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Abstract—Single-phase ceramic samples with the perovskite structure [(Na0.5Bi0.5)1 – xKx] TiO3 (x = 0, 0.01,
0.02, 0.03, 0.04, 0.05, 0.06) are prepared by the method of solid-state synthesis and their structure, micro-
structure and dielectric and ferroelectric properties are studied. An increase in the unit-cell parameters of the
perovskite lattice as a result of an increase in the K-cation content in accordance with the ratio of the radii of
cations in the A sublattice of the perovskite structure is proved. The method of second-harmonic generation
confirms that the introduction of potassium cations in the A positions of the perovskite lattice promotes
enhancement of the ferroelectric properties of the studied samples. Dielectric-relaxation effects are revealed,
which indicate the presence of vacancies in the oxygen sublattice.
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INTRODUCTION
Oxide-ion conductors are widely used in many

important technological instruments and devices,
such as solid oxide fuel cells, oxygen sensors, pumps,
and oxygen-permeable membranes [1–5]. The last
decade has been marked by extraordinary progress in
the study of new oxide-ion conductors that meet the
requirements of creating environmentally friendly
energy sources, sensors and other devices. Scientists
are faced with the task of finding lead-free technolog-
ical materials in the field of creating eco-friendly
ceramic piezoelectric materials for applications in sensors,
actuators and transducers in view of the current acute need
to replace lead zirconate titanate PbZr1 – xTixO3 (LZT),
which has been most widely used for several decades.
The toxicity of lead as an element that is part of almost
all widely used piezoelectrics, which causes significant
harm to the environment, has motivated the search
and development of lead-free materials over the last
decade. Therefore, a new family of oxide-ion conduc-
tors based on a ferroelectric with the perovskite struc-
ture, i.e., sodium bismuth titanate Na0.5Bi0.5TiO3
(SBT), is one of the most promising candidates for the
substitution of PZT and the formation of solid solu-

tions with other ferroelectric materials, such as BaTiO3
and K1 – xNaxNbO3, and piezoelectric and high-tem-
perature dielectric capacitor applications [6–8].

High ion conductivity was found in the non-stoi-
chiometric compound Na0.5Bi0.49TiO2.985 [9]. Weak
Bi–O bonds ensure the migration of oxygen ions along
paths with low diffusion barriers (ion transport num-
ber ti > 0.9 at temperatures of 600–700°С). There are
two types of SBT compound formulations that dra-
matically differ in nature of their electrical properties.
The first type includes compounds close to stoichio-
metric Na0.5Bi0.5TiO3. Compounds of these composi-
tions are characterized by electronic conductivity with
an activation energy of Ea ~ 1.7 eV and are excellent
dielectrics. Another type is Bi-deficient compositions.
Such SBT compounds exhibit high ion conductivity.
In the temperature range below 600°C, the activation
energy decreases to values of Ea < 0.9 eV, and the con-
ductivity increases significantly (by more than three
orders of magnitude). The effect of switching between
electronic and ion conductivity in SBT is induced by
non-stoichiometry at a level of ≤2 at % in the A posi-
tions of the perovskite structure (Na and/or Bi cat-
663
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Fig. 1. Diffraction patterns of the surface of ceramic sam-
ples [(Na0.5Bi0.5)1 – xKx] TiO3 from x = 0 (1), 0.01 (2),
0.02 (3), 0.03 (4), 0.04 (5), 0.05 (6), 0.06 (7) obtained for
T1 = 1073 K (6 h), T2 = 1423 K (2 h).
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Fig. 2. Plots of diffraction patterns of the surface of
ceramic samples [(Na0.5Bi0.5)1 – xKx] TiO3 from x = 0 (1),
0.01 (2), 0.02 (3), 0.03 (4), 0.04 (5), 0.05 (6), 0.06 (7)
obtained for T1 = 1073 K (6 h), T2 = 1423 K (2 h).
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ions). The effect of non-stoichiometry for cations in
the A positions on the electrical and piezoelectric
properties of SBT were studied in a number of works
[10–18]. However, due to the uncontrollable losses of
bismuth oxide during high-temperature synthesis, the
reproducible production of single-phase samples
remains a challenge. In addition, despite intensive
research on SBT-based ceramics, it seems appropriate
to more thoroughly study and systematize the effects
of donor and acceptor doping in SBT-based solid
solutions.

The aim of this study is a comprehensive investiga-
tion into the effects of acceptor additives, namely
potassium cations, in the A position of perovskite
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
structures on the structural parameters, microstruc-
ture and functional properties of ceramics.

EXPERIMENTAL

Ceramic compositions [[Na0.5Bi0.5)1 – xKx] TiO3
(x = 0, 0.01, 0.02, 0.03, 0.04, 0.05 and 0.06) were
obtained by solid-phase synthesis during double
annealing. Homogenized stoichiometric mixtures
were pressed and annealed at temperatures of T1 =
1073 K (8 h) and T2 = 1423 K (2 h) with intermediate
grinding in ethanol. The optimal synthesis mode was
determined by varying the temperature and duration
of heat treatment. Bismuth oxides were used as the ini-
tial reagents ultra-high purity Bi2O3 and ultra-high
purity titanium TiO2, and sodium carbonate Na2CO3
(analytic grade) and potassium carbonate K2CO3
(analytic grade). The phase composition and parame-
ters of the crystal structure were studied at room tem-
perature by X-ray phase analysis (DRON-3M diffrac-
tometer, CuKα-radiation).

The microstructure of the samples was studied by
atomic-force microscopy on an SMM-2000 scanning
probe microscope (PROTON Plant, Zelenograd,
Russia) using cantilever probes of the MSNL type
made of silicon nitride from Bruker (USA) with a
probe radius of 2 nm, which determines the resolution
(1 nm horizontally and 0.2 nm vertically). To calculate
the average horizontal grain sizes of the studied sam-
ples, reaching 2–3 μm, frames with a size of 8.632 ×
9.151 × (1.153–1.786) μm were taken, and the average
grain size S and average surface roughness Ra are cal-
culated according to the methods of the international
standard ISO 4287.

To estimate the value of spontaneous polarization
Ps the samples used the method of the second-har-
monic generation (SHG) of laser radiation (Nd: YAG
laser, λ = 1.064 μm), given that the measured signal
q = I2ω/I2ω(SiO2) is proportional to the value of spon-

taneous polarization Ps: q ~  The dielectric proper-
ties of ceramics were studied by dielectric spectros-
copy (Agilent 4284 A meter, 1 V) in the temperature
range 300–1000 K and frequencies of 100 Hz–1 MHz.

RESULTS AND THEIR DISCUSSION

According to X-ray phase analysis, a phase with the
perovskite structure is formed during annealing at a
temperature of T1 = 1073 K (8 h). As a result of sinter-
ing at T2 = 1423 K (2 h), single-phase samples were
obtained in the entire studied region of the partial sub-
stitution of sodium and bismuth cations with potas-
sium cations. The samples are characterized by a
pseudocubic structure (Fig. 1). Figure 2 shows frag-

2.sP
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Fig. 3. Microstructure of the ceramic surface [(Na0.5Bi0.5)1 – xKx] TiO3 from x = 0.01 (a), 0.02 (b), 0.04 (c), 0.06 (d).
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Fig. 4. Concentration dependence of the SHG signal

intensity q = I2ω/I2ω(SiO2) samples [(Na0.5Bi0.5)1 – xKx]

TiO3 obtained for T1 = 1073 K (6 h), T2 = 1423 K (2 h).
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ments of the diffraction patterns of samples with

replacement of a part of the sodium and bismuth cat-

ions by potassium cations, demonstrating the succes-

sive shift of the diffraction peaks with h2 + k2 + l2 = 14

to the region of smaller angles, which indicates an

increase in the unit-cell parameter as a result of the

replacement of Na+ and Bi3+ cations with K+ cations

in accordance with the ratio of the radii of cations in

the sublattice A (Na+ is 1.39, Bi3+ is 1.17, K+ is 1.64 Å).

The microstructure of the modified ceramics was

studied by atomic-force microscopy. The surface of

the samples is characterized by a homogeneous micro-

structure with isometric grains ~2–5 μm in size

(Fig. 3). The effect of grain-boundary melting, which

reflects the fact of the liquid-phase sintering mecha-

nism during high-temperature processing, should be

noted. The microstructure of such ceramics is charac-

terized by the dense packing of grains. The average

grain size is ~3 μm in samples with a low content of

potassium cations (x = 0.01–0.02) and ~2.5 μm in

samples with higher content of potassium cations (x =

0.04–0.06).

In order to confirm the ferroelectric properties of

the samples, the SHG method of laser radiation was

used. As expected, all synthesized samples belong to

the polar class of substances. The results obtained

indicate an increase in the ferroelectric properties of

SBT ceramics with the introduction of potassium cat-

ions in the A position of the perovskite lattice (Fig. 4).

With an increase in the content of potassium cations in

the samples (values x) there is an increase in the SHG

signal q = I2ω/I2ω(SiO2), proportional to the value of

the spontaneous polarization, from q = 10 to q = 50 in

the samples with x = 0.0 and 0.06, respectively.

As a result of dielectric measurements, ferroelec-

tric-phase transitions of the first kind were revealed:

pronounced maxima are observed in the temperature

dependences of the dielectric constant ε near 600 K

and corresponding minima are observed in the tem-

perature dependences of the dielectric losses (Fig. 5).

The dielectric constant of the potassium-modified
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
samples at room temperature decreases as the content

of potassium cations in the ceramics increases. Near

TC they also decline with the growth of x by more than

twice when doubling the content of potassium cations

in the samples. In the potassium-modified ceramics, a

decrease in the total electrical conductivity σ is

observed near the phase-transition temperature

(Fig. 5). At high temperatures at ~1000 K, the synthe-

sized samples are characterized by an increase in elec-

trical conductivity to σ ~ 10–4 S/cm.

At temperatures above 700 K, dielectric-relaxation

effects were also revealed in the samples modified with

potassium cations, which indicate the presence of

vacancies in the oxygen sublattice, caused, among

other things, by the loss of bismuth oxide during high-

temperature synthesis (Figs. 5c, 5d). During the trans-

port of oxygen ions in ferroelectric ceramics, dipoles

are formed that relax in an alternating electric field

[19–21].
TRON AND NEUTRON TECHNIQUES  Vol. 14  No. 4  2020
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Fig. 5. Temperature dependences of the dielectric constant ε, dielectric loss tanδ and electrical conductivity logσ of the ceramic

samples [(Na0.5Bi0.5)1 – xKx] TiO3 with x = 0.03 (a), 0.04 (b), 0.05 (c), 0.06 (d), measured at frequencies of f: 100 Hz (1); 1 (2);

10 (3); 100 kHz (4); 1 MHz (5).
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CONCLUSIONS

Single-phase ceramic samples of new composi-

tions based on sodium bismuth titanate Na0.5Bi0.5TiO3

modified with potassium cations, and their structure,
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
microstructure, dielectric and ferroelectric properties

were studied. The effect of expansion of the unit cell of

samples modified by potassium cations with the par-

tial substitution of A sublattice cations of the per-
TRON AND NEUTRON TECHNIQUES  Vol. 14  No. 4  2020
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ovskite structure with cations with a large ionic radius

is established.

First-order ferroelectric phase transitions near

600 K are confirmed by dielectric spectroscopy and

the second-harmonic generation of laser radiation.

The results of measuring the samples by the SHG

method indicate an increase in the ferroelectric proper-

ties of SBT ceramics with the introduction of potassium

cations in the A positions of the perovskite lattice. The

effects of dielectric relaxation are revealed, indicating

the presence of vacancies in the oxygen sublattice.
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