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Abstract CeO2-doped K0.5Na0.5NbO3 lead-free piezo-

electric ceramics have been fabricated by a conventional

ceramic fabrication technique. The ceramics retain the

orthorhombic perovskite structure at low doping levels

(\1 mol.%). Our results also demonstrate that the Ce-doping

can suppress the grain growth, promote the densification,

decrease the ferroelectric–paraelectric phase transition

temperature (TC), and improve the dielectric and piezo-

electric properties. For the ceramic doped with 0.75 mol.%

CeO2, the dielectric and piezoelectric properties become

optimum: piezoelectric coefficient d33 = 130 pC/N, planar

electromechanical coupling coefficient kp = 0.38, relative

permittivity er = 820, and loss tangent tand = 3%.

Introduction

Because of the superior electrical properties, lead zirconate

titanate (PZT)-based piezoelectric ceramics have been

widely used in actuators, sensors, as well as microelec-

tronic devices. However, as lead is highly toxic, there is a

rising concern about manufacture as well as disposal of

products containing lead. Therefore, lead-free piezoelectric

ceramics, such as Bi0.5Na0.5TiO3 (BNT)-based ceramics [1,

2], bismuth-layered structure ceramics [3, 4], tungsten

bronze-type ceramics [5], BaTiO3-based ceramics [6], and

alkaline niobate-based ceramics [7, 8] have recently been

studied extensively for replacing the lead-containing

materials in various applications. Among various lead-free

candidates, K0.5Na0.5NbO3 (KNN) has been considered one

of the most promising alternatives because of its high Curie

temperature and good ferroelectric and piezoelectric

properties. However, it is very difficult to obtain dense and

well-sintered KNN ceramics using an ordinary sintering

process because of the high volatility of alkaline elements

at high temperatures. A number of studies have been car-

ried out to improve the sintering performance and then the

piezoelectric properties of KNN ceramics; these include

the formation of solid solutions of KNN with other ferro-

electrics or non-ferroelectrics, e.g., KNN–SrTiO3 [7] and

KNN–LiTaO3 [9], and the use of sintering aids, e.g.,

K4CuNb8O23 [10], MnO2 [11], CuO [12], and Bi2O3 [8].

CeO2 is often used as a donor dopant or additive for the

lead-based piezoelectric ceramics [13–15] to improve their

electrical properties. Recently, it has also been used for the

BNT-based [16, 17] and BaTiO3-based [18] lead-free pie-

zoelectric ceramics, and promising results have been

obtained. However, there is little work reporting on the

CeO2-doping in KNN-based ceramics. Zuo et al. have

studied the effects of CeO2 on the microstructure and den-

sification of KNN ceramic; however, the resulting effects on

the piezoelectric properties have not been reported [19]. In

the present work, K0.5Na0.5NbO3 ceramics doped with CeO2

were prepared by an ordinary sintering technique, and the

resulting effects on the structure, dielectric, ferroelectric, and

piezoelectric properties were investigated.

Experimental

A conventional ceramic fabrication technique was used to

prepare K0.5Na0.5NbO3 ? x mol.% CeO2 (abbreviated as
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KNN–Ce-x) ceramics. Analytical-grade metal oxides or

carbonate powders: K2CO3 (99.9%), Na2CO3 (99.5%),

Nb2O5 (99.95%), and CeO2 (99.99%) were used as raw

materials. The powders in the stoichiometric ratio of

K0.5Na0.5NbO3 were mixed thoroughly in ethanol using

zirconia balls for 8 h, and then dried and calcined at

880 �C for 6 h. After the calcination, CeO2 was added. The

resulting mixture was ball-milled again for 8 h and mixed

thoroughly with a PVA binder solution, and then pressed

into disk samples with a diameter of 15 mm and a thick-

ness of 1 mm. The disk samples were finally sintered at

1,100–1,180 �C for 4 h in air. Silver electrodes were fired

on the top and bottom surfaces of the samples. The

ceramics were poled under a dc field of 5–6 kV/mm at

180 �C in a silicone oil bath for 30 min.

The crystalline structure of the sintered samples was

examined using X-ray diffraction (XRD) analysis with

CuKa radiation (Bruker D8 Discover). The microstructure

was observed using a scanning electron microscopy (JEOL,

JSM-6490). The density of the samples was measured by

the Archimedes method. The relative permittivity er was

measured as a function of temperature using an impedance

analyzer (HP 4192A). A conventional Sawyer-Tower cir-

cuit was used to measure the polarization hysteresis (P–E)

loop at 150 Hz. The planar electromechanical coupling

coefficient kp was determined by the resonance method

according to the IEEE Standard 176 using an impedance

analyzer (HP 4294A). The piezoelectric coefficient d33 was

measured using a piezo-d33 meter (ZJ-3A, China).

Results and Discussion

Figure 1 shows the XRD patterns of the KNN–Ce-x

ceramics. All the ceramics possess essentially a single-

phase perovskite structure, suggesting that CeO2 has dif-

fused into the lattices of KNN to form a solid solution. Ce

ions may exist in the KNN structure in two valence states:

Ce4? with a radius of 0.92 Å and Ce3? with a radius of

1.03 Å. Both of them are much larger than Nb5? (0.64 Å),

but have similar size of Na? (1.02 Å) and K? (1.33 Å).

Therefore, according to the principles of crystal chemistry

and radius-matching rule, they enter most likely the A-sites

for substituting K? or Na?, and serve as the donor-type

dopants for the ceramics. A number of minor peaks were

observed in the ranges of 2h from 25� to 30� and from 35�
to 40�, which may be arisen from the secondary phases.

However, the peaks are very small (which can only be

observed by plotting the intensity in log scale), so the

amount of the secondary phase should be very little and

hence their effects should be insignificant. As shown in the

enlarged XRD patterns of the ceramics in the range of 2h
from 44� to 48� (Fig. 1b), the ceramics with x B 1 have an

orthorhombic perovskite structure. As x increases, the two

diffraction peaks (202) and (020) start to merge into a

broad single peak gradually, suggesting that the ceramic

may have a tendency to transform into another phase, e.g.,

pseudocubic phase, at high doping levels of CeO2. Similar

results have been reported for the La-modified BNBT [16]

and BNT [17]. In general, the doping of CeO2 will induce a

structure phase transformation.

Figure 2 shows the SEM micrographs of the KNN–Ce-x

ceramics with x = 0, 0.5, 1, and 1.5 sintered at the optimal

sintering temperature. For each composition, the ceramics

were sintered at different temperatures and their density

was measured. The optimum sintering temperature was

determined as the sintering temperature by which the

ceramic had the largest density. As shown in Fig. 2a,

the KNN ceramic (i.e., with x = 0) is well crystallized and

the grains are large, with a diameter of *10 lm. After the
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Fig. 1 X-ray diffraction

patterns of the KNN–Ce-x
ceramics in the range of 2h
a from 20� to 70� and b from

44� to 48�
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doping of a small amount of CeO2 (x = 0.5), the grain size

decreases significantly to about 2 lm (Fig. 2b). The grain

size continues to decrease with increasing x. For the ceramic

with x = 1.5, the grain size is about 0.5 lm (Fig. 2d). It can

also be seen that the optimum sintering temperature is

increased after the doping of CeO2, from about 1,100 �C to

1,170–1,180 �C. In general, the grains will grow larger at a

higher sintering temperature. Therefore, our results (the

decrease in the grain size) clearly show that CeO2 is

effective in suppressing the melting and grain growth of the

KNN ceramics during sintering. This should be attributed to

the donor-type nature of Ce. For PZT-based ceramics, donor

doping generally causes an inhibition of grain growth [20,

21]. The sintering kinetics can be described by the lattice

diffusion of vacancies from pores to grain boundaries, and

the donor doping reduces the diffusion coefficient: the

vacancies (e.g., A-site vacancies in our case) created by the

doping are supposed to be bound to the impurity ion (e.g.,

Ce3? in our case). As a result, the mass transportation is

weakened and the grain growth is inhibited.

Figure 3 shows the variations of the density and relative

density (to the theoretical density of KNN, 4.51 g/cm3) with

x (the doping level of CeO2) for the KNN–Ce-x ceramics

sintered at the optimal sintering temperature. The observed

density and relative density increase with increasing x and

then decrease, giving a maximum value of 4.379 g/cm3 and

96.94%, respectively, at x = 0.75. It is also seen that all the

Ce-doped KNN ceramics have a higher density than the

KNN ceramic. This clearly shows that the doping of CeO2 is

effective in promoting the densification of the ceramics.

Figure 4 shows the temperature dependences of the

relative permittivity er (measured at 10 kHz) for the KNN–

Ce-x ceramics with x = 0, 0.5, 1, and 1.5. The KNN–Ce-0

(i.e., KNN) ceramic undergoes two phase transitions: the

paraelectric cubic–ferroelectric tetragonal phase transition

Fig. 2 SEM micrographs of the KNN–Ce-x ceramics sintered at the optimal sintering temperature: a x = 0, sintered at 1,100 �C for 4 h;

b x = 0.5, sintered at 1,170 �C for 4 h; c x = 1.0, sintered at 1,170 �C for 4 h; d x = 1.5, sintered at 1,175 �C for 4 h
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Fig. 3 Variations of the density and relative density with x for the

KNN–Ce-x ceramics sintered at the optimal sintering temperature
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at 438 �C (TC) and the ferroelectric tetragonal–ferroelectric

orthorhombic phase transition at 218 �C (TO–T). After the

doping of CeO2, the ceramics exhibit similar phase tran-

sitions at different TC and TO–T. In general, the observed TC

decreases slightly from 438 to 416 �C at a rate of *14 �C/

1 mol.% as x increases from 0 to 1.5, while TO–T increases

slightly from 218 to 243 �C. Similar results have been

reported for the CeO2-doped PZT [15], PMN-PT [13], and

BNKT ceramics [22]. It is also noted that, at high doping

levels of Ce, in particular for x = 1.5, the two phase

transition peaks become weakened and broadened. This

may be attributed to the structure transformation of the

ceramics (Fig. 1).

All the ceramics exhibit a typical P–E loop. Figure 5

shows, as examples, the P–E loops of the KNN–Ce-x

ceramics with x = 0, 0.5, 1.0, and 1.25. It can be seen that

the P–E loop for the KNN–Ce-0 ceramic is square-like,

showing a large remanent polarization (Pr = 21.0 lC/cm2)

and a small coercive field (Ec = 1.2 kV/mm). After the

doping of CeO2, the P–E loop becomes slanted (Fig. 5). At

x = 0.5, the observed Pr remains unchanged while Ec

decreases to 0.93 kV/mm. As x increases, Pr starts to

decrease significantly, giving a value of 17.5 and 13.2

lC/cm2 at x = 1.0 and 1.25, respectively. Unlike Pr, the

observed Ec remains almost unchanged as x increases from

0.5 to 1.25. It should be noted that a well-saturated P–E

loop cannot be obtained for the KNN–Ce-1.5 ceramic

because of the large leakage current.

The variations of d33, kP, er, and tand with x for the

KNN–Ce-x ceramics are shown in Fig. 6. Both the

observed d33 and kp increase with increasing x and then

decrease, giving a maximum value of 130 pC/N and 0.38,

respectively, at x = 0.75 (Fig. 6a). Unlike d33 and kp, er

increases continuously with increasing x (Fig. 6b). This

may be attributed to the presence of the donor cations in

the lattices. On the other hand, the loss tangent tand
decreases with increasing x and increase, having a small

value of 3% at x = 0.75. The largest d33 and kp value of the

KNN–Ce-0.75 ceramic may also be attributed to the

highest density (Fig. 3) and the lowest loss tangent tand.
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Conclusions

KNN–Ce-x lead-free piezoelectric ceramics have been fab-

ricated by a conventional ceramic fabrication technique. At

x B 1, the ceramic exhibits a single-phase perovskite

structure with orthorhombic symmetry. Our results also

show that the Ce-doping can suppress the grain growth,

promote the densification, decrease the ferroelectric–para-

electric phase transition temperature (TC), and improve the

dielectric and piezoelectric properties. For the KNN–Ce-

0.75 ceramic, the dielectric and piezoelectric properties

become optimum: piezoelectric coefficient d33 = 130 pC/N,

planar electromechanical coupling coefficient kp = 0.38,

relative permittivity er = 820, and loss tangent tand = 3%.
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