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bstract

he processing conditions, reaction mechanism, fine structure of the powders, microstructure, and dielectric properties of SrBiNb2O9 (SBN) were
ystematically studied. A relative density of >80% was obtained using a two-step sintering process at moderate pressure. XRD showed that a single
hase with the layered perovskite structure of SrBi2Nb2O9 (SBN) was formed after calcining at 600 ◦C. No intermediate phase was found during
eat treatment at and above 600 ◦C. The crystallite size (D) and the effective strain (η) were found to be 38.8 nm and 0.01475, respectively, while

he particle size obtained from TEM was laid between 25 and 36 nm. SEM revealed that the average grain size after sintering at 900 ◦C for 4 h was
.67 �m. Dielectric constant and corresponding tangent loss were measured in the frequency range from 1 kHz to 1 MHz from which the Curie
emperature (Tc) was found to be at 450 ◦C.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

Previous research has focused on Pb(Ti, Zr)O3 (PZT), but one
f the current problems with PZT is the fatigue resistance of the
aterial. PZT thin films tend to degrade after 106 to 108 cycles of

ull polarization switching.1 Bismuth layered perovskite mate-
ials have high fatigue resistance and are able to withstand 1012

rase/rewrite operations2 and therefore have attracted an increas-
ng attention for NvRAM application.3 The crystal structure
nd chemical composition of these layered perovskites were
ystematically studied by Aurivillius4 in the 1950’s with a gen-
ral formula of (Bi2O2)2+(Am − 1BmO3m + 1)2−, consisting of
-perovskite units sandwiched between bismuth oxide layers

alled the family of bismuth layered structured ferroelectrics
BLSFs),5 where A and B are the two types of cations that enter
he perovskite unit. A is Bi3+, Ba2+, Sr2+, Pb2+or K1+; B is Ti4+,

a5+, Nb5+, Mo6+ or W6+ and m = 1–6.3 The crystal structure

s built up of two perovskites-like layers, infinite in two dimen-
ions, alternating with a layer of (Bi2O2)2+ along the c-axis. The

∗ Corresponding author. Tel.: +91 3222 283322; fax: +91 3222 255303.
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Nb O chains of the perovskites along the same axis are inter-
upted to this class have been found to have wide spread applica-
ions in a variety of ferroelectric-based devices.2,3 However, the
onventional way to synthesize SBT and SBN based on the solid-
tate reaction at high temperatures (typically >1200 ◦C)2 is not
uitable for ferroelectric applications, since they suffer from rel-
tively high processing temperature, relatively low spontaneous
olarization, and relatively high dielectric loss.6,7 Much research
as been reported in the open literature aimed at improving the
ielectric and ferroelectric properties of such materials.8,9

The phase formation temperature, chemical homogeneity,
hase purity and electrical properties of multicomponent elec-
roceramic materials like SBN and SBT are highly dependent on
he cation homogeneity in the oxide precursor.10 In this respect
he sol–gel synthesis,9,11–14 and the Pechini-type polymerizable
omplex (PC)15 are extremely useful. Unfortunately, the non-
queous based solution methods (i.e. the alkoxide based solution
ethods using organic solvents)16 experience hindrance in the

ynthesis of ceramics that contain niobium (V) ions because of
he cost, and moisture sensitivity of the starting materials (such

s niobium ethoxide and other alkoxides). On the other hand,
he alternative aqueous based chemical processes get compli-
ated due to scarcity of water-soluble salts of niobium and easy
ydrolysis of the available ones (such as NbCl5).
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In the present work, we report the use of water soluble,
oordinated complex of niobium-tartarate as a starting mate-
ial for the preparation of nanocrystalline SrBi2Nb2O9 powders
hrough an aqueous based chemical process. Niobium-tartarate
s stable in aqueous medium and is appropriate for the prepa-
ation of multi-component oxide systems comprising Nb(V)
ons. The route involves the complete dehydration of an aque-
us precursor solution that have the constituent metal ions in
olution through formation of coordinated complexes with read-
ly available, inexpensive compounds, such as, tartaric acid,
thylenediamine tetraacetic acid (EDTA) and triethanolamine
TEA).

. Experimental

Chemical required for this synthesis are Sr(NO3)2 (MERCK,
ndia; 99.99%), Al(NO3)39H2O (MERCK, India; GR grade),
i(NO3)35H2O (Aldrich; 99.999%), Nb2O5 (Aldrich; 99.99%),
EA (triethanolamine) (MERCK, India; GR grade), EDTA

ethylenediamine tetraacetic acid), HNO3 (65%) (MERCK,
ndia; GR grade), and NH4OH (25%) (MERCK, India; GR
rade).

.1. Preparation of water-soluble Bi- and Sr-EDTA
omplex

Bismuth nitrate, Bi(NO3)35H2O (0.1 mol), and ethylenedi-
mine tetraacetic acid, abbreviated as H4-EDTA (0.1 mol), were
ixed with 300 ml of water with stirring to form a colloid of
i-species hydrolyzed. The colloidal solution was treated with
0–80 ml of 28 wt.% ammonia solutions to form a water-soluble
i-EDTA complex. The pH of the solution was adjusted to

even drop wise using 6 mol l−1 HNO3, followed by addition
f water to prepare 0.2 mol l−1 Bi-EDTA stock solutions. The
orresponding stock solution of Sr-EDTA was prepared starting
rom strontium nitrate, Sr(NO3)2, in the way similar to that of the
i-EDTA. The metal content was determined by ICP (inductive
oupled plasma) analysis.

.2. Preparation of water-soluble Nb-tartarate complex

Aqueous solutions of the niobium tartarate complex were pre-
ared in the laboratory starting from its hydrous oxide. To begin
ith, the niobium oxide (Nb2O5) was dissolved in HF (>7 M)
y warming the mixture over a water bath for 24 h to obtain
clear solution of the niobium-fluoride complex (i.e. NbF5

2−
omplexes). The hydrous niobium oxide (Nb2O5·nH2O) was
hen precipitated out from the clear solution of the niobium-
uoride complex by the addition of aqueous solutions of dilute
25%) ammonia. The precipitate of Nb2O5·nH2O was filtered,
ashed with 5% ammonia solution to make it fluoride free and

hen assayed at 1000 ◦C for 2 h to estimate niobium oxide The
equired amount of hydrous niobium oxide was then taken and

lowly dissolved in aqueous solution of tartaric acid (2 M per
nit mol of niobium ion) with continuous stirring on a mag-
etic stirrer to obtain the stock of the clear, aqueous solution
iobium tartarate. The entire process for obtaining the aqueous

f
d
u
g

ig. 1. Schematic representation of the preparation of niobate-tartarate complex.

f niobium tartarate has been depicted through a flow chart in
ig. 1.

.3. Preparation of SrBiNb2O9 via an aqueous solution
oute

For the preparation of SrBiNb2O9 appropriate volumes of the
r-EDTA, Bi-EDTA, and Nb-tartarate complexes were taken
rom their respective stock solutions, in accordance with the
esired stoichiometries, and mixed together. As shown in Fig. 2,
he precursor solution was subsequently obtained by adding
EA, which acts as a complexing agent,17 to the resultant mix-

ure of the metal ion complexes. 4.5 wt.% of extra Bi-EDTA
as taken to avoid any possible weight loss during heat treat-
ent. To avoid any chances of precipitation of the metal ions

rom the precursor solution, the amount of TEA added was
lways kept in excess (i.e. 3 mol ratios with respect to per mol
f the total metal ions) for the required stoichiometry and the
H of the solution mixture was maintained at 6. The entire
recursor solution was then rapidly evaporated by heating at
200 ◦C, complete dehydration of the precursor solution was

ccompanied by the decomposition of the metal complexes fol-
owed by the generation of a voluminous, carbonaceous meso-
orous precursor mass, which was ground to fine powder and
ubsequently calcined at different temperatures (500–800 ◦C)

or 2 h to result in the desired nano-sized SBN powders. The
etails of the mechanism of solution decomposition method
sing TEA has been discussed in a recent communication by our
roup.18
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loss in the TG curves shown in Fig. 3. No clear exothermic
peak corresponding to SrBiNb2O9 crystallization was found.
Above 500 ◦C, there was no significant thermal effect observed
in DTA curves and the corresponding TG curves showed no
ig. 2. Schematic representation of the precursor solution method for the syn-
hesis of SrBi2Nb2O9 powders.

. Characterizations

.1. Sample characterization

Thermo gravimetric (TG) and differential thermal analyses
DTA) (Model DT-40, Shimadzu Co., Japan) of the precur-
or powders were carried out in static air at a heating rate of
0 ◦C/min upto 1000 ◦C using alumina crucible. The precur-
or powders were heated in static air in a programmable furnace
Lenton furnace, Welland Industrial Estate, England) at a heating
ate of 10 ◦/min in order to obtain polycrystalline SBN powder.
RD (Model: Philips PW1710) was used to determine the for-
ation of the desired layered perovskite phase, for the powders.
he XRD spectrum of Si crystal was used as a standard to cal-

brate the scanning angles. Cu K� was used as target material.
he step size of the scan was 0.04◦ 2θ, with a scanning speed of
.02◦ 2θ/s. The lattice planes (0 2 0) and (1 1 5) were chosen for
he lattice constant calculation. The fine structure of the prepared
owders was analyzed by the TEM (Model: TM–300, Philips).
he sample was prepared by sonnicating a pinch of the sample

or half an hour using acetone as dispersing solvent and then
as taken on a carbon coated (50 nm thickness) copper grid of
00 mesh. The as-prepared powder was mixed with one drop of
wt.% solution of polyvinyl alcohol and uniaxially pressed at

oom temperature for one minutes at the pressure 190 MPa/cm2.
he sintering of the pressed pellets was done with help of the
ame furnace, which were used for the phase formation of the
recursor powders. The density of the sintered pellets was mea-
ured by pycnometer by Archimedes principle using xylene as

he solvent. The microstructure of the sintered sample was ana-
yzed by SEM (Mode: JEOL JSM–5800) taken on the polished
urface. The polished surfaces were coated with gold by sput-
ering before taking the micrograph.
ramic Society 26 (2006) 3717–3723 3719

.2. Dielectric constant measurements

The dielectric constant and the tangent loss measurements
ere done on the polished pellet samples as a function of fre-
uency (1 kHz to 1 MHz) at various temperatures (300–500 ◦C),
sing an LCR meter (HIOKI, model 3532, Japan). For this pur-
ose the sintered ceramic pellets were polished to have flat and
arallel surfaces. The thickness and area of the samples were
bout 25 mm and 100 mm2, respectively. The polished surfaces
f the sample pellets were electroded by silver paste on both
ides, and cured at 300 ◦C for 2 h. A constant heating rate of
◦C/min was maintained for making the above physical prop-
rty measurements. The capacitance, Cp and the loss tangent,
an δ were recorded simultaneously at the frequencies 1 kHz,
00 kHz, and 1 MHz. The dielectric constant (ε) was calculated
ccording to the following equation:

= Cpd

ε0A
(1)

here A and d are the electrode area and thickness of the
eramic pellet, respectively, and ε0 is the free space permittivity
∼8.85 × 10−12 F/m). The dielectric constants that are reported
n this paper are uncorrected for porosity and the influence of
hich the dielectric properties are under systematic investiga-

ion, the details will form a separate communication.

. Results and discussions

.1. Thermal study

The DTA curves in Fig. 3 revealed an exothermic thermal
ffect for SBN precursor powders with their respective peak
round 380–500 ◦C. The exothermic peak could be assigned to
he oxidation of carbonaceous remains from the decomposed

etal-complexes and TEA. The entire thermal effect was accom-
anied by the evolution of various gases (such as CO, CO2, NH3,
ater vapor, etc.), which was manifested by a single step weight
Fig. 3. Simultaneously recorded DTA/TG for SrBi2Nb2O9 precursor.
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where βi is the integral of FWHM (expressed in radians); βp the
FWHM considering the particle size effect; βs the FWHM due
to strain; θ half incident angle of the X-ray; λ the wave length
of the target material.

Table 1
Average crystallite sizes in SrBi2Nb2O9 powders calcined at their respective
crystallization temperatures

Sample Calcination
temperature (◦C)

Average crystallite
size (nm)
ig. 4. XRD spectra of the SrBi2Nb2O9 ferroelectric ceramics calcined at: (a)
00; (b) 600; (c) 700; and (c) 800 ◦C for 2 h in static air.

eight loss, implying the complete volatilization of carbon
ompounds.

.2. Formation of single-phase layered perovskite

The phase formation temperatures were detected from the
RD spectra obtained at different calcination temperatures rang-

ng from 500 to 800 ◦C for 2 h as shown in Fig. 4 in the 2θ range of
0–60◦. The peaks were indexed with reference to the JCPDFS
le no. 49-0607; λ = 1.54056. The XRD studies revealed that

he virgin precursors were amorphous. The broad halos in the
iffractogram characterized the X-ray amorphous nature, which
ersisted up to the calcination temperatures of 500 ◦C (Fig. 4(a)).
roducts after calcining the powder above 500 ◦C were crys-

alline. The XRD patterns of the sample calcined at 600, 700
nd 800 ◦C (Fig. 4(b), (c) and (d), respectively) showed no
eflections, which match (JCPDFS file no. 49-0607) those of

fluorite structure of SrBiNb2O9.11,19 So, the sample com-
letely converted to the ferroelectric Perovskite SrBi2Nb2O9
ust after heating at 600 ◦C for 2 h. From this observation, it
roves that no fluorite intermediate phase19 prior to the crystal-
ization of the Perovskite has occurred. No pyrochlore phase has
ormed at any stage of the heat-treatment in our SBN synthesis.
t has been postulated20 that loss of Bi leads to the forma-
ion of a non-ferroelectric pyrochlore phase generally causes
epletion Bi compared to the ferroelectric Perovskite phase. To
void any possibility of formation of Bi-deficient pyrochlore
hase to the desired ferroelectric Perovskite phase,19 some
recautions are necessary for the preparation of SBN, which
nclude:

. The processing temperature should be set as low as possible

to minimize loss of Bi during the heat-treatment.

. The precursor used for SBN should be like the one in which
the constituent metal components were dispersed as homo-
geneously as possible, to block the opportunity of a partial

S

ramic Society 26 (2006) 3717–3723

volatilization of Bi prior to the formation of the strictly stoi-
chiometric SBN.

. To compensate any possible weight loss, chemical were taken
with desired ratios with an excess of 4.5 wt.% of Bi-EDTA.

In view of the fact that the perovskites SBN phase has com-
letely formed at 600 ◦C from the amorphous phase with forma-
ion of neither any fluorite phase nor a pyrochlore phase (Fig. 4),
t could be concluded that no significant volatilization of Bi has
ccurred. This might in turn indicate that the extent of homo-
eneity with respect to distribution of metal ions in our precursor
as satisfactory for the low temperature synthesis of SBN.
This relatively lowering in the required external heat-

reatment temperatures for the formation of the single phase
erovskite SBN phase through the present method indicated
he presence of small atomic clusters of appropriate chem-
cal homogeneity in the amorphous precursors that facili-
ated the crystallization. Average crystallite sizes (Table 1)
fter the sample calcined at different temperatures for the
BN powders were calculated from XRD peak broadening
sing the Debye–Scherrer’s equation.21 The values in all the
BN compositions were observed to be increasing with rise

n the calcination temperature. The lattice constants and sin-
le unit cell volumes were calculated from the XRD spec-
ra with Si reference peaks (not shown here) were found to
e a = 0.548 nm, b = 0.548 nm, c = 2.535 nm and unit cell vol-
me = 0.76127 nm3 which are in close agreement with the
eported values a = 0.5523 nm, b = 0.5513 nm, c = 2.512 nm and
nit cell volume = 0.7648 (JCPDF file no. 49-0607). Information
n crystallite size (D) and the effective strain (η) were obtained
rom the full widths at half maximum (FWHM) of the diffrac-
ion peaks obtained after calcining the precursor powder at phase
ormation temperature at 600 ◦C. After applying the correction
or instrumental broadening with respect to standard silicon, the
WHMs (Eq. (2)) can be expressed by the following equation
ssuming particle size and strain profiles (Eq. (3)) are of Gaus-
ian type:

βOb)
2 = (βp)2 + (βs)2 (2)

r,

βi cos θ
λ

)
2 =

(
1

D

)2

+ (η sin θ
λ

)
2

(3)
rBi2Nb2O9 600 24
700 27
800 31
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ig. 5. (βi cos θ/λ)2 vs. (sin θ/λ)2 for SrBi2Nb2O9 whose θ/2θ scans are shown
n Fig. 4(b).

Fig. 5 shows the plot of (βi cos θ/λ)2 versus (sin θ/λ)2. From
he slope of the best fitted line and the intercept at x = 0, the
ffective strain (η) and the crystallite size (D) were found to
e 0.001475 and 38.8 nm, respectively. Essentially the sample
hows the absence of any significance strain.

.3. Sintering behavior

The two-step sintering process was applied to all the samples
tudied. The purpose of the first-step sintering (or calcining)
as to form a layered perovskite phase at relatively low temper-

tures (600 ◦C). The second sintering step conditions were used
o prepare samples for characterizations of microstructure and
roperty after making the pellets from the calcining powders
t pressure 190 MPa at room temperature. The pressed pellets
ere subjected to the conventional solid state sintering process

n static air at 900 ◦C for 5 h. The densities of the sintered pel-
ets were determined by liquid displacement using a pycnometer.
ylene, the density of which is 0.87 g/cm3 was used as the liquid
edia. The average density obtained for SBN was 84% of the

heoretical value. For all the samples, the overall weight loss was

ound to be ∼2.5 wt.%, less than the extra amount of bismuth
xide added into the system during the powder preparation, and
s presumably caused by the high vapor pressure of bismuth
xide. However, the presence of more bismuth content was seen

f
a
s

Fig. 6. Bright field TEM of SrBi2Nb2O9 calcined at
ramic Society 26 (2006) 3717–3723 3721

o promote the densification of the SBN samples appreciably by
owering the sintering temperatures. During the first sintering
tep, or calcining, bismuth oxide reacted with other constituent
xides and formed a layered perovskite. There would be very
ittle reacted bismuth oxide left for the second sintering step.
herefore, there might be a very small fraction of liquid phase
intering in the second sintering step.

.4. Fine structure

The bright field TEM (Fig. 6(a)) for SrBi2Nb2O9 composition
as taken after calcinations of the precursor powders at their
hase formation temperature of 600 ◦C. The bright field TEM
icrograph represented the basic powder morphology in the

ample, where the smallest visible isolated spot can be identified
ith particle/crystallite agglomerates.
From the TEM study of the SBN powders, it was observed

hat the particles have an almost-spherical morphology with nar-
ow particle-size distribution. The average particle diameters lay
etween 25 and 36 nm, which is in agreement with the crystal-
ite size obtained from XRD after corrections, is much smaller
han those reported for the powders prepared through the other
ynthesis methods. The corresponding selected area electron
iffraction pattern of the same sample (i.e. SrBi2Nb2O9) showed
istinct rings, characteristic of an assembly of nano-crystallites
s in Fig. 6(b).

.5. Microstructure

Fig. 7 shows typical SEM micrographs of the polished sur-
aces of SBN ferroelectrics. All samples have a relatively dense
tructure, although small voids or pores were found in all sam-
les. The SEM images indicate that the SBN samples have an
verage grain size of ∼0.67 �m. The grain sizes were calculated
sing “UTHSCA” image tool software (version 3 @copy right
995–2002, The University of Texas Health Science Center, San
ntonia, USA).

.6. Dielectric property
Temperature dependency of the dielectric constant and loss
actor were obtained at several frequencies at 1 kHz, 100 kHz
nd 1 MHz for the SBN sintered samples at 900 ◦C 5 h. The
tudy revealed that the dielectric constant increased gradually

600 ◦C and the corresponding SAED pattern.
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Fig. 7. SEM micrographs of the polished surfaces of SrBi2Nb2O9 ferroelectrics
sintered at 900 ◦C for 5 h.
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ig. 8. Dielectric constant as a function of temperature for SrBi2Nb2O9 at fre-
uencies 1 kHz, 100 kHz, and 1 MHz.

ith temperature and reached a maximum (εmax) at the Curie
emperature (Tc) 450 ◦C (Fig. 8.) which is in agreement with the
eported one.22 εmax value, measured at 100 kHz and 1 MHz
ere found to be 500 and 384, respectively, but the dielec-

ric constant sharply increased with temperature when mea-
ured at frequency 1 kHz; at 450 ◦C the ε was found to be
970.

The tangent losses as a function of temperature at 1 kHz,
00 kHz and 1 MHz for SBN were shown in Fig. 9. Tangent
osses increased with increasing temperature particularly at tem-
erature higher than ∼400 ◦C. This could be caused by higher
oncentration of charge carriers (positive and negative vacan-
ies) at higher temperatures. It was noticed that the tangent
osses were increased rapidly with temperature at the frequency
00 kHz as shown in Fig. 9.
. Discussion

Lowering the synthesis temperature of the pure perovskites
BN down to 700 ◦C has been reported in alkoxide-based I
ig. 9. Tangent loss as a function of temperature for SrBi2Nb2O9 at frequencies
kHz, 100 kHz and 1 MHz.

ol–gel studies.9,14 However, the expense and extremely large
ensitivity to moisture of Nb- and Bi-alkoxides limit their prac-
ical applicability. We therefore emphasize that the important
ractical and environmentally beneficial aspect of our aqueous
olution technique is linked with the economical and safe use of
ater as a process solvent for the synthesis of SBN. In the case
here solution systems involve Bi and Nb, precautions should
e taken against formation of precipitates at any stage of the pro-
essing, which deteriorates the homogeneity of the system. Our
queous solution technique is characterized by several aspects,
hich include: (i) the use of water-resistant Bi-EDTA and Nb-

artarate; (ii) the use of excess TEA relative to metal ions; and
iii) the use of non-toxic water as a process solvent. These allow
s to construct a novel aqueous solution system involving Bi
nd Nb which is usually stable against hydrolysis, thus form-
ng a compositionally homogeneous gelatinous viscous matter
ather than precipitation during evaporation of water.

. Conclusions

The nano-sized layered ferroelectric ceramic-layered
rBiNb2O9 have been synthesized through the pyrolysis of co-
rdination compounds of metal ions. The powder has good
inter-active properties. The use of Sr-EDTA, Bi-EDTA and
b-tartarate has been proved very effective for affording a
eans towards an environmentally friendly aqueous synthesis

f the ferroelectric perovskites SrBi2Nb2O9 at reduced temper-
tures (600 ◦C). Besides that the dielectric properties obtained
y this synthetic procedure is significantly high.
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