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A B S T R A C T   

Flexible piezoelectric energy harvesters have attracted significant attention in recent years due to their ability to 
convert strain energy associated with bending into electrical energy for low-power wearable electronic devices. 
Compared with 0–3 type piezoelectric composites, where the piezoelectric phase is isolated within the material, 
flexible piezoelectric energy harvesters based on a three-dimensional interconnected ceramic skeleton are of 
particular interest due to their high stress transfer capability and high piezoelectric coefficients. Herein, a three- 
dimensional interconnected porous barium calcium zirconate titanate (BCZT) pillar-based structure is created via 
freeze casting, where polydimethylsiloxane (PDMS) is impregnated into the aligned pore channels to form a 
flexible piezoelectric energy harvester. The effect of porosity on piezoelectric coefficients, ferroelectric properties 
and energy harvesting performance is investigated in detail. The piezoelectric coefficient and energy harvesting 
figure of merit are significantly enhanced due to the presence of an aligned pore structure which leads to a high 
transfer of applied stress into the piezoelectric phase. The highly aligned porosity leads to the creation of a 
piezoelectric composite with 60 vol% of polymer that exhibits a high output voltage of 30.2 V and current of 
13.8 μA. Moreover, the peak power density can reach up to 96.2 μW cm− 2, which is significantly higher than that 
of nanoparticle-based piezoelectric composites. This work demonstrates a promising prospect of utilizing flexible 
piezoelectric composites for energy harvesting applications.   

1. Introduction 

There are a wide range of energy sources in our living ambient 
environment, such as wind, light, heat and mechanical vibrations [1,2]. 
These energy sources can be converted into electrical energy through a 
variety of energy harvesting technologies, which provides a route to 
create autonomous low-power portable electronic devices [3]. Among 
the variety of available energy harvesting technologies, piezoelectric 
energy harvesting, which transfers mechanical vibrations, bending and 
movement into electricity, has attracted significant interest due to their 
high power density and ability to be integrated with a host structure [4, 
5]. 

For piezoelectric energy harvesting applications, the harvesting 
figure of merit (FoMij) is an important parameter since it can assess the 
energy harvesting capability of piezoelectric materials [6]. Vibrations, 

motion and deformation in our surrounding environment is often in the 
low frequency range (<100 Hz), which is well-below the resonant fre-
quency of piezoelectric materials, structures and devices. As a result, the 
piezoelectric energy harvesting figure of merit can be defined by the 
following equation [7]: 

FoMij =
d 2

ij

ε0ε T
33

(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 εT

33 is the relative permittivity at constant 
stress. It can be seen from the above equation that the harvested energy 
density for an applied stress strongly depends on the piezoelectric 
charge coefficient, dij and the relative permittivity, εT

33. Therefore, 
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piezoelectric materials with a high dij and low εT
33 are desirable for off- 

resonance piezoelectric energy harvesting applications [8]. 
In the last decades, a number of researchers have focused on the 

study of piezoelectric energy harvesting materials and devices. Piezo-
electric ceramics, such as lead zirconate titanate (PZT) [9], lead mag-
nesium niobate-lead titanate (PMN-PT) [10], barium titanate (BT) [11] 
and potassium sodium niobate (KNN) [12], have been widely used in the 
field of energy harvesting due to their excellent piezoelectric properties; 
for example, their high dij coefficients. While the piezoelectric coeffi-
cient of these piezoelectric ceramics is often high, the relative permit-
tivity of these polar materials is also large, which leads to a relatively 
low piezoelectric energy harvesting figure of merit. Moreover, the low 
fracture toughness and brittle nature of piezoelectric ceramics can 
restrict their application in harvesting high strain levels or high degrees 
of bending. As a result, flexible piezoelectric energy harvesters based on 
piezoelectric composites have drawn much attention. 

Among the range of flexible piezoelectric composites, the most 
commonly used connectivity structure for piezoelectric energy har-
vesting is a 0–3 type piezoelectric composite, which is composed of 
isolated piezoelectric ceramic particles within a passive flexible polymer 
matrix [13–15]. A number of studies have investigated the energy har-
vesting performance of this type of composite, but a number of chal-
lenges remain that must be addressed for their successful utilization. For 
example, the piezoelectric ceramic particles are not readily uniformly 
dispersed in the polymer matrix, especially when the solid loading level 
is high [16]. In addition, while the introduction of a fully interconnected 
polymer matrix can reduce the relative permittivity, the isolated nature 
of the ceramic filler leads to low piezoelectric coefficients and a limited 
improvement in the harvesting figure of merit. 

In addition to composite architectures, much effort has been paid to 
enhance the output level of piezoelectric energy harvesters. The intro-
duction of conductive materials into the polymer matrix is one approach 
to facilitate charge transport, leading to an enhancement in energy 
harvesting performance. For example, Baek et al. fabricated a flexible 
piezoelectric nanogenerator by mixing silver nanowires and ceramic 
particles with a polydimethylsiloxane (PDMS) matrix [17], where the 
generated output voltage and current were ~15 V and 0.8 μA, respec-
tively. Carbon nanotubes [18], graphene [19], carbon black [20] and 
silver nanoparticles [21] have also been used as conductive fillers. 
Despite these improvements, the primary challenge of 0–3 type piezo-
electric composites is the low level of stress transfer into the piezo-
electric phase when the composite is subjected to a mechanical load. 
This is simply a result of the high stiffness piezoelectric ceramic particles 
being mechanically and electrically isolated within the compliant 
polymer matrix. As a result, when an external stress is applied to the 
composite, the majority of the load will be taken up by the inactive 
polymer matrix, resulting in a poor stress transfer efficiency, and a low 
output performance [22]. 

In order to solve these problems, researchers have developed a 
number of innovative strategies. Zhang et al. prepared a flexible 
piezoelectric energy harvester based on three-dimensional inter-
connected 0.5(Ba0.7Ca0.3)TiO3–0.5Ba(Zr0.2Ti0.8)O3 piezoelectric 
ceramic foam, where the output power was 16 times higher than that of 
conventional particle based piezoelectric composites due to the high 
load-transfer efficiency [23]. Subsequently, similar improvements were 
found in three-dimensional interconnected samarium-doped PMN-PT 
[24] and samarium/titanium-doped BiFeO3 piezoelectric composites 
[25]. Moreover, it has been demonstrated that porous piezoelectric ce-
ramics with an aligned pore structure exhibited a higher piezoelectric 
energy harvesting figure of merit compared to dense ceramics [26]. 
Recently, attention has been focused on the investigation of aligned 
piezoelectric composites based on a freeze casting route. Freeze casting 
is a cost-effective approach that uses a frozen liquid as a template to 
generate pores, which normally possesses a graded microstructure that 
consists of dense, cellular and lamellar morphologies [27]. Xie et al. 

fabricated flexible PZT/PDMS composites for piezoelectric sensing 
application with significant improvement in sensing performance [28]. 
Hao et al. prepared a flexible 2–2 type piezoelectric energy harvester 
composed of 0.2Pb(Zn1/3Nb2/3)O3–0.8Pb(Zr1/2Ti1/2)O3 (PZN–PZT) 
ceramic skeleton and PDMS [29]. It was found that the peak power 
density reached 2.8 μW cm− 2 at an optimal load resistance of 40 MΩ. In 
addition, a piezoelectric composite nanogenerator based on a func-
tionally graded porous PZT ceramic structure was fabricated for energy 
harvesting. The maximum output voltage and current were 2 times and 
1.6 times higher than piezoelectric composites that contained randomly 
dispersed PZT ceramic particles [30]. This effort has demonstrated that 
porous piezoelectric composites with aligned structure realized via 
freeze casting exhibited significant potential for piezoelectric energy 
harvesting. 

Despite these developments, the porous piezoelectric ceramics used 
to create flexible piezoelectric energy harvesters are typically lead (Pb)- 
based, which is toxic to our environment and human health. While there 
are a few reports on the synthesis of aligned piezoelectric material using 
freeze casting for piezoelectric energy harvesting [29], the delicate 
design and optimization of piezoelectric energy harvesters fabricated by 
freeze casting have not been systematically investigated. In addition, the 
effect of porosity and its configuration on energy harvesting perfor-
mance has yet to be systematically studied. 

In this paper, we utilized a water-based freeze casting to create a 
composite consisting of lead-free BCZT pillars with an aligned pore 
structure and a PDMS matrix for piezoelectric energy harvesting appli-
cations. BCZT was selected as the piezoelectric phase due to its high 
piezoelectric coefficient of d33 ~ 620 pC N− 1 and lead-free nature [31]. 
Porous BCZT pillars with an aligned porous structure were fabricated by 
water-based freeze casting, followed by the impregnation of a PDMS 
polymer into the pore channels to obtain the piezoelectric composite 
with suitable flexibility. The effect of porosity on the piezoelectric 
properties and energy harvesting capability was studied in detail. 
Moreover, the harvested energy can be accumulated in capacitors or 
directly illuminate LEDs. This work expands on the application of using 
flexible porous piezoelectric materials and composites for energy har-
vesting applications. 

2. Experimental section 

2.1. Fabrication of porous BCZT pillars 

Porous BCZT pillars were fabricated via water-based freeze casting. 
BCZT powder was prepared by a solid-state reaction technique. 
Analytical grade BaCO3 (99%), CaCO3 (99%), TiO2 (99%), and ZrO2 
(99%) were selected as raw materials. After 12 h of ball-milling, the 
powders were calcined at 1300 ◦C for 3 h and followed by additional 
ball-milling for 24 h. More details in terms of powder microstructure 
and phase component of the BCZT powders are provided in the Sup-
plemental Materials (Figs. S1 and S2). The piezoelectric response and 
domain structure of dense BCZT ceramic were characterized by pie-
zoresponse force microscopy (PFM), the results are presented in Fig. S3. 
BCZT powders were used to prepare the water-based suspension for 
freeze casting, similar to our previous work [26]. The suspension was 
frozen in a liquid nitrogen container with a temperature gradient to form 
the aligned pore channels parallel to the gradient direction. The samples 
were freeze-dried under vacuum condition to sublimate the ice crystals 
at − 25 ◦C and 1 Pa for 48 h. The porous BCZT pillars were sintered at 
1350 ◦C for 3 h. Finally, porous BCZT pillars were poled at 60 ◦C for 
30 min using a DC voltage of 15 kV using a corona poling technique, 
with the poling direction perpendicular to the surface of the plate. The 
porous ceramic was placed on a conductive plate and a high voltage 
needle was placed above it at a specific distance, typically 2 cm. The 
upper surface of the piezoelectric sample is exposed to the applied field, 
while the bottom surface is coated with an electrode. As a result, the 
sample is subjected to a relatively homogeneous electric field through its 
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thickness. 

2.2. Fabrication of flexible piezoelectric energy harvester 

PDMS purchased from Dow Corning Corp was impregnated into the 
pore channels of porous BCZT pillars. The mixing ratio of the precursor 
and curing agent was 10: 1. After curing, two indium–tin oxide (ITO)- 
coated polyethylene terephthalate (PET) films were employed as upper 
and lower electrodes to form a flexible piezoelectric energy harvester. 

2.3. Finite element simulation analysis 

COMSOL Multiphysics 5.4 (combinations of Solid Mechanics, Elec-
trostatics, and Electrical Circuit Modules) was used to evaluate the 
piezoelectric potential distribution of porous three-dimensional inter-
connected composite and particle-based 0–3 BCZT composite. Corre-
spondingly, two three-dimensional models were created, the dimension 
of the pillar is 1 × 1 × 2 mm, and the base is 2 × 2 × 1 mm. The 
porosity was set to 60 vol%, and the volume fraction of piezoelectric 
phase was 40 vol%. To provide a direction comparison, the volume 
fraction of ceramic particles in the model of a 0–3 particle-based 
piezoelectric composite was also set to 40 vol%. With the lower elec-
trode set to ground (0 V), a load of 1 N was applied from the upper 
surface of the porous pillar to explore the potential distribution that is 
generated by the piezoelectric effect. 

2.4. Device characterization 

The surface morphology of porous BCZT pillars and composites was 
observed by field emission scanning electron microscopy (FESEM, 
NovaNanoSEM230, USA). The porosity level of porous BCZT pillars 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 sys-
tems, Germany). The longitudinal piezoelectric charge coefficient d33 
was measured using a piezoelectric d33 meter (ZJ-4AN, Institute of 
Acoustics, Academic Sinica, China). 

The piezoelectric output performance of the aligned BCZT-PDMS 
composites was systematically evaluated. A schematic of the measure-
ment of piezoelectric output performance is presented in Fig. S4. A pe-
riodic compressive stress at a specific frequency was applied through a 
programmable linear stepping motor. The output voltage and current of 
the flexible piezoelectric energy harvester were measured by a digital 
multimeter with a resistance of 10 GΩ (Keithley DMM7510, Tektronix, 
USA). The piezoelectric energy harvester was connected with different 
load resistances from 50 kΩ to 100 MΩ to obtain the optimized power 
density due to impedance matching. Three capacitances of 1.0, 2.2 and 
4.7 μF were used to evaluate the charging performance of the flexible 
piezoelectric energy harvester. 

Fig. 1. (a) Schematic for the fabrication process of porous BCZT pillar-base ceramic and composites. Photographs of (b) porous BCZT pillar-base and (c) composites. 
(d) Schematic configuration of the flexible piezoelectric energy harvester. 

M. Yan et al.                                                                                                                                                                                                                                     



Nano Energy 88 (2021) 106278

4

3. Results and discussion 

Fig. 1a shows the fabrication process to create the porous BCZT 
pillar-base ceramics and their composites. Firstly, a master mold was 
designed to obtain the patterned PDMS mold for freeze casting, as shown 
in Fig. 1a (i) and (ii), the height of the PDMS mold used for freeze casting 
was approximately 4.5 mm. Then, the BCZT ceramic-water suspension 
was poured into the PDMS mold, as shown in Fig. 1a (iii). Compared 
with other freeze-casting structures, a pillar-base structured piezo-
composite possessed better flexibility and durability. The suspension 
was frozen in a liquid nitrogen container with the freezing direction 
from pillar to base, as shown in Fig. 1a (iv). This leads to a dense skin 
being formed on the upper surface of the pillar due to the larger degree 
of supercooling to achieve a faster nucleation and isotropic growth of 
the solidified solvent [32], this is followed by anisotropic growth of the 
solidified solvent that forms the pore channels, leading to fully porous 
structures at the base of the composite after solvent sublimation, as 
shown in Fig. 1a (v). The porous nature of the base facilitates mechanical 
flexibility of the composite when the pores are infiltrated with a 
compliant polymer phase. When freeze-casting structures without pil-
lars, for example, those based on simple geometries with flat upper and 
lower surfaces, the dense area that is formed at the cold side during 
freezing will be larger in size and continuous compared to the pillar-base 
structures; thereby leading to a reduced flexibility of the piezocomposite 
after infiltrating the polymer into the pore space. The ceramic loading 
level in the suspension was used to control for porosity level. After 
sintering, the porous BCZT pillars were corona poled to align the 
ferroelectric domains in a common direction to achieve a piezoelectric 
response, as shown in Fig. 1a (vi). Finally, a PDMS polymer was 
impregnated into the pore channels to form the composite, as shown in 
Fig. 1a (vii) and b. It can be seen from Fig. 1c that the porous BCZT 
pillars possessed good flexibility after the impregnation of PDMS. 
Indium–tin oxide (ITO)-coated PET films were employed as the upper 
and lower electrodes to form the flexible piezoelectric energy harvester 
(Fig. 1d). 

The morphology of the porous BCZT pillar-base ceramic is shown in  
Fig. 2. The relationship between the solid loading and porosity is pre-
sented in Fig. S5. It can be seen from Fig. 2a that the upper surfaces of 
the pillars were almost dense (Figs. S6–S7) with a thickness of a few 

microns since the freezing direction was applied from the upper surface 
to the lower surface [33]. Scanning electron microscopy (SEM) images 
of the surface of the porous BCZT base with increasing levels of porosity 
(due to a lower initial ceramic loading level) are shown in Fig. 2b-e. A 
highly aligned pore structure can be observed in all samples for the 
range of porosities formed. The lamellar pore size increased from 27 to 
55 µm as the porosity increased from 41 to 60 vol% and dendritic 
characteristics were formed on the pore surface at all levels of porosity 
explored. In addition, the pore channels are increasingly more indistinct 
as the pore fraction decreases, since the viscosity of the ceramic sus-
pension increases as the solid content of ceramic particles increased; as a 
result, the ceramic particles are less easily arranged to form aligned 
pores [34]. Therefore, a highly aligned pore structure and large lamellar 
pore size can be achieved for relatively low levels of solid loading, e.g. 
solid loading levels of 20 vol% and 25 vol%, which lead to final porosity 
levels of 60 vol% and 56 vol%, respectively. 

The dielectric, ferroelectric and piezoelectric properties are now 
systematically investigated. Fig. 3a and b show the relative permittivity 
and dielectric loss of porous BCZT ceramics with various levels of 
porosity from 41 to 60 vol%. It can be noted that the relative permit-
tivities of all porous piezoelectric ceramics were lower than that of dense 
BCZT ceramic. Moreover, the relative permittivity of porous BCZT at 
1 kHz decreased from 1045 to 482 when the porosity increased from 
41 vol% to 60 vol%. The dielectric loss porous BCZT with different po-
rosities remained at a low level of tan δ < 0.04, but the loss increased 
slowly with increasing frequency due to ionic relaxation losses [35]. The 
ferroelectric hysteresis loops of porous BCZT ceramics are shown in 
Fig. 3c. It can be observed that the shape of hysteresis loops for all 
porous BCZT ceramics was symmetrical, demonstrating a good ferro-
electric response and domain switching at all porosity levels investi-
gated. As shown in Fig. 3d, when the porosity increased from 41 vol% to 
60 vol%, the remnant polarization (Pr) reduced from 2.32 to 
1.12 μC cm− 2 and the coercive field (Ec) increased from 2.47 to 
2.85 kV cm− 1. There is a turning point in the dependence of Ec with 
porosity at ~23 vol%, which is consistent with our previous report with 
the corresponding porosity range of 20–25 vol% and is a result of the 
more complex electric field distribution in the more porous structures 
[36]. For a dense ferroelectric ceramic, the electric field distribution is 
relatively homogeneous, making it almost fully poled when an external 

Fig. 2. (a) SEM image of porous BCZT pillar-base ceramic with porosity of 60 vol%. (b-f) SEM images of the base surface of porous BCZT with the porosity of 60 vol 
%, 56 vol%, 50 vol%, 44 vol%, 41 vol%, respectively. 
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electric field applied. However, the introduction of pores with low 
permittivity can lead to inhomogeneous electric field distribution, since 
the applied electric field is concentrated in the pores, resulting in 
unpoled regions above and below the pores in porous BCZT ceramics 
[7]. As a result, with an increase of porosity, the level of unpoled regions 
increased, leading to a decrease in Pr and an increased Ec as a higher 
electric field is necessary to switch ferroelectric domains in the low field 
regions of the porous ceramic [36]. The variation of piezoelectric co-
efficient d33 and piezoelectric voltage coefficient g33 with porosity is 
shown in Fig. 3e. While the d33 piezoelectric coefficient decreased as the 
porosity fraction increased, the piezoelectric voltage coefficient 
(g33=d33/εT

33ε0), which is a measure of the voltage generated from an 
applied stress, increased with an increase in porosity. This increase in g33 

is a result of the relative permittivity decreasing more rapidly with 
porosity compared to the d33 piezoelectric coefficient [37]. Further-
more, the piezoelectric energy harvesting figure of merits (FoM33) of the 
porous BCZT pillar-base ceramics were higher than that of dense BCZT 
ceramic; for example the FoM of a 60 vol% porous sample was 1.3 times 
higher than that of dense counterpart. With an increase in porosity level, 
the piezoelectric energy harvesting FoM increased, indicating that 
porous piezoelectric ceramics with higher porosity would provide a 
higher power output during energy harvesting. 

While a porous piezoelectric BCZT ceramic shows potential for en-
ergy harvesting, their brittle nature limits their applications, making 
them unsuitable for harvesting bending-related deformations. There-
fore, PDMS was used to infill the pore channels to fabricate flexible 

Fig. 3. (a) Relative permittivity. (b) Dielectric loss. (c) Ferroelectric hysteresis loops. (d) Remnant polarization (Pr) and coercive field (Ec). (e) Piezoelectric coef-
ficient (d33) and piezoelectric voltage coefficient (g33). (f) Piezoelectric energy harvesting figure of merit (FOM33). 
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piezoelectric composites. As shown in Fig. 4, the pore space was fully 
infilled with the PDMS due to the good flowability and low viscosity of 
the polymer prior to curing. Energy Dispersive Spectroscopy (EDS) 
mapping analysis of the BCZT/PDMS composite with a porosity fraction 
of 60 vol% is presented in Fig. 4f. The Ba, Ca, Zr and Ti elements are 
enriched and homogenously distributed in the ceramic layer of the pore 
channels, indicating that the chemical composition was not influenced 
by the manufacturing process. After complete infiltration of PDMS in the 
pore channels, the aligned BCZT-PDMS composite possessed good me-
chanical flexibility, as shown in Fig. 1c, leading to improved durability 
and flexibility in response to an externally applied mechanical stress, 
compared with the unfilled porous ceramics. 

It can be seen that the piezoelectric coefficient d33 of the unfilled 
porous BCZT ceramics reduced from d33 ~ 336 pC N− 1 to d33 ~ 
261 pC N− 1 when the porosity fraction increased from 41 vol% to 60 vol 
%. However, an apparent increase in d33 was observed after impregna-
tion of PDMS into the pores, as shown in Table 1. The piezoelectric 
coefficient of BCZT-PDMS composite with 60 vol% porosity is 36% 
higher that of porous BCZT ceramic. This enhancement can be attributed 
to higher degree of bending deformation due to the penetration of 
elastomer [28]. Moreover, it can be observed from that the piezoelectric 
energy harvesting figure of merit of the porous BCZT ceramics increased 
with increasing porosity, where this trend is more clearly observed in the 
BCZT-PDMS composites, where the piezoelectric energy harvesting 
figure of merit of the BCZT-PDMS composite and unfilled porous 
ceramic with a porosity of 60 vol% is 94% and 27% higher than dense 
BCZT ceramics, respectively. Compared to the slight increase relative 
permittivity of the composite (Table 1), the d33 values improved faster, 
leading to an enhanced piezoelectric energy harvesting figure of merit. 

The mechanical properties of the composite is also of importance, 
since it is related to the ability of the composite to transfer stress in 
response to an external load. Fig. 5 presents the stress-strain curves and 

Young’s modulus of pure PDMS, a 0–3 type BCZT composite, and 
aligned BCZT-PDMS composites with different porosities. Pure PDMS 
and 0–3 type BCZT composite can be elongated to higher strain levels, 
however the Young’s modulus is low (i.e. 1.4–1.8 MPa). The similarity 
of the stress-strain profiles of pure PDMS and the 0–3 type BCZT com-
posite indicate that most of the applied external stress is taken up by the 
PDMS matrix, and less stress is applied to the isolated piezoelectric 
particles. In contrast, while the aligned BCZT-PDMS composite exhibits 
a lower elongation strain to failure, the measured Young’s modulus is 
much higher than that of pure PDMS and the 0–3 type BCZT composite. 
For example, the Young’s modulus of an aligned BCZT-PDMS with 
41 vol% porosity is approximately three times higher than that of 0–3 
type BCZT composite, demonstrating that more applied mechanical 
stress is transferred to the stiffer and interconnected piezoelectric phase. 
Moreover, the Young’s modulus of aligned BCZT-PDMS composite in-
creases with decreasing porosities. The aligned BCZT-PDMS composite 
with the porosity of 41 vol% has slightly lower Young’s modulus than 
that with the porosity of 44 vol% owing to the poor matrix infiltration 
[24]. In general, the aligned BCZT-PDMS composite has the advantages 
of flexibility and effective stress transfer ability, which is beneficial for 
piezoelectric energy harvesting applications. 

COMSOL Multiphysics 5.4 was utilized to investigate the 

Fig. 4. SEM images of BCZT/PDMS composites with different porosities. (a) 60 vol%. (b) 56 vol%. (c) 50 vol%. (d) 44 vol%. (e) 41 vol%. (f) EDS mapping analysis of 
the BCZT/PDMS composite with 60 vol% porosity. 

Table 1 
Piezoelectric parameters of porous BCZT ceramics and composites.  

Porosity, (vol%) 41% 44% 50% 56% 60% 

εT
33  Ceramic  1045  950  867  726  525 

Composite  1109  987  894  758  556 
d33 (pC N− 1) Ceramic  336  323  313  287  261 

Composite  434  420  401  375  354 
FOM33 (pC N− 1)2 Ceramic  12.2  12.5  12.8  13.3  14.2 

Composite  19.1  20  20.3  21  24.6  
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piezoelectric potential distribution of a three-dimensionally inter-
connected BCZT composite and 0–3 particle-based composite. A force 
was applied to the upper surface of the composites, with the lower 
electrode at 0 V. As shown in Fig. 6c and Fig. 6d, the generated piezo-
electric potential of the aligned BCZT-PDMS composite was 1.6 times 
higher than that of particle-based BCZT composite under the same 
external force conditions, which can be ascribed to higher stress transfer 
efficiency of three-dimensional interconnected BCZT-PDMS composite. 
These results indicate that the aligned BCZT-PDMS composite exhibited 
significant potential for energy harvesting owing to high d33 piezoelec-
tric coefficient, low permittivity, high piezoelectric energy harvesting 
figure of merit and stress transfer ability. 

To fabricate an energy harvesting device, ITO/PET electrode films 
were applied on the upper and lower surfaces of three-dimensional 
interconnected BCZT-PDMS composite. The active area with elec-
trodes was approximately 1.7 cm × 1 cm; see inset of Fig. 1d and a se-
ries of experimental tests were conducted to evaluate the piezoelectric 
energy harvesting performance. We used pulsed mechanical stimulation 
to active the device. The output voltage and current of the aligned BCZT- 
PDMS composite with 60 vol% porosity are presented in Fig. 6e. The 
peak voltage and peak current reached a maximum value of 30.2 V and 
13.8 μA, respectively, under the action of compression force of ~10 N. 
The insets in Fig. 6e, f exhibit an enlarged view of one pulse of output 
voltage and current, the signal direction was inverted for a reverse 
electrical connection, which confirms it originates from the piezoelectric 
effect due to a switching of the polarity [25]. We further conducted 
experiments to measure the output signal of the unpoled BCZT-PDMS 
composite to conform that electrical signal is due to piezoelectric ef-
fect. The results are presented in Fig. S8. Both the output voltage and 
current close to zero, indicating that the signal generated by triboelectric 
effect can be negligible, which are similar to other observations [17,22, 
25]. The working principle of piezoelectric energy harvesting for the 
BCZT-PDMS composite is described in Fig S9. The ferroelectric dipoles 
are randomly distributed in BCZT ceramics before the corona polariza-
tion. After applying an electric field during corona poling, the dipoles 
tend to align in the field direction along a common poling direction. 
After poling, the material exhibits a remnant polarization and when an 
external compressive force is applied on the surface of porous BCZT 
composite, the polarization level is reduced and a piezoelectric potential 
is developed to balance the electric status; when an electric load is 
applied to the harvester, this potential allows electrons to flow through 
the external circuit. With the removal of the external force, the polari-
zation increases, and under an applied electric load electrons flow in an 

opposite direction to maintain the electrical balance. 
The output voltage of the aligned BCZT-PDMS composites with 

different porosities is shown in Fig. 7a. It can be clearly seen that by 
increasing the level of aligned porosity from 41 vol% to 60 vol%, the 
BCZT composites produced an increasing output voltage from 18.7 to 
30.2 V. The open circuit voltage generated by the piezoelectric energy 
harvester can be described by the following equation [38]: 

Voc =
d33

εT
33ε0

⋅t⋅σ = g33⋅t⋅σ (2)  

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

33 is the relative permittivity, ε0 is 
the permittivity of free space, t is the thickness of sample, and σ is the 
applied stress. The piezoelectric voltage coefficient (g33) also increased 
with the increasing porosity, see Fig. S10, due to the reduction in 
permittivity; see Eq. (2). However, the Young’s modulus of aligned 
BCZT-PDMS composite increases with decreasing level of porosity, and a 
higher Young’s modulus is beneficial to stress transfer efficiency. The 
open circuit voltage is therefore a competition between multiple factors, 
including the piezoelectric coefficient, permittivity and stress transfer to 
ensure that the mechanical load is applied to the piezoelectric phase. As 
a result, the aligned BCZT-PDMS composite with a porosity of 60 vol% 
produced the highest output voltage. 

Fig. 7b shows the output voltage of BCZT composite with 60 vol% 
porosity under different external forces, F. It can be observed that the 
output voltage increased with an increase of external force, since more 
charge Q (Q=d33F) is generated at higher levels of stress [39]. Fig. 7c 
shows the output voltage, current and power density as a function of 
load resistance ranging from 50 kΩ to 100 MΩ. The output voltage 
increased steadily with the increase of load resistance, while the output 
current decreases; this is due to the greater resistance to current flow 
with an increase in load resistance [40,41]. The instantaneous power 
density generated from the composite initially increased with an in-
crease of load resistance, and then decreased at higher load resistances, 
with an optimal load resistance of 1.5 MΩ and corresponding power 
density of 96.2 μWcm− 2. The optimal resistance (Ropt=1/2πfC, where f is 
the frequency, and C is the device capacitance.) is a result of achieving a 
balance of both high voltage (V) and current (I) since power P = VI. 
Furthermore, the output power density of the aligned BCZT-PDMS 
composite was compared with other types of BCZT ceramics and 
piezoelectric composite based energy harvesters in Fig. 7d. It can be seen 
that the power density of the aligned BCZT-PDMS composite is higher 

Fig. 5. (a) Stress-strain curves and (b) Young,s modulus of PDMS, 0–3 type BCZT composite, and aligned BCZT-PDMS with different porosities.  
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than that of dense BCZT ceramic and 0–3 type BCZT composites [42-44]. 
Moreover, the power density is 36 times higher than BCZT 
three-dimensional composites constructed by the sponge template 
method [23]. It has been demonstrated by our previous reports that 
porous piezoelectric materials with an aligned pore structure exhibit a 
greater efficiency in degree of polarization compared to randomly 
distributed pores; this is due to the more homogeneous electric field 
distribution [36,37]. Therefore, a piezocomposite with aligned porosity 
can be more readily poled compared to other three-dimensional inter-
connected piezoelectric composites, leading to better piezoelectric 

properties and energy harvesting performance. Moreover, piezo-
composite with aligned porosity has better flexibility than other 
three-dimensional interconnected piezoelectric composite since the 
polymer phase is more continuous after impregnation of the pore space. 
The superiority of this type of BCZT composite originates from the 
excellent piezoelectric properties and stress transfer capability due to 
the formation of a highly aligned pore structure. Furthermore, a me-
chanical stability test was conducted to estimate the reliability of the 
flexible piezoelectric energy harvester by applying and releasing a ver-
tical compressive force of 10 N at a frequency of 2 Hz. As shown in 

Fig. 6. Stress distributions of (a) 0–3 particle-based composite and (b) aligned BCZT pillar-base composite. Piezoelectric potential distributions of (c) 0–3 particle- 
based composite and (d) aligned BCZT pillar-base composite. Output voltage and circuit current produced from the piezoelectric energy harvester in both (e) forward 
and (f) reverse connections for switching polarity tests. 
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Fig. S11, the flexible piezoelectric energy harvester maintains good 
output performance up to 2 × 103 cycles. 

In order to evaluate the capability of charge storing from the flexible 
piezoelectric energy harvester for powering electronic devices, aligned 
BCZT-PDMS composites with different porosities were employed to 
charge the capacitor with a capacitance of 1 μF. As shown in Fig. 8a, the 
measured voltage increases rapidly at the start of charging process and 
gradually reaches a saturation value [40,41]. The charged voltage 
increased with an increase of composite porosity, which can be attrib-
uted to the enhanced piezoelectric voltage coefficient, as shown in 
Fig. S10. Moreover, the aligned BCZT-PDMS composite with a porosity 
of 60 vol% was used to charge the capacitors with the capacitances of 
1.0, 2.2 and 4.7 μF. It can be seen from Fig. 8b that the piezoelectric 
energy harvester can charge a 1.0 μF capacitor to 9.3 V within 13 s, 
while for the 2.2 and 4.7 μF of capacitors, 25 s and 43 s were needed to 
reach the same voltage of 9.3 V, respectively. The corresponding energy 
generated were 43, 95 and 202 μJ, respectively, as shown in the inset of 
Fig. 8b. These results demonstrate that the flexible piezoelectric energy 
harvester can be a power supply for electronic devices. Furthermore, the 
flexible piezoelectric energy harvester was used to illuminate LEDs 
lighting. where Fig. 8c shows a schematic of the full-wave bridge 
rectifier circuit for driving the LEDs. The AC output signal generated by 
the piezoelectric energy harvester was converted into DC signal by the 

rectifier, and the DC power was then used to illuminate the LED bulbs. 
As shown in Fig. 8d, eight red commercial LED bulbs were successfully 
illuminated by the flexible piezoelectric energy harvester under the 
external force of 10 N and frequency of 2 Hz. This indicates that the 
piezoelectric energy harvester has the ability to power low-power 
electronic devices by converting mechanical energy to electricity. 

4. Conclusion 

This paper has demonstrated a novel lead-free flexible piezoelectric 
energy harvester structure based on porous BCZT pillars and PDMS. 
Porous BCZT pillars with a highly aligned pore structure were fabricated 
by a water-based freeze casting approach, with porosity levels ranging 
from 41 to 60 vol%. The BCZT-PDMS composites possessed a high 
piezoelectric coefficient and energy harvesting figures of merit, which 
exhibited potential for piezoelectric energy harvesting. The aligned 
BCZT-PDMS composite shows great potential in piezoelectric energy 
harvesting due to excellent piezoelectric properties and stress transfer 
capability compared with 0–3 type composites. The piezoelectric energy 
harvesting figure of merit of aligned BCZT-PDMS composite could reach 
24.6 (pC N− 1)2

, which is 94% higher than dense BCZT ceramics. Based 
on the improved piezoelectric properties and stress transfer efficiency, 
the output voltage and current generated by the porosity of 60 vol% 

Fig. 7. (a) Output voltage of the aligned BCZT-PDMS composites with different porosity under the external force of 10 N with the frequency of 2 Hz. (b) Output 
voltage of BCZT composite with 60 vol% porosity under different forces with the frequency of 2 Hz. (c) Voltage, current and power density of the aligned BCZT-PDMS 
composite with 60 vol% porosity with various load resistances. (d) Comparison of power density with BCZT ceramics and piezoelectric composite based en-
ergy harvesters. 
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piezoelectric composite could reach as high as 30.2 V and 13.8 μA, 
respectively, with the maximum power density of 96.2 μWcm− 2. The 
flexible piezoelectric energy harvester is demonstrated to have the 
ability to charge capacitors. Moreover, commercial LED bulbs were 
successfully illuminated by the flexible piezoelectric energy harvester 
under the external force of 10 N. This work therefore expands the ap-
plications of porous piezoelectric materials and provides a new strategy 
for the manufacture of flexible piezoelectric energy harvesters. 
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