UNIVERSITY OF

BATH

Citation for published version:
Li, H, Bowen, CR & Yang, Y 2021, 'Scavenging Energy Sources Using Ferroelectric Materials', Advanced
Functional Materials, vol. 31, no. 25, 2100905. https://doi.org/10.1002/adfm.202100905

DOI:
10.1002/adfm.202100905

Publication date:
2021

Document Version
Peer reviewed version

Link to publication

This is the peer reviewed version of the following article: Li, H., Bowen, C. R., Yang, Y., Scavenging Energy
Sources Using Ferroelectric Materials. Adv. Funct. Mater. 2021, 2100905, which has been published in final
form at https://doi.org/10.1002/adfm.202100905. This article may be used for non-commercial purposes in
accordance with Wiley Terms and Conditions for Self-Archiving.

University of Bath

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 07. Mar. 2023


https://doi.org/10.1002/adfm.202100905
https://doi.org/10.1002/adfm.202100905
https://researchportal.bath.ac.uk/en/publications/12ff322c-771e-46d0-94b8-6b38de38b649

WILEY-VCH

DOI: 10.1002/((please add manuscript number))
Article type: Review

Scavenging Energy Sources Using Ferroelectric Materials

Hongyu Li, Chris R. Bowen, and Ya Yang*

[*] Ms. H. Li, Prof. Y. Yang, CAS Center for Excellence in Nanoscience, Beijing
Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing,
101400, P. R. China.

E-mail: yayang@binn.cas.cn

Prof. C. R. Bowen Department of Mechanical Engineering, University of Bath, Bath

BA27AK, UK

Ms. H. Li, Prof. Y. Yang, School of Nanoscience and Technology, University of
Chinese Academy of Sciences, Beijing, 100049, P. R. China.

Prof. Y. Yang, Center on Nanoenergy Research, School of Physical Science and
Technology, Guangxi University, Nanning 530004, P. R. China.

Keywords: ferroelectric, piezoelectric, pyroelectric, ferroelectric photovoltaic,
nanogenerator

1. Introduction

With world-wide increases in energy consumption and a shortage of traditional
energy resources, renewable and clean energy scavenging methods are arousing
growing interest. In addition, the growth in the Internet of Things (IoT) requires a wide
array of electronic devices and sensors that require multi-functionalization and
miniaturization, which can greatly benefit from being autonomous, battery-free and
self-powered. As a result, self-powered electronics must be able to scavenge energy
from its surrounding environment efficiently. In this regard, nanogenerators have been
examined as a form of miniature energy conversion device which can produce electric
power from ambient mechanical motion, temperature changes or illumination.!-!

Ferroelectric materials are often applied in energy scavenging applications because

of their large spontaneous polarization. Valasek discovered ferroelectricity in Rochelle
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salt (NaKC4H40O6-4H20) in 1920 and ferroelectric materials have since been widely
investigated.[* 1 These fascinating materials have been used in a wide variety of
applications such as phase shifters, frequency filters, oscillators, antenna, energy
conversion, pressure sensors, hydrophones and actuators.!%!3] Ferroelectric materials
possess a spontaneous polarization when they have a non-centrosymmetric phase
structure below their Curie temperature (7:). A distinctive feature of ferroelectric
materials is that the orientation of the spontaneous polarization can be switched by the
application of an external electric field. In addition, the polarization behaviour of
ferroelectrics can be modified by a variety of methods, including controlling and
engineering the material at the nano-scale, which have provoked significant academic
and commercial interest.['*??! There are over 700 ferroelectrics and the most studied
materials are oxides and ferroelectric polymers. Two typical ferroelectric structures
include the hydrogen-bonded structure and perovskite structure, as demonstrated in
Figure 1a and 1b.2* 24 PbZrTiO; (PZT) based ferroelectric materials display
outstanding ferroelectric performance owing to the presence of a morphotropic phase
boundary (MPB).[2>3*] However the volatilization of lead (Pb) makes the long term use
of lead containing materials deleterious to both human health and the environment.[*>
361 As a result, lead-free ferroelectric materials such as BaTiO3; (BTO), BiFeOs (BFO),
and KNaNbO; (KNN) have attracted the interest of researchers.!'%37421  In addition to
the inorganic materials described above, polyvinylidene fluoride (PVDF) is a
ferroelectric polymer, which is widely used in flexible devices such as wearable and

43,44

foldable electronics.! ! Ferroelectric materials are also often combined with other

ferroelectric or non-ferroelectric materials to create composites and multi-layered
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structures to optimize their properties and energy scavenging performance; for
example, KosNaosNbO3-BaTiO3/PVDF composites and PbZro53Ti0.4703/CoFe>04

45,461 These materials are being designed in the form of fine-

multilayer architectures.!
scale nanostructures to obtain improved performance, for example, thin films,
nanorods, nanowires, and porous ceramics.*’-*" In this regard, the energy scavenging
performance of ferroelectric materials are strongly influenced by their remnant
polarization, coercivity, dielectric constant and the electrode structure of any device.l>"
52]

Ferroelectric materials possess piezoelectricity, pyroelectricity and ferroelectric
photovoltaic effects which correspondingly respond to a stimulus from mechanical,
thermal and solar energy, respectively.>>*3* When a ferroelectric material is poled by
the application of an external electric field, the spontaneous polarization is oriented in
a single poling direction. The positive and negative bound charges will be restrained at
the negative ends and positive ends of the polarization moments, respectively. The
bound charges induce the depolarization field to keep the inside of the materials
electrically neutral. And the free charges (or screening charges) accumulate to
compensate the bound charges on the surface and keep the surface electrically neutral.
Piezoelectric devices are able to convert mechanical vibration, air flow, human motion
and biomechanical energy into electric power.5>8] The application of mechanical
forces changes the degree of polarization of the ferroelectrics and screening charges
which have accumulated on two opposite surfaces of the ferroelectrics are free, which

can drive a piezoelectric current in external circuit.’°! Ferroelectric materials can also

convert low grade waste heat into electric energy through pyroelectric effects, due to a



WILEY-VCH

similar change in polarization of the ferroelectric due to changes in temperature
(dT/dt).1®% The ferroelectric photovoltaic effect can also produce charge and a voltage
which is much larger than the bandgap of the material by absorbing solar energy,
although the output photocurrent and the power conversion efficiency (PCE) is
relatively low, and will be discussed in more detail later. The voltage output of a
ferroelectric solar energy converter is proportional to the polarization and electrode
spacing, rather than the bandgap of the applied material.l®!"*>] A common feature is that
piezoelectricity, pyroelectricity and the ferroelectric photovoltaic effect all operate by
influencing the polarization of a ferroelectric material. The similarity in the three
mechanisms indicate that there is potential to couple the three effects to enhance the

charge quantity and electric power from different energy resources simultaneously.[*%

56,66,67] A5 a result, delicately designed ferroelectric structures with a coupling of these
energy harvesting effects will be discussed in this review.

A number of outstanding reviews on energy scavenging and the application of
ferroelectric materials have been published, for example, Bowen ef al. has summarized
pyroelectric and piezoelectric energy harvesting devices®? and Yuan et al have
provided a review on the applications of the ferroelectric photovoltaic effect.!! Kenji
Uchino updated his bestselling book, Ferroelectric Devices, in 2018 and the second
edition provides a theoretical background and recent progress in novel ferroelectric
materials and device design and manufacture.!®® J. F. Scott provided a historical
review on the applications of ferroelectric materials in 2007.1*! However, the coupling

of energy harvesting mechanisms and applications of ferroelectric materials have yet to

be summarized systematically. As a result, this review focuses on the range of energy
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scavenging effects of ferroelectric materials and novel nanogenerators based on these
intriguing effects. This review will discuss the crystal structures of ferroelectrics and
the mechanisms of ferroelectricity in detail, where piezoelectricity, pyroelectricity, the
ferroelectric photovoltaic effect and the multi-effects coupling mechanisms of the
ferroelectric materials will be explained in detail. The relevant definitions and equations
are listed in this review, and we discuss the performance figures-of-merit and power
conversion efficiency of ferroelectric based nanogenerators operating via different
mechanisms to evaluate their performance. In addition, the differences between the
common photovoltaic effect and ferroelectric photovoltaic effect are described with
regards to solar energy scavenging applications. The fabrication methods used to create
ferroelectric nanogenerators prepared by a variety of materials with diverse
morphologies and nanostructures are described; these include PZT ceramic foams,
BTO nanowire arrays, KNN nanorods, BFO bulk ceramics, and PVDF thin films. This
review concludes with the working mechanisms of devices based on ferroelectric
materials for different energy scavenging and a summary of recent high-performance
energy harvesting nanogenerators. We conclude with the prospects of energy
scavenging ferroelectric materials to stimulate further effort and inspiration in this
growing research filed.
2. Ferroelectric effect

Ferroelectricity was initially reported by Valasek in 1920, which started to be applied
in theoretical studies and engineering applications in 1943.1%3! Ferroelectric films were
subsequently developed during 1960s-1970s.1%76 In the late 1980s, ferroelectric films

were integrated into semiconductor chips and applied to microsensors and micro-
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electro-mechanical systems (MEMS) and devices.[”’”! The vital characteristic of
ferroelectric materials is their switchable spontaneous polarization owing to their non-
centrosymmetric crystalline structure.?!
2.1. Structures and spontaneous polarization
2.1.1. Crystal structures and spontaneous polarization
Since their discovery, over 700 ferroelectric materials have been discovered.
Potassium dihydrogen phosphate (KH>POs) (KDP) is a typical hydrogen-bonded

23.78. 1 where the paraelectric KDP unit cell is shown in Figure 1a and

ferroelectric, |
the phosphates are bonded by H-bonds along the a and b axes. Another common
ferroelectric crystal structure is the perovskite structure, which is shown in Figure 1b.
The perovskite structure is denoted by ABX3 (A, B are metal atoms, X is Oxygen atom
or Halogen atom) where A is on the eight vertexes (blue balls), B is in the body center
of unit cell, X is in the center of the six faces (red balls), and the green octahedrons are
[BXs] octahedrons. % The spontaneous polarization of ferroelectrics originates from
the inner structure, which can be divided into both electronic polarization and ionic
polarization. Ionic polarization is produced from the vibration of the lattice structure,
where the lattice vibration leads to a misalignment of the centers of positive charges
and negative charges, which lead to the formation of dipole moments. Figure 1¢ shows
a schematic of the spontaneous polarization of a perovskite Pb(Mgi3Nb23)O3-PbTiO;
in the rhombohedral phase along the [111] crystallographic direction. As shown in the
diagram, the Mg/Nb/T1i ions in the B position move along eight isovalent [111] crystal

orientations randomly and the movement of positive ions causes the centers of opposite

charges to be misaligned and thereby produce dipole moments along the [111]
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direction.!®!] The spontaneous polarization of BiFeQs is also along the [111] direction
due to the relative displacement of Bi, Fe, and O along the threefold axis.[®* # In
contrast, the spontaneous polarization of BaTiOs is along [110] orientation, as a result
of its tetragonal structure.®*

2.1.2. Domain and domain wall motion

Before an external electric field is applied to a virgin ferroelectric material, there is
no net polarization direction since dipoles are orientated in random directions. The
neighbouring polarization dipoles in a micro- or nano-region of the material are in a
common orientation and form a ferroelectric domain, where the domain wall is the
interface between two contiguous domains. If the polarization orientations of two
domains are perpendicular to each other, the domains are defined as 90° domains and
the corresponding domain wall is a 90° domain wall. In addition, there are also 180°,
71°, and 109° domains, for example, which depend on the crystallographic structure
and available polarization directions.[®® 85871 The polarization direction of a
ferroelectric can be switched by external electric field and a polarization-electric field
(P-E) loop, shown in Figure 1d, demonstrates the processes of polarization reorientation
and ferroelectric hysteresis, which can be ascribed to the interaction between domain
wall motion and lattice defects. When the applied electric field is above the coercive
field (E:), the domains in the field orientation will grow through domain wall
movement. The number and position of the defects randomly fluctuate and apply a
randomly varying obstruction force to the domain wall. The obstruction force is
therefore a function of distance, and the domain walls need to turn over one or more

force peaks during their movement. When the electric field is removed, the domain wall



WILEY-VCH

is unable to move over the force peak to return to the original position and it is possible
to observe hysteresis phenomenon. If a reversed electric field in applied at the
magnitude of the coercive field (E£.), the domain wall will be able to turn over the force
peaks and return to the original position and the polarization will correspondingly
decrease to zero; a further increase in the magnitude of the reversed electric field will
lead to a net polarization in the reverse direction. 3%

Domain walls play an important role in energy harvesting of ferroelectric materials.
The domain walls can be divided into 180° and non-180° domain walls, where the
motion of non-180° domain walls can induce a dielectric and piezoelectric response,
whereas 180° domain wall motion can only introduce dielectric response.”!! Xu et al.
investigated the domain wall contribution to dielectric and piezoelectric performance
of lead zirconate and titanate (PZT) films. They found that the intrinsic contribution of
PZT thin films originates from individual domains, while the extrinsic contribution is
from domain wall motion. ?! Pavel also proposed that the piezoelectric response of
PZT film is proportional to the volume fraction of non-180° domain walls and this effect
is speculated to be valid in many ferroelectric materials with a perovskite structure.

In addition to applied electric field, temperature can play a part in controlling domain
structure and motion. For example, a high pyroelectric coefficient can be obtained at
the phase transition point, where the temperature driving domain wall motion can be
applied to control the extrinsic pyroelectric performance. °*) Karthik et al. examined
the pyroelectric properties of epitaxial domain structures and came to a conclusion that
temperature driven domain wall motion can improve the pyroelectric performance of

PZT thin films under a state of tensile strain. **] Defects also control domain motion.
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For example, Yang Bai at al. investigated the pyroelectric and piezoelectric
performance of (1-x)KNbO3-xBaNii2Nb120s3s (KBNNO), where oxygen vacancies
and defect dipoles in pyroelectric materials are able to pin domain walls and reduce the
polarization and further affect the pyroelectric and piezoelectric response.

Domains also contribute to the ferroelectric photovoltaic effect, which can be
attributed to a bulk photovoltaic effect and a domain wall photovoltaic effect. The bulk
photovoltaic effect is due to spatial inversion symmetry breaking of a polar lattice,
while the domain wall photovoltaic effect originates from the spatial rotation of the
polarization across domain walls. In addition, a charged domain wall can narrow the
bandgap, while an uncharged domain wall is independent of the bandgap.>! Matsuo et
al. produced xBaTiOs-(1-x)BiFeOs (x = 0.1, 0.2) with nano-scale domains by BaTiOs
substitution in BiFeO; and confirmed that multi-domain BiFeOs possesses a better
photovoltaic performance than their single domain counterpart.’®! Ying Shi The et al.
explained the role of non-180° domain walls in enhancing the photovoltaic effect, where
they observed a polarization change and potential steps at 71° and 109° domain walls,
where the potential difference across the domain walls are able to separate charges to
generate electron-hole pairs and reduce their recombination and strengthen the
photovoltaic effect. Therefore, the potential across the domain walls can generate a drift
and diffusion current: one side is the electron current and the other side is the hole
current. When the direction of current flow is perpendicular to the domain wall, an
above-bandgap photovoltage can be obtained and it was concluded that this mechanism
is suitable to all ferroelectrics.[®” Bai et al. also verified the domain wall effect on the

photovoltaic performance of (Ko49Nao49Bao.02)(Nbo.99Ni.01)02905 (KNBNNO) and
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showed that domain-light interactions can enhance the piezoelectric charge coefficient
(d33) of the material. The d33 of illuminated KNBNNO was 39 pC/N, which was 56%
higher than that in a dark condition as a result of photo-stimulated domain switching.
The short-circuit current, maximum output power and photovoltaic energy conversion
efficiency of KNBNNO were all affected by the d33, where a high d33 was obtained by
a high net polarization and highly aligned domains. The application of a DC bias can
also improve the domain order of ferroelectrics; therefore, it is possible to enhance the
ferroelectric photovoltaic response by applying DC bias.”) In conclusion, domain
walls and domain wall motion both contribute to the energy harvesting performance of
ferroelectric materials in response to mechanical, thermal and light stimuli. It is possible
to enhance and control their dielectric, piezoelectric, pyroelectric and photovoltaic
response by regulating the motion of domain walls using strain, defects, temperature,

electric fields, light and the size of ferroelectric devices.

2.2. Ferroelectric phase transition and Curie temperature

The ferroelectric phase transition corresponds to the point at which the ferroelectric
material transitions from a paraelectric state (with a acentrosymmetric structure) to a
ferroelectric state (with a non-centrosymmetric structure); this is accompanied by a
lattice distortion. The temperature dependent dielectric permittivity curves follow the
Curie-Weiss law, where there is a polarization and dielectric anomaly around the
ferroelectric phase transition temperature, which is called Curie temperature (T.).*3-1!]
For example, cubic BaTiOs transforms to a tetragonal phase at a 7. ~120 °C, where the

lattice parameter of cubic BaTiOs3 is a = 0.401 nm, while for the tetragonal phase of

BaTiO3 a = 0.399 nm, and ¢ = 0.403 nm. Hence, the BaTiOs lattice structure can be
10
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considred to be stretched along the c-axis during the ferroelectric phase transition. As
displayed in Figure 2a, the dielectric permittivity of KosNaosNbOs ceramics is
abnormally high at its 7. ~420 °C. the lower dielectric permittivity peak is ferroelectric
to ferroelectric phase triansition. Figure 2b shows the relationship between temperature
and dielectric constant of 0.6BaTiO3@0.4SrT103 bulk ceramic at different frequencies,
where we can observe a broadening of the dielectric peaks around 330 K. The Curie
temperature decreases with an increase in frequency, which is a characteristic of a
ferroelectric relaxor.'? Figure 2c exhibits temperature-dependent Raman spectra of
KTao.61Nbo.3903 crystal. The Raman spectra show relaxor behaviours. The peaks of
TO2, TO3 and TO4 do not exist in ferroelectric materials above T.. But the TO2 and
TO4 modes exist above T. and until Ty, (burns temperature) because of the polar
nanoregions in the KTao.61Nbo 3903 crystal caused by relaxor behaviour.1%!
2.3 Ferroelectric relaxor behaviours

Ferroelectric relaxor behaviours have aroused widely research interest in past years.
Ferroelectric relaxors exhibit diffused phase transition and with the characteristics of
broadened and suppressed dielectric Curie peaks, frequency-dispersive dielectric
maxima and polar nano-regions. The normal ferroelectrics can be transformed into
relaxor ferroelectrics by introducing non-equilibrium ions. For example, the
ferroelectric phase can be transformed into relaxor state by heating above Curie
temperature and depoling below a critical electric field.['® And PVDF based polymers
can obtain relaxor behaviours by introducing defects through high energy irradiation or
further polymerization with chlorotrifluoroethylene or chlorofluoroethylene.!'%! The

ferroelectric relaxor polymers exhibit much higher dielectric permittivity than their

11
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normal counterpart.!'?! The interactions between the randomly distributing polar nano
regions change the crystal structures of ferroelectric relaxors and strengthen the domain

1971 Therefore, ferroelectric relaxors exhibit better piezoelectric and dielectric

activity.!
properties. S. E. Park reported <001> oriented relaxor based rhombohedral
0.92Pb(Zn13Nb23)03-0.08PT crystal possess a ultrahigh piezoelectric coefficient of
2500 pm/V. The strain of 1.7% can be obtained at 120 kV/cm for 0.92Pb(Zn13Nb2/3)0Os-
0.08PT because of the electric field induced relaxation rhombohedral-tetragonal phase

transition. 18

Kutnjak reported that there is a critical point at the first-order
paraelectric-ferroelectric phase transition where the piezoelectric coefficient is
maximum. The polarization fluctuation near the point is large, which is responsible for
the giant piezoelectric response. ! Z. K. Xie et al. prepared 0.4Bi(NiosZro5)Os-
0.6PbTiO3 and 0.38Bi(Nio.sHfo.5)03-0.62PbTi03 relaxor-ferroelectric films with a
piezoelectric coefficient of 83.1 pm/V and 113+10 pm/V, respectively. The relaxor-
ferroelectric films are predicted to be promising candidates for energy harvesting.!!!%!
X. Y. Gao et al. synthesised relaxor ferroelectric 0.55Pb(Ni13Nb2/3)03-0.135PbZrO3-
0.315PbTiO3 (PNN-PZT) ceramics. The relaxor performance generates large
electroactivity, permittivity and strong domain activity, which further leads to the
susceptibility to electric field and mechanical stress. Therefore, the PNN-PZT ceramics
exhibit a high piezoelectricity and low coercivity. The piezoelectric stress coefficient,
piezoelectric coefficient and maximum output current and maximum output power at
the acceleration of 3.5g are 39.24 C/m?, 1753 pm/V, 2.5 mA, 14 mW, respectively. The

piezoelectric and energy harvesting performance are comparable to those of PMN-PT

single crystal harvester.!''!! The pyroelectric energy harvesting performance of relaxor

12
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ferroelectrics can be improved when the relaxor-ferroelectric phase transition happens
during the Olsen cycle. F. Y Lee et al. investigated the relaxor-ferroelectric phase
transition temperature and pyroelectric energy conversion performance of
Pbi—xLax(Zroes5Ti0.35)1-x403  (x/65/35 PLZT) using Olsen cycle. The relaxor-
ferroelectric phase transition temperature of 7/65/35 PLZT is about 180 °C and the
energy density is 1013.5£16.2 J 1"! per cycle at 0.026 Hz between 30 and 200 °C and
between 0.2 and 7 MV/m.!""?! The relaxor behaviour of ferroelectric materials can be
utilized to optimize their energy harvesting properties because of their unique domain
structures and polarization behaviours.
3. Piezoelectric mechanical energy scavenging devices
3.1 Piezoelectric Effect

Piezoelectricity was discovered by Pierre and Jacques Curie in 1880s.['!3 1141 The
piezoelectric effect leads to the material generating electric charges when they are under
mechanical stress and the number of the charges produced is proportional to the
mechanical stress. Piezoelectric materials possess an asymmetric crystal structure.
There are 32 groups of points and 21 are asymmetric. 20 of the asymmetric groups of
points are piezoelectrics, except for the 432 group of points. [®8 The relation of stress
and electric displacement can be described by the equation:

D=dx (1
where D, d, X represents the dielectric displacement, piezoelectric constant and stress,
respectively and d is the dielectric displacement per unit stress and indicates
piezoelectric performance of piezoelectrics in terms of charge generation under a

mechanical load. The piezoelectric coefficient d is anisotropic because of the crystal

13
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structure and the properties of stress and is usually presented by d;;. The first subscript
of piezoelectric coefficient indicates the direction of electric displacement and 1, 2, 3
correspond to X, y, z axes, respectively. The second subscript represents the direction
of the stress applied to the material. As an example, the d33 and d; are the longitudinal
and transverse piezoelectric coefficients respectively.
3.2. Performance Figure-of-Merit of Piezoelectric Nanogenerators

A piezoelectric nanogenerator is a form of self-powered electronic device and there
are a variety of figures of merit to evaluate the piezoelectric performance. The
piezoelectric strain constant d represents the ratio of electric displacement and applied
stress of a piezoelectric, which means the materials with higher d possess larger electric
displacement under the same stress and generate a large charge, and associated current
when connected to an electrical load. The piezoelectric voltage constant, g, is defined
by,

gt @)

where &, is the dielectric constant and materials with a high g will produce a high
electric field (and associated voltage) under the same stress. The electric energy density

produced under constant mechanical force is expressed by

1 1 1 1
Uor = —E,E>=—£,(g-6) ==(d-g)-c>=—(d - g)-Y* &’ 3
electric 2 e 2 ((g ) 2( g) 2( g) y ( )

where Ubecrric represents electric energy density, o is the applied stress, E is the induced
electric field, Y represents Young’s modulus, ¢, is the strain. Therefore, the figure of

merit

FoM_=d ,g:‘iZ (4)

e

14
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is related to the electrical energy density for a given stress, whereby materials with
higher FoM, generate a higher electric energy density under the same stress.!!!> 1161 To

evaluate the electrical energy density for a given strain, this can be expressed by

2y/2
FoM = dEY (5)

The electromechanical coupling factor &7 is the ratio between the electrical energy
stored in the device and the incoming mechanical energy. The value of &° indicates the

energy conversion efficiency of piezoelectric nanogenerator.

1
Ueledric — E(d . g) . (ng)‘ :ﬂ

Um@ch 18 2Y €, (6)
27

K =

where Upecn is the input mechanical energy The figure of merit &° can be applied to
assess the efficiency of piezoelectric devices in terms of conversion of mechanical to
electrical energy.!'!”]

The maximum stored energy of a piezoelectric device can be determined by the
energy conversion efficiency and the mechanical energy that material can absorb
without failure. A piezoelectric harvesting device can transfer an externally applied
force into a mechanical strain energy. The maximum strain energy that the
piezoelectrics can harvest is determined by the maximum strain and the Young’s
modulus of the piezoelectric materials. Thus, taking the maximum strain energy into

consideration, the figure of merit can be written by

_ d*(,Y) (7)

FoM,_ =k -u
2¢g,
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where u, represents the maximum strain energy, and &, represents the maximum strain

which the piezoelectric material can accommodate. Materials with a larger FoM,,
exhibit larger maximum output electric energy without failure.[!!8: 1]

Electrical damping can affect the output performance of a piezoelectric energy
harvester significantly. Therefore, the figure of merit in the off-resonance condition

(constant force) can be expressed by

row, <[ 22| ®)

tand
where tano is dielectric loss tangent. In addition, when an oscillating force is applied

on the piezoelectric element poled in the thickness dimension, the energy conversion

efficiency is

%lkz/(1+1k2] ©)

21-k |0, 21—k

where O, represents the mechanical quality factor (which is the reverse of loss tangent).
The energy conversion efficiency #,; is only depended on Q. and electromechanical

coupling factor A2.[114 120-122]

Therefore, the materials with high piezoelectric
coefficient, Young’s modulus, mechanical quality factor and low dielectric permittivity

will possess high energy conversion efficiency. A low compliance is also required to

reduce the damping. Therefore, a dimensionless figure of merit can also be expressed

by

po, | 25] [0 (10
off on

tand iy
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where s, is the compliance constant. The FoM)p has been used to evaluate the energy
harvesting performance of some commercial piezoelectric ceramics and the validity has

been proved.!'?!

3.3. Ferroelectric materials for Piezoelectric Nanogenerators

Piezoelectric nanogenerators convert a variety of forms of mechanical energy into
electric energy. The sources of mechanical energy include natural vibrations and
movement, industrial vibrations, human motion and biomechanical motion. This
section introduces ferroelectric materials with high piezoelectric performance and
corresponding device architectures.

Ferroelectric materials with a morphotropic/polymorphic phase boundary
(MPB/PPB) often exhibit an excellent piezoelectric response which is related to the
polarization rotation and inter-ferroelectric phase transformation. The MPB/PPB
indicates the coexistence of multiple phases or a transition driven by composition.
PZT, KNN and PMN based ferroelectric materials at their MPB/PPB composition have
been investigated in detail with regard to their improved properties at the phase
boundary. Zhao et al. obtained Pb(MgisNb23)O3-PbTiO3 single crystal with
arombohedral/tetragonal morphotropic phase boundary that exhibited a high d3; ~ 1800
pC/N along the <001> and <011> directions.!"?*! Brajesh prepared 0.5Ba(Tio.Zr02)Os-
0.5(Bao.7Cao3)TiO3; with a coexistence of both orthorhombic and rhombohedral phases
and a high ds3 ~ 570 pC/N.'*®1 A lead free KNN based ternary ceramic
0.96(Ko.5Nao.5)(Nbo.965Sb0.035)03-0.01CaZr03-0.03(Bio.sKos)HfO; with a MPB of
rombohedral/tetragonal phases was fabricated by Li et al., which exhibited an ultra-

high ds3 ~ 700 pC/N.I"?%) Yong Zhang et al. prepared Mn doped 0.92(Nao sBio 5)TiO:-
17
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0.04(Ko.5Bi0.5)Ti03-0.04BaTiO; ceramics with the coexistence of rhombohedral phase
and tetragonal phase. The Mn doped sample achieved a FoM, of ~1790x107"> m*/N
which is 1.5 times higher than that of undoped sample.l''>] A piezoelectric vibration
energy generator based on a PZT thin film with a MPB composition is displayed in
Figure 3a;. The flexible PZT film with a Zr/T1i ratio of 52/48 was prepared via a laser
lift-off (LLO) process. The PZT film was spin-coated in the sapphire and then
transferred onto a polyethylene terephthalate substrate by XeCl excimer laser
irradiation. As illustrated in Figure 3ay, the PZT thin film based flexible piezoelectric
nanogenerator exhibits a high output voltage of ~200 V and short-circuit current of
~150 pA cm?, which is much higher than the previously reported energy generator.['?”]

Flexible piezoelectric energy harvesting devices have aroused wide interest in recent
years. Inorganic ferroelectric materials formed as composites with organic polymers
such as PET, PVDF and their co-polymers have been reported. Kwonb et al. reported a
PbZro.5:Ti0.4803 (PZT) ribbon based piezoelectric nanogenerator with PET substrate
and semi-transparent graphene interdigitated electrode. The generated voltage outputs
of the PZT based nanogenerator were ~1 V, 1.5 V, 2 V and the output current
experienced a linear increase from 1 pA cm™ to 2 pA cm™ with applied forces of ~0.3
+0.02 kgf, 0.6 + 0.02 kgf and 0.9 + 0.02 kgf, respectively. ['**! Chen et al. reported on
P(VDF-TrFE)/BTO nanocomposite micropillar arrays for piezoelectric based energy
harvesting. The flexible nanogenerator powered both a LCD screen and LED
successfully and was able to operate as a highly sensitive self-powered sensor for
detecting air pressure/flow.['*”! Ju-Hyuck Lee et al. prepared a Highly flexible and
stretchable transparent piezoelectric nanogenerators based on P(VDF-TrFE) as shown
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in Figure 3b;. The P(VDF-TrFE) thin film with flexible graphene electrode and
stretchable PDMS template exhibits a 30 times higher output voltage than the normal
nanogenerator at the same condition.[!3"]

The performance of ferroelectric inorganic/polymer flexible composites are also
affected by their degree of inter-connectivity. The connectivity patterns can be divided
into 0-3, 1-3, 2-2 and 3-3 according to the dimensionality of the active and matrix
material, respectively. In this regard, the alignment of the active material in the flexible
matrix is important to yield high d and k coefficients, and thereby achieve high
performance figures of merit (Eqns X to Y). Yan et al. prepared a BTO nanofiber based
nanogenerator with different degrees of alignment and compared their dielectric and
piezoelectric performance. The highly aligned BTO nanofibers were prepared by an
electrostatic spinning method were formed as a composite in a polydimethylsiloxane
(PDMS) matrix. The BTO fibers were aligned randomly, horizontally and vertically in
the matrix as shown in Figure 3ci. The random fiber configuration can be considered
as a 0-3 connection and the horizontal and vertical conditions reprsent a 1-3 connection.
The results demonstrated that the nanogenerator with vertically aligned BTO nanofibers
possessed the best dielectric and piezoelectric response, when compared with the other
two connectivity conditions. The is due to the vertically aligned BTO being more
sensitive to mechanical stress and possessing more efficient poling along the applied
electric field direction. Table 1 illustrates the range of piezoelectric mechanical energy
harvesters formed from different ferroelectric materials and morphologies, which

indicates that the morphologies of the materials have a strong influence on the output
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performance of the piezoelectric mechanical energy scavenging devices.[?7- 4% 48-50, 131-

135]
4. Pyroelectric thermal energy scavenging devices
4.1. Pyroelectric Effect

The pyroelectric effect was scientifically analysed by Louis Lemery in 1717.113¢ The
micro mechanism of the pyroelectric effect is shown in Figure 4a, where the cations
with positive charges are displaced relative to the centers of the negative charges and
form dipole moments. The positions of the cations correspond to different quantised
energy levels, which is demonstrated in Figure 4a. When the temperature of the lattice
rises, the potential energy of the cations will increase and reaches new equilibrium
positions. As consequence, the dipole moments formed by the misalignment of the
centers of anions and cations will change. Taking the ABO; perovskite structure as an
example in Figure 4a, the potential energy of the cation is increased because of the
temperature rise and the cation will move from position 1 to position 2 of a higher
energy level. The distance between the center of the anion and the cation is shortened,
as shown in the schematic of the crystal lattice, which leads to a decrease of the dipole
moment and a decrease in the overall spontaneous polarization. 3! As shown in Figure
4b, the spontaneous polarization dipoles are aligned between the electrodes of poling
the ferroelectric using an external electric field. Bound and free charges will accumulate
on the surface of the materials to balance the internal field caused by the highly aligned
dipoles. When the temperature increases from 79 to 7, the dipole moments will lose
their orientation and the polarization in the normal direction of the electrodes will

decrease. Thus, if the pyroelectric device is in a short circuit conditions the net free
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charges on the surface of the material will decrease by the transfer of charges as a

pyroelectric current flows between the upper and lower surface via the external circuit.

4.2. Performance figures of merits of pyroelectric nanogenerator
The pyroelectric effect describes the relation between the spontaneous polarization

(P) and the variation of temperature (47). The AT can be presented by

WXAI,‘: W x At (11)
c,xh ¢ xpxh

AT =

where W represents the power density of the thermal radiation on the pyroelectric
element, A¢ is the radiation time, c¢ is the volume specific heat, ¢, is the specific heat
capacity, p represents the density, and 4 is the thickness of the material. The thermal
energy for AT is

E

rherma[:cE.A.h.AT (12)
where A4 represents the area of the electrodes. The pyroelectric coefficient can be

described by

oP
Pzﬁ (13)

where p is the pyroelectric coefficient, P is the total polarization in the orientation
perpendicular to the electrodes, and 7'is the temperature of pyroelectric device. Clearly,
materials with higher p can generate a larger change in polarization, and therefore

charge, for the same temperature change, where the charge generated is given by

AQ=pAAT:{p}<[:}<WxAt (14)
[

where 4Q is the change in charge on the surface, and A4 is the area of the electrode.

Under a short circuit condition, the resulting pyroelectric current can be described by
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dt |c

E

L ST b

l"_dt =pA4 { i|><|:Tj|><W (15)
Therefore, the figure of merit related to the current output of the pyroelectric element
is

ol (16)

Therefore, materials with a higher F; can generate a larger short circuit current from the
same temperature fluctuation condition. The open circuit voltage of pyroelectric

nanogenerator can be described by,

AV=g=phAT=[p}xWxAt (17)

811 Cl: : 831

where AV represents the output voltage, and ¢33 is the permittivity. Thus, the figure of

merit related to the output voltage of the pyroelectric element is

R A (18)

Therefore, materials with a higher Fy have higher voltage response under the same

temperature variation. The electric energy stored in the pyroelectric device is

E lc(AV)2=UiAh(AT)2 (19)

electric — 5
€33

where C represents the capacitance, and Eeecrric 1S the induced electrical energy. Hence,
the figure of merit reflecting the energy harvesting ability of pyroelectric generator in

terms of electrical energy for a given change in temperature is

F=2 (20)

The pyroelectric energy conversion coefficient is, which represents the efficiency is
given by
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The pyroelectric energy conversion efficiency can be improved by enhancing the
pyroelectric coefficient, lowering the volume specific heat and dielectric permittivity
and broaden the temperature difference. Shishir Pandya et al. reported that the
pyroelectric coefficient of 0.68Pb(Mgi1/3Nb2/3)03-0.32PbTiO3 thin film was improved
to -550 uC m? K! and the dielectric permittivity was suppresses by 72% by applying
electric field on the film. Then, the energy conversion efficiency was enhanced to 19%

41T we take the volume specific heat into account to consider the

of Carnot cycle.!
temperature change for a given thermal input, the stored energy and the figure of merit

for energy scavenging can be modified as

el
F,'= ’72 . (23)

A lower volume specific means that there will be a larger temperature increase with the
same incident thermal radiation. Therefore, materials with higher pyroelectric
coefficient can produce larger polarization change and more charges at the same
temperature fluctuation. In addition, as indicated by the pyroelectric figures of merit
above, materials with lower dielectric constant can generate larger potential difference
with the same level of surface charge.!'*- 401 Zhang et al. proposed a figures of merits
for evaluating the property of pyroelectric nanogenerators by measuring the O-V curve
of PVDF and PZT based pyroelectric nanogenerators. The energy harvested per cycle
can be calculated according to the shadow area in Figure Sa; which can be expressed

by
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E,,. =[Vd0 (24)
According to equation (14) and (17)
E,, =[VviQ= %z f: '_AST w (25)

Therefore, the figure of merit for energy scavenging can be defined as

F,"= P A7 (26)

Cp &3

Fr” 1s termed the universal energy scavenging standard to assess the properties of
pyroelectric energy harvesters. Charge-voltage (Q-V) diagrams of PZT and PVDF
pyroelectric nanogenerators are illustrated in Figure 5 a3 and as. The energy density of
PZT is 2.76 times higher than that of PVDF and the result agrees with the value obtained
from Fr”, which confirms the validity of Fz” in assessing performance, The Fr” of
different materials are shown in Figure 5a; and Fr” can be used to select pyroelectric
materials and guide the device design.!'4!]

Zhang et al. examined the relationship between the fraction and alignment of the
pores in porous PZT ceramic and its pyroelectric energy scavenging property using the
figures of merit for pyroelectric nanogenerator. Figure 5bi-bs illustrate the Fe’, Fi, Fp
and Fy of porous freeze-casting PZT ceramics with different connection modes and the
porosity dependence of modelling and experimental results is listed. Fp is a modified
form of Equation 23, where the loss is taken into consideration. The figure of merit for

detectivity can be expressed by

F=—2"r (27)

Cp (833tan6)0'5

where tand is dielectric loss tangent. Both Fp and Fy increase with increasing porosity

level and the Fp and Fyof the series-connected PZT are larger than those of the parallel-
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connected PZT as a result of the lower dielectric permittivity. In contrast, the parallel
connected materials have advantages in Fr’ and F; (F;) over the series connected
materials. This work confirmed the effectiveness of the above-mentioned figures of
merit which can be applied to evaluate the performance of pyroelectric devices and
guiding the device design.!'*?!
4.3 Pyroelectric cycles and energy conversion efficiency

Researchers proposed varieties of thermodynamic cycles to study and optimize the

energy conversion performance of pyroelectric devices.

4.3.1 Carnot Cycle

As illustrated in Figure 4d, Carnot cycle is composite of 2 adiabatic steps (A—B, C
—D) and 2 isothermal steps (B—C, D—A). In the first adiabatic process, the electric

field and polarization are increased to the maximum value and the pyroelectric device

is charged (A—B). Then the electric field is decreased to 0 isothermally (B—C). The

followed adiabatic process is that the electric field is increased in inverse direction.
Finally, the electric field undergoes isothermal decrease and returns to the original state

(D—A). The energy conversion efficiency is defined as

T
Nearmor =1— FL (28)

)
where T}, T, are the hot and cold temperatures, respectively. Carnot cycle is considered
as the most efficient thermodynamic process for thermal energy conversion. Whereas,
Carnot cycle is limited in practical application. And the efficiency of Carnot cycle is
used for comparing with other cycles.['#* 144]

4.3.2 Olsen Cycle
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Olsen et al. reported Olsen cycle in 1980s.1'*! The 2 electrodes of the pyroelectric
devices are respectively touched with a cold and hot source. As shown in Figure 4e,

Olsen cycle possess two isothermal processes (A—B, C—D) and 2 constant electric
field procedures (B—C, D—A). The out-of-plane electric field increases isothermally
at the cold temperature (A—B), which followed by the increase of temperature at
constant electric field (B—C). Then, the electric field is reduced at the hot temperature
leading to a decrease of electric displacement (C— D). Finally, the temperature
decreased to the initial value at the lower electric field (D—A).1?

The area surrounded by A—B—C—D—A is corresponding the output electrical

energy, which can be described by

N, = [ EdD (29)

where Np is the enclosed area, the electric field and electric displacement are

represented by E and D, respectively. The output energy per cycle (0Weycre) 18

S, =T, ~T) | PdE (30)

where P represents polarization, E4, Ep are the electric field intensity at point A and
point B, respectively. The input thermal energy is consisting of input thermal and

electrical energy

Qm=cE<Tth(.>+T(P-Th)dE (3D

where Qi is the total input energy, ce is volume specific heat. Hence, the energy

conversion efficiency is
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Ey
j PdE
Moten = — (32)
+ Ly + I PdE
fror

C

h ¢ Ey

And the ratio of Olsen cycle energy conversion efficiency and that of Carnot cycle is

f P-T,dE
Nowsen _ Ey i (33)
ey~ 1)+ [ PoTaE
The energy generated by electrocaloric effect Qgck 1s defined as
QECE:Th;deE (34)

Therefore, the ratio of the conversion efficiency of Olsen cycle energy and Carnot cycle

can be expressed by

Notsen _ Orcr (35)
Neamor  Ce(Ty =T) + Oper

Gaurav Vats at al. studied the energy scavenging applications of lead free pyroelectric
materials:  K[(Nbo90Ta0.10)099Mno01]O3  (KNTM) and  0.5Ba(Zro2Ti0.8)O3-
0.5(Bao.7Cao3)TiO3 (BZT-50BCT) by Olsen cycles. The maximum energy density of
629 mJ cm™ (T = 160 °C, T.= 120 °C, E4= 0.1 MV/m, Ez= 5 MV/m) and 87 mJ cm™
(Th =120 °C, T.= 20 °C, E4= 0.1 MV/m, Ez=1 MV/m) is acquired for KNTM and
BZT-50BCT, respectively.!!46-150]

4.3.3 Brayton Cycle

Figure 4f illustrates the schematic of Brayton cycle, the enclosed cycle is composite

of 2 isentropic processes (A—B, C—D) and 2 isoelectric processes (B—C, D—A).[131]

The first step is charging the pyroelectric material in isentropic condition. Next, the

pyroelectric material is heated at constant electric field, which followed by isentropic
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charging. Finally, the pyroelectric material is cooled to the initial temperature
isoelectrically. Compared with Olsen cycle, the isentropic processes displace the
isothermal processes to improve practical operability. The energy conversion efficiency

of Brayton cycle is

PAE

Mygn =1=€ * (36)
where AE=En-E1, p is pyroelectric coefficient. Brendan M. Hanrahan et al.
investigated the pyroelectric energy transformation properties of PZT (Zr : Ti = 60:
40) thin film using Brayton cycle. A power density of 8 mW/cm? was obtained under

the voltage of 5 V and excitation frequency of 0.2 Hz at ~60 °C.[143147]

4.4. Ferroelectric Materials for Pyroelectric Nanogenerators

Thirteen quadrillion British thermal units of energy is lost annually through waste
heat by U.S. industry. 52! Waste heat is a by-product of vehicles and electric appliances
such as refrigerators, air conditioning, data-servers, and high speed computers.
Thermoelectric materials can convert spatial temperature gradients into electric energy
by the Seebeck effect, while pyroelectric nanogenerators can convert temporal
temperature gradients into electric energy. We have summarized recent work on
pyroelectric nanogenerators in Table 2, where it can be seen that PZT based materials,
lead free perovskite materials and triglycine sulphide (TGS) are potential materials for
pyroelectric energy conversion. The FoMs such as Fg, Fg’, Fy are also included in the
table for comparison. In addition, ferroelectric materials are designed into particular
microstructures, such as thin films, nanorods, porous structures and multi-layered

structures to improve their output performance, 46 47 138 142, 153-157]
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Lead containing pyroelectric materials possess excellent pyroelectric output
performance because their high polarization and phase transitions. Lead zirconate
titanate, lead magnesium niobite and their compounds show morphotropic phase
boundary (MPB) at certain compositions, which can enhance the polarization and
pyroelectric response. Zhang et al. prepared PZT with 60% porosity which possesses
an energy density of 1653 pJ/cm?, where the porosity reduced the permittivity and heat
capacity to increase the pyroelectric figures of merit. The FoM values were applied to
evaluate the properties of the porous PZT ceramics. The p and F; decreased with the
increase of porosity, whereas, Fy, Fr’ and Fp can be improved by the introduction of

1421 ead magnesium niobite-lead titanate (PMN-PT) is a family of ferroelectric

pores. |
relaxor based compositions and the lattice structure of (1-x)PMN-xPT is related to the
PT content. The PMN-PT is in a rhombohedral phase when x < 0.31 and a tetragonal
phase when x > 0.35. When the PT content is x ~ 0.31 - 0.35, the rhombohedral,
tetragonal and low-symmetry monoclinic phase coexist in PMN-PT materials and form
a MPB. Pandya et al. prepared a 0.68Pb(Mg13Nb23)03-0.32PbTi0O3 thin film based
nanogenerator and investigated the pyroelectric performance of the 0.68PMN-0.32PT

nanogenerator at different electric fields and temperatures by Olsen cycle (7, =115 °C,

T.=25°C, AE=267 kV/cm). The F of the pyroelectric nanogenerator is enhanced by

~5 times while the dielectric constant is suppressed by ~70%. The peak value of power
density and energy density of 0.68PMN-0.32PT based nanogenerator is 526 W cm™
and 1.06J cm, respectively.!!*8]

Lead free perovskite materials and their composites are also widely applied for

thermal energy harvesting because they are non-toxic, environmentally friendly, and
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their polarization and pyroelectric performance are comparable to lead containing
materials. Lead free perovskite materials such as BTO, BST (BaixSrxTiO3), KNN, BNT
and their composites are often applied to fabricate pyroelectric nanogenerators. BST is
a promising material for pyroelectric energy scavenging. BTO and STO (SrTiO3) can
form infinite solid solution and the physical properties of BST vary with the Sr content.
BST possess low dielectric loss tangent, high breakdown field and slim hysteresis
loops. Anoop R. Damodaran et al. reported a compositionally-graded BST film with
polarization and strain gradients by pulse-laser deposition. They verified that the
polarization gradients can induce large ferroelectric susceptibilities which is
meaningful for energy scavenging performance. % A. lanculescu et al. investigated
the pyroelectric performance of BaSrTiO; with different Sr content. The highest
pyroelectric performance was obtained at 30% Sr because the Curie temperature of
Bao7Sro3Ti05 is close to room temperature.*”) Keshavmurthy et al. prepared porous
Bao s5Sr0.15T103 ceramics with different porosity. The permittivity and volume specific
heat decrease with porosity. Therefore, the figure of merits for current (F), voltage
(Fy), detectivity (Fp) and energy harvesting (Fk, Fr’) will increase with porosity. The
Fp, Fg, and Fy of the porosity of 29.5% were increased by 19%, 61% and 210%
compared with the dense counterpart.!'®"! Yang et al. fabricated (1-x)KosNagsNbO;-
xBio.sNaosZrO3z (KNN-xBNZ) ceramics with a PPT region, which is achieved near
room temperature by modification through doping. The pyroelectric coefficient of
KNN-0.03BNZ is p ~ 454.46x10™* C/m*-K!' at the Tc and the figures of merit F, F,
Fp, and Fr of KNN-0.03BNZ at room temperature are 1.83x107° m/V, 0.17 m?/C,

0.34x10™* Pa’'?, and 5.3 J/m*-K, respectively. ['**! In addition to lead free perovskite
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materials, triglycine sulphide (TGS) is a potential pyroelectric material for thermal
energy harvesting and thermal sensing because of its high pyroelectric coefficient and
low permittivity at room temperature. In addition, TGS shows high performance at
room temperature due to its low ferroelectric phase transition temperature of 49 °C.
Ghane-Motlagh et al. prepared thin film containing oriented TGS nanorods whose
phase transition temperature is 44 °C and the corresponding pyroelectric coefficient p
~ 167 uC/m?-K.M47

PVDF is a ferroelectric polymer often used in flexible energy scavenging devices.
Xue et al. prepared a PVDF thin film based wearable pyroelectric nanogenerator and a
PVDF nanogenerator was installed on the N95 mask and harvesting energy via human
respiration. The temperature variations arise from the temperature differences between
the exhalant vapor and ambient temperature and the solidification heat of water vapor
in the exhaled gas. When the environmental temperature is 5 °C, the short-circuit
current, open-circuit voltage and the maximum power under an external load of 50 MQ
are 2.5 pA, 42 V and 8.31 uW, respectively. The PVDF pyroelectric nanogenerator is
able to charge a 10.0 uF capacitor to 1 V in 18s at 5 °C and drive both an LEDs and

LCD. 134

5. Solar energy scavenging devices
5.1. Ferroelectric Photovoltaic Effect
The conventional photovoltaic effect of semiconductors is based on the valence
electrons absorbing photons to transfer into the conduction band, which leave a hole in
the valence band. Incident photons should possess an energy exceeding the bandgap of

semiconductors to offer sufficient energy for electron transition, and the photo
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generating holes and electrons form hole-electron pairs. The charges are isolated by the
built-in electric field of the P-N junction and the holes and electrons will accumulate at
P region and N region, respectively, resulting in a photo-generated potential difference
between the two ends of P-N junction. The build-in electric field is restricted into the
depletion layer of the P-N junction, hence, the open-circuit voltage of the conventional
optical photovoltaic effect is restricted by the bandgap of a semiconductor. In contrast,
the built-in electric field in a ferroelectric photovoltaic material is due to its remnant

62,1611 A5 shown in Figure 4c, the built-in electric field exists in the entire

polarization.|
ferroelectric material and charge separation is not restricted by the bandgap. Hence, the
photovoltage of a ferroelectric material is abnormally high and can be higher than the
bandgap.[%% 1% 193] The abnormal photovoltaic effect in BaTiOs; and LiNbO; was
reported in 1956 and 1969, respectively,!®®! where the mechanism of the abnormal
photovoltage effect has been discussed and is still not fully resolved. The integrated
photovoltage can be considered as the photovoltage of the domains in a ferroelectric
material connected in series. Ji et al. investigated the bulk photovoltaic effect of
epitaxial ferroelectric BiFeOs thin films at visible wavelengths, where they verified that
the orientation of the photocurrent and photovoltage can be flipped by reversing the
polarization in two opposite directions of a BiFeO; thin film, which confirms the
dominant effect of polarization on the ferroelectric photovoltaic effect. In addition, a
negatively poled BFO film possesses a larger photovoltage, which indicates the
existence of an internal bias field that is directed from the top electrode to the bottom

electrode. The contribution of the photoresponse can be divided into two parts: the

ferroelectric polarization and internal field, which can be expressed by
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‘VP‘:%(K—K) (37)

Vi

=3 er) (38)

where V), is the voltage from the ferroelectric polarization, V3; is the voltage due to the
internal bias electric field, V+ represents the open-circuit voltage obtained in a positive
poling condition while V. is that for a negative poling condition, respectively.
According to the experimental results, the photovoltage from a switchable ferroelectric
polarization is approximately two-fold higher than that from the irreversible internal
field. The photocurrent is also related to the ferroelectric polarization, where the
orientation of the photocurrent is antiparallel or perpendicular to the polarization
direction. The steady photo current (J;) depends on the symmetry of the materials and

incident-light polarization. The total current is given by,
J=J,+(c,+0,,)E (39)

where oy is the dark conductivity, o, is the photoconductivity, and E is the applied

electric field. The photoconductivity is given by,
6, = el (o) (we), (40)
where /j is the light intensity, a represents the absorption coefficient, /7w is the energy

of incident photon, ¢ represents the quantum yield, x is mobility and 7 is the carriers’

lifetime reliable for photoconductivity. 'Y When J=0, the open-circuit voltage is

v -Ed=—7 4 (41)

G, +GC

ph

where d represents the distance between the two electrodes.!'®*! Choi. reported on the

reversible ferroelectric photovoltaic and diode effect of BiFeOs, and the diode effect of
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single-domain BFO crystal was investigated systematically where they observed that
the forward orientation of the diode is always parallel to the ferroelectric polarization.
Hence, the BFO diode orientation can be reversed by an applied electric field.['®]. Yi
et al. further investigated the rectification effect of BFO single crystal and explained
the underlying mechanisms. The switchable diode effect can be interpreted by
Schottky-to-Ohmic contacts which is due to the alliance of polarization reversal and the
electromigration of defects. In addition, the limitation of ferroelectric photovoltaic
effect is that the photocurrent density is relatively small, typically in the order of nA
cm2. 1] Efforts to improve the photoresponse of ferroelectric materials include using
materials with a narrow bandgap and high breakdown strength and designing the micro-
or nano-structured domains and domain walls.['®”]
5.2. Performance Figure-of-Merit of Photodetectors

The photo energy conversion and detective performance can be evaluated by the

figures of merit such as quantum efficiency (#), photoconductive gain (G), responsivity

(R), power conversion efficiency (PCE) and detectivity (D*). The quantum efficiency

is the ratio of photoelectrons and incident photons, which can be described by

:th

a0

(42)

where 7(4) represents the quantum efficiency when the wavelength of the incident light
is 4. O(L) represents the radiation power of the incident light. N is the number of
photoelectrons, / represents Planck Constant (h=6.62607015x103* J-s), and v is the
frequency of the incident light. #(4) is the number of carriers generated by per incident
photon in unit time.!'®8] The photoconductive gain G is the ratio between the quantity

of charge carriers and absorbed photons
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Al
G- Ry/;v (43)

where Al is the difference between the photocurrent and the dark current, S is the active

area, P represents the light intensity, e is the electronic charge, and 4v is the energy of
an incident photon.['® The responsivity is used to assess the photoelectric energy

conversion of photoelectric devices, which can be denoted by the formula

/
R=-2 (44)

where I, is the average output photocurrent and P;, is the incident light power. [!7% The
power conversion efficiency (PCE) represents the ratio of the input solar energy over

the output electric energy, which can be expressed by

pcE=1m"& (36)

Opy
where jpy is the steady-state current generated from a uniform illumination, g is the

piezoelectric voltage tensor of the ferroelectric optical material, and opy is the

photoconductivity. Photoelectric devices with a higher PCE can generate more electric
energy with same incident solar energy.!'3* The detectivity D * reflects the detectability

for weak signals in noise environment. D* is represented by

D= L (4 5)

(4}

where I, is dark current, R is responsivity.!!!]

5.3. Ferroelectric Materials for Photovoltaic Devices
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Ferroelectric photovoltaic devices are promising for photo detection and solar energy
scavenging applications. Researchers have made significant effort to enhance the
properties of the photovoltaic devices, in particular increasing the relatively small
output current. The key to improving the properties of the devices are using ferroelectric
materials with a narrow bandgap, designing micro- and nano-structured domain
structures, and uniting the conventional photovoltaic effect with the ferroelectric
photovoltaic effect. Examples of novel work reported in recent years are listed in Table
3 and Figure 6, where the output performance and figure-of-merit of these photovoltaic
devices are summarized in Table 3.0!: 162 164, 172-175]

Inorganic ferroelectric materials with perovskite structure are often used in solar
energy harvesting or photo detection. The bandgaps of typical perovskite materials are
relatively wide (2.7-4 eV), which limits the photo absorption capability of perovskite
materials and only 8-20 % of the solar spectrum can be absorbed. The wide bandgap of
ABO:; ferroelectric perovskite structure is due to the A-O and B-O bonds. The charges
in the O 2p (valence band maximum) leap to the transition metal d states (conduction
band minimum). Ma et al. fabricated an ITO/BTO/ITO photoelectric device, which is
shown in Figure 6a;. As shown in Figure 6a,, a high photocurrent of ~400 nA and
responsivity of 1.46x10° A/W are both obtained at 220 K. The reason for the
performance enhancement at a low temperature are the activation of shallow traps and
high polarization induced depolarization field, which suppresses the recombination of
the photo-generated charges. In addition, the light-induced pyroelectric effect also

enhanced the quantity of charges.!!”*]
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BFO possess a narrow bandgap of 2.7 eV and is widely used to harvesting solar
energy. For example, Zhao et al. reported an Ag/BFO/ITO photodetector with a two-
dimensional structured electrode configuration. A schematic of the device is shown in
Figure 6b; and, as illustrated in Figure 6b; and bs, the peak values of the responsivity
and photocurrent reached 6.56x10* A/W and 51.5 pA at 66.1 °C. > The photo energy
of visible light is 1.64 - 3.19 eV, which represents 45~50% of the total solar energy. As
a result, the bandgaps of photovoltaic materials need to be narrowed to absorb a broader
range of visible light. The bandgap of BFO can be modified via doping and modulating
the preparation conditions; for example, Quattropani et al. prepared epitaxial BiFeCrOs
(BFCO) films on Nb-dope SrTiO; by Pulsed Laser Deposition. A schematic of the
ITO/BFCO/Nb:STO device is illustrated in Figure 6¢1, where the authors fabricated a
Cr doped double perovskite BFCO structure with a lowered bandgap of 1.9 eV. Figure
6¢2 shows the I-V curve of BFCO as the voltage sweeps from +8 V to -8 V. The short-
circuit /i can be tuned from 0.9 to 2.2 pA and the average open-circuit voltage is 0.54
V11781 Grinberg et al. investigated the visible-light-absorbing properties of a [KNbO;];-
«[BaNi12Nb1203.5]x (KNBNNO) solid solution prepared by solid-state methods. The
band gap was narrowed by doping with two different transition-metal cations, where
the band gaps of the KNBNNO composites are 1.1-2.0 eV with x = 0.1-0.4, which are
lower than that of pure KNO (3.8 V). The photoelectric performance of KNBNNO is
also improved, where the photocurrent density of KNBNNO (40 nA cm™) is five times
larger than that of the PbLaZrTiOs material (8 nA cm).[16%]

Organometal halide perovskites are composed of organic amine cations and BXs

octahedron. The B is Pb or Sn, and X is usually a halide. Organic amine cations include
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methylammonium (MA) [(CH3)NH3]", formamidinium (FA) [NH2(CH)NH:],
ethylammonium (EA) [(C2Hs)NH3]", guanidinium (GA) [C(NH2)3]"), and imidazolium
(IA) [C3N2H5]").177! These materials possesses a switchable polarization and narrow
bandgap, which are advantageous for scavenging solar energy. Wang et al. reported on
a biaxial trilayered hybrid perovskite molecular ferroelectric EA4Pb3Brio. Figure 6d;
shows the fabrication processed of a 3D MAPbBr3 prototype into the 2D trilayered
perovskite ferroelectric EA4PbsBrio. The EA4PbsBrip material possesses a moderate
optical band gap of 2.7 eV and is suitable for photovoltaic applications. As illustrated
in Figure 6d,, the V,. and I, along a-axis is —0.49 V/+7.26 nA for the up-polarization

state and +0.52 V/—6.36 nA for down-polarization state under 405 nm laser light.['”8]

6. Coupled nanogenerators based on different physical effects

We have seen that ferroelectric materials are able to possess the piezoelectric effect,
pyroelectric effect and photovoltaic effect simultaneously. These mechanisms are all
strongly related to the polarization of a ferroelectric material. In addition, mechanical
vibrations, temperature fluctuations and illumination often coexist in ambient
environment. Therefore, the ability to couple the piezoelectric, pyroelectric and
photovoltaic effects into a single-structured energy conversion device is an intriguing
way to harvest different forms of energy synchronously. The coupling principles can
also be used to fabricate multifunctional sensors. In this section, we introduce hybrid
nanogenerators and sensors that couple the different effects. The photovoltaic
performance of ferroelectric materials can be improved by inducing temperature and
mechanical variations corresponding to pyroelectric and piezoelectric effects,

respectively.
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Ji et al. fabricated a BTO based nanogenerator that coupled piezo-pyro-photoelectric
effects to increase the output signals of the energy harvesting device. A schematic of
the device is illustrated in Figure 7a; and Figure 7a, shows that the peak and stable
currents under ‘‘light + vibration’’ are clearly higher than those under only *‘light’” or
‘“vibration’” alone. Figure 7a3 presents the charging performance of the nanogenerator,
where the best charging performance was obtained under the condition of “‘light +
vibration + wind’’. The results verified the multi-effect coupled strengthening effect.
The application of vibration and wind to a photovoltaic device can enhance the charging
performance. Since vibration and wind can enhance the polarization and depolarization
field in the device by a stress or temperature decrease, the improved depolarization field
can promote the separation of the light induced carriers.[”) Wang et al. examined a one-
structure-based hybridized nanogenerator which coupled the piezoelectric and
pyroelectric effects. As shown in Figure 7bi, the hybridized nanogenerator consists of
a PVDF nanowires-PDMS composite film and a polarized PVDF film. PVDF possess
multi-physical properties and can output electric signals due to a stretching strain
(piezoelectric) or heating (pyroelectric). The output signals of the device measured at a
diverse range of conditions are demonstrated in Figure 7b> an bs, where the hybridized
nanogenerator possess better output performance than the individual counterpart. [

Pyroelectric, piezoelectric and triboelectric effects can work simultaneously to
scavenging energy from temperature, mechanical and friction signals. Zhang et al.
prepared a one-structure-based nanogenerator that coupled piezo-tribo-pyro-
photoelectric effects. The one-structured-based nanogenerator consisted of a PZT bulk

as pyroelectric, piezoelectric and photovoltaic active material, polyamide (nylon) as

39



WILEY-VCH

flexible vibration layer. Figure 7c; and c3 show that the peak current/voltage and
platform voltage of the effects coupled nanogenerator is 5 nA/80 V and 50 V. 18! The
photovoltaic effect leads to a high voltage platform, while the pyroelectric effect
contributes to a voltage peak and the triboelectric effect promotes the output current.
Therefore, the piezo-tribo-pyro-photoelectric nanogenerator exhibited a large output
current and voltage simultaneously as a result of the coupling of different individual
units. The hybrid energy conversion device can also operate as a multi-effect sensor to
detect temperature, mechanical and other signals. Song et al. reported a temperature
and pressure sensing device coupling piezoelectric and pyroelectric effects. Figure 7d;
shows an image of the flexible device fabricated with BTO ceramic plates and PDMS.
The BTO exhibits superior pyroelectric and piezoelectric performance and sensitivity
to temperature and strain, where there is a synergetic combination of the pyroelectric
and piezoelectric output. The output voltages shown in Figure 7d> and d3 demonstrate
that the multi-functional sensor can harvest temperature and pressure changes
simultaneously without interference and can be applied as a flexible temperature and
pressure detector for human finger touching such as password lock and keyboard.!3!
In conclusion, the coupling of multiple-effects can be achieved using a ferroelectric
material which respond to a range of stimuli and integrating ferroelectric materials with
different effects into a one-structured device. The research mentioned above confirm
the effectiveness of the multi-effect coupled for enhancing the energy scavenging

performance of nanogenerators. !'8!]

7. Summary and prospects
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This review systematically introduces the energy scavenging mechanisms,
performance and current progress of ferroelectric materials based nanogenerators. The
piezoelectric, pyroelectric and photovoltaic nanogenerators for mechanical, thermal
and solar energy scavenging are all illustrated in detail in the review. Table 1 - Table 3
demonstrate the recent reported ferroelectric nanogenerators which cover a wide range
of ferroelectric materials including inorganic perovskite materials, ferroelectric
polymers and ferroelectric composites with different geometrical morphology such as
bulk ceramic, nanorods, nanowire arrays, thin films and multi-layered structures. The
parameters and figures of merit used for evaluating the energy conversion performance
of the ferroelectric nanogenerators are also summarized and factors affecting the output
performance of the energy scavenging devices are summarised. The working
mechanisms of the nanogenerators are all connected with the polarization and domain
wall configuration of the ferroelectrics. These factors provide guidance on the selection
of ferroelectric materials and design of device configurations.

Wearable and self-powered devices based on ferroelectric materials are the subject
of increasing interest in recent years. As mentioned above, flexible ferroelectric
materials are often PVDF based ferroelectric polymers or an inorganic ferroelectric
active material formed as a composite in a flexible polymer matrix. As demonstrated in
Figure 8, wearable devices based on the piezoelectric effect can be applied in tactile
sensors, motion detection, physiological activity monitoring and mechanical energy
scavenging. Pyroelectric wearable devices can be used to harvest energy from ambient
temperature changes and detect physiological activity, such as respiration. Photovoltaic

devices can scavenge energy from light to power wearable electronic devices and be
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used as self-powered photo detectors.!1?% 134 1821951 There are also wearable devices
based on multiple effects to scavenge energy from a range of stimuluses or work as
multi-functional sensors.

Today, the energy shortage and environment pollution problems caused by the
population explosion and growth in demand have become global challenges. There is
also a need for self-powered systems in light of the Internet of Things and the vast
number of connected devices and sensors. Nanogenerators are devices with simple
structures which can scavenging energy from ambient environment and meet the
demand. The mechanisms mentioned in this review confirm that the energy conversion
performance of ferroelectric materials based nanogenerators can be regulated through
tuning applied electric field due to the switchable polarisation in ferroelectric materials.
The output performance of ferroelectric nanogenerators can be optimized by investigate
the strength and switching property of the polarization. Furthermore, the polarization
performance is closely connected with the domain structures of ferroelectrics and the
domain structures are determined by the crystal structure, microstructure such as grain
size and geometrical morphology of the ferroelectric materials. In addition, the energy
scavenging performance can be improved by coupling multiple effects into a one-
structured device that can be applied to harvesting mechanical, thermal and solar energy
simultaneously and superimposed electrical output signals. Energy scavenging devices
can be more smart, flexible, integrated, multifunctional and miniaturized which can be
applied in smart wearable devices, multifunctional detectors and other self-powered
devices, for example, oral electronic medicine, skin-interfaced sensors, internet of

things, automatic drive and space detection. Finally, while ferroelectric materials-based
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energy scavenging devices have been developed and a large research interest, the

practical application and commercial potential is still need to be fully exploited.
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FIGURE CAPTIONS

Figure 1. Ferroelectric structures and spontaneous polarization. a) Schematic of KDP
structure. Reproduced with permission.!**) Copyright 2011, American Chemical Society.
Perovskite structure. Reproduced with permission.’®”) Copyright 2016, America Chemical
Society. ¢) Schematic of spontaneous polarization of perovskite Structure. Reproduced
with permission.!!®®! Copyright 2019, American Chemical Society. d) Polarisation-Electric
field (P-E) hysteresis loop of a ferroelectric material.
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of ITO/BTO/ITO device, a2) Photocurrent-temperature curve, as) Responsivity-
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Ag/BFO/ITO UV photo detector, bi) Schematic of photovoltaic test on Ag/BFO/ITO
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photocurrent curves of EA4Pb;Brio. Reproduced with permission.[!”®! Copyright 2019,
America Chemical Society.
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Figure 8. Ferroelectric wearable devices. Reproduced with permission.!'33] Copyright
2017, Wiley-VCH. Reproduced with permission.'®” Copyright 2018, Elsevier.
Reproduced with permission.!'®3] Copyright 2020, Elsevier. Reproduced with
permission.!'841 Copyright 2019, Wiley-VCH. Reproduced with permission.['® Copyright
2019, Wiley-VCH. Reproduced with permission.!'8”) Copyright 2019, America Chemical
Society. Reproduced with permission.!'3* Copyright 2017, Elsevier. Reproduced with
permission. 136 Copyright 2020, Elsevier. Reproduced with permission.!'*> Copyright
2017, Wiley-VCH. Reproduced with permission.!”3! Copyright 2018, Wiley-VCH.
Reproduced with permission.['°?] Copyright 2017, Wiley-VCH.
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Table 1 Piezoelectric Nanogenerators

OC SC current

Material ) Power density Work Condition Reference
voltage (density)
: ~0.26 .
PZT ceramic foam 65V 5 - 15% stretchable strain [50]
nA/cm
250000
PZT nano ribbons 5 - 8% periodic stretch strain [27]
nA/cm
BTO thin films 1V 190 nA/cm? 7 mW/cm? 0.40-0.55% strain [134]
0.00627 direct vibrati itation at 1
BaTiOs nanowire arrays ] ) 3 irect vibration exg ation at 1g (49]
mW/cm acceleration
5 ;1 kgf of external compressive
KNN nanorod arrays 0.38V 18.8 nA/cm~ 101 mW/cm force [48]
P(VDF-TrFE) 39V - - air flow speed of 3m/s [135]
Ko.5NagsNbO3-BaTiO3/PVDF 160 V  44.4 nA/cm? - 0.4 N compressive force [45]
GaFeOs;/PVDF 3.5V 1.78 nA/em? - manual finger tapping of device [133]

OC: open circuit, SC: short circuit
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Table 2 Pyroelectric Nanogenerators

Material oC SC pyroele.ctrlc enerfgy pow.er FoM Wo.rl.( Reference
voltage current coefficient density  density Condition
sinusoidal
596 x10° oscillation of
PMN-0.32PT thin film - ~90nA  —550uC/m*’K  1.06J/em® 3 - temperature [138]
uW/cm . .
with amplitude
Ore=10K
temperature

Fr=72 J/m* K?
- 2 i} ) )
TGS nanorods 0.1 nA 167 uC/m”K F=820 kV/m K change at 0.5 [47]

Hz at 44°C
. temperature
Porous PZT ceramics F’r=9 pm®/J .
152V - ~320 uC/m?’K 1653 pJ/cm? - ’ fluctuat f 142
with 20% porosity KA HOm F,=0.03 m/C HetaHons o [142]
1.6°Cs
. . heating rate of
- - ~0.5 ulCm*"K 425 kJ/ - - 2° t1 157
0.2Ba(Bio sNbo.s)Os nC/m o Cmin”a [157]
kHz

known [153]

LiTaO; thin films - - 31.9+5.0 uC/m’K - - - variation of

temperature
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0.97K0.5NaosNbOs-
0.03BigsNag52rO3

PVDF thin film

PbZro 53Ti0.4703/
CoFe>O4 multilayers

42V

2500 nA

45446 nC/m*K

27 uC/m? K

F=1.83x10° m/V,

AT is 0.22 K
i i F=0.17 m*C, . (;)o o at [155]
Fr=53J/m’K
human
%22;2 - respiratory at [154]
! 5°C

47372 kJ

m! cycle”! - Olsen cycle [46]
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Table 3 Solar Energy Scavenging Devices

SC
Material oc current  responsivity Power PCE G Work Condition Reference
voltage .
(density)

. . 0.1908 6 220 K, 405 nm illumination
BaTiO3 ceramics - uA/cm? - - 4.46 x 10 131 mW/em? [173]

. 17000 o
BaTiOs; crystal wA/cm? 3.9% under full AM1.5 G [164]

. . 133.8 6.48 365 nm, 271.4 mW cm™, 42.5 °C,

BiFeOs3 ceramics ~0.5V uA/cm? - uW - cooling [174]
BiFeOs ceramics 0.6V 132.1 6.56x10* A /W 6.74 - 66.1 °C, 365 nm light (105.2 mW/ cm?) [51]
' pA/em? nW B '

CsPbBr3; nanowires - - 4400 A/W - 1.3x10* RT, 0.2 mW/cm?, 405 nm [175]

(Ko.49Nao.490Bao.02) 0.03 i _ 0 i

(Nbo.9sNio.01)02995 0.11V UA/om® 60 uW 0.12% 405 nm, 50 mW laser [172]
[KNDbO3]1-x 0.04 i i 0 i illumination by a halogen lamp
[BaNi12Nb1203-5]x 32V nA/cm’ 3% delivering approx. 4 mW/cm? [162]

G: gain, RT: room temperature, PCE: Power Conversion efficiency
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The table of contents entry: Energy harvesting materials and devices is a research
hotspot for years. Ferroelectric materials with multi-effects play a key role in energy
scavenging field. The theories, equations and application of ferroelectric materials for
harvesting energy from different energy sources have been summarized in this
manuscript.

Keywords: ferroelectric, piezoelectric, pyroelectric, ferroelectric photovoltaic, nanogenerator
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Abstract:

Ferroelectric materials have attracted interest for over a hundred years as a result of their
spontaneous polarization and a polarization orientation that can be reversed by the application
of an external electric field. In addition, the degree of polarization can be affected by external
stimuli such as vibrations, stress, heat and light. These properties enable ferroelectric materials
to be used to fabricate nanogenerators, which are devices used in energy scavenging
applications and provide an opportunity to obtain electrical energy from a variety of external
stimuli. This review discusses the development of ferroelectric based nanogenerators for
scavenging mechanical, thermal and solar energies through the piezoelectric effect, pyroelectric
effect and photovoltaic effect, respectively. The mechanisms of the effects and the pathways to
optimize the output performance of the nanogenerators are analysed in detail. Recent
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developments in energy harvesting using ferroelectric materials are discussed with the objective
to motivate attention and efforts in this growing field.
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