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ABSTRACT

A lead-free series of 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5 K0.5TiO3) (0.00 B x

B 0.07) composites were prepared by the conventional solid-state reaction route.

Rietveld’s refined XRD pattern revealed phase transitions from orthorhombic

(Amm2) to rhombohedral (R3m) and rhombohedral to tetragonal (P4mm) with

x = 0.03 and 0.05 content of (Bi0.5K0.5TiO3). SEM images reveal that the

microstructure consists of small, randomly oriented, well-inter-linked, and non-

uniform-shaped grains. Dielectric study indicates that Curie temperature (TC)

decreases from 340 to 160 �C as the BKT content increases from x = 0.00 to 0.07

and the first transition temperature shifts below room temperature. The com-

plex modulus plots exhibited two semicircles, confirming the ceramics’ presence

of bulk grain and grain boundary. The impedance and modulus plots confirm

the presence of a non-Debye type of relaxation in the ceramics. The ac con-

ductivity increases with a rise in the temperature, confirming negative tem-

perature coefficient resistance (NTCR) behavior. Therefore, conductivity may

increase due to the charge carrier hopping rate or the oxygen vacancies (V00
O).

1 Introduction

Pb-based perovskite materials have been widely used

in electronic devices (like sensors, buzzers, trans-

ducers, actuators, etc.), because of their exceptional

features like high Curie temperature (TC), and high

thermal stability. However, Pb-based materials have

lots of demerits: toxic, harmful effects on human

health, causing cancer, thermal decomposition dur-

ing synthesis and processing, and even challenging to

dispose [1–6]. Thus, researchers have made several

efforts to develop lead-free perovskite materials with
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comparable properties to Pb-based ceramics in the

last few years. In this regard, several lead-free

materials have been reported, such as BaTiO3 (BT),

BiFeO3, Bi0.5K0.5TiO3 (BKT), K0.5Na0.5NbO3 (KNN),

Bi0.5Na0.5TiO3 (BNT), LiNaNbO3 (LNN), and their

composites like KNN-BKT, KNN-LT, KNN-LS, BT-

BF, BT-LNN [7–12], etc.

In these days, KNN-based materials are promoted as a

research hot spot because it has (i) possible ions substi-

tutions, (ii) high piezoelectric coefficient (d33 * 700 pC/

N) [13], (iii) high Curie temperature (TC * 420 �C), (iv)

superior piezoelectric properties [14], and (v) especially,

several phase transitions with temperature rise (i.e.,

rhombohedral–orthorhombic (R–O), orthorhombic–te-

tragonal (O–T), and tetragonal–cubic (T–C) at 123, 200,

and 410 �C, respectively) [15, 16]. In 2004, Saito [7]

reported the O–T phase boundary was obtained near

room temperature by doping Li?/Ta5?/Sb5? ions in

KNN ceramics. Likui et al. [17] reported in a report that

Sb-doping promotes the formation of a pure single

crystalline (K0.7Na0.3)(Nb0.95Sb0.05) phase without the

excess existence of Na and K ions. Sb5?-doping also

affects the surface morphology by increasing the spon-

taneous polarization, thus improving the electric prop-

erties of KNN ceramics. Later, Wu et al. [18] were also

able to explore and understand the effect of various

dopants on the shifting of phase boundaries and con-

struction of new phase boundary. Sb5? dopant also helps

to densify the phase zone in KNN ceramics [1].

Bismuth potassium titanate (BKT) is a well-known

lead-free ferroelectric perovskite ceramic with a high

TC of 380 �C and good dielectric properties compared

to other single piezoelectric ceramics. BKT also shows

two anomalies peaks in temperature-dependent

dielectrics like KNN and BT. The first transition in

BKT takes place from tetragonal to pseudo-cubic

phase at * 290 �C and finally transfer to cubic

phase (TC) at 380 �C [19–21]. Therefore, BKT is

appropriate for developing lead-free materials for

wide-range temperature applications. Many potential

applications such as aerospace, automobiles, geolog-

ical exploration, and so on [22, 23] need high-tem-

perature devices (TC[ 300 �C); for such applications,

piezoelectric ceramics with high TC are important

[24]. Therefore, new lead-free composites of KNNS

and BKT perovskite materials were chosen for this

work to obtain improved structural and dielectric

properties. In the present work, synthesis and

investigation of structural, dielectric, and impedance

properties of the new composition of 1-x(K0.5Na0.5-

Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3) (abbreviated as

KNNS-BKT) composites were done.

2 Materials and methods

The powders of K2CO3, Na2CO3, Nb2O5 Sb2O3, Bi2O3,

and TiO2 were weighted accordingly to the stoichio-

metric with x = 0.00, 0.01, 0.03, 0.05, and 0.07). The

composite of 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5-

TiO3) was synthesized in two steps. First, the pre-

cursor of (K0.4Na0.6)(Nb0.96Sb0.04)O3 and

(Bi0.5K0.5)TiO3 was simultaneously blended using an

agate mortar and pestle in an ethanol media for 6–

8 h. Then these two powders were calcined at an

optimized temperature of 900 and 1050 �C for 5 h.

The proposed chemical reaction for the formations of

KNNS and BKT is given in Eqs. (1) and (2), respec-

tively (symbol ; indicates the addition of 0.02(O2),

into the mixture as mixing is done in the open-air

environment during the evaporation of ethanol. The

symbol : represents the burnout gases during the

calcination). Finally, these powders were grinded to

get fine powders with no agglomerations.

0:2 K2CO3ð Þ þ 0:3 Na2CO3ð Þ þ 0:48 Nb2O5ð Þþ 0:02 Sb2O3ð Þ þ 0:02 O2ð Þ
# �!calcinedat900�C

K0:4Na0:6Nb0:96Sb0:04O3 þ 1=2 CO2 " ð1Þ

0:25 Bi2O3ð Þ þ 0:25 K2CO3ð Þ þ TiO2 �!calcinedat1050�C
Bi0:5K0:5TiO3 þ 1=4 CO2 " ð2Þ
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In the 2nd step, these fine precursors of powders

were combined under the stoichiometric with

x = 0.00, 0.01, 0.03, 0.05, and 0.07 to obtain powders

of 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3) using

a 10% molar solution of PVA (polyvinyl alcohol) as

the binder. This mixture was cold pressed into disk-

shaped pallets of 10 mm diameter and 2 mm thick-

ness with the help of a hydraulic press (pressure of

60 MPa). Thereafter, these green pallets were sintered

at 1100 �C for 4 h. The phase and purity of these

ceramics were done through the X-ray diffraction

technique with Cu Ka (k = 1.5406 Å) in the 2h range

of 20� to 60� at room temperature. surface morphol-

ogy of these composites was tested via scanning

electron microscopy (SEM, JEOL 7600F). The dielec-

tric and impedance properties of these sintered

ceramics were tested using the Impedance Analyzer

(HIOKI IM 3570) in 1 kHz–10 MHz frequency range

with a temperature range of 25 to 400 �C after dou-

ble-side silver paste.

3 Results and discussion

Figure 1a shows the XRD pattern of 1-x(K0.4Na0.6-

Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3), 0.00 B x B 0.07 com-

posites in the 2h range from 20� to 60�. The XRD

spectra of KNNS-BKT composites exhibit well-

defined diffraction peaks at 2h of 22.46�, 31.88�,
45.85�, 51.60�, and 56.96� suggesting the rhombohe-

dral structure (with space group = Amm2) [25]. A

magnified XRD pattern in the 2h range of 44.5� to 47�
is shown in Fig. 1b to clarify the peak shape differ-

ences further. The expanded XRD pattern shows the

peaks shifting toward a higher angle. These peaks

shift may be attributed due to the replacement of

relatively smaller cation Ti4?(* 0.61 Å) for Nb?5

(* 0.69 Å) at the B-site in ABO3, which results in the

lattice compression with an increase in BKT content

[26–28].

Rietveld refinement (using Fullprof software) of the

XRD pattern of 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5-

K0.5TiO3), 0.00 B x B 0.07 composites was carried out

further to confirm the crystal structure and lattice

parameters shown in Fig. 2a–e. Refinement reveals

that x B 0.01 is characteristic of the orthorhombic

(O) phase (with space group = Amm2) [29, 30] that

was found in these composites, which means a min-

ute amount of BKT cannot change the crystal struc-

ture. As x was increased to 0.03, indicating the

coexistence of orthorhombic (O) and rhombohedral

(R) phases with Amm2, and R3m space group. At

x = 0.05, the phase TO-R turns to the rhombohedral–

tetragonal (TR–T) phase (in Fig. 2(d)), and finally, in

Fig. 2(e) at x = 0.07 the crystal structure results in the

Fig. 1 X-ray diffractometer patterns of 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3), 0.00 B x B 0.07 composites: a 2h = 20�–60�,
b 2h = 440—47.0
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Fig. 2 Rietveld refinement of XRD patterns of 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3), 0.00 B x B 0.07 composites
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formation of a tetragonal structure with an increase

in BKT content [31]. Therefore, this investigation

confirms that stable solutions are formed between

KNNS and BKT. Rietveld’s refined lattice parameters

are listed in Table 1. The value of v2 and Rwp is in the

range of 2.60–1.01 and 1.85–16.60, respectively, indi-

cating the high reliability of refined parameters of

KNNS-BKT composite ceramics [32–34].

Figure 3a–e represents the microstructure of

1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3),

0.00 B x B 0.07 composites and were recorded at

1 lm resolution. The SEM images consist of ran-

domly oriented, well-inter linked non-uniform

(shape and size) grains. A slight decrease in average

grain size was measured in the range of 2.88 to

0.52 lm. It is obvious that with the increase of BKT

content, the pores in the samples also increase grad-

ually (as clearly shown in Fig. 2(c, e)). This can be

explained by taking into account the lower relative

mobility of the dopant ions (Bi3?and Ti4?) in contrast

to host ions during the sintering process, which

inhibits grain development [31, 35–37]. Thus, an in-

crease in porosity leads to a decrease in grain size,

and inhomogeneous distribution of the grains may be

due to the presence of different cations at the A and B

sites in these perovskite composites. This increase in

pores may be the reason for the inclination to spread

and finally take on a flat shape of dielectric peaks

[38–40]. The value of the average grains of the

respective samples is given in Table 2.

Temperature-dependent dielectric spectra antici-

pate the evidence for confirming phase structure and

phase transitions in ceramics [39, 41, 42]. Figure 4a–e

shows the recorded dielectric constant (e) of

1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3),

0.00 B x B 0.07 composites in the temperature range

of 20� B T B 400 �C at different frequencies (i.e.,

1 kHz, 10 kHz, 100 kHz, and 1 MHz, respectively).

For the composites with x B 0.03 (as shown in

Fig. 4(a–c)), two dielectric anomaly peaks with tem-

perature rise from 20 to 400 �C were observed, cor-

responding O–T (TO–T) and T–C (TC) phase

transitions, respectively. The O–T dielectric peak near

the low temperature exhibits frequency dispersion

characteristics due to the thermal evolution of polar

nanoregions (PNRs) formed by strong polarity pha-

ses R3m and Amm2, respectively. TO-R gradually

moves toward the low temperature as BKT content

increases. For x = 0.00, the dielectric peak is larger

than that of the other four samples. It is well known

that dielectric behavior comes from the bulk of the

materials (i.e., grain of larger size with homogeneity).

It can be seen in the SEM image that KNNS has a

larger grain size with homogeneity which may be

responsible for the larger dielectric peak for x = 0.00.

While the addition of BKT into the KNNS crystal

lattice causes the composition disorder, which makes

Table 1 Rietveld refined lattice and crystallographic parameters of 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3), 0.00 B x B 0.07

composites

Simulated/calculated crystallographic parameters x = 0.00 x = 0.01 x = 0.03 x = 0.05 x = 0.07

Lattice parameters

a (Å) 5.625 (1) 3.980 (9) 3.960 (5) 5.340 (4) 5.532 (4) 3.954 (7) 3.940 (1)

b (Å) 5.649 (8) 5.610 (2) 5.613 (6) 5.340 (4) 5.532 (4) 3.954 (7) 3.940 (1)

c (Å) 5.596 (8) 5.592 (2) 5.600 (6) 6.700 (9) 6.819 (2) 3.978 (6) 3.972 (4)

(Space group) (Amm2) (R3m) (P4mm)

Phase fraction (%age) 100 99.25 0.75 1.71 98.29 100

R-factors

Rbragg 4.01 3.27 3.39 48.8 6.94 2.35 3.12

Rf 2.13 1.50 1.33 48.8 8.10 1.76 2.19

Rp 14.8 21.7 1.18 26.0 1.18 21.0 24.4

Rwp 15.3 15.2 2.12 16.6 1.85 13.3 15.1

Rexp 9.49 13.7 2.11 16.48 1.73 12.41 13.9

GOF (v2) 2.60 1.33 1.01 1.14 1.18

Volume per unit cell (Å3) 187.99 (2) 124.85(8) 124.45 (2) 166 (3) 180.72 (3) 62.19 (1) 61.67 (7)

Crystallite Size (nm) 27.2 27.5 39 33.8 33.3
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the composites more favorable for nanodomain wall

motion and nanodomain switching. TC is associated

with the phase transitions of PNRs from R3m and

Amm2 to the P4mm phase. Generally, a relaxor phase

transition from non-ergodic to ergodic occurs during

the temperature swaps from T1 to TC [43, 44]. As the

amount of BKT increases, the TO-T, TR-T, and TC

simultaneously shift toward the lower temperature.

Fig. 3 SEM images for 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3), 0.00 B x B 0.07 composites
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Whereas for x = 0.05 in Fig. 4(d), the inhomogeneous

nature of grain distribution may be the reason for the

low dielectric peak. Also for x = 0.05 and 0.07 com-

posites, the 1st transition peaks shifted to below room

temperature (which was out of the instrumental

range), there is one only dielectric peak at TC. All

these results are consistent with XRD as well as with

the Rietveld refinements [30, 45–47]. Therefore, an

increase in x leads to a shift of the TC toward the

room temperature in all compositions, and the first

phase transition transferred below the room tem-

perature to x = 0.05 and 0.07. The dielectric constant

(emax) values and Curie temperature (TC) of respective

samples at different frequencies are listed in Table 2.

The degree of diffuse phase transition is deter-

mined by applying the Currie–Weiss law fitting to

the dielectric data; c = 1 for normal ferroelectric and

c = 2 for the relaxor behavior. If c lies in between 1

and 2, indicating the diffused ferroelectric charac-

teristic of the materials. The modified Currie–Weiss

law given in Eq. (3) was used to calculate c:

1

e
� 1

emax

� �
¼ T � Tmaxð Þc ð3Þ

where emax = maximum dielectric constant at the

phase transition temperature Tmax, and c is the

degree of diffuseness. From Fig. 5a–e, it was

observed that the diffusivity factor value (c) increases

from 0.64 to 1.30 as BKT content is increased from

0.00 to 0.07, respectively. The increase in the value of

c can correspond to the compositional fluctuations

that result in the broadening of peaks in the dielectric

spectra. The lowest value of diffusion coefficient for

x = 0.05 (in Fig. 5(d)) may be due to the coexistence

of rhombohedral and tetragonal structure at this

value of x. Because of the coexistence of the crystal

structure, the crystallites liquefy at different temper-

atures and hence, can’t diffuse properly. Thus, get-

ting a low diffusion coefficient (c) particularly at x =

0.05. While at x = 0.07 in Fig. 5(e), crystallites have a

single crystal structure because of which crystal liq-

uefies at almost the same temperature and leads to an

increase in the diffusion coefficient. The various val-

ues of c are listed in Table 2.

Complex impedance spectroscopy (CIS) is a pow-

erful technique that helps to explore the various

conduction mechanisms, relaxation processes, and

dielectric vacancies in ceramics. Cole–cole plots

usually have three semicircles corresponding to

grain, grain boundary, and grain-electrode effects for

polycrystalline materials. These semicircles are usu-

ally seen to be due to the trapping of oxygen vacan-

cies and other defects. They are also used to calculate

the capacitance and resistance value of the respective

grain and grain boundary effect.

Figure 6a–e shows the fitted Nyquist plots of

1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3),

0.00 B x B 0.07 composites at temperatures of 340,

370, and 400 �C, respectively. All the composites

exhibit only one depressed semicircular arc with

Table 2 Physical parameters of 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3), 0.00 B x B 0.07 composites

Composition Frequency (k Hz) T1 �C Tmax �C emax Diffusivity (c) Average grain size (lm)

x = 0.00 1 50 340 9159 0.64 2.88

10 50 340 8383 0.98

100 50 340 7882 1.18

x = 0.01 1 50 330 5010 1.13 0.89

10 50 330 4643 1.26

100 50 330 4448 1.37

x = 0.03 1 57 290 5961 1.19 0.65

10 57 290 5417 1.36

100 57 290 5180 1.49

x = 0.05 1 – 160 1930 0.16 0.78

10 – 210 1704 0.31

100 – 230 1493 0.33

x = 0.07 1 – 80 7156 1.30 0.52

10 – 80 3488 1.08

100 – 90 2355 0.53
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centers below the real axis at higher temperatures.

Further, the arc radii decrease with a temperature

rise, suggesting (i) the NTCR (Negative Temperature

Coefficient of Resistance) behavior of these compos-

ites and (ii) the mobility of space charge becomes

easier at higher temperatures, often found in

Fig. 4 Variation of dielectric constant (e) with temperature 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3), 0.00 B x B 0.07 composites

at different frequencies
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semiconductors. This further suggests these com-

posites’ non-Debye-type relaxation processes [48]. In

general, the formation of these semicircular arcs

depends upon the relaxation strength and the

applied frequency range (i.e., instrumental frequency

range). Z-Simp Win software was used to fit the

Fig. 5 Variation of ln (1/e - 1/emax) as a function of ln (T–Tmax) of 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3), 0.00 B x B 0.07

composites at different frequencies
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Fig. 6 Variation of the real (Z0) and imaginary (Z00) part of

impedance at selected temperatures of

1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3), 0.00 B x B 0.07

composites modeled impedance spectrum using the calculated

values of circuit elements and for fitted values
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experimental data. In Fig. 6a–e, the experimental data

and fit are represented by symbols (d) and (jj) in

black, red, and blue color, respectively. An attempt

has been made to clear the ins and outs of the system

(with an equivalent circuit), which is helping to

establish a relationship between the electrical and

structural properties of these composites. A constant

phase element has been used to recompense the non-

Debye response, in addition to capacitors and resis-

tors. The circuit-related parameters are listed in

Table 3.

Figure 7a–e includes the variation of the Z00 with

the frequency for 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-

x(Bi0.5K0.5TiO3), 0.00 B x B 0.07 composites. Z00

(f) plots show two distinct regimes within the mea-

sured frequency range: (i) a dispersion region and (ii)

a plateau region. In the dispersion region, a mono-

tonic decrease in the magnitude of Z00 (at different

higher temperatures) was observed in the low-fre-

quency region. The frequency where all peaks merge

is called fusion frequency (* 10 kHz). The merging

phenomena of Z00’s magnitude at fusion frequency

indicate the accumulation of space charges and pro-

vide evidence for the homogeneous nature of the

samples under the applied external field. Interest-

ingly, a decrease in the Z00’s magnitude was observed

with the temperature rise, supporting the NTCR

behavior of ceramics. There is a peak observed for

x = 0.07 in Fig. 7(e), which may be due to (i) the high

doping concentration of BKT in the KNNS crystal

lattice, and (ii) the high concentration of Bi and Ti-

ions in the ceramics may cause the number of

dielectric relaxations.

Complex modulus spectroscopy is a major tool to

inspect the dynamic aspects of electrical transport

phenomena: hopping mechanism, electrical transport

of carriers/ions, conductivity relaxation time, etc.,

which are overlapped and unidentifiable due to dif-

ferent relaxation times.

The complex modulus spectra of M00 versus M0 for

1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3),

0.00 B x B 0.07 composites are represented in Fig. 8a–

e. Two semicircle arcs with their center below the real

axis confirm the non-Debye type relaxations in these

composites. First semicircle at a lower frequency is due

to grain, and the second one is due to grain boundary

capacitance being responsible for the conduction

mechanism at higher temperatures (which is not visi-

ble in the Nyquist plots (i.e., Figure 6)).

Figure 9a–e represents the variation of the imagi-

nary part of the electric modulus (M00) with frequency

at higher temperatures of 1-x(K0.4Na0.6Nb0.96Sb0.04-

O3)-x(Bi0.5K0.5TiO3), 0.00 B x B 0.07 composites. A

peak between 0.1 and 1000 k Hz for x = 0.01 is

observed, but the magnitude of the peak is very

small. This may be due to the low value of BKT

content (which means BKT content does not get the

appropriate space in the KNNS crystal lattice). But

Table 3 Parameters calculated from impedance fitted data 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3), 0.00 B x B 0.07 composites

Compositions Temperature (�C) Resistance n Q Activation energy (Ea)

Rg (Xcm
2) Rgb (Xcm

2) 1 kHz 10 kHz

x = 0.00 340 2.562 9 101 7.265 9 102 9.667 9 10–1 2.591 9 10–9 0.30 0.16

370 2.197 9 101 1.021 9 107 5.863 9 10–1 2.560 9 10–8

400 9.155 9 100 1.000 9 107 5.950 9 10–1 3.821 9 10–8

x = 0.01 340 5.863 9 105 1.572 9 10–1 6.501 9 10–1 4.408 9 10–9 1.11 1.10

370 6.470 9 102 1.840 9 10–1 9.280 9 10–1 1.245 9 10–9

400 5.016 9 103 1.000 9 10–2 6.907 9 10–1 3.828 9 10–9

x = 0.03 340 9.342 9 100 1.087 9 10–1 5.473 9 10–1 1.879 9 10–8 0.25 0.19

370 1.551 9 10–1 1.108 9 101 5.771 9 10–1 1.673 9 10–8

400 1.000 9 10–7 9.361 9 10–2 6.016 9 10–1 1.688 9 10–8

x = 0.05 340 1.696 9 102 1.339 9 106 9.501 9 10–1 4.783 9 10–10 1.5 1.0

370 0.690 9 102 1.639 9 106 9.501 9 10–1 4.983 9 10–10

400 8.029 9 101 1.006 9 101 5.736 9 10–1 7.883 9 10–9

x = 0.07 340 1.113 9 102 2.670 9 105 9.081 9 10–1 1.325 9 10–9 1.7 1.2

370 2.853 9 101 2.073 9 101 6.079 9 10–1 1.779 9 10–8

400 1.000 9 10–1 1.988 9 109 8.621 9 10–1 2.327 9 10–9
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for a higher value of BKT content, BKT properly takes

the position in the crystal lattice of KNNS. Therefore,

clear and broadened peaks were formed, as the BKT

content increased. The broadened and asymmetric

peaks indicate the non-Debye relaxation. A shift in

the (M00
max) peak to higher frequencies with a rise in

the temperature may be due to the correlated motion

of mobile ions. At frequency above peak maximum,

Fig. 7 Variation of imaginary part of impedance (Z00) with frequency of 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3),

0.00 B x B 0.07 composites at different temperatures

1188 Page 12 of 20 J Mater Sci: Mater Electron (2023) 34:1188



Fig. 8 Variation of real part of modulus (M0) with imaginary part of modulus (M00) of 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3),

0.00 B x B 0.07 composites at different selected temperatures
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Fig. 9 Variation of imaginary part of modulus (M0 0) with frequency of 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3), 0.00 B x B 0.07

composites at different temperatures
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Fig. 10 Impedance scaling behavior of (Z00/Z00
max) vs log (f/fmax) of 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3), 0.00 B x B 0.07

composites at different temperatures
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Fig. 11 Variation of ac electrical conductivity (rac) as a function of the reciprocal temperature of 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-

x(Bi0.5K0.5TiO3), 0.00 B x B 0.07 composites at frequencies 1 k Hz and 10 k Hz
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the carriers are confined to potential wells, being

mobile for short distances. The frequency at which

M00
max is obtained is called relaxation frequency. The

frequency below the M00
max helps in determining the

mobility range of charge carriers for long distances

[49].

Figure 10a–e represents the variation of the M00/

M00
max versus log (f/fmax) at different temperatures

for the 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3),

0.00 B x B 0.07 composites. The normalized spectra

reveal all the peaks overlapped on a single master

curve at different temperatures, indicating that the

relaxation behavior is temperature-independent.

Furthermore, the full width at half-maxima (FWHM)

was calculated and is about 1.211, also confirming the

time-independent relaxation distribution and thus

indicating the non-Debye relaxation [50].

Figure 11a–e shows the variation of lnrac with

reciprocal temperature (103/T) for 1-x(K0.4Na0.6-

Nb0.96Sb0.04O3)-x(Bi0.5K0.5TiO3), 0.00 B x B 0.07 com-

posites at selected frequencies (i.e. , 1 kHz and

10 kHz). The activation energy for conductivity ion

was obtained by fitting the experimental data with

the Arrhenius relationship:

rac ¼ r0exp �Ea=KBTð Þ ð4Þ

ln rac ¼ ln ðr0Þð�Ea=KBTÞ ð5Þ

whererac is ac conductivity,r0 = pre-exponential factor,

(KB 1.38 9 10–23 JK-1) is Boltzmann constant, Ea = acti-

vation energy, and T is the absolute temperature.

In this present study, the observed ac conductivity

of the composites increases from (0.28 9 10–5 to

2.0 9 10–5) (Xm)-1 and (0.68 9 10–5 to 4.3 9 10–5)

(Xm)-1 as the BKT content increased at frequencies 1

and 10 kHz, respectively. The increase in ac con-

ductivity with a temperature rise confirms the NTCR

behavior of composites. The increase in ac conduc-

tivity suggests that the oxygen vacancies (V00
O) (i.e.,

structural defects) are increased as the dopant con-

centration increases. Thus, as the structural defects

increase, more will be oxygen vacancies, leading to

an increase in ac conductivity. The Ea values show

that these dielectric relaxation processes are related to

V00
O. According to Ming-Ding et al. [51], the Ea of

ABO3 perovskite structures increases with a decrease

in the oxygen vacancy. Therefore, conductivity may

increase due to the charge carrier hopping rate or the

oxygen vacancies (V00
O) (i.e., structural defects) with

temperature rise.

4 Conclusions

Lead-free composites of 1-x(K0.4Na0.6Nb0.96Sb0.04-

O3)-x(Bi0.5K0.5TiO3), 0.00 B x B x 0.07 were success-

fully prepared via a modified solid-state reaction

route. Rietveld’s refinement of the XRD patterns

confirm the structural change from orthorhombic–

rhombohedral–tetragonal with an increase in BKT

content. In dielectric spectra, Curie temperature (TC)

shifted toward the room temperature with a rise in

the BKT content. Dielectric relaxation was of the non-

Debye type in all composites. The ac conductivity

study confirms the NTCR behavior of the samples,

and the increase in conductivity may be due to the

oxygen vacancies or structural defects or due to the

hopping mechanism. Therefore, these composites are

suitable for energy storage device applications based

on the above-discussed properties.

5 Prime nobility

Lead-free ceramics of 1-x(K0.4Na0.6Nb0.96Sb0.04O3)-

x(Bi0.5K0.5TiO3) (where 0.00 B x B 0.07) were pre-

pared by a modified solid-state reaction route. Riet-

veld’s refined XRD pattern revealed phase transitions

from orthorhombic (Amm2)–rhombohedral (R3m)

and rhombohedral to tetragonal (P4mm) with an

increase in the content of (Bi0.5K0.5TiO3). A shift in TC

(Curie temperature) toward the room and below

room temperature was observed with the addition of

BKT content. The ac conductivity study confirms the

NTCR behavior of the samples, and the increase in

conductivity may be due to the oxygen vacancies/

hopping mechanism or structural defects.
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