fig. 2A and 2B, respectively. The
pared by ex-situ heating of the xerogel i Btmosphere for P, ’ ;

90 min at different temperatures (150-1000°C), and then °°°[1;&§g(;ir\fﬁselggﬁcigeséh6%&2 )iegohgoflbs(iﬁgr?r%?ﬁss?t?ow [i(())lijr:t
directly to room temperature. . - 1d \

Another set of xerogel calcination products were obtained amalysis results along with the weight percentage at the
200-1000°C for 2 h. Structures of these calcination products wetep point of each decomposition step in the TG curves.
examined by X-ray diffractometry. This set of materials is termﬁepending on the FTIR and XRD results (see below) the
below asThe calcined materialsThe surface texture of the mate-f. | d identified i h BaTiO
rials calcined a600°C was examined by ,Nadsorption tech- N@l products were identified in each case as BalTl
niques. To study the sintering impacts on the material propertied,?us tentative formulae of the intermediate products
separate sample was calcined by gradual heating (at 5°C/min)capild be determined as shown in Table 1.
foom termperature. The later maierial is denoted berone - .. Fidure 3 shows the DSC curve for the xerogel precur-

. g 2 .
1000 C sintered material”,and its surface texture was assessetP! heated up to 5,00 C 'n, a covered pan at 5°C/min _and
also using N gas technique. a flow of 30 ml/min of nitrogen gas. An endothermlc_

The Titanyl acylate precurspliO(CH,COO), was prepared peak was observed on heating from room temperature till
using the same procedure applied for reacting acetic acid wi#p0Q°C, with maxima at 101 and 147°C; these may be

Ti(OPr), , in a 1:1 ratio in isopropanol. The resulting sol was hy: ; _
drolyzeél1 by the addition of an equal volume of water. The gel é‘k?-lated to the evaporation of water and solvent mole

tained was dried utilizing the same procedure as described ab&W€s. Above 200°C (in the range of the 2nd TG step),
A portion of the titanyl acylate thus produced was used for cotiwee DSC peaks were observed; an endotherm at 332°C

parative purposes. Complete characterization of the hydrolyZeglowed by two exotherms at 373 and 458°C. It can be
decomposition products of a similar precursor was earlier reportedhy that the conversion from gel to glass would be com-
[24] pleted at <500°C.

Figure 4 shows FTIR spectra for the as prepared gel
Techniques dried overnight at 90°C and 150°C (spectra a and b, re-

) spectively). FTIR spectra for the different samples which
Thermal analysesA Thermal Analyst 2000 TA instrument (USA . - .
controlling a %/050 thermogravime){[ric (TG) analyzer and 2(010 ()Mlere hea},ted isothermally in,Mtmosphere for 90 min at_
ferential scanning calorimeter (DSC) was used. For TG a ceramhi0—400°C were recorded. The spectrum of the materials
sample boat was used with the sample size being 10.0+0.1 oigtained at 300°C is shown in Fig. 4 (spectrum c). Not
Curves were recorded upon heating up to 900°C at 5°C/min gfgich difference was observed in IR spectra of the mate-

30 ml/min flow of nitrogen or oxygen atmosphere. Transition tem- ; - ; ; : _
perature analysis was carried out for each region in each rq‘é's obtained at 150-300 C. The main vibrations ob

curve, using the TGA 5.1 software of the instrument indicated. FR"ved in spectra b and c of (Fig. 4) may be assigned to
DSC measurements, a sample size of 5.0+0.1 mg is heated uPkd~ stretching at 3420 cri, and acetate asymmetric
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Fig. 1A, B TG and DTG curves recorded for the xerogel precuFig. 2A, B TG and DTG curves recorded for the pure BafCH
sor on heating up to 900°C at 5°C/min and 30 ml/min flow of nGOO), (A), and the oxytitanylacetate compout®j pn heating up

trogen @) or oxygen B) atmospher:: to 900°C and 5°C/min and 30 ml/min flow of nitrog;en
Table 1 Transition point anal-
ysis for each slt:a\rt-sptolp range Formula W% End  Mid-point Onset Start-Step Step Atmosphere
indicated, along with the c)  (©) (O G (0O °C)
weight percentage and tentative_ _ .
formula at the stop point of BaTiO; o CH;CO0), o 91.32 110 80 46 30-192 I Nitrogen
each range in the TG curve of BaTiO, 5{COs)q 45 68.47 380 339 298 192-523 I
the precursor material obtained BaTiO, 5(COs)g 19 65.04 337 605 580  523-679 Il
BaTiO, gA{CH;COO), s 91.96 122 85 45 30-196 I Oxygen
BaTiO, 54CO5)g 47 69.36 381 342 305 196-506 Il
BaTiO, s{CO5)g 16 65.72 633 603 574 506-684 1]
BaTiO, 63.75 727 720 711 684-800 \

and symmetric stretching modes at 1563 and 1418,cn858 cml for the 375°C (and 400°C) heated material.
respectively; C-H bending at 1028 dmand M-O The latter two peaks, observed for the 375°C heated ma-
stretching at 650 cr [1, 18]. The same group of vibra+erial, can be related to the stretching_gy, and out-of-
tions was observed in the spectrum of the 90°C dripldine deformation of CB, groups, respectively [18].
precursor (Fig. 4 spectrum a) plus a set of minor vibra- Figure 6 shows spectra FTIR recorded for the materi-
tions which could be attributed to the stretching amds heated isothermally at 600-1000°C; two bands at
bending vibrations of water and isopropyl solvents. 538 cmr! and ~400 cmt assignable to BaTig{18], de-
Figure 5 shows FTIR spectra obtained for the setwdloped at 600°C. Nevertheless, the vibrations related to
materials heated isothermally for 90 min in, Mt CO2- (at 1437 cml) were still observed for the 600°C
350—-400°C. Many more differences are recognized wjithoduct, and can be recognized to a lesser extent, for the
the increase of temperature in this range. The acetateB@©°C product. The spectra obtained for the 1000°C
brations at 1563 and 1416, observed for the 300°C hgatduct indicates the formation of carbonate-free
ed material (Fig. 4), were gradually shifted to 1547 amhTiO,.
1424 cmlat 350°C. Then smeared and at higher temper-
atures, two new peaks are developed at 1431 and
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Figure 8 shows nitrogen adsorption/desorption iso-
therms for the 2 h calcination products at 600 and
800°C, along with the 1000°C sintered material. The
isotherm for the 600°C calcination product is of type IV
of isotherm [19-21]. However, the unrestricted adsorbed

3000 2000 1000

Wavenumbers (cm')

Fig. 5 Spectra obtained for the set of materials heated isothermal-
ly for 90 min in N, atmosphere at 350°Ga), 375°C p), and
400°C ¢€)

shows most of the peaks charactersic for BaTHbw-
ever, peaks characteristic for BaQ@ith low relative in-
tensity are still observable. XRD patterns for the materi-
als calcined at 800 and 1000°C show peaks revealing
crystalline, tetragonal, BaTjO(Card No.,

(b), along with spectra for the samples heated jratshosphere volume over the pfprange, similar to type II, may indi-

isothermally (for 90 min) at 300°Z

products

cate the presence of macro-porosity. Moreover, the iso-
therm shows H3 hysteresis loop, observed with aggre-
gates of plate-like particles giving rise to slit-shaped
Structure and texture assessment of the calcination  pores [19].

The isotherm for the 800°C calcination product is
rather similar to the previous isotherm; nevertheless, the
Figure 7 shows XRD diffractograms for the materialdsorption capacity and the width of the loop are re-
calcined at 200-1000°C for 2 h in a static air atmduced. It should be noted that the range on which the

sphere. The pattern for the material calcined at 200°C isstherm is concave to the p/pxis is wider for the

veals an amorphous nature. The XRD pattern for the rB80°C calcination product. This trend may be recognized
terial calcined at 400°C shows peaks related to BaC@®uch more clearly for the 1000°C sintered material. This
however few other peaks were observed which could lhavior is similar to type | of isotherms, associated with
assigned to titania-rich phase (Bgdj, card 35-0805). the presence of micro-porosity. The unrestricted uptake
Thus, the pattern for the materials calcined at 600&Cthe p/prange is still observed for the isotherms of the
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Fig. 8 N, adsorption/desorption isotherms for the 2 h calcination
products at 600°C and 800°C, along with the 1000°C sintered ma-
terial

Table 2 Surface area, g3,

and g constant, for the dif- ~ Calcination BeT  Cger
‘ ferent calcination produc:s
r ! 600°C/2h 23.95 56.54
800°C/2h 17.28 20.67
4000 3000 2000 1000 1000°C/2h  14.61 11.40

1000 °C Sintered 4.04 11.29

Wavenumbers (cm'")

Fig. 6 Spectra recorded for the materials heated isothermally for
90 min in N, atmosphere at 600°@)( 800°C p), and 1000°Cd)  shown to decrease from 23.9 to 14.8gron increasing
of the calcination temperature from 600 to 1000°C.

800°C calcined and 1000°C sintered material. Thus tHewever, an § of 4.0 n?¥/g was determined for the
latter two material isotherms show a complex type #000°C sintered material.
isotherm indicating the presence of micro-, meso- andFigure 9 shows differential pore volume (DPV) distri-
macro-pores. bution (in cn¥/g) versus pore width (in nm) for the mate-

Table 2 shows the surface aregg and the gz rials calcined at 600°C and 800°C, as well as the materi-
constant values for the calcined materials. The;$ al sintered at 1000°C. On increasing the calcination tem-

~N T T T T T T T T T T T T T

Fig. 7 XRD diffractograms for
the group of materials calcined s
for 2 h at 200—1000°C in a stat-™
ic atmosphere of ¢ir
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Fig. 9 Differential pore volume (DPV) distribution in &g ver- Stage 1l (192-523°C)
sus pore width in nm for the materials calcined at 60A5C ( i [0 - BaTi
800°C @), along with the 1000°C sintered materig) ( E’? I/I(Z)églé(l'i:(;:; ii?zcé)ég(% aTi0252(CO3)o.s

perature from 600°C to 800°C, the DPV curves reflegtade lll (523-679°C) .

the creation of more micro-porosity as the distributidd@T10252(CO3)9.48 ] ~ BaTiO, g; (CO3)g 19

shifts towards the micro-pore limit [21], reduction in the

number of peaks the meso-pore range (2-50 nm), angtage IV (679-800°C)

small change for the distribution peaks on the mac®aTiO,g;(COs)q 190 —BaTiO;

pore range (>50 nm). Referring to the DPV for the

1000°C sintered material, one can realize that the micro-A similar decomposition sequence was observed in

porosity was reduced; a smooth distribution through tbgygen atmosphere, with some enhancement in stages Il

meso-porous range was obtained, and slight changedod .

the distribution peaks in the macro-pore range. These 2et should be noted that no titania phases (anatase or ru-

sults, along with the g3 results, reflect the progressiveile) were observed at any stage (see XRD results). This

sintering of the materials upon increasing the tempenadicates that no phase separation was present or occurs

ture and duration of calcination; the surface area is bethgough the decomposition process, which led eventually

largely reduced. to formation of BaTiQ.

3. Calcination of the xerogel at a low temperature (as

low as 600°C) produced crystalline Bai(@ontaining

Conclusions some BaCg@). Calcination at higher temperatures pro-
duce pure BaTiQ XRD measurements at room tempera-

1. Synthesis of pure barium titanate was successfullye indicated that tetragonal BaTi@as the sole phase

achieved from the xerogel formed by the addition pfesent.

barium acetate solution to a titanyl acylate sol (prepardSurface texture of the calcined materials is a function

with 1:1 acid modified Ti(IV) isopropoxide). The dryof temperature and calcination procedure. Thus a 2 h cal-

xerogel precursor was, tentatively, found to henation at 600°C produced porous materials of surface

BaTiO,(CH;COO),. It was found that the pyrolysis searea of 23.9 #ig. On increasing the calcination tempera-

guence of this barium-titanium-oxyacetate-type precurgare up to 1000°C, the surface area and porosity gradual-

goes (in N atmosphere) through the following stages: ly decreased togg;=14.6 n¥/g. Some increase in micro-
porosity was recognized for the material calcined at

Stege 1 (30-192°C) 800°C in comparison to that calcined at 600°C (due to

The Xerogel Precursat — BaTiO,; ¢ CH;COO), 4, the decomposition of residual carbonate above 600°C).
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However, micro-porosity decreased for the 1000°C sir¥ Shimooka H, Kuwabara M (1995) J Am Ceram Soc 78: 2849
tered material due to sintering. Thus, the latter materil Eﬂﬁlg EE' s::gﬂg gn g%gggg Q%ﬁ%ﬁ“&%@%ﬁéﬁg
showed strong Slnterlng effects; consequently, the s ~ Phule PP, Risbud SH (1988) Material Research Socity. In:
face area and porosity were largely reduced (c.f., Brinker CJ, Clark DR, Ulrich DR (ed) Better Ceramics
Sger=4.0 n¥/Qg). Through Chemistry, vol. 3 Pittsburgh, pp 275
11. Mosset A, Luneau IG, Galy J (1987) J Non-Cryst. Solids 89:
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