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Abstract: Due to the unique electromechanical energy conversion capability of ferroelectric materials,
they have been at the forefront of materials science for a variety of applications such as sensors,
actuators and energy harvesting. Researchers have focused on exploring approaches to achieve
improved ferroelectric performance, and to ensure that the available material systems are more
environmentally friendly. This comprehensive review summarizes recent research progress on porous
ceramics and highlights the variety of factors that are often ignored, namely the influence of porosity
on the Curie temperature, and applications of porous ferroelectric materials with adjustable Curie
temperature. Finally, the development trends and challenges of porous ferroelectric materials are
discussed, aiming to provide new insights for the design and construction of ferroelectric materials.
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1. Introduction

In modern society, scientists and experts are highlighting the need to pay attention
to important challenges, where energy and the environment account for the largest share.
While large scale low-emission power generation, such as nuclear, wind, and solar was
once considered the primary approach to solve the energy crisis, the use of fragmented
energy, which is often termed low-grade energy, is an alternative approach. In addition to
large scale power, there is a need to provide low power for the large number of sensors
that are required in our more connected society; defined as the Internet of Things (IoT).

One approach towards the development of fragmented energy is to employ smart
materials, such as piezoelectric, pyroelectric and ferroelectric materials. A necessary con-
dition for a material to be piezoelectric is that the crystal does not possess a center of
symmetry. Of the 32 crystallographic point groups, 21 groups are non-centrosymmetric. Of
these 21 groups, 20 groups can exhibit piezoelectricity and are termed piezoelectric since
their polarization can change with stress. Among the 20 kinds of piezoelectric systems, 10
crystals are classed as pyroelectric since they have a unique unidirectional polar axis and
have a spontaneous polarization that can change with temperature. Within the class of
pyroelectrics, the polarization direction of some crystals can be changed by the application
of an electric field, and these materials are classed as ferroelectric. All ferroelectrics, pyro-
electrics, and piezoelectrics are also classed as dielectrics as a result of their low electrical
conductivity [1].

Ferroelectric ceramics are polycrystalline materials formed by sintering crystals, which
exhibit the piezoelectric effect. Due to the initial randomness of the orientation of the
internal polycrystalline grains and ferroelectric domains, the orientation of the ferroelec-
tric domains offset each other, and the material will not exhibit any piezoelectric effect
from a macroscopic viewpoint. However, after a polarization treatment (termed poling)
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which involves the action of a strong direct electric field, the ferroelectric domains can be
arranged in the direction close to the applied electric field, and the ferroelectric ceramics be
macroscopically polarized, and a piezoelectric and pyroelectric effect can be observed.

Typical ferroelectric ceramic based piezoelectric materials include BaTiOs [2] and
Pb(Zr, Ti)Os (PZT) [3]. BaTiO3 has the advantages of high dielectric constant and large
electromechanical coupling coefficient, which was one of the earliest piezoelectric ceramics
with practical value in transducer applications such as SONAR. Prior to the discovery of the
ferroelectric characteristics of barium titanate, Rochelle salt and KH,;PO,4 were the primary
form of ferroelectric used in transducer applications. When compared with piezoelectric
single crystals, such as Rochelle salt, BaTiO3 piezoelectric ceramics have the advantages of
ease of preparation, and can be formed into products with complex/arbitrary shape and
any polarization direction since they can be poled after production. In 1947, the United
States used BaTiOj3 ceramics to manufacture pickups for phonographs [4] and today a
variety of piezoelectric devices such as piezoelectric filters and transducers made from
BaTiO3; ceramics continue to emerge. However, the Curie point (T.) of BaTiO3 ceramics
is relatively low, with T,~120 °C [5], were the T, represents the temperature at which the
materials transforms from a non-centrosymmetric ferroelectric phase to a centrosymmetric
paraelectric phase As a result, it can be relatively easy to approach the Curie point during
operation, which can lead to depolarization and can cause the piezoelectric properties
of BaTiO3 ceramics to vary greatly with both temperature and time, and therefore the
materials cannot meet the requirements in some applications.

As an alternative, Pb(Zr,Ti)O3 (PZT) is a binary solid solution formed by antiferroelec-
tric PbZrO; and ferroelectric PbTiOs. Since the ionic radius of Ti** is similar to that of Zr#*,
and the chemical properties are similar, PbZrO3; and PbTiO3 can form a continuous solid
solution Pb(Zr,Ti;_4)O3 (0 < x < 1) in any ratio, which has an ABOs-type perovskite struc-
ture. Near the composition x = 0.52, the tetragonal and trigonal phases of PZT piezoelectric
ceramics are able to coexist and at this phase boundary, due to the low phase transition
activation energy, the crystal phase structure can be transformed under the induction of a
weak electric field. After a poling treatment, relatively good piezoelectric properties can be
obtained. In addition, the Curie point of the Pb(Zr,Ti;_,)Oj3 solid solution system varies
between T.~230-490 °C with the composition, which leads to a relatively thermally stable
piezoelectric properties. The emergence of PZT piezoelectric ceramics has driven the rapid
development of piezoelectric materials, and opened up a new era in the application of
piezoelectric materials.

The materials described above are often used in their dense polycrystalline form.
Recently, the production of ferroelectric ceramics in porous form have been examined in an
attempt to improve their performance for a variety of pressure sensors, hydrophones and
energy harvesters [6-12]. Previous work [13] has described the application prospects of
porous ferroelectric materials in energy technologies, but lacks the exploration and sum-
mary of some intrinsic mechanisms of porous ferroelectric materials. Porous piezoelectric
ceramics are a form of ceramic with deliberately introduced porosity, and compared with
traditional dense piezoelectric ceramics, they can exhibit a number of many advantageous
properties [14].

As shown in Figure 1, porous piezoelectric ceramics can be divided into 3-0 type,
3-1 type, 3-3 type and 2-2 type according to the different connection modes of the ceramic
phase and the air phase [15]. Generally, the first number refers to the connection method of
the piezoelectric ceramic phase, and the second number represents the connection mode
of the air phase. The 3-0 and 3-3 type porous piezoelectric ceramics are both examples
of foam ceramics. Among them, the pores in the 3-0 type porous piezoelectric ceramics
are not connected to each other, and they are separated from each other by a continuous
ceramic matrix, which is a closed-cell foam ceramic. The 3-1 type porous piezoelectric
ceramics contain parallel pores evenly distributed and penetrating the ceramic body, which
is a typical honeycomb structure ceramic. The pores of the 3-3 type porous piezoelectric
ceramic are connected to each other, and the ceramic matrix is only contained in the pore
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edges, which is an open-pore (net-shaped) foam structure. The ceramic phase layer and the
air phase layer of the 2-2 type porous piezoelectric ceramic are alternately arranged, which
can be considered as a sandwich structure. According to the structural characteristics of the
ceramic type, the processes for preparing porous piezoelectric ceramics are diverse.

3-0 3-1 3-3 2-2

Figure 1. Schematic showing the potential connectivity of the porous ceramics, the first number
denotes the connectivity of the ceramic phase, while the second number denotes the connectivity of
the pore phase.

The field of piezoelectric materials has thoroughly studied [16], and a parameter of
particular importance is the Curie point (T.), which is used since piezoelectric properties
were first discovered by the Curie brothers. For piezoelectric materials, the Curie point
is the temperature at which the piezoelectric effect is lost, often due to a phase transition
from a ferroelectric phase to a paraelectric phase. As early as 1880, the Curie brothers
discovered that applying pressure or tensile force in a specific direction of a quartz crystal
will lead to electric charges appearing on the crystal surface, and the density of the electric
charges is proportional to the magnitude of the applied external force [17]. This was the
first time that the positive piezoelectric effect of piezoelectric materials was discovered
by researchers. Subsequently, the Curie brothers verified the inverse piezoelectric effect
through experiments and obtained the direct and inverse piezoelectric coefficients of the
quartz crystal [18]. Woldemar Voigt pointed out in 1894 that all crystalline media with
non-centrosymmetric centers in the structure could be piezoelectric [19]. For a crystal with
a symmetric center structure, regardless of whether an external force is applied, the centers
of the positive and negative charges always overlap, therefore the crystal does not show
polarity and produce a piezoelectric effect.

The Curie point is of interest since it reflects the operating temperature range of piezo-
electric materials. A wide operating temperature range is often required for piezoelectric
ceramics, coupled with excellent piezoelectric properties. However, to date, there are few
reports on the effect of porosity on Curie point in porous piezoelectric materials and there
are some contradictions in the data reported in the literature.

2. Preparation Method and Morphology of Porous Ferroelectrics

The preparation methods to create porous piezoelectric materials has developed
rapidly in recent decades. In this section, the current mainstream preparation technology is
summarized, where Figure 2 shows the process schematics and typical morphology formed
by a variety of methods; this includes the replica template, burnt-out polymer spheres
(BURPS), freeze casting, gel casting, and additive manufacturing. It should be noted first
that porosity refers to the percentage of the pore volume in the bulk material to the total
volume of the material in its natural state.
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Figure 2. Schematic of processes and their corresponding morphologies: (1, i) replica template [20],
Reproduced with permission, Copyright 2006, Phil. Trans. R. Soc. A.; (2, ii) BURPS [21], Reproduced
with permission, Copyright 2007, J. Eur. Ceram. Soc.; (3, iii) Direct Foaming [22], Reproduced with
permission, Copyright 2010, J. Appl. Phys.; (4, iv) Freeze Casting [11], Reproduced with permission,
Copyright 2017, J. Mater. Chem. A Mater.; (5, v) Gel Casting [22], Reproduced with permission,
Copyright 2010, J. Appl. Phys.; (6, vi) Additive Manufacturing [23], Reproduced with permission,
Copyright 2018, J. Am. Ceram. Soc.

2.1. Replica Template

The replica template method involves the immersion of a template material in a ce-
ramic slurry, that fully absorbs the slurry, and then any excess absorbed slurry is removed
by extrusion or centrifugation. Final removal of the template is achieved by drying and
sintering in order to retain the porous structure [24]. In 1963, the US patent first reported
the method of preparing porous ceramics using an organic-material based sponge impreg-
nated ceramic slurry [25]. Currently, the most commonly used sponges are polyethylene,
polyurethane, and cellulose. The microscopic morphology of the sponge, such as pore
morphology and pore size distribution, directly determines the microscopic morphology
and pore structure of the final sintered porous ceramic. In addition, the organic sponge
needs to have an appropriate strength and elasticity to ensure that it can return to its
original shape after being squeezed and centrifuged. Therefore, the use of sponge with the
appropriate mechanical properties and morphology is a prerequisite for the preparation of
high-quality porous ceramic foam using this process.

In 1978, Skinner used natural coral as a frame to manufacture 3-3 type PZT piezoelectric
ceramic for the first time [26]: first, natural coral was vacuum immersed in a paraffin wax,
and after the paraffin was cured, it was soaked in hydrochloric acid to remove the coral
frame. The remaining paraffin wax was then used as a template for ceramic replication.
This was achieved by the paraffin-based template being vacuum immersed in a PZT slurry
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to infill the template, and then heated to 300 °C to remove the paraffin replica and create
the porous PZT ceramic green body. The green body is then sintered at a high temperature
of 1280 °C, where a 3-3 type PZT piezoelectric ceramic can be obtained and the pores and
ceramic are fully interpenetrating due to the coral structure. However, this process requires
the use of natural coral as a template, which is not suitable for mass production, and the
process itself involves multiple stages.

As shown in Figure 2i, porous ceramics prepared by the replica template method have
an almost complete open-pore structure, and when porous high temperature ceramics
(such as zirconia) are made in this form they suitable for filtering impurities in molten
metals. At present, porous high-temperature ceramics are used for filtering molten metals
to create high-quality ingots prior to casting. In 2003, Kara [27] prepared work on the
formation of 3-3 type PZT piezoelectric ceramics with uniform pore distribution using
polyethylene sponge as a template, and studied the effect of porosity on the properties of
piezoelectric ceramics. When the porosity was 80 vol.%, the hydrostatic figure of merit
(HFOM = dy,.gp,), which defines the suitability for underwater sonar applications, reached
15,095 x 10715 Pa~!. The was approximately 50 times higher than that of the dense PZT
piezoelectric ceramics. The advantage of the replication template method is that it can be
used to prepare porous 3-3 piezoelectric ceramics with relatively high porosity, and by
selecting templates with appropriate pore diameters and different shapes, and the relevant
structural parameters can be easily adjusted. However, as Figure 2i shows, the porous
ceramic prepared by this process is prone to stress concentrations due to the hollow frame
formed by the loss of the polymer during burnout. As a result, the compressive strength
can be relatively poor, generally only between 0.5-2 MPa, making it difficult to use as a
material for stressed ultrasonic devices.

2.2. Burnt-Out Polymer Spheres (BURPS)

The burnt-out polymer spheres (BURPS) method, also known as sacrificial template
method, involves mixing ceramic powder, a pore former and a binder uniformly to produce
a green body. The pore former is then removed by a heat treatment and high temperature
sintering to obtain the final porous product [28], as shown in Figure 2(2). Since the pore
former will generate a large amount of gas during the combustion process, it is relatively
easy to produce cracks during processing. Therefore, the porous ceramic prepared by the
BURPS typically has a low porosity, generally between 5 vol.% and 45 vol.%, and many of
the foam ceramics produced by this method have a 3-0 type closed-cell structure [28].

There are two types of pore formers: inorganic pore formers and organic pore formers.
Inorganic pore formers include (NHy4),CO3, NH;HCO3, NH4Cl and other high-temperature
decomposable salts, as well as coal powder, graphite, and carbon powder [29]. Organic
pore formers are mainly high molecular polymers, organic acids and natural fibers [30].
The shape and size of the pore former particles determine the shape and size of the pores
of the porous ceramic material. Researchers have studied the method of preparing 3-0 type
PZT piezoelectric ceramics by dry pressing and forming with artificial organic (C5O,Hg)n
(PMMA) and natural organic dextrin as pore formers. The porous piezoelectric ceramics
prepared by this method generally have a closed-cell structure, and the pores are not
connected to each other. The porosity volume fraction levels are between 5% and 45%, and
the hydrostatic figure of merit (HFOM = dj,.g;,) value is higher than 1500 x 107> Pa~!,
which provides excellent sensitivity and signal to noise ratio.

BURPS is simple, mature, and easy to operate process. It is currently the most widely
used piezoelectric ceramic preparation process. However, the pore-forming agent tends
to leave unevenly distributed defects on the pore wall of the green body during the high-
temperature ignition loss process, resulting in poor stability of the mechanical and electrical
properties of the product, which restricts the application of this process.
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2.3. Direct Foaming Method

The direct foaming method involves generating a large number of bubbles in a ceramic
slurry, and then fixing and retaining the structure of the bubbles before the bubbles burst to
obtain the porous ceramic green body [31]. The methods used include mechanical stirring,
or adding a foaming agent to foam the ceramic suspension [32]. According to the type of
foaming agent, it can be commonly divided into a physical foaming agent, inorganic foaming
agent, or organic foaming agent. The physical foaming method aims to add an inert gas or
low-boiling point liquid to the material to be foamed under high pressure, and then the
material is heated, and the pressure reduced to make the gas separate, or allow the liquid to
volatilize to foam the material. As a result, physical foaming agents are also called volatile
foaming agents. During the foaming process, this type of foaming agent does not undergo
any chemical reactions and only generates a large amount of gas to foam the material due
to the changes in physical state. Commonly used physical foaming agents are Ny, CO,,
and Hy. This kind of foaming agent, which has weak chemical activity, will not leave
residue after foaming and have no adverse effect on the performance of porous ceramics.
Low-boiling liquids are currently widely used physical foaming agents, such as pentane,
isopentane, and hexane. Its advantages are a large volume gas generation, effective use of
foaming agents, and little or no residue is left in the material system. Kim et al. [33] used
gaseous CO; as a foaming agent to prepare porous ceramics with a pore size of less than
30 um and a porosity of 50 vol.%.

The inorganic foaming agent produces porous ceramics by heating or reacting with
the original material to release a gas. After foaming, the volume of the porous material can
even reach approximately 40 times larger than that of the original volume. The work of
Schuster et al. [34] is an early example of the use of inorganic foaming agents to prepare
high-performance porous ceramics, who used a mixture of sulfide and sulfate as a foaming
agent to mix with clay materials, and directly heated and foamed without pretreatment to
make porous ceramics.

Organic blowing agents mainly include azo compounds, sulfonyl hydrazide com-
pounds, and nitroso compounds. The biggest feature of azo organic blowing agents is
that they contain N=N structure in the molecule; the structure is unstable, and N; can
be released when exposed to heat source. The advantages of organic foaming agents are:
(i) the bubbles are fine-scale and uniform in size; (ii) the decomposition temperature range
is narrow and can be controlled; (iii) the diffusion rate of N in the material is small, and
will not readily escape from the foam; therefore, the a high foaming efficiency is achieved;
(iv) the organic chemical foaming agent is an exothermic foaming agent, which decom-
poses sharply when reaching a certain temperature, and the gas generation is relatively
stable. The relationship between the amount of foaming agent and the foaming rate can be
measured to improve the process.

2.4. Freeze Casting

Freeze casting, often termed the ice template method, is a method for manufacturing
porous ceramics with a complex pore structure [35]. In the process, a homogeneous
suspension is initially prepared, and the suspension is then slowly poured into the mold
and frozen under a unidirectional temperature gradient; finally, the solidified solvent is
sublimated in the freeze dryer [36]. In the frozen state, the solvent is not only the binder of
the ceramic powder, but also the template for the formation of pores. The freeze casting
method can be used to prepare porous ceramic products with a porosity of up to 90 vol.%,
and the porosity can be controlled in a wide range. In addition to water [37], camphene [38],
camphor [39] and other substances that are easy to crystallize at low temperatures and
volatile at high temperatures can be used as solvents and templates.

Lee used a freeze casting to prepare 3-3 type piezoelectric ceramics: the ceramic
powder was mixed with camphene solvent and then frozen and molded at low temperature,
followed by freeze casting and sintering to obtain porous piezoelectric ceramics [40,41]. The
porous piezoelectric ceramic prepared by this process has an interconnected pore structure
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with a pore size of approximately 10 um. After testing, the porosity of the porous ceramic
is between 50 vol.% and 82 vol.%, and the hydrostatic figure of merit (HFOM) reached a
high value of dj.g,~35,650 x 107> Pa~1.

The microstructure and morphology of porous ceramics prepared by freezing casting
mainly depend on the crystal morphology of the refrigerant. The use of water-based
freezing casting will generate a layered directional pore structure, which is a typical 2-2 type
structure. On using tert-butanol for freeze casting, highly aligned one-dimensional pores
can be obtained due to the needle-like morphology of tert-butanol crystals. Freeze casting
also provides good processing flexibility in controlling the morphology, microstructure
and properties of porous ferroelectric ceramics. Compared with other manufacturing
techniques, a highly aligned pore structure can be obtained by freezing casting. The
porosity produced by freeze casting can be adjusted in a wide range, and a high level of
porosity can be achieved [42,43].

2.5. Gel Casting

The gel casting method is a ceramic molding technology invented by Professors Jenny
and Omatete of Oak Ridge National Laboratory in the United States in the late 1980s [44,45].
The molding process combines a traditional ceramic preparation process with polymer
chemistry and provides a new technology that uses organic monomer polymers to shape
the ceramic body. The process is as follows: firstly, ceramic powder is mixed with the
organic monomer aqueous solution to prepare a ceramic slurry with high solid content
and low viscosity. After adding the catalyst and initiator, the organic monomer aqueous
solution is cross-linked and polymerized to form a three-dimensional network polymer
gel, so that the ceramic slurry is solidified in situ into a ceramic body of a desired shape. In
addition to polymerization and gelation, organic monomers also act as carriers for ceramic
powder, completing the mold filling and molding curing processes, respectively [46]. Gel
casting can overcome the shortcomings of traditional molding processes to produce ceramic
parts with high strength, uniform composition, defect-free and complex shapes, and this
process has the advantages of high efficiency, convenience, and is suitable for large-scale
production, research, further development and utilization. It has been widely used in the
manufacture of Al,O3 [47], SizNy [48], SiC [49], ZrO, [50] and other components.

Based on the process of gel casting, Wang’s research group used tert-butanol (TBA)
with low surface tension and high saturated vapor pressure to replace water as a solvent.
Through their invented TBA-based gel casting, they successfully fabricated low-density,
high-strength porous ceramic materials [51]. Among them, the porosity of porous alumina
ceramics can reach 92 vol.%, the compressive strength exceeds 10 MPa, and the specific
surface area can reach 14 m?/g. Since TBA leaves the green body during the drying
process at only 50 °C, it ensures that the product has a uniform pore size distribution and
stable electrical properties. At the same time, it overcomes the shortcomings of low body
strength in the freeze-drying process. The prepared porous PZT piezoelectric ceramic has
a porosity of 31vol.%-58 vol.%, a maximum HFOM value of d},.g;~23,000 X 10~ 15 Pa1,
and a minimum acoustic impedance of 3.0 MRayls, which can meet the requirements
of underwater acoustic sensors. However, the high cost of the raw material TBA used
in this process and the narrow porosity range of porous ceramics hinder its long-term
development and wide application.

2.6. Additive Manufacturing

When manufacturing ferroelectric ceramics with complex porous structures through
the above-mentioned methods, it is often necessary to design and produce complex and
delicate molds, which may be expensive and time-consuming and present significant
challenges in production. Additive manufacturing can produce complex structures without
molds, and can realize a wide range of structures, thereby allowing the manufacture of
porous ceramics with precisely controlled structures [52]. Among the available additive
manufacturing methods, direct ink writing is the most commonly used method. Direct
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ink writing requires a freely moving nozzle and the additive manufacturing program will
automatically layer the virtual model and accurately distribute the ink layer by layer to
the substrate. It has already been used to produce piezoelectric materials with complex 3D
shapes [53].

3. Characterization of Porous Piezoelectric Ceramics

The previous section discussed the preparation technology of porous ceramics. When
the porous ceramic has the expected function, a specific required pore structure can be
obtained by selecting a suitable method, so as to optimize the design and manufacture
to meet the design and application purpose. Characterization of the porous material can
allow researchers to understand the mechanism and application of porous piezoelectric
materials. Whether the ceramics is porous or not, piezoelectric materials should exhibit the
following main characteristics:

(1) Electromechanical conversion characteristics: a high piezoelectric charge constant dz3
is required (high charge per unit force, or high strain per unit electric field).

(2) Mechanical properties: high mechanical strength and rigidity (stiffness), in particular
for highly loaded applications.

(38) Dielectric performance: a high resistivity, dielectric constant and dielectric strength to
prevent breakdown when the driving electric field is applied.

(4) Environmental adaptability: a good temperature and humidity stability, high Curie
point, and wide operating temperature range is required.

(5) Stability: The piezoelectric properties should not change significantly with time.

Among them, the Curie point of the material is closely related to stability and envi-
ronmental adaptability. Compared with traditional dense piezoelectric ceramics, porous
piezoelectric ceramics have a high fraction of secondary air phase. The presence of pores
leads to porous ceramics exhibiting the characteristics of low density, low relative per-
mittivity, low Young’s modulus, and low specific heat; the introduction of porosity also
provide the ceramic with good thermal and sound insulation properties. Inevitably, as the
porosity increases, the piezoelectric coefficient (such as d33) and pyroelectric coefficient (p)
will decrease accordingly. However, some methods can be used to optimize the preparation
process to greatly increase the polarization of the porous ceramic itself, thereby curbing
this trend. As an example, this section summarizes the piezoelectric properties of multiple
papers and lists them in Table 1, so that readers can understand the advantages of various
porous piezoelectric ceramics concisely.

Definitions of key piezoelectric properties are summarized below.

(1) ds3 and d3; are the longitudinal and transverse piezoelectric charge coefficients, respectively,

(2) g33 and g31 are the piezoelectric voltage constants that represent the electric field
produced per unit stress.

(3) el is the relative permittivity at constant stress and ¢ is the permittivity of the free space.

(4) Hydrostatic charge coefficient dj, is a property that defines the hydrostatic actuation
capability of the material; dj, = d33 + 2d3;.

(5) Hydrostatic voltage coefficient g, = dj, /el is a property that the defines sensitivity
of the hydrophone (electric field per unit hydrostatic stress).

(6) Hydrostatic figure of merit HFOM = d},.gj,, defines the suitability for underwater sonar
applications and is an indicator of signal-to-noise ratio.

(7)  For energy harvesting application, the figure of merit in 33-mode is FOM33 = d33.933 =
d3;/ €€,

(8) The loss tangent (tand) is a parameter to describe energy dissipation. For dielectrics
with small loss, the phase angle is small and tand = 0. For porous ceramics, the loss
tangent value is positively correlated with the porosity. Under an applied electric
field, the electric field lines are concentrated in the pores of low permittivity, resulting
in the dissipation of electrical energy and is not stored in the ceramic phase [21,54].
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Generally, for a piezoelectric ceramic, the higher the degree of ceramic connectivity
along the electric field, the greater the permittivity and piezoelectric coefficient, this will be
discussed in more detail later.

Table 1. Piezoelectric properties of porous ferroelectric materials.

iy Connectivit Porosit o ds3 dy, h dugn £33
Composition Method Mode y (vol.% )y Te (°C) (PC/N) (pC/N) (10§3V m/N) (pm(zg/N) [C2/(N-M2)] tand Ref
BCZT BURPS 3-0 10~25 106 285~424 34~93 ~10.2 ~0.95 1026~2158 0.03~0.05 [55]
PZT-PCN 3-0 24~45.6 - 140~300 - 27~46 5.379 110~290 - [56]
PZT 3-0 35~54.5 - 161~312 35~180 16.1~31.1  0.554~5.753  241~1608 - [57]
PZT 3-0 5~45 - 208~350 - 5~40 0.35~5 300~1600 - [58]
LNKN 3-0 15~50 75~153 - - - - - [59]
PZT 95/5 3-0 4~16 220 66~71.2 - - - 220~310 - [21]
PZT 3-0 3~43 - ~450 - - - 450~1600 - [60]
BCZT 3-0 4~40 - - - - - - - [61]
PZT 3-0 1.8~59.4 - 90~142 - - 0.1~0.5 ~1300 - [62]
PZT 3-0 5~47 - - - - - 90~145 ~0.015 [63]
BS-0.64PT 3-0 9.4~43.9 - ~415 - - - 400~1500 ~0.04 [64]
PZT 3-0 10~50 - ~450 - - - - - [65]
BST 3-0 ~29 - - - - - - <005  [66]
PZT 3-0 0.23~20.82 - 350~451 - - - - - [67]
PZT-PCN 3-0 12.56~45.57 - 185~356 46~74 6.5~43.5  0.481~2.732 182~1137 - [68]
BZT 3-0 5~21 - 38~154 - - - 1300~2100 0.03 [69]
BNT-BT ez 3-1 36 - 115~182 - - - - - [70]

casting

PZT 3-1 65.5~68 - 589~675 - - - - - [71]
PZT 3-1 36~67 - 170~400 - - - 427~969  0.025~0.19 [72]
PZT 3-1 25~67 - 595~731 - - - - - [42]
PZT-PZN 3-1 ~90 - 302~450 216~406 241~396  52.056~160.77 100~120 - [40]
PZT-PZN 3-1 50~82 - 380~475 259~298 34~118 ~35.65 284~853 - [41]
PZT 2-2 28.1~68.7 - 608~690 244~330 8~28.3 ~9.648 1400~3500 - [73]
PZT 2-2 20~60 - - ~206 ~83.5 ~8.26 ~2200 - [74]
PZT 2-2 25~45 210~229 - - - - - - [75]
PZT 2-2 20~60 - ~460 - - - ~1400 - [11]
PZT-PCN 2-2 34 - ~639 - - - - - [76]
NKNS 2-2 ~60.5 60~62.5 ~130 ~60 ~58.7 ~3.522 ~1319 - [77]
BT 22 37~56 - ~134.5 - - - 580~1504 - [78]
PZT ca(s;teiig 3-3 23.9~57.6 - 454~588 - - 5.964~22.299 502~2513 - [79]
PZT 3-0 38.58~68.7 - 350~490 - 20.2~60.5  3.427~12.633 390.4~951.6 - [80]
PZT 3-3 36.4~56.2 - 415~504 - - ~9.594 742~1566 - [81]
PZT 3-3 31.3~58.6 - 424~635 - - 0.081~10.117 446~3418 - [82]
PZT 3-0/3-3 27.8~72.4 - 260~560 176~209 14.8~77.3 ~15.236 400~3500 - [83]

Definitions of piezoelectric materials are listed below: (1) PZT: PbZr, Ti; —xO3; (2) BCZT: Bag 85Cag.15210.1 Tip.9O3;
(3) LNKN: (Li, Na, K)NbOs; (4) BST: Ba;_,SryTiOs; (5) BZT: BaZryTi;_O3; (6) BNT: Big5Nag5TiOs; (7) PZT-
PCN: (x)Pb(ZrTi)O3-(1—x)Pb(CoNb)Os3; (8) BZT: BaZryTiy_«Os; (9) PZT-PZN: (x)Pb(ZrTi) O3-(1—x)Pb(ZnNb)Os3;
(10) NKNS: (NaK)(NbSb)Os; (11) BT: BaTiOg3; (12) BS-PT: BiScO3-PbTiOs.

The above table shows various parameters of porous piezoelectric ceramics. A com-
parison of porous piezoelectric materials with dense materials will be presented in Figure 3.

Figure 3 compares some common parameters of porous piezoelectric materials with
dense materials. Referring to the definition of the harvesting FOM33 = d§3 / £0££3 mentioned
above it can be seen that the electrical energy produced by the piezoelectric device is highly
dependent on the piezoelectric charge coefficient and dielectric constant. Piezoelectric
materials with high piezoelectric charge coefficients and low dielectric constants can harvest
more energy for an applied stress, and the introduction of porosity can significantly reduce
the dielectric constant, while the piezoelectric charge coefficient only decreases slowly with
an increase in porosity.
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Figure 3. Comparison of piezoelectric properties between porous and dense piezoelectric materi-
als [84]: (a) relative permittivity; (b) ds3; (c) FOM33; (d) time dependent charging curves; (e) output
voltage; (f) output power density. Reproduced with permission, Copyright 2022, Ceram. Int.

4. Mechanisms by Which Porosity Affects the Curie Temperature

The Curie point, T, is the transition temperature where a ferroelectric material loses
its spontaneous polarization as it changes phase from a non-centrosymmetric ferroelectric
phase to centrosymmetric paraelectric phase [85]. When the working temperature, T,
is below the Curie point (T < T.), the materials exhibit ferroelectric properties while
when it is above the Curie point (T > T;), the material is no longer ferroelectric, and the
dielectric constant obeys the Curie-Weiss law. At T < T, the T, is associated with the atomic
displacement and described as T, = zl—kx(Az)zocAz, where k is the Boltzmann constant, x
has the dimensions of a force constant, and Az is the atomic displacement [86]. According
to this relationship between atomic displacement and T, experiments have shown that
the smaller displacement of atoms resulted in a decrease of T, [87]. There is also a simple
theoretical relation defining the Curie point and the particle radius, R, of crystal: T, «
1/R [88]. Before this work, size effects on transition temperature of ferroelectric materials
had been investigated both theoretically and experimentally. It was reported that as the
particle size decreased, the T decreased [89]. Similarly, M.Kamel et al. later showed that
the T, shifted to a higher temperature with an increase in grain size [90]. In addition, there
are many other factors affecting the transition temperature such as the composition of the
material, the presence of dopants, external strain, pressure and the presence of an external
dc electric field, which was systematically investigated using a thermodynamic approach to
study the phase transition of ferroelectric crystals [91]. With respect to porous piezoelectric
materials, the need to increase the Curie temperature is normally used to evaluate their
working temperature for practical applications. A wide operating temperature range is
necessary for all piezoelectric ceramics, coupled with high performance. However, to date,
less work has been reported on the effects of the internal stress and the variation in lattice
distortion (c/a ratio) with porosity, and its subsequent effect on the Curie point.

Hiroshima [92] reported in 1996 that the Curie point of a Pb;_4BayNb, Oy material
was affected by the preparation conditions, and ceramics with a large number of pores and
cracks exhibited a higher Curie point compared to dense ceramics. In addition, fine-grained
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materials exhibit a higher Curie point compared to coarse-grained materials. When the
free energy of the ferroelectric phase is smaller than the free energy of the paraelectric
phase, a transition from the paraelectric phase to the ferroelectric phase occurs during
cooling. During the phase transition, the crystal surfaces perpendicular to the c-axis of
the paraelectric phase move outward and those parallel to the c-axis move inward. If an
internal stress related is not generated during the phase transition, the phase transition
occurs at the normal Curie point. However, when the movement of the crystal surface
is hindered by the surrounding crystal grains, the level of internal stress will increase,
resulting in an increasing of the free energy of the ferroelectric phase and a decrease of the
Curie point since the ferroelectric phase is less stable. Alternatively, if the movement of the
crystal surface is enhanced by any surrounding grains the Curie point will increase. Since
pores, cracks, and grain boundaries can act to relax the state of internal stress in a material
it is possible to understand why ceramics with a high fraction of porosity have a higher
Curie point compared to the dense ceramic.

Similar observations in subsequent studies by other researchers supported his infer-
ence, although there have been different interpretations of results from a range of tested
materials. The Curie point increased with an increase of the porosity, which was seen in
both porous barium strontium titanate (BST) [93] and PZT [11] ceramics. Nie [94] stated
that the reason why the Curie points increases with an increase of porosity is that stress can
be amplified or concentrated in the pores. However, Okazaki [95] reported that the space
charge electric field of lanthanum-doped lead zirconate titanate (PLZT) will increase with
grain refinement and porosity reduction. When the grain size decreases, the surface area of
the space charge layer increases, which in turn leads to an increase in the Curie point.

However, as Figure 4 shows, the results from other experiments have alternative
conclusions. Keizer [96] found that, for a Pby_LaxTiO3,x(1 5— «)(PLT) material, as the grain
size of the PLT material decreased, the Curie point decreased accordingly, and this was
because the smaller grain size led to an increase in the average compressive stress in the
material which reduced the c/a ratio. Zhu [97] believed that the inter-grain stress increased
with a decrease in grain size, and the decrease of the grain size in BaTiO3 ceramics will
generate an internal compressive stress and therefore reduce the c/a ratio and its Curie
point. For BaTiO3; ceramic samples with grain sizes of 5000 nm, 100 nm and 60 nm, the
measured T, were 128 °C, 120 °C and 111 °C, respectively. They suggested that since
there is a volume increase during a cubic to tetragonal phase transition, the presence of an
internal compressive stress helps to maintain and stabilize the paraelectric cubic structure
and the BaTiO3 ceramic system is subjected to external pressure in a similar way to a system
under hydrostatic pressure. A compressive pressure can therefore be viewed to favor a
smaller volume lattice structure and a trend of a reduced c¢/a ratio, and a reduced T, is
therefore expected. Although their prediction of the relationship between grain size and
Curie point is in contrast to Hiroshima, they believe that an increase in internal stress will
lead to a decrease in Curie temperature. Samara [98], Schader [99], Jaffe [100] found that
as the external pressure increases, the Curie temperature of the sample will also increase

during the test. The mechanism of this phenomenon is consistent with that described by
Zhu [98].
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Figure 4. Schematic of the mechanism affecting the Curie point and its contradictions: (a) from grain
size aspect; (b) from lattice constant ratio aspect.

Hwang [101] and Yan [102] discovered doping with other elements or substitution
of atomic positions in the crystal structure can affect the Curie point, although additives
can also influence the state of internal stress. They provided a detailed explanation on
the influence of compressive stress on the Curie temperature. The material studied was
PZT-Ag composite material, and in their publications, they reported data describing the
relationship between the Curie point of BaTiO3 and (Pb, La)(Zr, Ti)O3 and the amount of
silver used in the composite [103-105]. According to previous reports [106-109], the Curie
point decreased as the silver content increased and this phenomenon has been related
to the substitution of silver in the perovskite crystal structure. However, the results of
Hwang are contrary to these reports [106-109], and by incorporating silver particles into the
material, the Curie temperature is increased. Therefore, the changes in Curie temperature
observed in PZT-Ag composites cannot be explained by the substitution of silver into the
perovskite crystal structure of PZT. Hae Jin Hwang believed that the Curie temperature
is affected by the presence of an internal thermal stress which is produced as a result
of the thermal expansion mismatch between the ceramic matrix and the silver particles.
During the cooling process, a large thermal residual stress is introduced into the matrix
grains and silver particles starting from the sintering temperature. The actual stress at any
point of the matrix can be determined from the uniform average stress combined with
the local stress generated by nearby particles. The internal thermal stress has two effects
on the Curie point of PZT-Ag composites. The first effect is to broaden the phase change
behavior. In PZT-Ag composites, silver particles are mainly located at the joints of multiple
particles and if the c-axis of the PZT matrix grains is parallel to the radial direction of the
surrounding silver grains, the grains transform at a higher temperature because the Curie
point rises due to the expansion of the c-axis caused by the residual tensile stress. If the
c-axis is perpendicular to the radial direction of the silver particle, the Curie point shifts
to a lower temperature. Therefore, according to the relationship between the c-direction
and the orientation of silver particles, the Curie temperature distribution of a single crystal
grain is wider than the distribution without secondary dispersoid. The other effect of
internal thermal stress is to lower the Curie points of perovskite ceramics. Although the
residual thermal stress field is anisotropic, the average stress in the matrix is compressive
and, as described in this section, the introduction compressive stress leads to a decrease
in the Curie point. Therefore, the impact of a residual thermal stress cannot fully explain
why the Curie point increases with an increase of silver content. When the polycrystalline
ferroelectric is cooled to its transformation temperature, a single crystal grain is sandwiched
by its adjacent crystal grains and internal stress is generated. However, the internal stress
caused by this transformation can be alleviated by phenomena, such as the formation of the
presence of pores or defects, the presence of grain boundary phases, or the 90° twinning in
the crystallites. In particular, it has been indicated that the internal stress of piezoelectric
ceramics decreases significantly with an increase in porosity. According to reports, the Curie
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point of some perovskite-type ceramics is a microstructure sensitive characteristic [94]. Yan
found that if all sides of the crystal are subjected to uniform compressive stress, such as by
a hydrostatic pressure, the ferroelectric to paraelectric phase transition is promoted from
the tetragonal phase to the cubic phase, and the Curie temperature will move to a lower
temperature; see left image in Figure 4b. When there is only a uniaxial stress applied, such
as a compressive stress parallel to the a and b axes, or tensile stress parallel to the c axis, the
value of c/a will increase accordingly, and the crystal is more inclined to remain tetragonal
phase characteristics, resulting in an increase in the Curie temperature; see right image in
Figure 4b. Differences are also expected for the application of a uniaxial stress, depending
on the direction of the applied relative to the poling direction, or if the materials if poled or
unpoled. This would be of interest to investigate for porous materials.

As Figure 4b shows, although there are contradictions in the discussion of various
materials introduced above, the conclusion is that an increase in the internal stress the
Curie temperature will decrease accordingly. The ability for porosity to reduce the internal
compressive stress state provides scope for tailoring the T, of ferroelectric materials.

5. Simulation of Porous Piezoelectric Ceramics

Through some optimization methods, porous piezoelectric ceramics can exhibit char-
acteristics that cannot be achieved by dense ceramics. In addition to experimental testing,
many researchers have also verified the superior performance of porous ceramics through
computational simulation. These simulation results can be instructive for the design and
manufacture of porous ferroelectric ceramics. This section therefore summarizes the porous
ceramic modeling related to electric field distribution, mechanical properties, dielectric and
piezoelectric properties.

5.1. Simulation of Electric Field Distribution

The polarization process of ferroelectric materials is critical. When the electric field
that is applied during the polarization process reaches a certain strength, the initially
randomly oriented domains can be aligned; the electric field at which domains align in the
field direction is termed the coercive field (E;). Compared with porous ferroelectric materials,
dense ferroelectric materials have a relatively homogeneous electric field distribution
since the permittivity is constant throughout the material. However, since the relative
permittivity of the pores is much lower than that of ferroelectric ceramics, the introduction
of pores will lead to an uneven distribution of the applied electric field, and the electric
field will be concentrated in the low permittivity pores.

Since the porosity will significantly affect the electric field distribution in ceramics, it
is necessary to study and quantify the electric field distribution in porous ceramics. To date,
numerous studies have been conducted for this purpose. Gheorghiu et al. developed 3D
porous ceramic models with different porosity levels by Finite Element Method (FEM) [110].
As shown in Figure 5a, the porosity of the ceramic model gradually increases from left
to right. For an almost dense ferroelectric microstructure, the local field on the body is
highly homogeneous (represented by green color), and its average value is almost equal to
the externally applied field (voltage/thickness). For porous microstructures with porosity
higher than 20%, the local electric field becomes highly inhomogeneous and is concentrated
at the pores, as expected. In addition to the porosity, the pore morphology and orientation
also affect the electric field distribution and degree of polarization. From the work of
Stanculescu [66], they used the finite element method to focus on pore morphology and
pore orientation on piezoelectric properties. From Figure 4b, the results show that the
electric field of the porous structure with randomly distributed pores is much lower than
that of the porous ceramics with aligned pores. When the ferroelectric ceramic structure
is close to the ideal 2-2 lamellar structure, it is easier to fully pole the material if the pore
channels are parallel to the electric field. This will lead to an increase in the polarization
level and higher piezoelectric and pyroelectric characteristics. During the polarization
process (poling), when the direction of the electric field is perpendicular to the aperture,
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Effective permittivity

in other words, if the porous ceramic is of type 3-1 or 3-3, the ceramic body tends to have
a higher effective permittivity and intensity of polarization. If the ceramic body has a
2-2 structure and the electric field is perpendicular to the ceramic phase plane, the ceramic
body will theoretically have the lowest effective permittivity and intensity of polarization.
In addition, if the direction of applied electric field is consistent with the pore orientation,
the minimum amount of unpoled area tends to be obtained. In summary, by artificially
optimizing the structure of the porous ceramics, pore orientation and polarization process,
the piezoelectric properties of the porous ceramics can be optimized.
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Figure 5. Simulation of porous materials: (a) Effect of porosity on electric field distribution [110],
Reproduced with permission, Copyright 2016, ]. Am. Ceram.; (b) Influence of pore morphology on
the electric field [66]. Reproduced with permission, Copyright 2015, J. Alloy. Compd.

5.2. Simulation of Dielectric and Piezoelectric Properties

Several studies have investigated the dielectric and piezoelectric properties of porous
ferroelectric materials through computational simulation. Bosse et al. [111] developed
a three-dimensional finite element model to characterize the influence of microstructure
characteristics on the piezoelectric and dielectric properties of the 3-3 piezoelectric struc-
ture. By changing the aspect ratio of the porosity, the piezoelectric figures of merit, such
as the hydrostatic piezoelectric charge coefficient (d),), hydrostatic piezoelectric voltage
coefficient (g), and hydrostatic figure of merit (d;,.g;), can be significantly improved. Zhao
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et al. [112] simulated the piezoelectric properties of porous ferroelectric ceramics by phase
field method. The simulation results, from Figure 6, indicate that a strong decrease in P, of
the highly porous ferroelectric is observed for the ferroelectric properties. As the porosity
level increases, the relative permittivity and piezoelectric coefficient continue to decrease.
The influence of porosity dominates, while the shape of the pores contributes less to e1; and
d33. Kargupta et al. [15] developed a finite element model to study the influence of porosity
on 3-1 porous ferroelectric materials. This is consistent with Zhao's results that the relative
permittivity and piezoelectric coefficient of porous ceramics decrease monotonously with
an increase of pore volume fraction.
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Figure 6. The remnant polarization (a) rectangularity factor; (b) dielectric constant; (c) and piezoelec-
tric coefficient; (d) versus porosity calculated for various shaped porous ceramics at different porosity
levels [111]. Reproduced with permission, Copyright 2012, Acta Mater.

5.3. Simulation of Mechanical Properties

Considering the mechanical properties of piezoelectric ceramics, Kim et al. [113]
simulated the materials using COMSOL Multiphysics V5.4 (COMSOL Inc., Stockholm,
Sweden) and used atomic layer deposition (ALD) to deposit ZnO on a 3D epoxy template,
and finally burnt off the epoxy template in the air to obtain a 3D-ZnO structure. As
shown in Figure 7, their simulations showed that lateral expansion occurs when the
structure is compressed in the z-direction, thus confirming that the Poisson’s ratio is
greater than zero. The engineering elastic strain generated in the 3D hollow nanostructure
is determined to be 0.030, which is 10 times larger the 0.003 of the dense structure. After
unloading during the FEA simulation, the ZnO hollow nanostructure recovered 95.9%.
They also indicated that the use of 3D hollow nanostructures in piezoelectric materials
can not only improve the mechanical properties of the hollow nanostructures, but also
effectively enhance the piezoelectric and pyroelectric response. Since ZnO has a relatively
low piezoelectric coefficient in ceramic materials, the use of ceramic materials with higher
piezoelectric coefficients and the same 3D hollow nanostructure provides a route to achieve
improved piezoelectric coefficient results.
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Figure 7. Simulation results: (a) FEA simulation of 3D ZnO nanostructure [113]; (b) stress—strain
plot of compression tests [113]. Reproduced with permission, Copyright 2020, Nano Energy.

6. Application of Porous Piezoelectric Ceramics

As a functional material with a wide range of application prospects, porous piezoelec-
tric ceramics can benefit from its own structural characteristics, and these advantageous
properties have led to researchers and industrial practitioners to design and develop porous
piezoelectric ceramics with improved performance. As highlighted in the previous sections,
porous piezoelectric ceramics can be optimized through a series of methods to achieve
piezoelectric properties close to dense bodies and benefits in some properties such as the
hydrostatic or energy harvesting figures of merit. Due to its porous structure, the specific
surface area is much larger than that of the dense body and it also provides the materials
with the properties of low permittivity, low density, low Young’s modulus, and low specific
heat for an enhanced pyroelectric response. As Figure 8. shows, the combination of these
characteristics can provide a variety of guiding ideas for the design and application of
porous piezoelectric ceramics.

(1) Energy Harvesting: Piezoelectric energy harvesting can capture the surrounding
mechanical vibration energy and directly convert it into electrical energy through the
piezoelectric effect. The energy obtained from environment mainly depends on the
piezoelectric charge coefficient and relative permittivity. The introduction of porosity
can sharply reduce the relative permittivity, while the piezoelectric charge coefficient
decreases slowly with increased porosity. Previous studies have also shown that
porous ferroelectric materials have a higher piezoelectric harvesting figure of merit
factor than dense materials. Therefore, porous ferroelectric materials show great
potential in piezoelectric energy harvesting applications. For example, by converting
mechanical vibrations or temperature fluctuations and high energy density through
piezoelectric and pyroelectric effects, the efficiency of piezoelectric materials can
exceed electromagnetic generators with small size [114].

(2) High-performance Sensors: Ferroelectric materials can also be used as sensors to
detect force, pressures, and acceleration via the piezoelectric effect and heat via
the pyroelectric effect. One advantage of piezoelectric sensors is that they do not
require an external power supply and can act as “self-powered sensors”. Dense
ceramic materials generally have a high relative permittivity, but as can be seen
in Table 1, porous piezoelectric materials have the advantage of preparing high-
sensitivity sensors due to their relatively low permittivity and high piezoelectric,
pyroelectric and hydrostatic coefficients. The regulation of porosity tailor properties
is therefore a feasible way to improve material properties and in recent years, porous
ferroelectric composite materials have attracted widespread attention in sensing
applications due to their high piezoelectric voltage coefficient and good mechanical
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flexibility. Porous piezoelectric materials have shown promising potential in wireless
sensors [115], high-performance hydrophones [116], and strain measurement [117].
(8) Since ferroelectric materials can directly convert mechanical energy into chemical en-
ergy or heat into chemical energy through piezoelectric potential induced by external
mechanical force, porous nanostructured ferroelectric materials are being considered
for use for catalysis due to the high specific surface area. The piezoelectric and ther-
moelectric catalysis of porous ceramics is used to treat organic dye wastewater due to
their high efficiency and self-powered characteristics. In addition, porous ferroelec-
tric composite materials composed of ferroelectric nanoparticles and polymers have
shown great potential in catalytic applications due to the advantages of recyclability
and reuse. The ability of porosity to tailor the Curie point is an advantage since
piezocatalytic activity has been shown to improve near the Curie point [118,119].

Surface Area: |
Pyroelectric Coefficient: /
Piezoelectric Coefficients: / and /.

Figure 8. Benefits of porous ferroelectrics and their potential applications.

7. Conclusions and Future Perspectives

Porous ferroelectric materials have attracted much attention due to their high sensitiv-
ity and harvesting figures of merit and their potential application in energy and sensing
technologies. This article has reviewed the preparation methods, morphology, and charac-
terization of porous ferroelectric materials, focuses on the mechanism that affects the state
of internal stress and the Curie point of porous ferroelectric materials and highlights key
simulations and applications that support the advantages of porous ceramics. In general,
porous ferroelectric ceramics have low cost, large signal and energy output, and high
controllability; they have potential for a large development space in performance and have
a wide range of applications as transducers.
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As mentioned above, porous piezoelectric ceramics can be generally classified into
3-0, 3-1, 3-3 and 2-2 type structures according to the connectivity of the pores. Among
them, the 3-1 type and 2-2 type porous ferroelectric ceramics can improve the piezoelectric
and pyroelectric energy harvesting performance by adjusting the orientation of the electric
field and the pores. However, the brittleness of ceramics limits their applications. Porous
ferroelectric polymers have good flexibility and biocompatibility, but their application
prospects are also hindered by relatively low piezoelectric and pyroelectric coefficients.
Therefore, porous ceramic-based ferroelectric composites combining the properties of both
show great potential in sensing and energy harvesting applications.

There are various preparation methods for porous ceramic materials. The 3-1 type or
3-3 type porous ferroelectric ceramics obtained by freeze casting have a highly arranged
pore structure, which makes their performance better than those produced by other meth-
ods. In addition, additive manufacturing is currently the most innovative method of
fabrication because it is not limited by complex geometries and pore structures. Combining
emerging manufacturing technologies with traditional technologies can also be a highly
innovative endeavor. In addition, more in-depth explorations to discover the properties
and internal mechanisms of porous materials in terms of state of internal stress, degree of
tetragonality, domain structure and domain dynamics is also expected.
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