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Abstract: In this paper, the electric-field-induced strain behavior and energy storage
performance of MnO-doped 0.65Bio5Nao.sTi03-0.35S1rTiO3 (NBT-ST-xMn) lead-free
ceramics has been investigated. After the introduction of MnO into NBT-ST ceramics,
pinched and double P-E hysteresis loops with high Pmax and negligible P: can be
observed due to the introduction of defect dipoles. As a result, a relatively high strain
of 0.22% with ultra-low hysteresis of 14% was achieved under a moderate electric
field of 60 kV/cm at x=1.0 mol.%. Excellent energy storage performance of 1.14 and
1.17 J cm™ with a high # of 83 and 80% are achieved at x=0.5 and 1.0 mol.%,
respectively. Meanwhile, high electrostriction coeffcient of 0.022 m*C? with pure
electrostrictive characteristics was obtained at x=0.5 mol.%. The results illustrate that
the proper selection of base composition and effective chemical modifier can made

the NBT-ST an outstanding candidate for actuators and energy storage devices.
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1 Introduction

Piezoelectric ceramics are widely applied in industrial devices such as actuators,
sensors and energy storage capacitors because of their excellent electromechanical
properties [1-8]. Currently, the lead-based systems, such as Pb(Zr, Ti)Os (PZT) still
dominated the global piezoelectric ceramics market due to their outstanding
piezoelectric properties and thermal stability [1,6]. However, lead-based materials
contain much lead oxide, which is harm to the environment and human beings.
Therefore, it is very necessary to seek lead-free ceramics with excellent performance
to replace lead-containing materials.

Among reported lead-free ceramic systems, NaosBipsTiO3; (abbreviated as
NBT)-based ceramics present giant electric-field induced strain [9-22], which makes
NBT-based ceramics to be one of the most promising candidates to replace
lead-containing materials. For example, large electric-field-induced strain value of
0.45% was achieved in Nags5Bios5TiO3-BaTiO3-Kos5NaosNbO3z (NBT-BT-KNN)
ceramic [10]. Liu et al. [13] found that the introduction of Nb into the
Nao.5Bi0.5T103-Ko.5B10.5T103-SrTi03  (NBT-KBT-ST) system could induce a giant
strain as high as 0.70%. The obtained large strain in NBT-based ceramics is usually
attributed to the ferroelectric to relaxor phase transition induced by external electric
field. Although a high strain could be obtained in BNT-based ceramics, their strain
loops show serious hysteresis behavior (> 50%) with a strong nonlinearity. Therefore,
how to reduce the hysteresis of NBT-based materials is a great challenge for the
applications in high precision positioning devices and other actuators.

In recent years, some efforts have been devoted to reduce the hysteresis of
NBT-based materials [23-34]. Ullah et al. [23] tailored the hysteresis behavior as low
as 40% in Nb-doped NBT-KBT-Ba.7S103TiO3 (BNT-BKT-BST) ceramic. Li et al. [25]
found the introduction of A-site vacancies (Va) and oxygen vacancies (Vo) into
NBT-KBT-Sr0.8Bio.100.1Ti0.8Zr0.202.95 system could be beneficial for the reduction of
strain hysteresis. The design of ceramic/ceramic composite consisting of an ergodic

relaxor (matrix) and a nonergodic or ferroelectric phase (seed) was also identified as
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typical feature that could reduce the strain hysteresis [28-30]. In our previous work,
both of the strain value and the hysteresis of NBT-BT-ST and NBT-ST systems could
be improved simultaneously by the introducing of defect dipoles [26,34]. High strain
of 0.24% under 80 kV/cm with ultra-low hysteresis (about 10%) was obtained in
Mn-doped NBT-BT-ST system while large strain of 0.32% with small hysteresis of 28%
was realized at 60 kV/cm in Mn-doped 0.7NBT-0.3ST system. However, the applied
electric field in Mn-doped NBT-BT-ST system was too high and the strain hysteresis
in Mn-doped 0.7NBT-0.3ST system was still not small enough. It is well-known that
both the proper selection of base composition and effective chemical modifier doping
are important to obtain excellent strain properties. Here, in order to obtain large strain
under low electric field meanwhile maintain ultra-low hysteresis, we selected
0.65NBT-0.35ST ceramic as base composition which exhibits slimmer P-E loops than
0.7NBT-0.3ST ceramic, and doped with different content of MnO to achieve
optimized strain properties. Meanwhile, the energy storage properties of Mn-doped
0.65NBT-0.35ST ceramic can also be enhanced due to the combined contribution of
high electric breakdown feld (BDS) and Pmax-Pr value. The influence of MnO
enhancement on electric-field-induced strain and energy storage density of

0.65NBT-0.35ST ceramics were studied in details.

2 Experimental

0.65Nag.5Bi0.5Ti03-0.35SrTiO3 ceramics doped with 0, 0.5, 1 and 1.5 mol. %
MnO (denoted as NBT-ST-xMn) were prepared using a conventional solid-state
reaction method. The raw materials of this experiment were Na>COs3(99.8%),
Bi203(99.9%), MnO(99.5%), SrC0O3(99.95%) and Ti02(99.9%). The details of sample
preparation are reported elsewhere [26].

The crystal structure of sintered ceramics was analyzed using X-ray diffraction
(XRD) on a Philips X’Pert diffractometer with Cu Ka radiation. The surface
microstructure of the samples was observed with a scanning electron microscopy
(SEM, Quanta 600F). Before electrical performance characterization, all samples

were carefully ground to smooth and flat on both sides. Silver paste was first
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uniformly painted onto both surfaces of each sample, and then insulated at 600°C for
40 min to form electrodes. The dielectric constant and dielectric loss as a function of
temperature (30-400°C) were carried out using an Agilent 4294 A precision impedance
analyzer with the discrete frequencies: 1 kHz, 10 kHz and 100 kHz. Ferroelectric
hysteresis loops (P-E ) and electrostrain curves (S-E) were measured using a Radiant

Technologies Precision II (Radiant Tech.USA) in a silicone oil bath.

3 Results and discussion

X-ray diffraction patterns of the NBT-ST-xMn ceramics are displayed in Fig. 1.
As shown in Fig. 1(a), all samples exhibited a single phase perovskite structure
without apparent secondary phases, which proved that the MnO had completely
incorporated into the structure of the 0.65NBT-0.35ST ceramics. The characterization
of (200) peaks of the four samples was investigated in detail to obtain the phase
structure evolution, as shown in Fig. 1(b). Obvious splitting of (002) and (200) peaks
were detected between 44° and 48° for all the samples, indicating a tetragonal
distortion of the pseudocubic lattice.

Fig. 2 shows the surface microstructure images (SEM) of NBT-ST-xMn ceramics
with different Mn doping levers. Nearly no pores were observed on the images of all
the samples, suggesting that the ceramics were densely sintered. For the sample with
x=0.0 mol.%, the average grain size is about 2 um. After doping with a slight amount
of MnO, the grain size increases obviously, and both of the large and small grains can
be observed in the same sample. With the further increase of x, the grains further grow
up and the proportion of large ones obviously increase. The maximum grain size can
reach to about 20 pm at x=1.5 mol.%. The increased grain size by doping MnO in
NBT-based ceramics has also been observed in our previous research [26, 34].

The dielectric constant (&) and dielectric loss tangent (tand) as a function of
temperature for NBT-ST-xMn ceramics measured at 1, 10 and 100 kHz are displayed
in Fig.3 (a)-(d). As &-T curves shown, one distinctive dielectric anomaly with a strong
frequency-dependent dispersion at a lower temperature and a relatively weak

frequency-dependent dispersion at a higher temperature are observed for all the
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samples. One distinctive dielectric anomaly observed in &-T curves proved that the
phase structure is the T phase at room temperature, which is in accordance with the
XRD analysis. The temperature at which the & reaches its maximum value is assigned
to the curie temperature T, which corresponds to the phase transition from the
relaxation phase to the paraelectric phase [35]. With x increasing, the 7w (1kHz)
increases obviously while the maximum value of & enhances firstly and then have
some decrease, as shown in Fig.3 (e). The enhanced Ty, is beneficial for the
temperature stability of strains. Moreover, all the samples exhibit broadness peaks at
T, suggesting a relaxor behavior in these ceramics.

For relaxor ferroelectrics, the diffuseness in the phase transition can be described
by the following equation [36]

1/&r-1/emax=CY(T-Tmax) (1)

where C is the Curie-like coefficient and yis the degree of relaxation ranging between
1 for a normal ferroelectric and 2 for an ideal relaxor ferroelectric. The plots of
In(1/&r-1/emax) versus In(T-Tmax) for NBT-ST-xMn ceramics are shown in Fig. 3 (f).
According to the equation (1), the calculated values of y have an obvious increase
after doping MnO. The increase of y is attributed to that the adding of Mn?>* ions
(0.067 nm) would occupy Ti**(0.0605nm) sites due to the similarity in ionic radius,
which means the B position is occupied by two kinds of ions after doping MnO.
Accordingly, the composition and structure of NBT-ST-xMn ceramics is inevitably to
be fluctuated, leading to the increase of y values. Schiitz et al. [37] reported that
relaxor behavior would be conducive to trigger a giant strain. Thus, the increase of y
values induced by the addition of Mn ions may be beneficial to obtain large strain.

Fig. 4 exhibits the bipolar P-E hysteresis loops and S-E curves of NBT-ST-xMn
ceramics measured at 10 Hz under an electric feld of 60 kV/cm. Comparing with
unmodified 0.65NBT-0.35ST ceramic, the maximum polarization (Pmax) enhances
obviously while the remanent polarization (Pr) and coercive field (E:) decrease in
varying extent after doping MnO. The Pmax value can be enhanced to 34 pC/cm?
while the P; value is only 2.8 uC/cm? under 60 kV/cm at x=1.0 mol.%. The obviously

decrease of P; clearly demonstrated that the defect dipoles also exist in Mn-doped
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0.65NBT-0.35ST ceramics. The associated defect dipole moment (Pp) can act as an
internal field to switch the new domain back to its original state after removing the
electric field, leading to the pinched and double P-E hysteresis loops with large Pmax
and small P; [38,39]. As the S-E curves shown, there is almost no negative strain can
be seen for all the samples, which is the typical piezoelectric response for relaxor
ferroelectric materials.

From the application point of view, low hysteresis (H) is as important as strain
values. The strain values S and hysteresis H (H=AS/Smax, AS and Smax are measured at
Enax/2 and Emax, respectively) as a function of doping content for NBT-ST-xMn
ceramics are displayed in Fig.5. With the increase of MnO doping, the strain increases
firstly and then has a slight decrease while the hysteresis decreases firstly and then has
some increase. The maximum value of strain can be up to 0.22% at 60 kV/cm with
ultra-low hysteresis of 14% when 1.0 mol.% MnO is doped. The improvement of
strain values for NBT-ST-xMn ceramics is attributed to the introduction of defect
dipoles, the enhancement of relaxor behavior and the increased grain size [13, 40].
This result illustrates that the appropriate addition of MnO in 0.65NBT-0.35ST
ceramic could not only enhance the maximum achievable strain value but also
decrease the hysteresis.

In order to clearly compare the actuation properties of NBT-based materials, data
from previous literatures that devoted to reduce the hysteresis are listed in Table 1.
Obviously, the hysteresis of NBT-based ceramics is still more than 20% by doping
with effective chemical modifiers or designing ceramic/ceramic composites, and small
hysteresis (10-20%) could be obtained only by optimizing the preceding techniques,
such as texture control or using spark plasma sintering (SPS) method. Here, a
relatively high strain of 0.22% with ultra-low hysteresis of 14% are achieved
simultaneously at 60 kV/cm by doping MnO into 0.65-NBT-0.35ST ceramics. The
result illustrates that the proper selection of base composition and effective chemical
modifier can obtain large strain under low electric field meanwhile maintain ultra-low

hysteresis.



Table 1 Comparison of electro-strain S, strain hysteresis H and Emax values of NBT-based ceramics

Material S (%) H (%) Emax (kKV/cm) Ref.
NBT-KBT-BST-2%Nb 0.38 40 60 [23]
NBT-KBT-2%BZT 0.32 40 65 [24]
NBT-KBT-6%SBZT 0.72 36 110 [25]
0.70NBT-0.30ST-0.5%Mn 0.32 28 60 [26]
NBT-KBT-2%BCZ 0.30 25 55 [27]
BNT-BT-10KNN 0.16 25 80 [31]
NBT-KBT-4%BA 0.21 24 70 [32]
NBT-KBT- BisTi3012 0.29 23 60 [33]
NBT-BT-ST-1.1%Mn 0.24 10 80 [34]
BNT-BT-2.5%LN (SPS) 0.64 19.5 50 [17]
Textured KBT-BT-NBT 0.48 17 130 [41]
0.65NBT-0.35ST-1.0%Mn 0.22 14 60 This work

Large strain with ultra-low hysteresis is beneficial to obtain purely
electrostrictive effect. Fig. 6 presents the S-P? plots derived from the corresponding
polarization and strain hysteresis loops of NBT-ST-xMn ceramics. The electrostrictive
effect can be calculated by the formula: S=Q33P?, where S, 033, and P are the strain,
electrostrictive coefficient, and polarization, respectively [26]. The hysteresis has
made the S-P* curve deviate slightly from a quadratic relationship at x=0.0% and
x=1.5%. For 0.5 % and 1.0 % Mn-doped ceramics, a pretty linear dependence of
strain on polarization square can be noted, classifying that “purely” electrostrictive
effects are achieved. The calculated Q33 value for 0.5 % Mn-doped NBT-ST ceramic
is 0.022 m*/C?, which is no smaller than that of the representative electrostrictive
materials in the literature [24, 26, 31, 34].

Except for the high strain with ultra-low hysteresis, Mn doping also contribute to
enhance the energy storage density of 0.65NBT-0.35ST ceramics. Generally,
energy-storage density of nonlinear dielectric ceramics can be calculated by the

unipolar P-E loop with the following equations: [42]
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where Wi, Wioss and 7 denote the recoverable energy storage density, energy loss
density and energy storage efficiency, respectively. It can be seen from the above
equations that large Pmax, small P; and high BDS is very important to achieve high
energy storage density. In order to investigate the electric-field-strength dependence
on the energy storage, the unipolar P-E loops of the NBT-ST-xMn ceramics samples
measured in the electric field ranging from 10 to 70 kVem™! at room temperature are
shown in Fig.7. Similar to the bipolar P-E loops, the obtained unipolar P-E loops
become slimmer after doping with MnO. Additionally, compared with the unmodified
0.65NBT-0.35ST ceramic, the Pmax increases significantly while P decreases in
varying extent, and the Mn-doped samples always maintain low P; with different
electric fields due to the introduction of defect dipoles. Thus, the energy storage
properties of NBT-based ceramics could be improved by the addition of MnO.

Based on equations (2)-(3) and obtained unipolar P-E loops of Fig.7(a)-(d), the
calculated Wiee, Wioss and 7 of the NBT-ST-xMn ceramics are presented in Fig.8. The
Wrec and Wiess of all the samples increase by different degrees with increasing applied
electric field. Noteworthily, after introducing MnO into the 0.65NBT-0.35ST ceramic,
the Wiec values improve obviously due to the enhanced Pmax and reduced P:.. The
maximum Wi value for the NBT-ST-xMn ceramics increase to as high as 0.92 J cm™
at 70 kV/cm for x=1.0 mol.%. Meanwhile, the Wioss values of Mn-doped samples
decrease to some certain degree at high electric field due to the result that shape of
P-E loops changes from fat to pinched, leading to the enhancement of # (shown in the
inset of Fig.8 (a)). The # values increase from 64% for x=0.0 mol.% to 81%, 78% and
73% at x=0.5, 1.0 and 1.5 mol.%, respectively. These results illustrate that the
addition of MnO could boost the energy storage property of 0.65NBT-0.35ST solid
solution effectively.

In addition, the BDS is also a very important parameter for energy storage

ceramics. Thus, the BDS of NBT-ST-xMn ceramics was also analyzed by Weibull
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distribution [26,43], as shown in Fig. 9(a). The average BDS is determined by fitting
lines and the results are displayed in the inset of Fig. 9(a). It can be found that all the
samples fit well with the Weibull distribution function. The BDS of NBT-ST-xMn
ceramics can be enhanced with MnO doping, and the BDS values are 74, 89, 83 and
80 kV/cm for 0.0-1.5 mol.%e Mn-doped ceramics, respectively. Previous researches
revealed that the addition of ‘hard’ dopant (Fe, Mn, etc.) is believed to be an effective
method to improve BDS [44,45].The enhancement of BDS for NBT-ST-xMn ceramics
may be caused by the ‘hard’ dopant. Fig. 9(b) presents unipolar P-E loops of the
NBT-ST-xMn ceramics measured at their critical BDS. Clearly, large Pmax and small
P: can be obtained simultaneously after doping MnO into 0.65NBT-0.35ST ceramic.
The difference between Pmax and Pr (Pmax- Pr) of the four samples are displayed in Fig.
9(c). It can be found that the Pmax-Pr value significantly enhanced by doping MnO,
and the values can be up to 35 and 37 pC cm™ at x=0.5 and 1.0 mol.%, respectively.
Such high Pmax-Pr and BDS values are beneficial for obtaining high energy storage
density and efficiency. Fig. 9(d) presents the calculated Wi, Wioss and # of the
NBT-ST-xMn ceramics. As expected, excellent energy storage performance of 1.14
and 1.17 J cm™ with a high # of 83 and 80% are achieved at x=0.5 and 1.0 mol.%,
respectively. The obtained results indicate that with proper doping of MnO into the
NBT-ST ceramics, high Wi and # can be achieved simultaneously due to the

enhanced BDS and Pnax-P: value.

4 Conclusions

In conclusion, NBT-ST-xMn lead-free ceramics were designed and prepared by
solid state synthesis method. It has been found that the addition of MnO also can
induce defect dipoles into 0.65NBT-0.35ST ceramic, which result in double P-E
hysteresis loops with high Pmax and small Pr. Accordingly, a relatively high strain of
0.22% with ultra-low hysteresis of 14% was achieved under a moderate electric field
of 60 kV/cm at x=1.0 mol.% due to the introduction of defect dipoles, the
enhancement of relaxor behavior and the increased grain size. Excellent energy

storage performance of 1.14 and 1.17 J cm™ with a high # of 83 and 80% were also
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(1]

(2]

(3]

(4]

(5]

(6]

achieved at x=0.5 and 1.0 mol.% due to the enhanced BDS and Pnax-P: value.
Meanwhile, high electrostriction coeffcient of 0.022 m*C? with pure electrostrictive
characteristics was obtained at x=0.5 mol.%. The findings demonstrate that
MnO-doped NBT-based ceramics are promising to be applicable for actuators and

energy storage devices.
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Captures

Fig.1 X-ray diffraction patterns of NBT-ST-xMn ceramics (a) 20-80°, (b) 45-48°

Fig.2 Surface morphologies of NBT-ST-xMn ceramics (a) x=0.0 %, (b) x=0.5 %, (c) x=1.0 %, (d)

x=1.5%

Fig.3 (a)-(d) Temperature dependent of dielectric constant and dielectric loss, (¢) T value and the

maximum value of & and (f) plots of In(1/e-1/gmax) versus In(7-Tmax) of NBT-ST-xMn ceramics

Fig.4 Electric-field-induced polarization and strain of NBT-ST-xMn ceramics (a) x=0.0 %, (b)

x=0.5 %, (c) x=1.0 %, (d) x=1.5 %

Fig.5 Strain values and strain hysteresis as a function of doping content for NBT-ST-xMn ceramics

Fig.6 Strain as function of P? of NBT-ST-xMn ceramics (a) x=0.0 %, (b) x=0.5 %, (c) x=1.0 %, (d)

x=1.5%

Fig. 7 The unipolar P-E loop as a function of electric field for NBT-ST-xMn ceramics (a) x=0.0 %,

(b) x=0.5 %, (c) x=1.0 %, (d) x=1.5 %

Fig. 8 Energy storage performance of NBT-ST-xMn ceramics under different electric fields (a)
recoverable energy density Wi, (b) the energy loss density Wiess. The the inset is energy storage

efficiency #

Fig. 9 (a) Weibull distribution and the fitting lines of BDS (b) unipolar P-E loops measured at

their critical BDS (c) variation of Pmax-Pr value and (d) Wiee, Wioss and # of NBT-ST-xMn ceramics
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Figure 1

X-ray diffraction patterns of NBT-ST-xMn ceramics (a) 20-800, (b) 45-480



Figure 2

Surface morphologies of NBT-ST-xMn ceramics (a) x=0.0 %, (b) x=0.5 %, (c) x=1.0 %, (d) x=1.5%
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Strain values and strain hysteresis as a function of doping content for NBT-ST-xMn ceramics

0.151(@) 0207 (b)
0,,=0.024m'C” 0.15} 0,,=0.022m"'C”

0.10} -

e 20.10

o )

0.05 0.051

0.00F | , | | 0ooof . N

-500 0, 500 -1000  -500 0 500 1000

P, (uC/em’) P, (uC/em’)

1o (©) 0.20(d)

e B 4,2 T\
0,,=0.019m"C 0.15!

0.15}

= sl

«50.10} L

0.05} 0.05F

ooob . . Y . |loo0,L ., ¥

-1000 -500 0 500 1000 1000  -500 0 500 1000

P, (nC/em”) P, (uC/em®)’

Figure 6

Strain as function of P2 of NBT-ST-xMn ceramics (a) x=0.0 %, (b) x=0.5 %, (c) x=1.0 %, (d) x=1.5 %
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Figure 8

Energy storage performance of NBT-ST-xMn ceramics under different electric fields (a) recoverable energy
density Wrec, (b) the energy loss density Wloss. The the inset is energy storage efficiency n
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Figure 9

(@) Weibull distribution and the fitting lines of BDS (b) unipolar P-E loops measured at their critical BDS
(c) variation of Pmax-Pr value and (d) Wrec, Wloss and n of NBT-ST-xMn ceramics



