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Abstract
With the ever-increasing global demand for new energy and modern technology,
the investigations in advanced ferroelectrics (FE) and antiferroelectric (AFE) ceramics
is getting more and more urgent. The phase structure and phase transition behaviors of
FE and AFE materials can be influenced by various external stimuli, such as temperature
and pressure, and thus offer great possibilities for different applications. With this
bearing in mind, several energy-related effects in FE/AFE materials are studied in this
thesis, including the pyroelectric effect, the explosive energy conversion effect, and the
electrocaloric effect. The effect of the composition, the doping element, the synthesize
conditions on the energy harvesting effect of the FE/AFE materials are studied. The
structure and phase transitions are explored to understand the mechanism of the salient
performance of the FE/AFE materials. The studies will offer more understanding about
FE/AFE materials and pave the way for speeding up the development of FE/AFE
materials for real energy harvesting applications.
Firstly,

the

pyroelectric

effect

of

0.97(0.99Bi0.5Na0.5TiO3-0.01BiAlO3)-

0.03K0.5Na0.5NbO3 (BNT-BA-KNN) is investigated. The depolarization temperature of
the BNT-BA-KNN ceramics is 118 oC. At room temperature, a large pyroelectric
coefficient (p ~3.7×10-8Ccm-2K-1) is achieved. Moreover, the Figure of merits Fi, Fv, and
Fd are determined as high as 1.32×10-10m/V, 2.89×10-2m2/C, 1.15×10-5Pa-1/2 at 1 kHz. The
temperature dependent study suggests an excellent temperature stability of p and figures
of merits during RT~85 ℃ . The high pyroelectric properties and excellent thermal
stability of BNT-BA-KNN reveal its promising potential as a lead-free candidate for
infrared temperature detector materials.
Secondly, the explosive energy conversion effect is studied in the (Ag1-xKx)NbO3
FE materials. Optimized (Ag0.935K0.065)NbO3 (AKN) is demonstrated to show the best
explosive energy conversion performance, being able to display a FE-AFE phase
transition under a low hydrostatic pressure of 350 MPa. The AKN ceramics also possess
a stable high polarization from room temperature to 150 oC. A device has been designed
and fabricated and the shock wave experiment shows that the AKN possesses a recordIII

high energy storage density of 5.401 J/g, and enable a pulse current of 22 A within 1.8
microseconds, which is better than that of the commercially employed Pb(Zr,Ti)O3. A
detailed study on the structural transition has been conducted using the TEM and in-situ
neutron diffraction technique. With increasing hydrostatic pressure, the disappearance of
½(301)p, ½(321)p and ½(341)p reflections and appearance of ¼(443)p and ¼(229)p further
confirms the pressure driven FE-AFE phase transition. A phenomenological theory is also
employed to rationalize the pressure driven FE-AFE phase transition.
The explosive energy conversion effect has also been demonstrated in NaNbO3
(NN) ceramics. The fresh NN ceramics is in AFE phase, while the poled NN ceramics
undergo an irreversible AFE-FE phase transition. With increasing pressure to 450 MPa, a
sharp FE-AFE transition and depolarization behavior can be observed for poled NN
ceramics. The FE-AFE phase transition was further supported structurally via in-situ
neutron diffraction measurement. The polarization of NN can keep stable (~30 μC/cm2)
over a wide temperature range of 20-180℃, which adds to its suitability for explosive
energy conversion application. The investigation results of AKN and NN under pressure
will serve as a guidance for further development of new FE materials and devices for
energy conversion application.
Finally, the electrocaloric effect of a compositionally modulated (Pb0.97xLa0.02Bax)(Zr0.58Sn0.29Ti0.13)O3

(PLZST) (x=0, 0.08, 0.09, 0.11) ceramics is investigated.

With increasing Ba doping level, the sharp FE-AFE-paraelectric (PE) phase transition
sequence with increasing temperature is gradually immerged into a diffused FE-PE phase
transition. Moreover, the Curie temperature decreases down to around room temperature.
As a result, a large electrocaloric effect (1.2 K) and wide electrocaloric temperature span
(112 K), are simultaneously achieved in PLZST with x=0.11. This work provides a novel
method to simultaneously realize high electrocaloric effect and large temperature span.
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Chapter 1 Introduction
With the increasing development of modern technology and the continuous
increment of demand for a better and convenient everyday life, the requirements for
miniaturization, multi-functional ability, and intelligence of advanced electronic devices
have also increased. Therefore, the demand for investigations on functional ceramics, as
an important part of electronic devices, is also getting more and more urgent. Due to their
unique response to external stimuli such as sound, light, electricity, heat, and magnetism,
functional ceramic materials can realize the information detection, energy storage and
energy conversion. At present, functional ceramic materials have been widely used in
electronic devices, sensors, photoelectric, infrared technology, pulse power /energy
technology, life / health and other fields. Among them, ferroelectric ceramics have
become one of the most important functional ceramics because of their rich physical
properties, complex coupling effects and wide range of applications, and thus have
attracted lots of attention from researchers in the past decades.[1]
1.1 Ferroelectricity
Ferroelectric is a kind of polar crystals with non-centrosymmetric structure.
Ferroelectric material has spontaneous polarization (Ps) within a certain temperature
range, and the Ps has specific orientation. The Ps originates from the inherent electric
dipole moment in each unit cell of the ferroelectric crystal. The orientation of the Ps can
be reversible upon the application of the external electric field. Spontaneous polarization
is the internal feature of ferroelectrics, and the evolution of Ps becomes the core issue of
ferroelectric physics. In 1920, Joseph Valasek discovered an electric hysteresis loop
similar to the hysteresis loop in the crystal of Rochelle salt (KNaC4O6H4, potassium
sodium tartrate), and reported the existence of ferroelectricity for the first time.[2, 3] The
ferroelectricity can only be obtained in the non-centrosymmetric polar point groups.
There are 10 existing polar point groups with non-centrosymmetric polarity, namely
1(C1), 2(C2), 3(C3), 4(C4), 6(C6), m(Cs), mm2 (C2v), 4mm (C4v), 3m (C3v) and 6mm
(C6v).
1

According to the different structural characteristics, ferroelectric materials can be
classified into the following four types: bismuth layered structure (general formula is
(Bi2O2)2+(Am−1BmO3m+1)2−), pyrochlore structure (general formula is A2B2O7), tungsten
bronze

structure

(general

formula

is

(A1)4(A2)2(C)4(B1)2(B2)8O30

or

(A1)4(A2)2(C)4(B)10O30) and the perovskite structure (general formula is ABO3). The
structure of perovskite-type ferroelectrics can be described by a simple cubic lattice
structure, which is shown in Figure 1-1. Perovskite-structure ferroelectrics are the most
numerous type of ferroelectrics. The vertices of the cubic lattice are occupied by the Asite ion with a larger ion radius, which is usually rare earth or alkaline earth metal element
(such as Ba, Ca, Sr, etc., whose ion radius is generally larger than 0.90 Å). The A-site ion
is associated with 12 oxygen coordination to form the densest cubic packing, which can
stabilize the perovskite structure. The body center point of the cubic lattice is occupied
by a B-stie ion with a smaller ion radius, which is usually transitional metal element (such
as Ti, Zr, Nb, Fe, etc., the ionic radius is generally larger than 0.51 Å). The B-site element
coordinates with 6 oxygens and occupies the center of the octahedron in the cubic lattice.
In the perovskite structure, B ions move toward off-center direction, which forms the
origination of spontaneous polarization of these kinds of materials, together with the
polarization contribution from A ions and O ions. Because of its simple structure and
excellent piezoelectric, ferroelectric properties, the perovskite structured ferroelectric
materials have become the most extensively studied and employed ferroelectric materials
in lab research and industry applications.[4-7]

Figure 1- 1 Diagram of perovskite lattice structure of ferroelectric materials.
The main feature of ferroelectrics at the microscopic level is the existence of
2

ferroelectric domains. In order to reduce the system’s overall electrostatic energy and
strain energy, the directions of Ps in the crystal structures are often different from each
other, so that small regions are formed in the ferroelectric crystal. The electric dipoles in
each region are arranged in the same direction. While, the dipole directions of different
regions are different. Such small regions are the so-called ferroelectric domains, as shown
in Figure 1-2.[8] When the external electric field changes to the opposite direction, new
ferroelectric domains inside the ferroelectric material begin to nucleate and grow, the
domain walls move, and finally the overall polarization also changes its direction. This
domain evolution behavior at the microstructure level of ferroelectrics actually forms the
basis of the macroscopic electrical properties of ferroelectric materials.

Figure 1- 2 Illustration of polarization reversal process of ferroelectric materials.[8]
One of the important macroscopic features of ferroelectric materials is the
polarization-electric field (P-E) hysteresis loop, as shown in Figure 1-3. Upon the
application of a strong electric field, the new domains in the FE materials nucleate and
grow, resulting in the maximum polarization (Pm). When the external electric-field is
gradually unloaded, the polarization gradually decreased while retaining a certain amount
of its Pm. When the external E-field reaches 0, i.e. the P-E loops intersects the P axis, the
intersect value is referred as remanent polarization (Pr). When the electric field further
increases with a negative direction, the polarization gradually decreases first and then
sharply decreases. The loop line intersects the E-axis where the polarization equals zero,
and the corresponding E-field is called the coercive field (Ec). When the E-field continues
to increase, the polarization increases and finally reaches the maximum value, same as
that in the first quadrant. The polarization behavior repeats the above discussed increase3

decrease-reversal circle and finally forms the P-E hysteresis loop as shown in figure 1-3.

Figure 1- 3 Representative P-E hysteresis loop of ferroelectric materials.

Figure 1- 4 The temperature dependent dielectric property of barium titanate ceramics.
Another physical feature at the macroscopic level of ferroelectric material is the
existence of the Curie point (TC). Figure 1-4 gives an example of the dielectric spectrum
of Barium Titanate ferroelectric ceramics to illustrate the TC.[9] TC represents the
temperature point, above which the spontaneous polarization of the ferroelectric materials
disappears and the ferroelectric phase transforms into a paraelectric (PE) phase. Near the
ferroelectric-paraelectric (FE-PE) phase transition temperature, ferroelectric material
usually has an abnormal peak in the dielectric constant temperature spectrum. Above TC,
the relative dielectric constant of most ferroelectrics follows the Curie-Weiss law:
𝐶

𝜀𝑟 = 𝜀0 + 𝑇−𝑇

0

4

(1-1)

where, C is the Curie constant, εr and ε0 are the relative dielectric constant and dielectric
constant in vacuum condition, respectively, and T0 is the Curie Weiss temperature.
1.2 Antiferroelectricity
In 1951, Kittle theoretically proposed the concept of antiferroelectricity based on
the

macroscopic

phenomenological

theory. According

to

the

definition

of

antiferroelectricity, the antiferroelectric (AFE) crystals possess Ps similar to that of
ferroelectric crystals, but the difference is that the Ps of adjacent lattices in the
antiferroelectric crystals align along the opposite direction, thus exhibiting a zero overall
net polarization in the macroscopic level, as shown in figure 1-5.[8] However, if an
external electric field larger than a critical electric field, the anti-parallel aligned electrical
dipoles inside the AFE materials will be re-arranged in the same direction, similar to the
case of a FE material. The material is thus transformed from the AFE phase to the FE
Phase and the minimum electric field which is able to trigger the transition is called the
forward switching electric field. During the process of withdrawing the applied electric
field, when the external electric field is smaller than a critical E-field, the parallelly
aligned dipoles of the E-induced FE phase change back to their anti-parallel arrangement.
Therefore, the overall net polarization decreases rapidly. This process is associated with
a FE-AFE phase transition, and the E-field where the polarization decreases sharply is
usually referred as the backward switching electric field.

Figure 1- 5 Diagram of polarization reversal process of antiferroelectric materials.[8]
The most important feature of antiferroelectric materials is that they display
double polarization-electric field hysteresis loops, as shown in Figure 1-6. From the
5

double hysteresis loops, the electrical parameters of the antiferroelectric material,
including forward switching electric field EAF, backward switching electric field EFA,
electric hysteresis ΔE (ΔE = EAF–EFA), saturated polarization Pm can be directly achieved.
The electric field induced phase transitions in AFE materials can be understood
microscopically with the assistance of soft mode theory: the AFE-FE phase transition is
driven by the long-range force from the ferroelectric soft mode in the center of the
Brillouin zone in the crystal lattice, while the FE-AFE phase transition is driven by the
short-range force from the antiferroelectric soft mode at the boundary of the Brillouin
zone in the crystal lattice.[10, 11] The essence of ferroelectric/antiferroelectric phase
transition is actually the result of competition between the long-range and short-range
forces. H. He et al. used transmission electron microscopy to observe the in-situ
antiferroelectric-ferroelectric phase transition of Pb(Zr,Sn,Ti)O3 (PZST) ceramics under
the application of an electric field, and observed the variations in sublattice diffraction
intensity and related wavelengths.[12] It is concluded that when approaching the forward
switching field, an antiferroelectric-ferroelectric phase transition occurs first in small
regions of the AFE crystal lattice first, and then the phase transition region expands to
other regions as the electric field increases to higher values. Based on the theory of lattice
dynamics and the relationship between lattice softening and crystal structure stability, P.
Yang

et

al.

studied

the

influence

of

external

field

symmetry

on

the

ferroelectric/antiferroelectric phase transition of PZST-based ceramics, and found that
symmetrical external fields (such as hydrostatic pressure) stabilize the antiferroelectric
phase, while asymmetric external fields (such as electric fields) broaden the ferroelectric
phase region.[11] These works have laid a theoretical foundation for the study of the
ferroelectric/antiferroelectric phase transition behaviors of PZST-based ceramics under
various external fields.

6

Figure 1- 6 Representative P-E hysteresis loops of antiferroelectric materials.
Although the antiferroelectric materials attract far less research interests than the
research on ferroelectric materials, with the continuous deepening understanding of the
properties of antiferroelectric materials and the continuous discovery of their applications
in new areas, the academic research on antiferroelectric materials at the current time, has
become more and more intense. Many interesting phenomena that happened in
antiferroelectric materials still need more investigations and explorations for more
detailed and deep explanation. For example, the complex phase composition at the
boundary between the antiferroelectric phase and the ferroelectric phase, the relationship
and difference between the antiferroelectric domain and the ferroelectric domain, and so
on. In addition, as for forwarding the antiferroelectric materials towards industrial
applications, their high energy storage density, large electric field-induced strain and high
dielectric breakdown performance of antiferroelectric materials have also stimulated
researcher's enthusiasm for investigations on antiferroelectric materials. Some of these
applications of the antiferroelectric materials will be introduced in detail in the following
section.
1.3 Applications of ferroelectric/antiferroelectric materials
The above introduction in chapter 1.1 and 1.2 illustrate the unique phase characters
and special electrical properties of ferroelectric/antiferroelectric materials. Because of
their rich phase transition behaviours and plenty of complex coupling effects among
7

electric field, temperature, pressure and light, ferroelectric/antiferroelectric materials
have been extensively studied for fundamental physical research and have been widely
used in many technical fields such as power electronics, lasers, ultrasound, infrared
detection, and biomedicine. For example, using piezoelectric effect to prepare sensors,[13]
using electrical induced strain effect to prepare actuators,[14, 15] using the electrical
induced polarization effect to fabricate energy storage capacitors,[16, 17] using
pyroelectric effect to make devices in the field of infrared detection,[18] designing
ferroelectric pulse power supplies with high energy storage density and small size,[19]
using electro-thermal coupling effect for promising electrocaloric refrigerating.[20] This
section will further introduce some of these important applications which are related with
the research project of this thesis.
1.3.1

Explosive energy conversion application
As we discussed above, when an external DC E field is applied on the FE materials,

the domains inside the material will align along the same direction as that of the applied
external E field. After the external E-field is removed, the ferroelectric domains can still
retain their aligned uniform orientation. This forms the Pr on the material surface and a
large amount of charge is stored inside the ferroelectric material. When a shock wave
pressure passes through the pre-poled ferroelectric bulk capacitors, a pressure driven
depolarization phase transition (usually from FE phase to AFE phase) occurs within a few
microseconds, which caused the aligned ferroelectric domains become disordered. And
then the bound charges can be released instantaneously, thereby outputting a megawattlevel power, and generating a strong current pulse (for low impedance loads) or a high
voltage pulse (for high impedance loads). This process is generally called "explosive
energy or power conversion" effect. The high-power pulsed energy devices developed
based on the explosive energy conversion effect has outstanding advantages such as high
energy storage density, light weight, all-solid-state packaging, small size, good stability,
and strong environmental adaptability. Therefore, it has irreplaceable applications in
many high-technology fields, such as prospect directed energy, rapid charging of
capacitors, remote power supplies, mine detection, lightning and electromagnetic pulse
8

simulators, electromagnetic launchers, blasting operations at mines and quarries, mineral
and oil exploration and neutron generator power systems.

Figure 1- 7 A schematic picture of the evolution of ferroelectric properties of FE ceramics
as a function of pressure. The dashed triangular area shows the maximum energy density
that can be harvested theoretically from the loading process of a pressure.[21]
Figure 1-7 shows an idealized energy harvesting cycle during such a pressure
driven depolarization phase transition process.[21] The black square loop represents the
case for ambient pressure where the material is in FE phase and the blue dash line double
loops represents an intermediate state during the pressure driven depolarization process.
If the FE ceramic capacitor is open circuited when the hydrostatic pressure is loading, the
electric displacement in the pre-poled FE ceramics will remain a constant value. And
under higher pressures, the polarization of the AFE phase is decreased, accompanied with
the pressure driven depolarization effect. Because D=εE+P, the electric field at higher
pressure condition must increase to keep a constant D in the case of a small P and ε for
the AFE phase. A horizontal line is then extracted from the Pr to the right to obtain an
enclosed triangle circle. In this case, the capacitor can be seen as a linear dielectric
ceramic capacitor, which is charged by pressure driven phase transition. The imaged
intermediate capacitor is then connected to an external electrical load and stored charge
or energy will be released until the electric field reaches zero. Thus, the triangle shown in
the figure represents the maximum energy density that can be acquired from this process,
which can be given as the following theoretical equation,[21, 22]
9

W = 1/2 PrEmax = Pr2/2(ε0*εr)

(1-2)

where ɛr and Emax represents the relative permittivity of the pressure induced AFE phase
and electrical breakdown strength of the ceramic, respectively. From the above equation,
it can be seen that the effectiveness of a FE material for explosive energy conversion will
be governed by the Pr of the FE phase and dielectric constant of the AFE phase. The Pr
needs to be maximized and the dielectric constant needs to be minimized to maximize the
achieved energy density.
Due to the sharp energy releasing character and large power achieved from the
pressure driven depolarization process, such a behavior has been extensively studied in
the past years, mainly based on lead-containing materials, such as Pb(Zr,Ti)O3 (PZT),[2325] Pb(Zr,Sn,Ti)O3 (PZST),[21] and Pb(Mg,Nb)O3-PbTiO3 (PMN-PT).[26, 27] Among
those systems, the Nb doped Pb(Zr0.95Ti0.05)O3 (PZT95/5) stands as the most prominent
one, which has dominated the commercial market for more than half a century.[28, 29]
The Pb(Zr0.95Ti0.05)O3 ferroelectric ceramics are an important type of ferroelectric
material with a perovskite structure, formed by solid solution of prototype AFE material
PbZrO3 and FE material PbTiO3. And the PZT95/5 material locates near the FE-AFE
phase boundary of the PZT system.

Figure 1- 8 The P-E loop of PZT95/5 ferroelectric ceramics, with the red curve showing
the first-round loop of a fresh sample.
The unpoled PZT95/5 ceramics at room temperature are very near to the AFE
10

phases with an orthorhombic structure. Therefore, the first-round loop (in red color of
figure 1-8) of fresh PZT95/5 ceramic starts from the origin with a rather small slop
(dP/dE), until a sharp increment of polarization appears at a much higher E field (Eo) than
the Ec field extracted from the second-round square-shaped loop. The poled PZT95/5
ceramics are metastable FE phases with a rhombohedral structure. The volume of the unit
cell of the FE phase in PZT95/5 is larger than that of the AFE phase. Therefore, an
appropriate compressive pressure can drive the transformation from the FE phase to the
AFE phase.[30] Figure 1-9 gives several examples as regards the pressure driven FE-AFE
phase transition process under different temperatures.[24] The PZT95/5 ferroelectric
ceramics possess high remanent polarization, high breakdown strength, low FE-AFE
phase transition pressure, high energy storage density, discharge rate and energy output
capability, it is thus become an ideal material for high-power pulsed power supply
application. At present, high-power pulsed power devices fabricated using PZT95/5
ferroelectric ceramics have already achieved actual applications in the high-tech fields.

Figure 1- 9 The hydrostatic pressure dependent P-E loops of PZT95/5 ceramic samples
at different operating temperatures.[24]
However, with increasing temperature to 43-70°C, PZT95/5 ferroelectric ceramics
will experience a low temperature rhombohedral ferroelectric to a high temperature
rhombohedral ferroelectric (FR(HT))-(FR(LT)) phase transition, which is shown in figure
9.[22, 31] This first-order phase transition will bring about a sudden decrement in the
11

remanent polarization. Previous study found that when the temperature was increased
from 20°C to 70°C, the Pr of PZT95/5 decreased from 33.8μC/cm2 to 29.4μC/cm2,
decreasing 13%.[32] From equation (1-2), it can be seen that the remanent polarization is
a key parameter to ensure a high energy storage density and energy output capacity of the
ferroelectric pulsed power capacitor. The (FR(HT))-(FR(LT)) phase transition causes the
reduction of the remanent polarization and significantly affects the temperature stability
of the energy storage density of the ferroelectric pulse power supply, which stands as a
key technical bottleneck in the engineering applications (see Figure 1-10). On the other
hand, PZT95/5 ferroelectric ceramics are lead-based materials. The toxicity of leadcontaining compounds has a severe negative effect on the environmental protection and
human health. Following the EU’s decree on the “Restriction of Hazardous Substances in
Electrical and Electronic Equipment”, many countries all around the world have gradually
banned the use of various lead-containing electronic equipment.
Therefore, it is urgent to develop new lead-free ferroelectric ceramic material.
Research into developing high-performance, lead-free, ferroelectric materials to
substitute for existing lead-containing materials has been intensively researched for the
past 20 years to meet the environmental protection requirement.[33] Numerous related
exciting progress has been reported in the area of piezoceramics,[34, 35] pyroelectric
ceramics,[36, 37] and antiferroelectric ceramics.[38, 39] The preparation of new lead-free
ferroelectric ceramics with high energy storage characteristics and high temperature
stability not only has important scientific significance, but also can better meet
engineering applications.
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Figure 1- 10 (a) and (b) The temperature dependent dielectric constant and dielectric loss
of PZT 95/5 with different MgO contents. (c) The temperature dependent dielectric
constant and dielectric loss of PZT 95/5.[22]
However, for explosive energy conversion applications, the development of new
lead-free ferroelectrics to potentially replace Pb0.99(Zr0.95Ti0.05)0.98Nb0.02O3 is still at its
infant stage, and only (Bi,Na)TiO3 (BNT) and NaNbO3 based materials has been reported
for this kind of use when the author initiated the development of lead-free ferroelectric
materials in this thesis for pressure driven depolarization applications.[19, 40] For
example, Liu et al.[41] and Peng et al.,[42] has reported the ferroelectric properties of
BNT-based ceramics under hydrostatic pressures and found the BNT-based ceramics
show a pressure driven ferroelectric-ergodic relaxor ferroelectric phase transition, which
is associated with a pressure driven depolarization, indicating the potential of BNT based
material for explosive energy conversion applications. Figure 1-11 shows the evolution
of the P-E loops of a unpoled 0.95[(0.98Bi0.5Na0.5Ti0.995Mn0.005O3-0.02BiAlO3)]‐
0.05NaNbO3 (BNT‐BA‐NN) FE ceramics under increasing hydrostatic pressure
conditions.[42] It is clear that the square shaped P-E loop under low pressure gradually
changed into a pinched double P-E loops under higher pressure conditions, accompanied
with a decreased Pr. In the meantime, the single current switching peak split into two
peaks, indicating a phase transition behavior from FE to relaxor FE.
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Figure 1- 11 The pressure‐dependent P-E and I-E loops of unpoled BNT‐BA‐NN
ceramics under hydrostatic pressures.[42]
Moreover, Gao et al.,[19] and Peng et al.,[43] have also studied the shock wave effect
on the BNT based materials, in order to further promote the actual application of their
designed lead-free ferroelectric materials. One of example has been given in Figure 1-12,
which is a study based on the pure BNT materials.[19] Under an enough high shock wave
pressure higher than 4.3 GPa, the BNT ceramics can release most of the stored bound
charges and a completed square electrical current curve has been achieved.
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Figure 1- 12 The released current and charge of BNT ceramics under different shock wave
pressures.[19]
Electrocaloric refrigeration application

1.3.2

The electrocaloric effect (ECE) refers to the occurrence of adiabatic temperature
change (ΔT) or isothermal entropy (ΔS) change of certain ferroelectric materials when
subject to the application or withdraw of an external electric field.[44, 45] Therefore, the
electrocaloric effect actually functions as the inverse effect of the pyroelectric effect,
which will be introduced in the next section, which can function as conversion from
electrical energy to thermal energy. The origin of the electrocaloric effect comes from the
variation of the degree of the electric dipole order within the ferroelectric material upon
the electric field loading or unloading. With no external electric field, the random dipole
orientation, leads to a low degree of electric dipole order and corresponding high entropy
of electric dipole. When an electric field is applied, these dipoles will align along the same
direction as the external field, resulting in a rapidly increased degree of dipole order, and
accordingly the decreased dipole entropy. At the same time, the ferroelectric ceramics
will release heat to the outside. When the applied electric field is removed, the dipoles
will return back to the original sate with random orientation, the degree of dipole order
decreases again, and the dipole entropy rises up accordingly. In this process, the
ferroelectric materials will absorb heat from the environment. If we repeat the process of
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loading-unloading the electric field, then the material can be cooled and heated cyclically.
However, via using only the part of applying an external electric field, we can realize the
function of cooling through the electrocaloric materials.

Figure 1- 13 A schematic picture of the ECE cooling cycle (left), together with a vaporcompression refrigeration cycle (right).[46]
Figure 1-13 shows a schematic illustration of the ECE working process of
ferroelectric materials together with a vapor compression refrigeration cycle.[46]
Compared with the currently used vapor compression refrigeration cooling technique, the
ECE of ferroelectric materials have the advantages of being high efficiency and
environment friendly.[45] Using organic gases as refrigerants is a method commonly
adopted in most conventional gas compression refrigeration equipment. However, these
conventional refrigeration setups can release greenhouse gases and can directly cause
serious damage to the ozone layer. Nowadays, with the world-wide energy crisis
becoming more and more serious, and increasing demand for environmental protection,
new refrigeration techniques which is not only economic, but also environment-benign,
are urgently demanded to replace traditional gas compression technologies. Compared
with the traditional gas compression refrigeration technique, the new solid-state
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refrigerator by use of the electrocaloric effect has the advantages of environmentalfriendless, high efficiency, easy for miniaturization and good stability. Therefore, it has
many potential applications in chip refrigeration, temperature control of electronic
devices, and medical sample preservation etc. Electrocaloric effect has thus become an
important research direction in the development of new refrigeration technique, and it has
also become a hot spot in the current research on condensed matter materials, especially
on ferroelectric and antiferroelectric materials.
The investigation on the electrocaloric effect in ferroelectric materials dates back to
the 1930s, when Kobeko et al. first experimentally discovered the electrocaloric effect in
ferroelectric Rochelle salt.[47] Since then, researchers have found the electrocaloric
effect in many ferroelectric and antiferroelectric materials in 20th century, mainly using
bulk ceramic and thin film materials. But the temperature change of the electrocaloric
effect is usually very small (less than 1 K), which limits the commercial application of
these materials in the field of refrigeration.[46, 48] Thus, it did not cause a sensation at
that time. Until 2006, A.S. Mischenko et al. reported a giant ECE ΔT~12 K near the Curie
temperature of lead zirconate titanate thin film (226oC), under an electric field of 48
kV/mm (see Figure 1-14).[49] And in 2008, Neese et al. made another breakthrough,
discovering a large ECE of more than 12 K in the P(VDF-TrFE) organic ferroelectric thin
film.[50] Previous investigation as regards the design of the ECE components and cooling
systems has also revealed that a △T of 3 K would be enough to develop an ECE solid
state refrigeration system with comparable refrigeration costs to today’s vapor
compression systems.[51] Furthermore, if we can increase the △ T to 6 K, the
refrigeration cost can be further halved.[46, 52, 53] The huge temperature change of the
ECE achieved in both organic and inorganic ferroelectric materials thus allowed
researchers to see the promising potential application of the ECE. Therefore, in recent
years, the investigation of ECE in the field of ferroelectric materials has re-gained a lot
of attention of researchers.[54-58]
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Figure 1- 14 The electrocaloric temperature changes of Pb(Zr,Ti)O3 thin films due to the
applied E-field.[49]
As for the determination of the ECE value of certain ferroelectric materials,
researchers have developed a variety of methods to measure the ECE of ferroelectric
materials with the ongoing in-depth study of the ECE materials in recent years. In general,
there are mainly two types of methods for the evaluation of the ECE: the indirect method
and the direct method. The indirect method refers to the way in which the ECE value is
calculated using the temperature evolution data of polarization, extracted from the upper
branch of the P-E loops in the first quadrant. Based on the Maxwell's function,
（

P
S
）E = ( )T
T
E

(1-3)

It can be deduced that the ΔT and ΔS of the ECE in a dielectric material upon an E-field
loading or unloading can be determined by the following equation,[59, 60]

T = −

1



E2

E1

E2

S = −  (
E1

T P
( ) E dE
C T

(1-4)

P
) E dE
T

(1-5)

Where, P is the polarization, E1 is the lower electric field, E2 is the higher electric field,
C is the heat capacity, ρ is the volume density. From the calculation equation, it is clear
18

that a sharper change in polarization with temperature, which actually is the pyroelectric
coefficient at a certain E-field, a smaller specific heat capacity, and higher applied E-field
or higher dielectric breakdown strength are usually favorable for achieving higher ECE.
Therefore, in the past decades, various phase transitions, including ferroelectricantiferroelectric

(FE-AFE),[61]

antiferroelectric-ferroelectric

(AFE-FE),[62,

63]

ferroelectric-paraelectric (FE-PE),[64, 65] ferroelectric-ferroelectric (FE-FE)[66, 67]
phase transitions are extensively studied for the enhancement of ECE performance due to
the abrupt change of the polarization near phase transition temperatures. In real ECE
applications, not only large adiabatic ΔT or isothermal ΔS at room temperature, but good
temperature stability is also an inevitable parameter considered for material selection and
device design. Figure 1-15 shows the P-E loop evolution of a (Ba0.87Ca0.13)(Ti0.87Hf0.13)O3
ceramic, from which the P-T curve was extracted and plotted in the insert figure. The
reported (Ba0.87Ca0.13)(Ti0.87Hf0.13)O3 shows a large ΔT of 0.33 K, achieved from the
indirect calculation method and a relatively wide stable temperature span, as shown in
figure 14(b).[56]

Figure 1- 15 The electrocaloric properties of the (Ba1-xCax)(Ti1-xHfx)O3 (BT-xCH) system.
(a) P-E loops of BT-0.13CH under different temperatures. (b) the electrocaloric effect of
BT-xCH system under different E fields.[56]
The above introduced indirect method can only be used for an estimation of the
temperature change of an ECE material. However, another method, which is called direct
method, allows researchers to directly observe or measure the heat change or temperature
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change induced by the ECE. The direct method can be divided into two types: one is to
measure the ECE induced heat change using a special calorimeter or a modified
differential scanning caloric (DSC) analyzer[68, 69] and another is to measure the ECE
induced temperature change using thermoelectric couple, thermistor or infrared
thermometer.[70, 71] For example, figure 1-16 shows a directly measured ECE result of
a ferroelectric material using the DSC heat flow measurements.[46] It is worth noting that,
there is no standard commercial testing equipment for directly measuring the ECE, up to
now. The direct measurement results reported in the literatures are all using the homebuilt equipment designed and constructed by each individual research group.

Figure 1- 16 An illustration of the DSC heat flow of the ECE material under an applied
electric field (blue line).[46]
Since the ECE is a universal effect of polar functional materials which can
demonstrating temperature variation of polarizations, many kinds of ferroelectric
materials have been explored for ECE applications. The mostly-studied ECE material
reported so far in the literatures is mainly divided into lead-containing materials such as
Pb(Zr,Ti)O3,[72]

Pb(Mg1/3Nb2/3)O3-PbTiO3,[73]

Pb(Sc0.5Ta0.5)O3,[74]

Pb(Zn1/3Nb2/3)O3,[75] and lead-free materials, such as BaTiO3-based,[64, 66]
(Bi0.5Na0.5)TiO3-based,[76, 77] (K0.5Na0.5)NbO3-based,[78] Na0.5NbO3-based,[65] etc.
The ECE has also been extensively studied in different material forms, including
single crystals,[61] bulk ceramics,[74] thin films,[49] and thick films.[79] Among them,
the ECE temperature change of single crystal and thin film is large. However, the single
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crystal suffers from disadvantages such as complicated preparation process, costing and
poor electrical fatigue performance. Due to the small volume of thin films, the overall
heat change achieved from the ECE of thin films sample is usually limited. What’s more,
the thin films cannot be separated from the substrate, which is necessary for high quality
thin film fabrication. The heat dissipation associated with the large volume substrate and
buffer layer will inevitably affect the ECE cooling efficiency of the thin film. As for
ceramic bulk materials, their ECE temperature change is generally small, and thus cannot
meet the requirements of commercial applications. For real applications, lower voltage
application is usually favorable for the actual application of ECE ceramic material in
order to eliminate the influence of conductance and Joule heating. And the corresponding
ceramic thickness should also be moderate (such as 0.2 ~1mm). While, smaller thickness
will lead to a similar disadvantage like the film, reducing the overall cooling capacity of
bulk ceramics. Therefore, fabricating multi-layer ceramic capacitor of ECE materials
seems to be the most appropriate way to achieve a maximum ECE temperature change
and cooling efficiency, considering both the advantages and disadvantages of ceramic and
thin films discussed above.[74, 80]
The above discussion introduced the main prospects and main problems of
investigations on the ECE in ferroelectric materials, while, the current research on the
ECE based on ferroelectric materials is still at a relatively infant stage. Although the ECE
has received an extensive attention and witnessed a rapid development and lots of
achievements has been made by researchers, either on the measurements of ECE,
developing new ECE materials and devices, the commercialization of ECE of
ferroelectric materials in actual refrigeration technologies, still has a long way to go.
1.3.3

Pyroelectric application
The pyroelectric application is another important application of ferroelectric

ceramics, which have been of strong interest for the development of thermal sensors,
pyroelectric detectors and pyroelectric energy harvesting devices.[18, 81] Specifically,
the utilization of pyroelectricity of ferroelectric materials for uncooled infrared thermal
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detectors have recently gained a growth of investigations, since they promise broad
wavelength response, high sensitivity, low cost and elimination of cooling systems.[82]
As mentioned before in the electrocaloric part, the pyroelectric effect, which represents
the electrical response upon temperature changing, which is actually an inverse effect of
the electrocaloric effect. The origin of the pyroelectric behavior can be understood from
the fact that the polarization or the electrical induced polarization of ferroelectric
materials is dependent on the environment temperature. Thus, if the temperature changes,
the FE material will release its surface charge and show an electrical current signal, like
the example given in figure 1-17.[83]
A detailed introduction of the pyroelectric effect and application of FE materials is
presented in Chapter 3.2

Figure
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(Bi0.5Na0.5)(Ti0.995)O3–0.02BiAlO3)–xNaNbO3 ceramics.[83]
Energy storage application

1.3.4

The energy storage applications of ferroelectric and antiferroelectric material has
also witnessed a rapid growth of research attentions due to world-wide desire for high
energy density, high energy efficiency and highly stable energy sources. The recoverable
energy density of a dielectric material can be calculated by the integration of electric
field by polarization as follows:[84, 85]
Wre = −

Pr



Pmax
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EdP

(1-3)

There are four different classes of dielectric materials, namely linear dielectrics,
ferroelectrics, relaxor ferroelectrics and antiferroelectrics, all of which can be selected
as potential candidates for energy storage applications. By comparison with their
ferroelectric, relaxor ferroelectric and linear dielectric counterparts, antiferroelectric
materials are capable of displaying higher energy densities as well as higher
power/charge release densities and therefore have greater potential for practical energy
storage applications. Figure 1-18 shows a comparison of several approaches to high
energy density capacitors.[86, 87] It can be seen more clear that the antiferroelectric
materials demonstrate the highest energy density. For real applications, besides the
energy density, some important parameters, such as the energy efficiency, temperature
stability and charge-discharging performance, fatigue endurance issues are as equal
important for evaluation of candidate materials.

Figure 1- 18 A comparison of several approaches to achieving high energy density
capacitors. [86, 87]
A detailed introduction of the energy storage effect of AFE materials is presented
in Chapter 3.1.
1.4 Objectives and Outline of the Thesis
The main research aim in this PhD thesis is focused on the fabrication, property
characterization and energy harvesting effect investigations of ferroelectric and
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antiferroelectric materials with optimized compositions towards various promising
applications. Several kinds of energy harvesting effects or applications have been
studied in this thesis, including the pyroelectric performance, energy storage properties,
the explosive energy conversion effect and the electrocaloric effect, which have been
introduced above. Promising ceramic compositions has been discovered and even
possible devices has also been constructed and their performance are evaluated to give
some useful guideline for future practical applications.
A ternary lead-free ferroelectric material 0.97(0.99Bi0.5Na0.5TiO3-0.01BiAlO3)0.03K0.5Na0.5NbO3 (BNT-BA-KNN) is designed to achieve both high pyroelectric
properties and good temperature stability. The Bi0.5Na0.5TiO3 material was chosen as the
base materials since it has large and stable ferroelectric properties with high magnitude
of polarization and relative high Tc. A small amount of BiAlO3 was added in the
composition to further enhance the material’s ferroelectric properties. The reason of
introducing K0.5Na0.5NbO3 rely on the fact the addition of KNN in the BNT based
materials can tune their depolarization temperature. The temperature dependent
dielectric properties and pyroelectric properties of the designed BNT-BA-KNN ceramics
are studied as the temperature increases. The pyroelectric figures of merits and thermal
stability of the BNT-BA-KNN ceramic are evaluated for practical thermal detector
applications. The dielectric properties and pyroelectric figures of merits are also
evaluated under different frequencies, especially under relative low frequencies.
Lead-free (Ag0.935K0.065)NbO3 (AKN) and NaNbO3 (NN) materials were selected to
study their pressure driven depolarization behaviors, in order to promote the development
of new lead-free ferroelectric materials which show comparable or better charge releasing
performance with/than the currently used lead-containing materials for explosive energy
conversion applications. The AKN material is selected since it locates near a FE-AFE
phase boundary in the AKN systems and thus possibly may show a sharp pressure driven
FE-AFE phase transition. The NN material is chosen because it is AFE phase and shows
an irreversible AFE-FE phase transition, which result in a large remanent polarization
after electric field loading. In the preparation of NN ceramics, small amount of MnCO3
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is added to improve its sintering behavior and electric endurance. The dielectric,
ferroelectric, depolarization behaviors of AKN and NN ceramics are studied under
different hydrostatic pressure conditions. The explosive energy harvesting effect and
temperature stability of AKN and NN ceramics are also investigated. The structural
transition information of AKN and NN are interpreted by using the in-situ neutron
diffraction techniques under pressure conditions. To understand this pressure driven phase
transition, a phenomenological theory is also employed to rationalize the stabilities of
AFE and FE phase in the material systems. To give an example, an explosive energy
conversion device is also designed based on the fabricated AKN materials to evaluate the
real discharging performance under shock wave experimental conditions. An improved
understanding of this kind of relatively rarely-studied pressure driven effect and related
applications will be presented which will also be of great use for future attempt to seek
for other lead-free alternatives to substitute the commercially used PZT.
The (Pb0.97-xLa0.02Bax)(Zr0.58Sn0.29Ti0.13)O3 (PLZST) (x=0, 0.08, 0.09, 0.11) ceramics
are designed to study the electrocaloric effect with an expectation to achieve both high
electrocaloric temperature change and high temperature stability. Lead-based PLZST is
selected as the base materials due to its high polarization and high potential to realize
large electrocaloric effect. Ba is doped to the PLZST base materials to compositionally
induce a relaxor ferroelectric-paraelectric phase transition behavior in the material with
increasing temperature and thus widen the reliable working temperature span of the
electrocaloric effect. The dielectric, ferroelectric properties of Ba doped PLZST ceramics
are studied as a function of Ba doping concentration. An optimized composition is
selected based on the overall ferroelectric properties, especially the diffuseness degree
and ferroelectric-paraelectric phase transition. The P-E loops of the modulated PLZST
ceramics are recorded under different temperatures and thus the electrocaloric parameters
are extracted based on an indirect calculation method. The electrocaloric performance are
then compared with those of other FE material systems to make an evaluation on the
designed FE materials for solid state cooling applications.
This thesis consists of the following chapters:
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Chapter 1 is an introduction to the basic knowledge of FE/AFE materials and the
various promising applications of FE/AFE materials which will be studied in this thesis.
Chapter 2 offers an overview of the sample preparation methods, as well as the
structural characterization and property measurement methods used in this PhD project.
Chapter 3 includes 5 peer-reviewed journal articles (including 2 review papers and
3 research articles), and 1 to-be-published articles (1 manuscript to be submitted). Some
additional data, which has been used as Supporting Information for the publications, have
also been attached to the relative works.
Chapter 4 summarizes the main research achievements of this thesis into 4 sections
according to the different studied applications of FE/AFE materials: 1) the temperature
and frequency dependent dielectric properties and pyroelectric performance of BNT-BAKNN ceramics; 2) the pressure driven depolarization behaviour of a designed AKN
ceramic and fabricated corresponding energy storage devices and the inherent phase
transition mechanism; 3) the pressure driven FE-AFE phase transition behaviour and
related structural evolution with increasing hydrostatic pressure in NN ceramics; 4) the
temperature dependent ferroelectric properties and electrocaloric effect of relaxor
ferroelectric-featured PLZST ceramics.
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Chapter 2 Experimental Methods
The studied ferroelectric and antiferroelectric ceramics in this thesis are
synthesized by traditional solid state reaction method. The purity of the raw materials
used for the material preparation is larger than 99%, as shown in Table 2.1. The specific
preparation process of the ceramics can be described as follows: The raw materials were
weighted according to the stoichiometric ratio of the material composition, mixed and
ball milled with alcohol for 12 h, in which the milling medium is agate ball or zirconium
ball. Then the uniformly mixed slurry is dried, repeatedly ground and then passed through
a 40-mesh sieve. After pre-compression molding, the ceramic powder is calcinated at an
appropriate temperature for 2-4 h. The calcinated ceramic powder is then grinded, passed
through a 40-mesh sieve, and ball milled with alcohol and agate ball or zirconium ball for
24 hours. The purpose of ball milling is to make the obtained ceramic powder fine enough
and uniformly distributed in size. After the milling process, the finely ground slurry is
taken out and dried, and a polyvinylacetate (PVA) binder with a mass concentration of 67% is added to the ceramic powder, uniformly stirred and repeatedly ground, and then
passed through a 30-mesh sieve. It is then pressed into a chunk and aged for 24 hours.
Grind the pressed chunk again, pass the powder through a 30-mesh sieve granulation,
press the powder into ceramic pellets in 15mm diameter, and then burn the plastic PVA at
600-800℃ for 2 hours. Place the ceramic in a crucible in a high-temperature furnace and
sintered at an appropriate temperature. The sintered ceramic sample is then polished into
pellets with a thickness of 0.5mm. After cleaning and drying, silver electrodes are coated
on both sides of the ceramic by screen printing, and the silver electrodes are burned at
600-700°C for 30 minutes in order to measure the electrical properties. Figure 2-1 shows
an illustration diagram of the ceramic preparation process in this thesis.
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Figure 2- 1 A schematic diagram for the synthesis process via conventional solid-state
reaction method.
PLBZST ceramics with compositions of (Pb0.97-xLa0.02Bax)(Zr0.58Sn0.29Ti0.13)O3 (x=0,
0.08, 0.09, 0.11) were fabricated in this thesis for electrocaloric effect investigation, as
shown in chapter 3. Pb3O4, BaCO3, La2O3, ZrO2, SnO2 and TiO2 powders were employed
as raw materials. In the synthesis process, 1wt.% excess Pb3O4 was added in order to
compensate the volatilization of Pb during sintering process. The calcination was
conducted at 850 oC for 2 h. The pressed specimen pellets were placed in a sealed alumina
crucible and buried with powders of the exactly same composition, which was previously
sintered at higher temperatures to reduce the sintering activity of the buried powders. The
sintering of the PLBZST ceramics was carried out at 1320 oC for 2 h.
The

0.97(0.99Bi0.5Na0.5TiO3-0.01BiAlO3)-0.03K0.5Na0.5NbO3

(BNT-BA-KNN)

ceramics were prepared for pyroelectric effect investigation using Bi2O3 (99.9%), TiO2
(99.8%), Na2CO3 (99.8%), Al2O3 (99%), K2CO3 (99%) and Nb2O5 (99.9%) as the starting
raw materials. The mixed oxides were calcined at 850℃ for 2 h and sintered at 1180℃
for 2 h in a covered alumina crucible. To minimize the evaporation of the volatile elements
Bi, Na and K, the disks were embedded in atmospheric powder of the same composition.
The samples were ground to disks with a thickness of 0.5 mm and diameter of 8 mm.
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Both sides of the disks were coated with a thin layer of silver paste and were fired at
700°C for 30 min.
The (Ag1-xKx)NbO3 (AKN) ceramics were synthesized for pressure driven
ferroelectric-antiferroelectric phase transition study and explosive energy conversion
investigation. Ag2O, Nb2O5 and K2CO3 were used as raw materials. The mixed starting
powders were calcined at 870 oC for 3 h in a flowing O2 atmosphere at a flowing rate of
500 cm3 per minute. The pellets were sintered at around 1100 oC for 3 h. In order to
prevent the decomposition of silver oxide at higher temperatures, a flowing O2
atmosphere at a flowing rate of 500 cm3 per minute was employed during the sintering
process. The obtained ceramics were then polished to 0.5 mm in thickness and 8.0 mm in
diameter. For electrical property measurements, silver electrodes were pasted on both
sides of the ceramics and sintered at 700 oC for 0.5 h. The sintering of silver electrodes
was also carried out in an O2 atmosphere.
The NaNbO3-based ceramics were also synthesized for pressure driven phase
transition investigation. NaHCO3, Nb2O5 and MnCO3 were used as raw materials. 0.3 wt.%
MnCO3 was added to improve the sintering performance and electric properties of the
NN ceramics. The mixed starting materials were calcined at 900 oC for 5 h. After
calcination the powder was ball milled again and pressed into pellets with a diameter of
13 mm using polyvinylalcohol (PVA) as a binder. The pellets were then sintered at 1240
o

C for 2 h. The obtained ceramics were then polished to 0.5 mm in thickness and 8.0 mm

in diameter. Silver electrodes were pasted on both sides of the ceramics and sintered at
700 oC for 0.5 h for electrical measurements.

Table 2.1 Main raw materials for ferroelectric and antiferroelectric ceramics preparation

Raw materials

Relative molecular mass

Purity

Pb3O4

685.60

99.65%
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ZrO2

123.22

99.87%

SnO2

150.71

99.5%

TiO2

79.87

99.38%

La2O3

325.82

99%

Nb2O5

265.82

99.7%

BaCO3

197.35

99%

Ag2O

231.74

99.7%

K2CO3

138.21

99%

NaHCO3

84.00

99.5%

MnCO3

114.95

99.985%

Bi2O3

465.96

99.99%

Na2CO3

105.98

99.8%

Al2O3

101.96

99.00%

(1) X-ray diffraction (XRD)
X-ray diffraction technique was used in this thesis for phase identification and
quantitative analysis of materials due to that the crystal structure, unit cell parameters,
preferred orientation, phase transition behavior of the material can be deduced from the
XRD data. In this thesis, the D/max-2550V type X-ray diffractometer from the Japan
Rigaku Company is used to analyze the phase structure of the prepared materials. In the
diffraction experiments, copper is used as the target. And the receiving slit is 0.3 mm, the
wavelength of X-ray is 0.15405 nm. The scanning speed is set as 4o/min, and the
goniometer accuracy is 0.002o (2θ).
(2) The scanning electron microscope (SEM)
The scanning electron microscope can be used to detect the grain size, the morphology
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and dispersion of particles in the sample, which is an effective tool for observing and
analyzing the morphology and structure of ceramics. In this thesis, field emission
scanning electron microscope and electron probe from the Japan JEOL company were
used to observe and analyze the grain morphology and distribution, and therefore the
sintering behavior of the synthesized ferroelectric and antiferroelectric ceramics.
In the scanning electron microscope, the electron beams were generated by field
emission, which were then accelerated under an applied electric field. Under the
application of two or three electromagnetic lenses, the electron beam is tuned to focus
into a very slim electron beam on the surface of the sample. Then the electron beam scan
the surface of the sample with the assistance of the double-deflection coil above the
second lens. The accelerated electron beam interacts with the sample and excites various
special physical signals on the sample surface. The intensity of the detected signals may
depend on the characteristics of the sample surface and forms the basis for the imaging
information.
(3) Transmission Electron Microscopy (TEM)
Transmission electron microscopy is a microscopic characterization technique that
uses the difference in diffraction contrast when the electron beams transmiss through the
crystal samples, to observe the morphology and structural characteristics of materials.
The transmission electron microscope has high resolution and can obtain the domain
structure and internal domain information of the ferroelectric and antiferroelectric
materials. Combined with Selected Area Electron Diffraction (SAED) and energy
spectrum testing, simultaneous detection or mapping of the structure and morphology of
the micro-area can be achieved. In this thesis, the JOEL 2100F FEGTEM is used to
observe the morphology, and analyze the crystal structure of ceramic samples.
(4) Neutron diffraction (ND) testing
For structural refinement on the AKN materials in this thesis, high resolution neutron
scattering using the ECHIDNA instrument from the Australian Nuclear Science and
Technology Organization (ANSTO) was performed. For neutron analysis on the AKN
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and NN based ferroelectric materials under hydrostatic pressure application, in-situ high
intensity neutron scattering was conducted using the WOMBAT instrument from ANSTO.
A Paris-Edinburgh High Pressure Cell, was used as the pressure source and pressure
holder. Fluorinert was used as the pressure transmission medium to produce the desired
hydrostatic pressure environment. Lead shards, whose lattice parameter evolution under
pressure variation is already known, were used as filling calibrants to calculate the actual
pressure value that was applied on the AKN and NN ceramic samples when collecting
diffraction patterns. A long enough collecting time for each pattern (2h) was used to
enhance the pattern quality as a result of the weakened intensities of the sample reflections
due to the diffraction attenuation arising from the filling fluorinert and the lead shards.
(5) Volume density measurement
According to the Archimedes principle, the bulk density of ceramic samples can be
determined via the following calculating equation
𝜌=𝑚

𝑚0

1 −𝑚2

𝜌𝑤𝑎𝑡𝑒𝑟

(2.1)

In equation 2-1, m0 represents the mass of the dried samples recorded in air. m1 and m2
are the mass of the sample recorded in air and water environment, respectively, after the
sample fully absorbing water in a heated water for more than 4 hours. The relative density
of the ceramics can also be achieved from an equation listed as
𝜌

𝜌𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 = 𝜌

0

(2.2)

In formula (2-2), 𝜌𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 represents the relative volume density of the ceramics, and
𝜌0 is the theoretical volume density of the ceramics.
(6) Dielectric property
Dielectric property, including dielectric constant and dielectric loss, as a function of
temperature was measured using a precision impedance analyzer (LCR-HP4284A)
together with the GJW-1 high temperature dielectric temperature spectrum test system
(Electronic Materials Research Institute of Xi’an Jiaotong University) and a temperature
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control setup. The high temperature dielectric temperature spectrum testing system can
measure the dielectric properties in a temperature range from room temperature to 1000°C
and the testing temperature range using the temperature control box is -55~180°C. The
test frequency can be set at 100Hz, 1kHz, 10kHz, 100kHz, and 1MHz. The relative
permittivity εr of the ceramics is independent on the dimension of the ceramics, which
can be obtained according to the following formula:
𝐶∗𝑑

𝜀𝑟 = 𝜀

0 ∗𝐴

(2.3)

Where, C is the capacitance (F) of the measured sample, d is the thickness of the sample
(m), ε0 is the vacuum dielectric constant (8.85×10-12F/m) and A represents the area of the
sample electrode (mm2). The temperature dependent dielectric spectrum is usually used
to obtain the phase transition behaviors of the ferroelectric and antiferroelectric ceramics
as a function of temperature.
(7) Ferroelectric property
The polarization-electric field hysteresis loop is one of the basic characteristics of
ferroelectrics and antiferroelectrics. The measurement of the polarization-electric field
hysteresis loops is often used to determine the phase character of a ferroelectric and
antiferroelectric materials from the viewpoint of properties. The basic principle for
measuring the hysteresis loops is generally based on the sawyer-tower circuit method. Cp
is the capacitance of the sample under test, which is connected in series with an already
known capacitance C0. The capacitance C0 is used to collect the charge released by the
ceramic capacitor sample under testing. Therefore, this method generally can also be
called "capacitance integration method". The selected A.C. power supply can be generally
triangular wave or sine wave. In this thesis, the TF Analyzer 2000 ferroelectric analyzer
of Germany aixACCT company was used to measure the ferroelectric hysteresis loop and
switching current loops of the prepared samples. During the test, a Memmert heating
furnace (Model 200) from aixACCT company was used for temperature control
(10~180°C). An external voltage source was applied by using the Model 604 System
high-voltage power supply from Trek company from the United States.
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(8) Pyroelectric property testing
The measurement of the pyroelectric coefficient of the poled ferroelectric materials
was conducted in this thesis on the BNT based ceramics. In the measurement, the BNT
based ceramics was placed in a temperature control box, and connected with a Keithley
6517A electrometer. When the measurement temperature is increasing or decreasing, the
poled ferroelectric ceramic is heated or cooled, the released or absorbed pyroelectric
voltage of the sample can be then recorded. And the pyroelectric coefficient p of the
ferroelectric materials can be calculated via the following equation,
𝑝=

𝑈𝑅
𝑑𝑇
𝑑𝑡

𝐴∗

(2.4)

Where, U is the measured voltage value in volts (V), R is the sampling resistance (106 Ω)
in this thesis, A is the electrode area of the sample (m2), T is the measuring temperature
in (℃), and t is the time in seconds (s).
(9) Depolarization measurement under hydrostatic pressure
The hysteresis loops, dielectric properties and depolarization behavior were also
measured under hydrostatic pressure conditions. The hydrostatic pressure environment is
provided by a comprehensive hydrostatic pressure testing system, designed and
constructed by our collaborators in Shanghai Institute of Ceramics. Hydrostatic pressure
is achieved by compressing hydraulic oil in a closed cavity. The pressure is adjustable
from ambient pressure to a maximum pressure of 500 MPa. And the measurement
temperature range can be varied from room temperature to 70°C. The equipment was
connected with other electrical test instruments in order to measure the electrical
properties of ceramic samples under hydrostatic pressure. For example, an external TF
Analyzer 2000 (aixACCT, Aachen, Germany) measuring instrument can obtain the
ferroelectric properties of ceramics under variable pressure and temperature. An external
impedance analyzer (LCR-HP4284A) can measure the pressure dependent dielectric
properties of ferroelectric ceramics. An external Keithley 6517A electrometer can be used
to record the in-situ pressure driven depolarization charge of the pre-poled ferroelectric
sample.
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(10) Shock wave experiment
The shock wave loading experiment is carried out on the AKN samples in this thesis.
The shock wave experiment condition is realized through the light gas gun experimental
platform of Southwest Jiaotong University in China. The first-level light gas gun is used
to drive a certain material of the flyer to generate a plane shock wave, and the launching
medium is a light gas (hydrogen or helium) in a compressed state. Figure 2-2 is a
schematic diagram of the shock wave measurements on the poled ferroelectric ceramic
devices. The test projectile is driven by gas to accelerate in the bore, obtain the required
speed at the muzzle, enter the target chamber at a certain speed and hit the target plate,
and obtain different set pressures by adjusting the speed of the flyer. A set of velocity
probes between the end of the barrel and the sample are used to measure the velocity of
the fly piece when it hits the target. The measurement error is within ±0.2%, and the data
repeatability is 1%.

Figure 2- 2 A schematic illustration of the shock wave measurements on the poled
ferroelectric ceramic devices.

41

Chapter 3 Major Journal Publications
3.1 Antiferroelectrics for Energy Storage Applications
The research review paper presented in this publication was mainly completed by
the author of this thesis. The author conceived the structure of the review paper under the
guidance of Prof. Yun Liu. The author wrote the AgNbO3 part with contributions from Dr.
Teng Lu and Prof. Ray Withers. The author wrote the low temperature sintering and
charge-discharging parts with contribution from Mr. Jiaming Ye. The author wrote all the
other parts of the manuscripts. The paper was finished with helpful discussions and
corrections from all the co-authors.
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3.2 Ferroelectric Ceramics for Pyroelectric Detection Applications
The research presented in this publication was mainly completed by the author of
this thesis. The author conceived the structure of the review paper under the guidance of
Prof. Yun Liu. The author wrote the manuscript, with helpful corrections from all the coauthors.
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3.3 High performance Bi0.5Na0.5TiO3-BiAlO3-K0.5Na0.5NbO3 leadfree pyroelectric ceramics for thermal detectors
The research presented in this manuscript was solely completed by the author of this
thesis. The author has conceived the experiment, prepared the sample and measured the
properties. The author analysed the structure information of the sample with helpful
discussion with Dr. Teng Lu. The author interpretated the experimental results and wrote
the manuscript.
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3.4 Lead-free (Ag,K)NbO3 materials for high-performance
explosive energy conversion
The research presented in this manuscript was mainly completed by the author of
this thesis. The author conceived the experiments under the guidance of Prof. Yun Liu
and Prof. Genshui Wang. The author prepared the samples, measured the properties, wrote
the beam proposal. The Neutron data were collected with the help of beam scientist of
WOMBAT. The Rietveld refinement of Neutron data was performed with the help of Dr.
Teng Lu. The calculation was conducted by Dr. Fei Xue and Prof. Longqing Chen. The
author analysed, interpretated the data and wrote the paper.
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3.5 NaNbO3 ceramics for explosive energy conversion application
The research presented in this manuscript was mainly completed by the author of
this thesis. The author conceived the experiments, carried out the synthesis, and electrical
property characterization. The author wrote the beam proposal and apply for the Neutron
beam time. The neutron data were collected under the help of the instrument scientist of
WOMBAT. The Neutron data were interpreted with the help of Dr. Teng Lu. The author
analysed and interpreted the experimental results and wrote the draft.
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ABSTRACT
The design and exploitation of promising new materials for high performance energy
storage and conversion applications is attracting increasing world-wide research interest.
Here, the pressure driven depolarization behavior was demonstrated in NN ceramics with
an aim of developing lead-free candidates for explosive energy conversion under pressure
environments. With increasing pressure, the NN undergoes a square single polarizationelectric field (P-E) loop featured ferroelectric- double P-E loop featured antiferroelectric
(FE-AFE) phase transition. Thus, a sharp depolarization behavior was then achieved from
in-situ measurement of pre-poled NN sample under around 450 MPa hydrostatic pressure.
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With the assistance of in-situ neutron diffraction measurement, the FE-AFE phase
transition was further confirmed from the viewpoint of structure analysis. Moreover, the
ferroelectric character and high remanent polarization (Pr ~30 μC/cm2) can maintain
excellent stability over a wide temperature range of 20-180℃. Besides, the low volume
density and environmental benign character due to the elimination of lead further supports
its superiority over its competitors. This work not only provides a lead-free alternative of
currently commercially-employed lead-containing materials, but also gives a guidance
for further development of new materials and devices for fast energy storage and
conversion under pressure conditions.
INTRODUCTION
Due to the global demand for new energy and technologies, there is an increasing
research interest in the area of energy harvesting and conversion. Ferroelectric (FE)
materials occupy a critical position in this area because of their unique responses to
external stimuli such as electric field (E-field), temperature, pressure and light, resulting
in various practical applications such as electrostatic energy storage,[1] thermal energy
conversion,[2] electrocaloric,[3] and photovoltaic devices,[4, 5] etc. The pressure/stresstriggered structure/properties change in FE materials is a critical and unique feature that
provides a valid pathway for electrical-mechanical energy conversion.[6-8] For instance,
a shock pressure compression would release the bound electric charges of the poled
ceramics within a short period of time (~μs), generating a sharp current/voltage pulse with
megawatts of electrical power. Such a pressure-driven depolarization behavior, therefore
enables converting mechanical energy to electrical energy, making them useful for many
scientific and engineering projects, such as shock wave power supplies and generator
systems.[9, 10] Such a response to sharp external stimuli with transforming the energy in
a different form also provides an alternative way to design protective devices for the
electrical/electronic systems. These unique capabilities and potential applications have
been driving extensive research in this field for many years. Most previous work has been
devoted to searching among lead-based materials, including Pb(Zr,Ti)O3 (PZT),[11-13]
Pb(Zr,Sn,Ti)O3 (PZST),[14] and Pb(Mg,Nb)O3-PbTiO3 (PMN-PT).[15] Among those
systems, the Nb doped Pb(Zr0.95Ti0.05)O3 (PZT95/5) stands as the most prominent one,
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which has dominated the commercial market for more than 50 years.[13, 16] However,
due to a disruptive low temperature rhombohedral FE to high temperature rhombohedral
FE phase transition at around 41~70 oC, the PZT95/5 will lose almost 10% of its remnant
polarization and stored energy, which negatively affects its temperature stability and
practical applications.[9, 17] Moreover, the environmental concerns and legislature
regulation turn to restrict the usage of lead-containing materials in the future. The urgent
desire has therefore emerged for the discovery of lead-free FE materials with comparable
energy conversion capabilities to substitute the currently employed lead-based materials.
However, the development of new lead-free ferroelectrics for explosive energy
conversion applications is still at its infant stage.
In this regard, we have been devoted, in the past years, to exploring new candidates
among lead-free FE materials having the potential to show a pressure driven polar to nonpolar phase transition. Two promising lead-free candidates for pressure driven energy
conversion applications, have been reported in our previous papers recently. One is
Bi0.5Na0.5TiO3 (BNT) based FE materials and the other is (Ag,K)NbO3 (AKN) FE
materials.[18-20] The depolarization under pressure of BNT-based materials is associated
with the pressure induced FE-ergodic relaxor FE phase transition. Due to the relaxor
nature of BNT, the pressure driven FE rhombohedral-ergodic relaxor orthorhombic phase
transition, is largely sluggish. Thus, the charge releasing process of BNT-based
ferroelectric ceramic is slow and need to be completed in a wide pressure range (more
than 400 MPa).[18, 21] By contrast, the poled AKN materials experience an abrupt
pressure-driven FE-AFE phase transition. Correspondingly, under the similar set-up, the
AKN materials can release the charge within a shorter time (~ s) and narrow pressure
range (~ 100 MPa) compared with the BNT materials[20] Additionally, this pressuredriven FE-AFE phase transition also endows PZT95/5 with the outstanding performance
in the power generation. Therefore, although many factors can lead to mechanical forcedriven depolarization process in FE materials, the FE-AFE phase transition tends to be
the most straightforward strategy to obtain the novel lead-free alternatives with the high
power output.
NaNbO3 (NN) is a AFE material in orthorhombic symmetry with space group Pbcm
109

at room temperature, in which the unit cell is quadrupled along [010] direction of the
prototype unit cell because of its complex oxygen octahedral tilting and antiparallel Nb
cation displacement.[22, 23] Due to its well-documented AFE nature, the NN material
forms the basis for a variety of new lead-free AFE solid solutions developed recently for
high energy storage pulse power capacitor applications.[24-26] Unlike the prototype
PbZrO3 AFE material with a reversible AFE-FE phase transition under external E fields,
the E-induced AFE-FE phase transition of NN material is irreversible, because of the
rather small free energy difference (2.3 meV/f.u.) between its AFE and E-indcued FE
phase.[27-29] Thus, the NN material is macroscopically characterized by a typical squareshaped P-E loop under E fields. The poled metastable FE state and small energy barrier
between AFE and FE phases indicates that NN is a promising candidate maintaining the
pressure-drive FE-AFE phase transition. [20, 30] Thus, NaNbO3 based materials can offer
a viable new family of materials for explosive energy conversion applications. In the
present work, the phase transition behavior and depolarization performance of NN
materials under hydrostatic pressure environments were investigated. With pressure
increasing to 400 MPa, the NN material changes from single loop featured FE phase into
a double loop featured AFE phase. In-situ polarization testing and neutron diffraction on
the pre-poled NN ceramics evidenced a pressure induced depolarization phenomena,
arising from the FE-AFE structure change under a low pressure of 400 MPa, showing
promising potential for usage in explosive/fast mechanical-electrical energy conversion.
Moreover, the NN materials can also retain its high polarization with increasing
temperature up to 180, showing an excellent temperature stability. The results provide a
new potential lead-free material for energy conversion application under pressure
conditions.
RESULTS AND DISCUSSIONS
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Figure. 1. The P-E loops of NN ferroelectric ceramics at 1 Hz and room temperature
(fresh sample).
Figure 1 shows the P-E hysteresis loops of NN ceramics measured at the room
temperature and the red curve presents the results measured at the first cycle. Similar to
general AFEs with double P-E hysteresis loops, the polarization and E-field of the NN
sample present a linear relationship with a small slop value until the applied E-field
reaches around 5.2 kV/mm, after which the polarization experiences an abrupt increment
to ~ 32 μC/cm2. Instead of returning to the origin in general double P-E loops of AFE
materials, the following P-E loops measured at the first and second cycles present a
square-shaped FE loop with the remnant polarization (Pr) ~ 30 μC/cm2 and the coercive
field (EC) ~ 1.8 kV/mm. It is worthy to note that the critical field measured at the first
quarter cycle is much larger than the EC value extracted from the second round loop.
Therefore, the sharp increment of the polarization measured at the first quarter cycle can
be ascribed to the E-induced irreversible AFE-FE phase transition (EAFE-FE equals ~5.2
kV/mm), which are commonly obtained in other NaNbO3, AgNbO3 and PbZrO3-based
AFE material systems.[28, 31, 32] The metastable FE state after exposure to a sufficient
E-field endows NN-based materials with promising properties generally achievable in FE
materials, including pyroelectric, piezoelectric, and electrocaloric performance.[33-35] It
is worthy to note that the Ec of the induced FE phase is measured to be 1.5 kV/mm, which
is much smaller than the previous reports, which may be originated from the large
difference in thickness between this work and previous report. The small Ec value
indicates an easy reversibility of FE domain in NN ceramics upon E field application and
also improves the materials’ poling performance, which is beneficial for the explosive
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energy conversion application. As abovementioned, the Pr value directly determines
materials’ capability of charge storage/release. It is found that the Pr value of the poled
NN ceramics reaches as high as 30 μC/cm2, which is comparable with the commercially
used PZT95/5, further indicating that the NN as a promising candidate for the explosive
energy conversion application.

Figure 2. The P-E loops of NN ceramics under increasing hydrostatic pressures at 1
Hz and room temperature.
The P-E hysteresis measurement was then performed under hydrostatic pressure
environments, on the prepared NN samples at a testing frequency of 1 Hz and room
temperature and the results were presented in figure 2. With gradually increasing
hydrostatic pressure, the square-shaped P-E loop gradually becomes tilted and pinched
with an increasing switching electric field and decreasing remanent polarization.
Although the P-E loop of the NN sample measured at high pressure is highly distorted, it
still shares some similarities with the AFE double P-E hysteresis loops. It is suggested
that in NN, the energy barrier between the AFE and FE phases are very small, and thus,
the obtained evolution of P-E loops measured under different hydrostatic pressures can
be attributed to the pressure driven FE-AFE phase transition, which however, needs
further confirmation from both property investigation and structural analysis.
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Figure. 3. The in-situ depolarization curve (a) and the dielectric constant (b) of prepoled NN ceramics under hydrostatic pressure environments.
In order to further investigate the pressure-driven depolarization behavior of NN
samples, the pre-poled ceramic pellet (room temperature, 6 kV/mm DC field for 10 min,
d33 = 56 pC/N) was placed in a liquid hydrostatic environment. With the pressure applied,
the discharged electric current was synchronously collected during the depolarization
process and then integrated to obtain the released charges as a function of applied pressure.
Figure. 3(a) displays the in-situ depolarization curve of pre-poled NN ceramics with
increasing pressure. An initial Pr value of 30 μC/cm2 is manually adopted here to make
consistent with the P-E measurements in figure 1 and 2. At the low pressure region (< 200
MPa), the Pr drops slightly with increasing the hydrostatic pressure, which possibly
results from the inverse piezoelectric effect. [21] While a sharp reduction of polarization
is detected when the pressure further goes up to around 400 MPa, which should be
ascribed to the appearance of pressure driven FE-AFE phase transition. Because the
maximum loading pressure is limited for the measurement, the complete depolarization
curve is impossible to be obtained while it is suggested that more Pr can be released with
further increasing the pressure higher than 450 MPa. Following by the pressure loading
process, the Pr value has also been recorded during the unloading process to check the
reversibility of the pressure-driven FE-AFE phase transition. As the pressure decreases
from 450 MPa to 0 MPa, the Pr keeps unchanged at a level of 12 μC/cm2, indicating an
irreversible pressure driven FE-AFE phase transition process. The dielectric constant of
pre-poled NN ceramics was also measured as a function of pressure and the result was
plotted as in figure 3 (b). With increasing pressure, the dielectric constant first increases
sharply from 169.5 @ ambient pressure and then increase slowly and keep a relatively
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stable maximum value of 183.5 during the pressure range of 200-350 MPa. At around
400 MPa, the dielectric constant decreases dramatically, correlating very well with the
anomaly in the polarization-pressure curve, further supporting the appearance of a sharp
phase transition. The energy storage density of ferroelectric materials can be calculated
theoretically via the following definition: W = Pr2/2(ε0*εr), where εr represents the relative
dielectric constant of the depoled AFE phase under high pressure.[11, 14] The smaller
dielectric constant of NN compared with that of AKN and PZT 95/5 makes it favorable
for storing high energy density. Unfortunately, due to the maximum pressure loading
value of our measurement, the poled NN does not transformed fully into a depoled AFE
phase, therefore the εr of the depoled AFE state and thus the stored energy density can not
be provided for a comparison. However, it deserves to mention that, although the phase
transition pressure for NN is a little higher than that of AKN ceramics, there is plenty of
opportunities for further tuning the depolarization pressure to satisfy different kinds of
real applications via modulating the materials composition and enhancing the stability of
AFE phase.

Figure 4. (a) Rietveld structural refinement of the poled and unpoled NaNbO3 neutron
powder diffraction patterns. The refined structure viewed along the (b) a and (c) c-axis.
Figure 4a shows the neutron powder diffraction (NPD) data of both poled and
unpoled NaNbO3 ceramic pellets. It is evident that after exposed to a sufficient high Efield, some additional peaks around 70° appear while the intensities of peaks around 93°
present a significant drop. These unambiguous variations in the NPD patterns further
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confirm the E-filed induced irreversible AFE-FE phase transition obtained in the property
measurement. To further extract the structural information, Rietveld refinement was
conducted on both patterns and the space group, unit cell parameters and reliability factors
are summarized in Table 1. It is worthy to note that the tiny peak around 46.6° may arise
from the environment, which is excluded for the refinement. The unpoled NPD pattern
can be well predicted by the AFE NN structure with the Pbcm space group proposed in
the previous studies.[36] In comparison, for the poled sample, the reported polar phase
model of NN samples can result in a reasonable fit of the experimental data.[37] It is
worthy to note that the non-centrosymmetric Pb21m space group was adopted in this study
to keep the consistent axis setting of the Pbcm space group. Figures 4b and c plot the
crystal structures of unpoled and poled NN samples, corresponding to those of AFE and
FE phases, respectively. With reference to the pseudo-cubic perovskite structure with Pm3m symmetry (subscript p), the unit-cell axes of AFE and FE phases (subscript A and F,
respectively) can be expressed as: aA≡ap - bp, bA≡ap + bp, cA≡4cp and aF≡ap - bp, bF≡ap +
bp, cF≡2cp. The obtained polar and non-polar structures share the several similarities such
as the atomic displacements along the [110]p direction, and antiphase octahedral tilting
around the [100]p and [010]p directions, namely the a-a-c0 tilting system in Glazer
notation.[38] However, in the AFE phase, the antiphase boundary (red dashed line in
Figure 3b) at the (002)A plane gives rise to the antiparallel atomic displacements with the
same amplitude (red arrow), resulting in the zero macroscopic polarization. In contrast,
the successive two perovskite layers of the FE phase along the [001]p direction follow the
translational symmetry, and this alignment induce the spontaneous polarization along the
[110]p direction. Moreover, the antiphase boundary also modulates the sign of the NbO6
octahedral tilting around the [001]p direction in the AFE phase, presenting an alternative
in-/anti-phase tilting patten, i.e., a0a0c+/a0a0c- in Glazer notation while in the FE phase,
only the in-phase rotation (a0a0c+) around the [001]p direction can be obtained. As
reflected by Table 1, the poled sample exhibits slight expansion in the primitive unit cell,
i.e., one parent perovskite unit cell volume (~ 0.32%) compared with the unpoled sample.
Such a behavior reveals that the hydrostatic pressure will help to stabilize the AFE phase.
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Table 1. Reliability factors and refined unit cell parameters of unpoled and poled NaNbO3
samples.
Unit cell parameters
Sample name

Space group
a

b

c

V (Å3)

Rwp (%)

Rp(%)

χ2

Unpoled

Pbcm

5.5018(9)

5.5669(7)

15.519(1)

475.3

3.78

2.98

2.03

Poled

Pb21m

5.5135(9)

5.5734(8)

7.757(1)

238.4

4.38

3.37

2.43

Figure 5. (a) the NPD patterns of a fresh NN ceramic sample, a poled NN ceramic
sample before the application of hydrostatic pressure and a poled NN ceramic
sample after experiencing 870 MPa hydrostatic pressure. (b) the in-situ NPD
patterns of poled NN ceramic sample under increasing hydrostatic pressures of 0
MPa, 180 MPa, 420 MPa, 870 MPa.
The main structural differences between the AFE and FE phases of NN sample reside
in the arrangements of atomic displacements and octahedral tilting around the [001]p
direction, resulting in different characteristic satellite reflections. As shown in Figure 5a,
the NPD data of the unpoled sample is associated with characteristic superlattice
reflections 1/4(443)p and 1/4(229)p. These Gp±[0 0 ¼]p and Gp±[½ ½ ¼]p reflections are
associated with the aforementioned antiparallel atomic displacements and alternative in/anti-phase octahedral tilting around the [001]p direction, which are the typical features
of the AFE phase. After poling treatment, the NN samples are electrically induced into an
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metastable FE phase, associated with the ½ (301)p, ½ (321)p, and ½ (341)p superlattice
peaks (see the middle red pattern in figure 5(a)). These Gp±½[1 0 1]p reflections are the
typical features of the a-a-c+ octahedral tilting systems for the FE phase. The bottom blue
pattern in figure 5(a) gives the NPD result of poled NN ceramic samples after
experiencing the 870 MPa hydrostatic pressure. In this case, the evident appearance of
1/4 (443)p and 1/4 (229)p reflections and concurrent disappearance of the 1/2(301)p,
1/2(321)p and 1/2(341)p reflections ascertains that poled FE phase NN ceramic has
transformed back into its initial unpoled AFE phase. Although the NN sample share the
similar pressure-driven depolarization behavior with that of the AKN sample reported in
our previous work, the initial state of two samples are quite different at ambient conditions.
For the AKN sample, the initial state is the FE phase and the electrical poling help to align
the polarization and store the bound charges. For the case of NN ceramics, the fresh
sample is in AFE phase and electrical poling will induce the metastable FE phase as well
as aligning the induced polarization. To further clarify the pressure-driven phase
transition process, the poled NN ceramics was put into the hydrostatic pressure
environments and NPD patterns were in-situ collected with increasing the pressure, as
shown in figure 5(b). At 0 MPa and 180 MPa, the distinct 1/2(321)p, and 1/2(341)p
evidence that the NN ceramics is in FE phase. At 420 MPa, the relative intensities of the
1/2(321)p, and 1/2(341)p satellite become weaker in comparison with those of 0 MPa and
180 MPa, indicating the pressure-induced FE-AFE phase transition. This pressure value
is consistent with the that obtained from the in-situ depolarization and dielectric
measurement in figure 3. Finally, at 870 MPa, the NN ceramic has totally transformed
into a AFE phase, as indicated by the disappearance of 1/2(321)p, 1/2(341)p and
concurrent appearance of 1/4 (443)p and 1/4 (229)p. Moreover, after the withdrawing of
870 hydrostatic pressure (see the bottom blue line in figure 5(a)), a nearly identical NPD
pattern can be observed. This demonstrates that the pressure driven FE-AFE phase
transition in poled NN ceramics is an irreversible process, and the NN ceramic remains
in AFE phase after the withdrawing of a high hydrostatic pressure, which is similar to the
situation of AKN and lead-based ferroelectric materials.
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Figure 6. (a) and (b), The P-E loops of NN ceramics as a function of temperature
tested at a frequency of 1 Hz, following a P-E loop measurement at a higher E-field
of 6 kV/mm magnitude, plotted in figure 1). (c) The temperature dependent
dielectric constant and loss spectrum of poled NN ceramic sample. (d) The thermal
depolarization curve till 180 oC of poled NN ceramic sample.
In actual applications, it is also an essential prerequisite for the material to be able to
work in different temperatures. Thus, in order to evaluate the reliability of the NN
ceramics for real energy conversion applications, the temperature stability of NN
ceramics was also investigated. Figure 6(a) and (b) presents the evolution of the P-E loops
of NN ceramics under different temperature points ranging from room temperature to 180
o

C. Note that a pre-testing of P-E loop under a higher E-field of 6 kV/mm was employed

to ensure the FE phase was induced out of the AFE phase in the fresh sample. It can be
seen that the coercive E-field slightly decreases, while the large Pr remains unchanged
during the temperature range from 20 oC to 100 oC and slightly increases from 100 oC to
180 oC, suggesting an excellent temperature stable FE property. The dielectric properties
of poled NN ceramics were also display in figure 6(c) as a function of temperature. It can
be inferred that no phase transition was observed during the whole measurement
temperature range. The pyroelectric property of poled NN ceramic sample was also
measured to further confirm the temperature sensitivity. The small pyroelectric coefficient
118

of less than ±5*10-8 Ccm-2K-1 further ascertains that the poled NN ceramic can retain a
stable remanent polarization during a wide temperature range. The superior temperature
insensitively of NN ceramic adds to its suitability for energy conversion device
application under various temperature environments.
CONCLUSION
In this work, the pressure driven depolarization performance of lead-free NN
materials was presented for the first time, in order to promote the development of leadfree substitution to the lead-based FE material for the next-generation environmentally
friendly explosive energy conversion applications. The poled NN ceramic is
experimentally shown to undergo a ferroelectric to antiferroelectric phase transition under
pressure applications, due to the nearly identical free energy barrier between both phases.
Therefore, a sharp depolarization behavior can be realized under a relatively low pressure
of 450 MPa. In-situ high intensity neutron diffraction analysis have been employed to
further elucidate the pressure induced FE-AFE phase transition process. The NN ceramic
also displays excellent temperature stability with nearly unchanged polarization under
various temperatures. The pressure-driven FE-AFE phase transition, sharp depolarization
phenomenon and excellent temperature stability combined together support the promising
of NN ceramic for energy conversion applications. The results presented in this work will
be helpful for future investigations of lead-free candidate for energy conversion
application and also can serve as a guidance for exploring new research directions based
on lead-free ferroelectric materials.
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METHODES
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Material preparation. The NN ceramics were synthesized using the traditional solid state
reaction method. NaHCO3 (99.5%), Nb2O5 (≥99.93%) and MnCO3 (99.985%) were used
as raw materials. 0.3 wt.% MnCO3 was added to improve the sintering performance and
electric properties of the NN ceramics.[33] The mixed starting materials were first ballmilled in ethanol for 12 hours. The dried powders were then pressed into a 60 mm
diameter pellet and calcined at 900 oC for 5 h. After calcination the powder was ball
milled again for 12 hours and pressed into pellets with a diameter of 13 mm using
polyvinylalcohol (PVA) as a binder. The pellets were then sintered at 1240 oC for 2 h. The
obtained ceramics were then polished to 0.5 mm in thickness and 8.0 mm in diameter.
Silver electrodes were pasted on both sides of the ceramics and sintered at 700 oC for 0.5
h for electrical measurements.
Dielectric Measurements. The pressure dependence of the dielectric constant and
dielectric loss were measured using a Hewlett Packard LCR meter (1-3-2, Murotanim
Nishi-ku, Kobe-shi, Hyogo, 651-22 Japan). The hydrostatic pressure environment was
generated in a custom built experimental setup for electrical testing under pressure
conditions. Benzyl-toluene was employed as the hydrostatic pressure transporting liquid
medium. The NN sample was electrically connected with an integrating capacitor and
electrometer. When start the controlling unit, hydrostatic pressure loading setup will
operate, the pressure increases around sample via transporting liquid medium and is
monitored by pressure monitor, The different data were collected through A/D conversion
card during the pressure driven depolarization process.
Ferroelectric Measurements. The polarization-electric field (P-E) loops were
characterized at 1 Hz frequency using an aix ACCT TF 2000 analyzer ferroelectric
measuring system (aix ACCT Co., Aachen, Germany) using a sinusoidal waveform. The
hydrostatic pressure environment was provided using the same setup as described above.
Neutron Scattering. In-situ high intensity neutron scattering was conducted using the
WOMBAT instrument from ANSTO. A Paris-Edinburgh High Pressure Cell, was used as
the pressure source and pressure holder. Fluorinert was used as the pressure transmission
medium to produce the desired hydrostatic pressure environment. Lead shards, whose
lattice parameter evolution under pressure variation is already known, were used as filling
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calibrants to calculate the real pressure value that was applied on the NN samples when
collecting diffraction patterns. For each pattern, a long collecting time of 2h was used to
enhance the pattern quality as a result of the weakened intensities of the sample reflections
due to the diffraction attenuation in an environment of filling fluorinert and the lead shards.
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3.6 Large electrocaloric effect over a broad temperature range via
modulating relaxor behavior in non-relaxor ferroelectrics
The research presented in this paper was completed by the author of this thesis. The
author carried out the design and preparation of the samples, and the property
measurements of the samples in this part. Dr. Teng Lu measured and analysis the XRD
and PFM data. The author prepared the manuscript with helpful discussions from all the
co-authors.
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Chapter 4 Summary of Main Outcomes and Perspectives
In this thesis, several typical energy harvesting effects and related applications in
typical FE/AFE material systems with optimized composition, including the
Bi0.5Na0.5TiO3-based,

AgNbO3-based,

NaNbO3-based,

(PbLa)(ZrSnTi)O3-based

materials was investigated. The pyroelectric effect, the dielectric energy storage effect,
the explosive energy conversion property and the electrocaloric effect were explored in
this thesis. The main achievements can help to develop new material compositions with
high energy harvesting properties and high potential for practical applications. This
chapter summarizes the main research results achieved in this thesis, which has already
been published or will be published in the main journals in the area of FE/AFE research.
According to the investigated material systems and various energy harvesting effects, the
findings are summarized into four sections. The detailed discussions can be available in
the relevant papers or chapters (the specific links are marked as bold and italics). At the
end of this chapter, the perspectives of energy harvesting study in FE/AFE materials are
also discussed and future works worthy to be paid attention to are also listed.

4.1 Pyroelectric

effect

in

Bi0.5Na0.5TiO3-BiAlO3-K0.5Na0.5NbO3

materials
The phase character, frequency and temperature dependent dielectric, ferroelectric,
pyroelectric properties of Bi0.5Na0.5TiO3-BiAlO3-K0.5Na0.5NbO3 (BNT-BA-KNN) FE
ceramics are investigated in this part. The pyroelectric figures of merit of BNT-BA-KNN
materials are also evaluated towards promoting its actual applications. The results reveal
the BNT-BA-KNN materials as promising lead-free candidates for infrared thermal
detector applications.
⚫

The XRD result confirms that the BNT-BA-KNN ceramics are crystallized into a
perovskite structure. A small trace of bismuth-deficient Bi2Al4O9 secondary phase
(0.32 mol. %) is detected. The samples exhibit dense and void-free microstructure
with the grain sizes varying from 1 to 6 μm. A high relative density of 97% is
determined by the Archimedes method. (3.3 Figure 1)
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⚫

The temperature dependent dielectric properties of poled BNT-BA-KNN ceramics
indicates its relaxor feature, as demonstrated by the frequency-dispersion of both
both εr and tanδ. As temperature increases, three anomalies can be detected. The first
one is the ferroelectric to the ergodic relaxor (FE-ER) phase transition temperature
TF-R,

i.e. the depolarization temperature Td, which happens at 118℃. The second one

is characterized by the frequency dispersion vanishing point at 225℃. And the third
transition temperature, which is the ferroelectric to paraelectric phase transition (FEPE) Tm, happens at the maximum dielectric constant. (3.3 Figure 2)
⚫

The dielectric properties of the BNT-BA-KNN ceramics are evaluated as a function
of frequency, especially under low frequencies of <100 Hz, since most previous
studies generally only focused the dielectric properties under high frequency ranges.
As f decreases from 10 kHz to 20 Hz, the εr slightly increases and the tanδ decreases
slightly first and then increases slightly. To be specific, the εr is 514, 536, 551 and the
tanδ is 0.029, 0.028, 0.030 at 1 kHz, 100 Hz, 20 Hz, respectively. The relatively stable
dielectric parameters under lower frequencies are favorable for its actual applications.
(3.3 Figure 3)

⚫

The temperature dependent pyroelectric measurement shows a large p of 3.9×108

Ccm-2K-1 upon heating at room temperature, which is comparable to the

commercially used PZT pyroelectric ceramics. The room temperature p upon cooling
is also measured to be as large as 3.5×10-8Ccm-2K-1. At Td, the peak pyroelectric
coefficient reaches 400×10-8Ccm-2K-1, indicates an undispersed ferroelectric-ergodic
relaxor phase transition process. This sharp phase transition is useful for stabilizing
the pyroelectric properties during the temperature range when T is lower than Td. (3.3
Figure 4)
⚫

The Pr of poled BNT-BA-KNN is achieved by integration of depolarization current
upon increasing temperature. The Pr slightly decreases from 34.6 μC/cm2 to 29.5
μC/cm2, when temperature increases from 5℃ to 100℃. The variation of Pr is less
than 15% during this temperature scope, which shows that it can maintain a stable
poled state in a wide temperature range. (3.3 Figure 4)
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⚫

The FOMs of BNT-BA-KNN ceramics are calculated at 1 kHz, 100 Hz and 20 Hz
and compared with the pyroelectric parameters of other lead-free pyroelectric
materials and lead-containing pyroelectric materials. The overall pyroelectric
properties of BNT-BA-KNN ceramics are much better than other lead-free
pyroelectric ceramics and comparable to that of the lead-containing ceramics. At
room temperature, the obtained Fi, Fv, and Fd of BNT-BA-KNN can be as high as
1.32×10-10m/V, 2.89×10-2m2/C, 1.15×10-5Pa-1/2 at 1 kHz and 1.32×10-10m/V,
2.70×10-2m2/C, 1.09×10-5Pa-1/2 at 20 Hz, respectively. The high pyroelectric
coefficient as well as the relatively lower dielectric constant (~500) and lower
dielectric loss (~0.03) contribute to the enhancement of FOMs. More importantly, the
value of p, Fi, Fv, and Fd can keep relatively stable in the studied temperature scope
of RT~85℃. Specifically, the Fv and Fd vary only ±2%. (3.3 Figure 5)

4.2 Explosive energy conversion application of (Ag,K)NbO3
The pressure dependent phase transition behaviour and the temperature stability of
a designed (Ag0.935K0.065)NbO3 (AKN) FE ceramic is studied in this part. The chargereleasing performance of a developed AKN based energy conversion device is also
evaluated. Transmission electron microscopy, in-situ neutron diffraction analysis and
theoretical modelling are employed to reveal the mechanism underlying the observed
explosive energy conversion behavior. This work provides an alternative material with
better performance than the currently-used lead-based materials and offer new guidance
for developing new materials and devices for explosive energy conversion application.
⚫

The AKN ceramic shows FE character with single loop and high Pr of 33 μC/cm2 at
ambient pressure. While at high hydrostatic pressure of 350 MPa, the AKN ceramic
displays AFE behavior with a well-developed double P-E loops and decreased Pr of
8 μC/cm2. This indicates that the AKN ceramic experiences a pressure driven FEAFE phase transition. (3.4 Figure 1)

⚫

With increasing pressure condition, the poled AKN ceramic shows a pressure driven
depolarization behaviour. The result shows that around 23 μC/cm2 was released when
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the hydrostatic pressure was increased from 290 MPa to 330 MPa. Upon increasing
the pressure to ~ 300 MPa, both the dielectric constant and loss of the poled AKN
show abrupt anomaly changes, which is associated with the pressure driven FE-AFE
phase transition. This phase transition is irreversible from the macroscopic property
viewpoint due to the fact that no sudden changes happen during the pressure
withdrawal. (3.4 Figure 1)
⚫

The dynamic discharge response of a thus designed AKN ferroelectric energy
conversion device is evaluated for real applications. A well-developed electrical
square current curve is achieved when a 6.9 GPa external shock pressure is applied
and a 120 Ω external resistor is used. The generated pulse current peak value can be
as high as 22 A. The released charge density under shock pressure reaches 38 μC/cm2
while the dynamic discharging process is completed within 1.8 microseconds,
comparable to that of PZT 95/5 but with the distinct advantage of being lead free.
Moreover, the AKN FE ceramics show a record-high energy storage density of 5.401
J/g, significantly higher than that of the current commercially used PZT 95/5
ceramics (2.929 J/g). (3.4 Figure 1)

⚫

According to the temperature dependent dielectric properties, the AKN ceramics
experience no disruptive phase transition until the temperature rises to 150 oC, where
a disruptive FE-FE phase transition happens. The pyroelectric curve shows a sharp
depolarization peak at 150 oC due to the FE-FE phase transition. While, for the
commercially used PZT 95/5 ceramics, a similar low temperature FE to high
temperature FE phase transition leads to a loss of more than 10% of its polarization
at a significantly lower temperature, 41-70 oC. Thus, the AKN materials show better
temperature stability than that of the PZT materials. (3.4 Figure S4)

⚫

Rietveld refinement conducted on the neutron diffraction pattern (NDP) of the AKN
powders shows the AKN materials are with a two-phase (FE Pmc21+ AFE Pbcm) coexistence structure. The Nb5+ ion displaces ~ 0.08 Å along the c direction from its
undistorted position while the apical oxygen, O12- and O22- ions, shift along the +c
direction. The co-existence of Pmc21 and Pbcm phases suggests a very low energy
barrier between the FE and AFE structures, consistent with the observed properties
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characterization. The cell-volume of one parent perovskite unit of the Pmc21 phase
(61.3 Å3) is larger than that of the Pbcm phase (61.1 Å3), supporting the
macroscopically achieved pressure driven FE-AFE phase transition. (3.4 Figure 2)
⚫

The in-situ neutron diffraction experiments with increasing hydrostatic pressure
further confirms the pressure driven FE-AFE phase transition. The appearance of the
¼(443)p and ¼(229)p reflections and associated disappearance of the ½(301)p,
½(321)p and ½(341)p reflections as pressure increases evidences the pressure driven
phase transition. This change of superlattice reflections is observed in both unpoled
and poled samples, and demonstrates the pressure driven FE-AFE transition is
inherent to the AKN, not related with the poling states. Moreover, the NDP recorded
after the withdrawal of high pressure shows the AKN remains a AFE state, indicating
an irreversible character of the pressure driven FE-AFE transition. (3.4 Figure 3)

⚫

The phenomenological theory to rationalize the pressure effect on the relative
stabilities of the FE and AFE phases. A pressure-composition phase diagram for AKN
is then calculated based on energy minimization. Upon increasing the K-doping level
sufficiently, the energy wells associated with the FE phase become deeper, and
gradually changes into strong FE phase. The theory results show that K doping
stabilizes the FE phase, while the application of pressure stabilizes the AFE phase in
the AKN system. (3.4 Figure 4)

4.3 Pressure driven phase transitions in NaNbO3
The pressure driven phase transition is observed and investigated in NaNbO3 (NN)
ceramics with 0.3 wt.% MnCO3 added for the purpose of improving its sintering
behaviour and electrical properties. Neutron diffraction technique is employed to
elucidate the pressure driven transition process. This work demonstrates the possibility of
NaNbO3 ceramics for use in explosive energy conversion and also stimulates future
explorations for new materials for energy conversion applications under pressures.
⚫

The P-E loop measurement of prepared NN ceramics show a square-shaped FE loop
with a high Pr ~ 30 μC/cm2 and small coercive field (EC) ~ 1.8 kV/mm. The critical
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field measured at the first quarter cycle is much larger than the EC value extracted
from the second round loop. The sharp increment of the polarization measured at the
first quarter cycle can be ascribed to the E-induced irreversible AFE-FE phase
transition (EAFE-FE equals ~5.2 kV/mm). (3.5 Figure 1)
⚫

The ferroelectric property measurement under hydrostatic pressure condition shows
that with gradually increasing hydrostatic pressure, the square-shaped P-E loop
gradually becomes tilted and pinched with an increasing switching electric field and
decreasing remanent polarization. Although the P-E loop of the NN sample measured
at high pressure is highly distorted, it still shares some similarities with the AFE
double P-E hysteresis loops. (3.5 Figure 2)

⚫

A sharp reduction of polarization is detected for poled NN ceramic when the pressure
goes up to around 400 MPa, which should be ascribed to the appearance of pressure
driven FE-AFE phase transition. With increasing pressure, the dielectric constant first
increases sharply from 169.5 @ ambient pressure and then increase slowly and keep
a relatively stable maximum value of 183.5 during the pressure range of 200-350
MPa. At around 400 MPa, the dielectric constant decreases dramatically, correlating
very well with the anomaly in the polarization-pressure curve. The small dielectric
constant of indicates a high energy storage density of NN ceramic and thus high
potential for explosive energy conversion applications. (3.5 Figure 3)

⚫

Rietveld refinement was conducted on both patterns and the space group, and unit
cell parameters are summarized. The antiphase boundary modulates the sign of the
NbO6 octahedral tilting around the [001]p direction in the AFE phase, presenting an
alternative in-/anti-phase tilting patten, i.e., a0a0c+/a0a0c- in Glazer notation while in
the FE phase, only the in-phase rotation (a0a0c+) around the [001]p direction can be
obtained. The poled FE sample exhibits slight expansion in the primitive unit cell,
i.e., one parent perovskite unit cell volume (~ 0.32%) compared with the unpoled
AFE sample revealing that the hydrostatic pressure will help to stabilize the AFE
phase. (3.5 Figure 3)

⚫

The NPD data of the unpoled AFE sample is associated with characteristic
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superlattice reflections 1/4(443)p and 1/4(229)p. The poled FE NN samples are
associated with the ½ (301)p, ½ (321)p, and ½ (341)p superlattice peaks. With
increasing pressure to around 420 MPa the evident appearance of 1/4 (443)p and
1/4 (229)p reflections and concurrent disappearance of the 1/2(301)p, 1/2(321)p and
1/2(341)p reflections ascertains that poled FE phase NN ceramic has transformed
back into its initial unpoled AFE phase. The pressure driven FE-AFE phase transition
is a irreversible process evidenced by the NDPs, similar to that of the AKN. (3.5
Figure 4)
⚫

The temperature stability of NN ceramics is investigated to evaluate the reliability of
the NN ceramics for real energy conversion applications. With increasing
temperatures, the coercive E-field slightly decreases, while the large Pr remains
unchanged during the temperature range from 20 oC to 100 oC and slightly increases
from 100 oC to 180 oC, suggesting an excellent temperature stable FE property. The
pressure driven phase transition and depolarization behavior, small dielectric
constant and low bulk density of NN ceramics strongly indicates it as a promising
candidate for explosive energy conversion. (3.5 Figure 5)

4.4 The Electrocaloric effect in Ba doped PLZST
The Electrocaloric effect of Ba doped (Pb0.97La0.02)(Zr0.58Sn0.29Ti0.13)O3 (PLZST) is
studied in order to achieve both high polarization and relaxed FE-PE phase transition, and
then realize large ECE temperature change and high temperature stability. This work
provides a new method to enhance the electrocaloric performance via modulating relaxor
phase transition in non-relaxor ferroelectric materials.
⚫

The Curie temperature of PLBZST with doping level x=0, 0.08, 0.10, 0.11 is
determined to be 148oC，66oC, 47oC, 37 oC, respectively. Thus Ba ion substitution
can effectively reduce the Curie temperature of PLZST ceramics down to around
room temperature, favorable for the ECE applications. (3.6 Figure 2)

⚫

The dielectric constant of PLBZST decreases with the increasing frequency and the
peak of the dielectric constant shifts to higher temperature, presenting the typical
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phase transition feature of relaxors. PLZST does not show any frequency dependent
shift near the Curie temperature, demonstrating its normal ferroelectric character. The
γ of PLBZST and PLZST are determined as 1.46 and 1.57, respectively, indicating a
success of partially induced relaxor characteristic in PLZST materials by Ba doping.
(3.6 Figure 2 and Figure 3)
⚫

For the PLZST sample, the material experience FE-AFE-PE phase transition with
increasing temperature. While for the PLBZST sample, a single relaxed FE-PE phase
transition is observed, with an elimination of the intermediate AFE phase. The
polarization of PLBZST thus shows a uniform decreasing tendency upon increasing
temperature, which is beneficial for ECE applications. (3.6 Figure 4)

⚫

The PLBZST under 7 kV/mm shows a maximum ECE △T of 1.6 K and △S of 1.65
J·kg-1K-1 at room temperature, due to the lower curie temperature close to room
temperature. More importantly, the ECE △T value can retain over 1.2 K with a
broad temperature range from 28 oC to 140 oC. This greatly benefits from the
appearance of relaxor FE-PE phase transition of PLBZST ceramics. This result is
intriguing because previous studies show either a large ECE within a narrow
temperature range or a rather small ECE in a broad temperature range. (3.6 Figure
5)

⚫

The pyroelectric energy harvesting effect of PLBZST is also studied by employing
an Olsen cycle, and a maximal electrical energy density of 0.89 J/cm3 can be
harvested when the TL and TH is 28 oC and 150 oC, respectively. (3.6 Figure 7)

4.5 Future Work
In consideration of the experimental results achieved in this thesis, and current
research status revealed by the existing literatures, several issues as regards the energy
harvesting effects in FE/AFE materials are proposed for future investigations.
⚫

In the past few decades, many efforts and achievements have been made to develop
high performance, lead-free, pyroelectric materials, such as (Bi,Na)TiO3-based and
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(Sr,Ba)NbO3-based materials. Although lots of achievements have been made,
including large pyroelectric coefficient and wide working temperature range, the
pyroelectric figures of merit of these lead-free pyroelectric materials are not
comparable with that of the commercial pyroelectric materials. The main reason lies
in their large dielectric constant, high dielectric loss. In the chapter 3.4, figure 1c
shows that the dielectric constant of poled AKN ceramics is 293, which is among the
lowest in lead-free material and may meet the requirement for pyroelectric
applications. However, there is no literatures working on the pyroelectric effect of
AN based ferroelectric materials. Actually, this work is under investigation currently
and obtained results will be summarized and interpretated in the near future.
⚫

Another future work can be focused on improving the energy storage efficiency of
FE/AFE materials. Due to the eminent electrical hysteresis effect, the energy
efficiency of AFE materials is usually too low, with most reported efficiency less than
80%. This means more than 20% of the total stored energy will be dissipated into the
environment as heat energy upon discharging. This will not only result in a great deal
of energy waste but also can lead to the temperature rising of the AFE materials.
Therefore, it should be of great importance to develop new AFE materials with high
energy efficiency. A good approach to achieving this is to synthesize relaxor AFE
materials with “slim” polarization hysteresis-electric field loops. For example, it is
shown in the literature (Adv. Funct. Mater. 2019, 29, 1903877) a new environmentfriendly 0.76NaNbO3–0.24(Bi0.5Na0.5)TiO3 relaxor AFE ceramic possesses a high
recoverable energy density of 12.2 J/cm3 and efficiency of 69%. This relatively low
energy efficiency can be highly possibly improved by introducing (Sr,Bi)TiO3 or
Bi(Mg,Nb)O3.

⚫

In Chapter 3.4, I design a new AKN ceramic with high energy density and chargereleasing performance for explosive energy conversion applications, through
introducing K into the AFE base matrix AN to construct a FE-AFE phase boundary
and choosing a FE composition near the FE-AFE phase boundary. This is the first
work reporting a sharp pressure driven FE-AFE phase transition in lead-free FE
materials. A lot of future work is valuable to further tune the composition or design
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new AN based FE materials with better energy conversion performance. It is reported
that by introducing Li into the AN base matrix, a FE (Ag,Li)NbO3 material with high
polarization can be achieved (J. Phys.: Condens. Matter 23 (2011) 075901). By
optimizing the (Ag,Li)NbO3 composition, another AN based FE materials can be
developed showing the pressure driven FE-AFE phase transition behavior.
⚫

In Chapter 3.5, the pressure driven FE-AFE phase transition is also observed in the
NN ceramics, demonstrating the strong potential of NN materials for use in explosive
energy conversion applications. However, the preparation of high quality NN
ceramics with good poling ability is difficult. This will make it difficult to fabricate
NN based energy conversion device, since a DC poling treatment is inevitable before
assembling the NN ceramic into the devices. Thus, future research should also be
carried out to improve the preparation process to synthesize better quality NN
ceramics such as using two step sintering method. It will also be meaningful to design
new NN based FE materials with comparable property and better poling ability.
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