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a b s t r a c t

Bismuth potassium titanate (Bi0.5K0.5TiO3; BKT) and praseodymium-doped BKT (Bi0.5(1−x)PrxK0.5TiO3;
BPKT) powders were synthesised using the soft combustion technique. Fine particles of 10–100 nm of
BKT and BPKT were produced. A single phase BKT was obtained with a minimum of 0.5 mol of glycine.
Various compounds of Bi0.5(1−x)PrxK0.5TiO3 where x = 0.01, 0.03, 0.05, 0.10, 0.15 and 0.20 were prepared.
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Pure BKT and BPKT powders were obtained after calcination at 800 C for 3 h. After sintering at 1050 C
for 5 h, pure BKT and BPKT pellets were obtained for x = 0 and 0.01. However, for BPKT with x = 0.03, 0.05,
0.10, 0.15 and 0.20, a minor amount of Bi4Ti3O12 (BIT) secondary phase was present after sintering at
1050 ◦C for 5 h. The crystallite size and grain size of all the samples followed similar trends, first increasing
from x = 0 (undoped BKT) to x = 0.05 and then decreasing above x = 0.05. Among the undoped and doped
samples, BPKT with x = 0.05 had the highest dielectric properties (εr = 713.87) due to its large crystallite

in siz
icrostructure size (68.66 nm), large gra

. Introduction

Lead-based piezoelectric materials are known for their haz-
rds to health and negative environmental impact. Moreover,
ecause lead is volatile above 800 ◦C and thus can be more haz-
rdous as it is released into the environment, researchers are
ctively seeking to replace lead with lead-free materials. Potas-
ium sodium niobates (K0.5Na0.5NbO3; KNN) and bismuth sodium
itanate (Bi0.5Na0.5TiO3; BNT) are among the most studied lead-free
iezoelectric materials [1]. In addition, bismuth potassium titanate
Bi0.5K0.5TiO3; BKT), a well-known Bi-based perovskite piezoelec-
ric ceramic, is also one of the candidates for lead-free piezoelectrics
ue to its excellent electrical properties and high Curie tempera-
ure (Tc) of 380 ◦C. However, only a few studies on BKT ceramics
ave been reported. This lack of information may be due to the dif-
culty of producing a high density BKT ceramic because Bi and K
re volatile at high sintering temperatures [2,3].

BKT powders have been prepared typically by common meth-
ds of solid state reaction [2,4,5], sol–gel technique [6,7] and
ydrothermal technique [8]. The solid state reaction method has

he advantages of ease of implementation and its ability to synthe-
ise compounds in large amounts. However, the powders usually
end to agglomerate and have inhomogeneous particle size [6,9,10].
he sol–gel technique has excellent compositional control and
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e (∼435 nm) and high relative density (93.39%).
© 2010 Elsevier B.V. All rights reserved.

homogeneity on the molecular level, yet the derived precipitates
are amorphous in nature [6]. On the other hand, the hydrother-
mal technique is capable of yielding high-purity, fine crystalline
powders [8]. Nevertheless, this synthesis in an aqueous environ-
ment causes water to be incorporated into the powder, thus causing
deterioration in the electrical properties [11]. The soft combustion
technique can produce fine particle size powder from the nanome-
tre to the submicron scale and requires a low sintering temperature
(1050 ◦C). Sintering at this lower temperature can minimise the
volatilisation of Bi and K ions. Furthermore, this soft combustion
technique requires only simple equipment, has a low cost and
allows better control of stoichiometry [12]. Hence, the current work
used the soft combustion technique to prepare the samples.

Furthermore, to improve the electrical properties of BKT,
praseodymium (Pr) was doped in BKT to produce Bi0.5(1−x)
PrxK0.5TiO3 (BPKT). Pr is a lanthanide element that has a tendency
to reduce the Bi and O vacancies in the BKT. In addition, Pr3+ has
a six-coordinated ionic radius (0.99 Å), which is close to the ionic
radius of Bi3+ (1.03 Å), suggesting that Pr ions may easily replace
the Bi ions with a small lattice distortion [13]. In this paper, the
morphologies, structural and dielectric properties of the BKT and
BPKT are reported.

2. Experimental details
The Bi0.5K0.5TiO3 (with 0.1, 0.3, 0.5, 1.0 and 1.5 mol of glycine) and
Bi0.5−xPrxK0.5TiO3 (with x = 0.01, 0.03, 0.05, 0.10, 0.15 and 0.20) powders were syn-
thesised using the soft combustion technique. For preparation of the BKT powder,
bismuth (III) nitrate pentahydrate [Bi(NO3)3·5H2O], potassium nitrate (KNO3) and
titanium (IV) isopropoxide {Ti[OCH(CH3)2]4} were used as the starting materials

dx.doi.org/10.1016/j.jallcom.2010.09.136
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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or Bi, K and Ti, respectively. First, KNO3 and Bi(NO3)3·5H2O were dissolved in
5 ml of 2-methoxyethanol (CH3OCH2CH2OH) at 40 ◦C. However, KNO3 could not
e fully dissolved in the solution. Thus, KNO3 was first dissolved in 5 ml of deionised
ater before mixing with Bi(NO3)3·5H2O. In addition, to aid in the combustion
rocess, glycine (H2NCH2COOH), which acts as a combustion fuel, was added into
i(NO3)3·5H2O. On the other hand, Ti[OCH(CH3)2]4 was dissolved separately in 25 ml
f CH3OCH2CH2OH, with 5 ml of acetylacetone (CH3COCH2COCH3) as the chelat-
ng agent to stabilise the mixture. Then the Ti[OCH(CH3)2]4 solution was added
o the Bi–K solution with continuous stirring, and the final mixture was stirred
or 2 h.

Next, the mixture was heated to 130 ◦C on a hot plate with continuous stirring.
vaporation occurred, and a sticky gel was formed, followed by a soft combustion
rocess (exothermic chemical reaction that resulted in the production of flame)
hat formed foam. This foam was then crushed in a mortar to obtain a fine pow-
er. This synthesised powder was calcined at 800 ◦C for 3 h with a heating rate
f 5 ◦C min−1 and a cooling rate of 10 ◦C min−1. After calcination, the powder was
ressed at a pressure of 55 bar into pellets 12 mm in diameter. Finally, the pellets
ere sintered at 1050 ◦C for 5 h at a heating rate of 5 ◦C min−1 and a cooling rate

f 10 ◦C min−1 in a closed alumina crucible. For the preparation of BPKT powder,
raseodymium (III) nitrate hexahydrate [Pr(NO3)3·6H2O] was dissolved together
ith the Bi(NO3)3·5H2O and H2NCH2COOH in the beginning, and the remaining

teps were similar to those for the preparation of the BKT.
The powders and sintered pellets were analysed for the presence of phases using

n X-ray diffractometer (Bruker AXS D8 ADVANCE) equipped with Cu K� radiation
rom 20◦ to 70◦ . The morphology of powders and sintered pellets was observed using
field emission scanning electron microscope (Zeiss SUPRA 35) and transmission

lectron microscope (Philips CM 12). Crystallite size was measured using Rietveld
efinement, and the density of sintered pellets was measured using the Archimedes
ethod. The dielectric properties of the pellets were measured using a LCR meter

Agilent HP4284) at 1 MHz and 1 V. Prior to dielectric measurement, silver paste was
pplied on both surfaces of the pellets for ohmic contact.

. Results and discussion

First, the BKT powder was produced without dissolving KNO3
n deionised water. Fig. 1(a) shows the XRD pattern of the powder
fter calcination at 800 ◦C. This XRD spectrum shows the presence
f a secondary phase in the compounds, indicating that the pro-
ess did not form a single phase BKT. The BKT phase matched the
CDD number of 36-0339, whereas the secondary phase matched
he ICDD number (72-1019) of bismuth titanate (Bi4Ti3O12; BIT). It
ould have been that KNO3 had not been fully dissolved in the solu-
ion, causing the formation of the secondary phase, so thereafter,
NO3 was first dissolved in 5 ml of deionised water.

The XRD spectrum of the calcined powder is shown in Fig. 1(b).
ike the powder that had not been dissolved in deionised water,
he BKT dissolved in 5 ml of deionised water also contained the
econdary phase of BIT. However, the BIT peaks were not obvious

n the spectrum. The most obvious peak was (1 1 7). It could be that
he low intensity XRD peak reflects the presence of only a very small
mount of the BIT phase. Thereafter, to minimise the presence of
he secondary phase, all subsequent powders were produced by

ig. 1. XRD spectra of the BKT powders: (a) without dissolution in deionised water
nd (b) dissolved in 5 ml deionised water calcined at 800 ◦C.
Fig. 2. XRD spectra of the BKT powders with: (a) 0.1 mol, (b) 0.3 mol, (c) 0.5 mol, (d)
1.0 mol and (e) 1.5 mol of glycine. All samples were calcined at 800 ◦C.

dissolving KNO3 in 5 ml of deionised water during the preparation
of BKT.

At this point, the calcined powder containing only a single phase
BKT had not been obtained yet. It was thought that the presence of
the secondary phase that remained even after dissolving KNO3 in
water could be due to incomplete combustion of the starting mate-
rials. Therefore, glycine (H2NCH2COOH) was added into the starting
materials. Glycine is one of the most popular and attractive fuels
for producing uniform composition and precisely controlled stoi-
chiometry of complex oxide ceramic powders [14]. From the XRD
spectra of BKT produced using various molar fractions of glycine
(Fig. 2), it can be observed that the BKT synthesised with the addi-
tion of 0.1 and 0.3 mol of glycine, like the BKT synthesised without
glycine, showed the presence of the secondary BIT phase. However,
the BKT with 0.5, 1.0 and 1.5 mol of glycine showed the presence
of only single phase BKT. The result indicates that the addition
of a small amount of glycine (0.1 and 0.3 mol) was insufficient
to enhance the combustion process, whereas a higher amount of
glycine (0.5 mol and above) was sufficient to yield pure phase BKT.
Thereafter, 0.5 mol of glycine was used to prepare the subsequent
powders.

Fig. 3 shows the thermogravimetric analysis (TGA) curve of
BKT powder with 0.5 mol of glycine. Weight losses were observed
at 100–120 ◦C, 320–380 ◦C, 380–550 ◦C and 550–700 ◦C. Because

water vaporises in the lowest temperature range, weight loss
in this range was likely due to the loss of moisture from the
sample. At 320–380 ◦C, the weight loss was likely due to the
decomposition of organic substances. A gradual weight loss also
occurred in the temperature range of 380–550 ◦C, also attributable

Fig. 3. TGA curve of the BKT powder with 0.5 mol of glycine.
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ig. 4. (a) FESEM and (b) TEM micrographs of the calcined BKT powders produced
sing 0.5 mol of glycine.

o decomposition of physically and chemically absorbed water.

oreover, the decomposition of nitrate materials of Bi(NO3)3·5H2O

nd KNO3 also took place at this temperature [15]. In addition,
eight loss was also observed at 550–700 ◦C. This weight loss

ould be due to the solid state reaction of the starting materials to

ig. 5. XRD spectra of the BPKT powders with varying x calcined at 800 ◦C: (a) 0
BKT), (b) 0.01, (c) 0.03, (d) 0.05, (e) 0.10, (f) 0.15 and (g) 0.20.
Fig. 6. XRD spectra of the BPKT pellets with varying x sintered at 1050 ◦C: (a) 0, (b)
0.01, (c) 0.03, (d) 0.05, (e) 0.10, (f) 0.15 and (g) 0.20.

form BKT powder. Above 700 ◦C, there was no measurable weight
change of the powder. This finding implies that complete reaction
occurred at this temperature and formed BKT [15,16]. Hence, in
this research the calcination temperature of BKT powder was set
above 700 ◦C. The FESEM and TEM micrographs of the BKT pow-
ders (with 0.5 mol of glycine) after calcination at 800 ◦C are shown
in Fig. 4. The BKT powders have flake-like particles in the range of
10–100 nm.

In this study, various amounts of Pr (x = 0.01, 0.03, 0.05, 0.10,
0.15, 0.20) were added to BKT to obtain Bi0.5−xPrxK0.5TiO3 (BPKT).
Fig. 5 shows the XRD spectra of the undoped BKT and various BPKT
powders calcined at 800 ◦C. The BPKT with x = 0.01 and 0.03 show
only single phase BPKT, indicating that the Pr3+ in the BPKT did
not form a secondary phase or separate from the interior grain but
instead dissolved into the perovskite lattice [17]. However, as the
x increased (x = 0.05, 0.10, 0.15, 0.20), the secondary phase of BIT
appeared. For the BPKT (x = 0.01) and BPKT (x = 0.03), the amount of
Pr added was lower, and thus the secondary phase of BIT was not
formed, whereas for the BPKT with x = 0.05, 0.10, 0.15 and 0.20, a

small amount of the secondary phase was formed. The formation
of the secondary BIT phase was due to the high level of Pr dop-
ing. When Pr was added to BKT, the Pr3+ substituted the Bi3+, and
these bondless Bi3+ ions then reacted with Ti4+ and O2− to form

Fig. 7. Crystallite size of the calcined powders and sintered pellets of BKT and BPKT.
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Fig. 8. FESEM micrographs of the BPKT with varying x: (a) 0, (b) 0.01, (c) 0.03, (d) 0.05, (e) 0.10, (f) 0.15 and (g) 0.20.
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Fig. 9. Density and relative density of the sintered pellets.

IT. The formation of the secondary BIT phase is not typical in BKT
ormation. Previous studies found the formation of BKT contained
econdary phases of Bi2Ti2O7 [18], K4Ti3O8 [4], K2Ti4O9 [2] and
2Ti6O13 [2]. The presence of the BIT secondary phase could be
xplained by the volatilisation of K+ and Bi3+ during the sintering
rocess.

These calcined powders were then pressed into pellets and sin-
ered at 1050 ◦C for 5 h. Fig. 6 shows the XRD spectra of the sintered
KT and BPKT pellets. These XRD spectra show that only the BKT
nd BPKT (x = 0.01) contained pure phase BKT and BPKT with no
vidence of the presence of the secondary phase. For the BPKT pel-
ets with x = 0.03, 0.05, 0.10, 0.15 and 0.20, the secondary phase of
IT was present. As the amount of Pr dopant increased, the inten-
ities of the peaks for the BIT phase became stronger, indicating
hat the secondary BIT phase became more dominant (with higher
rystallinity) as the amount of dopant increased. As the amount
f Pr dopant increased, more Pr3+ were substituted for the Bi3+;
hus, more bondless Bi3+ were available to react with Ti4+ and O2−,
esulting in the formation of more BIT. Moreover, K also evaporates
t the sintering temperature used. Hence, lower levels of K can lead
o the formation of a more stable BIT.

The crystallite size of the calcined powders and sintered pellets
as in the range of 9.66–13.01 nm and 33.98–68.66 nm, respec-

ively. The plots of the crystallite size of calcined powders and
intered pellets against the amount of Pr (x) are shown in Fig. 7.
t can be observed that the crystallite size of both calcined pow-
ers and sintered pellets increased from x = 0 to x = 0.05 and then
ecreased from x = 0.05 to x = 0.20. Because the BKT was doped with
mall amounts of Pr (x = 0.01–0.05), the Pr ions diffused into the BKT
nd assisted the growth of the grains. However, when the amount
f Pr increased to x = 0.10, an obvious secondary BIT phase was
ormed. It is believed that this BIT phase acted as a grain growth
nhibitor, thus suppressing the crystallite growth of the BPKT phase
12,19,20]. In addition, it can be seen that the crystallite size in
he sintered pellets was larger than that in the calcined powders,
robably because ion diffusion during the sintering process caused
rystallite growth.

The FESEM micrographs of the sintered BKT and BPKT pellets are
resented in Fig. 8. The grains showed no particular shape. The grain
izes of the BPKT increased when x = 0 (100–300 nm) to x = 0.05 and
ecreased between x = 0.05 and x = 0.20. The BPKT with x = 0.05 had
he largest grain sizes, averaging 435 nm. This trend toward chang-

ng grain sizes aligns with the trend toward changing crystallite
ize that was observed in XRD analysis. This similarity is expected
ecause crystallite size normally increases as grain size increases
12,21].
Fig. 10. Dielectric properties of BPKT with varying x.

Fig. 9 shows the plots of density and relative density of the sin-
tered pellets against x. The densities of the pellets increased from
x = 0 to x = 0.05 and then decreased from x = 0.05 to x = 0.20. It could
be that the addition of Pr caused the formation of close-packed
microstructures with increasing grain size. The decrease in density
was likely due to the decreasing grain size from x = 0.05. In addi-
tion, the decreasing density could be caused by the presence of
more secondary phase.

The dielectric constant (εr) and loss tangent (tan ı) of the sin-
tered pellets were found to be in the range of 437.19–713.87 and
0.1014–0.1589, respectively (Fig. 10). The εr increased up to x = 0.05
and decreased beyond x = 0.05. The undoped BKT had an εr of 520.1,
while the BPKT (x = 0.05) had the highest εr of 713.87. This εr trend
aligns with the trends of crystallite sizes and grain sizes, which
is expected because the εr always increases with increasing grain
sizes [5]. It is known that the electrical properties of ferroelectric
ceramics are highly dependent on the grain size and microstruc-
ture of the samples [12]. As the ferroelectric ceramic was cooled
through the Tc, stress appeared in the system. These stresses within
the grains can be released or reduced by the formation of an appro-
priate arrangement of 90◦ domains. For larger grains, most of the
stresses can be relieved with this mechanism. On the other hand,
as the grain size decreases, the domains also become smaller. This
domain width is roughly proportional to the square root of the
grain size. The number of domains in a grain decreases as the
square root of the grain size, and thus the smaller the grain, the
larger the unrelieved stress [21–23]. Furthermore, the decrease of
εr between x = 0.05 and x = 0.20 could also be due to the poor den-
sity. It is well known that low density ceramics have low εr as
well. The values of tan ı increased from x = 0 to x = 0.10 and then
decreased from x = 0.10 to x = 0.20. The BPKT (x = 0.05) had the high-
est εr and an acceptable tan ı of 0.1391, indicating that this BPKT
can be used as a capacitor and in ferroelectric and piezoelectric
devices.

4. Conclusions

BKT and BPKT were successfully produced using the soft com-
bustion technique. The optimum amount of glycine added to aid the
combustion reaction was found to be 0.5 M. Pure BPKT was obtained
up to x = 0.01. Above that level, the ferroelectric compound BIT was
formed. BPKT with x = 0.05 showed the optimum dielectric prop-

erties with a dielectric constant of 713.87 and tan ı of 0.1391. The
result was in agreement with the largest crystallite size and grain
size, and the highest density was observed for BPKT with x = 0.05.
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