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a b s t r a c t

In this work, bismuth sodium titanate (Bi0.5Na0.5)TiO3 (BNT) and praseodymium (Pr)-doped BNT were
successfully produced using the soft combustion technique. The effects of Pr doping on stoichiometry,
microstructure, density and dielectric properties were studied. Pure Pr-doped BNT was obtained in all
samples containing 5, 10 and 20 mol% Pr after calcination at 800 ◦C for 3 h. The produced powders were
ccepted 19 November 2010
vailable online 30 November 2010

eywords:
hemical synthesis
eramics

then pressed into pellets and sintered at 1100 ◦C for 3 h. The very similar ionic radii of Pr3+ with Bi3+

and Na+ made it possible to substitute both Bi and Na. The crystallite size and grain size decreased
with increasing Pr amount because Pr acted as grain growth inhibitor, both for calcined powders and
for sintered pellets. Maximum density was obtained in 5 mol% Pr-doped BNT, beyond which density
decreased. The maximum dielectric constant of 756 was obtained in 5 mol% Pr-doped BNT and decreased

ing. P
ielectric response
icrostructure

at higher levels of Pr dop

. Introduction

Piezoelectric ceramics are important in many electronic appli-
ations due to their unique properties. Their ability to convert
echanical stress to electrical output and vice versa makes them

ttractive for use in electronic and mechanical devices such as
apacitors, sensors, and ultrasonic detectors. However, most cur-
ent piezoelectric ceramics are lead-based (e.g. PZT, PLZT), making
hem environmentally unfriendly and hazardous to health. More-
ver, volatilization of the lead components at temperatures as
ow as 800 ◦C also causes degradation of their dielectric proper-
ies [1–3]. In order to overcome these problems, research widely
eeks candidates for lead-free piezoelectric ceramics.

Bi0.5Na0.5TiO3 (BNT) is a promising perovskite-structure lead-
ree piezoelectric material. This compound has a large remnant
olarization of 38 �C/cm2 with a coercive field (Ec) of 73 kV/cm at
oom temperature. It also has a high Curie temperature of 320 ◦C [4].
owever, a pure BNT system has many problems. Sintered pure BNT

hows significant grain growth as well as non-uniform grain size
istribution and shape. The large coercive field of pure BNT causes
ifficulty during poling [5–7]. Furthermore, some researchers have

ound that the piezoelectric properties of a pure BNT system are
ot very good. The surface of BNT often becomes conductive, caus-

ng high loss. BNT also has been widely studied with the addition
f K, BiNaxK1−xTiO3 (BNKT) as piezoelectric material because this

∗ Corresponding author. Tel.: +60 4 5996126; fax: +60 4 5941011.
E-mail address: khairunisak@eng.usm.my (K.A. Razak).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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r doped into BNT also caused a decrease in dielectric loss.
© 2010 Elsevier B.V. All rights reserved.

compound has better dielectric properties than BNT alone [8,9].
However, the electrical properties are still not comparable to those
of Pb-based piezoelectrics.

Therefore, research pursues its search for a suitable dopant for
BNT that would enhance its desirable properties. Dopant segre-
gated cation vacancies as well as acceptor solutes at the grain
boundaries are used to induce the space-charge region [7], thereby
inhibiting grain growth. In addition, some electrical properties such
as dielectric properties, piezoelectric coefficient, and loss tangent
can be enhanced by tuning the concentration of dopant. Very lit-
tle information on the effects of dopants on BNT exists. However,
the considerable research that has been carried out on doping of
other lead-free compounds can provide useful guidance. CuO, MnO,
MnO2 and ZnO have been doped into piezoelectric compounds to
reduce sintering temperature and improve electrical properties of
the compounds [1,2]. CuO doping has proven beneficial to improve
densification of the product [2]. Mn doping in BNT has been found to
decrease phase transition temperature and to increase the values of
electromechanical coupling factors and the piezoelectric constant
d33.

Doping of some rare earth elements in lead-free piezoelectrics
has also been studied. Nd2O3-doped 0.82BNT–0.18BKT showed an
improved piezoelectric constant [10]. Doping of 0.3 wt.% Sm2O3 in
0.82Bi0.5Na0.5TiO3–0.18Bi0.5K0.5TiO3 exhibited the optimum prop-

erties with high piezoelectric constant (d33 = 147 pC/N) and high
planar coupling factor (kp = 22.4%) [11]. Doping of rare earth
elements in (Na0.5Bi0.5)0.93Ba0.07TiO3 resulted in an increase in
diffuseness in phase transition and a decrease in depolarization
temperature (Td). The doping of La2O3 or Pr2O3 resulted in electrical

dx.doi.org/10.1016/j.jallcom.2010.11.163
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:khairunisak@eng.usm.my
dx.doi.org/10.1016/j.jallcom.2010.11.163
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3. Results and discussion

In this work, (Bi0.5Na0.5)TiO3 (BNT) and Pr-doped BNT were pro-
duced using the soft combustion technique. Fig. 1(a) shows the SEM
Fig. 1. SEM micrographs of BNT (a) as synthesiz

roperties following a soft doping effect. On the other hand, doping
ith Eu2O3 or Gd2O3 led to an abnormal change in the electrical
roperties, which was qualitatively interpreted as an internal stress
ffect [3]. Previous work has shown that Pr doping was beneficial
n improving the dielectric properties of BIT [12].

BNT ceramic powder can be synthesized using a number of
ethods such as the solid state technique, the sol–gel technique,

nd the hydrothermal method [8,9,13–15]. The solid state method
s limited by its requirement for a high sintering temperature
>1400 ◦C), causing Bi ion volatilization, which occurs at temper-
tures above 1130 ◦C [15]. Moreover, the solid state technique
roduces a powder with large particle size and a wide range
article size distribution. The sol–gel technique has been widely
sed to produce nanoparticles. However, the technique requires
long processing period and repeated heat treatment to obtain

he desired products. The hydrothermal technique has the advan-
age of producing fine particle size. However, the stoichiometry
f the products is dependent on the kinetics and thermodynamics
f the elements during hydrothermal reaction. The soft combus-
ion technique, in contrast, has the advantages of lower formation
emperature, better homogeneity, a simple experimental set-up,
elative inexpensiveness and production of fine size powders with
narrow particle size distribution range [12,16].

This work focused on the properties of BNT and praseodymium
Pr)-doped BNT synthesized using the soft combustion technique.
NT, a lead-free piezoelectric ceramic, was chosen for its envi-
onmental friendliness. The use of Pr as dopant was expected to
mprove the dielectric constant and reduce the grain size. More-
ver, doping BNT with Pr was expected to result in homogenous
rain growth and a narrower grain size distribution and shape.
he soft combustion technique was selected for its low synthesis
emperature, which minimizes volatilization of Bi.

. Experimental details

BNT powder was prepared using the soft combustion technique. Bismuth nitrate
nd sodium nitrate were mixed and dissolved at 40 ◦C in 2-methoxyethanol. For Pr-
oped BNT synthesis, praseodymium nitrate (5, 10, or 20 mol%) was mixed with
ismuth nitrate and sodium nitrate. 1 mol of glycine was added into the solution to
id the combustion process. In parallel, 1 mol of titanium isopropoxide was dissolved
eparately in 2-methoxyethanol and acetylacetone. The acetylacetone functions as
chelating agent in the reaction. Next, the prepared titanium solution was contin-
ously stirred into the prepared bismuth and sodium solution or Pr-doped bismuth
odium solution for 2 h, producing a yellowish homogeneous solution. The mixture

as then heated to 130 ◦C on a hot plate with continuous stirring. Evaporation trans-

ormed the mixture into a viscous brownish solution. Continued heating at 130 ◦C
ed to combustion and the formation of foam. Next, the foam was ground using an
gate mortar to form fine powder. The resulting powder was calcined at 800 ◦C for
h. The calcined powder was then pressed into pellets using 52.2 bar of pressure.
he pellets were then sintered at 1100 ◦C for 3 h at a heating rate of 5 ◦C/min.
wders and (b) after calcination at 800 ◦C for 3 h.

The microstructure of the samples was observed using scanning electron
microscopy (FESEM; Zeiss SUPRA 35). Phase presence and stoichiometry of the
samples were analyzed using X-ray diffractometer (XRD; Bruker AXS D8 Advance).
Density of the samples was measured using Archimedes’ method. For measurement
of dielectric properties, silver paste was applied on both major surfaces of the sin-
tered pellet, and capacitance and dielectric constant were measured using LCR meter
(Agilent HP4284).
Fig. 2. XRD spectra of samples after calcination at 800 ◦C of (a) BNT, (b) 5 mol% Pr-
doped BNT, (c) 10 mol% Pr-doped BNT and (d) 20 mol% Pr-doped BNT. [a] Wide scan
XRD spectra and [b] XRD spectra of (2 0 0) peak position.
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icrograph of BNT powder before calcination, showing the plate-
ike and pin-shaped BNT particles, indicating the lack of mutual
olubility between the bismuth layer structure phase and the per-
vskite phase. The plate-like particles are the bismuth-layered
hase whereas the smaller cubic or round particles with a size of
00 nm are regarded as perovskite. In Fig. 1(b), the SEM micrograph
f BNT powder after calcination shows a distribution of nearly
ubical or round particles. No plate-like particles appeared after
alcination, indicating that calcination process fully transformed
ll bismuth layered phase into perovskite structure. A similar phe-
omenon was observed by Ma et al. [17]. They found that during
he calcination process, some unwanted compounds such as water
nd carbon phases decomposed. At the same time, diffusion of ions
ccurred that led to the formation of pure compound with stable
rystal structure. In this study, ions in the unstable bismuth-layered
hase diffused and formed a more stable cubic or round particle
ith perovskite structure. The average particle size was around

40 nm.
The XRD spectra of BNT and BNT doped with varying amounts

f Pr calcined in air at 800 ◦C for 3 h are shown in Fig. 2. A single
erovskite phase was obtained for all Pr-doped BNT (JCPDS No. 36-
40). At room temperature, pure BNT and Pr-doped BNT powders
ave rhombohedral symmetry. However, in the XRD spectra, rhom-
ohedral structure is hard to distinguish due to the overlapping of
eaks that could be due to nearly cubic lattice parameters. Although
he crystal structure of BNT was rhombohedral, the diffraction lines
ere indexed based on the pseudocubic unit cell because of the
mall degree of rhombohedral distortion [18]. In BNT compound,
he ionic radius of Bi is close to Na (1.03 Å and 1.02 Å, respectively),
hich causes a slight distortion of lattices [19]. Doping with Pr with

onic radius 1.013 Å in BNT caused a local lattice contraction that
urther distorts the lattices. However, since the ionic radii of those

Fig. 4. SEM micrographs of (a) BNT, (b) 5 mol% Pr doping, (c) 10 mol%
Fig. 3. Crystallite size of BNT doped with various levels of Pr after calcination at
800 ◦C for 3 h.

ions are very close, the changes in degree of lattice distortion are
not obvious.

XRD spectra of Pr-doped BNT powders in Fig. 2[a] did not show
any peak belonging to praseodymium oxide, which is taken to indi-
cate the substitution of praseodymium ions into the perovskite
lattice. The closeness of the ionic radii of the three elements enabled
the ready substitution of Pr3+ ions for Bi3+ ions or Na+ ions into the
perovskite lattice. Since the charge of Pr ions can be 2+ or 3+, Pr
ions can substitute into the A-site in the BNT perovskite structure
[7].

The XRD spectra of calcined BNT and Pr-doped BNT powders

at the peak position (2 0 0) are shown in Fig. 2[b]. The peak posi-
tion shift to the left was proportional to the level of Pr added. The
result shows the change in the unit cell size that is caused by lat-
tice distortion of BNT [4,19]. Some micro-strain occurred with the

Pr doping and (d) 20 mol% Pr doping after calcination at 800 ◦C.
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ig. 5. XRD spectra of (a) BNT, (b) 5 mol% Pr doping, (c) 10 mol% Pr doping and (d)
ith 20 mol% Pr doping after sintering at 1100 ◦C. [a] Wide scan XRD spectra, [b]

plitting of (h 0 l)- and (0 k l)-type reflections of (2 0 0) peak position.

oping of Pr to BNT. This micro-strain can be explained by Vegard’s
aw, which suggests a linear relationship between the crystal lat-
ice parameter and the concentration of the Pr dopant added. The
ncrease of ion shift results in an increase of lattice energy to sta-
ilize the structure. However, this increasing trend stopped at the
mol% level of Pr doping of BNT and started to shift to the right side
ith further addition of Pr. This result is in agreement with those

f Lee et al. [16] and Liu et al. [14].
Fig. 2[b] shows that the intensity of the peak position (2 0 0)

ecreases with increasing concentration of Pr dopant. Pr-doped
NT was found to have a broader peak than that of undoped BNT,
ainly because of compositional fluctuation or substitution dis-

rdering in the arrangement of cations at crystallographic sites in
he lattice structure. Broadening of the peak indicates a decrease
f crystallite size, which is confirmed by calculation using Scher-
er’s equation [k = (0.9 × �)/(B cos �)], showing that crystallite size
ecreases with increasing amount of Pr, as shown in Fig. 3.

Fig. 4 shows the SEM micrographs of doped and undoped BNT
fter calcination at 800 ◦C. The grain size decreased gradually with
ncreasing level of Pr doping. The SEM micrograph of undoped BNT
hows the largest average grain size, around 215.86 nm. As levels
f Pr dopant increased to 5, 10, 20 mol%, grain size decreased to
57.12 nm, 76.47 nm and 70.77 nm, respectively. In Pr-doped BNT,
r acted as an inhibitor during the growth process. The slower dif-
usion rate of Pr ions than that of Bi ions caused Pr to inhibit the

rowth of grains [14].

The XRD spectra of BNT and Pr-doped BNT pellets sintered in air
t 1100 ◦C for 3 h are shown in Fig. 5[a]. A single phase Pr-doped
NT was obtained up to the 5 mol% level of Pr doping (JCPDS No. 36-
Fig. 6. Crystallite size of BNT and Pr-doped BNT after sintering at 1100 ◦C for 3 h.

340). The secondary phase that was present in 10 mol% and 20 mol%
Pr-doped BNT was bismuth titanate (Bi4Ti3O12; BIT) (JCPDS No. 00-
047-0398). When the amount of Pr dopant increased, the intensities
of the BIT peaks became stronger, indicating that the secondary
BIT phase became more dominant (with higher crystallinity) as
the amount of dopant increased. When the amount of Pr dopant
increased, more Pr3+ ions substituted Bi3+ ions, thus more bondless
Bi3+ ions were available to react with Ti4+ and O2− ions to form a
greater amount of BIT phase.

Fig. 5[b] shows the XRD spectra of the splitting of (h 0 l)- and
(0 k l) of BNT and Pr-doped BNT at 2� ∼ 47◦. BNT and BNT doped
with Pr at x = 0.10 do not show any peak splitting caused by (h 0 l)-
and (0 k l)-type reflections. Normally, splitting is caused by lat-
tice distortion [20]. The peaks can be assigned to a (2 0 0/0 2 0)
peak splitting following a rhombohedral symmetry and a tetrag-
onal symmetry. The splitting shows that Pr doping tends to change
the lattice parameter and distort the position of ions in the lattice.
The result indicates the coexistence of rhombohedral and tetrag-
onal phases, which is consistent with the nature of the specimen
with its morphotropic phase boundary composition [21].

Fig. 6 shows the crystallite sizes of BNT with different levels of Pr
doping after sintering at 1100 ◦C. In general, crystallite size of BNT
increased after sintering, as it did in powder after calcination. For
each composition, crystallite size decreased with increasing Pr dop-
ing in BNT. Crystallite size of undoped BNT was 71.4 nm whereas
crystallite size of 5 mol% Pr-doped BNT was 57.2 nm. As the level of
Pr doping in BNT increased to 10 mol% and 20 mol%, crystallite size
continued to decrease, to 55.6 nm and 46.5 nm, respectively. Simi-
larly, Watcharapasorn and Jiansirisomboon [7] have reported that
dysprosium doped into BNT can cause grains of BNT to become
smaller. McLaughlin [21] has reported that grain growth during
sintering was suppressed with small levels of additives, but larger
levels of additives increased grain size. However, this study found
that BNT doped with Pr up to 20 mol% still suppressed crystallite
size.

Fig. 7 shows SEM micrographs of BNT doped with different levels
of Pr after sintering at 1100 ◦C for 3 h. The grain size of Pr-doped BNT
was found to be clearly smaller than that of undoped BNT. Undoped
BNT had a large grain size of greater than 10 �m whereas BNT at
the 5 mol% level of Pr doping showed a much smaller grain size
(683.152 nm). Pr appears to have acted as a grain growth inhibitor
that influences the diffusion process during sintering. This finding
is in agreement with that of Watcharapasorn and Jiansirisomboon
[7]. By doping with a small amount of Pr, grain size can be reduced
as the diffusivity of Pr becomes lower than that of Bi. Although
grain size decreased with increasing Pr level, the highest density

was obtained in 10 mol% Pr doping (Fig. 8). The result could be due
to the closely packed structure of the grains at that level of doping.

The relative dielectric constant and loss tangent were measured
at 25 ◦C with an electric field of 1 V, as shown in Fig. 9. BNT showed
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Fig. 7. SEM micrographs of (a) BNT, (b) 5 mol% Pr doping, (c) 10 mol% Pr
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ig. 8. Relative density of various amounts of Pr doped BNT after sintering at 1100 ◦C
or 3 h.

he lowest dielectric constant value at only 347, whereas 5 mol%

r-doped BNT had the highest dielectric constant value of 756.
ith Pr doping at a level higher than 5 mol%, the dielectric con-

tant decreased. Pr-doped BNT improved the dielectric constant
nd reduced the loss tangent. The result could be explained by

ig. 9. Relative dielectric constant and loss tangent (tan ı) of (a) BNT, (b) 5 mol% Pr
oping, (c) 10 mol% Pr doping and (d) 20 mol% Pr doping after sintering at 1100 ◦C
or 3 h.
doping and (d) 20 mol% Pr doping after sintering at 1100 ◦C for 3 h.

the presence of domains in the grains of the samples, influencing
the dielectric properties. In BNT, large grains cause the presence of
many 90◦ and 180◦ domains [19]. The presence of many domains
in various directions suppressed the dielectric properties of the
sample. At 5 mol% Pr doping, grain size was smaller than in BNT,
causing lower domains presence in grains (Fig. 7). Therefore, dielec-
tric properties of Pr-doped BNT were better than in BNT. However,
further increase of Pr doping up to 20 mol% in BNT caused degrada-
tion of dielectric properties. This phenomenon was caused by the
presence of stress in fine grains in ferroelectric region [19,22–25].
In large grains stress can be reduced by the arrangement of 90◦

domains. However, 90◦ domains are not present when grain size is
fine. The absence of 90◦ domains in fine grains suppresses dielec-
tric properties of whole samples due to the presence of unrelieved
stress in the grains.

Pr doped BNT produced using soft combustion technique
showed comparable dielectric constant value with other piezo-
electric compounds such as (K0.5Na0.5)0.97(Nb0.9Ta0.1)O3 (εr = 890),
(PbMg1/3Nb2/3)O3–PbTiO3 (εr = 797) and PbTiO3(εr = 200) [26–28].
BNT produced in this work has lower dielectric constant compared
to BNT produced using other techniques. The low dielectric con-
stant value was caused by the small (submicron) grain size of the
samples. In most research the grain size was larger than 5 �m
[14,17,21]. The fine grains even after sintering could be benefi-
cial in device miniaturization since the produced powders could
be used as thick film instead of bulk pellets. Comparing with our
previous work [12], BNT has a lower dielectric constant than that of
BIT as a result of the substitution of Na for Bi. Up to 5 mol% Pr doped
BNT enhanced the dielectric constant, but beyond that the dielec-
tric constant decreased because Pr acted as grain growth inhibitor.
On the other hand, the dielectric constant of Pr-doped BIT initially
decreased up to 5 mol%, beyond which it increased. The result was
due to increasing of grain size with increasing Pr doped BIT.
4. Conclusion

Pure BNT and Pr-doped BNT ceramic powders were successfully
synthesized using the soft combustion technique after calcination
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t 800 ◦C. However, after sintering at 1100 ◦C for 3 h, only 5 mol%
r-doped BNT showed only a single phase while 10 and 20 mol%
r-doped BNT showed the presence of secondary phase Bi4Ti3O12.
rain size and crystallite size decreased with increasing Pr doping

evel because Pr acted at grain growth inhibitor. Optimum density
as obtained with 10% Pr doping. The highest dielectric constant
as obtained for 5 mol% Pr-doped BNT. The result could be due to

he optimum grain size of the sample and the presence of a single
hase in the compound.
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