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c) Grupo de Ferroeléctricos Multifuncionais, Instituto de Fı́sica, Universidade Federal de Uberlândia, Minas Gerais, 38408-100, Brazil.
† corresponding author

Recibido 4/2/2025; Aceptado 26/3/2025
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I. INTRODUCTION

Lead-free ferroelectric materials have been extensively
studied as a quest to replace lead-based ferroelectric
commonly used in engineering systems such as actuators,
batteries, sonars, sensors, electromechanic engines, etc [1–3].
Numerous authors have conducted research on various
aspects of the ferroelectric, dielectric and piezoelectric
properties. However, there not many studies specifically
addressing its pyroelectric behavior [4, 5].

The (Bi0.5Na0.5)1-xBaxTiO3 (BNT-xBT) system has been
reported as one of the most promising materials to
replace the lead-based systems, receiving a growing interest
from the scientific society [2, 6–10], but with only a few
publications regarding its pyroelectric behavior [6–8]. The
main pyroelectric investigations of the BNT-xBT have been
centered on the morphotropic phase boundary (MPB), around
x = 0.06 at %, and have involved doping with elements such
as tantalum, zirconium and manganese in order to enhance
the pyroelectric properties [6–8].

Recently, (Bi0.5Na0.5)1-xBaxTiO3 lead-free ferroelectric ceramics
(x= 0, 2, 5, 8, 10, 12, 16, 18 at %) were studied considering x-ray
diffraction, Raman spectroscopy, dielectric and piezoelectric
behavior [9, 10]. From these results, a new phase diagram
has been proposed considering a wider compositional range
than those reported in the literature, which offers new
insights for a better understanding on the features of
the phase diagram for the ceramic system [9]. Also, very
good piezoelectric parameters were reported for composition
showing tetragonal phases [10]. From this point of view,
the two highest barium concentrations have been selected
in order to evaluate the pyroelectric behavior in a wide
temperature range. It is known that depending on the
specific application, selecting an optimal pyroelectric material
becomes crucial to achieve maximum efficiency in pyroelectric
devices. In this sense, the evaluation of several parameters,

such as the figures of merit (FOMs) is very important [11],
which guide us toward the most suitable material for the
intended purpose. Generally, FOMs are described by four
characteristic parameters known as current responsivity (Fi),
voltage responsivity (FV), detectivity (FD) and the energy
harvesting figure of merit (FE), as expressed by the equations
(1) to (4), respectively [11, 12].

Fi =
p
ρCp

(1)

FV =
p

ρCpε0ε
(2)

FD =
p

ρCp
√
ε0ε tan δ

(3)

FE =
p2

ε0ε
(4)

Fi characterizes the maximum current that can be generated,
FV represents the maximum voltage output of the sample,
FD provides the voltage responsivity with the optimal
signal-to-noise ratio and FE characterizes the capacity for
energy harvesting from temperature change [13, 14]. The
p parameter corresponds to the pyroelectric coefficient, ρ
represents the density, Cp is the specific heat at constant
pressure, ε denotes the dielectric permittivity, and tan δ
represents the dielectric losses of the material [15].

In this context, the objective of the present paper is to evaluate
the pyroelectric response and the corresponding figures of
merit for (Bi0.5Na0.5)1-xBaxTiO3 (x=16 and 18 at %) ceramic
system.
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Figure 1. Temperature dependence of (a) pyroelectric current (ip) and (b) remnant polarization (P), for the studied samples.

Figure 2. Temperature dependence of the FOMs for the studied samples.

II. EXPERIMENTAL PROCEDURE

(Bi0.5Na0.5)1-xBaxTiO3 ceramics, for x = 16 and 18 at %, were
prepared by using the solid-state reaction sintering method.
High purity oxides (Bi2O3: 99.999 %; Ba2CO3: 99.36 %; Ti2O2:
98 %; Na2CO3: 99.5 %) were mixed and manually milled using
a mortar for 2 hours. The samples were calcinated at 800 °C for
1 hour in air atmosphere. The powders were milled again and
pressed as thin discs by using 2 ton/cm2. The disc ceramics
were sintered at 1150 °C for 2 hours in an air atmosphere,
using a covered platinum crucible to prevent bismuth loss
through evaporation. The samples were hereafter labeled as
BNT-16BT and BNT-18BT, respectively. The structural analysis
confirmed the formation of a pure perovskite structure
without additional spurious phases, showing a tetragonal
phase [9].

Silver paint electrodes were applied on the opposite parallel
surfaces of disk-shaped ceramics samples by a heat treatment
at 590 °C. The polarization process was carried out at 100
°C, applying an electric field of 2 kV/mm. Once polarized the
samples, the pyroelectric current (ip) was directly measured
through the static method using a Keithley 6485 Picoammeter
covering a wide temperature range (25 – 210 °C). The
remnant polarization (P) and the pyroelectric coefficient were
calculated from the temperature dependence of ip [16]. The
temperature dependence of the pyroelectric figures of merit
(FOMs) were obtained by using Eqs. (1), (2), (3) and (4), as
well as the dielectric parameters reported elsewhere [9].

III. RESULTS AND CONCLUSIONS

Figure 1 shows the temperature dependence of the
pyroelectric current (ip) and the remnant polarization (P) for
the studied compositions. A typical peak for the pyroelectric
current around 180 - 200 °C has been obtained for both
samples, with the corresponding decreasing to zero at the
reported depolarization temperature (Td) [9]. It is important
to note the high thermal stability through the studied
temperature range, which is a relevant behavior to be consider
for applications involving high-temperature sensors [17].

Figure 2 shows the temperature dependence for the
corresponding FOMs, given by equations (1), (2) and (3). The
behavior is similar to that obtained for the pyroelectric current
(Td) [9], with well-defined peaks below the depolarization
temperature and also high thermal stability. The maximum
obtained values for the FOMs, located near around this
critical temperature, are higher than those for other reported
materials, such as BaCe0.12Ti0.88O3 [18], Ba0.85Ca0.15Zr0.1Ti0.9O3
[19] and PbNb0.02(Zr0.95Ti0.05)0.98O3 [20], which were even
polarized at higher electric fields than the studied ceramics.

Table 1 summarizes the obtained values of the FOMs from
Figure 2, at room temperature, of the studied samples and
other ceramic systems reported in the literature. It can be
observed that Fi values of both studied samples are quite
modest in comparison with the literature average, which can
be attributed to the low p values obtained. The BNT-18BT
shows better results than those of BNT-16BT, being the FV
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parameter which exhibit the best result, representing the
maximum voltage output that can be obtained from the
sample.

The most relevant result which has been obtained in
the present study corresponds to the FE parameter, in
particular for BNT-18BT. Figure 3 shows this FOM at room
temperature for several reported materials, included the
studied compositions, suggesting the suitability of BNT-18BT
for pyroelectric energy harvesting (PyEH) [28]. This high FE
value is mostly attributed to the low permittivity value of this
sample at room temperature [10].

Table 1. FOMs at room temperature for the studied compositions and other
reported ceramic systems.

Materials Fi (10−9 mV) FV (10−2 m2/C) FD (µPa−0.5)

BNT-16BT 0.02 0.42 1.5
BNT-18BT 0.07 1.8 6.8
BCT 21 [21] 1.71 0.9 -
BNT-BT-ST [22] - 1.8 5.89
BTS [23] 1.03 0.2 -
BCSZT [5] 3.86 1.7 28.4
BNKLBTT [24] 2.21 3.0 14.8
BNT-BTZ [7] 2.03 2.2 10.5
PLZT-25 [25] 1.10 4.4 50.1
PLZT-50 [25] 0.12 0.16 1.9
PLZT 4/86/14 [26] 2.90 4.8 35.4
PLZT-0.11Cr [27] 1.55 1.16 8.3

Figure 3. FE values at room temperature for the studied samples, BNT-16BT
and BNT-18BT, and other previous reported materials. PLZT-25 [25],
BCSZT [5], BCSTSN [29], LNO3 [15], PLZT-0.11Cr [27], PMN-0.25PT [12],
BNT-BT-ST2 [22], BSZT15 [30], MNBT-BT [001] [31], BTS10 [32], BSZT5
[30], BST8 [32].

From this point of view and considering the previous
piezoelectric results [10] for the studied BNT-18BT, this
compound emerges as an excellent candidate for energy
harvesting applications based in the pyroelectric, piezoelectric
effect or their combination.
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