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0.96(K0.49Na0.51)(Nb0.97Ta0.03)O3–0.04Bi0.5Na0.5ZrO3 + x mol. % MnO2 (0.96KNNT–0.04BNZ + x mol. % MnO2, x = 0, 0.1, 
0.2, 0.4, 0.6, 0.8) lead-free piezoelectric ceramics were prepared via conventional solid state method. The effect of MnO2 
doping content on the structure and electrical properties of 0.96KNNT-0.04BNZ ceramics was investigated. All samples had 
pure perovskite structure with coexistence of orthorhombic and tetragonal phases at room temperature. The 0.96KNNT–
0.04BNZ + 0.2 mol. % MnO2 ceramic sample exhibited enhanced piezoelectric constant (d33 = 330 pC/N) and planar elec-
tromechanical coupling coefficient (kp = 38.8 %). In addition to other optimized electrical properties such as medium high 
dielectric permittivity ((ε33

T    )⁄ε0 = 1370) and mechanical quality factor (Qm = 135), relatively low dielectric loss (tan δ = 2.4 %) 
and high Curie temperature (Tc = 305 °C), this ceramic sample should be a promising lead-free alternative to toxic lead-
based piezoelectric materials.

INTRODUCTION

 Lead contained piezoelectric materials, typically 
represented by Pb(Zi,Ti)O3 (PZT) and Pb(Mg,Nb)
O3-PbTiO3 (PMN-PT), have been widely applied in 
sensors, actuators, and transducers due to their excellent 
electrical properties [1-3]. However, the toxic element 
Pb is harmful to the environment and human health, and 
the legislation will be enacted to reduce the Pb content 
in electronics and other consumer products in the near 
future. Therefore, developing lead-free piezoelectric 
ceramics has attracted much interest because of rising 
environmental and social concerns [4-6].
 (K,Na)NbO3 (KNN)-based ceramics are conside-
red as one of the most promising lead-free alternati-
ves to replace lead-based ceramics and have been 
extensively studied in the past decade [7-17]. One 
crucial studying direction in KNN-based ceramics is 
to establish the orthorhombic-tetragonal (O-T) phase 
boundary near room temperature by A- and/or B-site 
modification to enhance piezoelectric properties. For 
example, A-site Li+, B-site Ta5+ and Sb5+ modified KNN 
with O-T phase boundary around room temperature is 
reported to having enhanced piezoelectric constant d33 
of ~300 pC/N [7-12]. Moreover, a new rhombohedral-
tetragonal (R-T) phase boundary has been developed in 
(Bi,Na,K)ZrO3 modified KNN-based ceramics, whose 
piezoelectric properties are reported to be comparable 
to those of some commercialized PZT ceramics [13, 14]. 

Actually, we also designed a lead-free (1–x)(K0.49Na0.51)
(Nb0.97Ta0.03)O3–xBi0.5Na0.5ZrO3 system in our previous 
work, and an enhanced d33 of 317 pC/N was obtained 
at the composition x = 0.04 accompanied by a high 
Curie temperature (Tc = 310 °C) [18]. However, other 
properties of this ceramic sample such as low mecha-
nical quality factor and relatively high dielectric loss 
need to be further optimized from the viewpoint of 
commercialized usage.
 On the other hand, manganese has been widely re-
ported to improve electrical properties of piezoelectric 
ceramics, regardless of the introduction form of MnCO3 
or MnO2, whether or not manganese enters the lattice 
in a stoichiometric ratio or remains at grain boundary 
in an impurity form [19, 20]. Therefore, in the current 
research, we choose 0.96(K0.49Na0.51)(Nb0.97Ta0.03)O3– 
–0.04Bi0.5Na0.5ZrO3 (0.96KNNT-0.04BNZ) as the base 
material, while manganese dioxide (MnO2) is introdu-
ced with the target to optimize the piezoelectric pro-
perties.

EXPERIMENTAL

 Raw materials of analytical reagent grade K2CO3, 
Na2CO3, Nb2O5, Ta2O5, Bi2O3, ZrO2 and MnO2 from 
Sinopharm Chemical Reagent Co. Ltd., Shanghai, 
China were combined in our system 0.96(K0.49Na0.51)
(Nb0.97Ta0.03)O3-0.04Bi0.5Na0.5ZrO3 + x mol. % MnO2  
(0.96KNNT-0.04BNZ + x mol. % MnO2, x = 0, 0.1, 0.2, 
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0.4, 0.6, 0.8) to prepare ceramic sample by conventional 
processing route. The raw materials were weighed for 
each composition and mixed for 24 h in zirconia ball 
mill at a speed of 120 rpm using absolute ethanol 
medium. The mixture was calcined at 850 °C for 4 h and 
then ground again for 24 h. After drying, the polyvinyl 
alcohol solution (PVA, 5 wt. %) as a binder was added to 
the calcined powders for granulation. Disks (13 mm in 
diameter by 1.2 mm thick) were formed by pre-pressing 
at 100 MPa, and then followed by a cold isostatic 
pressing. After preheating for 2 h at 650 °C to remove 
PVA binders, the pellets were sintered for 3 h between 
1090 °C and 1130 °C in an ambient atmosphere with a 
heating rate of 5 °C∙min-1, and then furnace cooling to 
room temperature.
 X-ray diffraction (XRD, D8-Advance, CuKα ra-
diation) was applied to analyze the phase structure of 
polished sintered ceramic samples. Scanning electron 
microscope (SEM, JSM-6700F) was used to observe 
the microstructural characteristics of polished and 
thermally etched surface of sintered ceramics. For 
electrical measurements, both sides of the specimens 
were polished and painted with silver pastes, and then 
fired for 20 min at 800 °C to form electrodes. Weak-
field dielectric constant and loss at 1 kHz as a function 
of temperature from room temperature to 500 °C were 
measured by a precision impedance analyzer (HP4294A, 
Agilent), joining a controlled-temperature cell. For pie-
zoelectric measurements, the samples were poled at 
130 °C for 30 min in silicone oil bath applied with an 
electric field of 30 ~ 40 kV∙cm-1. A quasi-static d33 meter 
(ZJ-3A) was used to measure piezoelectric constant 
d33. The planar electromechanical coupling coefficient 
was determined by resonance method based on IEEE 
standard on piezoelectricity [21]. Room temperature 
polarization-electric field (P-E) loops were observed 
on a radiant precision workstation (TRek model 609B) 
using standard Sawyer and Tower circuits.

RESULTS AND DISCUSSION

 As seen from the XRD patterns of 0.96KNNT– 
–0.04BNZ + x mol. % MnO2 ceramics shown in Figu-
re 1, all ceramic samples are indexed pure perovskite 
structure, and no impurities can be observed within 
the detection limit of XRD technique. The splitting 
diffraction peaks (002) and (020) near 45° are approxi-
mately equal in height, indicating that all samples are 
polymorphic phase transition (PPT) structure with 
coexistence of orthogonal-tetragonal phases [9, 10]. 
Meanwhile, no obvious diffraction peak shifting is 
observed with the increase of MnO2 doping content, 
which should be related to low doping content of MnO2 
(< 0.8 mol. %) and similar ionic radius between Mn4+ 
(ri = 0.053 nm, CN = 6) and Nb5+ (ri = 0.064 nm, CN = 
= 6) [22].
 Figure 2 shows the piezoelectric constant d33, pla-
nar electromechanical coupling coefficient kp and me- 
chanical quality factor Qm of 0.96KNNT-0.04BNZ + 
+ x mol. % MnO2 ceramics. With the increase of x 
value, the d33 and kp first slightly increase and then 
drop down, presenting peak values of 330 pC/N and 
38.8 %, respectively for the composition with x = 0.2. 
However, the Qm is found to increase monotonously with 
the increase of MnO2 doping content. This phenomenon 
may be due to the hard doping effect of MnO2. The 
replacement of Nb5+ by Mn4+ in B-site will produce 
oxygen vacancies, and the oxygen vacancy will make the 
domain wall movement more difficult, thus increasing 
the Qm of the ceramic sample [23].
 The dielectric permittivity and loss tan δ of 0.96 
KNNT–0.04BNZ + x mol. % MnO2 ceramics are shown 
in Figure 3. It can be seen that the variation tendency 
of  with MnO2 doping content is the same as that of d33 
and kp, showing a peak value of 1370 when x = 0.2. The 
enhanced dielectric permittivity should make some 
contribution to the increase of piezoelectric constant 
according to the basic theory of ferroelectrics [24]. The 
dielectric loss tan δ shows a reverse trend to dielectric 
constant, having a lowest value of 2.4 % for the ceramic 
sample with x = 0.2.
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Figure 1.  XRD patterns of 0.96KNNT–0.04BNZ + x mol. % 
MnO2 ceramics.
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Figure 2.  The d33, kp and Qm of 0.96KNNT–0.04BNZ + x mol. % 
MnO2 ceramics as a function of x values.
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 Figure 4 gives the P-E hysteresis loops of 0.96 
KNNT–0.04BNZ + x tan mol. tan % MnO2 ceramics. 
All ceramics have well saturated hysteresis loop under 
an applied electric field of 40 kV∙cm-1. Basically, the 
remnant polarization Pr slightly decreases, while the 
coercive field Ec increases with the increase of MnO2 
doping content, which may also be related to the hard 
doping effect induced by Mn addition.

 The temperature dependent dielectric constant of 
0.96KNNT-0.04BNZ + x mol. % MnO2 ceramics is 
shown in Figure 5. It can be seen that all ceramic samp-
les undergo two different phase transitions correspon-
ding to the orthorhombic-tetragonal (To-t) and tetrago-
nal-cubic (Tc) respectively [25, 26]. With the increase of 
MnO2 doping content, the Tc can be detected shifting 
very slightly towards lower temperature, indicating that 
Mn4+ should incorporate into B-site of perovskite lattice. 
However, according to the inset of Figure 5, the To-t 
around room temperature is almost the same in spite of 

different MnO2 addition. For the 0.96KNNT–0.04BNZ 
+ 0.2 mol. % MnO2 ceramic sample with optimized 
piezoelectric properties, a relatively high Tc of 305 °C 
is obtained promising for practical applications as lead-
free candidate ceramic materials.

CONCLUSIONS

 In this work, the effect of MnO2 addition on the 
structure and electrical properties of 0.96KNNT–
0.04BNZ ceramics was investigated. Mn4+ should be 
incorporated into B-site of perovskite lattice, and can 
enhance dielectric and piezoelectric properties of the 
ceramics within a certain doping level. The 0.96KNNT–
0.04BNZ + 0.2 mol. % MnO2 ceramic sample shows opti-
mized properties as follows: d33 = 330 pC/N, kp = 38.8 %, 
Qm = 135, = 1370, tan δ = 2.4 %, Pr = 19.5 µC cm-2, Ec = 
= 13.9 kV∙cm-1 and Tc = 305 °C, providing a good lead-
free candidate ceramics for piezoelectric applications.
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