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Abstract 

Piezoelectric energy harvesting has attracted significant attention in recent years due to 

their high-power density and potential applications for self-powered sensor networks. 

In comparison to dense piezoelectric ceramics, porous piezoelectric ceramics exhibit 

superiority due to an enhancement of piezoelectric energy harvesting figure of merit.  

This paper provides a detailed examination of the effect of pore morphology on the 

piezoelectric energy harvesting performance of porous barium calcium zirconate 

titanate 0.5Ba(Zr0.2 Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 (BCZT) ceramics. Three different pore 

morphologies of spherical, elliptical, and aligned lamellar pores were created via the 

burnt out polymer spheres method and freeze casting. The relative permittivity 

decreased with increasing porosity volume fraction for all porous BCZT ceramics. Both 

experimental and simulation results demonstrate that porous BCZT ceramics with 

aligned lamellar pores exhibit a higher remanent polarization. The longitudinal d33 

piezoelectric charge coefficient decreased with increasing porosity volume fraction for 

the porous ceramics with three different pore morphologies; however, the rate of 

decrease in d33 with porosity is slower for aligned lamellar pores, leading to the highest 

piezoelectric energy harvesting figure of merit. Moreover, the peak power density of 

porous BCZT ceramics with aligned lamellar pores is shown to reach up to 38 μW cm-

2 when used as an energy harvester, which is significantly higher than that of porous 

BCZT ceramics with spherical or elliptical pores. This work is beneficial for the design 

and manufacture of porous ferroelectric materials in devices for piezoelectric energy 

harvesting applications. 



 

Key words: porous BCZT ceramics, porosity, pore morphology, energy harvesting 

 

1. Introduction 

With the development of Internet of Things (IoT), there are increasing demands 

for sensors to detect a range of stimuli, including mechanical loads such as acceleration, 

force, pressure and strain. The growth in the number of sensors has also led to 

significant interest in energy harvesting technologies to reduce their reliance on 

batteries or wires to power such sensors.[1-3] Among the variety of energy harvesting 

technologies, piezoelectric energy harvesting, which converts ambient mechanical 

energy into electrical energy, has been considered to be a highly promising energy 

harvesting technology due to their high-power density and adaptability.[4-6] 

Ferroelectric based ceramics are candidates for piezoelectric energy harvesting, 

primarily due to their high dij piezoelectric charge coefficients. The harvested energy 

density of a piezoelectric material subjected to a stress can be estimated by equation.[7] 

FoMij = 
dij

 2

ε0ε33
 T                              (1) 

where 𝐹𝑜𝑀𝑖𝑗 is a piezoelectric energy harvesting figure of merit under a mechanical 

stress, 𝑑𝑖𝑗 is the piezoelectric charge coefficient, 𝜀0 is the permittivity of free space, 

and 𝜀33
𝑇  is the relative permittivity at constant stress. It can be concluded from the 

above equation that piezoelectric materials with a high 𝑑𝑖𝑗 and low 𝜀33
𝑇  are highly 

desirable for energy harvesting applications. 

In general, piezoelectric ceramics are produced to possess high relative densities 



to achieve high piezoelectric properties.[8] However, the relative permittivity of dense 

ferroelectric ceramics is typically very high; for example, the relative permittivity of 

dense lead zirconate titanate (PZT) ceramic is ε33
 T  ~ 1000 - 3000.[9] While the 

existence of porosity is often considered as defect, introducing porosity into a dense 

piezoelectric ceramics can act to reduce the relative permittivity,[10] which can 

therefore lead to an increase in FoMij and its performance for applications related to 

piezoelectric energy harvesting.[11] Thus, there is increasing interest in porous 

piezoelectric ceramics for energy harvesting applications. In the last few decades, a 

number of studies have been conducted to study the properties of porous piezoelectric 

ceramics, where a variety of studies have shown that the relative permittivity of porous 

piezoelectric ceramics decreased significantly with increasing porosity volume fraction 

due the introduction of low permittivity pores.[12-14] The piezoelectric charge 

coefficient d33 also decreased with increasing porosity volume fraction, but it decreased 

more slowly than that of the relative permittivity, leading to the improvement of 

piezoelectric energy harvesting figure of merit.[15-17] The pore shape can also have an 

influence on the properties of porous piezoelectric ceramics. Du et al. employed 

polymethyl methacrylate (PMMA) spheres and stearic acid (SA) to fabricate porous 

piezoelectric ceramics, and their results showed that the relative permittivity of porous 

ceramics formed using PMMA as pore-forming agent was higher than that using stearic 

acid, which was attributed to the pore shape and grain structure.[18] Yap et al. fabricated 

porous piezoelectric ceramics using polyethylene (PE) microspheres and fibers as pore-

forming agents, and it was observed that porous piezoelectric ceramics with elliptical 



pores possessed a lower remnant polarization, since the elliptical pores were 

perpendicular to the poling direction, leading to more regions of low electric field 

intensity during the polarization process.[19] An additional factor that influences the 

properties of porous piezoelectric ceramics is the pore orientation. ‘3-1’ type porous 

PZT ceramics with an aligned pore structure in the polarization direction were prepared 

via freeze casting by Guo et al., and a much higher permittivity was obtained compared 

to other types of porous PZT ceramics with the same porosity due to the highly aligned 

one-dimensional pore structure.[20] Zhang et al. fabricated a unidirectional porous 

ferroelectric ceramics via water-based freeze casting, and it was demonstrated that the 

relative permittivity, remnant polarization and hydrostatic figure of merits of a parallel-

connected structure was higher than that of series-connected structure.[16] 

Subsequently, they compared the polarization-electric field (P-E) hysteresis loops of 

porous barium calcium zirconate titanate (BCZT) ceramics with randomly distributed 

pores and aligned pores.[21] It was observed that the remnant polarization of the 

ceramics with aligned pores decreased more slowly with an increase in pore volume 

fraction due to the existence of a higher fraction of poled regions in ceramics with 

aligned pores. Despite these developments, there continues to be challenges that need 

to be solved, where the effect of pore morphology of porous piezoelectric ceramics on 

the dielectric, piezoelectric properties and piezoelectric energy harvesting performance 

is still not clear. 

In this paper, porous BCZT ceramics with three different pore morphologies of 

spherical, elliptical, and aligned lamellar pores were fabricated via burnt out polymer 



spheres method and freeze casting. BCZT was selected due to its high piezoelectric 

charge coefficient of d33 ~ 620 pC N-1 and lead-free nature.[22] The effect of pore 

morphology on the dielectric, ferroelectric, piezoelectric properties and piezoelectric 

energy harvesting performance was systematically investigated. The results show that 

the peak power density of porous BCZT ceramics with aligned lamellar pores can reach 

up to 38 μW cm-2, which is significantly higher than that of porous BCZT ceramics 

with spherical and elliptical pores. This work provides new insights in the 

understanding on the effect of pore morphology to inform future effort in the design of 

piezoelectric materials for piezoelectric energy harvesting applications.  

2. Experimental procedure 

Porous BCZT ceramics with three different pore morphologies were fabricated via 

burnt-out polymer spheres method and freeze casting. Firstly, BCZT powder was 

prepared by a solid-state reaction technique. Analytical grade BaCO3 (99%), CaCO3 

(99%), TiO2 (99%), and ZrO2 (99%) were mixed and calcined at 1300 °C for 3 h and 

followed by additional ball-milling for 24 h. With regards to the burnt-out polymer 

spheres method, polymethyl methacrylate (PMMA) spheres with the diameter of 17 m 

(Dongguan Kena Co. ltd., China) and carbon fibers with the diameter of 7 m, length 

of 30 m (Shenzhen, Tanxi Co. ltd., China) were selected as pore-forming agents. Fig. 

1(a) shows the fabrication process of porous BCZT ceramics with spherical and 

elliptical pores. BCZT ceramic powders were mixed with PMMA spheres or carbon 

fibers, and the piezoelectric ceramic green bodies with an initial diameter of 12 mm and 

thickness of 1.0 mm were obtained via uniaxial hydraulic pressing with the pressure of 



200 MPa. Then, the green bodies were sintered at 1350 °C for 3 h to obtain porous 

BCZT ceramics with spherical and elliptical pores. Porous BCZT ceramics with aligned 

lamellar pores were fabricated via freeze casting. As shown in Fig. 1(b), BCZT 

suspensions were ball-milled for 24 h to generate homogeneous suspensions, similar to 

our previous work.[16] The suspension was poured into a cylindrical 

polydimethylsiloxane (PDMS) mold (: 14 mm, H: 20 mm) and frozen in a liquid 

nitrogen container with a temperature gradient to form the aligned pore channels. Then, 

the samples were freeze-dried under vacuum condition to sublimate the ice crystals at 

-25°C and 1 Pa for 48 h. Finally, porous BCZT ceramics were sintered at 1350 °C for 

3 h. Silver paste (Shenzhen Saiya Co. ltd., China) was painted on the upper and lower 

surfaces of the ceramics as electrodes, and porous BCZT ceramics with different pore 

morphologies were poled at 60 °C for 30 min using a DC voltage of 15 kV using a 

corona poling technique.  

COMSOL Multiphysics 5.4 (combinations of Solid Mechanics, Electrostatics, and 

Electrical Circuit Modules) was used to simulate the electric field distribution of porous 

BCZT ceramics. Three models of porous BCZT ceramics with spherical, elliptical, and 

aligned lamellar pores were created, and the porosity of the three models was set to be 

17 vol.%. Within the model the relative permittivity of unpoled BCZT was set to r ~ 

2900, which was measured experimentally, and air with the relative permittivity of r = 

1. An electric field of 2 kV/mm was applied to investigate the effect of pore morphology 

on the electric field distribution during the poling process. 

The surface morphology of porous BCZT ceramics was observed by field emission 



scanning electron microscopy (FESEM, NovaNanoSEM230, USA). The porosity level 

of porous BCZT ceramics was obtained by the Archimedes’ method. The relative 

permittivity and dielectric loss were measured by Precision Impedance Analyzer 

(4294A; Agilent Technologies, Santa Clara, USA). The polarization-electric field (P-E) 

loops were characterized by a TF Analyzer 2000 (AixACCT systems, Germany). The 

piezoelectric charge coefficient was measured using a piezoelectric d33 meter (ZJ-4AN, 

Institute of Acoustics, Academic Sinica, China). The compressive strength of porous 

BCZT ceramics with different pore morphologies were tested with a crosshead speed 

of 0.5 mm/min by a universal mechanical testing machine (Instron 3369, USA). The 

piezoelectric energy harvesting performance of porous BCZT ceramics was evaluated 

via a programmable linear stepping motor, where a periodic compressive stress of 8 N 

at a specific frequency of 2 Hz was applied. The output voltage and current were 

measured by a digital multimeter with a resistance of 10 GΩ (Keithley DMM7510, 

Tektronix, USA). Porous BCZT ceramics were connected with different load 

resistances from 100 kΩ to 100 MΩ to obtain an optimized power density as a result of 

impedance matching. A capacitor of 1.0 μF was used to evaluate the charging 

performance of porous BCZT ceramics. 



 

Fig. 1. Schematic for the fabrication process of porous BCZT ceramics. (a) burnt out 

polymer spheres method, (b) freeze casting. 

 

3. Results and discussion 

3.1 Microstructure 

The microstructure of the porous BCZT ceramics with three different pore 

morphologies is shown in Fig. 2. As shown in Fig. 2(a)-(f), spherical pores were formed 

after the PMMA spheres were burnt out, since the pore shape is determined by the pore-

forming agents. Isolated pores channels are observed when the porosity volume fraction 

is low, e.g.17 vol.%, but the pores begin to become interconnected at higher levels of 

porosity (37 vol.%). When the porosity is higher than 50 vol.%, the large numbers of 

pores became highly interconnected, as shown in Fig. 2(f). Porous BCZT ceramics 

created by the burnt-out polymer spheres method tend to transfer from a 3-0 structure 

at low porosity levels to a 3-3 structure at higher porosity levels due to the increasing 



pore connectivity with increasing porosity, which is consistent with previous 

studies.[12, 23] Similar results are observed in porous BCZT ceramics fabricated by 

using carbon fibers as pore-forming agents. It can be seen from Fig. 2(g)-(l) that 

elliptical pores are randomly distributed in porous BCZT ceramics, and more pores are 

interconnected at higher porosity levels, which is a typical feature of porous 

piezoelectric ceramics created by the burnt-out polymer spheres method. Moreover, 

porous BCZT ceramics with aligned pore structure were manufactured via freeze 

casting. Aligned lamellar pore structure with ceramic bridges can be observed in all 

samples fabricated via freeze casting. When the porosity is lower than 20 vol.%, as 

shown in Fig. 2(m) and (n), the pore channels are increasingly indistinct as the porosity 

levels decrease, since the ceramic particles are not easily arranged to form aligned pores 

at higher ceramic loading levels.[24] The pore size increased as the porosity increased 

from 21 vol.% to 52 vol.%, and the pore channels became more distinct. 

 

Fig. 2. SEM images of porous BCZT ceramics with spherical pores at different porosity 

levels. (a) 17 vol.%, (b) 27 vol.%, (c) 37 vol.%, (d) 43 vol.%, (e) 51 vol.%, (f) 55 vol.%; 



SEM images of porous BCZT ceramics with elliptical pores at different porosity 

levels. (g) 17 vol.%, (h) 24 vol.%, (i) 30 vol.%, (j) 37 vol.%, (k) 43 vol.%, (l) 52 

vol.%; SEM images of porous BCZT ceramics with aligned lamellar pores at different 

porosity levels. (m) 12 vol.%, (n) 21 vol.%, (o) 26 vol.%, (p) 31 vol.%, (q) 43 vol.%, 

(r) 52 vol.%. 

3.2 Finite element modelling  

Finite element modelling was used to demonstrate the effect of pore morphology 

on the electric field distribution of porous BCZT ceramics during the poling process. 

The modelling results are presented and summarized in Fig. 3 for an average electric 

field of 2 kV/mm applied from the top to the bottom of the material. With regards to 

dense BCZT ceramics, the electric field distribution is homogeneous and the applied 

electric field is higher than the coercive field. As a result, the dense BCZT ceramics can 

be completely poled. However, the introduction of pores into the dense BCZT ceramics 

can make the electric field distribution inhomogeneous, since most of the electric field 

concentrates in the low permittivity pore spaces. Regions of low electric field are 

mainly located in the ceramic in the immediate vicinity of the pore is the regions parallel 

to the direction of the applied electric field, while ceramic regions of high electric field 

are located near the pores in regions perpendicular to the direction of the applied field, 

which can be explained by an adaptation of Gauss' law.[9] 

𝐸𝑓 = 
q

A·ε0ε33
 T  

where Ef is the local electric field, q is the charge, A is the electrode area, 𝜀0 is the 

permittivity of free space, and 𝜀33
𝑇  is the relative permittivity at constant stress. 



Moreover, it can be observed that the applied electric field is concentrated in the 

low permittivity pore spaces for all porous BCZT ceramics of the three pore 

morphologies due to the relative permittivity mismatch between the ceramic phase and 

pores. A lower electric field is present in the higher permittivity piezoelectric ceramic 

phase. Although this general trend in the electric field distribution is similar, the 

magnitude of the electric field is different for three types of porous BCZT ceramics 

evaluated. In Fig. 3(a)-(c), the blue areas are those in which the electric field is relatively 

low and is lower than the coercive field (2 kV/mm), indicating that they are unpoled 

areas. As shown in Fig. 3d, the electric field is relatively homogenous with a strong 

peak slightly below Elocal / Eapplied =1 in a dense BCZT ceramic (3 vol.% porosity). 

Porous BCZT ceramics with an aligned lamellar structure exhibit a lower peak electric 

field than dense ceramics, however, the peak electric field is much higher than the other 

two types of porous BCZT ceramics with spherical and elliptical pores, indicating that 

porous BCZT ceramics with aligned lamellar structure are more readily poled. 

3.3 Dielectric properties  

The dielectric properties of porous BCZT ceramics with different pore 

morphologies are now systematically investigated, including the relative permittivity 

and dielectric loss. Fig. 4 shows the relative permittivity of all porous BCZT ceramics 

with different porosity levels. For all the porous BCZT ceramics, the relative 

permittivity decreased with increasing frequency, since the ionic, space and 

spontaneous polarization cannot change in time with frequency, which is consistent 

with general ferroelectrics.[25, 26] As shown in Fig. 4(d), the relative permittivity of 



all porous BCZT ceramics was lower than dense BCZT ceramic due to the introduction 

of low permittivity pores. Moreover, the relative permittivity of porous BCZT ceramics 

at 1 kHz decreased with an increase in porosity volume fraction, despite the difference 

in  

 

Fig. 3. Electric field distribution of porous BCZT ceramics (a) spherical pores, (b) 

elliptical pores, (c) aligned lamellar pores with ceramic bridges. (d) a comparison of 

the spectra for dense BCZT ceramic and porous BCZT ceramics with three different 

pore morphologies. 

pore morphology, but the rate of decreasing in relative permittivity was different for the 



different morphologies. For porous BCZT ceramics fabricated by the burnt-out polymer 

spheres method, the relative permittivity of samples with spherical pores is higher than 

those with elliptical pores. While porous BCZT ceramics with aligned lamellar pores 

have the highest relative permittivity compared with the other two types of porous  

 

Fig. 4 The relative permittivity of unpoled porous BCZT ceramics. (a) spherical 

pores, (b) elliptical pores, (c) aligned lamellar pores. (d) a comparison of the relative 

permittivity for porous BCZT ceramics with three different pore morphologies. 

BCZT ceramics. This different in relative permittivity can be ascribed to the pore shape. 

For porous BCZT ceramics fabricated by the burnt-out polymer spheres method, there 

exists a shape factor KS (for spherical pores KS = 1.0, for ellipsoidal pores, KS = 0.5) 

according to previous theoretical models.[27-29] According to Banno’s model,[18] the 



relative permittivity is directly proportional to the shape factor KS, and a higher shape 

factor will result in a higher relative permittivity. Therefore, porous BCZT ceramics 

with spherical pores have a higher relative permittivity than those with elliptical pores. 

However, the porous BCZT ceramics fabricated by freeze casting possessed the highest 

relative permittivity, which can be attributed to the greater connectivity of the high 

permittivity ceramic phase in the thickness direction. For the freeze-cast ceramics, the 

piezoelectric ceramic phase is highly aligned in the thickness direction, which leads to 

improved connectivity in the thickness direction than the other two types of porous 

BCZT ceramics with spherical and elliptical pores, leading to the highest relative 

permittivity. 

The dielectric loss of porous BCZT ceramics with different morphologies is also 

evaluated. It can be seen from Fig. 5 that the dielectric loss initially decreased with 

increasing frequency due to a small level of DC conductivity in the ceramics and then 

began to increase at higher frequencies due to the ionic relaxation losses for all porous 

BCZT ceramics.[10, 30] The dielectric loss at 1 kHz of all porous BCZT ceramics with 

different porosities and pore morphologies remained at a low level of tan < 0.04, which 

ensures the porous BCZT ceramics possess good dielectric properties for poling and 

use as a piezoelectric transducer for sensing or energy harvesting. 

3.4 Ferroelectric properties  

The polarization versus electric field (P-E) is an important tool to characterize 

porous piezoelectric ceramics, since it is directly related to the poling process. Fig. 6(a)-

(c) shows the effect of porosity and pore morphologies on the P-E loops of porous 



BCZT ceramics. The shape of hysteresis loops for all porous BCZT ceramics with 

different pore morphologies were symmetrical, demonstrating a good ferroelectric 

response and domain switching at all the samples investigated.[31] With increasing 

porosity levels, the remnant polarization (Pr) decreased for all porous BCZT ceramics 

due to the reduction of ceramic volume fraction, but the rate of decrease in Pr with 

increasing porosity level is different for the range of pore morphologies examined. The 

 

Fig. 5. The dielectric loss of unpoled porous BCZT ceramics. (a) spherical pores, (b) 

elliptical pores, (c) aligned lamellar pores. (d) a comparison of the dielectric loss for 

porous BCZT ceramics with three different pore morphologies. 

Pr of porous BCZT ceramics with aligned pores decreased from 6.8 μC cm-2 to 3.2 μC 

cm-2, while for porous BCZT ceramics with elliptical pores, the Pr decreased more 

rapidly with increasing porosity from 5.6 μC cm-2 to 1.1 μC cm-2. The difference in 



remnant polarization is due to the pore morphology, where it is demonstrated from the 

simulation results that porous BCZT ceramics with aligned pores are more readily poled 

compared with the other two types of porous BCZT ceramics due to the higher electric 

field distribution, see Fig. 3(d), leading to higher remnant polarization. Porous BCZT 

ceramics with elliptical pores have the least poled regions and the lowest electric field 

in Fig. 3(d), therefore, the remnant polarization is the lowest.  

 

Fig. 6. P-E loops of porous BCZT ceramics (a) spherical pores, (b) elliptical pores, (c) 

aligned lamellar pores. (d) a comparison of remnant polarization for porous BCZT 

ceramics with three different pore morphologies. 

The effect of pore morphology on the coercive field (Ec) was also studied. As 

shown in Fig. 7, the Ec of porous BCZT ceramics with spherical and elliptical pores 

increased with increasing porosity volume fraction. However, the Ec of porous BCZT 



ceramics with aligned lamellar pores decreased with an increase in porosity volume 

fraction when the porosity was lower than 23 vol.%, then began to increase with a 

further increase in porosity levels, which is consistent with our previous report.[21] 

There is a turning point in the dependence of Ec with a corresponding porosity range of 

20 - 25 vol.% and is a result of the more complex electric field distribution in the more 

porous ceramics. Moreover, it can be observed that porous BCZT ceramics with 

elliptical pores have the highest coercive field, indicating that they are more difficult to 

be fully poled; again, this is due to the lower overall electric field in this type of 

microstructure, as seen in Figure 3(d). The coercive field of porous BCZT ceramics 

with aligned lamellar pores is the lowest for all porosity levels, therefore, porous BCZT 

ceramics with aligned lamellar pores are more easily to be poled and have the highest 

remnant polarization. 

 

Fig. 7. Coercive field (Ec) of porous BCZT ceramics with porosity for different pore 

morphologies 

3.5 Piezoelectric properties and energy harvesting performance 



The piezoelectric properties and energy harvesting performance are also 

investigated. Fig. 8(a) shows the variation of the longitudinal d33 piezoelectric charge 

coefficient of porous BCZT ceramics with three pore morphologies at different porosity 

levels. It can be observed that the d33 piezoelectric coefficient decreased with increasing 

porosity volume fraction, but again the rate of decrease varies with pore morphology. 

The d33 piezoelectric coefficient decreased from 500 pC/N to 355 pC/N for porous 

BCZT ceramics with aligned lamellar pores, which decreased more slowly with 

increasing porosity level than materials with randomly distributed spherical or elliptical 

pores. Porous BCZT ceramics with elliptical pores possessed the lowest d33 

piezoelectric coefficient, which can be attributed to less poled regions in BCZT 

ceramics; see Figure 3d. The effect of pore morphology on the piezoelectric energy 

harvesting figure of merit (FoM33) is presented in Fig. 8(b). It can be observed that the 

piezoelectric energy harvesting figure of merit increase with an increase in porosity 

levels. Porous BCZT ceramics with aligned pore structure have the highest FoM33 due 

to the high d33 piezoelectric coefficient, which exhibit potential for the applications of 

piezoelectric energy harvesting and sensing. 

 

Fig. 8. Comparison of piezoelectric properties for porous BCZT ceramics. (a) 



piezoelectric coefficient (d33), (b) piezoelectric energy harvesting figure of merit 

(FOM33). 

To evaluate the piezoelectric energy harvesting performance, the mechanical 

properties of dense and porous BCZT ceramics with the porosity of 30 vol.% are 

investigated, since they need to operate in a vibrating environment for a long period. 

As shown in Fig. 9, dense BCZT ceramics exhibit the highest compressive strength of 

63.5 MPa. However, for porous BCZT ceramics with different pore morphologies, the 

porous BCZT ceramics with aligned lamellar pore structure possess the higher 

compressive strength than the ceramics with a randomly distributed pore structure, 

which is in accordance with the results of previous reports.[11, 32] The main reason of 

the higher strength can be attributed to the aligned pore structure, since the ceramics 

particles are aligned in the direction of loading and help to carry and transfer the load 

through the porous structure. Therefore, porous BCZT ceramics with aligned pore 

structure are more suitable for piezoelectric energy harvesting applications, when they 

work in a vibrating environment for a long period. 

 



Fig. 9. Compressive strength of dense and porous BCZT ceramics with different pore 

morphologies. 

The piezoelectric energy harvesting performance of porous BCZT ceramics with 

a porosity of 30 vol.% is now evaluated, including output voltage, current and power 

density. The area of dense and porous BCZT ceramics is 88 ± 0.5 mm2, and the 

thickness is 0.9 ± 0.05 mm. A schematic of the piezoelectric energy harvesting device 

is presented in Fig. 10(a), which provides a periodic compressive stress of 8 N at a 

frequency of 2 Hz during the testing process. Fig. 10(b) shows the output voltage of 

dense BCZT ceramic and porous BCZT ceramics with three different pore 

morphologies. It can be observed that porous BCZT ceramic with spherical pores had 

the highest open circuit output voltage, which can be attributed to the high piezoelectric 

voltage coefficient of this material. The open circuit voltage generated by a 

piezoelectric ceramic can be described by the following equation:[33] 

V𝑜𝑐 = 
d33

ε0ε33
 T ·t·σ = g33·t·σ                         (2) 

where 𝑉𝑜𝑐  is the open circuit voltage of piezoelectric materials, 𝑑33 is the 

piezoelectric charge coefficient, 𝜀33
𝑇  is the relative permittivity, 𝑡 is the thickness of 

piezoelectric ceramics, and σ is the applied stress. Therefore, porous BCZT ceramics 

with a higher piezoelectric voltage coefficient (g33) can generate a higher output voltage. 

The short circuit output current of porous BCZT ceramics is presented in Fig. 10(c). 

The highest output current was obtained in dense BCZT ceramic, while the porous 

BCZT ceramics with aligned lamellar pores possessed higher output current than those 

with spherical and ellipticals pores. The output current generated by the piezoelectric 



ceramics can be evaluated by the following equation: 

I𝑠𝑐  = 
𝑑𝑄

𝑑𝑡
=𝑑33

𝑑𝐹

𝑑𝑡
 = 𝑑33A

𝑑𝜎

𝑑𝑡
                      (3) 

where 𝐼𝑠𝑐 is the short circuit current, 𝑑33   is the piezoelectric charge coefficient, 𝑄 is 

the charge (where Q = d33. F),  𝐹 is the applied force, and A is the electrode area. It can 

be concluded from the equation that the output current is proportional to the 

𝑑33   piezoelectric coefficient and the rate of change of force. Thus, porous BCZT 

ceramics with aligned lamellar pores had a higher short circuit current compared with 

the other two types of porous BCZT ceramics due to the higher d33 coefficient; see Fig. 

8(a). Porous BCZT ceramics were employed to charge the capacitor of 1.0 μF to 

evaluate the capability of charge, and the relevant circuit diagram for charging the 

capacitor is presented in Fig. 10(d). As shown in Fig. 10(e), the measured voltage 

increases rapidly at the start of charging process and gradually reaches a saturation 

voltage.[34, 35] The saturation value is different for porous BCZT ceramics with three 

pore morphologies, which is consistent with the change of piezoelectric voltage 

coefficient. 

Fig. 10(f) shows the output power density of porous BCZT ceramics as a function 

of load resistance ranging from 100 kΩ to 100 MΩ. For dense and porous BCZT 

ceramics, the output power density initially increased with an increase of load resistance, 

and then decreased at higher load resistances. Porous BCZT ceramic with the aligned 

pore structure possessed the highest power density of 38 μWcm-2 with an optimal load 

resistance of 1.5 MΩ, which is two times higher than that of the dense BCZT ceramic. 

The reason can be attributed to the excellent piezoelectric properties and energy 



harvesting figure of merit induced by the aligned porosity; since the harvesting figure 

of merit is proportional to 
dij

 2

ε33
 T , the high d33 coefficients are beneficial for harvesting. 

 

 

 

Fig. 10. Comparison of piezoelectric energy harvesting performance for porous BCZT 

ceramics. (a) schematic of the measurement of piezoelectric energy harvesting 

performance, (b) output voltage, (c) output current, (d) circuit diagram for charging 

the capacitor, (e) time dependent charging curves, (f) output power density. 



 

4. Conclusion 

This paper has demonstrated the effect of pore morphology on the dielectric, 

ferroelectric, piezoelectric properties, and energy harvesting performance of porous 

BCZT ceramics. Porous BCZT ceramics with spherical, elliptical, and aligned lamellar 

pore structures were fabricated by burnt out polymer spheres method and freeze casting. 

The relative permittivity decreased with increasing porosity, however the rate of 

decreasing in permittivity with porosity level varied with pore morphology; porous 

BCZT ceramics with aligned pore structure had the highest relative permittivity. Finite 

element modelling show that porous BCZT ceramics with an aligned pore structure are 

more easily poled compared with materials with spherical or elliptical pores due the 

presence of a narrower and higher electric field distribution within the microstructure. 

Moreover, porous BCZT ceramics with aligned lamellar pores exhibit a higher 

remanent polarization due to the higher electric field distribution. Compared with the 

porous BCZT ceramics with spherical or elliptical pores, the d33 piezoelectric 

coefficient decreased more slowly with increasing pore fraction, leading to higher 

piezoelectric energy harvesting figure of merit. The piezoelectric energy harvesting 

performance was also evaluated, porous BCZT ceramics with aligned lamellar pores 

possessed the highest peak power density of 38 μW cm-2, which is significantly higher 

than that of porous BCZT ceramics with spherical and elliptical pores. In addition, 

porous BCZT ceramics are demonstrated to have the ability to successfully charge 

capacitors. This work therefore provides a deeper understanding on the effect of pore 



morphology and expands the applications of porous piezoelectric ceramics for 

piezoelectric energy harvesting. 
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