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ABSTRACT

Numerous efforts have been made to improve the pyroelectric properties of

lead-free ceramics through doping/substitution, nonstoichiometry, porosity

and composite formation. Hence, the bulk porous Na0.5Bi0.5TiO3–0.06BaTiO3

(NBT–6BT) ceramics were prepared to obtain enhanced pyroelectric properties

and figures of merit for energy harvesting. For this purpose, the burnt-out

polymer technique was used to obtain the desired porosity via 0–12% poly(-

methyl methacrylate) polymer addition. The dielectric constant for the unpoled

and poled samples decreased from 2215 to 422 and 790 to 221, respectively, as

the porosity increased from 6 to 30%. The pyroelectric coefficient was also

examined at room temperature to show an increment from 4.8 to 6.62 9 10-4

C/m2 K with increasing porosity from 6 to 10%. Pyroelectric figures of merit,

i.e., voltage responsivity (* 47.16 9 10-3 m2/C) and energy harvesting

(* 78.75 J/m3K2), were observed to be highest for NBT–6BT (2 wt% PMMA) at

room temperature. The findings suggest that the porous structure can enhance

the pyroelectric properties of lead-free ceramics.

Introduction

Pyroelectric materials have the potential to be used in

a range of applications, including energy harvesting

from waste heat [1–3], thermal sensors [4, 5] and

infrared detectors [6]. The pyroelectric effect is a

phenomenon where a material generates an electric

charge in response to a temporal temperature change

[7]. The requirement for temperature fluctuations

compared to bulky heat sources in thermoelectric

material makes it an ideal method for energy har-

vesting or sensing [8]. However, pyroelectric energy

harvesting is limited by its poor pyroelectric coeffi-

cient, low Curie temperature and higher dielectric

constant [9, 10]. Researchers have made efforts to

enhance the pyroelectric properties by doping/sub-

stitution [11, 12], nonstoichiometry [13, 14], compos-

ite formation [15–17] and single crystals [10, 18].

However, a similar improvement in pyroelectric

energy harvesting capabilities can be obtained by

introducing porosity [19, 20]. This physical
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modification can decrease the material’s specific heat

capacity, leading to a better thermal response [20].

Moreover, the porous structure decreases the dielec-

tric constant and can be a further add-on for energy

harvesting capabilities [20, 21]. Although having an

advantage of porosity, it is also restricted by poor

mechanical properties and decreased pyroelectric

coefficient (p) [20, 22]. In this regard, porosity can be

used to tune the complex relation between the ther-

mal, dielectric and p. Depending upon the electrical

and thermal circuits employed, the selection of

pyroelectric material can be obtained using different

figures of merit (FOM) [23, 24]. Generally, FOMs

such as current responsivity (Fi), voltage responsivity

(Fv), energy harvesting (Fe) and modified energy

harvesting (F�e) are defined for the comparison of

pyroelectric material.

Porous pyroelectric materials have garnered sig-

nificant interest in recent years, particularly in energy

conversion and harvesting. In this direction, Zhang

et al. [19] investigated Ba0.67Sr0.33TiO3 with porosity

from 1 to 9.6% and obtained an increased p from 50 to

80 9 10-4 C/m2 �C and decreased dielectric constant

from 2000 to 1000 at room temperature. Srikanth et al.

[25] used porous BaSn0.05Ti0.95O3 and showed the

porous sample figures of merit Fv and Fe to increase

by 77% and 160% compared to bulk. Porous Ba0.85-

Ca0.15Zr0.1Ti0.9O3 was fabricated using different wt%

of PMMA by Sharma et al. [26] and at 29% porosity,

the dielectric constant at 5 kHz decreased from 3481

to 1117. Further, Zhang et al. [22] used aligned

porosity in lead zirconate titanate and increased the

compressive strength from 19 MPa (random poros-

ity) to 35 MPa (aligned porosity). In this context,

developing porous pyroelectric materials can revo-

lutionize the development of sustainable and energy-

efficient harvesting processes.

Lead-based materials are known to harm the

environment and human health, making the devel-

opment of lead-free a crucial alternative. In this

direction, BaTiO3-based ceramics have significantly

increased pyroelectric properties [19, 24, 25]. More-

over, Na0.5Bi0.5TiO3 has been widely used by

researchers for its superior piezoelectric properties

accompanied by high Curie temperature [27, 28].

Hence, Na0.5Bi0.5TiO3–0.06BaTiO3 (NBT–6BT) lead-

free pyroelectric material has attracted significant

attention due to its relatively high piezoelectric con-

stant (d33), increased depolarization temperature and

enhanced pyroelectric properties [14, 29–31]. Zhu

et al. [32] fabricated porous NBT–6BT using freeze

casting having 3–1 type aligned pore. The d33 and

strain were 182 pC/N and 0.042% at an electric field

of 7 kV/mm. However, they do not investigate the

pyroelectric properties of the porous NBT–6BT. Thus,

porous NBT–6BT could be an efficient material for

pyroelectric energy harvesting which is considered in

the present work.

This study reports the dielectric, impedance,

pyroelectric and energy harvesting capabilities of

bulk porous NBT–6BT material. The bulk NBT–6BT

ceramic samples have been investigated for porosity

and pyroelectric properties. PMMA (poly(methyl

methacrylate)) with different wt% was added to

make porosity using burn-out polymer technique.

The pores were bulk in range, and the effect of dif-

ferent wt% PMMA in NBT–6BT was analyzed.

Experimental method

Synthesis

The 0.94Na0.5Bi0.5TiO3–0.06BaTiO3 (NBT–6BT) was

prepared using a solid-state reaction. The raw pow-

ders of Na2CO3 (99.5%), Bi2O3 (99.975%), TiO2

(99.6%) and BaCO3 (99.8%) (all Alfa Aesar) were

mixed in their stoichiometric ratio. The stoichiomet-

rically weighed materials were mixed in the plane-

tary ball in ethanol media for 12 h. The resultant

mixture was calcined at 900 �C for 3 h at a 5 K/min

heating rate in a closed alumina crucible. The pow-

ders obtained after calcination were re-milled for 6 h

in an ethanol medium at 250 rpm to remove any bulk

formation. The powder was dried at room tempera-

ture, and 5 wt% PVA solution was added. Pore for-

mer PMMA (2, 4, 8, 12 wt%) was mixed with the

powder and milled by mortar–pestle to obtain a

homogeneous mixture. The mixed powder was then

pressed into 12 mm diameter pellets using a uniaxial

compacting machine under 215 MPa. The green

samples (before sintering) thickness and diameter

were 1.54 mm and 12 mm, which decreased after

sintering to 1.26 mm and 10 mm, respectively. The

sample is grounded to make the surface plane par-

allel for further analysis and measurement. Thus, the

final sample diameter of 10 mm and thickness of

1.05 mm is used for the dielectric, pyroelectric, fer-

roelectric and impedance measurement.
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The sintering temperature was varied at a different

heating rate between room temperature to 1160 �C to

burn out the PMMA polymer. The temperature was

initially raised up to 240 �C at a heating rate of 2 �C/

min, then by 1 �C/min till 420 �C, followed by 2 �C/

min till 850 �C, then by 5 �C/min up to 1160 �C. The

sample was finally sintered at 1160 �C for 4 h and the

furnace cooled. The sample 0.94Na0.5Bi0.5TiO3–

0.06BaTiO3, 2 wt% PMMA in NBT–6BT, 4 wt%

PMMA in NBT–6BT, 8 wt% PMMA in NBT–6BT and

12 wt% PMMA in NBT–6BT are denoted by NBT–

6BT Pure, NBT–6BT (2% PMMA), NBT–6BT (4%

PMMA), NBT–6BT (8% PMMA) and NBT–6BT (12%

PMMA).

Materials characterization and measurement

X-ray diffractometry (Empyrean, Malvern PANalyti-

cal, with Cu-Ka radiation) was used to ascertain the

phase of the material. Field emission scanning elec-

tron microscopy (FESEM, JEOL JSM-7610 plus) was

used to observe the microstructure of the polished

samples. The NBT–6BT pure samples were thermally

etched at 1020 �C for 20 min to obtain an SEM

micrograph. The density of the samples was mea-

sured using the Archimedes principle. The samples

were electroded with silver paste on both sides and

cured at 700 �C for 10 min. The samples were poled

at 5 kV/mm at room temperature for 15 min. The

poled and unpoled temperature-dependent dielec-

trics were measured using an LCR meter (NF Corp.,

ZM2376) in the 100 Hz–1 MHz frequency range. The

impedance spectroscopy measurements were done in

the frequency and temperature range of 0.1 Hz–

3 MHz and 350–600 �C, respectively (NF Corp.,

ZM2376). A Sawyer–Tower circuit was used to mea-

sure the temperature-dependent polarization (P–

E) hysteresis loops at 1 Hz frequency using a trian-

gular field. The temperature-dependent pyroelectric

coefficient was measured using an electrometer

(Keithley 6517B) at a 5 �C/min heating rate.

Results and discussion

The XRD pattern of the NBT–6BT pure, NBT–6BT (4%

PMMA) and NBT–6BT (12% PMMA) is shown in

Fig. 1. The XRD pattern was measured at room

temperature in the 2h range of 20–80�. The XRD

reveals a single homogeneous perovskite structure.

The samples were indexed according to a single

ABO3 perovskite structure. The XRD patterns follow

the work done by previous researchers [31, 33]. As no

extra peaks could be observed in the XRD, the sam-

ples could be treated as phase pure.

The surface morphology of the ceramic samples

with different wt% of PMMA is shown in Fig. 2.

Thermal etching of pure NBT–6BT sample was

responsible for grain growth and is visible in Fig. 2a.

The porous samples were abstained from thermal

etching as the grain growth would restrict the pore’s

size and the interconnectivity between the pores. As

the size of the PMMA taken was in the range of

200–300 lm, the relatively larger size of pores is

obtained. It has been well known from the thermo-

gravimetric analysis that PMMA starts burning

at * 320 �C and is completely burnt at 400 �C. Thus,

the varying heating rate during sintering resulted in

the complete burning of PMMA. The vacant space

was occupied by air and decreased the material

density. The pores were observed to be well dis-

tributed throughout the surface. As the wt% of

PMMA increases from 0 to 12%, the porosity of the

sample increases from 6 to 30%.

The density (q) of the samples was measured using

the Archimedes principle, and the porosity (P) of the

samples was calculated using the following equation,

P ¼ qTh � qxð Þ=qTh � 100% ð1Þ

where qTh is the theoretical density of the material

and qx is the density of the porous sample. The

variation in porosity with the wt% of PMMA mixed

Figure 1 X-ray diffraction pattern for sintered ceramic samples.
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is shown in Fig. 3. The theoretical density of the pure

NBT–6BT material is taken to be 6200 g/cm3 [14]. The

density of the pure NBT–6BT sample is 5.818 g/cm3

with a porosity of 6%. The density of the 12% PMMA

in NBT–6BT was obtained as 4.381 gm/cm3. The

porosity of the NBT–6BT pure, NBT–6BT (2%

PMMA), NBT–6BT (4% PMMA), NBT–6BT (8%

PMMA) and NBT–6BT (12% PMMA) were obtained

to be 6%, 10%, 16%, 25% and 30%, respectively. The

amount of PMMA can control the porosity content.

The effect of porosity on Young’s modulus has been

analyzed by Zeng et al. [34] on PZT ceramics. They

found that the Young’s modulus decreased with

porosity; thus, a decreased compressive strength was

observed. Further, Zhang et al. [35] measured

compressive strength for pure and porous bulk PZT

are * 85 MPa (pure) to * 48 MPa (20% porosity).

The compressive strength decreases by * 44% com-

pared to the pure sample. The Young’s modulus of

bulk pure NBT–6BT is 122 MPa, two times higher

than the bulk PZT (67 MPa) [36, 37]. Further, Wang

et al. [37] reported that the fracture toughness and

hardness of the NBT–6BT and PZT are 1.36 MPa m1/2

and 0.82 MPa m1/2 and 5.4 GPa and 3.0 GPa,

respectively [36, 37]. Hence, the NBT–6BT porous

sample’s compressive strength may also decrease

similarly.

Figure 2 SEM images of the polished samples of a NBT–6BT Pure, b NBT–6BT (2% PMMA), c NBT–6BT (4% PMMA), d NBT–6BT

(8% PMMA) and e NBT–6BT (12% PMMA).
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Effect of porosity on the dielectric behavior
of the material

Figure 4 presents the temperature dependence of the

dielectric constant and loss at various frequencies for

unpoled samples of (a) pure NBT–6BT, (b) 2%

PMMA, (c) 4% PMMA, (d) 8% PMMA and (e) 12%

PMMA. The dielectric constant of the unpoled sam-

ples at room temperature decreased from 2215, 2100,

1748, 583 and 422 with an increase in porosity from 6

to 30% at room temperature. These results agree with

their corresponding literature, which shows a steady

decline in dielectric constant with porosity

[20, 22, 26]. This is because porous materials are

considered a two-phase system composed of pores

and bulk ceramic material. The pores are filled with

air with a dielectric constant of 1, and an effective

dielectric constant of the porous sample can be found

using any simple two-phase model. Using eeff = V1-

e1 ? V2e2, where V1 and V2 are the volume of bulk

ceramic and pore and e1 and e2 are the dielectric

constant of bulk ceramic and air, the dielectric con-

stant of the porous sample can be calculated [19].

Thus, it is evident from the above expression that the

extent of porosity can tailor the dielectric constant.

Further, the presence of porosity can decrease the

overall polarization of the material, which could be

another reason for the decrease in the dielectric

constant.

Small pores or voids may have a negligible effect

on the dielectric behavior of the material, while larger

pores or voids can have a more significant impact

[38]. The shape of the pores can also affect the

dielectric behavior, with irregularly shaped pores

being more detrimental to the dielectric constant than

regularly shaped pores. Hence, the decrement in

NBT–6BT (8% and 12% PMMA) is more pronounced.

The distribution of the pores in the pyroelectric

material can also play a role in its dielectric behavior.

If the pores are evenly distributed throughout the

material, the effect on the dielectric constant may be

more uniform. The pyroelectric materials in the

unpoled state show reduced pyroelectric properties.

Thus, the bulk and porous samples are poled to

enhance the pyroelectric property, where poling

aligns the ferroelectric domains in the direction of the

applied electric field.

The dielectric constant and loss for the poled

samples are shown in Fig. 4f. The dielectric constant

at room temperature for NBT–6BT pure, NBT–6BT

(2% PMMA), NBT–6BT (4% PMMA) and NBT–6BT

(8% PMMA) is measured to be 790, 628, 555 and 373.

The poling effect is distinctly visible in Fig. 4f in the

form of ferroelectric to relaxor phase transition at

temperature TF-R,, which was clearly not found in the

unpoled sample. The depolarization in NBT-based

ceramics (including NBT–6BT) can be measured in

two ways, distinguishing two stages in these ceram-

ics [30, 39, 40]. First, temperature-dependent dielec-

tric constant and loss measurement show a peak at

ferroelectric–relaxor phase transition temperature,

generally referred to as TF-R. It is evident from Fig. 4f

that a sharp peak in the poled sample is observed

near 104 �C (TF-R). In the second way/stage, the

depolarization temperature (Td) is observed in ther-

mally stimulated depolarization current measure-

ment. Td is the temperature where macroscopic

polarization of the material disappears, and a sharp

increment in the temperature-induced current is

obtained. Few studies suggest that Td is 8 �C lower

than TF-R [39, 41]. However, other studies do not

clearly distinguish between Td and TF-R [42]. More-

over, Td and TF-R are always well below Curie tem-

perature (TC) [39, 41]. The measured Td/TF-R and TC

from dielectric constant data of NBT–6BT are 104 �C
and 250 �C, respectively; thus, the material depolar-

izes well below TC. Salabaki et al. [3] have discussed

the complete analysis of Td, TF-R and TC [43]. Many

other researchers also have discussed Td, TF-R and TC

in NBT–6BT and suggested that Td should be used

for piezoelectric and pyroelectric applications instead

of TC [14, 33, 44]. This is because, above Td/TF-R, the

NBT-compositions have ferroelectric to relaxor phase

Figure 3 Variation of density and porosity with wt.% of PMMA

added in NBT–6BT pure.
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transition accompanied by macroscopic depolariza-

tion. The NBT-based composition does not show

pyroelectric and piezoelectric properties above Td or

TF-R. Therefore, in the present work, Td is considered

for the pyroelectric analysis instead of the TC.

Further, the sharp transition decreases with the

decrease in effective poling in the case of 8% PMMA.

The 12% PMMA sample could not be poled due to a

large leakage current; therefore, the poled dielectric is

not shown in Fig. 4f. Hence, the poled dielectric

constant and loss were used to calculate different

figures of merit. The depolarization temperature (Td)

for the porous and bulk sample was obtained to

be * 104–105 �C, which shows that the effect of

porosity on Td is negligible. The poling effect can be

observed in the P–E loop, pyroelectric current density

and figures of merit in the next sections.

Figure 4 Comparison of temperature-dependent dielectric

constant and dielectric loss for unpoled a NBT–6BT pure

b NBT–6BTS (2% PMMA) c NBT–6BT (4% PMMA) d NBT–

6BT (8% PMMA) e NBT–6BT (12% PMMA) at frequency

0.1–1000 kHz and f dielectric constant and loss measured at

1 kHz frequency for poled bulk and porous samples.
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Effect of porosity on P–E loop characteristics

Figure 5a shows virgin cycle (as fabricated sample:

1st cycle), 2nd cycle (unpoled sample) and poled

sample P–E hysteresis loops at room temperature for

NBT–6BT. As the positive polarity electric field is

applied, large polarization response is observed in

the virgin sample at about 3 MV/m; see Fig. 5a. This

is because the electric field-induced phase transition

occurs from the non-ergodic relaxor to the ferroelec-

tric state accompanying domain switching [45, 46].

This ferroelectric phase is stable after field removal.

Therefore, a large remanent polarization (Prem) is

obtained because of the irreversibility of phase tran-

sition and domain switching process. This can also be

due to the high internal polarizability, strain and

electromechanical coupling. P–E hysteresis loop of

the second cycle (Fig. 5a) indicates that the maximum

polarization decreases compared to virgin samples.

The reduction in Prem from the 1st cycle to the 2nd

cycle can be attributed to the absence of phase

transformation strains. In order to achieve the virgin

cycle polarization, the sample is poled, and the P–E

hysteresis loop is measured, as shown in Fig. 5a.

Thus, the poled sample has higher Prem than the

unpoled sample because poling has induced the

electric non-ergodic relaxor to ferroelectric state

phase transition accompanying the domain switch-

ing. Further, a similar coercive electric field (Ec) is

obtained in the poled and unpoled 2nd cycle NBT–

6BT. The poled and unpoled NBT–6BT (pure) sample

dielectric constants are 2215 and 790, respectively,

with * 3 orders of variation in dielectric constant

Figure 5 NBT–6BT pure bulk sample a P–E hysteresis loop of poled and unpoled samples, b P–E hysteresis loop at various

temperatures, c pyroelectric current density and d pyroelectric coefficient.
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results from electric field-induced phase transition

(shown in Fig. 4f). Fig 5b shows the temperature-

dependent P–E loops for the bulk NBT–6BT. The

normal P–E hysteresis loop at room temperature

transforms to a pinch type at a higher temperature

resulting from the ferroelectric to ergodic relaxor

phase transition. The temperature is generally refer-

red as Td, where the pinched/relaxor P–E hysteresis

loop is obtained. Fig 5b shows a Td between 100 and

110 �C. Saurabh et al. [14] and Tae et al. [33] reported

a similar P–E loop with a Td of * 104 �C. The pre-

sent analysis reports a Td of 104 �C as obtained from

the dielectric curve and pyroelectric current density.

The porosity also affects the Prem, Pmax and Ec of

NBT–6BT. In this direction, Zhu et al. [32] reported

the aligned porosity (36% porous) effect on the

piezoelectric and ferroelectric properties of NBT–6BT.

They showed that the Prem, Pmax and Ec are slightly

decreased from 37 lC/cm2, 33 lC/cm2 and 4.83 kV/

mm (pure bulk) to 33.5 lC/cm2, 30 lC/cm2 and

4.56 kV/mm (36% porous bulk), respectively. Zhu

et al. [32] measured polarization by the bound charge

over the nominal surface area, keeping the same

dimensions. However, porous samples’ effective

surface area increases, and the polarization values

may be underestimated. Thus, a similar effect of

porosity on the Prem, Pmax and Ec can be considered in

the present work. Further, this work uses burnt-out

polymer technology to produce porosity; thus, the

decrement in pyroelectric properties may slightly

vary from Zhu et al. [13]. In order to look at the

poling effect in NBT–6BT, the pyroelectric current

and coefficient are estimated for poled and unpoled

samples, shown in Fig. 5c and d, respectively. The

pyroelectric current and coefficient are 1000 times

higher in poled compared to unpoled sample. Such a

remarkable improvement in the pyroelectric current

and coefficient enhancement results from the electric

field (poling) induced phase transition and domain

switching. Thus, the poled NBT–6BT sample consists

of higher pyroelectric current density and coefficient,

as shown in Fig. 5c and d.

Effect of porosity on impedance
spectroscopy

The impedance spectroscopy data were measured

from 0.1 Hz to 3 MHz in the temperature range of

500–610 �C. The pure and porous NBT–6BT data

were used for Nyquist plots. Impedance imaginary

part (Z00) vs. real part of impedance (Z0) are shown in

Fig. 6a–c for 500 �C, 550 �C and 610 �C. In pure and

porous NBT–6BT, a single semicircle is observed at

the measured temperature and frequency range,

mainly due to the samples’ bulk response. The bulk

contribution was modeled using an equivalent circuit

of resistance (R) connected in parallel with a constant

phase element (CPE). The equivalent resistance can

be observed to increase with porosity and overlap at

higher temperatures. The samples conductivity was

estimated using the relation r ¼ t=ðR� AÞ, where t, A

and R give the thickness, cross-sectional area and

resistance of the equivalent circuit. The temperature

dependence conductivity also obeys the Arrhenius

behavior given by

r ¼ rpexp �Ea=KBTð Þ; ð2Þ

where k is the Boltzmann constant, Ea is the activation

energy and rp is the pre-exponential factor.

The Arrhenius-type plot for NBT–6BT-type mate-

rials is fitted separately for high-temperature and

low-temperature regions [14, 33]. The Arrhenius plot

is fitted for high-temperature regions (550–610 �C) in

the present analysis. The activation energy (Ea) of the

sample material conduction process is obtained from

the slope of the Arrhenius plot shown in Fig. 6d. The

activation energy was obtained to be 1.56 eV, 1.63 eV,

1.64 eV, 1.62 eV and 1.63 eV for NBT–6BT Pure,

NBT–6BT (2% PMMA), NBT–6BT (4% PMMA), NBT–

6BT (8% PMMA) and NBT–6BT (12% PMMA).

Regardless of the porosity, the activation energy of

the samples was similar to the pure NBT–6BT. Thus,

the conduction mechanism can be said to be inde-

pendent of the porosity. This behavior of the porous

pyroelectric materials would be helpful in pyro

catalysis due to increased surface area. Although to

analyze the effect of the energy harvesting capabili-

ties of the porous materials, it is essential to look into

pyroelectric properties and figure of merit.

Effect of porosity on the pyroelectric
properties

Pyroelectric energy harvesting solely depends on the

magnitude of current and voltage produced under an

external temperature fluctuation. Theoretically, the

magnitude of voltage produced depends on different

parameters such as dielectric constant, sample

thickness and temperature change [9]. The pore size

distribution in the porous material is random in

J Mater Sci (2023) 58:9562–9578 9569



nature, and the connectivity of the pores in the

multiphase affects the material properties. In this

regard, the random pores in the present analysis

would be a good fit between the series and parallel

model. For applying the series and parallel models in

the current porous material, the 2–2 connectivity

composite is assumed where the first phase is NBT–

6BT and the second phase is the passive pore channel

(denoted as ‘pc’, henceforth). The theoretical pyro-

electric coefficient formulation for series connection

[20, 47] is

p ¼ VNBT�6BTpNBT�6BTepc33 þ VpcppceNBT�6BT
33

VNBT�6BTepc33 þ VpceNBT�6BT
33

þ 2VNBT�6BTVpcðepc33d
NBT�6BT
33 � eNBT�6BT

33 dpc33Þðapc � aNBT�6BTÞ
VNBT�6BTepc33 þ VpceNBT�6BT

33

� �
½VNBT�6BT spc11 þ spc12

� �
þ Vpc sNBT�6BT

11 þ sNBT�6BT
12

� �
�

ð3Þ

where p, V, e, d, s, are pyroelectric coefficient, volume

fraction, dielectric constant, piezoelectric coefficient

and elastic compliance, respectively. If the pyroelec-

tric, piezoelectric coefficient and elastic compliance of

air are zero, zero and infinite, respectively. Then,

above equation can be written as [20, 47]:

p ¼ VNBT�6BTpNBT�6BT

VNBT�6BT þ Vpc �m
ð4Þ

where m is the ratio of dielectric constant of the two

Figure 6 Nyquist plot (complex impedance plot) for NBT–6BT

pure, NBT–6BT (2% PMMA), NBT–6BT (4% PMMA), NBT–

6BT (8% PMMA) and NBT–6BT (12% PMMA) at a 510 �C,

b 550 �C, c 610 �C and d Arrhenius-type plot for bulk

conductivity (high-temperature region).
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phases eNBT�6BT
33 =epc33. The pyroelectric coefficient for

parallel connection can be written as:

p ¼ VNBT�6BTpNBT�6BT þ Vpcppc

þ
VNBT�6BTVpcpNBT�6BT dNBT�6BT

33 � dpc33

� �
apc � aNBT�6BT
� �

VNBT�6BTspc33 þ VpcsNBT�6BT
33

ð5Þ

Here, considering the above assumption (as used

for Eq. 4) Eq. 5 can be written as

p ¼ VNBT�6BTpNBT�6BT ð6Þ

However, these equations are valid for the aligned

pores channels only. In this work pores are randomly

distributed with nonuniform size (3–3 connected

composite); hence, these models cannot be directly

applied. Moreover, these models can provide a rough

estimation for pyroelectric coefficient variation with

porosity. Similarly, the current produced in open

circuit conditions is directly proportional to the

pyroelectric coefficient, rate of temperature change

and cross-sectional surface area [9]. Factors such as

the pyroelectric coefficient are intrinsic and cannot be

altered with any physical alteration. However, there

are numerous ways to structurally modify the mate-

rial to improve p, including nonstoichiometry,

chemical modification, composite formation, etc.

[11–15] Following the theory and the associated

equations shown in Fig. 7; there are only two ways to

improve pyroelectric energy harvesting physically:

first, by changing the design to increase A and h, and

second, by introducing porosity in the material.

Under a fixed design consideration, porosity can

enhance pyroelectric energy harvesting. The effect of

porosity on the dielectric constant of the porous

material is already seen in Fig. 4, where an increase

in porosity was observed to decrease the dielectric

constant. The impact of porosity on the pyroelectric

current density and p is shown in Fig. 8.

Under a given boundary condition (dT/dt =

const), the pyroelectric current density for a material

depends on the silver coated (electroded) cross-sec-

tional area (A) and p. For a porous material, with the

increase in porosity, the A decreases and hence the

I decrease. Further, with the introduction of porosity,

the effective ferroelectric NBT–6BT phase decreases

with a decrease in polarization. It can be concluded

that the porous NBT–6BT materials have reduced

ferroelectric domains compared to bulk NBT–6BT.

Furthermore, the magnitude of p is also dependent

on the effectiveness of the poling. Porous materials

are difficult to pole due to higher leakage currents. As

a combined result of the above reasons, the I of the

pyroelectric material decreases with the porosity.

Figure 8a shows the pyroelectric current density for

bulk and porous NBT–6BT materials. Figure 8a and b

inset depicts the variation of pyroelectric current

density and p below the Td, respectively. The tem-

perature has been kept 20 �C below Td to prevent the

material from depolarization effects due to tempera-

ture overshooting in any practical application. In

addition, cycling heating/cooling (10 cycles) is

Figure 7 Schematic diagram showing the parameters affecting pyroelectric energy harvesting in bulk and porous samples.
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performed to observe its effect on pyroelectric prop-

erties. The sample was held for 24 h after poling to

avoid the domain switching’s surface charge effect

and relaxation before cyclic heating/cooling. It was

observed that the pyroelectric current density and

dielectric constant reduce by 5–8% at around room

temperature and * 30% at 80 �C after the first cycle

and later remain almost constant. Hence, the pyro-

electric current density and coefficient in Fig. 8 are

reported for the 10th cycle. In order to estimate fig-

ures of merit, the 10th cycle data of the dielectric

constant and pyroelectric coefficient are used.

The Td of the material is observed to be * 104 �C
for bulk and porous samples. However, with the

increase in porosity, the current peak at the Td

decreased. Although at room temperature, the pyro-

electric current density (I/A) was obtained to be

2.85 9 10-5 A/m2, 3.81 9 10-5 A/m2, 4.55 9 10-5

A/m2 and 2.1 9 10-5 A/m2 for NBT–6BT pure,

NBT–6BT (2% PMMA), NBT–6BT (4% PMMA) and

NBT–6BT (8% PMMA). This increment in value for 2

and 4% PMMA in NBT–6BT may be due to higher

interaction of temperature change due to increased

overall surface area of interaction by porosity. How-

ever, in the case of NBT–6BT (8% PMMA), pyro-

electric current density again decreases due to

inefficient poling. In this regard, NBT–6BT (12%

PMMA) could not be poled due to high leakage

current and increased porosity. The pyroelectric

coefficient (p) has been calculated from the pyro-

electric current density using the relation (I = p 9

A 9 dT/dt) as shown in Fig. 8b. A similar trend

could also be observed for the pyroelectric coefficient.

The pyroelectric coefficient at room temperature

(30 �C) was observed to be 4.38 9 10-4 C/m2 K,

6.62 9 10-4 C/m2 K, 5.64 9 10-4 C/m2 K and

3.3 9 10-4 C/m2 K NBT–6BT pure, NBT–6BT (2%

PMMA), NBT–6BT (4% PMMA) and NBT–6BT (8%

PMMA). This analogous behavior for an increase in p

with porosity has also been reported by Srikanth et al.

[25] and Zhang et al. [19]. Srikant et al. [25] theoret-

ically calculated the p for BaSn0.05Ti0.95O3 with dif-

ferent amounts of PMMA added for porosity. The

pyroelectric coefficient for BaSn0.05Ti0.95O3 (0%

PMMA), BaSn0.05Ti0.95O3 (2% PMMA) and BaSn0.05-

Ti0.95O3 (4% PMMA) was observed to be 4.32, 5.57

and 5 9 10-4 C/m2 K. Similarly, Zhang et al. [19] at

room temperature showed the p to increase from 50

to 80 9 10-4 C/m2 �C when the porosity in Ba0.67-

Sr0.33TiO3 was increased from 1 to 9.6%. At the lower

porosity level, the decrease in ferroelectric domain

due to porosity is overpowered by the lowered heat

capacity (Cp), resulting in a better temperature

change. This may be a primary reason for the increase

in p at a temperature below Td.

Figure 8 a Pyroelectric current density and b pyroelectric coefficient as a function of temperature for bulk and porous samples. The inset

of figures shows the enlarged view of the pyroelectric current density and pyroelectric coefficient till 80 �C.
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Effect of porosity on figures of merit
of pyroelectric material

The ability of materials to generate energy for prac-

tical applications can be assessed by various fig-

ures of merit (FOM). These FOM contain a

combination of physical properties to evaluate the

pyroelectric material properties for energy harvest-

ing. The variation of different FOM with temperature

for a bulk and porous material is shown in Fig. 9. The

current responsivity of the pyroelectric materials can

be compared by the FOM FI ¼ p
qCp

, where q is the

density of the material and Cp is the material’s

specific heat capacity. The Cp of the porous materials

can be found using the relation [19]

Cp ¼ CpðdenseÞ � ð1 � UÞ, where U is the porosity frac-

tion of the material. The Cp of the pure NBT–6BT

material is taken to be 462 J/kg K [12, 14]. Higher

values of FI are mainly used in infrared sensing

devices. Figure 9a shows a 60% increment in FI for

2% and 4% PMMA in NBT–6BT, while the 8%PMMA

in NBT–6BT is similar to pure NBT–6BT at room

temperature. In order to attain higher voltage

responsivity for a given input power, FOM FV ¼ p
qCpe�0

should be enhanced. The Fv of all the porous mate-

rials was higher than the pure NBT–6BT. This is due

to the dependency of Fv on p; q;Cp and e. For 2 and

4% PMMA in NBT–6BT, the higher p and lower q;Cp

and e as compared to pure NBT–6BT were the sole

reason for the increment. However, for 8% PMMA,

although the p was lower than pure NBT–6BT, the

value of q;Cp and e was much lower. Hence, a com-

bined effect resulted in an increment of Fv for 8%

PMMA in NBT–6BT. Similarly, at 80 �C an increment

of * 81% and 100 % was observed for 2 and 8%

PMMA in Fv of NBT–6BT as compared to pure. A

Figure 9 Pyroelectric figures of merit a Fi, b Fv, c Fc, d Fd, e Fe and f F�e as a function of temperature for pure and porous NBT–6BT

samples.
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similar behavior was observed for 4% PMMA in

NBT–6BT, with almost constant FOM. This is mainly

due to relatively constant p and e in the temperature

range of 30–80 �C.

Pyroelectric FOM Fc and high detectivity FOM Fd

are defined as FCð Þ ¼ pffiffi
�

p and Fdð Þ ¼ p

qcp
ffiffiffiffiffiffiffiffiffiffi
ee0tand

p . An

increment trend similar to Fi and Fv was also

observed for Fc and Fd. At room temperature for

NBT–6BT (2% PMMA), the Fc and Fd showed an

increment of 69% (1.56 to 2.64 9 10-5 C/m.K) and

61% (12.02–19.38 9 106/Pa1/2) as compared to NBT–

6BT pure. Further, thermal energy harvesting FOM

Feð Þ ¼ p2

ee0
and F�e

� �
¼ p2

ee0ðqcpÞ2 is also calculated. The

maximum Fe and F�e at room temperature and 80 �C
are obtained to be 78.75 J/m3K2 and 12.38 9 10-12

m3/J and 1137 J/m3K2 and 178.94 m3/J for NBT–6BT

(2% PMMA). A comparison of FOM with the avail-

able literature (selected materials) and present work

for various lead-free materials is shown in Table 1.

The comparison shows that porous NBT–6BT can be

a good choice among various lead-free materials for

energy harvesting.

The I–V measurement was carried out for practical

energy harvesting capability. Figure 10a shows the

schematic diagram for the heating and cooling setup

used for pyroelectric energy harvesting. Two silicon

oil beakers were initially maintained at 60 �C and

5 �C using a hot plate and chilled silicon oil. The

sample is manually moved in hot and cold oil bea-

kers for cyclic temperature, current and voltage

measurement. In the * 10 s/14 s, heating/cooling

cycle (manually dipping sample in hot/cold silicon

oil beakers alternatively) is performed, which pro-

vides * 6–7 �C temperature variation as shown in

Fig. 10b and the room temperature was * 32 �C. The

material was heated from 32 to 39 �C in 10 s and then

cooled back to 32 �C in 14 s, as shown in Fig. 10b.

Here, it should be noted that the hot and cold bath

temperature was 60 �C and 5 �C. The cycle temper-

ature is obtained between 32 to 39 �C because of the

frequency of the cycle, heat loss in the environment,

and the mixing of hot and cold oil between beakers

during the movement. The setup is made to analyze

the present study. Thus, a more precise movement/

frequency of the sample between the hot and cold

beaker is needed to optimize or an automatic heat-

ing/cooling setup is required to obtain a smooth and

higher temperature, current and voltage value. The

current and voltage for pure and 2% NBT–6BT are

shown in Fig. 10c and d. The peak (negative) to peak

(positive) pyroelectric current (I) is * 15.5 nA

and * 29 nA with 32–39 �C in 10 s for NBT–6BT and

NBT–6BT (2% PMMA), respectively. Considering

these data, if the pyroelectric coefficient is estimated

using p = (I/A) 9 (dt/dT) (effective area of the

coated sample was a diameter of 8.6 mm). Then, p is

found as 3.69 9 10-4 C/m2 (pure) and 6.9 9 10-4

Table 1 Comparison of pyroelectric coefficient and FOM of the present study with other well-known lead-free materials

Material p (9 10-4

C/m2 K)

Fi
(9 10-10

Cm/J)

Fv(9 10–3

m2/C)

Fc
(9 10-5

C/m2.K)

Fd
(9 10-6

/Pa1/2)

Fe (J/

m3K2)

Fe
*

(10-12

m3/J)

References

Ba0.85Ca0.15Zr0.1Ti0.9O3 (0% PMMA) 7.5 3.9 12 – – 17.5 4.8 [26]

Ba0.85Ca0.15Zr0.1Ti0.9O3 (8% PMMA) 5 2.7 18 – – 18.7 5.2 [26]

BaSn0.05Ti0.95O3 (2% PMMA) 5.57 3.55 18 – – 8.2 2.34 [25]

Ba0.85Sr0.15Zr0.1Ti0.9O3 (5% PVA) 9.14 4.45 10 – 12.64 18.77 4.47 [24]

Ba0.85Sr0.15Zr0.1Ti0.9O3 (10% PVA) 8.54 4.42 11 – 13.25 18.51 4.97 [24]

Ba0.85Sr0.15Zr0.1Ti0.9O3 (15% PVA) 8.04 4.47 15 – 13.90 22.60 6.98 [24]

Polyvinylidene fluoride (PVDF) 2 0.8 8 – – 4.2 0.6 [48]

0.005La–NBT–0.06BT–0.002Ta 12.92 4.61 78 2.57 2.76 – – [49]

(Ba0.84Ca0.15Sr0.01)(Ti0.90Zr0.09Sn0.01)O3 11.16 4.79 13 – 18.1 33.4 6.21 [50]

[Bi0.5(Na0.95K0.05)0.5]0.95 Ba0.05TiO3 3.25 1.12 15 – – 15.8 1.7 [51]

NBT–6BT pure 4.38 1.61 23.04 1.56 12 27.53 3.71 Present

Study

NBT–6BT (2%PMMA) 6.62 2.62 47.16 2.64 19.38 78.75 12.38 Present

Study

NBT–6BT (4%PMMA) 5.64 2.57 52.32 2.39 16.37 64.81 13.46 Present

Study
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C/m2 (2% PMMA), approximately the same as

obtained by ramping as given in Table 1. Moreover,

the peak (negative) to peak (positive) pyroelectric

voltage (V) is * 5 V and 9.3 V for NBT–6BT and

NBT–6BT (2% PMMA), respectively. The pyroelectric

voltage and current in the porous sample are almost

two orders higher than the pure NBT–6BT sample.

Hence, the pyroelectric energy harvesting is * 4

orders higher than pure NBT–6BT; it is also con-

firmed by Table 1, where energy harvesting FOMs Fe

and Fe
*are * 5–6 orders more than pure NBT–6BT.

Conclusion

Porous NBT–6BT demonstrated an enhanced pyro-

electric property and figures of merit. The dielectric

constant for pure NBT–6BT decreased from 2215 to

583 (8% PMMA) for unpoled samples and 790–373

for poled samples at room temperature. The p at

room temperature for NBT–6BT (2% PMMA) showed

an increment of 51% compared to pure NBT–6BT.

The activation energy is independent of porosity. The

porous material poling was ineffective with the

increased pore size and porosity; hence, NBT–6BT

(12% PMMA) could not be poled. The porous NBT–

6BT (2% PMMA) material indicated an improved

pyroelectric FOM at 30–80 �C. The energy harvesting

FOM showed an increment of 186% at room tem-

perature and 120.7% at 80 �C. The results

Figure 10 a Schematic diagram showing the pyroelectric energy harvesting using alternative heating and cooling, b variation of

temperature with time; current and voltage variation for c NBT–6BT and d NBT–6BT (2% PMMA).
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demonstrate the introduction of porosity in material

to be an efficient technique for pyroelectric energy

harvesting.
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[33] Seo I-T, Steiner S, Frömling T (2017) The effect of A site

non-stoichiometry on 0.94(NayBix)TiO3-0.06BaTiO3. J Eur

Ceram Soc 37:1429–1436

[34] Zeng T, Dong X, Mao C, Zhou Z, Yang H (2007) Effects of

pore shape and porosity on the properties of porous PZT

95/5 ceramics. J Eur Ceram Soc 27:2025–2029

[35] Yan M, Xiao Z, Ye J, Yuan X, Li Z, Bowen C, Zhang Y,

Zhang D (2021) Porous ferroelectric materials for energy

technologies: current status and future perspectives. Energy

Environ Sci 14:6158–6190

[36] Wohninsland A, Fetzer A-K, Riaz A, Kleebe H-J, Rödel J,
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