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Lead-free ceramics, SrBi2Nb2O9–xBi2O3 (SBN–xBi), with different Bi contents of which the molar ratio,

n(Sr) : n(Bi) : n(Nb), is 1 : 2(1 + x/2) : 2 (x ¼ �0.05, 0.0, 0.05, 0.10), were prepared by conventional solid-

state reaction method. The effect of excess bismuth on the crystal structure, microstructure and

electrical properties of the ceramics were investigated. A layered perovskite structure without any

detectable secondary phase and plate-like morphologies of the grains were clearly observed in all

samples. The value of the activation energy suggested that the defects in samples could be related to

oxygen vacancies. Excellent electrical properties (e.g., d33 ¼ 18 pC N�1, 2Pr ¼ 17.8 mC cm�2, rrd ¼ 96.4%

and Tc ¼ 420 �C) were simultaneously obtained in the ceramic where x ¼ 0.05. Thermal annealing

studies indicated the SBN–xBi ceramics system possessed stable piezoelectric properties, demonstrating

that the samples could be promising candidates for high-temperature applications.
1. Introduction

Lead-based ceramics, such as Pb(Zr,Ti)O3, have been widely
used in applications of the economic industry eld, including
piezoelectric transformers, sensors and actuators, because of
their excellent piezoelectric and ferroelectric properties.1,2

However, with the ever-increasing demands relating to envi-
ronmental concerns, the lead-based ferroelectric and piezo-
electric materials are facing several challenges for actual
electronic applications due to the high toxicity of lead oxide.3

Therefore, it is necessary to develop lead-free compounds for
the replacement of lead-based ceramics.

Bismuth layer-structured ferroelectric ceramics (BLSFs),
known as the Aurivillius family of oxides, have been considered
as one kind of promising lead-free piezoelectrics in high-
temperature applications because of their high Curie tempera-
tures, low dielectric loss and low aging rates.4–6 The structure of
these ferroelectrics consists of [Bi2O2]

2+ layers interleaved with
a perovskite block of [Am�1BmO3m+1]

2� units stacked along the
crystallographic c-axes, where m represents the number of
perovskite blocks and the m value is generally in the range of 1–
5. Additionally, the number of [BO6] octahedrals included in the
pseudo-perovskite structure is reported to have a close rela-
tionship with dielectric and ferroelectric properties.7,8 SrBi2-
Nb2O9 (abbreviated as SBN), as the m ¼ 2 member of the
Aurivillius family with Sr and Bi ions at the A sites and Nb ions
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at the B sites, consists of (Bi2O2)
2+ layers and pseudo-perovskite

((SrNb2O7)
2�) units with double NbO6 octahedral layers.9

Among BLSFs, SBN has been extensively studied due to its
relatively lower crystallization temperature and it is a promising
material for high-temperature piezoelectric applications such
as piezoelectric accelerometer, especially in the vibration
monitoring system at nuclear power plants, owing to its high
Curie temperature of 450 �C and high electrical resistance of 106

U cm at 375 �C.10 However, as other BLSFs compounds, the
remanent polarization and piezoelectric activities of SBN
ceramics are relatively low due to two-dimensional orientation
restriction in rotation of spontaneous polarization, which limits
its applicability in piezoelectric devices requiring high
temperatures.11

Many studies have focused on enhancing the electrical
properties of BLSFs, such as change of the grain size,12 control
of preferred orientation,13 and A and/or B-site substitution.7,8,10

In addition, it is well known that highly volatile nature of Bi ions
at high-temperature heat treatment will cause a non-
stoichiometric composition along with the defects of (VBi3+)000

and (VO2+)00, which could weaken the electrical properties of
ceramic because of the large ferroelectricity and better electro-
mechanical properties of the ceramics are attributed to Bi3+

ions.14,15 Thus, many practices have been performed to quali-
tatively add excess amounts of raw Bi2O3 powders to compen-
sate for the potential loss and then affect the electrical
properties as reported in Bi-containing functional ceramics and
lms.14,16,17 For instance, Qin et al.18 reported a CaBi2Nb2O9 +
1 wt% Bi2O3 ceramic with optimal electrical properties as
follows: piezoelectric constant d33 ¼ 6.4 pC N�1, resistivity r ¼
2.9 � 106 U cm (@500 �C) and Curie temperature Tc ¼ 940 �C.
RSC Adv., 2018, 8, 15613–15620 | 15613
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Fig. 1 XRD patterns of SBN–xBi ceramics sintered at 1100 �C.
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However, there have been few reports regarding the effect of
excess Bi on the structure and electrical properties of SBN
ceramics, in spite of the possibility of compositional variation
induced by volatilization of bismuth element. In this study, SBN
ceramic was selected as a host material and the structural
defects of the SBN ceramic were compensated by regulating the
Bi2O3 concentration, to modify the poling process and the
electrical properties of ceramics. The optimal Bi2O3 concentra-
tion was investigated and the structure–property relationships
and possible mechanism were additional discussed.

2. Experimental procedure

Polycrystalline SrBi2Nb2O9–xBi2O3 (SBN–xBi, x ¼ �0.05, 0.0,
0.05, 0.10) ceramics were prepared via solid-state reaction
method using SrCO3 (99%), Nb2O5 (99.5%) and Bi2O3 (99.99%).
All raw materials were ball milling in a polyethylene with
stabilized zirconia balls for 15 h. The mixed powders dried and
initially pre-calcined at 800 �C for 2 h. Then, the mixture was
milled again for 12 h. The slurries were dried and pressed into
pallets of thickness 0.5 mm and 12 mm in diameter. The pallets
were sintered at 1100 �C for 3 h. For the electric measurements,
disk samples with about 0.3 mm in thickness were used.

The density of the sintered ceramics was measured by means
of the Archimedes method. The phase constituent of the sin-
tered samples was determined by X-ray diffraction (XRD) using
a Cu Ka radiation (l ¼ 1.54178 Å) (D8 Advance, Bruker Inc.,
Germany). The surface morphology of the ceramics was
observed by scanning electron microscope (SEM) (JSM-6380,
Japan). The ferroelectric hysteresis loops were measured
through standardized ferroelectric test system (TF2000, Ger-
many). The temperature dependence of dielectric properties
and impedance spectroscopy for the samples was performed
using a Broadband Dielectric Spectrometer (Novocontrol Ger-
many). The samples were polarized in silicon oil in the range of
150–180 �C for 20 min, and piezoelectric measurements were
carried out with a quasi-static d33-meterYE2730 (SINOCERA,
China).

3. Results and discussions

The X-ray diffraction spectra of SBN–xBi ceramics in the 2q
range of 20–70�are shown in Fig. 1. It is obvious that all the
prominent peaks show the samples possess a single bismuth-
layered perovskite structure without any detectable secondary
phases, indicating that Bi2O3 has diffused into SrBi2Nb2O9

lattices to form a new solid solution SBN–xBi. In addition, when
the doping content is lower, the highest diffraction peak of
SBN–xBi ceramics is (115) orientation, which is in good agree-
ment with the highest diffraction peaks of (112m + 1) in BLSFs
phase and belongs to orthorhombic structure (JCPDS 49-
0607).10 However, with the increase of the doping content, the
(0010) peak enhanced gradually, and the peak value is much
higher than that of (115) peak when the Bi2O3 content is 0.10,
which could be ascribed to that the excess Bi2O3 can act as
a sintering additive affecting the crystal growth and then
affecting the crystal orientation of SBN–xBi ceramics. Thus, the
15614 | RSC Adv., 2018, 8, 15613–15620
variation of crystal orientation could affect the microstructure
of SBN–xBi ceramics.

Fig. 2 depicted the SEM micrographs for the nature surface
of SBN–xBi ceramics sintered at 1100 �C. It could be clearly
found that the grains of all the samples are well-dened and the
distinct pores decrease with increasing Bi2O3 content, indi-
cating the excess Bi3+ could effectively promote sintering of the
SBN ceramics and suppress the occurrence of defects. In addi-
tion, the grain size increases gradually with the increasing Bi2O3

content, suggesting that the excess Bi2O3 could acts as a grain
growth accelerant and has an evident effect on grain size of SBN
ceramics. In order to determine the increased grain size, we
polished and etched the surface of the samples, as shown in
inset of Fig. 2(a) and (d). It is clear that the grain size of SBN–
0.1Bi is much larger than that of SBN–(�0.05)Bi, indicating the
grain size of ceramics could be increased gradually with the
increasing Bi2O3 content. Such a behavior was also observed in
CaBi2Nb2O9 + x wt% Bi2O3 (ref. 18) and BaBi4Ti4O15 + x wt%
Bi2O3.19 As shown in Fig. 2, all ceramics have a high relative
density rrd (>94%, Table 1) and the rrd value of the samples
increases slightly with increasing Bi2O3 content, which could be
related to the sintering additive promoting of excess Bi2O3 and
the increased grain size: with increasing grain growth, the
number of pores was found to decrease, which is benecial for
promoting electrical properties. Moreover, the strongly aniso-
tropic and plate-like morphologies of SBN–xBi samples can be
obtained as the Bi2O3 content up to 0.05 and 0.1, which was
typical structure of the ceramic materials based on Aurivillius
compounds.9

Fig. 3 shows the temperature dependence of dielectric
constant (3) and dielectric loss (tan d) of SBN–xBi ceramics at 1
MHz. The principal properties of the SrBi2Nb2O9 + xBi2O3

ceramics are listed in Table 1. As shown in Fig. 3 and Table 1,
only one sharp dielectric peaks, corresponds to the Curie
temperature (Tc), appeared when the temperature is higher than
400 �C for all the SBN–xBi ceramics. It is also clear that the
dielectric loss values were low and stable when the measure-
ment temperature is below 400 �C, which is of great importance
for high-temperature device applications. Interestingly, the
dielectric constant and loss of x ¼ 0.0 is much larger than other
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 SEM micrographs of SBN–xBi ceramics sintered at 1100 �C: (a) x ¼ �0.05 and inset is the images of thermally-etched surface of SBN–
(�0.05)Bi ceramic; (b) x ¼ 0.0; (c) x ¼ 0.05; (d) x ¼ 0.1 and inset is the images of thermally-etched surface of SBN–0.1Bi ceramic.
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samples, which could be closely related to its small grains as
shown in Fig. 2b. Actually, in the BLSF Aurivillius structure, the
spontaneous polarization takes place mainly in the a–b plane
and the contribution along the c axis is less signicant.18,20

Therefore, for BLSF polycrystalline ceramics, the grain size
strongly affects the electrical properties as reported by Chen
et al.21 In addition, the tan d value signicantly increased when
the temperature was above 450 �C, which could be related to the
space charge carriers induced by the increase of electrical
conductivity at high temperatures.22

Fig. 4 shows the complex impedance spectra of SBN–xBi
ceramics in the temperature range of 225 �C to 400 �C at 0.01 Hz
to 20 MHz. It is clear that two semicircles at different temper-
atures exist in SBN–xBi ceramics with x ¼ �0.05, 0, 0.05.
Semicircles at each temperature can be segregated into two
natural electrical components corresponding to the two tting
semicircles in the impedance plots.23 In the higher frequency
range, the larger semicircle is ascribed to the grain effect
(modeled by an equivalent circuit RbCb), whereas the grain
boundary response (modeled by an equivalent circuit RgbCgb)
contributes to the smaller semicircle in the lower frequency
Table 1 Remanent polarization (2Pr), coercive field (Ec), Curie temperat
ficient (d33) for different compositions; room temperature dielectric con

Samples (x) 3RT tan d (%) Tc (�C) Ea (eV)

�0.05 171 0.5 433 0.57
0.0 160 1.7 445 0.57
0.05 152 0.5 420 0.55
0.10 143 0.6 422 0.55

This journal is © The Royal Society of Chemistry 2018
range.23,24 Interestingly, with the increasing of Bi2O3 contents,
only a single semicircle is observed for SBN–xBi at each
temperature, and these curves can be tted to the standard
semicircles with the grain (RbCb) element, indicating that
a single localized relaxation mechanism (grain effect) domi-
nates the impedance in the measured temperature range.25 In
addition, as shown in Fig. 4, the semicircles shi to small with
temperature increasing, indicating the decrement of the resis-
tivity for SBN–xBi ceramics. Finally, the slope of the curves
bowed to the real axis (Z0), and the depressed semicircle arc
were obtained at high temperature, representing the indicative
of the presence of both located and nonlocated conduction
processes.26,27 By extrapolating the low-frequency intercept of
the real axis, the resistance could be obtained.28

In order to further conrm the resistance of SBN–xBi
ceramics, the variation of imaginary part of the impedance (Z')
with frequency was shown in Fig. 5. One can see that only one
peak appeared in the imaginary part for all samples, indicating
that only one electrical component contribute to the conduc-
tivities of the ceramics, which corresponds to the undistorted
Debye-like semicircles.2,29 Additionally, it is clear that the peaks
ure (Tc), activation energy (Ea), room density (rrd), piezoelectric coef-
stant (3RT) and loss (tan d) obtained at 1 MHz

2Pr (mC cm�2) Ec (kV cm�1) d33 (pC N�1) rrd (%)

5.9 66 12 94.7
15.5 55 16 95.3
17.8 50 18 96.4
11.5 54 16 96.7

RSC Adv., 2018, 8, 15613–15620 | 15615
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Fig. 3 Temperature dependence of dielectric constant (3) and loss (tan d) of SBN–xBi ceramics measured at 1 MHz.

Fig. 4 The complex impedance spectra of SBN–xBi ceramics: (a) x ¼�0.05; (b) x ¼ 0.0; (c) x ¼ 0.05; (d) x ¼ 0.1.

15616 | RSC Adv., 2018, 8, 15613–15620 This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Variation of imaginary part of impedance (Z00) with frequency at different temperatures for different doping concentrations of bismuth. (a)
x ¼ �0.05; (b) x ¼ 0.0; (c) x ¼ 0.05; (d) x ¼ 0.1. Inset: the temperature dependence of resistivity of SBN–xBi ceramics.
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were asymmetric and broadened and their positions shied
toward higher frequency side with the temperature increasing,
suggesting the presence of electrical processes in the materials
with a different relaxation time.30

The DC resistivity of the SBN–xBi ceramic as a function of
reciprocal temperature was shown in the inset of Fig. 5. It is
noted that the resistivity of all the samples are higher than 105

U cm even if the temperature reach up to 400 �C, indicating the
SBN–xBi ceramics possessed a higher insulation resistivity,
which is of necessity for piezoelectric ceramics to ensure a large
electric eld can be applied during poling without breakdown
or excessive charge leakage and thus enhance the electrical
properties.22,31 Moreover, the behavior of the temperature
dependent resistivity follows Arrhenius relationship:

r ¼ A exp(�Ea/kBT) (1)

where A is a pre-exponential factor constant, Ea is the activation
energy of the mobile charge carriers, kB is the Boltzmann
constant and T is the absolute temperature.22 According to Eqn
(1), the value of the activation energy Ea for the SBN–xBi
ceramic, calculated by the linear tting of the data points, was
This journal is © The Royal Society of Chemistry 2018
calculated to be 0.55–0.57 eV (Table 1), which were close to the
activation energy values of the ionic conductivity by oxygen
vacancies in perovskite type ferroelectric oxides.32–34

Fig. 6(a) exhibits the P–E hysteresis loops of SBN–xBi
ceramics measured at 10 Hz and 180 �C under an electric eld
of 125 kV cm�1. Detailed information on the response of the
variation of remanent polarization (2Pr) for SBN–xBi ceramics as
a function of x is provided in inset of Fig. 6(a). It is evident that
all of the samples exhibited the typical P–E loops and the 2Pr
increases at rst, then decreases, while the coercive eld (Ec)
changes slightly with the increase of Bi2O3 content, which
indicates that the Bi2O3 content plays a signicant inuence on
ferroelectric properties. When the doping content is 0.05, the
2Pr obtained a maximum value of 17.8 mC cm�2 with a relatively
low coercive eld (50 kV cm�1, Table 1), suggesting the polari-
zation state of SBN–xBi ceramics could be enhanced surpris-
ingly within a proper range of Bi2O3 content. Proper Bi2O3

content lowered the concentration of oxygen vacancies and
improve the chemical stability of the Bi2O2 layer and perovskite
blocks, which is helpful to weaken the inuence of domain
pinning and result in the increase of the 2Pr.35 In addition, the
RSC Adv., 2018, 8, 15613–15620 | 15617
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Fig. 6 (a) P–E hysteresis loops of SBN–xBi ceramics with different x at 180 �C; the inset shows the detailed information on the response of 2Pr as
a function of x; (b) the polarization current curves of the SBN–xBi ceramics.
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polarization current curves of the SBN–xBi ceramics were
collected so that the polarization state could be further realized,
as shown in Fig. 6(b). It is clear that only one sharp polarization
current peak could be observed when the applied electric eld
reached Ec, indicating that the ferroelectric domain could be
easier to switch when the driving electric eld increases to Ec.36

Fig. 7 shows the piezoelectric coefficient (d33) as a function of
operating temperature for SBN–xBi piezoelectric ceramics. It is
obvious that the d33 increased at rst and then decreased as the
Bi2O3 content increases at room temperature. The excellent
piezoelectric coefficient is founded to be 18 pC N�1 when x is
0.05, which is higher than that of pure SBN ceramic as shown in
Fig. 7 and Table 1. The enhanced piezoelectric activity could be
attributed to the enhanced polarizability caused by the appro-
priate lattice distortion and the decreased amount of oxygen
vacancies of the ceramics because of the regulating of Bi2O3

concentration. Moreover, increasing plate-like grains imply
decreased polarization efficiency under high electric eld
poling condition, as related to the microstructures shown in
Fig. 2(d) for the ceramics with x ¼ 0.1, leading to the
Fig. 7 Annealing temperature dependence of piezoelectric coeffi-
cient (d33) for SBN–xBi specimens.

15618 | RSC Adv., 2018, 8, 15613–15620
deteriorated piezoelectric properties.37 Additionally, the d33 of
all samples decreases rapidly to zero or near zero as the
annealing temperature is above Tc, which should be related to
the increasing tan d as the temperature increases, as shown in
Fig. 3, indicating the nature of the ferro–paraelectric phase
transition.22 Corresponding to this, the d33 value of SBN–xBi
ceramics remains essentially temperature-independent up to
300 �C, exhibiting the ceramics have a good thermal stability for
high temperature applications.
4. Conclusions

In this article, we have successfully prepared SrBi2Nb2O9–

xBi2O3 (SBN–xBi) piezoelectric ceramics using conventional
solid-state progressing under the same sintering temperature of
1100 �C. The SBN–xBi ceramics presented a typical layered
perovskite structure and the morphologies of Aurivillius
ceramics show the grains of all the samples are well-dened and
the grain size of the ceramics increases with the increase in
Bi2O3 content. The piezoelectric coefficients (d33) increases up
to be 18 pC N�1 and the remanent polarization (2Pr) increased
up to a value of 17.8 mC cm�2 with a relatively low coercive eld
(50 kV cm�1) when x is 0.05. As a result, a high d33, 2Pr and good
thermal stability sample has been attained in the SBN–0.05Bi
ceramic. Therefore, such a material system is a potential
candidate for high-temperature piezoelectric applications.
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