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Abstract. The complex ions (Mn1/3Nb2/3)4? doped 0.82BNT–0.18BKT (BNKT-xMN) ceramics were prepared by
conventional solid-state sintering. The effects of the MN content on the structural and electrical properties of the BNKTxMN ceramics were investigated. The grain size decreases sharply after doping MN. With the increase of the MN content,
the phase structure changes from the rhombohedral and tetragonal phase to the tetragonal phase, then to the pseudo-cubic
phase. The ferroelectric phase transforms to the relaxor phase. At critical phase (x = 0.03), the maximum positive bipolar

strain and unipolar strain are 0.38 and 0.386%, respectively. The corresponding d33
and d33 are 767 pm V–1 and 158 pC
–1
N , respectively. Meanwhile, the dielectric constant gradually decreases with the increase of the MN content, which
flattens the permittivity curves. The large piezoelectric responses are closely associated with the reversible relaxorferroelectric phase transformation.
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Introduction

(Bi0.5Na0.5)TiO3–(Bi0.5K0.5)TiO3 (BNT–BKT) ceramics at
the morphotropic phase boundary have attracted many
attentions because of its potential excellent piezoelectric
properties for industrial application, which makes BNT–
BKT ceramics become one of the most promising lead-free
piezoelectric ceramics replacing lead-based materials [1–4].
However, its electrical properties are still far behind leadbased materials. The structure–property relationships of
BNT–BKT ceramics can be modified by multiple methods,
such as doping, solid solution, composite, etc. [3–10].
Moreover, the ferroelectric phase, anti-ferroelectric phase
and relaxor-ferroelectric phase can also be induced by the
composition modification method.
The relaxor behaviour of Pb-based ceramics, such as
Pb(Mg1/3Nb2/3)O3 (PMN), Pb(Zn1/3Nb2/3)O3 (PZN), is
induced by the local structural heterogeneity [11]. The
B-site cations with different size or valence in ABO3
structure form the random electric field or elastic field [11].
The heterogeneous local structure and the resultant random
local field disrupt the long-range polar order, and hinder the
coherent length of dipoles [11–13]. The polar nano-regions
are remained in ceramics, and can change to the long-range
order by applied external electric field. The external electric

field exceeds the energy barrier for the phase transition of
relaxor-ferroelectric [14,15], which is confirmed as the
origin of larger strain for BNT-based incipient
piezoceramics.
The A-site compositional disorder of (Bi0.5Na0.5)TiO3
induces the complicated relaxor phenomenon [14], which is
occupied by ferroelectric active Bi3? and ferroelectric
inactive Na?. In terms of ion doping, the high piezoelectric
response of BNT–BKT-based ceramics was focused on the
A-site or B-site substitution by single-ion doping [7,16–18].
However, with PMN and PZN ceramics as inspiration, the
ferroelectric phase evolution and high piezoelectric
response properties induced by complex ion occupancy at
B-sites is worth exploring. The Bi0.495(Na0.8K0.2)0.495
Sr0.01TiO3 ceramics are modified by (Fe0.5Me0.5)4? (Me =
Nb, Sb, Ta) complex ions, which obtains high normalized

strain coefficient (d33
= Smax/Emax) of 567, 550 and 600 pm
–1
V [19]. The 0.82BNT–0.18BKT ceramics modified by
(Sr1/3Nb2/3)4? have high bipolar strain of 0.25% with small
hysteresis of 36% [20]. The 0.94BNT–0.06BT ceramics
modified by (Lu0.5Nb0.5)4? show high piezoelectric

response of 0.42%, d33
= 602.41 pm V–1, Q33 = 0.0334 m4
–2
C [21]. Therefore, the design of complex ion is an
effective way to improve the piezoelectric properties of
BNT-based ceramics. The Mn-doped BNT–BKT ceramic or
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thin film showed an excellent piezoelectric property
[22,23]. To our knowledge, there is little report available on
the B-site substitution of BNT–BKT by (Mn1/3Nb2/3)4?
complex ions with variable valence element. The Mn element forms oxides with different valence at different temperatures, as shown in formula (1) [24]:
535 C

1080 C

1650 C

MnO2 ! Mn2 O3 ! Mn3 O4 ! MnO

ð1Þ

In this study, a composition-induced phase transition
from ferroelectric to relaxor was obtained, which can
achieve high piezoelectric properties at low electric field.
The effects of the (Mn1/3Nb2/3)4? content on the phase
structure, ferroelectric state, and electrical properties of
BNT–BKT ceramics were investigated. A high piezoelectric response was obtained at the critical composition and
phase.

2.

Experimental

The Bi0.5(Na0.82K0.18)0.5Ti1–x(Mn1/3Nb2/3)xO3 (BNKTxMN) ceramics (x = 0, 0.02, 0.03, 0.04, 0.05 and 0.06)
were prepared by conventional solid-state sintering
method. The raw materials were Bi2O3 (99.999%),
Na2CO3 (99.8%), K2CO3 (99.0%), TiO2 (99.9%),
Nb2O5 (99.99%) and MnO (99.0%). According to the
stoichiometric ratio, the weighted raw powders were
loaded into a nylon grinding tank with ZrO2 balls and
anhydrous ethanol. The mixed powders were milled for
24 h, dried at 80°C for 12 h, and then calcined at
880°C for 2 h. The powders were granulated by 7 wt%
polyvinyl alcohol (PVA) binder and pressed into thin
round green bodies (d = 15 mm, h = 1.2 mm) under 40
MPa pressure. After burning PVA binder at 600°C for 4
h, the green bodies were sintered at 1120°C in air for 2
h to obtain ceramics. The density of the as-sintered
ceramics measured by Archimedes method was about
97%. After mechanical polishing of the ceramics, the
silver slurry was brushed on the double-side surface of
the ceramics as electrodes and then calcined at 600°C
for 30 min. The poling of the samples was carried out
at 50 kV cm–1.
The structure phase transition of the BNKT-xMN
ceramics was analysed by X-ray diffractometer (XRD,
D8-Advance, Bruker) and Raman Spectrometer
(Thermo Fisher Science, DXR) with the 532 nm light.
The grain morphology and size were analysed by field
emission scanning electron microscopy (FE-SEM,
Quanta 450 FEG, FEI). The temperature-dependent
dielectric spectra and impedance spectra were measured
by precision impedance spectroscopy (4294A, Agilent).
The ferroelectric test system (TF Analyzer 2000, aixACCT) was used to analyse the ferroelectric and strain
properties.

3.
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Results and discussion

Figure 1 shows the XRD patterns of the BNKT-xMN
ceramics measured at room temperature. Compared with the
powder diffraction standard (JCPDS file number 36-0340),
it can be seen that the BNKT-xMN ceramics illustrate pure
perovskite structure. The diffraction peaks without impurity
peaks in figure 1a confirm that the MN complex ions are
dissolved into the BNKT matrix and form a new solid
solution. The evolution of structural phase can be confirmed
by the peak splitting phenomenon of the (111) and (200)
peaks [25,26]. Figure 1b is the enlarged view of the (111)
and (200) peaks. It can be seen that the pure BNKT ceramic
(x = 0) shows the coexistence of the rhombohedral and
tetragonal phases at room temperature, which is characterized by the peak splitting of the ð111Þ/(111) and (002)/(200)
peaks near 41° and 47°. However, the ð111Þ/(111) peaks for
the MN-doped BNKT ceramics merge into a single (111)
peak. With the increase of the MN content, the intensity of
the (002) peaks decreases gradually, and the unique (111)
and (200) peaks are observed at x = 0.06. The splittingpeak evolution indicates that the rhombohedral phase is
rapidly weakened, and the tetragonal phase increases slowly
by increasing (Mn1/3Nb2/3)4? content. The phase transformation of the BNKT-xMN ceramics from the rhombohedral
and tetragonal phase at x = 0 to the tetragonal phase in the
range of 0.02 B x B 0.05, and finally to the pseudo-cubic
phase at x = 0.06 can be confirmed.
To investigate the structure evolution and complement
the analysis of XRD patterns, the Raman spectra of the
BNKT-xMN ceramics from 100 to 1000 cm–1 are analysed
at room temperature and presented in figure 2. The four
main regions (A-site, Ti–O bond, TiO6 octahedral and
A1?E) can be observed in figure 2, which is consistent with
the reported results of Raman for BNT-based ceramics [20].
The rhombohedral phase R3c of BNT is composed of 13

Figure 1. XRD patterns of (a) the BNKT-xMN ceramics, and
(b) the enlarged view of the (111) and (200) peaks.
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Raman spectra of the BNKT-xMN ceramics.

Raman active modes: 4A1?9E [27]. The Raman active A1
(TO1) mode found in the 89–129 cm–1 region is associated
with the vibration displacements of the Bi–O, Na–O and K–
O. However, the dual degenerated Raman active E (TO2)
mode located between 211 and 403 cm–1 corresponds to the
Ti–O vibration, and the high frequency (TO3) mode located
between 501 and 600 cm–1 is related to the vibration of the
TiO6 octahedron. The LO3 modes observed between 738
and 858 cm–1 correspond to the superposition of the A1
(LO) and E (LO) modes [28]. However, with the increase of
the MN content, the strong vibration modes of the BNKTxMN ceramics observed at 211 and 470 cm–1 shift to lower
and higher wavenumbers, respectively, which may be due
to the enhancement of cationic disorder after the substitution of B-site Ti4? by MN complex ions in the BNKT-xMN
ceramics.

Figure 3.
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The surface morphologies of the BNKT-xMN ceramics
are shown in figure 3. It can be seen that the grains show
polyhedral structure. Compared with the grain size of the
pure BNKT ceramic (x = 0), the MN complex-ions can
refine the grains of the BNKT-xMN ceramics. The grain
size of 5.09 lm for the pure BNKT ceramic decreases to
0.72 lm for the x = 0.02 ceramic. According to the report
[29], the Nb5? dopants can inhibit the grain growth of the
Nb5? doped BNT–BKT ceramics. The Nb5? dominates the
growth of grains when the MN complex ions content is
lower than 0.02. However, with the increase of the MN
content, the grain size of the BNKT-xMN ceramics
increases slightly to 1.66 lm for the x = 0.06 ceramic. The
Mn2?/3? doping promoted the grain growth of the BNT–
KBT–BT piezoelectric ceramics [30]. A slight increase in
grain growth was observed in the 0.82(Bi0.5Na0.5)TiO3–
(0.18–x)BaTiO3–x(Bi0.5Na0.5)(Mn1/3Nb2/3)O3 ceramics by
MN complex ions [31]. Therefore, the grain growth in this
study is due to the promotion of the Mn2?/3? dopants.
Figure 4 shows the hysteresis loops (P–E), current curves
(I–E) and field-induced strains (S–E) of the BNKT-xMN
ceramics at 50 kV cm–1. It can be seen that the BNKT
ceramic (x = 0) exhibits typical ferroelectric characteristics
with rectangular P–E loop, which illustrates larger residual
polarization (Pr), maximum polarization (Pmax) and coercive field (Ec). Meanwhile, the corresponding two current
peaks (?I1 and –I1) at Ec position and the asymmetric
butterfly strain curve can be observed. At x = 0.02, the Pr
and Pmax increase, its hysteresis loop becomes more saturated, which shows stronger ferroelectricity and current
peak intensity of polarization reversal. The butterfly shaped
strain curve is more symmetrical, and its positive strain
(Spos) and negative strain (Sneg) slightly increase and
decrease, respectively. However, the hysteresis loop at
x = 0.03 shrinks obviously, the Pr and Ec begin to decrease,

Surface morphologies of the BNKT-xMN ceramics.
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Hysteresis loops, current curves and field-induced strains of the BNKT-xMN ceramics at 50 kV cm–1.

and the Pmax continues to increase, which indicates the
critical component point for phase transition. The decrease
of the Ec is beneficial to the reorientation of the electric
dipole, because the stability of the electric dipole is reduced
by the MN complex ions. The four current peaks can be
observed, which is similar with the behaviour of anti-ferroelectric [32]. The anti-ferroelectric-like behaviour is different from the relaxor ferroelectric with only two current
peaks near zero field, which has been clarified as certain
near-non-polar phase. The reason for this phenomenon is
the field-induced reversible phase transition. The first current peak (?I1 and –I1) corresponds to the phase transition
from the non-polar or weak-polar phase to strong-polar
phase under the stimulation of applied electric field. The
second current peak (?I2 and –I2) represents the reversal to
the original state when applied electric field is withdrawn.
Therefore, the long-range ordered ferroelectric phase is
destroyed. When the MN content increases to 0.04 and
above, the slip P–E loops and flat I–E curves can be
observed. The stronger non-polar phase results in the
destruction of the randomly arranged macroscopic ferroelectric domains at low electric field, which results in a
weakened current peak [33]. At the critical point of 0.03,
the S–E loops transfer from a butterfly shape to a sprout
shape with larger hysteresis, and a larger strain of 0.38% is
obtained at 50 kV cm–1. The Spos increases sharply and Sneg
associated with non-180° domain flipping tends to zero. At
x [ 0.03, the strain illustrates a decrease in the Spos and low
hysteresis, which is attributed to the stronger non-polar
phase in the BNKT-xMN ceramics.

Figure 5a is the unipolar strain of the BNKT-xMN
ceramics at 50 kV cm–1, and its equivalent piezoelectric

constant (d33
) and piezoelectric constant (d33) are shown in
figure 5b. It can be seen from figure 5a that the unipolar
strain except for x = 0.03 shows low strain and small
hysteresis. However, the ferroelectric phase and relaxor
phase coexist in the BNKT-0.03MN ceramic, and the fieldinduced strain is as high as 0.386%. Meanwhile, a larger
hysteresis for this huge strain is also observed, which is
caused by the transition between ferroelectric phase and
relaxor phase. With the increase in the MN content, the d33

and d33
, as shown in figure 5b, increase first and then

decrease. At x = 0.03, the maximum values of d33 and d33
–1
–1
are 158 pC N and 767 pm V , respectively. When

x \ 0.03, the d33 is greater than 120 pC N–1, and the d33
is
–1
less than 80 pm V . The strain response is mainly due to
the contribution of piezoelectric effect, while the lower
hysteresis is mainly due to the smaller ferroelectric domain
flip. When x [ 0.03, the sharp decrease in strain is

accompanied by a significant decrease in the d33 and d33
,
which indicates that the strain response mainly comes from
the contribution of external effect, such as domain wall
motion. Therefore, the sharp decrease in the Pr and large
strain response at x = 0.03 are attributed to the coexistence
of ferroelectric and relaxor phases caused by the MN
complex ions. The residual ferroelectric phase and the fieldinduced ferroelectric phase can be completely polarized and
depolarized in each cycle of the external electric field. The
repeated orientation and reverse alignment of non-180°
domains can induce large strain response [33,34].
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As shown in table 1, the observed piezoelectric properties
in this study were compared with the textured, undoped and
doped BNT–BKT-based ceramics. It can be seen that the
piezoelectric properties of the BNKT-xMN ceramics is
lower than that of textured BNT–BKT-based ceramics,
which is common knowledge that textured ceramics have
better piezoelectric properties. However, the comprehensive
piezoelectric properties observed in this study are better
than that of the undoped and doped BNT–BKT-based
ceramics. Meanwhile, the better piezoelectric properties
obtained by the modification of the MN complex ions can
be achieved at only 50 kV cm–1 electric field.
Figure 6 shows the temperature-dependent dielectric
spectra of the poled BNKT-xMN ceramics. It can be seen
that the spectra illustrate two dielectric anomaly peaks of Td
(the depolarization temperature) and Tm (the maximum
dielectric constant). The Td peak of the pure BNKT ceramic
shows a higher depolarization temperature of 158°C. With
the increase of the MN content, the Td decreases gradually
and is below room temperature when x C 0.04, which
confirms that the relaxation transition is indeed induced by
the MN complex ions. At the Td peaks, the corresponding
dielectric loss peaks can be observed. The sharp change of
dielectric constant at Td position gradually disappears,
which indicates the diffuse relaxor-to-ferroelectric phase

100

transition [37]. The wider Tm almost remains at *290°C,
indicating high temperature stability.
The dielectric loss (tan d) is almost below 0.05, indicating
good electrical insulation. However, the dielectric loss at x C
0.05 increases sharply when the temperature is higher than
250°C. Peng et al [38] believed that the formation of Mn
defect after the multi-valent Mn ions substituting for Ti4?
during the calcination and sintering process results in oxygen
vacancy. The valence of Mn ions will change at different
temperature as shown in formula (1), its ability of forming
oxygen vacancy is different [39]. Although NbTi can balance
part of Mn0Ti , Mn ions can also produce Mn00Ti . Therefore,
further addition of Mn might generate additional oxygen
vacancies that could lead to the increase in dielectric loss.
It can also be seen that the dielectric constant of the
BNKT-xMN ceramics decreases gradually. The maximum
dielectric constant decreases from 8336 for the pure BNKT
ceramic to 3479 for the x = 0.06 ceramic, which results in
the flat dielectric curves. Therefore, the MN complex ions
disturb the ferroelectric long-range order and improve the
relaxor behaviour of the BNKT-xMN ceramics.
Figure 7a is the complex impedance spectra of the BNKT0.03MN ceramic measured at 380–480°C from
40 Hz to 10 MHz. It can be seen that the Cole–Cole plots show
two arcs when the temperature is higher than 380°C, indicating


Figure 5. (a) Unipolar strains at 50 kV cm–1 and (b) equivalent piezoelectric constant (d33
) and piezoelectric constant (d33) of the
BNKT-xMN ceramics.

Table 1.

Comparison of the piezoelectric properties for the doped BNT–BKT ceramics.

BNT–BKT-based ceramics
Textured BNT–BKT-BT
Sm3? doped BNT–BKT
La3?/Nb5? doped BNT–BKT-BT
(Na1–xKx)0.5Bi0.5TiO3
Nb5? doped BNT–BKT
BNT-BT-x(Bi0.5Na0.5)(Mn1/3Nb2/3)O3
(Mn1/3Nb2/3)4? doped BNT–BKT

d33 (pC N–1)
314
147
—
172
—
135
158

Strain (%)
0.41 @40
—
0.46 @75
—
0.21 @50
0.28 @70
0.38 @50

kV cm–1
kV cm–1
kV cm–1
kV cm–1
kV cm–1


d33
(pm V–1)

References

1030
—
680
—
—
390
767

[35]
[16]
[8]
[36]
[29]
[31]
This work
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(a–f) Temperature-dependent dielectric spectra of the poled BNKT-xMN ceramics.

high temperature dielectric insulation. As the temperature
increases, the curvature centre of the arcs gradually deviates
from the real axis, indicating that the BNKT-0.03MN ceramics
are non-Debye relaxation. Figure 7b and c illustrates the frequency-dependent impedance imaginary part (Z00 ) and electrical modulus imaginary part (M00 ) at 380–480°C. The
intensity of the Z00 and M00 peaks is proportional to resistance
(R) and capacitance (C), respectively. However, the corresponding frequencies of the Z00 and M00 peaks are not equal,
which indicate that the dielectric relaxation behaviour of the
BNKT-0.03MN ceramic is attributed to the effect of grain size
and grain boundary [40]. The Z00 and M00 peaks appear in the
low frequency region and shift to the high frequency region
with the increase of temperature, which indicates that the

dielectric relaxation time decreases with the increase in temperature. The decrease in the Z00 peak and the increase in the M00
peak indicate that the resistance of the BNKT-0.03MN ceramic
decreases gradually and has negative temperature resistance
coefficient effect. It is also shown that the resistance effect in
low frequency region is related to grain boundary, and that in
high frequency region is due to grain size.
4.

Conclusion

The structural and electrical properties of the 0.82BNT0.18BKT ceramics modified by the MN complex ions were
prepared by conventional solid-state sintering. With the
increase in the MN content, the rhombohedral and
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Figure 7. (a) Cole–Cole plot; (b) impedance imaginary part (–Z00 ) vs. frequency and (c) electrical modulus imaginary part
(M00 ) vs. frequency.

tetragonal phase changes to the tetragonal phase, and then
to the pseudo-cubic phase. The grain size decreases sharply
from 5.09 lm for the pure BNKT ceramic to 0.72–1.66 lm
for the MN-modified BNKT ceramics. The polyhedral
surface morphology is independent of the MN content. The
ferroelectricity of the BNKT-xMN ceramics first increases
and then decreases. The ferroelectric and relaxor phase
coexist in the critical composition of x = 0.03, which shows
pinched P–E loops with larger saturation polarization and
small residual polarization. Meanwhile, the optimal bipolar
strain of 0.38% and unipolar strain of 0.386% are obtained.

The maximum d33 and d33
are 158 pC N–1 and 767 pm V–1,
respectively. The depolarization temperature (Td) decreases
from 158°C to below room temperature, and the maximum
dielectric peak (Tm) almost keeps at 290°C. The maximum
dielectric constant decreases gradually from 8336 to 3479,
resulting in flat dielectric curves.
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[2] Rödel J, Jo W, Seifert K T P, Anton E M and Granzow T
2009 J. Am. Ceram. Soc. 92 1153
[3] Fan G F, Lu W Z, Wang X H and Liang F 2007 Appl. Phys.
Lett. 91 202908
[4] Hao J G, Wang J W, Bai W F, Shen B and Zhai J W 2012
Phys. Status Solidi R. 6 451
[5] Zhou C R, Liu X Y, Li W Z and Yuan C L 2009 J. Phys.
Chem. Solids 70 541
[6] Rashad Z and Feteira A 2018 Mater. Lett. 222 180
[7] Si Y, Li Y, Li L, Li H, Zhao Z H and Dai Y J 2020 J. Am.
Ceram. Soc. 103 1765
[8] Ge R F, Zhao Z H, Duan S F, Kang X Y, Lv Y K, Yin D S
et al 2017 J. Alloys Compd. 724 1000
[9] Yin J, Wang Y M, Zhang Y X, Wu B and Wu J G 2018 Acta
Mater. 158 269

100

Page 8 of 8

[10] Bai W F, Wang L J, Zheng P, Wen F, Lia L L, Jia Z G et al
2018 Ceram. Int. 44 17022
[11] Fu D S, Taniguchi H, Itoh M, Koshihara S Y, Yamamoto N
and Mori S 2009 Phys. Rev. Lett. 103 207601
[12] Westphal V, Kleemann W and Glinchuk M D 1992 Phys.
Rev. Lett. 68 847
[13] Pirc R and Blinc R 1999 Phys. Rev. B 60 13470
[14] Rao B N, Datta R, Chandrashekaran S S, Mishra D K, Sathe
V, Senyshyn A et al 2013 Phys. Rev. B 88 224103
[15] Garg R, Rao B N, Senyshyn A, Krishna P S R and Ranjan R
2013 Phys. Rev. B 88 014103
[16] Zhang Y J, Chu R Q, Xu Z J, Hao J G, Chen Q, Peng F et al
2010 J. Alloys Compd. 502 341
[17] Hussain A, Ahn C W, Lee J S, Ullah A and Kim I W 2010
Sens. Actuator A Phys. 158 84
[18] Ullah A, Malik R A, Ullah A, Lee D S, Jeong S J, Lee J S
et al 2014 J. Eur. Ceram. Soc. 34 9
[19] Liu X, Liu B H, Li F, Li P, Zhai J W and Shen B 2018 J.
Mater. Sci. 53 309
[20] Xie H, Yang L, Pang S J, Yuan C L, Chen G H, Wang H et al
2019 J. Phys. Chem. Solids 126 287
[21] Pang S J, Yang L, Qin J Y, Qin H, Xie H, Wang H et al 2019
Appl. Phys. A Mater. 125 119
[22] Shieh J, Lin Y C and Chen C S 2010 J. Phys. D: Appl. Phys.
43 025404
[23] Li W, Zeng H R, Hao J G and Zhai J W 2013 J. Alloys
Compd. 580 157
[24] Xu C H, Fu Z Q, Liu Z, Wang L, Yan S G, Chen X F et al
2018 ACS Sustain. Chem. Eng. 6 16151

Bull. Mater. Sci.

(2021) 44:100

[25] Camargo J, Espinosa A P, Ramajo L and Castro M 2018 J.
Mater. Sci.: Mater. Electron. 29 5427
[26] Xi H, Yu L, Qian H, Chen F, Mao M, Liu Y et al 2020 J.
Mater. Sci. 55 1388
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