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Synopsis 

There is an increasing demand for transforming from traditional energy resources into renewable, 

environmental energies. Owing to the excellent coupling of mechanical – electrical effect, 

piezoelectric ceramics have devoted considerable attention as a promising candidate for use in energy 

harvester by converting mechanical energy into electricity. Ferroelectric materials are the subset of 

piezoelectric materials due to switchable polarisation direction. Recently, the built-in field in 

ferroelectric ceramics can promote the separation of photo-induced charges and produces voltages 

higher than its bandgap (bulk photovoltaic effect), exceeding the Shockley-Queisser limit. Hence, it is 

possible to produce photovoltaic-ferroelectric hybrid energy harvesters with improved performance 

and applicability by using photovoltaic-ferroelectrics. For many years, Pb(Zr1-xTix)O3 (PZT) have been 

identified as a leading ferroelectric ceramic. However, due to concerns from lead pollution, the 

development of lead-free alternatives is required. Sodium potassium niobate (KxNa1-xNbO3, KNN)-

based ceramics is one of the leading replacements for PZT ceramics being large owing to their high 

Curie temperature (410°C) and outstanding piezoelectric properties (465 pC/N). However, the KNN 

usually possess poor light absorb ability due to wide bandgap. Thus, this aim of this project is to 

explore a way to enhance the light absorbing ability and avoid the decreasing of polarisation of 5KNN 

and investigate the effect of multifunctional materials on the performance of hybrid prepared energy 

harvester.  

 

This dissertation includes three parts. As KNN-based ceramics always suffer poor sinterability and 

exhibit poor piezoelectric properties, in the first part, the research of this project is mainly 

concentrated on the fabrication of 5KNN (K0.5Na0.5NbO3) ceramics. In this study, a new sintering 

method, two-step sintering (TSS), was adopted to improve the sinterability by suppressing the grain 

growth and improving the density. The maximum density achieved by optimised TSS conditions was 

95% of theoretical. This compared favourably, however, to the 91% achieved by single-step sintering 

(SSS). 5KNN ceramics densified by optimised TSS exhibited enhanced piezoelectric, dielectric 

properties, energy conversion efficiency and energy density. The typical dielectric, piezoelectric and 

ferroelectric property values of εr≈294, d33=101 pC/N, kp=0.33, Pr=9.8 μC/cm2 and εr≈337, d33=122 

pC/N, kp=0.36, Pr=12 μC/cm2 have been observed for the 5KNN ceramics densified by SSS and TSS, 

respectively. Moreover, the correlation between grain size, density and functional properties were 

also studied.  

 



 

  

 

In the second part, the dependence of sintering mechanism, phase structure and functional properties 

of the 5KNN ceramics on BNNO addition were investigated. The doping with Ba and Ni creates an 

oxygen-deficient environment, which caused the ex-solution of Ni at high sintering temperature even 

after a short soak time. Compared with 5KNN ceramics, all doped 5KNN ceramics exhibited denser, 

finer and more homogenous microstructures. The phase transition diagrams of (1-y) 5KNN - y BNNO 

(y£0.10) have been successfully established by employing Raman spectroscopy and X-ray diffraction. 

It revealed that the (1-y) 5KNN - y BNNO systems evolved from orthorhombic (y=0, 5KNN) phase to 

tetragonal phase with a raise in y. At elevated temperatures up to 500°C, the KNN-based ceramics 

underwent an additional phase transition from orthorhombicàtetragonalàcubic phase, and the 

Curie temperature decreased from ~415°C in y=0 composition (5KNN) to ~168°C in y=0.10 

composition (5KNN-10BNNO). The highest room temperature functional properties have been 

detected for y=0.02 compositions. The typical dielectric, piezoelectric and ferroelectric property 

values of εr≈742, d33=132 pC/N, kp=0.42, Pr=14 μC/cm2 and εr≈337, d33=122 pC/N, kp=0.36, Pr=12 

μC/cm2 were observed for the 5KNN-2BNNO and 5KNN composition, respectively. However, with 

further increases in the dopant level, the 5KNN-based ceramics exhibited enhanced conductivity, 

relaxing dielectric properties and degraded piezoelectric properties on account of the high 

concentration of oxygen-vacancy and phase transition that developed. Moreover, a continuous 

bandgap reduction was also found in all doped compositions.  

 

In the third part, energy harvesters were designed, prepared and tested using 5KNN and 5KNN-2BNNO 

piezoelectric elements. The performance comparison of the energy harvesters suggested that 

functional elements with higher electromechanical coupling coefficient and energy density may be 

preferred for the selection of piezoelectric materials, while higher polarisation and narrower bandgap 

may be preferred for the selection of multifunctional materials. The highest open-circuit voltage (1.77 

V) and power density (268 μW/cm3) were observed on 5KNN-2BNNO hybrid energy harvester under 

vibration at 10 Hz, combined with illumination. Results from the prepared 5KNN-2BNNO hybrid energy 

harvester indicated the potential of the novel 5KNN-2BNNO multifunctional materials for energy 

harvesting applications.
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Chapter 1. Introduction 

Piezoelectric materials have been widely applied in sensors, actuators and transducers owing to their 

excellent capability of energy converting between electricity and mechanical vibrations1–4. Energy 

harvesting (EH) technology has been proposed and studied since 2000’s5,6, which is the process to 

convert environmental energy, for example, wind, sea wave and solar energy into useful electricity by 

using piezoelectric material. The development of piezoelectric materials and EH technology helps to 

relieve the pressure of energy utilisation and to address the issues of frequently replacing/recharging 

batteries and supplying efficient power7. Ferroelectric materials are the subset of piezoelectric 

materials owing to their switchable polarisation direction and strong build-in electric field. Recently, 

it is proved that the build-in filed in ferroelectric materials can be employed to separate the photo-

induced carriers and enable to coupling the photovoltaic properties in ferroelectric materials, and this 

designed multifunctional materials (photovoltaic-piezoelectric-ferroelectric properties) can be used 

to prepare the synergistic energy harvesters (EHers) to improve the efficiency of energy conversion8. 

Hence, this project aims to develop a new multifunctional material to improve the efficiency of energy 

harvester prepared by piezoelectric materials. 

 

Although piezoelectric materials are considered to be superior to other vibrational energy harvesters 

(EHers)  on the micro/mesoscale, the output of these is still low and cannot completely fulfil the power 

requirements of electrical appliances9. Also, most widely used piezoelectric energy harvesters (PEHers) 

are made using lead-based materials, which is harmful for the environment and human health because 

of the toxicity of lead10. Furthermore, because of the limitations caused by the materials, most PEHers 

are only designed for harvesting kinetic energy11,12. In reality, this energy source is not always stable 

or continuously available. For example, a kinetic energy harvester (KEHers) is usually designed to 

harvest the vibration of machines or of humans walking11,12. However, machines do not run constantly 

and humans need to have a rest. Thus, the input energy can be highly variable. It is also essential to 

consider that most energy sources are coexistent. For instance, solar energy can simply be divided 

into light energy and thermal energy, also, kinetic energy and thermal energy usually coexist in both 

machines and human bodies. 

 

Thus, a single-energy source induced energy harvester will waste a significant amount of harvestable 

energy which hinders the harvesting capability. Consequently, the development of multifunctional 

materials with a lead-free composition is required for the future manufacture of hybrid energy 

harvesters (HEHers)13. 
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The coupling of photovoltaics and ferroelectric has attracted a great amount of interest in the hybrid 

energy harvesting (HEH) area. This is resulting in the assembly of multiple ideal properties in a single 

device to yield highly integrated energy harvesting13. In past decades, it was reported that the strong 

internal electric field in ferroelectrics can promote the separation of the light-induced carriers to 

enhance the conversion efficiency of the EHers8. However, it is difficult to obtain two excellent 

properties (photovoltaic properties and ferroelectric properties) in a single material on account of 

their fundamentally different mechanisms. Ferroelectric materials usually exhibit wide bandgaps (3-5 

eV) due to the large electronegativity differences between its oxygen-atom and the metal-atom14. 

Therefore, the ferroelectric can only absorb <20% of the solar spectrum. It has been found that the 

lowering bandgaps is largely reliant on the presence of a high concentration of oxygen-vacancy15. Too 

many oxygen vacancies, however, will increase the conductivity and degrade the polarisation 

switching and thus will weaken the ferroelectric properties16. Hence, oxygen vacancies are a key factor 

of ferroelectric and photovoltaic properties16. 

 

The aim of this project was to combine the ferroelectric and photovoltaic properties in a single 

material to prepare a hybrid energy harvester. Therefore, the fabrication of 5KNN ferroelectric 

materials with lower bandgaps whilst keeping as large a spontaneous polarisation as possible is 

needed. It has been reported that two different metal cations (heterovalent ions) occupied the 

perovskite B-site can contribute to produce ferroelectric oxides with low bandgap, with one cation 

driving ferroelectricity and the other one generate a narrower bandgap in the visible range14. In this 

project, (K0.5Na0.5)NbO3 (5KNN) ferroelectric materials were selected as the ferroelectric hosts due to 

its lead-free composition, good piezoelectric properties and ferroelectric properties17. Considering the 

charge compensation and ionic radius, Ba(Ni0.5Nb0.5)O3-δ (BNNO) materials were introduced into 5KNN 

to tune the bandgap. The substitution of Ni ions in the Nb-site generated the oxygen vacancies for 

maintain charge neutrality in the 5KNN system. The combination of Ni2+ and oxygen vacancies could 

increase the electronic states of the host 5KNN materials, moreover, the large sizes of K+ and Ba2+ 

would help to maintain the stability of the perovskite structure14,18.  

 

This project contains broad but systematic studies, consisting of powder synthesis, ceramic fabrication 

and material characterisation, hybrid energy harvester preparation and dynamic vibration-

illumination testing of hybrid energy harvesting devices. Furthermore, it displays the practicality of 

adopting KNN-based ferroelectric materials for the preparation of hybrid energy harvesting devices, 

giving a generic view of lead-free hybrid energy harvesting, creating relevant background and forming 

an initial data base in KNN-based hybrid energy harvester group.  
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Thesis overview 

The thesis structure is as follows:  

 

Chapter 2: The background of multifunctional materials, from their fundamentals and mechanisms 

of work principles to the corresponding fabrication processes are comprehensively reviewed.  

 

Chapter 3: An introduction to the energy harvesting topic including the energy situation, basic 

structure, structure coupling and optimisation of the hybrid energy harvester and requirements of 

multifunctional materials.  

 

Chapter 4: The aims and objectives of this project are summarised. 

 

Chapter 5: The experimental approach used to fabricate and characterise the multifunctional 

materials and subsequently fabricate and test the hybrid vibration-light energy harvesters are 

described. 

 

Chapter 6: The optimisation of the synthesis and sintering of pure (K0.5Na0.5)Nb3 (5KNN) ceramics and 

the sintering mechanism of pure KNN are discussed. In addition, the properties of pure 5KNN are 

characterised and the dependence of functional properties on density and grain size are also provided.  

 

Chapter 7: The (1-y) (K0.5Na0.5)Nb3-y Ba(Ni0.5Nb0.5)O3-δ (y=0.00, 0.02, 0.04, 0.06, 0.08, 0.10) systems are 

investigated from the perspective of powder synthesis, ceramics processing and the characterisation 

of structural, dielectric, ferroelectric, piezoelectric and optical properties. The functional properties 

with respect to the doping amount are also discussed.  

 

Chapter 8: The prototype hybrid energy harvesters were designed, prepared and tested. The effects 

of material properties and devices structure on the performance of prepared energy harvester are 

also discussed. 

 

Chapter 9: The main conclusions of this research work and opportunities for future studies in this field 

are given. 
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Chapter 2. Multifunctional materials 

2.1 Introduction  

In recent years, ferroelectric perovskite oxides (FPOs) have aroused great interest for use in the 

manufacture of hybrid energy harvesters (HEHers) due to their three-way coupling among mechanical, 

optical and electrical properties in a single material14,18. This chapter will introduce the fundamentals 

of piezoelectricity and photovoltaics, and the mechanism of the coupling effect between them.  

 

2.2 Piezoelectricity 

2.2.1 Phenomenology 

Piezoelectricity comes from the Greek word piezein19. In 1880, the phenomenon of piezoelectricity 

was first discovered by brothers Pierre and Jacques Curie, from quartz (SiO2), Rochelle salt (potassium 

sodium tartrate, KNaC4H4O6·4H2O) and tourmaline20. Following that, the technical term was put 

forward by W. G. Hankel in 188121. The Piezoelectric Effect literally means to generate electric power 

via the stressing (by pressing or squeezing) of those materials that demonstrate ‘piezoelectricity’. This 

is defined as coupling between mechanical properties and electricity in a crystalline material. The 

piezoelectric effect can be simply divided into the direct piezoelectric effect and the converse 

piezoelectric effect22. The direct piezoelectric effect (figure 2.1 a) means that potential difference will 

be produced across the crystalline material when it is under strain. The converse piezoelectric effect, 

however, (figure 2.1 b) defines that the deformation will be generated when the crystalline material 

is applied by an external electric field. Because of the coupling of mechanical force (or displacement) 

and electricity, the piezoelectric effect is widely utilised as sensors, actuators and energy harvesters 

in the aerospace field23, traffic integration field24, the medical industries (ultrasound transducer 

application)25. For example, the usage of piezoelectric materials for energy harvesting applications has 

the potential to be the replacement of hazardous electrochemical battery as a permanent power 

source for sensor systems26. Thus, the progress of piezoelectric material research and even efficiency 

improvement of energy harvesting devices will make everyday life become more convenient, greener, 

and leaving clean air as well as plentiful energy resources for our descendants. 
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Figure 2.1 Schematic explanation of a) direct piezoelectric effect and b) converse piezoelectric effect 

 

2.2.2 Fundamentals  

2.2.2.1 Crystallographic structure 

Piezoelectricity is derived from the asymmetric structure within the crystal. In a non-centrosymmetric 

crystal, the positive ions centre and negative ions centre is not coincident, thus a dipole moment with 

a built-in electric field generates, its direction is opposite to the dipole orientation, leading to a 

charged state on the boundary of the unit cell22. For a centrosymmetric crystal, however, the centre 

of the positive and negative charges is not separated, leading to a zero-net charge in the crystal unit 

cell (no piezoelectric properties)22. 

 

According to the Crystallographic Theory, 32 crystal point groups exist of which only 20 do not possess 

a centre of symmetry and can thus generate a piezoelectric effect22. Amongst the 20 crystal point 

groups without a centrosymmetric unit cell structure, only 10 can be said to have a ferroelectric 

structure. The crystallographic classification is shown in figure 2.2. In principle, the ferroelectric 

structure is used to describe the units that allow more than two spontaneous polarisation orientation 

states under no external electric field27. If the spontaneous polarisations can be shifted by changes of 

temperature, the crystals are identified as pyroelectric material. If they can be reoriented by an 

applied electric field permanently, the crystals are known as ferroelectric material. Therefore, it is easy 

to understand that the ferroelectric material is a subset of the set of pyroelectric and piezoelectric 

material, because they are polar material in which the spontaneous polarisation direction can be 

changed by the application of an electric field and temperature28. For example, Pb(ZrxTi1-x)O3 (PZT) in 

perovskite structure is ferroelectric because it exhibits polarisation switching characteristics under 

electric fields. ZnO (Wurtzite structure), however, is pyroelectric because the dipole moment of ZnO 
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is aligned with the crystal orientations, influenced by the applied temperature and is non-switchable29. 

SiO2 crystals (diamond structure) are solely piezoelectric materials, because they can only generate 

the dipole moment under stress or an electric field and do not exhibit a net dipole moment under 

static conditions30. 

 

 

Figure 2.2 Crystallographic classification 

 

2.2.2.2 Perovskite structure 

Piezoelectric materials were not widely studied until barium titanate (BaTiO3, BTO) ceramics were 

investigated. The unit cell of these types of materials is the perovskite structure (ABO3). In the formula 

of ABO3, “A”, atoms occupy the corners (eight positions) of a cube, known as an “A site”, the “O” 

atoms occupy the face centre (six positions) and the “B” atoms occupy the body centre (one position), 

known as the “B” site. For example, the KNbO3 (KN) piezoelectric material is one of the promising lead-

free piezoelectric materials. Eight potassium ions (K+) occupy the A site, six oxygen ions (O2-) take up 

the face centre positions as well as one niobium ion (such as Nb5+) occupies the body centre of the 

KNbO3 cube. A schematic diagram of KN crystal is clearly shown in figure 2.3.  

 

The perovskite structure is extremely sensitive to temperature, i.e. changes in temperature can distort 

it, leading to a change in the piezoelectric properties. Figure 2.431 demonstrates the changing of the 

crystallographic structures of PZT, the most commonly used piezoelectric material of the last 50 years. 

When temperature is higher than the Curie temperature (Tc), PZT (PbZrxTi1-xO3), a solid solution of 

PbTiO3 and PbZrO3, shows cubic symmetry with no piezoelectricity as the centres of the positive and 

negative charges overlap, which means that no dipole-moment can be existed. When the temperature 

is decreased (below Tc), the lattice structure of PbZrxTi1-xO3 becomes distorted along the <100>, <110> 



 

  

 

7 

or <111> directions and an extremely active phase transformation exists. The oxygen ions (O2- 

octahedra), the lead ions (Pb2+), zirconium ions (Zr4+) and titanium ions (Ti4+) produce a relative shift, 

resulting in the development of the net dipoles, which is indicated by the arrows in figure 2.4.  

 

 

Figure 2.3 Schematic diagram of a) the perovskite crystal structure and b) side view of the tetragonal 
structure 

 

 

Figure 2.4 The different structures of PbZrxTi1-xO3, a) tetragonal phase, b) cubic phase and c) 
rhombohedral phases31 

 

The perovskite structure is also very sensitive to the composition, as such the mole ratio of Zr and Ti 

in Pb(ZrxTi1-x)O3 or Na and K in K1-xNaxNbO3. The composition-temperature-phase diagram of PZT is 

exhibited in figure 2.532. With the increasing of PbTiO3 addition, the phase of PZT gradually transforms 

from a rhombohedral to a tetragonal phase. It can be seen from figure 2.5 that the rhombohedral – 
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tetragonal phases transition boundary, well-known as the morphotropic phases boundary (MPB, 

x=0.52 at room temperature for PbZrxTi1-xO3 system), is almost independent of temperature. It is well 

known that PZT ceramics possess the best piezoelectric properties when the composition close to the 

MPB since two ferroelectric phases co-exist, allowing more polarisation directions32,33.  

 

 

Figure 2.5 Phase diagram of the PbZrO3- PbTiO3 system34 

 

Piezoelectricity originates from the asymmetric structure. To maintain the perovskite structure 

stability, the Goldschmidt tolerance factor (!.), which is an indicator for predicting the stability and 

distortion of crystal structures based only on the chemical formula35, ABO3, and the ionic radius of A-

site ions, B-site ions and oxygen ions35. The mathematical expression of the tolerance factor is given 

in Equation 2-135,36:  

!. =
$& + $'

√2 ∙ ($% + $')
 2-1 

Where $&, $%  and $'  are the ionic radii of A/B-site ion and oxygen ions, respectively. For the cubic 

perovskite phase, 0.9<!.<1.0; for the tetragonal/hexagonal perovskite phase,  !.>1.0; and for the 

orthorhombic/rhombohedral perovskite phase, 0.71<!.<0.9. In order to retain the stability of other 

non-cubic perovskite phases, !. needs to be considered33,37. 

 

2.2.3 Domains and poling process 

As mentioned previously, because of the non-coincidence of the positive and negative ion centre, 

piezoelectric materials possess a dipole moment and generate a charged state on the boundary of the 
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crystal unit cell22, i.e. every unit cell in a piezoelectric material presents its own spontaneous 

polarisation direction. If the spontaneous polarisations are aligned along the same direction in crystal 

regions which are defined as a “domain”, the interface between the two domains is defined as the 

“domain wall” 38. Figure 2.6 a)39 illustrates the domain configurations of a polycrystalline ferroelectric 

ceramic material in which the orientations of grains are usually random, the different orientation of 

domains will offset the polarisation of the other, resulting in a weak or zero piezoelectric effect. 

Therefore, in order to reorient all domains to the same or similar direction, a high electric field needs 

to be applied. This high electric field treatment process is called poling, illustrated in figure 2.6 b) and 

c), and is usually carried out at a high temperature (below Tc) for increasing domain wall mobility. 

During poling, the domains with randomly oriented directions are forced to align along the applied 

electric field direction (figure 2.6 b). After poling, the direction of domains is along or close to the 

direction of applied electric field, generating a net dipole in the poling direction.   

 

Figure 2.6 Domain configurations a) before poling, b) during poling and c) after poling39 

 

2.2.4 Properties and related parameters of the piezoelectric ceramic materials 

Because the performance of polarised piezoelectric materials is different from anisotropic and 

isotropic structures. Therefore, the notations of axis are required to describe piezoelectric behaviour 

along different directions. Figure 2.7 presents the widely accepted convention of piezoelectric ceramic 

materials.  

 

The directions of the piezoelectric effect can be clearly seen in figure 2.7. Normally, the poling 

directions are defined as “3(z)” and the “1(x)” and “2(y)” are orthogonal in the axis “3(z)” (such as a 

space rectangular coordinate system). The three rotational directions marked as “4” direction (around 
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“1” direction), “5” direction (around “2” direction) and “6” direction (around “3” direction) are the 

shear piezoelectric directions regarding to the direction “1(x)”, “2(y)” and “3(z)”, respectively.  

 

As reviewed in section 2.2.1, the piezoelectricity describes the conversion of mechanical 

force/displacement and electricity. Thus, one of them is input power and the other one is output 

power. For example, the vibration (mechanical force) can be converted to electricity by a vibrational 

energy harvester. Because both force and voltage are vectors, the direction of input and output need 

to be defined and are inserted as subscripts to certain parameters (figure 2.7 b). The first number 

represents the input direction (electric field or stress), and the second number represents the 

responding directions (electric field or displacement). For example, A31 is described by the 

piezoelectric effect A of materials being stimulated by the “3(z)” direction and acted on the “1(x)” 

direction. To be specific, the d31 coefficient (d represents the piezoelectric charge constants) relates 

the input energy (stress) along the polar axis (direction “3”) and the output energy (potential 

difference/strain) along direction “1”, and the d33 coefficient represents the input energy 

(stress/electric field) along the polar axis (direction “3”) and output energy (potential difference/strain) 

acts on direction “3”.  

 

 

Figure 2.7 a) Notations of axes for the poled ceramic elements and b) Defined properties22 

 

2.2.4.1 Dielectricity 

Dielectric materials are well-known as electrical insulators that can store charges (polarised) by 

applying an electric field (E) and, as shown in Figure 2.2, piezoelectric, pyroelectric and ferroelectric 

material are all subsets of this classification. Permittivity (denoted by +) is used to evaluate the electric 

polarizability of dielectrics40. A dielectric material with a high permittivity represents high polarization 
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(the ferroelectric hysteresis loop could make this visible41 in section 2.2.4.3), i.e. storing more charges.  

Permittivity can be affected by a change of temperature and transition of the phase structure. The 

change of permittivity with temperature for a single BTO crystal is demonstrated in figure 2.842. It can 

be clearly observe from figure 2.8 that above the Curie temperature (TC), the dielectric permittivity 

falls off with temperature. Relative permittivity (+( ), the ratio of the permittivity and the vacuum 

permittivity, can be calculated using the equation 2-2: 

+( =
+
+)

 2-2 

where +)  is the permittivity of free space in a vacuum, +(  can be interpreted as the relative 

permittivity. 

 

 

Figure 2.8 Relative permittivity as a function of temperature of single crystal BaTiO342 

 

In anisotropic materials, the dielectric properties can be represented by ε11 and ε33 (using the subscript 

notation described in Section 2.2.4).  

 

Dielectric loss is also an important parameter of dielectric properties. When the material is under a 

varying electric field, there is some additional dissipation of energy induced within the dielectric 

material itself. This is because the phase of electric field and the phase of electric field induced dipole 

rotations and oscillations is different43. The term dissipation factor (!,-.)  is usually adopted to 

represent the dielectric loss level and the phase difference . is called the loss angle. A higher !,-. 

indicates a larger dielectric loss. 
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2.2.4.2 Piezoelectricity 

As previously mentioned, piezoelectricity means that certain crystals can generate an electric 

potential when force is applied or can generate deformation when placed in an external electric field.5 

The piezoelectric effect can be easily expressed by the following constitutive equations5,38: 

/ = 01 + +*2 2-3 

3 = 4+1 + 02 2-4 

Where /, 1, 2, 3 are the electric displacement, mechanical stress, electric field and mechanical strain, 

respectively. 4+ , 0 and +*represent the elastic compliance coefficient, piezoelectric charge constants 

and permittivity of the piezoelectric materials under constant stress. 

 

For piezoelectricity, the conversion efficiency between mechanical energy and electric energy is very 

important; this is indicated by the coupling coefficient, 6. Generally, the effective electromechanical 

coupling coefficient 6,-- is expressed by Equation 2-544. Due to the different vibration modes possible 

with different geometries (figure 2.9), the coupling coefficients also include 6. (planar mode), 

6!"(transverse mode), 6!!(longitudinal mode), 6"$(shear mode) and 6/(thickness mode), etc45.  

6,--# =
789ℎ,-;9,<	8-8$>?	9@-A8$!80	!@	8<89!$;9	8-8$>?	

B-CD!	E89ℎ,-;9,<	8-8$>?

=
2<89!$;9,<	8-8$>?	9@-A8$!80	!@	E89ℎ,-;9,<	8-8$>?

B-CD!	E89ℎ,-;9,<	8-8$>?  

 2-5 

 

 

 

Figure 2.9 Vibration modes and standard sample shapes46,47 
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The mechanical quality F0	 is a dimensionless measure of the mechanical losses of piezoelectric 

resonators, describing the “sharpness of the resonance” of a piezoelectric resonator47. F0	is the ratio 

of the energy stored in the oscillating resonator to the energy dissipated in each cycle during the 

damping; thus higher F0  means lower mechanical loss48. This effect is explained by the following 

equation (2-6). 

F0 = 2G ∙
3!@$80	789ℎ,-;9,<	2-8$>?	
/;44;C,!80	2-8$>?	C8$	H?9<8 =

1
2GJ0|L|H*6,--#  2-6 

 

2.2.4.3 Ferroelectricity 

The polarisation directions of piezoelectric materials are switchable after induced an applied electric 

field (E), defined as ferroelectric materials49. Because the polarisation of ferroelectric varies with the 

E, the ferroelectricity can be simply demonstrated by an electrical-hysteresis loop exhibited in figure 

2.1050. 

 

Hysteresis is the dependence of the state of a system on its history. As illustrated in figure 2.1050, when 

the E increases from 0, the orientations of ferroelectric domains are forced to align in the direction of 

E and the polarisation rises until it arrives at the largest value (nearly all domains are aligned along the 

direction of E), known as the saturation polarisation. However, when the electric field decreases to 0, 

the polarisation is reduced to a value, called the remanent polarisation, rather than 0. Similarly, when 

the electric field increases in the reverse direction, the polarisation continues to decrease to 0 and 

increases in the reverse direction until the value of saturation. As the electric field is reversed again 

through zero to a positive value the second part of the hysteresis loop is defined. Thus, the remanent 

polarisation (M() and coercive field (21) are utilised to explain ferroelectric behaviour. M(  represents 

the trapped dipole amount after removing E. And 21  represents the critical electric field values, when 

the E beyond 21, a permanent dipole-moment can be generated51. The higher M(  is, the better the 

piezoelectric effect is after poling and the lower 21  is, the easier the ferroelectric domains can be 

reoriented.  
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Figure 2.10 P-E hysteresis loop for a ferroelectric material52 

 

2.3 Ferroelectric-photovoltaic 

2.3.1 Photovoltaic phenomenology 

The photovoltaic effect is regarded as the generation of voltage and electric current in a material after 

the illumination of light53. The photovoltaic effect was first observed in 1839 by Edmund54. Until the 

late 1880s, this theory was applied to build solid photovoltaic cells made of selenium. The efficiency 

of the selenium photovoltaic cells (PCs) was only 1-2% in converting light to electricity55,56. A milestone 

leap forward took place in 1954. Scientists working at the Bell Telephone Laboratories used silicon to 

produce PCs which improved the efficiency from 1% to 6% and then to 11%55,56. This improvement 

opened up the new photovoltaic era.  

 

The photovoltaic mechanism can be simply described as follows. When sunlight enters into matter, 

the valence electrons (the electrons in the outermost orbit) can harness the solar energy and be 

excited from valence band (VB) to the conduction band (VB). This process creates a number of holes 

in the VB (positive) and free electrons in the CB (negative), thus, an asymmetric electric potential 

occurs across the materials (photocurrent)56,57. Electrons and holes generated in this manner are 

known as light-generated electron-hole pairs. Figure 2.1156 exhibits an explanation of the electron-

hole pairs in silicon generated by sunlight striking. However, these light-induced carriers will back to 

the ground-state due to the energy being given off as emission of the light or heat and the 

photovoltaic-effect is lost56. To avoid the recombination of electrons and holes, an asymmetric 
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potential, named P-N junction58,59, was built in. This potential barrier can separate the light-generated 

electrons and holes selectively, sending more holes to one side and more electrons to the other side56. 

This barrier (P-N junction) is established by acceptor doping (positive, p-type dopant) and donor 

doping (negative, n-type dopant) depending on accepting an electron or donating the electrons56,60. 

Let’s take silicon material as an example, when a silicon atom (Si, 4 valence electrons) doped with a 

phosphorus atom (P, 5 valence electrons), each P atom can generate 4 covalent bonds with a Si atom 

and the fifth electron of P is ‘single’ which brings in an electron (Figure 2.12 a). On the contrary, the 

substitution of a boron atom (B, 3 valence electrons) can form 3 covalent bonds with a Si atom and 

the fourth electron of Si is un-bonding which introduces a hole to make the fourth electron ‘married’ 

(Figure 2.12 b). The P-N junction is formed by p-type silicon (boron doped) with excess holes and n-

type silicon (phosphorus doped) with excess electrons (Figure 2.12 c). A line separating the two 

different kinds of silicon sets up the position of a potential barrier to make the electric current pass 

through the junction only in one direction by means of an external circuit. However, the crossed 

carriers will also build an electric force (electric field) to impede the further flow of the free carriers 

(Figure 2.12 d and e). After equilibrium is established, no more electrons or holes can switch sides. 

56,60 Moreover, the open-circuit voltage generated by P-N junction type solar cells is limited by the 

energy band of the p-type layer and the n-type layer and the matching state of the junction bandgap61.  

 

PCs are commonly made with semiconductor materials. Semiconductors with a larger bandgap13(the 

width between the conduction band and valance band) will reduce the capability of the photovoltaic 

devices because the electrons require substantial amounts of energy for excitation from the VB to the 

CB. If the bandgap is too narrow, however, most protons will have more energy than necessary to 

excite electrons across the bandgap resulting in the return of electrons. Hence, bandgap is an 

important factor that affects photovoltaic efficiency. This limitation can be explained by the Shockley-

Queisser limit62, i.e. the maximum solar conversion efficiency of a single p-n junction PCs. The highest 

efficiency of 33.7% can be obtained at a bandgap of 1.34 eV.  
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Figure 2.11 Schematic diagram of the electron-hole pairs in silicon generated by sunlight56 

 

 

Figure 2.12 Schematic representation of (a) Donor doping, (b) acceptor doping of Silicon, (c) n-type and 
p-type silicon conjunction, (d) ‘built-in’ electric field established by diffusion and (e) movement of free 

electrons and holes because of the diffusion and the ‘built-in’ electric field52 

2.3.2 Fundamentals of the photovoltaic effect in ferroelectrics 

Photovoltaic effects in ferroelectrics were first reported in the 1950s63 and are now gaining increasing 

attention due to the generation of high photo-voltages far beyond the bandgap and a steady 

photocurrent64–66. In contrast to conventional solar cells, the separation of charges in photovoltaic-

ferroelectrics can be driven by the built-in potential65 provided by the spontaneous polarisation. 
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Consequently, the Shockley-Queisser limitations (η<33.7%) are not predicted to apply to the 

photovoltaic-ferroelectric energy harvesters (PV-FEEHers)67–71. The working principles of P-N junction 

based solar cells and PV-FEEHers are demonstrated in figure 2.1372. 

 

The photovoltaic effect involves two processes which are the generation and separation of the light 

induced electron-hole pairs. As reviewed previously, ferroelectric materials can exhibit, over a range 

of temperature, spontaneous electric polarisations that can be reoriented by an external electric field. 

Thus, ferroelectrics can generate permanent built-in electric fields which can induce polarisation of 

the dipole and further adjust the polarised electric field, i.e. the internal electric field generated by 

polarisation can promote carrier separation resulting in a photocurrent. A explanation of this process 

is presented in figure 2.1473,74. Ferroelectric materials are employed to generate photo-excited 

electron-hole pairs and provide the polarisation-induced internal electric field (Ed) to enhance the 

separation rate of the photo-excited electron-hole pairs. Then the top/bottom electrodes can form 

the two Schottky barriers, leading to the depletion of the ferroelectric layer via built-in fields (Ed), at 

the interfaces between the photovoltaic-ferroelectrics and the electrode. Hence, it is concluded that 

the high open-circuit voltage generated by photovoltaic-ferroelectrics is due to the built-in potential. 

However, there are big controversies on the origin of this built-in field, since it is affected by several 

factors75, such as the magnitude and direction of polarisation70,76–78, domain walls70,79 and 

depolarisation field80. Due to these multiple factors, it is difficult to understand the nature of the 

ferroelectric-photovoltaic effects. Therefore, in order to be able to further enhance the properties of 

multifunctional materials and the performance of the related devices, the mechanisms that drive the 

photovoltaic effect in ferroelectrics will be discussed below.  

 

 

Figure 2.13 The working principles of a) P-N junction solar cell, b) ferroelectric-photovoltaic solar cell72 
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Figure 2.14 Explanation the photovoltaic effect in ferroelectric materials. a) piezoelectric-
semiconductors without strain, b) piezoelectric semiconductors under force and c) separation of photo-

generated charge carriers enhanced by the built-in electric field73,74 

 

2.3.3 Mechanisms 

 Depolarisation field (Ed) 

A photocurrent with a direction antiparallel to the polarisation was observed by Chen81 and then it 

was hypothesised that the generation of the photocurrent was caused by an internal electric field 

opposite to the polarisation. This internal field was later identified as the depolarisation field 2282–84 

(figure 2.14). As it is commonly known, a charge distributed at two separate surfaces of the 

ferroelectric material will produce a depolarisation field (22 ) with the direction opposite to the 

polarisation due to the incomplete screening of the ferroelectric polarisation charges65,82. For bulk 

ferroelectric materials, the effect of 22  can be ignored because the distances of the two charged 

surfaces of ferroelectrics are too large. For ferroelectric thin films, however, the effect of 22  cannot 

be ignored because the thickness of the thin film is usually below a few hundred nanometers65. The 

existence of 22  results in unstable polarisation and even the disappearance of ferroelectricity in 

ultrathin films85–87. Thus, ferroelectric polarisation in thin films can become stable only when the 

polarisation charges are screened by the charge carriers from the ferroelectrics themselves or from 

the electrodes. Moreover, the polarisation charges are normally partially compensated65. The residual 

22  can thus act as a driving force to separate and transport photo-excited charge carriers. Because 22  

exists over the whole thickness of the film, the photocurrent driven by 22  is uniformly distributed 
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within this region65. The 22  driven-photovoltaic model is the most straightforward way to explain the 

switchable photovoltaic response by manipulation of the ferroelectric polarisation78,80. 

 

Bulk photovoltaic effect  

The bulk photovoltaic effect (BPVE), also called the photogalvanic effect or non-linear photonics, was 

driven by the non-centrosymmetric structure and proposed by Glass et al66. From a microscopic level, 

BPVE can be understood by using the ‘’ballistic’’ and ‘‘shift current’’ models71,75,88, a schematic diagram 

of which is represented in figure 2.1573,89.  

 

Due to the asymmetric structure, the electrostatic potential is also asymmetric. Hence, there exists 

anisotropy in the potential at an absorbing centre owing to the crystal polarisation66. Under the 

appropriate illumination, the thermalised carriers located at the valence band are excited by 

illumination to the conduction band, i.e. thermalised carriers are jumped from the state E0 to an energy 

E (figure 2.15 a) 73,89. If E is smaller than V1 (potential energy), the excited electrons cannot across the 

energy barriers and remain trapped in the potential well73,89. If E is larger than V2, the excited carriers 

can pass the V1 barriers. If V1<E<V2, the carriers are partially scattered by the potential barriers and a 

net flow of carriers is established73,89. Also, in a non-centrosymmetric structure, the momentum of the 

carriers is asymmetric. From figure 2.15 b), the momentum is symmetric in a centrosymmetric 

structure. Therefore, no net flow of current can be built up. However, in an asymmetric structure, the 

momentum of the carriers in the conduction band is unevenly distributed. In order to equilibrate the 

asymmetric momentum, the carrier loses its energy and settles at the bottom of the CB by suffering a 

inter-band transition or a shift by distance l0, hence generating an additional photocurrent leading to 

BPVE88,90. From the above discussion it can be concluded that  the ‘ballistic model’ is built from the 

movement of charge carriers in the band73,89. The ‘shift current model’, however, is of a quantum-

mechanical nature89. It is obtained by considering the asymmetry of electron density89. The BPVE in 

the ‘’shift’’ model is caused by the virtual shift of carriers in the real space followed by the inter-band 

transition. After excitation, the behaviour of the carriers is dominated by coherent excitation, allowing 

the net current flow from the potential asymmetry75,91–93. This model is verified by the studies on 

BaTiO3, PbTiO3 ferroelectric91,94 and BiFeO3 multiferroic (the materials can also exhibit ferromagnetism 

properties)94.  
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Figure 2.15 a) Asymmetric potential well at a carrier generation centre in non-centrosymmetric 
structures; b) photoelectrons in centrosymmetric crystals with isotropic non-equilibrium momentum 
distribution and c) photoelectrons in non-centrosymmetric crystals with anisotropic non-equilibrium 

momentum distribution, respectively73,89 

 

Domain wall 

Yang et al70. observed an interesting phenomenon (illustrated in figure 2.1670), a large photo-voltage 

(up to 16 V) can be obtained in the BiFeO3 (BFO) with in-plane electrodes positioned parallel to the 

domain walls. However, no photovoltaic effect could be found in the BFO with in-plane electrodes 

positioned perpendicular to the domain walls. Therefore, the authors65,70 proposed the domain wall 

theory to study the nature of the photovoltaic effect in ferroelectrics, i.e. the separation of photo-

induced charges is driven by the electrostatic potential steps at the nanoscale domain walls (figure 

2.17 a))65,70.  

 

Previous studies have calculated the existence of built-in potential steps at domain walls, generated 

from the component of polarisation perpendicular to the domain wall. The potential step offsets the 

conduction and valence bands and then leads to a zigzag band shape (figure 2.15 b)). Under 

illumination, charge carriers excited in the domain walls are more effectively separated by the built-

in potential and easily drift to the other side of the domain wall. The photo-induced carriers within 

the domains, however, are highly localised, tightly bound and tend to recombine quickly65,70. Hence, 

in the area near the domain wall, a net imbalance of charge carriers and tilted band-structure are 

created (figure 2.15 c), d))65,70. Overall photo-voltage, the cumulative effect of potential steps across 

each domain wall, is then generated. Although the domain wall theory can answer many questions, 

such as the linear increase of the output photo-voltage with the electrode spacing40, there are some 

experimental phenomena that still cannot be explained. For example, why can a BFO single-domain-
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structured thin film still show above-bandgap photovoltage?95.  Alexe et al.96,97 demonstrated that the 

generation of non-equilibrium photo-excited charge carriers were uniform and were not significantly 

different between the domain and the domain walls. Alexe et al.98 have also proposed that the origin 

of the analogous FPOs is BPVE rather than the domain wall effect. The domain walls only play the role 

of providing a higher density of non-equilibrium photo-excited charge carriers due to the higher 

photoconductivity of the domain walls65.  

 

 

Figure 2.16 Schematic diagram of orientation of electrodes a) parallel and b) perpendicular to the 
domain walls. Corresponding I-V curves of devices with c) parallel and d) perpendicular electrode 

configurationns70 

 

 

Figure 2.17 a) Schematic diagram of four domains (71° domain walls), b) band-transition presenting the 
valence band (VB) and conduction band (CB) across these domains and domain walls in the dark, c) 

evolution of band structure under illumination, d) detailed picture of the build-up photo excited 
charges at a domain wall70 
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Schottky-junction effect 

A Schottky-barrier is another factor that may cause the photovoltaic effect in ferroelectric materials. 

Schottky-barriers, an interfacial energy barrier, are constructed at the interface between ferroelectric 

material and metal electrode owing to the differences in the work function, leading to the generation 

of a local electric field (Ebi, expressed in equation 2-7) at the depletion region near the interface of the 

ferroelectrics and electrodes. Ebi drives the separation of photo-excited electron-hole pairs, thus, the 

barrier height determines the output photo-voltage. Considering the thickness of the Schottky contact 

depletion layer (the thickness of the electrodes) is very small (<200 nm), the influence of Ebi is less 

significant than Ed. in bulk ferroelectrics. However, if the PV-FE layer is thin film, the higher the internal 

net potential Ebi is, the wider the depletion layer is, which would degrade the output of the solar cell65.   

∆O(234) = O,5,1/(62, − O-,((6,5,1/(417 2-7 

Where ∆O(234) is the local electric field induced by a Schottky-barrier. O,5,1/(62, and O-,((6,5,1/(417 

are the work function of electrodes and ferroelectrics, respectively. 

 

The total internal electric field (2/6/85) in photovoltaic-ferroelectrics is the difference between the 

depolarisation field induced by ferroelectric polarisation and the local electric field driven by the 

Schottky barriers (equation 2-8). The barrier height at the metal and ITO sides can be expressed by 

equations 2-9 and 2-10, respectively. Hence, it is easy to understand that the metal with lower work 

function can construct smaller barrier height. When illuminated by the photon energy higher than ∆O, 

metal electrons could be emitted from the electrode surface and oriented by the Ed to participate in 

the separation process of photo-induced charge pairs. The effect of the Schottky-junction can be 

graphically represented as shown in figure 2.1899. Before poling, there is no internal built-in field in 

the ferroelectrics, hence, no band tilting occurs (figure 2.18 a). After negative poling (figure 2.18 b), a 

depolarisation field (Ed) is built in, the total internal field can be expressed in equation 2-11. In this 

case, the metal electrodes with higher work function can create higher internal field. However, after 

positive poling (figure 2.18 c), an internal field with reversed direction is built in, the total internal field 

can be written as equation 2-12. In this case, the lower the work function of metal electrodes is, the 

higher the internal field is.  

2/6/85 = 22 − ∆234  2-8 

234" = O0,/85 − O-,((6,5,1/(417 2-9 

234# = O9*' − O-,((6,5,1/(417 2-10 

2/6/85 = 22 + 234" − 234# 2-11 
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2/6/85 = 22 − 234" + 234# 2-12 

where 22  is the depolarisation field of ferroelectrics, ∆234  is the local electric field;  234", 234# and 

2/6/85  are the local electric field in metal side, ITO side and the total internal electric field, respectively; 

O,5,1/(62, , O9*' and O-,((6,5,1/(417  are the work function of metal electrode, ITO electrode and 

ferroelectrics, respectively. 

 

 

Figure 2.18 The energy band structure of metal/PLZT/ITO structure, where E0 represents the vacuum 
energy band, Ec represents the conduction band, Ev represents the valance band, Ef represents the 
Fermi level, Ed is the depolarisation field: (a) Before poling, (b) after negative poling and (c) after 

positive poling (the e-h pairs photo-generated in PLZT are not showed in figure)99 

 

Although PFs can provide such promising features as stable photocurrent, high voltage, etc61., there 

are still some drawbacks that need to be overcome. Ferroelectrics, as such KNN, PZT or BFO, usually 

have a relatively high bandgap (>3 eV) because the electrons need to travel from the valence band 

edge dominated by oxygen 2p orbitals to the d orbitals of transition metals, such as Nb, Ti or Fe14. The 

wide bandgap limits the conversion efficiency resulted from low absorption in the solar spectrum and 

leads to poor charge transport properties because of the short-carrier diffusion lengths and 

lifetimes65,72,75. Several attempts have been made to narrow the bandgap via chemical replacement 
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and/or generating cation ordering. The detailed doping strategy used in this work will be introduced 

in section 2.4.1.2. 

2.4 KNN-based ceramics 

2.4.1 KNN-based piezoelectric materials 

2.4.1.1 Crystal structure and phase diagram of pure (K1-xNax)NbO3  

Potassium sodium niobate (KNN, K1-xNaxNbO3) ceramics are pseudo-binary solid solutions formed by 

ferroelectric KNbO3 and anti-ferroelectric NaNbO3 (the properties are shown in Table 2-1)100 and the 

studies of it for piezoelectric materials, can be traced back to as early as the 1950s101. Amongst the 

lead-free piezoelectric ceramics available, KNN is one of the most promising alternatives to replace 

lead-based piezoelectric materials owing to its excellent functional properties, such as a high TC 

(~415°C), low relative permittivity and acceptable piezoelectric charge coefficient (e.g. d33~160 pC N-

1, ɛr~586)18,32,102,103. 

 

Table 2.1 Some properties of KN and NN100,104–107 

Property KN (KNbO3) NN (NaNbO3) 

εr 430 160 

Q (g/cm3) 4.15~4.20 4.38~4.40 

d33 (pc/N) 91.7 63 

kp 0.19 0.24 

Pr (μC/cm2) 18 10.7 

 

From the phase diagram of KNN presented in figure 2.1933, it can be seen that, regardless of the doping 

amount of NaNbO3 (NN), (K1-xNax)NbO3 can form perovskite-structure solid solutions but with different 

symmetries17. Pure KNbO3 (KN) forms rhombohedral phase at < -10°C, an orthorhombic phase at room 

temperature, a tetragonal phase between 225°C to 435°C as well as a cubic phase at > 435°C108. The 

phase transitions of pure NN are far more complicated than KN due to the tilting nature of oxygen 

octahedral in NN and the relatively non-ideal perovskite structure resulting from a smaller ion radii 

(Na+) which cannot fill the 12-coordinated cavity17. Generally, NaNbO3 possesses orthorhombic and 

antiferroelectric structures at room temperature109. The phase transition order of NaNbO3 and KNbO3 

is presented in figure 2.20. From figure 2.19, with increasing temperature, (K1-xNax)NbO3 (x=0.5) 

materials experience the following phase transitions: a rhombohedral phase at around -123°C, an 
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orthorhombic phase at room temperature, a tetragonal phase at approximately 200°C and a cubic 

phase at ~410°C110. 

 

KNN piezoelectric material exhibits a complex perovskite structure since the A-site of perovskites is 

took up by more than one type of ion (K+ and Na+)17. Figure 2.2117 illustrates the KNN structure at room 

temperature. From figure 2.21, at room temperature KNN would be expected to have an 

orthorhombic structure with Amm2/Bmm2 space-group. However, the relationship of KNN lattice 

parameters is , = 9 > S, and S is perpendicular to the ,, 9 plane as well as the inter-axial angle T is 

larger than 90o, meaning KNN lattice presents monoclinic symmetry at room temperature (shown in 

figure 2.21 b and c)17,111. Figure 2.18 d)17 illustrates the four adjacent monoclinic KNN primary cells. 

Due to the length equality of , and 9, the diagonals form a rectangle in the ,9 plane, which could be 

viewed as the projection of the KNN unit cell along the S axis. Therefore, it can be understood that 

the KNN unit cell exhibits orthorhombic-symmetry but its primary cell is monoclinic at room 

temperature112,113. 

 

 

Figure 2.19 Phase diagram of the KNbO3-NaNbO3 system114. Note the uneven scale of the composition 
axis 
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Figure 2.20 Phase transition order of NaNbO3 and KNbO3 

 

 

Figure 2.21 Lattice structure of (K0.5Na0.5)NbO3 at room temperature in a), b), c) and d) Schematic 
diagram of four adjacent KNN primary cells. The balls with red, green and blue colours are A-sites, B-

sites, and oxygen atoms, respectively17,113 

 

Generally, PZT ceramics shows outstanding functional properties at the MPB (as reviewed in chapter 

2)111. However, the property boosting mechanism of KNN-based system is more complex and involves 

both PPT (polymorphism phase transition, representing the transition of tetragonal – orthorhombic 

phases TO-T) and MPB111. For the PPT mechanism, the phase transition temperature point can be 

decreased to room temperature from ~200°C by chemical doping111,115,116. The shifting of TO-T can 

enhance the piezoelectric properties of KNN. For KNN-based piezoelectric ceramics, PPT can be 

characterised via XRD by the splitting of the (222) peaks and intensity changes in the (002)/(200) and 

(004)/(400) peaks111,116. For the MPB mechanism, it is interesting to note that only a small amount of 

K (2%) doping is able to change the structure from that of NN to KN17,117. The octahedral tilting, 

however, remains until the K/Na ratio is ~1:1, at which the best functional properties can be achieved 

for KNN ceramics. It is clearly observed from figure 2.19 that KNN exists in two different orthorhombic 
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phases (FO1 and FO2) around (K0.5Na0.5)NbO3 at room temperature, forming a MPB, thus the x=0.5 

composition can exhibit outstanding functional properties111.  

 

2.4.1.2 Properties and doping of KNN-based materials 

KNN piezoelectric ceramics exhibit moderate piezoelectric constant d33 (~80 pC N-1)101. Compared with 

PZT ceramics, this value is much lower. However, chemical modification and grain alignment can 

significantly enhance the properties of KNN-based materials. For example, LiTaO3 and LiSbO3 co-doped 

KNN ceramics with textured structure were prepared by Saito et al.118 in 2004, and reported d33 values 

up to 416 pC N-1, and for un-textured KNN prepared by Wu et al.119 d33 values of 306 pC N-1 were 

reached. In general, the piezoelectric properties of ferroelectric ceramics are dominated by the 

combination of the intrinsic and extrinsic contributions119. For intrinsic contributions, there is a linear 

relationship between the lattice displacement and the piezoelectric effect. The extrinsic contributions, 

however, mainly depend on the movement of the domain walls119. The linear function is proportional 

to the values of spontaneous polarisation, in other word, the piezoelectric ceramics with higher Ps can 

possess higher piezoelectric coefficient. Normally, the range of spontaneous polarisation of KNN is 

15~25 μC cm-2 which is comparable to those of PZT material. Thus, the reason why the properties 

between KNN and PZT differ so much may result from the differences in extrinsic contributions, which 

means that preferable domain wall movement along the MPB/PPT can significantly enhance the 

properties120. The control of MPB or PPT is usually linked to the compositional modification, i.e. 

doping33.  

 

The effect of doping can be simply classified as donor doping, acceptor doping and isovalent doping 

of A and /or B site ions44. For the donor doped KNN, K+, Na+ in KNN are replaced by Mn2+, Ba2+, Bi3+, 

Cu2+, Zn2+ or some rare earth metal ions (La3+, Eu3+, etc.) , and the cation vacancies will be generated 

to keep neutrality121, the donor dopants and cation vacancies are formed as dipolar pairs, resulting in 

more active domain. This tends to enhance the permittivity and dielectric loss121,122. Also, since the 

mobility of the domains becomes more active, a larger piezoelectric effect (larger coupling coefficient 

and piezoelectric coefficient) and ferroelectric properties are observed (higher remanent polarisation 

Pr and smaller coercive field Ec)123. Donor doping amounts usually controlled within 5 at. %33. For the 

acceptor doped KNN, Nb5+ ions are substituted by Ni2+, Fe3+, Co3+, Cr3+, Ti4+, etc44., and oxygen vacancies 

are created for charge compensation. The oxygen vacancies tend to combine with acceptor dopants 

to form the defect dipoles and the absence of oxygen causes the lattice shrinkage and distortion of 

KNN unit cells44. Differently from the donor doping, the oxygen-vacancy defect dipoles have the 
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capability to generate a field to stabilise the domain structures of KNN ceramics (domain walls pinning 

effect), leading to the difficulties of domain reorientation during the poling process44. Therefore, a 

reduced permittivity, piezoelectric effect (lower coupling coefficients and piezoelectric coefficient) 

and ferroelectric properties (lower Pr and higher Ec) are obtained124. In addition, the existence of 

oxygen vacancies results in a high leakage current and dielectric loss123. Finally, for the iso-valent 

doped KNN, Li+, Ag+ ions and/or Ta5+, Sb5+ ions are able to replace Na+/K+ in A-site and/or Nb5+ in B-

site, respectively44. This substitution tends to merge rhombohedral phase and tetragonal phase to 

create morphotropic phase boundary at room temperature by increasing transition temperature of 

rhombohedral – orthorhombic phase transition (TR-O) and decreasing the transition temperature of 

orthorhombic – tetragonal phase (TO-T) transition125. Therefore, an enhanced permittivity, coupling 

coefficient, piezoelectric coefficient, mechanical quality effect (Qm) at room temperature but lower 

Curie temperature (TC) can be obtained126. The proper amount of iso-valent doping is up to 10 at. %33.  

The functional property of pure KNN as well as doped-KNN ceramics are summarised in Table 2-2.  

 

Table 2.2 Piezoelectric and dielectric properties of KNN-based ceramics (Ac: acceptor doping; D: 
donor doping; I: isovalent doping and -: unavailable) 

Materials Doping 
strategy 

d33 
(pC/N) kp !! "#$% Qm &"(°∁) &#$%(°∁) c/a 

KNN17,101 - 80 0.36 290 0.04 130 415 - - 

KNN-Zr127 Ac to B-site 134 0.35 402 0.04 - 370 190 - 

KNN-Ni124 Ac to B-site 87 0.32 - 0.11 249 - - - 

KNN-Mn124 Ac to B-site 39 0.17 - 0.02 317    

KNN-Er128 D to A-site 133 0.44 - 0.03 - - - - 

KNN-La122 D to B-site 118 0.34 693 0.07  370 170 - 

KNN-Li129 I to A-site 235 0.44 534 0.04 - 465 75 1.021 

KNN-Sb130 I to B-site 204 0.47 850 0.02 150 300 130 1.006 

KNN-Li, Ta, Sb118 I to A/B-site 416 0.61 1570 - - 253 - 1.013 

KNN-AgNbO3131 I to A/B-site 186 0.42 495 - - 355 165 - 

KNNLT-AgSbO3132 I to A/B-site 265 - 1000 - - 235 40 1.009 

 

It can be seen from the table 2-2 that most of the dopants except lithium (KNN-Li) present lower Curie 

temperature133. Although the piezoelectric properties of KNN can be effectively raised by chemical 

substitution through shifting the TO-T to room temperature to produce a co-existence of two phases, 

KNN-based materials may suffer from problems of temperature instability115,134–140, i.e. the enhanced 

functional properties can only exist within a narrow temperature range115,140, some discontinuity in 
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piezoelectric properties141, or lower Tc and poor thermal fatigue properties will result139. Thus, a 

suitable dopant and doping amount need to be considered.  

 

To improve the practicality of KNN for hybrid energy harvesters (HEHers), the photovoltaic properties 

also need to be considered. As reviewed previously, the general photovoltaic process is that the KNN-

based material absorbs the light and generates photo-induced carriers which can then be separated 

by the built-in potential to generate the photocurrent. Due to quite large differences in 

electronegativity between O and Nb, KNN ceramics possess a wide bandgap (>3 eV), resulting in a 

relatively poor ability of light absorption. Thus, the main strategy for improving the photovoltaic 

properties of ferroelectric oxides has been to narrow the bandgap while maintaining or even 

enhancing the polarisation. 

 

Bennett et al.15 have used first-principle calculations to predict that the doping of oxygen vacancy 

stabilized d8 M2+ in PbTiO3 may help to lower the bandgap to below 2.0 eV. However, as mentioned 

previously, the acceptor doping will degrade the piezoelectric properties, such as polarisations and 

temperature stability, etc. The other route is to introduce dn MO6-x (x being 1 or 2, i.e.  FeO5 or FeO4) 

networks into ferroelectrics to reduce oxygen coordination and hence reduce the bandgap142. 

KBiFe2O5 with 1.59 eV bandgap (the bandgap of BFO is 2.6 eV) was proposed by Zhang et al.142, but 

the spontaneous polarisations of KBiF2O5 dropped dramatically, from 30 UC cm-2 to 3.3 UC cm-2 due to 

the unstable perovskite structure142,143. Therefore, the bandgap reduction of ferroelectric oxides 

without sacrifice the ferroelectric properties is an instructional concept to enhance the practicality of 

the hybrid energy harvester144, but perhaps more difficult to achieve in practice. 

  

Thus the strategy involves a combination of B-site doping by one transition-metal cation for 

introducing M2+-oxygen vacancies in the oxygen octahedra and A-site doping to  maintain the stability 

of the perovskite structure14,18. LaCoO3 doped Bi4Ti3O12 films have confirmed that this strategy can 

tune the bandgap without affecting ferroelectricity145. Also, the bandgap of doped-Bi2FeCrO6 can be 

altered to 1.4 eV via adjusting the ordering of Fe/Cr cation and the ordered domain size144. Following 

this method, Grinberg14 and his co-works use BaNi0.5Nb0.5O3-δ (BNNO) to dope KNbO3 (KN) to tune the 

bandgap of KN from around 1.3 eV to 2.0 eV and maintain its polarisation. The Ba ions are doped onto 

the A-site to maintain the stability of the perovskite structure and the Ni ions are added onto the B-

site to form the Ni-O vacancy-pairs which can lower the bandgap of the parent KN ceramic due to the 

higher electronic states14. Moreover, Ba2+, which carry a higher charge than K+, enable to compensate 

the oxygen vacancies to reduce the impact of oxygen vacancies upon the functional properties. 
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Compared with KN, (K0.5Na0.5)NbO3(5KNN) possesses better piezoelectric properties and similar 

structure. Hence, it is possible to use BNNO to reduce the bandgap of 5KNN and to maintain or even 

enhance the polarisation14,18.  

 

2.4.2 Fabrication of KNN-based ceramics 

The fabrication of KNN-based ceramics is similar to other ceramics, including the synthesis of the KNN-

based ceramic powder, the shaping of the KNN-based powder compacts and the sintering of the KNN-

based ceramics. To achieve the piezoelectric properties in KNN-based ceramics, the electroding and 

poling process are also required. 

 

2.4.2.1 KNN powder  

For the powder synthesis, the raw inorganic powders with high-purity (>99 %), such as metal oxides, 

alkaline earth-carbonate, etc.33, are mixed and milled to obtain the powder-mix with stoichiometric 

proportions, homogenous particle size and size distribution before calcination. The aim of calcination 

is to pre-form the desired ceramic phase, enhance the powder homogeneity as well as reduce volume 

shrinkage at high-temperature treatment step33. Therefore, the selection of the calcination 

temperature needs to satisfy the following requirements: driving the appropriate reactions to obtain 

the desired phase and to suppress chemical loss33,44. After calcination, the as-prepared powder needs 

to be milled again to break the agglomerate particles to reach the homogenous particle size and the 

required size distribution. For KNN ceramics, because of the low melting temperature of K2CO3 (891°C) 

and Na2CO3 (851°C), the evaporation of sodium and potassium during calcination can be observed133. 

It can be found that the perovskite phase can be obtained at around 600°C, however, broad X-ray 

diffraction peaks without obvious orthorhombic splitting revealed the absence of compositional 

homogeneity133,146. Therefore, the calcination temperature of 5KNN needs to be carefully controlled. 

 

2.4.2.2 Shaping 

Before sintering, the as-prepared powders need to be shaped into a specific shape which is similar to 

the final product shape. Dry pressing is the most widely employed method to prepare bulk ceramics 

with a  simple shape as well as constant cross-sectional areas44,147. However, dry pressing may cause 

some issues, such as stress concentration or larger variation in density44,147,148. To solve these issues, 

hot pressing and /or isostatic pressing are used in the laboratory and industry44,147,148.  
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2.4.2.3 Sintering 

Sintering is the thermodynamic process where ceramic powder compacts after shaping are 

consolidated into dense and robust ceramics after high-temperature  heat treatment at the 

temperature below the melting point of the materials149,150. The main driving force of sintering is 

known as the reduction of the surface free energy of an assembly of particles, and this surface free 

energy can be enhanced by reducing the particle size150. The quality of sintering will significantly affect 

the properties and qualities of the ceramics because the sintering process determines the density and 

grain size of as-prepared ceramics. Sintering is an interplay between compact densification and grain 

growth. It can be divided into three overlapping stages150. At the first stage, the particles start to 

connect via sintering necks to produce a porous network of interconnected particles. At this stage, the 

surface roughness of particles decreases and a 60%-70% of relative density can be obtained. The 

second stage can be characterised by rapid shrinkage resulting from the raised densification rate with 

a relative density. In the final stage, the densification rate decreases dramatically and grain growth 

occurs150.  

 

Although ceramics with high density and small, uniform grain size (nm) tend to have excellent 

mechanical properties, piezoelectric ceramics are commonly engineered to exhibit relatively larger 

grains (μm) since the higher piezoelectric properties can be observed with grain sizes above a critical 

grain size151,152. For example, the piezoelectric properties of BTO piezoelectric ceramics are increased 

with an increased grain size up to approximately 1 μm153. Consequently, a suitable sintering 

temperature and time are very important for fabricating ceramics with a high density and an 

appropriate grain size.  

 

Owing to the low melting temperature of KNN and the evaporation of alkaline components, the 

sintering of KNN-based ceramics is very complex150. The initial stage involves the fusing of the 

characteristically faceted powder particles of KNN to form stacks of plate-type particles154. This is 

achieved through inter-particle neck growth via the mechanisms of diffusion, vapour transport or 

viscous flow. At the intermediate stage, high temperatures lead to the evaporation of Na (as well as 

some K) at the grain boundary and the creation of a K-rich liquid phase that bridges residual pores 

present at grain boundary junctions155. This liquid phase provides a transport path for the 

rearrangement of particles resulting in a reduced surface area and improved packing156. The final stage 

is dominated by liquid phase-induced rapid and abnormal grain growth via diffusion-controlled 

coarsening mechanisms154,157. Here, limited densification occurs.  
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There are many reasons causing abnormal grain growth of KNN ceramics. Firstly, KNN powder particles 

possess faceted features in which oriented grain boundaries move faster than disoriented ones, 

leading to discontinuities in terms of particle orientation. As a result, some particles will be well-

oriented and have a grain boundary of high mobility, whilst others will be disoriented and have a grain 

boundary of low mobility. Secondly, the grain boundary energies of pure KNN are intrinsically 

anisotropic, leading to local differences in the mobility of the grain boundary during sintering150,158. 

Lastly, in an oxidising environment, the evaporation of Na will lead to K and Nb segregation, generating 

sites that are K-rich and Nb-rich at the grain boundaries. At the K-rich sites, a K-rich liquid-solid phase 

mixture forms preferentially, which, as described above, reduces the energy for grain boundary 

migration, causing the grains to expand rapidly159–161. Meanwhile, Nb-rich grain boundaries remain in 

a state of solid-phase sintering and, thus, continue to grow at a normal rate. Differences in the 

migration rate of the grain boundaries leads to abnormal grain growth162 and contribute significantly 

to the wide grain size distributions. It is important to note that the higher vapour pressure of K (8 ´ 

10-3 pa) means that, as a whole, it evaporates more than Na (3 ´ 10-3 pa) during sintering130,163–167. 

However, K-rich sites have been shown to form in local areas168, especially grain boundaries. From the 

KNN phase diagram, Na2O evaporation will cause a compositional shift to the K-rich side to form a Na-

deficient liquid phase during sintering and a K-rich secondary phase (K2Nb4O11) during cooling154,155. 

 

One simple and cheaper route to increase the density whilst suppressing grain growth of KNN-based 

materials is two-step sintering (TSS)169. This is achieved by first densifying the ceramic to an 

intermediate density at a high initial temperature, T1, over a short period of time. The ceramic is then 

cooled rapidly to a lower temperature, T2, typically 50 – 100°C below T1 and densified over a much 

longer period of time. The TSS method exploits the higher activation energy of grain boundary 

migration at triple-points, which form during the first stage of sintering and are immobilised by the 

rapid cooling of the ceramic. Subsequent densification to final density occurs by grain boundary 

diffusion169. For the sintering of KNN specifically, the use of a lower dwelling temperature at high 

temperature in TSS has the added benefit of reducing the evaporation of Na and K, enabling better 

stoichiometric control, the retention of a higher liquid content during sintering and improved 

piezoelectric performance150,154,155. The detailed sintering work will be discussed in chapters 5 and 6.  
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2.4.2.4 Electroding and poling 

It is well known that the piezoelectric ceramic is an insulator. Thus, in order to exploit the electrical 

properties, a thin layer of conductive material needs to be coated into their surfaces perpendicular to 

the intended polarisation direction33. Generally, any metal could be utilised as an electrode, such as 

silver, gold, Nickel, copper or platinum, etc., of which silver and gold electrodes are more widely 

adopted in the laboratory and industry, respectively33. Nickel is commonly used in multi-layer devices 

as inner electrodes170.  

 

The poling process means that the materials are placed in an electric field, which can force or align 

the orientation of the domains over a period of time under the particular poling temperature (which 

is below TC). The strength of the poling process relies on various factors, including the poling 

temperature, the poling field and the poling time171–174. For KNN-based materials, the preferred poling 

conditions are still debated. Normally, it is considered that poling at high temperatures (close to PPT) 

is more favourable for KNN-based ceramics due to the decreased coercive field and enhanced domain 

switching175. However, KNN-based ceramics are well known for their tricky densification process and 

the evaporation of K/Na; a high poling temperature also causes the movement of vacancies, leading 

to sudden increases in conductivity175. It is reported that 120-140°C is the best poling temperature 

range for KNN-based ceramics172. As for the poling electric field, higher piezoelectric property values 

can be obtained in higher electric fields172. However, a saturated piezoelectric property can also be 

reached under a higher applied electric field (~3 – 4.5 kV/mm)172, which may be related to the domain 

vibration, domain-wall movement, domain switching, electric field-induced phase transition, etc176. 

The preferred poling time is the shortest period that allows nearly all domains to finish switching. 

Compared with PZT, KNN-based ceramics tend to reach a saturated degree in a shorter time175, which 

may be due to the lower c/a ratio KNN has (c/a=1.005 for KNN177 and c/a=1.025 for PZT178 ). The lower 

c/a ratio indicates the smaller distortion, the potential barrier is then smaller as well as  the switching 

of non-180o domain is much easier than in PZT175. The three factors discussed above are all important 

for the success of the poling process. Thus, the appropriate poling of KNN-based materials needs to 

be carefully controlled.  

 

2.5 Summary 

This chapter has comprehensively reviewed the background of piezoelectric-photovoltaic materials, 

from the fundamentals and mechanism of work principles and the corresponding fabrication 
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processes. KNN-based ceramics are usually sintered at the high sintering temperature, leading to the 

evaporation of Na2O and K2O during the sintering process, and then the low density, abnormal grain 

growth and degrading functional properties were obtained. Hence, it is important to develop a simple 

and commercial fabrication way. Moreover, the multifunctional material is a new idea and there are 

many aspects that need to be explored and researched. Despite the enormous studies on KNN 

materials, still more problem is needed to be addressed. For example, how to lower the bandgap 

whilst at the same time enhancing the piezoelectric properties? How to improve the piezoelectric 

properties whilst at the same time maintaining the temperature stability? The specific review of 

energy harvesting technology and the structure of hybrid energy harvesters using multifunctional 

materials will be given in next chapter.  
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Chapter 3. Energy harvesters 

3.1 General introduction for energy harvesting technology 

Non-renewable resources or finite resources, such as fossil fuels (coal, petroleum, natural gas), metal 

ores and ground water, are natural resources that cannot be readily replaced by natural. With the 

rapidly developing economy and growing global population, non-renewable resources cannot satisfy 

the requirements of worldwide energy. Figure 3.1 shows global energy consumption from 1800 to 

2018179. According to this figure, as modern science and technology improve, the need for resources 

increases. Natural gas, crude oil and coal have become the most important resources used both as 

raw materials and for electricity generation used for residential and industrial purposes since the mid-

19th century.  

 

Today, with the development of modern technology, electricity has become one of the main sources 

of energy for many systems (illumination, computing, heating, etc.) used worldwide. Computers, 

phones and other equipment could not be used without it. Conventionally, electricity is generated by 

steam driven electro-mechanical generators via the combustion of fossil fuels180. These contain carbon, 

sulphur and other chemical elements, thus this combustion produces harmful by-products (carbon 

dioxide, sulphur dioxide and nitrogen oxide, etc.,)181. The emission of these harmful gases causes air 

pollution, global warming and other serious environmental problems182. It is unrealistic and also 

impossible to stop developing the economy or reduce human living conditions in order to decrease 

harmful gas emissions, hence, the use of renewable, clean energy sources, such as solar energy, kinetic 

energy and bio-energy need to be widely exploited to address concerns about shortages of non-

renewable resources and the environmental problems they cause.  

 

One particular rapidly emerging application in our daily life is wireless sensor networks183 (WSNs, see 

figure 3.2184). WSNs comprise a set of sensors, which is spatially dispersed and dedicated, for the use 

of monitoring and recording the physical conditions of the environment as well as organising the 

collected data at the control centre and have been widely used in many areas. These include military 

battlefield surveillance185–187, industrial process monitoring and control, machine health 

monitoring188–193, public safety including hill-creep monitoring194, searching and salvaging195, fire 

monitoring196,197, structural monitoring of bridges and buildings198,199 and aerospace damage 

detection200,201. Most WSNs are powered either by batteries or via the mains electricity system. These 

two modes of power supply limit the practicability and usability of WSNs. The application range of 
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wire-powered WSNs tend to be restricted to indoor locations or places with a mains (hard wired) 

electricity supply. WSNs powder by batteries are also affected by severe energy limitations due to the 

short life span of the batteries which is likely to be only a few months or years202. In order to address 

this problem, the regular manual maintenance work, including recharging or replacement of the 

battery, is unavoidable. In most cases, WSNs are installed in remote, dangerous places and may consist 

of hundreds or even thousands of sensor nodes. For example, some WSNs are used to control chemical 

processes in hazardous environments, therefore the maintenance of these will increase the risk to 

workers’ personal safety and manual maintenance costs. If energy harvesting technology can be 

successfully developed and widely deployed, people’s lives could become simpler, safer, more 

efficient and environmentally friendly.  

 

 

Figure 3.1 Global primary energy consumption, measured in terawatt-hours (TWh) per year179 

 

Energy harvesting (EH) technology has received increased interests due to its potential impact on 

electric power systems via the harvesting of renewable resources such as wind, tide, vibration, heat 

and solar energy203. In fact, energy harvesting is not a new concept, it has been in operation for 

millennia. Since at least the first century BC204, water wheels have been used to harvest energy from 

the currents of streams to power mills. Also, machines powered by the wind have been known from 

the first century AD205.  

 

Today the same natural resources are being harvested but by using modern technology. In modern 

society, energy harvesting, also named as energy scavenging, is the process by which energy is 
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captured from a variety of ambient energy sources such as heat, light, fluid, wave, sound and 

kinetic/motion energy and converted into usable low-energy electric power (from micro watt to milli 

watt) to charge wireless sensor networks202,206,207. The EHer (see figure 3.3208) is the technology 

required to collect, accumulate and convert the energy. The widespread use of energy harvesting 

technology can minimise the maintenance, the cost of operation and enable wireless and portable 

electronic devices to be completely self-sustaining and truly “smart”.  

 

 

Figure 3.2 Architecture of wireless sensor networks184 

 

 

Figure 3.3 Schematic diagram of (Pb, Zr)TiO3 cantilever-typed energy harvester system208 
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3.2 The source for energy harvesting and the structure of related energy harvester 

In the environment, there are many different sources of energy available for generating electricity, 

such as light, heat, wind, vibration/motion, temperature variations, electromagnetic and radiation 

sources209. Table 3-1 summarises the estimated power of the various different ambient energy sources 

from a recent study. As shown in the table, solar energy is considered as a significant energy source, 

the power density generated from solar energy is thousands of times greater than those generated 

from other energy sources. However, power density is extremely dependent on location. The power 

density produced from indoor sources is about 1000 times less than that produced by outdoor 

resources. As regards thermal energy, the power density is low due to the temperature gradient across 

the components being typically low and being difficult to maintain due to temperature diffusion. Apart 

from solar and thermal energy, vibration energy is a very important energy source. The power density 

generated from vibration is moderate, but it is highly dependent on its particular application, also, 

there are abundant sources of vibration, such as ocean waves, wind, human motion, machine 

vibration, water flow, road, bridge vibration, etc. The abundant sources make vibration available 

anytime and anywhere. EHers can be classified in accordance with their energy source, for example, 

vibration, radio frequency, solar and thermal energy harvesters. According to the working principle, 

they can also be classified as photovoltaic energy, Seebeck-type energy, electromagnetic energy, 

electrostatic energy and piezoelectric energy harvesters. The output of the photovoltaic energy and 

Seebeck-type energy harvesters is direct current (DC output), and the output of the others is 

alternating current (AC output). Figure 3.4210 explains the hierarchy of the main energy harvesting 

technologies.  

 

Figure 3.4 A classification of energy harvesters210 
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Table 3.1 the comparisons of the power density from various ambient energy sources 

Energy Source Performance Reference 

Acoustic Noise 0.003 UW/cm3 211 

Temperature variation (human) 60	UW/m2 212 

Temperature variation (industry) 10 mW/cm2 202 

Solar (outdoors) 100 mW/cm3 213 

Solar (indoors) 10-20 UW/cm3 214 

Vibration (human) 4 UW/cm3 215 

Vibration (machine) 800 W/cm3 215 

Vibration (piezoelectric) 200 UW/m3 216 

Airflow 360 UW/cm2 217 

Radio frequency (RF-GSM) 1 mW 218,219 

Radio Frequency (RF-WiFi) 16-54	UW 220,221 

Radio Frequency (RF-AM) 0.5-2.39	UW 222,223 

Wind 177	UW/m2 202 

 

3.2.1 Solar energy and photovoltaic energy harvesting 

Solar energy comprises energy in the form of heat and radiation from the sun224,225. Every year, the 

overall solar energy absorbed by the Earth, by its atmosphere, oceans and land is ~3.85 ×  106 

exajoules226 which is nearly twice as great as that obtained from the combination of the Earth’s non-

renewable resources227. Typically, a common PVEHer possesses a parallel-capacitor structure228, which 

consists of top electrode, photovoltaic materials and bottom electrode229. This design simplifies the 

fabrication of solar cells and reduces the cost. The schematic diagram of a ferroelectric oxide-based 

solar cell is shown in figure 3.5230. Because conventional solar cells are out of the scope of this thesis, 

only a simple discussion is presented here. 

 

 

Figure 3.5 The schematic diagram of ferroelectric oxide-based solar cell, reproduced from ref230 
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3.2.2 Kinetic energy and the piezoelectric energy harvester 

3.2.2.1 Kinetic energy 

In a broad sense, kinetic energy harvesters (KEHers) can convert mechanical motion energy, in the 

form of vibration, random displacements, fluid motion, stress and strain, into electrical energy203. 

Vibration energy harvesters, a subset of KEHers, are dedicated to the conversion of vibration energy 

into electricity203. The usable vibration energy that can be effectively harvested usually exists in 

building/construction vibration, human daily life, as such walking or machine operation13. Based on 

the energy transformation mechanism, the vibration energy harvesters can be divided into three types: 

electromagnetic energy (EMEHers)231, electrostatic energy (ESEHers)232 and piezoelectric energy 

harvesters (PEEHer)233. The power level of these three types of energy harvester is microscale power 

levels (<W).  

 

PEEHers are based on the piezoelectric effect13. The vibration of piezoelectric materials, such as 

Pb(Zr,Ti)O3
234, (K,Na)NbO3

235, BaTiO3
153, Poly(vinylidene fluoride)236, causes the separation of negative 

and positive charges across the devices. PEEHers provide higher voltage and power density levels than 

EMEHers207. However, the performance of PEEHers is highly impacted by the properties of the 

piezoelectric materials, in other words, to make a high-output PEEHer, piezoelectric materials with 

outstanding piezoelectric properties are needed.  

 

3.2.2.2 Coupling mode and cantilever structure of the piezoelectric energy harvester 

It is crucial to understand the coupling mode of the operation which has been reported to improve 

harvested power by selecting a proper structure237. Figure 3.6238 illustrates two common coupling 

modes of the operation (“31”mode and “33”mode). Similar to the review in chapter 2 concerning the 

direction of the piezoelectric crystal, the coupling mode is related to the poling method. The direction 

of the applied force/stress is in the same direction of charges accumulating along axis “3”,it is called 

“33-mode”(figure 3.6 a) , and if the force/stress is applied to the “1”-axis, which is perpendicular to 

the direction of charge generation(axis “3”), it is called the “31-mode” (figure 3.6 b)239. Another 

coupling mode is “15”mode, in this mode,  the applied force is along the shear direction (“5”-axis) and 

the voltage is generated along the“1”-direction.  
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Figure 3.6 a) “33” and b) “31” operation mode for the piezoelectric energy harvester238 

 

Amongst these three coupling modes, the “15” mode possesses a higher piezoelectric charge 

constant240, however, due to the complex fabrication of the electrodes caused by the different 

direction of poling and charge collection, the “15” coupling mode is not widely used241. Compared to 

the PEEHer in the“33” operation mode, the PEEHer with the “31” operation mode has a relatively 

simple electrode configuration which consists of top and bottom electrodes (TBEs), while the 

electrodes of “33” operation mode PEEHer are usually interdigital electrodes (IDEs), e.g. as designed 

by Hagood et al242. and Wilkie et al243. IDEs requires fine patterning of the electrodes, while the TBEs 

need only simple coating of larger areas. In addition, the “33” mode PEEHer needs a higher poling 

voltage because the distance between the electrodes in TBE is generally narrower than finger spacing 

of the IDE, which may cause device failure due to electric breakdown241. Apart from the advantage of 

simple electrode design, PEEHer with the“31” coupling mode produces a better performance when a 

low level force is applied244.  

 

The cantilever structure is one of the most widely used structures for PEEHer, due to its simplicity and 

the ease of producing relatively high average strains for a given force input245–247. PEEHer with a simple 

cantilever beam structure consists of a piezoelectric element, an elastic support layer and a tip mass, 

as shown in figure 3.7213. The piezoelectric element, poled in the thickness-direction, is attached to an 

elastic support to form a unimorph-cantilever which is fixed one side and free the other side. A proof 

mass is fixed on the free end to provide inertial force. When the fixed side of the cantilever vibrates 

at a certain frequency, the cantilever beam moves up and down due to the inertial force provided by 

the proof mass, causing the piezoelectric element to be in tension status when the cantilever bends 

downwards or in compression status when the beam bends upwards. The deformation of the 



 

  

 

42 

piezoelectric element generates an electric charge based on the piezoelectric effect. Thus, the PEEHer 

can continuously generate AC output voltage as long as the cantilever keeps vibrating.  

 

 

Figure 3.7 Schematic diagram of a basic piezoelectric cantilever configuration, S is strain, V is voltage, M 
is proof mass and the z is vertical displacement213 

 

As previously mentioned, the PEEHer has two commonly used coupling modes, the“31” mode and the 

“33” mode. Figure 3.8239 illustrates a schematic graph of the unimorph cantilever energy harvester in 

“31” mode (a) and “33” mode (b). The “33”-mode PEHer tends to generate a higher voltage output 

due to a higher piezoelectric coefficient and a longer distance between the electrodes, while the “31”-

mode PEHer has the advantage of producing a larger current output and has a simple electrode 

design248.  

 

 

Figure 3.8 a) “31-mode” and b) “33-mode” unimorph cantilever configuration239 
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3.2.3 Hybrid energy harvesting (HEHer) 

As reviewed above, there are various different energy harvesters, which depend on different working 

principles. Compared to the conventional method of generating electricity from fossil fuels, the novel 

EHers system is suffers from the disadvantage that it is designed for capturing and converting only 

one specific type of energy source. This can lead to an unstable output which can be adversely affected 

by the weather (solar, wind) as well as other factors249. In other words, solar-energy panels are 

specifically made for harvesting light and wind turbines are only for wind energy or airflow. If the sun 

is hidden by clouds, the temperature variation is very weak or a machine is turned off, the output of 

the individual-source energy harvester will decrease dramatically. In order to satisfy the power 

requirements of the wireless network system or other electronic devices, a hybrid energy harvester 

(HEHer, figure 3.9249), incorporating two or more conversion mechanisms in one system/materials, 

has been proposed. In addition, in the environment, many different kinds of energies coexist. For 

example, the sun can provide light and heat and machines can also provide vibration and heat at the 

same time. The combination of these energy sources enables the hybrid energy harvester to generate 

more continuously.  

 

 
Figure 3.9 A schematic description of a sustainable hybrid energy harvesting system via natural and 

artificial energies249 

 

There are two types of HEHer. The first type of HEHer integrates different conversion materials or 

configurations so that different energy sources are usable in a single energy harvester via a structure 

optimisation which not only compensates for the other’s disadvantages but also helps to increase 

overall efficiency13. For instance, Li et al.250 incorporated the piezoelectric-electromagnetic conversion 

mechanism (kinetic energy) into a single system which could be operated at higher frequencies (60 -
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120 Hz). Yoon et al.251 reported a mechanical and solar HEHer based on piezoelectric and photovoltaic 

principles. The 2D ZnO nanosheets were selected as the piezoelectric energy harvester and the poly(3-

hexylthipphene) (P3HT) and [6,6]-ohenyl-C61-butyric acid methyl ester (PC60BM) were used as the 

photovoltaic generator. Figure 3.10251 demonstrates the schematic diagram of this HEHer, where it 

was reported that the output of this HEHer increases by about 75% compared to a single-source EHer.  

 

The second type of HEHer uses multifunctional materials to achieve multisource energy harvesting13. 

Compared to the configuration optimisation of type HEHer, the HEHer fabricated with multifunctional 

materials enables the use of multiple energy sources and avoids complex structures. The requirements 

of multifunctional materials are:  

1) Different energy conversion mechanisms can co-exist;  

2) The conversion mechanism can be triggered simultaneously;  

3) The different conversion mechanisms should not counteract or cancel each other.  

Y. Bai et al.18 have demonstrated a new hybrid energy harvester which uses the coupling of the 

photovoltaic, piezoelectric and pyroelectric effects made using a single multifunctional material. Table 

3-2 summarises the representative examples of the hybrid energy harvester in terms of working 

principles, output voltage, output power and output power density.  

 

 

Figure 3.10 Piezoelectric-photovoltaic HEHers (PNG: piezoelectric nanogenerator; OSC: organic solar 
cell; PEN: polyethylene naphtalate; DC: direct current)251
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Table 3.2 Comparison of hybrid energy harvesters (‘-’  means unavailable in the literature) 

Conversion principle Output voltage Output power Output power density Ref 

Electromagnetic + Piezoelectric - 176	"W 790 "W cm-3 253 

Electromagnetic + Piezoelectric 0.71 V 10.7 mW - 254 

Electromagnetic + Piezoelectric 4 V 0.32 mW for PEEHer 
1.23 mW for EMEHer - 255 

Electromagnetic + Piezoelectric 3.6 V 40.62 "W - 256 

Electromagnetic + Piezoelectric - 2.16 mW - 257 

Electromagnetic + Piezoelectric 2 V 229.31 "W - 258 

Electromagnetic + Triboelectric 2.8 V 10.07 mW 344 W m-3 259 

Triboelectric + Photovoltaic 7 V 0.27	"W - 260 

Triboelectric + Piezoelectric 20 V - - 261 

Piezoelectric + Electrostatic - - 1.79 "W cm-2 for PEEHer 
1.59 nW cm-2 for ESEHer 

262 

Piezoelectric + Photovoltaic 0.8 V - - 263 

Piezoelectric + Photovoltaic - - 34.5	"W cm-2 264 

Photovoltaic + Thermoelectric - 621 "W - 265 

Triboelectric + Photovoltaic + Chemical 60 V - - 266 

Piezoelectric + Electromagnetic + Photovoltaic - 499.4 mW - 267 

Photovoltaic + Pyroelectric + Thermoelectric + Photothermal 2.75 - 17.3 mW cm-2 268 
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3.3 Coupling of PEEHer and PVEHer 

As introduced above, one form of the PVEHer possesses a similar structure to a PEEHer, with a 

piezoelectric element – ‘sandwich structure’. Thus, it is possible to integrate them to fabricate a hybrid 

energy harvester as long as the requirements of high mechanical energy input and high lighting 

intensity can be satisfied simultaneously. A cantilever-type structure may be a good choice. On the 

one hand, a cantilever-beam can provide high vibration energy and the fabrication is relatively easy. 

On the other hand, the top-surface can be used as a lighting area. Therefore, a cantilever-structure 

was selected as the structure of the HEHers. In order to maximise the output of the HEHer, 

optimisation for the structure is needed. For the PEEHer part, the beam theory needs to be taken into 

consideration to enhance the piezoelectric output via the structure design. After optimising the host 

structure, the selection and arrangement of the electrodes need to be considered to enhance the 

performance of the PVEHer part.  

 

3.3.1 Structure optimisation – cantilever beam 

3.3.1.1 Resonant frequency  

In order to design a suitable cantilever structure to enhance the output of the PEEHer, the resonant 

frequencies need to be considered, as the maximum output can only be obtained under optimum 

working conditions6,214,248,269,270. In general, the resonant frequency of the PEEHer can be easily tailored 

by either adjusting the dimensions of cantilever and proof mass or the physical/elastic properties of 

the used materials271,272.  

 

3.3.1.2 Band width 

The full width at half maximum (FWHM) of the output-input frequency spectrum divided by the 

resonant frequency is defined as the bandwidth of a PEEHer, which is exhibited in figure 3.11273. The 

maximum energy is generated when the PEEHer is excited at its resonant frequency. If the excitation 

frequency shifts, the performance of the PEEHer is reduced dramatically274. In other words, high 

efficiency can be only obtained within a certain bandwidth range. However, for most PEEHers, the 

bandwidth is very narrow, for example, the bandwidth of a cantilever with proof mass is <5%275,276, 

which means the efficiency of the PEEHer is limited277. To overcome this drawback, broadband 

techniques were developed. Many methods of broadening the bandwidth have been proposed, 

including resonance tuning, multi-modal or array generators and frequency up-conversion methods. 
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After altering the length of the cantilever beam278 or tuning the tip mass, the resonant frequency of 

PEEHer can be easily tuned279,280.  

 

 

Figure 3.11 The definition of the bandwidth of vibrational energy harvesters273 

 

3.3.2 Structure optimization - selection of the electrodes  

 In the case of the PEEHer, the type of electrodes may not affect the results. However, it would cause 

huge differences for the PVEHer. Thus, the selection of the electrodes is very important for the hybrid 

energy harvester.  

 

In the “electrode/FE-PV materials/electrode” structure (figure 3.5), the work function of the 

electrodes could affect the performance of the solar cell (as reviewed in section 2.3.3). Following the 

FE-PV principle, the separation of the photo-induced carriers is driven by Ed and Ebi, and the Ebi is the 

internal net potential (Equation 2-7) which is related to the work function of the top/bottom 

electrodes99 (equation 2-7, 2-9 and 2-10). 

 

A schematic diagram of the energy-band of the “metal/PLZT/ITO” structure solar cell is given in figure 

2.1899. The photoelectric-effect of metal enable to enhance the photovoltaic properties of FE-PV 

materials. The Schottky barrier height between FE-PV materials and electrodes is expressed in 

Equation 2-7, 2-9 and 2-1099. It is obvious that the metal electrode with lower work function can 

construct smaller barrier height. Thus, the electrons in the electrode can be emitted into the FE-PV 
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layer and participate in the separation process when the photon energy is larger than the barrier 

height (Φ!)99. Zhang et al.99 compared the influence of Pt, Mg and Ag electrodes on the performance 

of the common “PLZT-Sandwich” structure FE-PVer. Amongst these three different electrodes, Mg has 

the lowest work function, thus, the “ITO/PLZT/Mg” sample has a 150 times larger photovoltaic current 

and a twice higher photovoltage than those of the “ITO/PLZY/Pt” samples with the highest work 

function, respectively.  

 

3.3.3 Structure optimization – arrangement of the electrodes 

The driving force of the charge carriers-pair separation in FE-PV materials is the internal electric field 

originating from ferroelectric polarisation. Therefore, the photo-voltage is proportional to the inter-

electrode distance in the polarisation direction and it is not limited by the energy bandgap76,88. The 

arrangement of the electrodes is another factor which affects the performance of the HEHers. In 

general, there are two typical electrode configurations for the HEHers which are shown in figure 3.1272. 

The HEHers with vertical-electrode architecture could provide a relatively large photo current but a 

small voltage, whereas the HEHers with lateral-electrode architectures could offer a relatively high 

voltage but a low photocurrent228. For the vertical-structure HEHers, a transparent electrode is needed 

to collect the light and the thickness of FE-PV material also displays a significant impact on the 

performance of the device. There is no electrode selectivity for lateral structure devices and the 

performance can be tuned by adjusting the spacing between the electrodes. Thus, the choices for the 

lateral structure are more abundant. In addition, the lateral structure can be viewed as several 

“devices” connected in series (figure 3.13), the output of which is the sum of the photo-voltage of 

each “device”. Furthermore, a very low electric field is required for the poling process due to the small 

electrode spacing281,282.  

 

Figure 3.12 The arrangement of the electrode for FE-PV energy harvester: (a) vertical architectures, (b) 
lateral architecture72 
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Figure 3.13 Schematic of the lateral-type HEHer devices with more electrode, MAPbI3 represents the 
hybrid organic-inorganic perovskites (MA: CH3NH3+)281 

 

3.4 Requirements of the multifunctional materials for photovoltaic-ferroelectrics (PV-FEs) 

The performance of the devices can be affected by the structure and configuration of the device and 

electric circuitry. However, the main factors that determines the performance of the HEHers are the 

properties of the materials. Because the EHer is made for power supplying, the open-circuit voltage, 

output power and energy conversion efficiency are the most important criteria.  

 

3.4.1 Piezoelectric properties 

The important properties of piezoelectric materials for the energy harvester include piezoelectric 

charge constant ", piezoelectric voltage constant	$, electromechanical coupling factor %, mechanical 

quality factor &", and dielectric constant '#. 

 

As stated before, the maximum output of the PEEHer is obtained when it vibrates at its resonant 

frequency. However, because of the volume constraint of the prepared PEEHer, it is hard to match the 

resonant frequency of the piezoelectric material with the input frequency of the main body, therefore, 

the energy harvester is usually operated at off-resonance conditions. In this condition, the magnitude 

of transduction is determined by $. The open-circuit output voltage ( under an applied force ) can 

be given by Equation 3-1 and 3-2283,284.  

( = + × - = −
$×&×'

(
  3-1 

$ =
"

')'#
  3-2 
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Where the + represents the electric field, -	is the thickness of the piezoelectric element, / represents 

the area of the electrode, " is the piezoelectric charge constant, ') and '#  are the vacuum dielectric 

constant (8.54 × 10*+ F m-1) and relative dielectric constant, respectively. From Equation 3-7, it can 

be revealed that a piezoelectric material with a higher $ enable to produce a higher open-circuit 

voltage, this can be obtained when the materials possess higher " and lower '#.  

 

Also, at the low-frequency condition, the piezoelectric element can be viewed as a parallel plate 

capacitor, and the electric energy 6  or the energy per unit volume 7  of it can be expressed by 

Equations 3-3 and 3-4283.  

6 =
1

2
9(+ 3-3 

7 =
1

2
(" × $) ∙ (

)

/
)+ 3-4 

 
A piezoelectric material with higher $ and " prefers either a larger current in the short circuit or a 

larger voltage in the open circuit, therefore it is sought after for the design of the higher power output 

from EHers285.  

 

For the cantilever-type PEEHer, the efficiency of energy conversion = can be expressed by Equation 3-

5286. 

= =
*

+

,!

*-,!
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*

."
+

*

+

,!

*-,!
)                3-5 

Where %  and &"  represent the electromechanical coupling factor and mechanical quality factor, 

respectively. Thus, to achieve a higher conversion efficiency, the piezoelectric materials should have 

large %+ and &". A dimensionless figure of merit (DFOM) proposed by Priya283 is also used to evaluate 

piezoelectric material for EHers (Equation 3-6).  

@)AB = (
" × $

-CDE
)/00-#12/34351 × (

%+ ∙ &"
F6

)/3-#12/34351  
3-6 

Where -CDE  is the dielectric loss and G6  is the elastic modulus of piezoelectric materials. From 

equation 3-6, it can be interpreted that increased DFOM can be obtained with the increasing of " × $ 

and %+ ∙ &", as well as the decreasing of the -CDE and F6287. 
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3.4.2 Photovoltaic properties 

From the HEHers point of view, solar cells need to meet the demand of adequate absorption of solar 

radiation, efficient separation of the photo-induced carriers and a lower charge recombination rate288. 

Therefore, the requirements of ferroelectrics are289:  

1. Narrow bandgap (+$); 

2. High spontaneous polarisation; 

3. Low poling electrical field, etc289. 

 
A wide bandgap (>3 eV) beyond the visible-light range leads to poor sunlight absorption capabilities 

(only 8%-20%)144,288. For example, BiFeO3 has a relatively low bandgap of 2.67 eV, however, BFO cannot 

absorbed the photons with wavelengths larger than 464 nm (>80% of the solar spectrum)144 which 

leads to a low conversion efficiency. The separation of the photo-excited charge carriers is driven by 

the built-in potential originating from spontaneous polarisation, larger polarisation can promote the 

separation of the carriers. Therefore, in order to design a HEHer with excellent performance, both 

piezoelectric and piezo-photovoltaic properties need to be considered. The desirable piezoelectric 

properties are helpful to improve the photovoltaic properties. Nevertheless, it is still very complicated 

to evaluate which parameter is the most important in designing a HEHer, as each can affect the 

performance of the device. Therefore, it is significantly essential to carry out a practical study on each 

material case. 

 

3.5 Summary 

This chapter gives a broad and general introduction about EH including the energy situation the world 

now faces, renewable energy sources, working principles as well as structures for different types of 

EHer and the optimisation of HEHers as well as requirements for multifunctional materials. Much 

research has been done for the single-type EHer. However, the efficiency of the normal EHer is still 

too low and unstable to replace the conventional way of generating electricity from fossil fuels. Hence, 

the HEHer is proposed to improve the drawbacks of the single-type EHer. As regards the EHer system, 

the performance of system is significantly influenced by its structure and the functional properties of 

the materials. However, the properties of the materials are the dominant factor influencing the final 

performance of the device. The ability to fabricate multifunctional materials with improved properties 

together with optimisation of the device structure can ensure that the potential of the materials can 

be fully realised.  
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Chapter 4. Aims and objectives 

4.1 Motivation and Aims 

The consumption of non-renewable energy and the associated environmental pollution have driven 

the development and research of sustainable energy. As reviewed in chapter 3, both solar energy and 

kinetic energy are abundant resources and hold the promise of replacing fossil fuels in many 

application areas. However, the efficiency of single-source energy harvesters is highly dependent on 

the working environment and time. To date, ferroelectric material has been regarded as a potential 

multifunctional candidate to improve the drawbacks of single-source energy harvesters due to their 

versatile piezoelectric and photovoltaic properties.  

 

In chapter 2, it was shown that the driving force underpinning photovoltaic properties in ferroelectric 

materials is polarisation, with higher polarisation inducing better photovoltaic properties. However, 

in practice, the wide bandgaps of ferroelectric oxides limit their applications. Chemical doping is a 

suitable way to reduce the bandgap by introducing oxygen vacancies. However, large concentrations 

of oxygen vacancies affect the polarisation. Thus, oxygen-vacancy is the key factor to affect the 

ferroelectric and photovoltaic properties of ferroelectric oxides. As reviewed in Chapter 2, a strategy 

of narrowing the bandgap without decreasing the polarisation has been explored by substituting Nb5+ 

with lower valence transition metals.  

 

Considering the ionic radius, electronegativity and structure, in this study, Ba(Nb0.5Ni0.5)O3-δ (BNNO) 

materials were selected to introduce into KNN ceramics. Ba is adopted to retain the stability of the 

perovskite structure and the charge neutrality. The Ni is used to increase the covalency of the oxygen 

bonding and reduce the bandgap. Apart from the intrinsic properties, the fabrication method also 

affects the performance of the prepared energy harvester. Low sintering density, off-stoichiometry 

and large grain size highly degrades the piezoelectric properties (As reviewed in chapter 2). Therefore, 

a suitable sintering method needs to be carefully controlled to produce KNN-based ceramics. 

 

The aim of this project is to provide fundamental knowledge and experimental evidence of the 

sintering mechanisms of KNN-based ceramics, investigate effect of chemical addition upon the 

functional properties of KNN-based materials as well as demonstrate the materials in experimental 

energy harvesters. Thus, this study can provide a general view and the mechanism of KNN-based 

photo-ferroelectric multifunctional materials as well as hybrid energy harvesting. 
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4.2 Objectives: 

The key objectives can be summarised as follows: 

 

• To fabricate (K0.5Na0.5)Nb3 bulk ceramics via conventional single-step sintering and two-step 

sintering methods to study the sintering ability of the KNN system and to optimise the 

processing method. 

• To study the sintering mechanism of (K0.5Na0.5)Nb3 by characterising and comparing the 

microstructure and piezoelectric behaviour of (K0.5Na0.5)Nb3 bulk cermaics using two different 

sintering methods. 

• To fabricate 0.98 (K0.5Na0.5)Nb3-0.02 Ba(Ni0.5Nb0.5)O3-δ  bulk ceramics via conventional single-

step sintering and two-step sintering methods to study the sintering ability of the doped KNN 

system and to optimise the processing method. 

• To fabricate a set of KNN-based bulk materials with different amounts of Ba(Ni0.5Nb0.5)O3-δ 

doping and investigate the sintering ability and phase transition phenomenon of doped KNN 

materials with respect to Ba(Ni0.5Nb0.5)O3- δ addition. 

• To characterise and investigate the impact of Ba(Ni0.5Nb0.5)O3-δ addition upon the structure, 

dielectric, piezoelectric, ferroelectric and optical properties of the (K0.5Na0.5)Nb3 system. 

• To demonstrate and compare the performance the piezoelectric energy harvester prepared 

by (K0.5Na0.5)Nb3 and the hybrid energy harvester prepared by doped (K0.5Na0.5)Nb3. 
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Chapter 5. Experiments and characterisation 

5.1 Introduction 

The experimental methodology used for the research reported in this project is divided into two parts. 

The first part is concerned with the synthesis, fabrication and characterisation of multifunctional 

materials, including the fabrication of ceramics and the characterisation of their structural and 

functional properties. The second part describes the preparation and testing of hybrid energy 

harvesters. Two piezoelectric systems were investigated in this thesis: (K0.5Na0.5)NbO3 (5KNN) and (1-

y) (K0.5Na0.5)NbO3 – y Ba(Ni0.5Nb0.5)O3-δ (y=0-0.10). 

 

5.2 Fabrication of bulk ceramics  

Conventional solid-state and pressure-less sintering methods were used to fabricate the bulk ceramics 

of 5KNN and KNN-based materials. The information of raw materials used are summarised in table 5.1. 

 

Table 5.1 Reagents for fabricating piezo-ceramics 

Materials Purity Company 

K2CO3 ≥99.0% Sigma-Aldrich, UK 

Na2CO3 ≥99.50% Sigma, UK 

Nb2O5 ≥99.90% Aldrich, UK 

BaCO3 ≥99.95% Alfa Aesar, UK 

NiO ≥99.995% Aldrich, UK 
 

5.2.1 Powder synthesis 

As reviewed in chapter 2, the compositions of (K0.5Na0.5)NbO3 and (1-y) (K0.5Na0.5)NbO3 – y 

Ba(Ni0.5Nb0.5)O3-δ were selected as the piezoelectric elements, the chemical formulas and 

abbreviations presented in this work are listed table 5.2. 

 

The first step involved vibro-milling the as-received powders of Na2CO3, K2CO3, BaCO3, NiO and Nb2O5 

with Zirconia ball (YSZ Grinding media, 10 mm in diameter ´ 10 mm in length, round cylinder, π PI-

KEM Ltd.) and ethanol (99.9%, Flake, UK) for 24 hours in plastic bottles (15 ml, Scientific Laboratory 

Supplies, UK) (B7/891#:B:#;!<4==:B1'>43/= = 1: 5: 1.5 wt%). After drying in an oven (Lenton WF60, 
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UK) at 65°C for 12 h to remove the ethanol, the powders were then weighed out by high precision 

balance (±0.0001 g, SECURA224 – 1S, Sartorius Lab, Germany) in stoichiometric quantities according 

to the molar ratio of the designed composition. Typical batch sizes were 50 g, and the actual amount 

of each powder for each system is summarised in Appendix I. Mixing of the powders was completed 

in ethanol using a tubular mill (Turbula T2F powder mixer shaker, Glen mills, Inc.) for 24 h with a 

zirconia ball as the milling media in a 150 ml plastic bottle (B7/891#:B:#;!<4==:B1'>43/= = 1: 4: 1.5 

wt%). After removing the ethanol in an oven at 65°C for 12 h, the powders were loaded into a closed 

alumina crucible (Diameter: 62.2 mm and height: 19.2 mm, >99.8%, Almath Ltd., UK) and calcined at 

900°C for 2 h with a 5°C/min ramp rate (up and down) in a muffle furnace (Lenton Muffle Furnace, 

UK). Finally, the as-prepared powders were milled again by using vibro-milling to break the powder 

agglomeration in the same ratio of powder, balls and ethanol for 24 h and dried using the same 

process described above. 

 

Table 5.2 List of the selected compositions 

  

5.2.2 Shaping and sintering 

All green bodies of bulk samples, including 5KNN samples and doped KNN samples, were shaped by 

uniaxial single-ended dry pressing in a stainless-steel die with 13 mm diameter (13 mm Evacuable 

pellet Die GS03000, Specac Ltd.). Before being pressed into pellets, a water-based polyvinyl alcohol 

binder (5 wt% concentration of PVA binder, Flaka, UK in water) were mixed with the calcined powders 

(1 wt% for 5KNN composition and 2 wt% for doped KNN compositions) in an agate mortar (agate 

mortar, Sigma, UK) from wet condition to dry condition manually. Each grinding batch was 10 g of 

powder. After mixing with PVA binder, the powders were sieved through a mesh (400 μm, Endecotts, 

UK). The following bulk sample pressing step was carried out on a dry press kit (Spectroscopy sample 

Abbreviation Doping level Theoretical chemical formula 

5KNN 0 (K0.5Na0.5)NbO3 

5KNN-2BNNO 0.02 0.98(K0.5Na0.5)NbO3 – 0.02Ba(Ni0.5Nb0.5)O3-δ 

5KNN-4BNNO 0.04 0.96(K0.5Na0.5)NbO3 – 0.04Ba(Ni0.5Nb0.5)O3-δ 

5KNN-6BNNO 0.06 0.94(K0.5Na0.5)NbO3 – 0.06Ba(Ni0.5Nb0.5)O3-δ 

5KNN-8BNNO 0.08 0.92(K0.5Na0.5)NbO3 – 0.08Ba(Ni0.5Nb0.5)O3-δ 

5KNN-10BNNO 0.10 0.90(K0.5Na0.5)NbO3 – 0.10Ba(Ni0.5Nb0.5)O3-δ 
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packs, Specac ltd., UK) using a pressure of 200 MPa (~27 kN for the 13 mm diameter die) for 1 min. 

The mass and resulting thickness of each powder compact were approximately 0.4 g and 1 mm.  

 

Densification of 5KNN composition was investigated using both single step sintering (SSS) and two-

step sintering (TSS) in a closed alumina crucible (L ´ W ´ H: 54 ´ 22.5 ´ 12 mm, >99.8 %, Almath Ltd., 

UK) in same muffle furnace as for calcination. The heating profile for these two methods is given in 

figure 5.1 a) (6 samples for each sintering condition were made). 

 

 

 

Figure 5.1 Sintering schematic diagram of sintering routes for SSS (black line) and TSS (red line), a) 
5KNN ceramics, b) 5KNN-2BNNO ceramics 
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PVA binder removal was completed for all samples at a heating rate of 1°C/min to a final temperature 

of 600°C and held for 1 h. Samples sintered using SSS were heated at 5°C/min to a peak temperature 

in the range of between 1080 – 1140°C and held for a 2 h dwell. The samples were then allowed to 

cool naturally in the furnace. For samples sintered using TSS, the first step involved heating to an initial 

temperature, T1, in the range 1040 – 1140°C using a heating rate of 10°C/min and a very short dwell 

of 10 mins. The samples were then cooled rapidly at 30°C/min to a lower temperature, T2, in the range 

of 1030-1070°C and dwelled for a further 10-20 h. Similarly, the doped KNN samples (5KNN-2BNNO) 

were also sintered by SSS and TSS, the heating profile for these two methods is given in figure 5.1 b. 

The sintering programmes of all the compositions are summarised in table 5.3. In order to minimise 

the volatilisation of Na and K during sintering (figure 5.2 a), all undoped samples were buried in a 

powder bed with a composition equivalent to that of the pellets. However, the Ni in BNNO doped 

5KNN will react with alumina crucible, causing the inhomogeneous elements distribution. Hence, all 

the doped KNN samples were covered by platinum foil (0.02 mm thickness, Goodfellow Ltd, UK) and 

sintered without a powder bed to avoid a reaction between the nickel in the powder and the alumina 

crucible (figure 5.2 b).  

 

 

 

Figure 5.2 Schematic illustration of the arrangement of a) 5KNN ceramics and b) BNNO doped KNN 
ceramics in the alumina crucible 
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Table 5.3 Sintering conditions for selected compositions 

Materials  Heating rate/°C min-1 T1/°C t1/h T2/°C t2/h 

5KNN 

SSS 

5 1100 2 / / 

5 1120 2 / / 

5 1140 2 / / 

TSS 

10 1120 0.16 (10 min) 1030 10 

10 1120 0.16 (10 min) 1050 10 

10 1120 0.16 (10 min) 1070 10 

10 1120 0.16 (10 min) 1070 15 

10 1120 0.16 (10 min) 1070 20 

5KNN-2BNNO 

SSS 
 

5 1165 2 / / 

5 1170 2 / / 

5 1175 2 / / 

5 1180 2 / / 

5 1185 2 / / 

TSS 

10 1180 0.16 (10 min) 1130 10 

10 1180 0.16 (10 min) 1140 10 

10 1180 0.16 (10 min) 1150 10 

10 1180 0.16 (10 min) 1160 10 

10 1180 0.16 (10 min) 1140 20 

10 1180 0.16 (10 min) 1150 20 

10 1180 0.16 (10 min) 1160 20 

5KNN-4BNNO  5 1185 2 / / 

5KNN-6BNNO  5 1185 2 / / 

5KNN-8BNNO  5 1190 2 / / 

5KNN-10BNNO  5 1195 2 / / 

 

5.3 Electrode depositing and poling 

The planar faces of all sintered samples were first ground into a smooth surface finish using 20 μm 

silicon carbide paper. A magnetic sputter coater (K575X, Emitech) was employed to coat the polished 

surfaces with a 40 nm chromium layer followed by two 200 nm gold layers.  
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Prior to performing any electrical measurements, the contact poling process were employed to all 

bulk samples in silicone oil. As mentioned in Chapter 2, the poling electric fields of 3.5 and 4.5 kV/mm 

were used to pole 5KNN samples and doped KNN samples, respectively. The electric fields were 

powered by a power supply (Alpha III, Brandenburg Ltd., UK), and all the pure KNN samples were poled 

at 120°C for 30 min whilst the doped KNN samples were poled at room temperature for 10 min. Since 

the doped KNN contains a large concentration of oxygen vacancies, leading to high leakage currents 

and large coercive fields, a high temperature activates the movement of the oxygen vacancies which 

makes the poling process more difficult. Thus, the electric field was increased and poling was done at 

room temperature and for a shorter time for the doped KNN samples. After poling, the sample was 

removed from the field and the oil immediately, a tissue dipping the acetone was used to wipe the 

sample and help the cooling of sample. After cooling, the sample was washed with acetone (99.5%, 

Sigma) in an ultrasonic bath (Ultrasonic bath, Grant Ltd.).  

 

5.4 Material characterisation 

5.4.1 Density measurement  

The Archimedes method is usually adopted to measure the density of the bulk ceramics, involving 

immersion of the samples in water. However, due to the solubility of KNN in water, the Archimedes 

method was not suitable for the KNN system.  Consequently, in this work the density values were 

determined from measurements of the mass and volume of the samples (equation 5-1). The mass (J) 

of the ceramics was measured using an accurate electronic balance (± 0.0001 g, SECURA224 – 1S, 

Sartorius Lab, Germany) and the volume was calculated from the external dimensions of the cylindrical 

samples, i.e. diameter (") and thickness (-). The thickness was measured by a Micrometer (Electronic 

Digital Micrometer IP54, 0 – 30 mm / 0.001 mm / ± 0.002 mm, TESA, Switzerland) and the diameter 

was measured by a Vernier Caliper (Electronica Digital Calliper, 0 – 150 mm / 0.01 mm / ± 0.002 mm, 

RS, UK). Each sample was randomly measured at 3 positions for diameter values and 5 points for 

thickness values. Then the average value was obtained to calculate the density, ρ, using equation 5-1: 

K =
JCGG

LMN7JO
=

J

P(
"
2)

+-
 5-1 

The diameter shrinkage was calculated using equation 5-2: 
(*@""-9A4"1'1#	40'1#	2A3'1#A3$)

*@""
× 100%                              5-2 
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5.4.2 Particle size, thermodynamics property and shrinkage characterisation 

A particle size analyser (Gracell, SympaTec, Bury, UK) were employed to measure the particle size of 

the raw materials as well as the powders after milling. In this work, ethanol was used as solvent 

medium. At first, ~0.3 g powder, ~3 g ethanol as well as one drop of Na4P2O7 (0.1 M, dispersant, 

Simpatico Gmbh Ltd.) were put in a 5 ml glass tube and then loaded into an ultrasonic bath to prepare 

a suspension. After a reference measurement in particle size analyser, the suspension was then added 

into the integral ultrasonic bath of the analyser (approximately 26-32% concentration) for about 15 s 

to break the soft agglomerates in the suspension by adopting the inbuilt sonication. During the 

measurement, the laser beam passed through the dispersed particles in suspension and the light was 

scattered onto a lens. After calculating the measured angular variation in intensity of scattered light 

using software supplied with the instrument, the particle size distributions were obtained. 

 

The reaction process of the raw powder mixture was analysed by a thermogravimetric analyser (TGA) 

and differential scanning calorimeter (DSC). A NETZSCH simultaneous thermal analyser (STA 449C Cell) 

was employed to measure the variation in heat flow and weight of materials versus temperature at a 

constant heating rate. To observe the reactional behaviour of the 5KNN and doped 5KNN mixture, 

precursor samples of the powder mixture (approximately 0.02 g) were placed in alumina crucibles (80 

μl alumina crucible, NETZSCH, Germany) in the machine and heated from room temperature to 1000°C 

with a heating rate of 10°C/min.  

 

Measurements of the phase transition temperatures for 5KNN sintered pellets (d~5 mm, m~0.02 g) 

were taken using a DSC (404C, NETZSCH, Germany), and heated from 40°C to 500°C using a 10°C/min 

heating rate in an argon atmosphere. 

  

The shrinkage of the 5KNN and 5KNN-2BNNO green bodies (covered by Pt foil) versus temperature 

was measured by dilatometry (NETZSCH 402E-1600°C furnace) in a nitrogen atmosphere. Samples 

(dimensions are 5 mm in diameter and 10 mm in length) were first heated to 600°C at 1°C/min heating 

rate and dwelled for 1 h to remove the PVA binder, then heated to maximum temperatures of 1130°C 

and 1250°C with a 10°C/min heating rate for the 5KNN and 5KNN-2BNNO samples, respectively. Finally, 

the samples were directly cooled down to room temperature at 10°C/min cooling rate. The 

appropriate sintering temperatures for 5KNN and 5KNN-2BNNO ceramics were selected at 

temperatures higher than the onset of shrinkage. 
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5.4.3 Microscopy characterisation 

Scanning electron microscopy (SEM) was applied to characterise the microstructure, i.e. morphology, 

grain (particle) size and porosity, of as-calcined powder and sintered ceramic pellets. The 

morphologies and fracture of the calcined powder, 5KNN pellets and doped KNN pellets were analysed 

by SEM instruments (Scanning electron microscopy 7000f, JEOL, Japan) at 15-20 kV depending on the 

resolution. In order to observe the morphology of single particles, the calcined powders were 

dispersed in acetone for 5 min under an ultrasound environment to break the agglomeration, and 

then 1-2 drops of the suspension were dropped onto single-sided copper tapes, attached to an 

alumina stub and allowed to dry. The sintered samples were firstly polished and then thermally etched 

at 150°C below the sintering temperature (T1 for TSS) for 30 min. After sticking the as-etched sample 

to an aluminium stub using conductive carbon adhesive tape, the sample was coated with a carbon 

layer (15 nm) by a sputter coater (K575X, EMITECH). The average grain sizes of the sintered ceramics 

were then obtained using the linear intercept method290,291 on images observed using back-scatter 

electrons (BSE) in order to improve the contrast. The element proportions and distribution were 

analysed by EDS (Energy-dispersive X-ray spectroscopy, Oxford INKA), conducted at 10 mm working 

distance with 15 kV operating voltage. 

 

5.4.4 X-ray diffraction characterisation 

X-ray diffraction is usually adopted to assess the phase purity and crystal structure of materials. For 

crystalline material, all atoms are arranged as a periodic array. Three integers (h, k, l), known as Miller 

indices, are used to determine the family of atomic planes. As shown in figure 5.3, where the X-ray 

beam interacts with atomic plane in incident angle, R , a portion of scattered X-rays produced 

diffraction according to the Bragg’s law (Equation 5-3).  

2">,= sin R = DV 5-3 

Where ">,=  is lattice spacing, V is wavelength of Cu Kα radiation, R and D represent the diffraction 

angle and number of diffractions, respectively.  

 

The phase purity and crystal structure of the powders and pellets were assessed by X-ray diffraction 

instrument (Bruker D8 advanced X-ray diffractometer, Cu Kα=1.5405Å). The X-ray diffraction data 

were then collected by measuring the variations in intensity of X-rays against the movement of X-ray 

source (40 kV, 40 mA) and detector between 10° to 60° 2θ range with a step size of 0.0142°. The 

refinement of the diffraction pattern was using the pseudo-Rietveld method and the quantitative 
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phase analysis was conducted using Rietveld method292–294. The initial diffraction patterns were 

refined via TOPAS-Academic software and jEdit software by comparing to reference data in the crystal 

structure database (the Inorganic Crystal System Database, ICSD) to approximately estimate the phase 

composition.  

 

 

Figure 5.3 Diffraction of X-rays in a crystalline material 

 

5.4.5 Raman spectroscopy 

Raman spectroscopy is an extremely accurate analysis tool for determining the phase of a material 

based on the direct measuring of molecular vibrations in the samples. As shown in figure 5.4, when a 

single frequency of laser irradiates a sample, the electron cloud is oscillated and excited to a virtual 

vibrational state. If the scattered energy is similar to the incident beam, this elastic scattering is known 

as Rayleigh scattering. However, Raman spectroscopy is used to observe the in-elastically scattered 

radiation to identify the phase structure. It is well-known that there are two kinds of inelastic 

scattering, Stokes and anti-Stokes. For the former, the energy will transfer from incident photons to 

molecular to induce the nuclear motion, therefore the scattered energy is smaller than the incident 

beam. For the anti-Stokes scattering, the energy is transferred from the molecular to scattered 

photons, thus the scattered energy is larger than the incident beam. Raman scattering usually records 

Stokes scattering. 

 

In this study, powdered form samples were adopted for the Raman spectroscopy measurement to 

avoid the influence of inner stress, where sintered ceramics were first crushed by hammer and then 
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hand ground into power in an agate mortar and pestle. The Raman spectra were obtained from a 

Raman spectrometer (Renishaw InVia Reflex) with a 488 nm excitation laser (~2 mW power). The 

information of peak position, peak intensity and peak width for the Raman spectra were collected by 

Renishaw Wire 4.4 software. For the variable temperature analysis (from 30°C to 500°C), the powders 

were poured into a cold/hot stage (THMS600, Linkam) and heated at 1°C/min in 1 bar Argon flowing 

at 100 ml/min. The Raman spectrum was collected every 30 seconds and the power was held below 

1mW, which did not significantly raise the sample temperature. Then these data were analysed using 

the Renishaw Wire 4.4 and MATLAB R2019a software to investigate the dependence of the vibrational 

modes (shifts of peak position, changes of intensity and broadening of width, etc.) on temperature.  

  

 

Figure 5.4 Schematic diagram of Rayleigh and Raman scattering processes 

 

5.4.6 UV-vis-NIR spectrophotometer 

An Ultraviolet-visible-Near Infrared spectrophotometer (UV-vis-NIR spectrophotometer, Cary 5000 

Scan, Varian, Palo Alto, USA) with an integrating sphere attachment (UV0902M216, Palo Alto, USA) 

was used to measure the diffuse reflectance of the samples. When the light impacts on a flat polished 

surface of a solid, it would be partly reflected, partly absorbed and partly refracted. Through 

reflectance spectra, the electronic transition of the different orbitals of the solid can be given. The  

spectra obtained were used to identify the bandgap via the Kubelka-Munk function295 (equation 5-4 

and 5-5): 
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()(W)) =
(1 − WD)

+

2WD
 5-4 

()(W) ∙ ℎL)*/F = /(ℎL − +$) 
5-5 

Where W  is the reflectance of the sample, A is a scaling constant,  Y factor is equal to ½ or 2 for the 

direct and indirect transition bandgaps, respectively. The direct and indirect transitions are well 

defined by figure 5.5.  ℎ and L represent the Planck constant and photon’s frequency, respectively, 

ℎL	 represents photon energy; and +$ is the bandgap energy. In this thesis,  Y = 2 is used to calculate 

the direct bandgap. By plotting ()(W) ∙ ℎL)+ as the function of the energy (ℎL), the direct bandgap of 

the pellets can be collected via linear section. 

 

 

Figure 5.5 Simplified band transition representation: (a) direct bandgap; (c) indirect bandgap 

 

5.4.7 Dielectric, piezoelectric and ferroelectric property characterisation 

Dielectric property characterisation 

The dielectric properties of sintered discs at room temperature, including capacitance (9 ) and 

dielectric loss factor (-CDE), were measured at 1 kHz using an impedance analyser (±0.08%, 4294A, 

Agilent, USA) with a bespoke jig. The equations of permittivity (ε), vacuum permittivity (ε0) and relative 

permittivity (εr) are shown in equations 5-6 and 5-7, where 	- and Z refer to the thickness and radius 

(Z = "/2) of the pellets, respectively.  

' = 9 ∙
-

PZ+
 5-6 
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'# =
'

')
 5-7 

 

The temperature dependent dielectric properties were analysed by an electrochemistry impedance 

spectrometer (Solartron 1260) by using 1°C/min heating rate on consecutive temperature steps, 

stepped by 20°C, between 30°C to 500°C. The Zview software was used to analyse the measured data. 

The impedance measurement was applied to measure the real (Z’) /imaginary (Z’’) part of impedance 

of ceramics from 0.1 Hz to 1 MHz. The real part permittivity ('′) was calculated by adopting equation 

5-8 and 5-9 and its relationship to temperature was observed.  

! = −
1
%
×

'′′

('′! + '′′!)
 5-8 

+′ =
!,
+0-

 5-9 

Where [ is frequency in angular. 

 

Piezoelectric property characterisation 

The piezoelectric charge coefficient ("@@ ) was directly measured by a quasi-static piezoelectric 

coefficient testing meter (YE2730A, SINOCERA, China) 24 h after poling. 7 random points of each 

sample were tested, and the average value was calculated from 5 of the values, thus rejecting the 

largest and smallest values, resulting in the final "@@ values.   

 

The frequency method296 was used to measure the piezoelectric properties (%100 , 	%7, &" ). The 

resonant frequency (]" ≈ ]# ≈ ]2 ) and anti-resonant frequency (]3 ≈ ]4 ≈ ]7 ) of materials were 

characterised by impedance spectra collected from the impedance analyser (4294A, Agilent, USA) with 

a bespoke jig at room temperature. The electrical impedance spectra are shown in figure 5.6.46,297 

Based on these parameters, electromechanical coupling coefficients (%100, %7),  and the mechanical 

quality factor (&") were calculated from equation 5-10, 5-11 and 5-12. 

.#$$
2 =

/&
2 − /'

2

/&
2  5-10 

.&
2 ≅ 2.51

$!−$"
$"

− (
$!−$"
$"

)
2
   5-11 

4) =
1

25/)|'|!
*.#$$

2  5-12 
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Figure 5.6 Electric impedance magnitude and phase diagram as a function of frequency for a poled KNN 
ceramics46,297 

 

Ferroelectric property characterisation 

The polarisation-hysteresis loop (P-E loop) was measured on unpoled ceramics using a Piezoelectric 

Evaluation System (Precision Premier II Ferroelectric Tester, RADIANT technologies Inc., US) in which 

a triangular wave voltage with a maximum amplitude of E=3 kV mm-1 and frequency of 10 Hz was 

utilised. The collected data were analysed by Vision 5 Data Acquisition software, where +G  and _#  of 

ceramics can be obtained directly.   

 

5.5 Fabrication of energy harvesters 

5.5.1 Photo-ferroelectric cell 

The photo-ferroelectric cell was prepared to measure the photo-response and the bandgap reduction 

nature of doped KNN composition (5KNN-2BNNO). First of all, 5KNN-2BNNO sintered pellets were 

crushed and vibro-milled with ethanol and Zirconia balls (B7/891#:B:#;!<4==:B1'>43/= = 1: 4: 1.5 

wt%) for 24 h to obtain ceramic powder with a homogenous particle size, which is similar to the 

powder synthesis part (section 5.2.1). After that, the 5KNN-2BNNO slurry was put in the oven at 65°C 

overnight to remove the ethanol. Secondly,  1.2 g of dried powder was mixed with 60 μl ethylene 

glycol, 60 μl Triton-X (as an adherent) and 400 μl ethanol (dispersant) to prepare the 5KNN-2BNNO 
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paste298. This solution was mixed in a microplate mixer (Multi-Microplate Genie SI-4000, Scientific 

Industries, Inc.) for 5 minutes and homogenised in an ultrasonic bath for 20 minutes.  

 

Thirdly, the fabrication of the photo ferroelectric cell was conducted. Fluorine doped thin oxide coated 

glass (FTO, 2 ´ 2 ´ 2 cm, surface resistivity 7 ohm/sq, Sigma-Aldrich Ltd.) were used as the electrodes. 

Carbon was used as the counter-electrode (figure 5.7). The 5KNN-2BNNO paste was deposited on the 

FTO glass by casting manually. After deposition, the photoelectrode was put on a hot plate at 125°C 

for 10 minutes to dry the solution and then the temperature was increased to 350°C for 45 mins to 

remove the organic compounds from 5KNN-2BNNO paste. 

 

Finally, the counter electrode (carbon coated FTO glass) and photoelectrode (5KNN-2BNNO coated 

FTO glass) were set together (figure 5.8). After 24 hours, an electrolyte (I-/I3-, Arbor Scientific Ltd.) was 

dropped into the gap between the counter electrode and photoelectrode to help the transport of the 

photo induced carriers.  

 

 

Figure 5.7 Components of the 5KNN-2BNNO photo ferroelectric cell, 5KNN-2BNNO as the 
photoelectrode and carbon as the counter electrode 
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Figure 5.8 a) Schematic diagram for the components of photo ferroelectric cell (reproduced from298), b) 
Final prototype of cell 

 

A schematic graph of the photo ferroelectric cell is shown in figure 5.9, and the blue numbers 

represent the working steps. First, the light is absorbed by the 5KNN-2BNNO layer with electrons 

consequently being promoted from their ground states to excited states and transformed from the 

valence band to the conduction band. In the second step, these electrons are transported between 

the 5KNN-2BNNO paste and diffuse towards the 1-FTO electrode. Then in the third step, the electrons 

flow toward the counter electrode (2-FTO) through the external circuit where they can be collected 

for powering a load. Lastly, the electrons at counter electrode flow into the electrolyte (I ion redox 

mediator) to reduce I3
- to I-, equation 5-13299. 

73
− + 8− ↔ 37− 5-13 

 

 

Figure 5.9 A schematic diagram of 5KNN-2NNO photo ferroelectric cell, with the blue numbers 
representing the working steps 
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5.5.2 Cantilever energy harvester 

Cantilever-type energy harvesters were used to test the energy harvesting performance. Sintered 

pellets, including 5KNN and 5KNN-2BNNO ceramics, with a diameter of 10 mm and a thickness of 0.9 

mm, were polished into squares (8 mm ́  8 mm ´ 0.12 mm). The piezoelectric energy harvesters made 

by 5KNN piezoelectric elements (TSS and SSS) were used to study the impact of microstructure and 

density upon the performance of piezoelectric energy harvester. Hence, only gold electrodes were 

needed (section 5). For the energy harvester made by 5KNN-2BNNO, both photovoltaic and 

piezoelectric performance are of interest. Consequently, 5KNN-2BNNO elements were coated on one 

side with a Cr/Au electrode as described in section 5, and the other side was coated with an Indium 

Tin oxide electrode (ITO, 200nm, >80 % transmission between the range of 400 nm to 700 nm, ~30-

60 Ohms/sq) to ensure that light could still be absorbed by the sample. As a comparison, a 5KNN 

piezoelectric element densified by TSS and using the same electrodes as the 5KNN-2BNNO ceramics 

was used to investigate the effect illumination on pure 5KNN composition. After electroding with 

suitable electrodes and poling, this piezo element was fixed onto a stainless-steel substrate (110 mm 

´ 20 mm ´ 0.5 mm) using silver epoxy paste. Two sections of copper tape were cut and attached to 

the sample by silver epoxy paste (Conductive Adhesive Epoxy, RS Components Ltd), one on each side. 

Two copper wires were then connected to the copper tapes by soldering. A schematic representation 

of the final energy harvester is presented in figure 5.10.  
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Figure 5.10 Schematic graph of the bulk energy harvester, a) side view, b) top view and c) final 
prototype of cantilever energy harvester 
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5.6 Photo-vibration testing of the energy harvester 

5.6.1 Photo-response testing for photo-ferroelectric cell 

Figure 5.11 demonstrates the photo-response measurement for a photo-ferroelectric cell. Figure 5.11 

a) shows the measurement equivalent circuit and b) shows true measurement in the lab. In figure 5.11 

b) the green multi-meter (range: 20 μA ± 0.05% ± 2 digits DC, Digital multi-meter 318 DMM, Rapid 

Electronics Ltd.) was used as ampere meter and the yellow multi-meter (range: 2000 mV ± 0.05% ± 3 

digits DC, Handheld digital multi-meter, Premier Farnell Ltd.) was used as voltmeter. The photo-

response of the 5KNN-2BNNO photo-ferroelectric cell was tested under the illumination of a linear 

tungsten halogen lamp (wavelength from 200 nm to 1200 nm, 230-240 V, 500 W max, China). The 

range of the variable resistor is from (100 ohm to 1 Mohm, RS component Ltd.) and the active area of 

the cell is approximately 5 cm2. 

 

 

Figure 5.11 a) Equivalent circuit and b) Photo-response measurement 

 

The short current (Isc) was measured without connecting any resistor by reading the values shown by 

the green multi-metre, and open circuit voltage (Voc) was measured without connecting with an amper 

meter by reading the values shown by the yellow multi-meter. The current density (Jsc) instant power 

(P) and fill factor (FF) can be calculated by the equations 5-14, 5-15 and 5-16: 

2̀5 =
a25
/

 5-14 

_ = (a       5-15 

)) =
_"4H
(/5 ∙ a25

   5-16 
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Where  (  and a  are the instant voltage and current by connected with resistor with different 

resistance, A is the active area of the cell (5 cm2). 

 

5.6.2 Piezoelectric response and hybrid energy harvesting performance testing 

The as-fabricated cantilever energy harvesters were mechanically clamped by a metal cap that fixed 

onto an electromagnetic shaker (Gearing & Waston electronics, UK) head which is illustrated in figure 

5.12. One end of the cantilever was fixed on the shaker and the other end was attached to a proof 

mass (~3.0 g) by Blu Tac, a re-usable adhesive (Bostik Hotline). A sinusoidal signal was input by the 

power amplifier and was tuned by the functional generator to the shaker in order to make the 

cantilever beam vibrate. Also, for the hybrid energy harvesting performance testing, a tungsten-

halogen lamp (500 W, wavelength from 200 nm to 1200 nm) were used to provide light to activate 

the photocurrent of the energy harvester, figure 5.12. The energy harvesters were directly connected 

with varies resistors (W ) for measuring the output voltage and power. During the vibration, the 

bending stress of the energy harvester generated a voltage output across the resistor (W) which was 

collected by a 4-channel oscilloscope (Pico 4204, Pico Technologies, UK) and recorded by Picoscope 

software on the computer. The input impedance of the Pico oscilloscope was 1 MW and the maximum 

sampling rate was 80 MS s-1.  

 

The output power (P) and power density (Pd) can be mathematically expressed by equations 5-17 
and 5-18: 

_ =
(#
+

W
  5-17 

_9 =
_IJK

bCD-cNOLOZ	LMN7JO	
  5-18 

Where (# , _IJK are the voltage across the resistor and root mean square of _ in 30 cycles, respectively.  
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Figure 5.12 Schematic diagram of the vibration-illumination testing system 
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Chapter 6. The investigation of (K0.5Na0.5)NbO3 composition 

6.1 Introduction 

This chapter focused on the process-ability of (K0.5Na0.5)NbO3 ceramics (5KNN). Poor sinter-ability 

leads to high porosity and poor piezoelectric properties, and then limits the application of 5KNN 

ceramics. High evaporation rates of potassium as well as sodium at temperatures at and below the 

sintering temperature and the narrow sintering window are the main reasons causing the low sinter-

ability of KNN ceramics. In this chapter, the processing conditions of single-step sintering (SSS) and 

two-step sintering (TSS) have been investigated and optimised to fabricate piezoelectric ceramic of 

5KNN with as a high density and as fine a grain size as possible. In accordance with fundamental 

sintering theory and the principal mechanisms of SSS and TSS, the densification and resultant 

evolution of the 5KNN microstructure has been systematically analysed at each stage of the sintering 

process. Based on the functional properties of the 5KNN piezoelectric ceramics produced, a discussion 

is presented on the comparative benefits of TSS over conventional SSS and the potential of TSS as a 

means of delivering fine grain size, dense, lead-free (K0.5Na0.5)NbO3 ceramics.  

 

6.2 KNN powder synthesis 

The particle size of the raw materials is summarised in table 6.1. Although there are no significant 

requirements on the particle sizes of the starting oxides and carbonate powders, it affects the reaction 

process during calcination. It is reported300,301 that homogenous and smaller staring particle size (< 10 

μm) helps to improve the mixing degree during the preparation of powder precursor and calcination. 

Therefore, before mixing the 5KNN precursor, the raw materials were vibro-milling for 24 h to 

decrease the particle size. After that, stoichiometric mixtures of the constituent precursor oxide and 

carbonate powders were prepared by glen mill, as described in section 5.2.1. The particle sizes of the 

powder mixtures obtained are also summarised in table 6.1. All the particle size were directly 

measured by particle size analysis. Each value was an average of three independent measurements. 

 

To study the reaction process of the 5KNN precursor powder, a DSC-TGA was used to analyse the 

reaction progress (as illustrated in figure 6.1). The summary reaction is described by equation 6-1: 

 

0.5d+9A@ + 0.5eC+9A@ +ef+AL → 2(d).LeC).L)efA@ + 9A+ ↑ 6-1 
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Table 6.1 Summary of raw materials and 5KNN precursor particle size 

Powder Before milling: D50/ ij After milling: D50/ ij 

K2CO3 21.7±0.48 3.0±0.08 

Na2CO3 16.3±0.87 3.1±0.05 

Nb2O5 12.64±0.42 2.3±0.40 

5KNN precursor / 2.8±0.26 

 

From theoretical calculation, the total mass loss of 5KNN composition is expected to be 12.29% due 

to the releasing of carbon dioxide. Because the ratio of sodium and potassium is 1:1, the attribution 

of CO2 of K2CO3 and Na2CO3 are both 6.145%. It can be seen from figure 6.1 that the TGA pattern 

exhibits a ~12 % reduction in overall mass when temperature increased to ~730°C. The large weight 

loss of 10% from 300°C to 730°C may correspond with the decomposition of the carbonates. It is 

interesting to see there is a slight mass increasing after TGA curve gets level-off, which may be due to 

proton incorporation from water dissociation302, as the sample is heated in air. When the temperature 

was ~900°C, a sharp endothermic peak was observed but no further significant weight loss was 

detected, which confirms the completion of the formation and crystallisation of the 5KNN system. In 

order to confirm this, the 5KNN precursor powders were calcined at a range of temperatures from 

200°C to 1000°C for 2 h in muffle furnace to study the reaction process. The structural information 

was investigated by XRD and is shown in figure 6.2. The major Bragg peaks detected correspond to 

the 5KNN perovskite orthorhombic structure. It can be observed that the reaction started when 

temperature higher than 400°C, the perovskite structure was formed from 500°C and a pure 

perovskite structure was acquired when T>600°C. A high calcination temperature would yield a larger 

grain size and harder particles, leading to low sintering efficiency in the sintering procedure. Therefore, 

900°C was considered as the optimum calcination temperature. 

 



 

  

 

76 

 
Figure 6.1 The DSC-TGA curves of the 5KNN precursor powder mixture 

 

 
Figure 6.2 XRD patterns of 5KNN powders at different calcined temperature. Peaks have been indexed 

assuming a perovskite structure 
 

The microstructure of the 5KNN powder calcined at 900°C is shown in figure 6.3 and reveals a highly-

facet surface morphology. The overall shape of the particles is highly irregular with multiple cubic 

domains growing outwards in a concertina-like structure. This morphology indicates the nucleation 

and growth of the KNN grains were orientated. The mean crystallite size range of the particles was 

~300 – 500 nm, whilst the overall particle size was closed to 1 – 2 μm. 
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Figure 6.3 A representative morphology of 5KNN powder calcined at 900°C for 2 h 

 

6.3 Sintering optimisation  

The dynamic shrinkage curve of a 5KNN powder compact heated to 1130°C by using 5°C/min heating 

rate is presented in figure 6.4 and the shrinkage rates is also provided. The powder compact began 

shrinking at ~900°C, where a steep slope in the shrinkage curve could be observed. A rapid increase 

in shrinkage into a largely linear shrinkage rate occurred at 1000 – 1070°C; beyond 1080°C, the 

shrinkage rate decreased as the curve begins to level off, with the 5KNN powder compact reaching its 

highest level of shrinkage at ~1120°C. It can be seen from the KNbO3-NaNbO3 phase diagram168,303, 

which was discussed in chapter 2 and presented in figure 2.16, this densification limitation 

corresponds with the generation of a K-rich liquid phase at ~1110°C. Although the presence of such a 

liquid phase provides a faster medium for diffusion, it also reduces the energy for grain boundary 

migration. This promotes rapid grain growth, reducing the amount of free energy available and the 

driving force for the further densification such that no further shrinkage occurs beyond 1120°C150. Gas 

phase release associated with the volatilisation of Na and K at above 1000°C is also likely to be a 

contributing factor150. From these results, the sintering window of pure 5KNN was considered to be 

1080 – 1120°C. A schematic diagram of the sintering profiles was provided in chapter 5 (figure 5.1) 

and the mechanisms will be discussed in the next section.  
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Figure 6.4 Shrinkage as a function of temperature for the calcined 5KNN powder compact sintered at 

temperatures up to 1130°C at 5°C/min. Inset: shrinkage rates above 600°C. 

 

6.3.1 Single-step sintering 

Based on the results shown in figure 6.4, 5KNN ceramics were produced by single-step sintering (SSS), 

each batch (6 samples) sintered at different peak temperatures of 1080°C, 1100°C, 1120°C and 1140°C 

for 2 h. The relative density and corresponding grain sizes of these materials are shown in figure 6.5. 

As can be observed, higher relative densities were achieved when the ceramics were sintered at higher 

temperatures, as expected. The peak density achieved was 91% at sintering temperatures of both 

1120°C and 1140°C.  

 

Micrographs of the microstructures of the 5KNN ceramics sintered using SSS are presented in figure 

6.6 a)-c). As shown in figure 6.6 a), after sintering at 1100°C, a largely homogenous microstructure 

was achieved with a relatively fine average grain size of ~10 μm. Figure 6.6 b) – d) shows that, along 

with marginal improvements in density, increases in temperature promote appreciable amounts of 

grain growth, the mean grain size increasing to ~16 μm at 1120°C and ~21 μm at 1140°C. This result 

is in agreement with the concept that rapid grain growth, due to the generation of the K-rich liquid 

phase at ~1110°C150,168,303, is the principal cause of the limited densification observed at temperatures 

beyond 1120°C. While the grains in the 1120°C and 1140°C specimens remain primarily equiaxial in 

form, the wide size distribution of the grains would indicate that the grain growth experienced is 

abnormal. As reviewed at chapter 2 (section 2.4.2.3), there are many reasons causing abnormal grain 

growth. As it can be seen in figure 6.3, KNN powder particles possessed faceted features in which 

oriented grain boundaries move faster than disoriented ones. As a result, some particles will be well-
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oriented and have a grain boundary of high mobility. Also, the evaporation of Na will lead to K and Nb 

segregation, generating sites that are K-rich and Nb-rich at the grain boundary. A K-rich liquid-solid 

phase mixture forms preferentially, which, as described above, reduces the energy for grain boundary 

migration, causing the grains to expand rapid. Meanwhile, Nb-rich grain boundaries remain in a state 

of solid-phase sintering and, thus, continue to grow at a normal rate.  

 

 
Figure 6.5 Relative density and grain size as a function of sintering temperature for 2 h 

 

The low density of all the 5KNN ceramics sintered using SSS corresponds with considerable amounts 

of both inter- and intra-granular porosity retained within the microstructures. It can be seen from 

figure 6.7 that there are three different kinds of pores that exist in KNN ceramics: 1) small, thin inter-

granular pores with a straight line edge, mostly located at triple-junctions – residual pores due to 

incomplete densification; 2) intra-granular closed pores of an irregular morphology – caused by rapid 

grain growth trapping such pores inside grains; and 3) intra-granular pores of a cubic morphology – 

associated with gas phase release that results from the volatilisation of Na and K at ~1000°C150. Pores 

with a similar structure can be found during the sintering of NaCl, where the {100} surface have the 

lowest activation energies for vapourisation304. In addition, a fourth type of “porosity” can be observed 

as a result of sample preparation; large inter-granular pores with a smooth, irregular shape generated 

by grain pull-out are forming during grinding and polishing. 
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Figure 6.6 Microstructures of 5KNN ceramic densified using SSS for 2 h: a) 1100°C, b) 1120°C and c) 

1140°C. 
 

 
Figure 6.7 Pore morphology of 5KNN sintered at 1100°C for 2 h 

 
The loss of the alkali elements results in a moderate mass loss in the sintered samples, as shown in 

table 6.2. Without a significant decrease in volume, this negatively influences the final density of the 
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KNN ceramics. Based on the dilatometry data shown in figure 6.4, the maximum shrinkage of 5KNN 

via SSS was achieved at 1120°C. This would suggest that samples sintered at >1120°C will not achieve 

higher densities, a result that is confirmed by the fact that the 1140°C specimen had a density 

equivalent to that of the 1120°C samples. 

 
Table 6.2 Mass loss of 5KNN ceramics sintered using SSS (sintering time 2 h) 

Samples Mass loss/% ∆/% 

1100°C / 2 h 1.8 0.04 

1120°C / 2 h 2.0 0.02 

1140°C / 2 h 2.5 0.11 

 

6.3.2 Two-step sintering 

In order to achieve high density ceramics with a fine microstructure, two-step sintering (TSS) was used 

to sinter 5KNN ceramics. For TSS, a sufficiently high intermediate density (>75%) must be obtained 

during the first sintering step. This is required to ensure that any residual pores that are subjected to 

second step sintering are of a subcritical size and unstable against shrinkage due to the capillary action. 

The critical relative density that must be achieved during first step sintering is material dependent and 

requires careful optimisation of the T1 temperature169. Figure 6.8 shows the relative density of 5KNN 

pellets partially sintered at different T1 temperatures and demonstrates that T >1060°C provides the 

minimum level of densification required (>75%) within the short dwell period of 10 mins. The relative 

density then exhibits a plateau at 1100°C and 1120°C before decreasing at 1140°C, the latter being 

consistent with the results in section 6.3.1 and reductions in sample mass due to the loss of Na and K. 

Figure 6.8 also shows that higher T1 temperatures leads to significant increases in grain size, from ~0.7 

μm at T1 = 1080°C to 9.5 μm at T1 = 1140°C. 
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Figure 6.8 Relative density (black line) and grain size (red line) of 5KNN specimens sintered for 10 mins 

and the as a function of first step temperature 
 

Figure 6.9 a-f) shows the fracture morphologies of 5KNN samples sintered at different T1 temperatures. 

At 1040°C, limited densification has occurred, the morphology of the 5KNN powder is still clearly 

visible. There are some signs of the fusing of particles, but significant inter-granular porosity remains. 

This suggests that only the particles with the lowest activation energy have been activated at this T1 

temperature; most probably the smaller particles with the highest surface free energy. At T1 

temperatures >1040°C, it is apparent that significant densification has occurred, and that triple-points 

have formed. Below 1100°C, the microstructure remains homogenous and exhibits no intra-granular 

porosity. However, above 1100°C, grain growth clearly has an increased contribution on the evolution 

of the microstructure and intra-granular porosity begins to develop. At 1120°C and 1140°C, samples 

are found to contain fewer pores and are smoother in terms of their grain morphology. This is 

associated with the formation of K-rich liquid-phase at ~1110°C, which has coated the particle surfaces 

and partially-filled intra-granular pores, see figure 6.9 f). 
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Figure 6.9 Fracture morphologies of 5KNN ceramics sintered at different first step temperatures T1 for 

10 mins. T1 = a) 1040°C, b) 1060°C, c) 1080°C, d) 1100°C, e) 1120°C and f) 1140°C 
 

 

It clearly demonstrates that, the 5KNN powder particles are still in the initial sintering stage, where 

the particles are just starting to connect with necks when T1 is lower than 1080°C. Here, the capillary 

force is too low to shrink the pores. However, within the 10 min dwell period, the 5KNN ceramics 

sintered at temperatures higher than 1080°C have transitioned from the initial and intermediate 

sintering stages, dominated by bulk diffusion and sample shrinkage, into the final sintering stage 



 

  

 

84 

dominated by grain growth305. From the report of Chen169, ZrO2 ceramics can obtain a high density 

during the second step provided the first step density is higher than 75%. However, this critical value 

is different for different materials. As discussed in section 6.3.1, the amount of K-rich phase displays 

a significant impact upon the densification process of KNN ceramics; excess liquid-phase would cause 

abnormal grain growth (in the SSS method) preventing the densification of KNN. However, a suitable 

liquid phase formation could assist the sintering process by providing adequate wetting of the grain 

boundary, allowing dense microstructures to be achieved in the second step154. Therefore, the 

requirements of high density, small grain size and suitable liquid phase amount need to be satisfied in 

the first step. As mentioned above, the formation of K-rich liquid phase starts when the temperature 

is >1110°C 168,303. The samples sintered at T1=1120°C for 10 min obtained the highest density and 

lowest grain size when sintering temperature higher than 1110°C. Also, the amount of liquid phase 

can be well controlled by short dwell time (10 min) in first step. Thus, 1120°C was chosen as the T1 

sintering temperature for 5KNN.  

 

Given that the aim of T2 and t2 is to achieve a maximum density without significant grain growth and 

to minimise the evaporation of Na and K, the optimum temperature T2 and dwelling time t2 needed 

to facilitate the maximum amount of densification. Recalling the dynamic sintering curve in figure 6.4, 

the highest densification rates were achieved at temperatures between 1030-1070°C. As such, this is 

the temperature range that was exploited for use as T2. Figure 6.10 a) shows the relative densities and 

grain size of samples sintered at a T1 of 1120°C for 10 mins and then T2 temperatures of 

1030/1050/1070°C for 10 h. From the results, a T2 of 1070°C was able to achieve the highest density 

and the finest grain size. In order to explore whether the density could be further improved by 

increasing the dwell time at the T2 stage, additional samples were sintered at 1070°C for extended 

dwell periods of 15 h and 20 h. The results are shown in figure 6.10 b) and reveal that longer dwell 

times lead to a decrease in sample density, associated with increased amounts of alkali evaporation, 

a view supported by the mass loss data in shown in table 6.3, and the associated gaseous phase release. 

Based on the findings, a T2 of 1070°C for 10 h yielded pure 5KNN ceramics with the highest relative 

density via TSS, which was measured to be ~95% of theoretical. 
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Figure 6.10 Relative density and the grain size of 5KNN specimens sintered at T1 = 1120°C for 10 min: a) 
held for 10 h at different T2 temperatures, and b) held for different dwell periods at a T2 temperature of 

1070°C 
 

Table 6.3 Mass loss of 5KNN ceramics sintered using TSS (different dwelling time) 

Samples Mass loss/% ∆/% 

1120°C/10 min/1070°C/10 h 1.51 0.061 

1120°C/10 min/1070°C/15 h 1.77 0.052 

1120°C/10 min/1070°C/20 h 1.89 0.071 
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Figure 6.11 Microstructure of sintered surface of 5KNN: a), c) densified by TSS (1120°C /10 min/1070°C 

/10 h) and b), d) densified by SSS (1120°C /2 h) 
 

Figure 6.11 shows the surface morphology of 5KNN pellets sintered by TSS: 1120°C/10 min/1070°C/10 

h (a, c) and SSS: 1120°C/2 h (b, d). Both sintering procedures produce samples with dense 

microstructures but with different morphologies. SSS-5KNN ceramics tend to form large and faceted 

grains (> 50 lm) with some gas pores. By comparison, the pellets sintered by TSS a, c) exhibit relatively 

homogenous and smaller grains (~20 lm) with smooth edges surrounded by smaller grains (1-2 lm). 

This demonstrates that the TSS method results in higher nucleation rates and helps suppress grain 

growth. In order to avoid the influence of directly imaging the sintered surfaces, the microstructures 

of polished surfaces have also been investigated, and are shown in figure 6.12. 

 

Figure 6.12 presents representative microstructures of 5KNN pellets sintered using the optimised TSS 

and SSS procedures, polished surfaces in a) and b), and fracture morphologies in c) and d). The relative 

densities and grain size of 5KNN ceramics densified by using different sintering route are summarised 

in figure 6.13. Compared with the sintered surfaces shown in figure 6.11, the micrographs of the 

polished and fracture surfaces of both TSS and SSS-5KNN ceramics (figure 6.12) exhibit smaller grain 

size and higher porosity. It is also clear from figure 6.12 that the samples fabricated via TSS exhibit 

both higher densities and finer and more homogenous microstructures. Through a systematic study, 



 

  

 

87 

the morphologies of 5KNN ceramics fabricated by both SSS and TSS confirm that the porosity due to 

incomplete densification (small inter-granular pores at triple-junctions) is an unavoidable event, and 

even remains a prevalent feature in high density samples sintered by TSS, see figure 6.12 c). These 

pores are caused by the intrinsically low sinter-ability of KNN. The improved density of 5KNN sintered 

by TSS is thus achieved by supressing grain boundary migration such that fewer pores are trapped 

insides grains. Moreover, by comparing data in table 6.3, the inhibition of mass loss via Na and K 

evaporation also plays a significant role in the ability of the TSS method to produce higher density 

specimens. As mentioned before, the mean grain size of SSS samples increased from 10.5 μm to 21.3 

μm when the sintering temperature was increased from 1100°C to 1140°C. For the TSS samples, in 

figure 6.13, the grain size is approximately 50% less than SSS. The finest grain size and highest density 

5KNN sample in this work was obtained at optimum TSS conditions of T1 = 1120°C for 10 min, T2 = 

1070°C for 10 h. 

 

 
Figure 6.12 Microstructure of 5KNN ceramics polished surfaces: a) densified by TSS (1120°C/10 

min/1070°C/10 h and b) densified by SSS (1120°C/2 h); fracture morphologies of 5KNNN ceramics: c) 
densified by TSS (1120°C/10 min/1070°C/10 h) and d) densified by SSS (1120°C/2 h) 
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Figure 6.13 Relative densities and grain sizes of representative 5KNN ceramics densified by SSS and TSS 

 

6.4 Structural characterisation 

The XRD patterns of both the KNN powder calcined at 900°C and ceramics sintered by SSS and TSS are 

presented in figure 6.14. The major Bragg peaks detected corresponded to a pure 

KNN perovskite orthorhombic structure, with the evidence of a clear splitting of the (022)/(200) peak 

observed at ~45.5°. Therefore, the calcined powder and sintered samples may be considered 

reasonably pure with no impurity phases within the detection limit of XRD (∼2%). As expected, the 

peaks of the sintered 5KNN specimens were narrower and with a better-defined orthorhombic split 

compared to those of the powder calcined at 900°C; this is most likely to be associated with the larger 

crystal size in the ceramics and a higher degree of crystallization after sintering.  
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Figure 6.14 XRD patterns across a 2θ range of 20-60° for the calcined 5KNN powder and ceramics 

sintered at various temperature and times using SSS and TSS 
 

The DSC pattern of 5KNN sintered at 1120°C/10 min/1070°C/10 h is presented in figure 6.15 and shows 

phase transition information. The first gradient changes at around 60 – 70°C (marked with a green 

arrow) may be caused by the stabilisation progress of the DSC from a cold state to the heating 

circumstance33. The second and third peaks occur at ~200°C and ~411°C, respectively, and are 

considered as the thermal response of the 5KNN phase transition behavious. According to the phase 

diagram of KNN exhibited in chapter 2 (figure 2.16), these two phases transitions are interpreted as 

the orthorhombic – tetragonal phase transition (200°C) and tetragonal – cubic phase transition (410°C, 

Curie Temperature), respectively110. Compared with the literature, the difference between phase 

transition temperature is not very great (only 1°C different in Curie temperature), revealing the 

improvement of density and microstructure will not affect the intrinsic properties of the 5KNN 

ceramics. 
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Figure 6.15 DSC trace of 5KNN sintered at 1120°C/10 min/1070°C/10 h 

 

6.5 Electrical characterisation 

6.5.1 Dielectric property characterisation 

The room temperature relative permittivity (' r) and dielectric loss (tanE ) factor of 5KNN discs 

fabricated using SSS and TSS, and poled at 120°C are presented in table 6.4. The functional property 

measurements were taken at the 24th hour after electrical poling. Compared with the literature values 

in table 6.4 and chapter 2, 5KNN ceramics prepared by TSS exhibits higher dielectric constants (εr) 

values but similar dielectric loss (tanδ).  

 

For 5KNN ceramics sintered by the SSS route (Sample No. 1-3), with the raise of sintering temperature, 

the increased relative permittivity while decreased dielectric loss can be observed. Presumably this 

was mainly due to the improved density. For 5KNN ceramics sintered by TSS for 10 hours (Sample No. 

4-6), a similar trend can be observed, but higher relative permittivity values were obtained. This 

improvement is due to the lower porosity and finer microstructure. Further prolonging dwell time in 

the second step led to both εr and tanδ decreasing. The latter may relate to the higher level of alkali 

evaporation.  

 

According to the previous study with BaTiO3 ceramics, both density and grain size present a significant 

effect upon relative permittivity306 so it is reasonable to assume that the increase in relative 
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permittivity of 5KNN may also because of the increase in density and decrease in grain size, these 

effects are discussed below.   

 

Table 6.4 Room temperature dielectric properties of 5KNN ceramics fabricated using SSS and TSS 
sintering routes (A comparison with typical literature values reported is included) 

No. Sintering conditions 
(T1 t1 / T2 t2) 

Tand 
/% 'r 

1 1100°C / 2 h 8.9±1.4 297±1.7 

2 1120°C / 2 h 6.1±2.0 294±7.9 

3 1140°C / 2 h 4.8±5.5 305±5.8 

4 1120°C 10 m / 1030°C 10 h 9.3±1.0 327±20.0 

5 1120°C 10 m / 1050°C 10 h 7.4±1.0 310±13.2 

6 1120°C 10 m / 1070°C 10 h 4.8±0.3 337±7.0 

7 1120°C 10 m / 1070°C 15 h 3.9±0.1 329±8.7 

8 1120°C 10 m / 1070°C 20 h 4.4±0.1 279±9.4 

 Literature 5KNN102 4 290 

 

 
Figure 6.16 Relative permittivity as function of a) relative density and b) grain size, respectively; 

relative permittivity as function of c) relative density (relative density < 93%) and d) grain size (relative 
density > 93%), respectively 

 

Figure 6.16 exhibits the relationship between relative permittivity and relative density/grain size. 

From figure 6.16a, generally, the relative permittivity increased with an increase in relative density. 
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However, the data point marked A (sample No. 8) with 93% density possessed a lower relative 

permittivity, this may be due to the off-stoichiometry caused by higher evaporation of alkali following 

a longer dwell time. For figure 6.16b, the impact of grain size upon the dielectric permittivity is more 

complex. The permittivity value decreased with the increase in grain size when the latter was less than 

~10 μm and increased again with larger grain sizes. It can be concluded that the relative density plays 

a dominant role upon the relative permittivity when the relative density is lower than 93% since the 

permittivity increased with improved density, figure 6.16c. And when the relative density exceeded 

93%, the grain size may play the dominant role for the relative permittivity, figure 6.16d.  

 

6.5.2 Piezoelectric property characterisation 

The piezoelectric charge coefficient (d33), coupling factor (kp) and mechanical quality factor (Qm) of 

5KNN ceramics fabricated using SSS and TSS are presented in table 6.5, including relative density and 

grain size. Compared with the literature values in table 6.5 and chapter 2, 5KNN ceramics prepared by 

TSS exhibits higher piezoelectric charge coefficient (d33) value but similar coupling coefficient (kp) and 

smaller mechanical quality factor (Qm). Such improvements for two-step sintered 5KNN ceramics are 

attributed to the denser microstructures, the improved stoichiometry and the finer grain sizes 

achieved in the TSS samples. Denser microstructures yield superior piezoelectric properties by 

retaining lower amounts of porosity, the presence of which impedes the negative/positive charge 

transfer path307. Whilst porosity will always lead to a reduction in piezoelectric constants, studies have 

demonstrated a preference for fewer, larger pores over a greater number of smaller pores307. As such, 

the ability for TSS to inhibit the amount of mass lost due to the evaporation of Na and K compared to 

SSS will have contributed to the improved properties of the KNN ceramics fabricated by TSS by limiting 

the generation of porosity, as shown by figure 6.7 and figure 6.12. In addition, the retention of Na and 

K will reduce shifts in the composition of 5KNN from stoichiometry, which is associated with improved 

piezoelectric properties307. It is well known that the piezoelectric properties can be significantly 

enhanced along the MPBs (morphotropic phase boundaries) and any deviation from stoichiometry 

will degrade the properties due to the deviation from the MPB308. In terms of the grain size, this affects 

performance by reducing the contribution of the domain wall to the piezoelectric properties309. The 

domain wall contribution is determined by the domain wall density and mobility. The former is the 

number of domain walls per unit volume and is typically estimated by measuring the average domain 

width exhibited by piezoelectric ceramics after poling. 5KNN is an orthorhombic structure at room 

temperature and, thus, has a very complicated domain pattern with 60°-, 90°-, 120°-, and 180°- 

domain walls all co-existing310. As a result, it is difficult to accurately measure the exact domain size of 
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KNN because it exhibits such significant variance from grain-to-grain311. Nevertheless, it is generally 

acknowledged that smaller domain widths exist within smaller grains312,313. This translates into a 

higher domain wall density, increasing the domain wall contribution by increasing the total domain 

wall activity309,312. Further contributions are made by the relaxation of grain boundary pinning effects 

at smaller grain sizes, which enable the smaller domain walls to re-orient more easily and respond 

more actively to an external signal due to higher domain wall mobility151,309. Furthermore, an 

inhomogeneous microstructure, particularly a bimodal grain size distribution, such as that seen in the 

SSS samples in the present work, will diminish the piezoelectric properties as well. The relationship of 

piezoelectric properties and relative density/grain size are shown in figure 6.17; they showed similar 

trend to that of the permittivity. 

 

Table 6.5 Piezoelectric and dielectric properties of 5KNN ceramics fabricated using SSS and TSS 
sintering routes (A comparison with typical literature values reported is included) 

No. Sintering conditions 
(T1 t1 / T2 t2) 

Rel. 
density 

/% 

Grain size 
/μm 

d33 

 /pC N-1
 

kp  

/% 
Qm 

1 1100°C / 2 h 90±0.3 10.5±3.5 97±2.9 34±2.0 17±6.3 

2 1120°C / 2 h 91±0.3 15.9±4.8 101±1.0 33±1.0 32±4.2 

3 1140°C / 2 h 91±0.4 21.3±6.1 94±2.9 25±0.4 22±12.9 

4 1120°C 10 m / 1030°C 10 h 92±0.5 8.2±2.5 112±1.1 35±1.0 34±2.0 

5 1120°C 10 m / 1050°C 10 h 91±0.7 8.7±3.2 104±1.6 31±2.0 42±5.0 

6 1120°C 10 m / 1070°C 10 h 95±0.5 7.5±1.6 122±0.1 36±3.0 76±5.2 

7 1120°C 10 m / 1070°C 15 h 93±0.6 8.2±1.6 118±0.8 34±3.0 45±2.6 

8 1120°C 10 m / 1070°C 20 h 93±0.4 8.6±1.8 108±5.0 33±0.3 39±0.7 

 Literature 5KNN102 94 - 80 36 130 
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Figure 6.17 a) d33, c) kp and e) Qm as function of relative density (relative density < 93%) and b) d33, d) kp 

and f) Qm as function of grain size (relative density > 93%), respectively 
 

6.5.3 Ferroelectric property characterisation 

The room temperature polarisation-electric field hysteresis loops of 5KNN sintered at 1120°C/2 h and 

1120°C/10 min/1070°C/10 h are illustrated in figure 6.18. 5KNN fabricated by TSS exhibited higher 

spontaneous and remanent polarisations, which were about ±16.1 μC/cm2 and ±12.9 μC/cm2 on 

average, respectively. Also, a larger coercive electric field of approximately ± 9.2 kV/cm was obtained. 

The larger coercive electric field of 5KNN ceramics densified by TSS may be due to the smaller grain 

size. As mentioned in section 6.5.4, the smaller domain usually exits in smaller grain size, therefore, 

5KNN ceramics densified by TSS exhibits higher domain wall density. Although it is easier to re-orient 
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the smaller domain (grain size), the increasing of the number of the domain wall also increase the 

difficulty of poling. It is easy to understand that the single crystal (single domain) is easier to be 

oriented compared with poly-crystals (multi-domain). Also, as reviewed in chapter 2, the A-site defect 

in 5KNN ceramics may help to enhance the mobility of domain. The TSS-route sintered 5KNN exhibits 

higher density and lower evaporation of Na and K, revealing lower A-site defect formed. Hence, 5KNN 

ceramics densified by TSS shows higher coercive electric field. The results in figure 6.18 exhibit good 

consistency with the piezoelectric properties discussed in section 6.5.2. 

 

 
Figure 6.18 Polarisation-electric field hysteresis loops of 5KNN sintered at 1120°C/2 h and 1120°C/10 

min/1070°C/10 h 
 

6.5.4 Energy harvester related property characterisation 

As well as the dielectric, piezoelectric and ferroelectric properties listed in table 6.4 and 6.5 and shown 

in figure 6.18, there are two important parameters to evaluate piezoelectric materials for energy 

harvesting applications287. The first is the energy conversion efficiency, =, which can be calculated 

using the piezoelectric electromechanical coupling factor, k, and Qm based on the following equation 

(3-5)286. In addition, piezoelectric energy harvesting devices usually work at anti-resonance, which 

means piezoelectric materials need to generate a high energy density, 7 , which is calculated by 

equation (3-3 and 3-4)314. From equation 3-4, at equivalent F and A, u is proportional to the product 

of d and $ (transduction coefficient), thus the values of " × $ are commonly used to represent the 

energy density. 
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Figure 6.19 compares the efficiency of energy conversion, =, and transduction coefficient, "@@ × $@@, 

of the 5KNN ceramics produced via SSS and TSS under different sintering conditions are shown in. The 

data show that, in general, the 5KNN ceramics sintered using TSS exhibited superior piezoelectric 

properties, due to the higher densities and finer microstructures achieved; this has translated into 

improved energy harvesting characteristics. The highest values of = and "@@ × $@@ for SSS and TSS are 

58% and 3925 ´ 10-15 m2 N-1 (for 1120°C/2 h) and 80% and 4985 ´ 10-15 m2 N-1 (for 1120°C/10 

mins/1070°C/10 h), respectively. In order to evaluate the power generation characteristics directly, 

these two sets of sintering conditions were selected to fabricate ceramics for use in prototype 

piezoelectric energy harvesters. The comparison and discussion regarding to the energy harvester will 

be provided in the Chapter 8. 

 

 
Figure 6.19  Influence of different sintering conditions on the efficiency of energy conversion and  
!!! × #!! values of 5KNN ceramics (processing condition numbers are given in Table 6-4 and 6-5) 

 

6.5.5 Temperature stability of 5KNN fabricated by TSS 

Figure 6.20 shows the temperature-dependent permittivity plot of 5KNN sintered at 1120°C/10 

min/1070°C/10 h from 30°C to 500°C. With the raise of temperature, the permittivity increased. Two 

anomalous peaks can be observed at ~475.13K (200°C) and ~688.13K (413°C), relating to two phase 

transitions; orthorhombic to tetragonal phase and tetragonal to pseudo-cubic phase. When the 

heating temperatures >~413°C, the ferroelectric phase of 5KNN had changed to the para-electric cubic 

phase where long–range–ordered ferroelectric domains disappeared, leading to the loss of the 
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piezoelectricity. These phase transition temperatures are in agreement with that measured from the 

DSC results presented in figure 6.15.  

 

 
Figure 6.20 Temperature-dependent permittivity of 5KNN sintered at 1120°C/10 min/1070°C/10 h from 

30°C to 500°C 
 

6.6 Summary 

In this chapter, 5KNN ceramics were fabricated using both SSS and TSS routes. The effects of the 

different sintering methods on the sintering mechanism, densification, microstructure, functional 

properties (dielectric, piezoelectric and ferroelectric properties), energy harvester related parameters 

and the relationship between properties and density/grain size were systematically investigated. The 

findings of this chapter can be summarised as the following: 

1. Compared to the SSS approach, the short soak time at high temperature (T1) in the TSS process 

route can generate suitable amount K-rich liquid phase to help densification and reduce the 

evaporation of sodium and potassium. Moreover, the use of a lower T2 sintering temperature 

decreased the grain boundary migration rate and helped gas pore removal. Hence, 5KNN 

ceramics with enhanced density and finer grain size were obtained. However, the low sinter-

ability of pure 5KNN results in pores located at triple-points that remain difficult to eliminate, 

even using the TSS method.  

2. Improved functional properties were obtained by the 5KNN ceramics densified by TSS route. 

Denser microstructures yield superior piezoelectric properties by retaining lower amounts of 

porosity. Moreover, finer grain sizes enable the smaller domain walls to re-orient more easily 
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and respond more actively to an external signal due to higher domain wall mobility. 

Furthermore, less evaporation in TSS can also help to reduce off-stoichiometry. 

3. The density and grain size play important roles for the functional properties. When the relative 

density was lower than 93%, the functional (dielectric and piezoelectric) properties improved 

with an increase in density. However, when relative density exceeded 93%, the grain size 

played the dominant role.  
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Chapter 7. An investigation of BNNO doped KNN materials 

7.1 Introduction 

A comprehensive investigation of 5KNN bulk ceramics was reported in Chapter 6, including the 

sintering mechanism, phase transition and the correlation between the microstructure and functional 

properties. In chapter 7, the synthesis, fabrication and characterisation of BNNO-doped 5KNN 

ceramics is reported. As discussed in chapter 2, ferroelectrics can boost high photo-induced voltages 

because of the bulk photovoltaic effect. However, because of the wide bandgap of most ferroelectric 

materials, the capability of light absorption is very poor; typically <20% of the solar spectrum can be 

absorbed. Ilya et al14. proposed that a potential way to narrow the bandgap without degrading the 

ferroelectric properties was through transition metal doping. Considering the charge compensation, 

electronegativities and ionic radius, in this work, Ba(Ni0.5Nb0.5)O3-δ, BNNO, was selected as a dopant to 

investigate the impact upon the dielectric, piezoelectric, ferroelectric and optical properties of 5KNN.  

 

This work was structured as follows. Initially, the sintering conditions of the BNNO-doped 5KNN 

ceramics, (1-y) K0.5Na0.5NbO3 – y Ba(Ni0.5Nb0.5)O3-δ, y refers to the BNNO doping amount, y = 0 – 0.1, 

were investigated using the 0.98(K0.5Na0.5)NbO3-0.02Ba(Ni0.5Nb0.5)O3-δ, 5KNN-2BNNO, composition as 

an example. Following this, ceramics with increased dopant amounts (y = 0.04-0.10) were fabricated 

and their sintering conditions optimised, allowing the influence of BNNO addition upon the functional 

properties of KNN-based ceramics to be investigated. Then, the phase structure and functional 

properties of the doped 5KNN ceramics were researched. Finally, the photovoltaic behaviour of the 

5KNN-2BNNO composition was measured. The main findings of this study are detailed and discussed 

in this chapter. 

 

7.2 Powder synthesis 

The particle sizes of the raw materials, NiO and BaCO3, are summarised in table 7.1. Each value was 

an average of three independent measurements. As for the synthesis of the 5KNN, the raw materials 

were vibro-milled first to decrease the particle size and then the powders were mixed using a Glen 

mill for 24 h to prepare the precursor. Note: The manufacturer information of Na2CO3, K2CO3, Nb2O5, 

NiO and BaCO3 was provided in chapter 5, particle size information of Na2CO3, K2CO3 and Nb2O5 was 

provided in Chapter 6 and the composition and the weights of each material and batch size are listed 

in Appendix I. 
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Table 7.1 Summary of the raw material particle sizes 
Powder Before milling: D50 / ij After milling: D50 / ij 

BaCO3 6.4±0.43 1.7±0.09 

NiO 18.8±0.35 2.8±0.01 

 

The particle sizes of the BNNO doped 5KNN powder mixtures after glen milling are summarised in 

table 7.2, suggesting that the particle sizes of the mixed and milled doped 5KNN mixtures were 

suitable for subsequent calcination.  

 

Table 7.2 Summary of particle sizes of the BNNO doped 5KNN mixture 
Precursor composition D50/ ij 

0.98(K0.5Na0.5)NbO3-0.02Ba(Ni0.5Nb0.5)O3-δ 3.3±0.08 
0.96(K0.5Na0.5)NbO3-0.04Ba(Ni0.5Nb0.5)O3-δ 3.1±0.05 

0.94(K0.5Na0.5)NbO3-0.06Ba(Ni0.5Nb0.5)O3-δ 4.4±0.10 

0.92(K0.5Na0.5)NbO3-0.08Ba(Ni0.5Nb0.5)O3-δ 4.6±0.22 

0.90(K0.5Na0.5)NbO3-0.10Ba(Ni0.5Nb0.5)O3-δ 4.2±0.42 
 

The reaction progress of the 5KNN-2BNNO powder can be assessed from the thermal data shown in 

figure 7.1. From the theoretical calculation, the total mass loss of the 5KNN-2BNNO composition was 

expected to be 10.08% from the release of CO2, which can be attributed to Na2CO3 (4.94%), K2CO3 

(4.94%) and BaCO3 (0.20%). From the TGA curve, figure 7.1, the total mass loss was ~11%, which was 

in agreement with the theoretical calculation. The mass reduction started from ~150°C and was 

completed when the temperature exceeded 750°C; this indicated that the Na2CO3, K2CO3 and BaCO3 

had fully decomposed by this temperature. Four endothermic peaks can be observed in the DSC data 

at 750°C (a double peak), 900°C and 950°C, together with an exothermic peak at 340°C. The latter 

peak, and associated mass loss, is considered to arise from the start of the decomposition of the 

carbonates. As for the 5KNN, figure 6.1 and figure 6.2, the sharp endothermic peak at ~900°C had no 

corresponding mass losses, indicating that reactions had finished by this temperature. The 

crystallography of the 5KNN-2BNNO powders calcined at 900°C for 2 h was investigated by XRD and is 

shown in figure 7.2, revealing the formation of a perovskite structure. Thus, the BNNO-doped 5KNN 

precursors were all calcined at 900°C.  
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Figure 7.1 TGA-DSC curves of the 5KNN-2BNNO precursor powder measured from 50°C– 1000°C with a 

heating rate of 5°C/min in air 
 

 
Figure 7.2 XRD patterns of 5KNN and 5KNN-2BNNO powders calcined at 900°C for 2 h. Peaks have been 

indexed assuming an orthorhombic perovskite structure 
 

The morphology of the 5KNN-2BNNO powder after calcination and vibro-milling for 24 h is shown in 

figure 7.3, a faceted structure can be seen that is similar to that of the undoped 5KNN powder, figure 

6.3, though the 5KNN-2BNNO powder exhibited a smaller grain size, ~100 – 200 nm and a more 

inhomogeneous grain size distribution (e.g. see the grains highlighted by black circles). This, in turn, 

may be due to an inhomogeneous elemental distribution. Considering the aim of the calcination was 

to pre-form the desired phase, figure 7.2, the calcination temperature at 900°C was considered 

sufficient for BNNO-doped 5KNN powders.  
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Figure 7.3 Microstructure of 5KNN-2BNNO powders after calcination (at 900°C for 2 hrs) and vibro-

milling for 24 h 
 

7.3 Sintering behaviour of 5KNN-2BNNO ceramics 

In order to assess any modifications required to the sintering conditions for the doped KNN compared 

to the undoped, the shrinkage behaviour of a 5KNN-2BNNO powder compact was measured at 

increasing temperature using a dilatometer as described in Section 5.4.2. Figure 7.4 demonstrates the 

dynamic shrinkage curve of the 5KNN-2BNNO powder compact in the temperature range from 600°C 

to 1250°C. Because the powder compact was covered with platinum foil, the observed initial 

expansion may be due to the latter’s expansion. It can be seen from figure 7.4 that the compact started 

shrinking at ~1090°C, and a rapid increase in shrinkage, into a largely linear shrinkage rate, was 

observed between 1100°C – 1200°C. The maximum shrinkage was observed at ~1200°C. The apparent 

decrease in shrinkage beyond 1200°C is due to the melting of the sample. Compared with 5KNN, the 

temperature at which the maximum shrinkage was observed for the 5KNN-2BNNO increased ~90°C, 

indicating that the doped KNN required a higher temperature to densify. Therefore, temperatures in 

the range 1165°C – 1200°C were selected as appropriate sintering temperatures to explore for the 

BNNO-doped 5KNN ceramics. 
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Figure 7.4 Dynamic shrinkage curve of a 5KNN-2NNO powder compact from 600°C to 1250°C in air with 

a heating rate of 5°C/min. Inset: shrinkage rates above 900°C. 

 

7.3.1 Single-step sintering 

The consequent density change and grain size for the 5KNN-2BNNO ceramics with the increasing of 

sintering temperature for 2 hours is demonstrated in figure 7.5. Each point was an average of six values 

from a batch of six samples. The theoretical density of 5KNN-2BNNO is 4.553 g/cm, which was 

calculated from XRD results measured at room temperature. As indicated above, figure 7.4, compared 

with 5KNN, 5KNN-2BNNO ceramics need to be sintered at a higher temperature to densify and hence 

higher temperatures were used than for the KNN ceramics. From 1165°C to 1185°C, densification 

increased, but it decreased again after reaching a maximum of 98.3±1.2 % of theoretical after sintering 

at a temperature of 1175°C. The latter is probably due to over-sintering. Also, with the raising in 

sintering temperature, the average grain size of the 5KNN-2BNNO increased, from ~300 nm – 600 nm. 

 

Pictures of the sintered 5KNN-2BNNO pellets are shown in figure 7.6. The colour of the material is 

dependent on the light it absorbs, whilst the bandgap determines the wavelength absorbed. 5KNN 

ceramics possess >3 eV bandgap, which means they cannot absorb visible light and hence appear 

white. After doping with BNNO, the ceramics were either green or yellow, indicating a reduction in 

the bandgap. The microstructure (grain size, shape, porosity, etc.) also affects the appearance of the 

samples. After sintering, grain boundaries are formed and porosity is decreased and hence the light 

absorption and scattering by the sample are changed315,316. It can be observed from figure 7.6 that the 

5KNN-2BNNO ceramics disc sintered at 1165°C showed a very “light green” colour, which may be due 
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to its low density. When the sintering temperature raised to 1170°C and 1175°C, the level of 

densification increased, figure 7.5, and hence the samples appeared darker. It will be noted from 

figure 7.6 that the 5KNN-2BNNO ceramics discs sintered at 1175°C showed homogenous colour, whilst 

samples sintered at 1180°C and 1185°C exhibited an inhomogeneous mixture of dark and light green. 

An SEM micrograph for a 5KNN-2BNNO ceramic sintered at 1170°C is shown in figure 7.7. It can be 

seen that the lighter green colouration in the bottom of the sample was linked to the presence of 

increased porosity in the sample, suggesting that the latter caused light scattering317,318. When the 

sintering temperature was further raised to 1180°C and 1185°C, the sample surface became very 

inhomogeneous with many white spots appearing on the surface; these may have been due to Ni ex-

solution319. The phenomena described above were further studied by utilising both SEM and XRD, as 

shown in figures 7.8 – 7.13 and discussed further below.  

 

 
Figure 7.5 Relative density and grain size of 5KNN-2BNNO as a function of sintering temperature for 2 h 

with a heating rate of 5°C/min 
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Figure 7.6 Pictures of 5KNN-2NNO ceramics sintered for 2 h at: a) 1165°C; b) 1170°C; c) 1175°C; d) 

1180°C; e) 1185°C and f) transparency in a 5KNN-2BNNO ceramic sintered at 1175°C for 2 h 
 

 
Figure 7.7 SEM micrograph for a 5KNN-2BNNO pellet sintered at 1170°C for 2 h, together with an 

indication of their relationship to the appearance of the bulk sample surface 
 

The top surface of the 5KNN-2BNNO ceramics were polished and thermally etched at 150°C below the 

sintering temperature for 30 min, and SEM micrographs of the surfaces are presented in figure 7.8. It 

can be observed that all the ceramics possesses a homogenous microstructure with approximately 

square grains (grain are cuboids in 3D). Compared with the 5KNN ceramic microstructures, figure 6.6 

and figure 6.12, all the sintered 5KNN-2BNNO ceramics exhibited denser, finer and more homogenous 

microstructures. For example, the TSS-densified 5KNN ceramics had a mean grain size of ~7 μm (5KNN 

TSS), whilst the 5KNN-2BNNO ceramics displayed a submicron microstructure. The grain size reduction 

is attributed to grain growth inhibition by the presence of the dopant320–322. The SEM image and EDS 

elemental line scanning map across the grain (5KNN-2BNNO composition) is shown in figure 7.9, 
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exhibiting compositional segregation between the grain-interior region (core) and the grain-outer 

region (shell). The grain-outer region presents higher Ba and Ni concentration, relative to the Nb-rich 

inner core. The K and Na elements were approximately consistent across the entire grain. With BNNO 

doping, it can be seen from figure 7.9 that the Ba2+ and Ni2+ tended to concentrate near the grain 

boundaries, this probably reduces their mobility during densification and hence suppresses grain 

growth. In addition, it would be expected that the Ba2+ doping generates K+ and Na+ vacancies at the 

A-sites, which can also lead to domain pinning and a reduction in grain growth rate, thus resulting in 

reduced grain size compared to 5KNN320–322. Similar tendencies in grain growth inhabitation have been 

reported in, for example, the (1-x) (K0.5Na0.5)NbO3-x (Ba0.9Sr0.1)(Zr0.1Ti0.9)O3
320, Ba-doped 

Pb(Zr0.532Ti0.468)O3
321 and (Pb0.63Ba0.37) (Zr0.7Ti0.3)O3 systems323,324. When 5KNN-2BNNO ceramics were 

sintered at 1165°C for 2 h, figure 7.8a, the resulting microstructures were relatively inhomogeneous 

and contained large 1 – 2 μm pores. The latter explains the low density and also light green colour 

shown in figures 7.5 and 7.6, respectively. When the ceramcis were sintered at 1170°C-1180°C, more 

densified microstructures were obtained, figure 7.8b-d, however when the sintering temperature was 

further raised to 1185°C, much larger grains were observed, together with the re-introduction of 

porosity; the microstructure in figure 7.8e clearly reveals over-sintering, explaining the decrease in 

density observed in figure 7.5.  
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Figure 7.8 The SEM images of polished and thermally etched 5KNN-2BNNO ceramic surfaces after 

sintering for 2 h at: a) 1165°C, b) 1170°C, c) 1175°C, d) 1180°C and e) 1185°C 
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Figure 7.9 SEM-EDS line scan mapping of 5KNN-2BNNO ceramics sintered at 1175°C for 2 h: a) The 
position of the line scan in SEM image, b) EDS elemental line scanning map across the entire grain 

 
As mentioned previously, one explanation for the white spots in the 5KNN-2BNNO ceramics sintered 

at 1180°C and 1185°C may be due to Ni ex-solution325–327. Normally, this occurs after sintering in a 

reducing atmosphere328,329, suggesting that the forming of oxygen vacancy in the perovskite oxides 

could be the driving force for the ex-solution process326,330. For the BNNO-doped KNN ceramics, the 

doping of Ni introduces oxygen vacancies, which can contribute towards Ni overcoming the energy 

barrier to diffuse to the surface, leading to an inhomogeneous element distribution330. Doping with 

Ni2+ and Ba2+ ions will also cause the generation of oxygen vacancies due to charge compensation and 
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thus can be expected to have a similar effect as sintering in a reducing atmosphere. The acceptor 

dopants (Ni2+ ions) are dissolved into the 5KNN lattice matrix 5KNN first and then anchored to the 

surface. The whole process can be summarised as four physical sub-processes: diffusion, reduction, 

nucleation and growth326. With increasing sintering temperature, Ni2+ ions first diffuse from the bulk 

to the surface and are then reduced to Ni metal, before assembling into nanoparticles that grow in 

size over the heat-treatment time326. Since the 5KNN-2BNNO ceramics were sintered in air, the Ni was 

further oxidised into NiO. The whole Ni ex-solution process is illustrated in figure 7.10. The generation 

of oxygen vacancies destabilises the perovskite lattice stoichiometry, leading to the segregation and 

ex-solution of B-site cations to maintain structural stability. Thus, the sintering temperature of doped 

KNN ceramics needs to be carefully controlled. Figure 7.11 illustrates the as-sintered microstructure 

of 5KNN-2BNNO sintered at 1180°C for 2 h, whilst figure 7.12 shows the as-sintered microstructure 

and EDS mapping of 5KNN-2BNNO sintered at 1185°C for 2 h. The Ni particle nucleation and growth 

along the KNN grain boundaries and oxidation into NiO during the sintering process can be directly 

observed. 

 

 

Figure 7.10 a) Schematic diagram of Ni ex-solution from the KNN matrix and b) illustration of the 
ex-solution process 
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Figure 7.11 SEM image of the as-sintered surface microstructure of a 5KNN-2BNNO pellet sintered at 

1180°C for 2 hrs in air 
 

 
Figure 7.12 SEM image and EDS elemental maps of the as-sintered surface microstructure of a 

5KNN-2BNNO pellet sintered at 1185°C for 2 h in air 
 

The room temperature XRD patterns of the sintered 5KNN-2BNNO pellets sintered at temperature 

from 1165-1185°C, together with the corresponding pattern of a 5KNN ceramic fabricated using TSS 

(discussed in chapter 6), are shown in figure 7.13. All the patterns show reflections consisting of a 

perovskite orthorhombic phase but it can be seen that all the diffraction peaks become broader in the 

doped materials with less apparent splitting of peaks at ~45° compared to 5KNN. This could be due to 

the effect of grain size331 and lattice strain332. According to Scherrer’s formula332, smaller grains cause 

a broadening effect for XRD diffraction peaks. From the discussion above and figure 7.8, 5KNN-2BNNO 

ceramics exhibit much finer grain size than 5KNN ceramics, which might explain the peak broadening 
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observed. Another reason might be the lattice strains that arise because the ionic radius of Ni2+ and 

Ba2+ differ from the ionic radius of K+, Na+ and Nb5+, table 7.3. In addition, with increasing sintering 

temperature, the level of crystallinity increased leading to a slightly sharper (022) peak. However, 

when the temperature was >1180°C, a peak split for the (022)/(002) diffraction become more 

apparent, supporting the argument for the ex-solution of Ni discussed above. The ex-solution of Ni 

helps to maintain the structure stability of KNN-based system through pushing the relatively larger B-

site doping ions (Ni) out the lattice, leading to the stability of original phase structure of 5KNN 

(orthorhombic structure). Based on all of this evidence, the best single-sintering temperature for the 

5KNN-2BNNO ceramics was identified as 1175°C for 2 hours. 

 

 

 
Figure 7.13 XRD patterns of sintered 5KNN-2BNNO ceramics sintered at different temperatures for 
2 h and a two-step sintered 5KNN ceramic sintered at 1120°C/ 10 mins/1070°C/10 hrs: a) 2θ = 15 - 

60°; b) 2θ = 43 - 58° 
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Table 7.3 Ionic radii of relevant elements333 
Element Coordination number Charge Ionic radius/Å 

Na 12 1+ 1.12 

K 12 1+ 1.46 

Nb 6 5+ 0.64 

Ba 12 2+ 1.38 

Ni 6 2+/3+ 0.69/0.56 

O 6 2- 1.4 
 

7.3.2 Two-step sintering 

5KNN-2BNNO ceramics were also fabricated by two-step sintering. Figure 7.14 illustrates the relative 

density of these ceramics after partial sintering at a range of different first step temperatures from 

1170 to 1195°C. It can be seen that there is a maximum in the curve and the highest density was 

obtained at 1180°C (relative density: 94.4±0.02%); the lower shrinkage and density values obtained at 

higher T1 temperatures may be due to the evaporation of the alkali metals (chapter 6) and Ni ex-

solution. Hence, 1180°C was selected as the first step sintering temperature for further investigation. 

 

From the dynamic sintering curve in figure 7.4, the highest densification rates were achieved at 

temperatures between 1100 – 1200°C. Hence the range 1130 – 1160°C was selected to investigate the 

optimum value for T2, the second step sintering temperature; and the results are shown in figure 7.15. 

Although there was no significant increase in final density when T2 = 1130°C, higher temperatures did 

lead to a slightly higher level of densification with final densities in the range of 96 – 97%. Higher T2 

temperatures were not investigated since the increase in density was both modest and levelled off by 

1160°C. The final dwell time was extended to 20 h and the results are also exhibited in figure 7.15. It 

can be seen that the longer dwell time led to a decrease in sample density for all different T2 

temperatures, which might be due to the evaporation of alkali. Hence, 10 h was selected as the best 

second soaking time identified.  
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Figure 7.14 Relative density of 5KNN-2BNNO ceramics sintered for 10 mins with a heating rate of 

10°C/min as a function of first-step temperature 
 

 

Figure 7.15 Relative density of 5KNN-2BNNO ceramics sintered at T1 = 1180°C for 10 min and then held 
for 10 h at different T2 temperatures. The cooling rate from T1 to T2 was 30°C/min 

 
The surface morphology of 5KNN-2BNNO ceramics densified by TSS were investigated by thermally 

etching polished samples at 150°C below the first step sintering temperature for 30 min. SEM image 

is shown in figure 7.16. In general, the microstructures were similar in structure to those obtained by 

SSS. For 5KNN-2BNNO densified by TSS, comparison with figure 7.8 reveals a slightly larger grain size 

and abnormal grain growth had occurred (circled in red).  
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Figure 7.16 The SEM images of polished and thermally etched 5KNN-2BNNO ceramic surfaces densified 

by TSS (1180°C/ for 10 mins / 1150°C/ for 10 h) 
 

7.3.3 Property comparison of 5KNN-2BNNO ceramics fabricated by SSS and TSS 

The dielectric and piezoelectric properties of 5KNN-2BNNO ceramics fabricated using the best SSS and 

TSS conditions are presented in table 7.4. It is clear from the latter, together with figures 7.8 and 7.15, 

that 5KNN-2BNNO ceramics densified by SSS exhibited slightly higher relative densities, by 

approximately 1.5%, and finer, more homogenous microstructures. Although these different 

microstructures had relatively little effect on the properties, where there were significant differences, 

e.g. the tan δ and Qm values, the SSS ceramics exhibited slightly better values.  

 

In general, it can be concluded that doping 5KNN with Ba and Ni aids to enhance the density and 

suppress grain growth. Having said that, the sintering temperature of the 5KNN-2BNNO composition 

is limited by the Ni ex-solution process and cannot exceed 1180°C during SSS. Although TSS contributes 

to extending the sintering window, the long soaking time at high temperature involved seems to cause 

significant sodium and potassium evaporation. Thus, based on the evidence obtained, a single-step 

sintering (SSS) schedule involving 2 h at temperatures >1175°C was selected as the basis of the 

sintering method for the doped KNN ceramics. 
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Table 7.4 Density, grain size and dielectric and piezoelectric properties of 5KNN-2BNNO ceramics 
fabricated using the best SSS and TSS sintering route conditions 

 SSS 
1175°C / 2 h 

TSS 
1180°C for 10 mins / 1150°C for 10 h 

Relative density 98.3±1% 96.8±1% 

Mean grain size / nm 429±67 486±94 

εr 742±46 752±81 

tan δ / % 3.8±0.1 8.5±3.2 

d33 / pC N-1 132±3 129±5 

kp / % 42±1 43±1 

keff / % 36±1 36±1 

Qm 90±3 63±13 

Efficiency / % 84±6 83±3 

Energy density / 10-15m2N-1 1389±164 1269±268 
 

7.4 The effect of composition on sintering behaviour  

BNNO doped 5KNN powders were prepared and calcined at 900°C for 2 h as described in section 7.2. 

The resulting room temperature XRD patterns are presented in figure 7.17 together with data for 

undoped 5KNN calcined powders. All the patterns were indexed based on the perovskite cubic phase; 

the occurrence of any phase transitions will be discussed in section 7.5. Figure 7.17 a) shows the data 

from 15 – 60°, whilst b) shows zoomed views of the key peaks at 2θ values of ~22°, 32° and 46°, 

corresponding to the (001), (011) and (002) peaks, which can be seen to shift initially towards a lower 

angle with an increase in BNNO concentration, 5KNN-2BNNO, 5KNN-4BNNO and 5KNN-6BNNO, and 

then towards a higher angle again with further increase in BNNO dopant, 5KNN-8BNNO and 5KNN-

10BNNO.  

 

As discussed previously in section 7.3.1, the lattice strain and grain size changes caused by the 

presence of the dopant may have led to the broadening and shifting of the peaks. The strain induced 

in the KNN lattice will have been due to the substitution of the small cations Nb5+ and Na+ by the larger 

cations Ni2+ and Ba2+, see table 7.3, and this is an effect that has been studied using Williamson-Hall 

(W-H) analysis334. The lattice strain can be easily calculated from the peak width (β) and diffraction 

angle (θ)334. Plots of βcosθ as a function of 4sinθ were linearly fitted and the lattice strain was 

calculated from the slope; the resulting values are exhibited in figure 7.18. As the dopant 
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concentration raised from y=0 to y=0.1, a small increase in strain from 0.0017 to 0.0063 was observed, 

as expected.  

 

 
 

 
Figure 7.17 The room temperature XRD patterns of 5KNN powder and BNNO doped 5KNN powder 

calcined at 900°C for 2 h: a) 2θ = 15 – 60°; b) 2θ = 21 – 24°, 30 – 33° and 44 – 47° 
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Figure 7.18 Williamson-Hall plots of 5KNN and BNNO doped 5KNN compositions. The resulting 

calculated strain values are also provided for each composition 
 

The relative densities of the BNNO doped 5KNN ceramics, 5KNN-4BNNO – 5KNN-10BNNO 

compositions, sintered for 2 h are shown in figure 7.19. Two things can be observed; first, all the plots 

exhibit a maximum in the density with sintering temperature and second, a higher sintering 

temperature was required for the higher dopant concentrations. The best sintering temperature for 

each composition and the relative density achieved, as a result of calculating the theoretical density 

for each composition from the XRD results measured at room temperature and presented in section 

7.5, are summarised in table 7.5. Notably, all the compositions exhibited densities >96% of theoretical, 

lessening the impact of density upon the subsequent dielectric, piezoelectric, ferroelectric and 

photovoltaic properties achieved. The microstructures of the thermally etched BNNO doped 5KNN 

sintered ceramics are shown in figure 7.20. As expected given the density values achieved, all exhibit 

minor levels of porosity (circled in red); they also exhibit a similar faceted morphology, but with less 

sharp edges, compared to the 5KNN-2BNNO ceramics, figure 7.8. In addition, the relationship between 

BNNO doping amount and grain size is also exhibited in figure 7.21, it can be observed that with a raise 

in BNNO dopant level a decrease in the mean grain size may be observed. The presence of NiO could 

also be observed (circled in yellow, as shown in figure 7.11-7.12). These microstructural features are 
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probably explained by the high sintering temperatures causing the evaporation of sodium and 

potassium, discussed in chapter 6, and the ex-solution of Ni, discussed in section 7.3.1.  

 

 
Figure 7.19 Relative density as a function of sintering temperature for 2 h with a heating rate of 

5°C/min: a) 5KNN-4BNNO, b) 5KNN-6BNNO, c) 5KNN-8BNNO and d) 5KNN-10BNNO 
 

Table 7.5 Sintering temperatures at which the maximum relative density was observed for BNNO 
doped 5KNN samples ceramics after sintering for 2 h 

Composition Sint temp 
/ °C 

Theoretical density 
/ g cm-3 

Density  
/ g cm-3 

Relative density 
/ % 

5KNN-2BNNO 1175 4.553 4.47±0.04 98.2±0.89 

5KNN-4BNNO 1185 4.595 4.44±0.31 96.7±0.75 

5KNN-6BNNO 1190 4.626 4.57±0.04 98.5±0.78 

5KNN-8BNNO 1195 4.663 4.56±0.05 97.8±0.99 

5KNN-10BNNO 1195 4.690 4.59±0.27 97.9±0.68 
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Figure 7.20 Surface microstructure of BNNO doped 5KNN ceramics pellets sintered at their individual 
optimised temperatures for 2 h, see table 7.5, and thermally etching for 30 mins at 150°C below the 
sintering temperature, a) 5KNN-4BNNO sintered at 1185°C, b) 5KNN-6BNNO sintered at 1190°C, c) 

5KNN-8BNNO sintered at 1195°C and d) 5KNN-10BNNO sintered at 1195°C 
 

 

Figure 7.21 Grain size of doped 5KNN ceramics as a function of BNNO doping amount, y=0.02 
represents the 5KNN-2BNNO composition, y=0.04 represents the 5KNN-4BNNO composition, y=0.06 

represents the 5KNN-6BNNO composition, y=0.08 represents the 5KNN-8BNNO composition and y=0.1 
represents the 5KNN-10BNNO composition 
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7.5 Structural characterisation 

It is commonly known that the piezoelectric properties of ferroelectric ceramics are significantly 

influenced by their structure33. In order to exclude the impact of internal macro-structure stresses 

upon the results, the sintered pellets used for XRD and Raman measurements were shattered using a 

hammer and then manually ground into powder in an agate mortar and pestle. In this section, 

different BNNO doped 5KNN composition are represented by the dopant amount, e.g. y=0 represents 

the 5KNN composition, y=0.02 represents the 5KNN-2BNNO composition and y=0.1 represents the 

5KNN-10BNNO compositions (see chapter 5, table 5.2). Each composition was sintered at its optimum 

sintering temperature as shown in table 7.5. The room temperature XRD patterns of the BNNO doped 

5KNN (y = 0 – 0.1) samples are shown in figure 7.22; they all exhibit a perovskite structure, revealing 

the formation of homogenous, stable solid-solution of (1-y) 5KNN – y BNNO. Compared with the XRD 

patterns of the calcined powders, figure 7.17, the powders arising from the crushing of sintered pellets 

show sharper diffraction peaks and smaller impurity peaks, e.g. for NiO, indicating an improvement in 

crystallinity and homogeneity. Peak broadening can also be observed after doping with BNNO, which 

may be due to the reduction in mean grain size and the increased lattice strain developed (as discussed 

in section 7.3.1).  

 

It was reviewed in chapter 2 that the KNN-based ceramics experience the paraelectric-ferroelectric 

transition followed by three ferroelectric-ferroelectric transition with successive phase transition of 

Cubic phase (C phase) – Tetragonal phase (T phase) – Orthorhombic phase (O phase) – Rhombohedral 

phase (R phase) during cooling down17,335. It can be seen from figure 7.22 that, at room temperature, 

pure 5KNN exhibits orthorhombic phase (O phase). As the BNNO dopant amount increases, the 

(011)/(100) peaks around 22.5° start to broaden and form (001)/(100)T and (022)/(200)O, meanwhile, 

peaks at 45° are broadened and coalesce to form a single (002)/(200)T peak, revealing that the doped 

KNN samples experience a orthorhombic – tetragonal  phase transition. The substitution of Ni2+ and 

Ba2+ into the lattice also generates oxygen vacancies and an internal stress field, which could break 

the balance between the Nb-O orbital hybridisation and change the local deformation of the 

perovskite structure, possibly contributing to the observed structural phase transitions322. 
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Figure 7.22 Room temperature XRD patterns for BNNO doped 5KNN ceramics (y=0-0.10) samples 

sintered at their optimum sintering temperature for 2 h (O and T refer to orthorhombic and tetragonal 
phase, respectively): a) 2θ = 15° – 60°; b) 2θ = 20.5° – 24°, 2θ = 30.5° – 33° and 2θ = 43° – 48° 

 

It can also be seen from figure 7.22 b) that, with increasing BNNO dopant amount, the XRD peaks 

consistently shifts towards the lower diffraction angles (2θ), indicating the expansion of the unit cell 

volume. The unit cell volume (V) as the function of BNNO doping is displayed in figure 7.23 and shows 

a trend of increasing V with greater additions of Ba2+ and Ni2+, which have a larger ionic radius than 

those of Na+ and Nb5+. The relationship between the unit cell volume of doped 5KNN compositions 

and the BNNO doping amount exhibits an approximately linear relationship, revealing a good 

substitution of Ba2+ and Ni2+ in the 5KNN unit cell based on the empirical Vegard’s law336. However, 
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the dramatic change around y=0.04 could be associated with the phase transition. Rietveld refinement 

fitted by Pseudo-Voigt function via TOPSA-Academic software and the phase percentages were 

determined by the intensity of the (022)/(200)O and (002)/(200)T peaks. It can be seen from the figure 

7.22 b) that the peak around 45° exhibits an overlapping peak without clear peak slitting, indicating 

the mixed phases in the sample, therefore, a mixed phase fitting model were used to refine the 

patterns. For y=0.00 composition, the XRD pattern was analysed based on an orthorhombic perovskite 

phase with the space group Bmm2. The structural analysis for the sample y=0.02 – 0.06 composition 

was carried out via a mixing structural model of Bmm2 (O phase) + P4mm (T phase). And the structural 

analysis for the sample y=0.08 – 0.10 composition were based on the structural model of P4mm (T 

phase) + Pm3m (C phase). The quantitative phase analysis of each composition at room temperature 

are summarised in table 7.6. It indicates that, with increased BNNO doping, the fraction of T phase 

increases and the T phase becomes the primary phase at room temperature.  

 

 
Figure 7.23 Unit cell volume as a function of increasing quantity of BNNO-dopant (y=0 – 0.10) 

 
Table 7.6 Quantitative analysis results from Rietveld refinement of BNNO doped 5KNN ceramics 
(y=0-0.10) calculated from XRD patterns (O: orthorhombic, T: tetragonal and PC: pseudo-cubic) 

Composition Goodness of fit Results 

y=0 1.55 O: 100 wt% 

y=0.02 1.26 O: 82.2 (19) wt%  T: 17.8 (19) wt% 

y=0.04 1.28 O: 59.0 (3) wt%   T: 41.0 (3) wt% 

y=0.06 1.31 O: 12.0 (7) wt%   T: 88.0 (7) wt% 

y=0.08 1.35 T:  95.1 (3) wt%  PC: 4.9 (3) wt% 

y=0.10 1.45 T:  96.5 (3) wt%  PC: 3.5 (3) wt% 
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Raman spectroscopy is an extremely sensitive tool for identifying local structural distortions in 

perovskites caused by the tilting of oxygen-octahedra and cationic displacements337. It is very 

susceptible to changes in binding energies resulting from molecular vibrations, which reflect 

information about non-uniform distortions in short-range ordering338. Thus, the phase transitions in 

the doped KNN samples were further investigated by using Raman spectroscopy to obtain stronger 

evidence of the phase transitions. The vibration of 5KNN-based materials is divided into translational 

modes of the isolated cations, such as K+ and Na+, and vibration modes of coordination polyhedra339. 

The small peaks in the region below 200 cm-1 are mainly regarded as the translational modes of 

Na+/K+/Ba2+ isolated cations as well as the rotation of NbO6 octahedral339,340. It has been reported that 

NbO6 octahedral group demonstrates 6 normal vibrations oA177: 

ΓNA< = o* + o+ + o@ + oO + oL + oP 7-7-1 

Where o* mode is symmetric A1g type stretching vibration mode of Nb-O bond, o+ and o@ represent 

doubly degenerated Eg type stretching vibration mode of O-Nb-O bonds and triply degenerated T1u 

type stretching vibration mode of Nb-O bonds, respectively341. o*, o+ and o@ vibration modes involve 

mainly oxygen displacements of Nb-O bonds of the NbO6 octahedra342. Finally,  oO, oL, oP associate to 

triply degenerated F1u type bending vibration mode, F2g  type vibration mode and F2u type bending 

vibration mode of the NbO6 group, respectively341. In this work, the most significant modes are 

associated with the o*, o+ and oL peaks, which show the vibration of an NbO6 octahedron, figure 7.24. 

Figure 7.25 shows the Raman spectra of (1-y) 5KNN – y BNNO ceramic powder (y=0.00 – 0.10) 

measured at room temperature.  

 

 
Figure 7.24 Illustration of the $", $# and $$ vibration modes of an NbO6 octahedron 

 



 

  

 

124 

 
Figure 7.25 Room temperature Raman spectra for 5KNN and doped BNNO ceramic powder samples: 

Raman shift = 100 cm-1-1000 cm-1 
 

The Raman peaks at around 135 cm-1 are related to the K/Na/Ba-O vibration within nanometre-sized 

clusters, revealing the rich in Ba2+, K+ and Na+ cations322,341. With increasing of BNNO, all Raman peaks 

gradually broaden, indicating that the addition of BNNO increases the ionic disorder and lattice 

distortion343. It can be also observed from figure 7.25 that increasing the BNNO addition leads to the 

o* and o+ peaks at around 600 cm-1 broadening and shifting to lower wavenumbers, accompanied by 

gradual fading of the o+ peak due to the substitution of Ni2+ into the NbO6 octahedral, which leads to 

a reduction of distortion and an increase of crystal symmetry344,345. Since the 5KNN-based ceramics 

discussed here are polycrystalline materials, the characterised Raman spectra, especially the peak 

intensities, may differ at different locations due to the variation of grain orientations and the presence 

of grain interactions339. Hence, the shifts of the peaks and the full width at half maximum (FWHM) 

were analysed. The introduction of hetero-valent cations into the A-site or B-site of the KNN leads to 

variations in the distortion of the O-Nb-O angles and the NbO6 force constant, causing a shift of the 

Raman peaks. The Raman spectra were fitted with the multiple Lorentz function to deconvolute the 

spectra to study the dependence of the Raman shifts and FWHM341 on BNNO doping amount.  

 

The composition dependence of the o*, o+, oL and o* +	oL peak positions are shown in figure 7.26. 

The shifting of Raman peaks is due to a decrease in the compressive strain and binding strength338,346–

350. The vibration of the NbO6 octahedron is very sensitive to the phase transitions. The Raman peak 

positions shift is regarded as one criterion to estimate the structure transformation351. In other words, 

the Raman shift is always qualitatively different (discontinuous changes) when passing a phase 
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boundary351. From figure 7.26, there is a qualitatively different change at around y = 0.04 which 

confirms the results of room temperature XRD. Also, as the concentration of BNNO raised from 0.02 

to 0.1, the o* peak becomes broader, indicating the enhancement of relaxor-type degree of dispersion, 

indicative of an increase of the optical transparency344. 

 

 
Figure 7.26 Shifts and FWHM of Raman peaks around a) 270 cm-1 ($$), b) 560 cm-1 ($#), c) 610 cm-1 ( $") 

and d) 850 cm-1 ($" + $#) in the Raman spectra of powdered sintered ceramics measured at room 
temperature as the function of increasing BNNO doping amount (y=0-0.10, y=0 refer to 5KNN) 

 
 

In order to investigate the impact of changing temperature upon the phase transition, the 

temperature dependence of the Raman spectra for each composition was measured between 30°C 

and 500°C. Figure 7.27 illustrates the Raman spectra of the 5KNN-2BNNO composition at 50°C, 250°C 

and 450°C, respectively. The three temperatures are corresponding to the orthorhombic, tetragonal 

and cubic phases, respectively, which can be recognised by the disappearance of the o+ peak and the 

broadening of the o*  peak110. These temperature were carefully selected far from the phase 

transitions to avoid phase co-existence or adaptive diffraction phenomenon of nano-domains on 

phase boundaries335,352,353. The variation of peak position and FWHM of o* ,  o+ , oL  and o*QL  are 

presented in figure 7.28 a) – d). In general, the FWHM increases with increasing temperature. The 

gradient changes of frequency shifts and FWHM could fundamentally be related to the thermally-
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induced phase transition, which is accompanied with symmetry rearrangement and the reassignment 

of the symmetry operation after the phase transition. Therefore, in figure 7.28, the gradient change 

has been identified as the O-T and T-C phase transitions at approximately 176°C and 372°C, 

respectively. The phase transition temperature of y=0.02 composition identified by the o*,  o+ and oL 

peaks are presented in the figure 7.28 and summarised in table 7.7, the averaged phase transition 

temperature values are identified as the phase transition temperatures of y=0.02 composition, i.e. TO-

T  is 177±2.9°C and TT-C is 374±2.9°C. As the phase transition induced by temperature is first-order354, 

the onset temperature in figure 7.28 a) – d) can be considered to be the phase transition temperature. 

The changes of peak position and FWHM in BNNO doped 5KNN (y=0.04 – 0.10) are provided in 

Appendix III, whilst the temperature of phase transition of the doped and undoped KNN ceramics are 

listed in table 7.8. From these Raman data, a phase diagram of the (1-y) 5KNN-y BNNO (y=0-0.10) 

system has been constructed and is shown in figure 7.29. It agrees well with the room temperature 

XRD results, the composition with y = 0 – 0.04 showing an orthorhombic structure, and the 

composition with y = 0.06 – 0.10 possessing a tetragonal structure. Similarly, with pure 5KNN ceramics, 

the results confirm that the BNNO doped 5KNN ceramics experience paraelectric-ferroelectric 

transitions with the phase transition sequence of cubic phase (C) – tetragonal phase (T) – 

orthorhombic phase (O). With the increase in BNNO doping amount (y), the phase transition 

temperatures TO-T and TT-C both decrease, indicating the narrower working temperature range of 

doped 5KNN ceramics.  

 

 
Figure 7.27 Raman Spectra of 5KNN-2BNNO samples as the function of Raman shift at different 

temperatures 
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Figure 7.28 The changes of shifts and FWHM of Raman peaks around a) 270 cm-1 ($$), b) 560 cm-1 ($#), 
c) 610 cm-1 ( $") and d) 850 cm-1 ($" + $#) in the Raman spectra of 5KNN-2BNNO powdered sintered 

ceramics as the function of increasing temperature 
 

Table 7.7 The phase transition temperatures of 5KNN-2BNNO identified by different Raman peaks 
Peak name TO-T /°C TT-C /°C 

ν1 175 372 

ν2 175 372 

ν5 176 373 

ν1 + ν5 181 378 

Average 177±3 374±3 
 

Table 7.8 Phase transition temperatures for KNN-based ceramics from Raman spectra analysis 
Composition TO-T/°C TT-C/°C 

y=0 197±2 417±1 

y=0.02 177±3 374±3 

y=0.04 156±3 364±5 

y=0.06 / 346±6 

y=0.08 / 274±2 

y=0.10 / 168±3 
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Figure 7.29 Phase diagram of BNNO doped KNN compositions (y = 0 – 0.10) derived from Raman 

spectroscopy measurements 
 

7.6 Electrical characterisation 

7.6.1 Dielectric property characterisation (εr and tanδ) 

The εr and tan δ of doped KNN sintered at their individually optimised sintering temperatures for 2 h 

are presented in figure 7.30. All the ceramic pellets were measured 24 hours after poling and each 

value is an average of a batch of six samples. Overall, the relative permittivity and dielectric loss factor 

increased with increasing BNNO doping. Firstly, compared with the undoped 5KNN ceramics (εr » 

329±36), all the doped ceramics exhibited a higher relative permittivity and, secondly, the relative 

permittivity of the doped ceramics increased with increasing BNNO dopant concentration. The highest 

relative permittivity was obtained in 5KNN-10BNNO (εr » 1059±91), which was roughly 3 and 1.5 times 

larger in comparison with the 5KNN and 5KNN-2BNNO (εr » 728±18.8), respectively. Generally, the 

relative permittivity can be related to the composition, density, grain size and the presence of defects 

in the material355. The BNNO dopant was helpful in enhancing densification and suppressing grain 

growth, as indicated in figures 7.8 and 7.21 and discussed in section 7.3. Also, as reviewed in section 

2.2.3.1, the relative permittivity can be affected by a change of phase. In section 7.5, it was discussed 

that BNNO doping in 5KNN induces an orthorhombic – tetragonal phase transition, causing a first-

order dielectric relaxation phenomena356. Thirdly, a higher amount of BNNO doping also leads to a 

larger measured dielectric loss. It can be seen from figure 7.30 that 5KNN-10BNNO (tan δ » 16.2±2%) 

possessed a value nearly four-times larger than that of the 5KNN (tan δ » 4.8±0.1%). BNNO doping in 

the KNN system introduces oxygen vacancies in order to preserve charge neutrality, with a higher 
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dopant concentration causing increased formation of oxygen vacancies. The latter will significantly 

affect the ionic conductivity, both in the grain and at the grain boundaries357, i.e. the presence of 

oxygen vacancies may cause a raise in the electrical conductivity and dielectric loss. From a theoretical 

perspective, there were 0.17 and 0.83 mol% oxygen vacancies in the 5KNN-2BNNO and 5KNN-10BNNO 

compositions, respectively18. Thus, it would be expected that a higher dielectric loss and conductivity 

would be obtained358. The DC conductivities of the 5KNN and doped ceramics were calculated using 

equation 7-2359 and figure 7.31 confirms that the conductivity increased as expected. 

 

<./ =
+0

(1 + =>?@)1/!
´+3%=>?@ 7-7-2 

 

Where [ is the angular frequency and ') is the vacuum permittivity (8.854 ´ 10-12 F/m). 

 

 
Figure 7.30 Measured relative permittivity and dielectric loss of BNNO doped 5KNN ceramic discs (y=0 

– 0.10) at room temperature 
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Figure 7.31 Calculated DC conductivity of BNNO doped 5KNN ceramic discs (y=0 – 0.10) at room 

temperature 
 

7.6.2 Piezoelectric property characterisation (qRR, rSTT, rU, sV) 

The piezoelectric properties of the doped 5KNN samples sintered at their individually optimised 

temperatures are listed in table 7.9; each value represents an average of measurements from 6 

samples. It can be seen that the 5KNN-4BNNO – 5KNN-8BNNO samples exhibited a poor piezoelectric 

response whilst the 5KNN-10BNNO samples had no piezoelectric response, these results being 

consistent with the phase transitions and high concentration of oxygen vacancies in these samples as 

discussed above. Samples with just 2 mol% BNNO doping, however, exhibited increased piezoelectric 

properties and relative permittivity compared to the undoped 5KNN, which may be a result of the 

improvements in density and microstructure dominating any deleterious effect of the increase in 

oxygen vacancy concentration. The oxygen vacancies formed by the introduction of the Ni2+ dopant 

ion may generate (ecW<XXX − (;..)’ defect dipoles with oxygen vacancies preferentially generated at the 

apex position, rather than at equatorial positions of the oxygen octahedra. This makes the whole 

system more stable when defect dipoles are aligned with the long axis of the unit cell15,360. Defect 

dipoles are pulled towards the depolarisation field direction, degrading the polarisation, figure 7.32361, 

whilst the generation of oxygen-vacancy increases the conductivity of the doped KNN ceramics, figure 

7.31, causing large leakage currents. Figure 7.33 shows that a large leakage current, beyond the range 

of the meter on the high voltage power supply, was induced by an applied voltage of only a 0.5 kV 

voltage for the 5KNN-10BNNO samples. Therefore, in order to obtain an ideal balance between 

bandgap and ferroelectricity, a carefully controlled doping amount is clearly needed in these materials. 
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Table 7.9 Piezoelectric property of 5KNN and BNNO doped KNN ceramics (- means un-measurable) 
Composition qRR/pC N-1 rSTT rU sV 

5KNN 122±2.2 0.34±0.01 0.36±0.05 76±3 

5KNN-2BNNO 132±1.7 0.36±0.01 0.42±0.01 90±14 

5KNN-4BNNO 45±6.6 0.13±0.08 0.15±0.01 47±10 

5KNN-6BNNO 11±0.6 - - - 

5KNN-8BNNO 3±0.6 - - - 

5KNN-10BNNO - - - - 
 

 
Figure 7.32 Schematic diagram of a) (&'%&''' − )(.. )’ defect dipole and b) defect dipole direction in a 

macro capacitor 
 

 
Figure 7.33 The leakage current during poling of 5KNN-10BNNO was off the scale on the high voltage 

power supply at only a 0.5 kV applied across an approximately ~1 mm thick samples 
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7.6.3 Ferroelectric property characterisation (Ps, Pr, Ec) 

The room temperature measurement of polarisation with various electric field (P-E loops) for the 

BNNO-doped 5KNN ceramics (y = 0.0 – 0.1) was carried out under a series of electric fields at 10 Hz, 

figure 7.34. The 5KNN samples show a P-E loop typical of a ferroelectric response and that for the 

5KNN-2BNNO sample is very similar, however both the remanent polarisation and coercive field 

decrease significantly when further increasing BNNO doping amount. Moreover, the shape of the P-E 

loops become increasingly slimmer with increasing addition of BNNO, indicating an enhancement in 

the conductivity, figure 7.31, and a decrease in the ferroelectric properties. 

 

The saturated polarisation, remanent polarisation and coercive field measured at 20 kV/cm as a 

function of BNNO doping are summarised in figure 7.35. The Ec and Pr are the average value of E+, E- 

and Pr+, Pr-, where E+ and E- represent the electric field when the polarisation reaches 0 and Pr+ and Pr- 

as the remanent polarisation when the electric field reaches 0 in the P-E loop patterns. It can be 

observed from figure 7.35 that the maximum remanent polarisation was obtained in 5KNN-2BNNO 

ceramics (13.62 µC/cm2), the value being slightly higher than that of the undoped 5KNN ceramics 

(12.42 µC/cm2). However, on further increasing the level of BNNO dopant, the polarisation decreased 

right down to 0.007 µC/cm2 in 5KNN-10BNNO ceramics. This agrees well with the previous dielectric 

and piezoelectric properties results.  

 

 
Figure 7.34 Polarisation hysteresis measurements for 5KNN and BNNO doped 5KNN ceramics at room 

temperature and 10 Hz 
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As discussed above, based on the ionic size (table 7.3) and Pauling’s rules, the Ni2+ ion is more likely to 

replace the Nb5+ ion in the octahedral sites, with the increasing of the oxygen-vacancy concentration 

in the anion array maintaining charge balancing. As has been discussed, the latter enhances the 

conductivity. Also, the defect dipoles are pulled toward the depolarisation field direction, decreasing 

the polarisation, figure 7.32361. Furthermore, Ba2+ ions replace the Na+ ions in the A-sites of the 5KNN 

due to its large ionic size, which creates local electric and elastic fields caused by the difference in 

valence and ionic radius. The random fields produced by the local electric and elastic fields break the 

long-range alignment, leading to the generation of polar nano-regions, which increase in number with 

an increase in the level of BNNO dopant and that degrade the polarisation362. Last, but not least, 

according to the discussion in section 7.5, as the level of BNNO dopant is raised, the ceramic 

experiences an orthorhombic – tetragonal phase transition. The 5KNN, 5KNN-2BNNO and 5KNN-

4BNNO compositions had an orthorhombic structure, whilst the 5KNN-6BNNO, 5KNN-8BNNO and 

5KNN-10BNNO compositions were tetragonal. The orthorhombic phase contains 60°-, 90°-, 120°- and 

180°- domains, whereas in the tetragonal phase there are mainly 90°- and 180°- domains310 and it has 

been reported that oxygen vacancies tend to clamp 90° domains363. The unswitched or less switched 

90°-domains with a clamped domain wall led to a low remanent polarisation (ferroelectric properties 

will be discussed in section 7.6.3) for BNNO doped 5KNN ceramics (except 5KNN-2BNNO composition). 

Therefore, with an increasing in the level of BNNO doping beyond y=0.02, the ferroelectric properties 

of KNN-based ceramics decrease. 

 

 
Figure 7.35 Polarisation and coercive field as a function of BNNO doping at room temperature: y=0.02 
represents the 5KNN-2BNNO composition, y=0.04 represents the 5KNN-4BNNO composition, y=0.06 

represents the 5KNN-6BNNO composition, y=0.08 represents the 5KNN-8BNNO composition and y=0.1 
represents the 5KNN-10BNNO composition 
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7.6.4 Energy harvester related property characterisation 

The transduction coefficient d33 ́  g33 and efficiency η can be utilised to evaluate piezoelectric materials 

for piezoelectric energy harvesting devices. These parameters have been discussed in section 6.5.4, 

thus no repeat discussion regarding these two parameters will provided here. Table 7.10 

demonstrates the transduction coefficient and efficiency values of the doped KNN ceramics. As for 

the piezoelectric properties, it can be seen that the 5KNN-2BNNO composition exhibited the best 

average properties, with the properties deteriorating dramatically at higher doping levels. 

 

Table 7.10 Energy harvester related properties of 5KNN and doped KNN ceramics (- means un-
measurable) 

Composition qRR´	tRR/10-15m2N-1 u/% 

5KNN 4985±129.3 80±5.0 

5KNN-2BNNO 1389±163.5 84±5.5 

5KNN-4BNNO 159±15.4 27±19.8 

5KNN-6BNNO 6±1.3 - 

5KNN-8BNNO 1±0.1 - 

5KNN-10BNNO - - 
 

7.7 Optical property characterisation 

7.7.1 Bandgap characterisation 

A bandgap schematic diagram of the bandgap of 5KNN and its doped ceramics is presented in figure 

7.36. The excitation process of charge carriers across the bandgap in a ferroelectric semiconductor 

can be easily understanding as a charge excite from the oxygen 2p states at the VBM to the Nb d states 

at CBM. As discussed above, the BNNO doping introduce a combination of Ni2+ and oxygen vacancies 

that can lift the electronic states of the host 5KNN ceramics (lifted VBM) resulting in the reduction of 

bandgaps.  
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Figure 7.36 A diagrammatic representation of the bandgap for 5KNN and doped 5KNN ceramics 

 

The study of optical properties of the doped KNN ceramics was based on the results obtained from 

UV-vis-NIR diffused reflectance spectroscopy, as described in section 5.4.6. It can be observed in figure 

7.37 that the diffuse reflectance spectra from 300 to 850 nm obtained from 5KNN and doped 5KNN 

ceramics; it can be observed that the reflectance edge of the 5KNN occurs at a lower wavelength 

compared to the doped KNN. The band gaps for the 5KNN and doped 5KNN materials were calculated 

using an F(R)·hʋ2 plot (as shown in Chapter 5)364. The band gap energies are easily calculated from the 

intercept of the tangent line in a plot of F(R)·hʋ2 with the change of photon energy, as shown in figure 

7.38. The resultant bandgap values are shown in table 7.11, with that for 5KNN being 3.33 eV and 

doping leads to narrower bandgaps; 1.60 eV for 5KNN-2BNNO and 1.47 eV for 5KNN-10BNNO. This 

reveals that most visible and ultraviolet parts of the solar spectrum could be absorbed by all the doped 

KNN compositions. The anomalies in the 5KNN-8BNNO and 5KNN-10BNNO curves, figure 7.38, may 

correspond to the ~1 μm intra/inter-granular pores in doped 5KNN ceramics; they may result in the 

reflection, refraction or scattering of the light and then display absorption peaks. In another words, 

these pores could trap charges that would normally be moved under lighting, whilst the additional 

absorption peaks at ~1-1.3 eV induced by the pores cannot create electron-hole pairs in the 

materials365. 

 



 

  

 

136 

 
Figure 7.37 Diffuse reflectance spectra as a function of increasing wavelength for the 5KNN and doped 

5KNN ceramics 
 

 
Figure 7.38 Bandgap determination for the 5KNN and doped 5KNN ceramics 

 
Table 7.11 Bandgap values of the 5KNN and doped 5KNN materials 

Composition Bandgap / eV 

5KNN 3.33 

5KNN-2BNNO 1.60 

5KNN-4BNNO 1.54 

5KNN-6BNNO 1.53 

5KNN-8BNNO 1.51 

5KNN-10BNNO 1.47 
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7.7.2 Photo-response measurements 

In order to confirm the narrowing of the bandgap for the BNNO-doped KNN ceramics, a solar cell was 

prepared using the 5KNN-2BNNO composition and photo-response measurements were conducted 

using two multi-meters and a range of load resistors from 1 kohm to 1 Mohm. The fabrication and the 

mechanism of the photo ferroelectric cell have described in section 5.5.1. Carbon was selected as the 

counter electrode and I-/I3- was employed as an electrolyte to help the transport of the photo-induced 

charges298. The 5KNN-2BNNO was in powder form. 

 

The electric current and power with the change of voltage generated by the 5KNN-2BNNO photo 

ferroelectric cell under direct illumination is shown in figure 7.39. The open circuit voltage, Voc, short 

circuit current, Isc, and current density, Jsc, were obtained to be approximately 0.25 V, 7.5 μA and 1.52 

μA cm-2, respectively. Experiments involving changing the value of the parallel resistance, from 0 ohm 

to 1 Mohm, showed that the 5KNN-2BNNO exhibited a maximum operational power of 0.94 μW at 1 

kohm. The fill factor (FF) was calculated from equation 5-13 to be 49.12%; this value is compared with 

data from the literature in table 7.12 below. 

 

 
 

Figure 7.39 The current density (black) and power density (red) as the function of voltage of the 5KNN-
2BNNO photo ferroelectric cell under direct illumination 
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Table 7.12 Photo-response reported in ferroelectric materials 

Material Form Voc/V Isc/μA Jsc/μA cm-2 Pmax/μW FF Ref 

5KNN-
2BNNO Powder 0.25   7.5  1.52  0.94 49.12% This 

study 

KN-BNN Polycrystalline 
Thin film 0.0007  / 0.1  0.00007 / 14 

KNMN Polycrystalline 
thin film 5 / 0.0032  0.016 

 / 366 

KNBF Powder 0.16  / 0.24 0.0384 / 298 

PZT  Epitaxial  
thin film -0.9  0.72 / / 41.9% 367 

BFO  Epitaxial 
thin film 0.79  / 11700 / 36% 144 

BTO Epitaxial 
thin film 8  0.0002 / 0.0016 / 71 

PLZT thin film 0.84  / 0.025 0.021 / 368 

Notes: KN-BNN: (1-x)(KNbO3)-yBa (Ni0.5Nb0.5)O3-δ; KNMN: (K0.5Na0.5)(Mn0.005Nb0.995)O3; KNBF: (1-y)(KNbO3)-
y BiFeO3; PZT: Pb(ZrxTi1-x)O3; BFO: BiFeO3; BTO: BaTiO3; PLZT: (PbxLa1-x) (ZryTi1-y)O3 
 

As the cells are used as electrical power source, the higher open-circuit voltage, higher current density 

and larger power density would be good for the powder supply. It can be seen from table 7.12 that, 

compared with KN-BNN material, the 5KNN-2BNNO photo ferroelectric solar cell produces a higher 

photovoltaic output (higher open-circuit voltage, current density and power density), however, the 

open-circuit voltage and current density are still lower than some of the other materials listed (e.g. 

BFO film), which may be due to the fabrication method. As indicated above, the cell was produced in 

this work via a 5KNN-2BNNO paste, i.e. individual powder particles that will have been randomly 

aligned, whilst most of the ferroelectric solar cells (such as BFO epitaxial thin film) listed in the table 

were made from poled thin film or thin bulk samples where the orientation polarization may have 

helped to align the photo-induced carriers and then improve the final output. Therefore, the bulk 

hybrid energy harvester fabricated by poled 5KNN-2BNNO ceramics is needed (which will be discussed 

in chapter 8). 

 

7.8 Temperature dependence of the dielectric properties of BNNO-doped KNN ceramics 

Figure 7.40 shows a temperature-dependent permittivity plots from 303.15 to 773.15K at a range of 

frequencies from 1 to 100 kHz for the 5KNN-2BNNO ceramic sintered at 1175°C for 2 h. Two dielectric 

anomalies are clearly visible, at ~463 K and ~643 K, corresponding to the orthorhombic-tetragonal 

and tetragonal-cubic phase transitions, respectively. This is consistent with the results from the XRD 

and Raman studies discussed in section 7.5. The temperature-dependent permittivity plots at 1 kHz 
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from 303.15 to 773.15K for BNNO doped 5KNN ceramics are presented in figure 7.41. It can be 

observed that the materials exhibit highly depressed and diffused permittivity peak when increasing 

BNNO doping amount (y>0.02). Note that the highly suppressed and broaden anomalies at around 

650-700K can be observed for the 5KNN-4BNNO – 5KNN-10BNNO ceramics in figure 7.41. The 

depression and diffusion of the permittivity curves may result from grain size effect369,370, the 

relaxation characteristics of the dielectric properties caused by oxygen vacancies359 and chemical 

inhomogeneity effect (core-shell structure)371,372. 

 

 
Figure 7.40  The dependence of relative permittivity on temperature of 5KNN-2BNNO ceramics sintered 

at 1175°C for 2 h and measured at 1-100 kHz 
 

 
Figure 7.41 The dependence of relative permittivity measured at 1 kHz on temperature for 5KNN and 

for 5KNN-2BNNO, 5KNN-4BNNO, 5KNN-6BNNO, 5KNN-8BNNO and 5KNN-10BNNO ceramics, 
respectively, sintered at their individually optimised sintering temperatures for 2 h 
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As exhibited in figure 7.21, the grain size of BNNO doped 5KNN ceramics reduces with the increase in 

BNNO doping amount. The decreased grain size may cause the suppressed permittivity peaks. It has 

been proposed that with a decreasing in grain size in a polycrystalline ceramic, a raised average value 

of the internal stresses can be observed369, thereby inhibiting the polarisation of 5KNN ceramics and 

ultimately lead to a suppression in the dielectric permittivity.   

 

Figure 7.42 presents the complex impedance plots of Z’ versus Z’’ across the temperature range 410 

– 500°C, and the equivalent RC circuit were also provided in the inset of figure. For polycrystalline 

materials, Cole-Cole curve usually has two semicircles due to the effect in grain (bulk) and grain 

boundary, respectively. Hence, the combination of two parallel RC circuits was used to fit the Cole-

Cole plot. In figure 7.42, the dot lines represent the experimental data and the solid lines show the 

fitting line. As relaxation time for grain boundary is much quicker than that of bulk (grain), the 

semicircle at high frequency range can be ascribed to the grain while grain boundary is associated with 

low frequency region373–375. The tail of the curve may attribute to the electrode effect due to the 

electron transfer at the electrode-ceramics interface. It can be observed that the radius of the 

semicircles in figure 7.42 represents the resistance (the sum of the resistance in grain and grain 

boundaries) of the ceramics, indicating negative temperature coefficient (relaxation) of resistivity 

behaviour. Moreover, the radius also decreased with increasing BNNO dopant concentration, 

revealing an increasing in conductivity with an increase in temperature and BNNO dopant. This is in 

agreement with the discussion in section 7.6.1. Figure 7.43 provides the variation in the normalised 

imaginary part of the impedance (Z’’/Z’’max) with angular frequency, for 5KNN-4BNNO to 5KNN-

10BNNO ceramics.  From figure 7.43, it is clear that all curves shift to higher frequencies with increases 

in temperature, revealing the thermal activated relaxation behaviour. This behaviour indicates that 

the raising temperature accelerates the hopping or migration of charge carriers (electrons, holes and 

ions).  
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Figure 7.42 Complex impedance plots of Z’ versus Z’’ at different temperatures for a) 5KNN-4BNNO, b) 

5KNN-6BNNO, c) 5KNN-8BNNO and d) 5KNN-10BNNO ceramics, respectively., sintered at the 
individually optimised sintering temperatures for 2 h. Insert circuit is the fitting equivalent RC circuit. 

 

 
Figure 7.43 The normalized imaginary parts Z’’/Z’’max of impedance as a function of frequency for a) 

5KNN-4BNNO, b) 5KNN-6BNNO, c) 5KNN-8BNNO and d) 5KNN-10BNNO ceramics, respectively., 
sintered at the individually optimised sintering temperatures for 2 h 
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Activation energy of relaxation can be calculated by the Arrhenius law359: 

 

%4 = %3 ∙ exp	(
−F5

.6GH ) 7-3 

where [) , +4 , %Y  and v are the constant on relaxation behaviour, activation energy of relaxation, 

Boltzman constant (8.617 ´ 10-5 eV/K) and absolute temperature, respectively.  

 
The experimental data were fitted by equation 7-3 and the results are shown in figure 7.44 with the 

relaxation active energies being obtained to be 1.29 eV, 1.21 eV, 0.91 eV and 0.78 eV for 5KNN-4BNNO, 

5KNN-6BNNO, 5KNN-8BNNO and 5KNN-10BNNO ceramics, respectively. It can be clear seen that the 

activation energy decreases with the raising of BNNO concentration. It is been reported359 that 

stoichiometric ABO3 perovskite has Ea = 2 eV, whilst the value of Ea is 1 eV for ABO2.95 and 0.5 eV for 

ABO2.90, hence, it is reasonable that the relaxation behaviours of the doped ceramics is associated with 

thermal process of oxygen vacancies. 

 

 
Figure 7.44 ln(ω) as a function of 1000/T for 5KNN-4BNNO, 5KNN-6BNNO, 5KNN-8BNNO and 5KNN 

10BNNO ceramics, respectively. The dotted lines are a fit to the Arrhenius law. 
 

Similarly, activation energy of conductivity can be also calculated by the Arrhenius law359: 

 

<57 = <3 ∙ exp	(
−F789

.6GH ) 7-4 

 

where w) and +5/3 are the constant on w45  and activation energy of conductivity, respectively.  
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The experimental data were also fitted by equation 7-4 and the results are shown in figure 7.45 with 

the conductivity active energies being obtained to be 0.46 eV, 0.70 eV, 0.87 eV and 0.91 eV for 5KNN-

4BNNO, 5KNN-6BNNO, 5KNN-8BNNO and 5KNN-10BNNO ceramics, respectively. Compared with 

relaxation energy, when BNNO doping amount is lower than 6 mmol, the Ea is larger than Econ. With 

increasing of BNNO doping, the Econ is gradually increasing and when BNNO doping is higher than 8 

mmol, the Econ is larger than Ea., indicating the relaxation is dominated by the short-range hopping of 

oxygen vacancies. It is known that the activation energy of single-ionised oxygen vacancies was about 

0.3-0.5 eV and ~1 eV for double-ionised oxygen vacancies359. Hence, for low BNNO doping, the 

conductivity process is governed by single-ionised oxygen vacancies and for high BNNO doping, the 

conductivity process is governed by double-ionised oxygen vacancies.  

 

 

Figure 7.45 ln(σ) as a function of 1000/T for 5KNN-4BNNO, 5KNN-6BNNO, 5KNN-8BNNO and 5KNN-
10BNNO ceramics, respectively. The dotted lines are a fit to the Arrhenius law. 

 

The chemical inhomogeneity is also a reason to cause the suppression and broadening of the 

permittivity peaks371,372. As mentioned in section 7.3.1, the dopants tend to segregate along the grain 

boundaries, resulting in the inhibition of the grain growth. The SEM image and EDS elemental line map 

across the entire grain shown in figure 7.9 also proved this. A composition gradation can produce the 

multiple Curie points and additional Curie peaks from different compositional regions can be 

observed372. The suppressed permittivity peak at around 650 – 700K occurs at similar temperature to 

the Curie temperature of the 5KNN composition. Hence, the SEM-EDS line mapping, in figure 7.9, and 

the peak position in the permittivity-temperature curve, in figure 7.41, confirm the core of the grain 
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consisted of pure 5KNN. The ferroelectric long-range interactions of the 5KNN composition were 

disrupted by non-ferroelectric grain boundaries, which could also explain the peak broadening 

observed for the high BNNO doped 5KNN ceramics with y>0.02.  

 

7.9 Summary 

In the work reported in this chapter, the sintering conditions of doped KNN ceramics were initially 

optimised and then the structural, dielectric, piezoelectric, ferroelectric and optical properties were 

measured and discussed. The findings of this chapter can be summarised as follows:  

1. The addition of BNNO to 5KNN ceramics meant that a higher sintering temperature was required 

but also that density was improved and grain growth was suppressed. The maximum sintering 

temperature that could be used, however, was restricted by the occurrence of Ni ex-solution 

at >1180°C.  

2. The sintering conditions required for 5KNN-2BNNO ceramics was optimised using both single-

stage sintering, SSS, and two-stage sintering, TSS, though it was found that the former was 

sufficient for the doped KNN ceramics. The optimised SSS sintering temperatures were: 1175°C, 

1185°C, 1190°C, 1195°C and 1195°C for the 5KNN-2BNNO, 5KNN-4BNNO, 5KNN-6BNNO, 5KNN-

8BNNO and 5KNN-10BNNO compositions, respectively 

3. With increasing BNNO dopant concentrations and measured at room temperature, the doped 

KNN ceramics underwent a phase transition from orthorhombic phase (5KNN-2BNNO and 5KNN-

4BNNO compositions) to tetragonal phase (5KNN-6BNNO, 5KNN-8BNNO and 5KNN-10BNNO 

compositions), a result that was corroborated by both XRD and Raman spectroscopy. This 

enabled a structural phase diagram to be constructed from RT to 500°C across the full doping 

range investigated (5KNN and BNNO doped 5KNN). 

4. The piezoelectric and ferroelectric properties of sintered ceramics of the 5KNN-2BNNO 

composition were improved compared to undoped 5KNN. However, both sets of properties 

degraded for the higher dopant concentrations from 5KNN-4BNNO, 5KNN-6BNNO and 5KNN-

8BNNO ceramics and eventually reducing to zero for 5KNN-10BNNO ceramics. It was proposed 

that this resulted from the opposing effects of defect dipole polarisation and oxygen vacancy 

pinning. Consequently, in order to achieve a trade-off between ferroelectricity and the reduction 

in the band gap, a precisely controlled doping concentration needed to be maintained and the 

composition of 5KNN-2BNNO was determined to be the best value. 
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5. The doping of 5KNN by BNNO was an effective strategy to narrow the bandgap of the sintered 

5KNN ceramics, facilitating the transfer of charge from the oxygen 2p states at VBM to the 

transition-metal d states at CBM.   

6. The 5KNN-2BNNO composition was selected to be used to prepare a photo ferroelectric cell. A 

short-circuit current of 7.5 µA and open-circuit voltage of 0.25 V were measured, confirming the 

narrow band gap nature of the doped KNN ceramics.  

7. The occurrence of suppressed and broadened permittivity peaks as a function of temperature for 

the doped 5KNN ceramics (y=0.02) was proposed to be due to the grain size effect, relaxation 

behaviour owing to the formation of oxygen vacancy and the chemical inhomogeneity.  
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Chapter 8. Energy harvester fabricated by KNN-based ceramics 

8.1 Introduction 

Chapter 3 has reviewed and summarised the principles and structures of HEHers. In the last two 

chapters, the results from the systematic investigation of 5KNN and BNNO doped 5KNN ceramics were 

reported, including the optimisation of the sintering conditions, phase transitions and functional 

properties. The next logical step was to investigate how these ceramics would perform in an energy 

harvester. Consequently, this chapter discusses the performance of two compositions, 5KNN and 

5KNN-2BNNO, in laboratory-made energy harvesters. The fabrication and testing methods of the 

cantilever-based energy harvester were provided in chapter 5; this chapter initially compares the 

energy harvester related parameters of the 5KNN and 5KNN-2BNNO ceramic discs and then compares 

and discusses the energy output of the energy harvesters themselves. 

 

8.2 Property comparison of 5KNN and 5KNN-2BNNO ceramic discs 

As the doped KNN is intended to replace 5KNN as a potential candidate for hybrid energy harvesting 

applications, it is crucial to compare here the functional properties of both compostions with respect 

to energy harvesting, including dielectric, piezoelectric, ferroelectric and optical properties. 5KNN-

2BNNO ceramics sintered at 1175°C for 2 h were selected as the best doped composition (see chapter 

7) and were compared with 5KNN ceramics two-step sintered at 1120°C for 10 min & 1070°C for 10 h 

(see chapter 6). Figure 8.1 shows the property comparison of the two types of ceramic with respect 

to εr, tanδ, d33, kp, keff and Qm, figure 8.2 shows the comparison of energy harvester-related parameters 

with respect to u and η, whilst figure 8.3 shows the comparison of Pr, band gap and Curie temperature, 

which have been extracted from tables 6.4, 6.5, 7.8, 7.9, 7.10 and 7.11 and figures 6.19, 6.20, 7.31, 

7.32, 7.35, 7.36, 7.39 and 7.42. 

 

In general, it can be seen that the 5KNN-2BNNO exhibited improved dielectric and piezoelectric 

properties. Theoretically, a higher dielectric permittivity (εr) and mechanical quality fator (Qm) can 

yield a higher resonant output power for a piezoelectric energy harvester273 and it can be seen from 

figure 8.1 that the 5KNN-2BNNO shows consistently better properties, though the differences are 

small for the coupling factors (~2% difference in effective coupling factor, keff, and ~8% difference in 

planer coupling factor, kp) and dielectric loss (<1% difference in tan δ). Figure 8.2 compares the energy 

density and energy conversion efficiency of the two ceramics, with the doped KNN showing a higher 
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energy conversion efficiency but much lower energy density. The higher energy density value for the 

5KNN yields an obvious advantage for vibration energy harvesting applications in anti-resonance and 

it may be due to the ceramic’s lower dielectric permittivity ($@@ = "@@ '@@⁄ ), despite the doped 

ceramic exhibiting a higher piezoelectric response (figure 7.9). A comparison of the remanent 

polarisation, optical properties and Curie temperature are displayed in figure 8.3 a), b) and c), 

respectively. The 5KNN-2BNNO shows a larger remanent polarisation and narrower band gap than the 

parent 5KNN, indicating that the doped ceramics does have potential to be used as a hybrid energy 

harvester. Note, however, that the doped 5KNN possesses a lower Curie temperature, figure 8.3 c), 

indicating a narrower operating working temperature range. 

 

 

Figure 8.1 Property comparison of 5KNN sintered at 1120°C for 10 min & 1070°C for 10 h and 5KNN-
2BNNO sintered at 1175°C for 2 h, a) εr, b) tan δ, c) d33, d) kp, e) keff and f) Qm 
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Since all of the parameters discussed above could have a significant influence on practical energy 

harvestering performance, it was difficult to predict the performance of the resulting energy harvester. 

Moreover, there are two different energy harvesting convertion mechnisms in a 5KNN-2BNNO hybrid 

energy harvester, i.e. vibration and illumination. 

 

 
Figure 8.2 Property comparison 5KNN ceramics sintered at 1120°C for 10 min & 1070°C for 10 h and 

5KNN-2BNNO ceramics sintered at 1175°C for 2 h of a) transduction coefficient and b) energy 
conversion efficiency of  

 

Figure 8.3 Property comparison of 5KNN ceramics sintered at 1120°C for 10 min & 1070°C for 10 h and 
5KNN-2BNNO ceramics sintered at 1175°C for 2 h a) remanent polarisation, b) band gap and c) Curie 

temperature 
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8.3 Energy harvesting performance of KNN-based energy harvesters 

8.3.1 5KNN vibrational energy harvester 

Two 5KNN piezoelectric elements sintered by SSS (at 1120°C for 2 h) and by TSS (at 1120°C for 10 min 

& 1070°C for 10 h) were used to fabricate vibrational energy harvesters to compare the effect of 

sintering methods on device performance. Figure 8.4 shows their variation in the open-circuit voltage 

with time, with the higher value of the open-circuit peak voltage, 1.68 V, being obtained for the TSS-

densified piezoelectric element. This suggests that the improved microstructure and density observed 

will lead to superior energy generation performance. 

 

 

Figure 8.4 Measured open-circuit voltage of bulk 5KNN energy harvester fabricated via SSS and TSS 
 

To measure the output power, the energy harvesters were connected in parallel with variable resistors 

and the output power can be calculated from equation 5-16; figures 8.5 and 8.6 show the peak-output 

voltage and output power as a function of load resistance. As the latter increased, the output voltages 

of both energy harvesters show a slowly increasing trend, with the TSS-based energy harvester 

displaying a higher value. With both energy harvesters, the relationship between power density and 

load resistance shows a trend of increasing first and then decreasing. The maximum power density 

was obtained at 540 kΩ for both; the maximum values being 107.3 and 56.5 μW cm-3 for the TSS- and 

SSS-based harvesters, respectively. Thus, the results reveal that the energy harvester made from the 

lead-free 5KNN ceramic using TSS for densification demonstrates promising performance.  
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Figure 8.5 Comparison of measured open-circuit voltage of 5KNN energy harvesters fabricated by SSS 
and TSS as a function of load resistance 

 

 

Figure 8.6 Comparison of the power density of 5KNN energy harvesters fabricated by SSS and TSS as a 
function of load resistance 

 

8.3.2 5KNN-2BNNO photo-vibrational energy harvester 

The theoretical model of a photo-vibration HEHers is illustrated in figure 8.7. After electrical poling, 

the ferroelectric dipoles in 5KNN-2BNNO ceramics are aligned parallel or close to the direction of the 

external electric field. These spontaneous electric dipoles (Pr, marked as green ellipses in figure 8.7) 
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automatically induce an internal electric field (Eint., marked by the dotted arrow) that is in the opposite 

direction to the applied electric field. When the 5KNN-2BNNO hybrid energy harvester was illuminated, 

the photo-induced electron-hole pairs will have drifted due to the Eint., leading to the observed rise in 

the recorded open-circuit voltage. Due to the wide bandgap for 5KNN ceramics, this phenomenon will 

not have been observed in the energy harvesters made from this ceramic. 

 

 

Figure 8.7 Schematic diagram of a hybrid energy harvester, reproduced from ref 16 
 

5KNN-2BNNO ceramics sintered at 1175°C for 2 h were selected to prepare the HEHer. In order to 

observe the coupling between piezoelectric and photovoltaic effects, the hybrid energy harvester was 

firstly assessed using vibration only (V) and then a combination of vibration and illumination (V&I) and 

the root mean square (RMS) open-circuit peak voltages generated are shown in figure 8.8. It can be 

observed from figure 8.8 that it increased from ~1.26 V to ~1.77 V when the illumination was turned 

on. 5KNN-based energy harvester fabricated using TSS was also tested under the combination of 

vibration and illumination and the results are presented in figure 8.9. The open-circuit voltage values 

for the 5KNN energy harvesters with and without illumination were similar, with only a 0.02 V 

difference, revealing that illumination doesn’t affect the output of the energy harvester. As already 

noted above, the 5KNN-2BNNO energy harvester demonstrated a comparable open-circuit voltage, 

1.77 V, when exposed to both vibration and illumination, whilst it was much lower, 1.26 V, when 

exposed only to vibration. 
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Figure 8.8 The photo- and piezo open-circuit voltage of the 5KNN-2BNNO energy harvester generated 
using vibration and illumination; V: vibration only, V&I: vibration & illumination 

 

 

Figure 8.9 Dependence of RMS open-circuit voltage of 5KNN and 5KNN-2BNNO energy harvesters 
induced by 10 Hz vibration and illumination; V: vibration only, V&I: vibration & illumination 

 

As discussed in Chapter 7, the addition of BNNO introduced oxygen vacancies into the 5KNN system 

lead to a large leakage current. However, since the piezoelectric energy harvester is a capacitive 

voltage source, the leakage current will affect the voltage across the capacitor’s geometry360 and this 

could be the reason for the reduced open-circuit voltage in the 5KNN-2BNNO vibrational energy 

harvester. In the presence of illumination, the electronic polarisation changes the magnitude and 

direction of the ionic polarisation due to the displacement between Nb5+ / Ni2+ and O2-; the light 
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stimulates free charge carriers, altering the displacement current and polarisation. In addition, the 

light can modify trap levels, fill holes and compensate free charge carriers in piezoelectric elements376–

378. This probably explains why an ~0.51 V higher open-circuit voltage was obtained under illumination.  

 

The variation of the output voltage and power density when measured using various resistance loads 

are shown in figures 8.10 and 8.11, respectively. Similar to the comparison of the open-circuit voltage, 

the 5KNN-2BNNO hybrid energy harvester exhibited the highest peak output voltage and power 

density at all values of resistive load. From figure 8.10, the peak output voltages of the 5KNN-2BNNO 

energy harvester (both piezoelectric energy harvesting and hybrid energy harvesting) and the 5KNN 

piezoelectric energy harvester increased with increasing load resistance. It can be observed in figure 

8.11 that the 5KNN-2BNNO hybrid energy harvester also demonstrated higher output power densities 

than those of the 5KNN or 5KNN-2BNNO piezoelectric-only energy harvesters. Based on impedance 

matching theory379, the maximum output power will be achieved when the loaded resistor matches 

the impedance of the devices. The maximum values were observed at 330 kΩ and 540 kΩ for the 

5KNN-2BNNO and 5KNN energy harvesters, respectively, indicating the lower impedance of the 5KNN-

2BNNO piezoelectric elements. This fits with the argument used in previous chapters that doping with 

BNNO introduces oxygen vacancies and results in an increase in conductivity and decrease in 

impedance. In terms of the comparable open-circuit voltage for the 5KNN-2BNNO hybrid energy 

harvester and 5KNN piezoelectric energy harvester, the enhancement in the energy density may be 

due to less dissipation by the 5KNN-2BNNO element.  

 
Thus, it can be concluded that 5KNN-2BNNO is a good potential candidate for use as a hybrid energy 

harvester with increased open-circuit voltage and power density, however the 5KNN ceramic shows 

better performance when used in a single-vibration energy harvester.  
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Figure 8.10 Dependence of RMS peak output voltage with various load resistances for the 5KNN and 
5KNN-2BNNO energy harvesters induced by vibration and illumination 

 

 

Figure 8.11 Dependence of output power density on various resistances for the 5KNN and 5KNN-
2BNNO energy harvesters induced by vibration and illumination 
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8.4 Summary 

In this chapter, the energy harvesting performance of 5KNN ceramics densified by both SSS and TSS 

approaches and 5KNN-2BNNO ceramics densified using SSS have been evaluated by assembling them 

into energy harvesters. The findings of this chapter can be summarised as: 

1. With a higher energy conversion efficiency and energy density, the undoped 5KNN ceramics 

fabricated by TSS yielded an energy harvester with an open-circuit voltage of 1.68 V and power 

density of 107.3 μW cm-3. These results suggest that TSS could be an effective approach to solving 

the difficulties in achieving high density 5KNN ceramics and hence facilitating the fabrication of 

high-performance KNN-based devices. 

2. A 5KNN-2BNNO-based hybrid energy harvester can deliver a higher output under joint vibration 

and illumination conditions. The leakage current induced by the oxygen vacancies generated by 

the doping hindered the performance of the 5KNN-2BNNO as a vibrational energy harvester, 

however when illumination was also used it could effectively modify the trap level, fill holes and 

compensate for free charge carriers in the piezoelectric elements to enhance the performance of 

the HEHer. In addition, the lower impedance of the 5KNN-2BNNO boosted the higher power 

density.   

3. Based on the results, 5KNN-2BNNO ceramics have good potential be used in hybrid energy 

harvesters with improved performance. However, the 5KNN-based piezoelectric energy harvester 

showed better performance as a single, vibration-only device.  
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Chapter 9. Conclusions and future work 

9.1 Conclusions 

Chapter 4 saw the main aims and objectives for the thesis set out, the central focus being the 

processing and characterisation of KNN-based multifunctional ceramics and their subsequent use in 

energy harvesting devices. This resulted in an intensive study of the sintering required, the phase 

transitions that occur, the electrical and optical characterisation of the 5KNN and doped 5KNN as well 

as the performance of the subsequent energy harvesters made. The results yield more detailed 

understanding of sintering in the 5KNN system, as well as the effect of BNNO doping, and the 

correlation between the doping amount and the resulting piezoelectric (ferroelectric) and optical 

properties. 

 

To start, the 5KNN composition was used to study the impact of sintering conditions on the 

microstructure and functional properties. The 5KNN calcined powders demonstrated the perovskite 

orthorhombic phase at room temperature as expected and the mean crystallite size range of the 

powder was 300 nm – 500 nm, although the overall particle size was about 1 – 2 μm. Two solid-state 

sintering processes were used to fabricate the 5KNN ceramics, single-step sintering (SSS) and two-

stage sintering (TSS). Samples fabricated by using SSS had a maximum sintered density of 89 – 91%. 

The microstructures of the 5KNN ceramics fabricated by SSS were largely homogenous with a slightly 

finer average grain size of ~10 μm when the sintering temperature was below the formation 

temperature of the K-rich liquid phase (i.e. <1110°C). However, when the sintering temperature was 

higher than this, the mean grain size increased to ~16 μm and ~21 μm at 1120°C and 1140°C, 

respectively, revealing that fast abnormal grain growth occurred when a large amount of K-rich liquid-

phase is generated. Therefore, it was shown that the K-rich liquid phase can demonstrate a significant 

impact upon the densification of 5KNN ceramics. From the observation of the microstructure and 

information found in the literature it was concluded that the low sintering density, and hence high 

porosity, were mainly caused by the rapid abnormal grain growth and the resulting oriented grain 

growth together with the evaporation of sodium and potassium, all of which restrict densification in 

5KNN. Therefore, it was concluded that the strategy for improving the sintering of KNN required: i) 

avoiding the occurrence of elongated grains, ii) controlling the amount of K-rich liquid phase, and iii) 

reducing the evaporation of sodium and potassium.  

 

The two-step sintering process utilises a short dwelling time at a high sintering temperature, 

immediately followed by a longer soak at a lower temperature to control the amount of K-rich liquid 
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phase and avoid the evaporation of Na and K, these then suppress the grain growth, to increase the 

sintering density. From the investigation of the first sintering step for 5KNN ceramics, the 

requirements can be summarised as needing: i) a high density (>75%), ii) a fine grain size and iii) 

suitable liquid phase (K-rich liquid phase) amount. On this basis, the first step sintering temperature 

was selected as 1120°C. From the shrinkage results for 5KNN (figure 6.4), a rapid increase in shrinkage 

into a largely linear shrinkage rate occurred over the temperature range 1000 – 1070°C. Thus 1030, 

1050 and 1070°C were investigated as second-step sintering temperatures, with 10, 15 and 20 h 

soaking times. It was shown that 1070°C provided sufficient energy for diffusion, and hence 

densification, whilst longer soaking times of 15 h and 20 h at 1070°C caused higher evaporation of the 

alkali elements rather than further improvements in density. Thus, the best sintering procedure for 

the 5KNN ceramics was determined to be 1120°C for 10 min followed by 1070°C for 10 h, which lead 

to a relative density of 95% and a mean grain size of ~7 μm.  

 

The perovskite orthorhombic phase in the calcined power was maintained in both the SSS and TSS 

fabricated ceramics and the phase transition temperatures were found to occur in the range 190 – 

210°C for the orthorhombic to tetragonal phase transition and 400 – 430°C for the Curie temperature 

(ferroelectric to paraelectric change), both of which are consistent with other reports. 

 

The improvement in sintered density and microstructure lead to improved functional properties in 

5KNN piezoelectric ceramics, boosting higher measured values of relative permittivity (ԑr), lower 

dielectric loss (tan δ), and higher piezoelectric charge coefficient (d33), planar coupling factor (kp) and 

mechanical quality factor (Qm). The best functional properties were achieved in 5KNN fabricated by 

SSS at 1120°C for 2 h; the piezoelectric charge coefficient (d33), relative permittivity (ԑr) and mechanical 

quality factor (Qm), being 101 pC N-1, 294 and 32, respectively. The values were enhanced to a 

maximum of 122 pC N-1, 337 and 76, respectively, for the KNN ceramics densified by optimum two-

step sintering procedure (1120°C/10 min/1070°C/10 h). The higher d33 ´ g33 values (4985 ´ 10-15 m2 N-

1) and energy conversion efficiency (80%) were also obtained by the KNN ceramics densified optimum 

TSS sintering procedure, compared with the values (3925 ´ 10-15 m2 N-1 and 58%, respectively) 

obtained by KNN ceramics densified by SSS. Therefore, it can be concluded that 5KNN ceramics 

sintered by two-step sintering should be more suitable for piezoelectric energy harvesting applications, 

benefiting from the generation of higher output than the same ceramics fabricated by single-step 

sintering.  
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To prepare 5KNN ceramics with narrow bandgap, BNNO was selected as a dopant. The influence of 

BNNO addition upon the sinterability of ceramics, phase transition, the resulting functional properties 

(dielectric, piezoelectric, ferroelectric and optical) and the performance of the subsequent hybrid 

energy harvester were investigated for a range of different BNNO doping levels, from y=0.02 – 0.10 

composition. All the calcined BNNO-doped powders exhibited a mean crystallite size range of about 

100 – 200 nm and an overall particle size of about 3 – 5 μm. It was shown that BNNO doped 5KNN 

compositions require a higher sintering temperature to densify, but the addition of Ba and Ni was 

helpful in improving the final sintered density and suppressing grain growth, thought to be due to an 

impurity segregation mechanism. The Ba2+ tended to segregate along the grain boundaries and inhibit 

the grain growth, allowing subsequent densification rather than grain growth in the final sintering 

stage. However, the sintering temperature was also limited to £1180°C by the occurrence of a Ni ex-

solution process that occurred at higher temperatures, thought to be driven by the raise in 

concentration of oxygen-vacancy in the doped materials. The generation of oxygen vacancies due the 

addition of BNNO destabilizes the perovskite lattice stoichiometry, leading to the segregation and ex-

solution of Ni2+ cations from the B-site to maintain structural stability. Thus, the sintering temperature 

of doped KNN ceramics needs to be carefully controlled.   

 

SSS and TSS route were also utilised to fabricate the BNNO doped 5KNN ceramics. Comparison of the 

sintered density, grain size and microstructure allowed the best sintering conditions for SSS and TSS 

of the 5KNN-2BNNO composition to be identified; they were observed to be 1175°C for 2 h and 1180°C 

for 10 min and 1150°C for 10 h, respectively. After comparing the functional properties of the 5KNN-

2BNNO ceramics sintered by SSS and TSS, it was observed that for the doped composition there was 

no need for the technically more demanding (and much slower) TSS route. Although TSS contributes 

to extending the sintering window, the long soaking time at the higher temperature of 1150°C 

appeared to cause significant sodium and potassium evaporation. Thus, a single-step sintering (SSS) 

schedule involving 2 h at 1175°C was selected as the basis of the sintering method for the doped 5KNN.  

 

The addition of Ni2+ and Ba2+ in the KNN structure expands the unit cell of 5KNN and generates oxygen 

vacancies that change the local distortion of the perovskite structure, resulting in phase transitions. 

Room temperature XRD, temperature dependent Raman measurements of (1-y) 5KNN – (y) BNNO 

(y=0-0.10) compositions were investigated to identify the phase transition behaviour with respect to 

the BNNO addition. A composition-temperature-structural phase diagram of (1-y) 5KNN – (y) BNNO 

(y=0-0.10) was constructed. The primary phases at room temperature in BNNO-doped 5KNN ceramics 

were identified as being orthorhombic in the 5KNN-2BNNO & 5KNN-4BNNO compositions and the 
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tetragonal phase in the 5KNN-6BNNO to 5KNN-10BNNO compositions which agree well with other 

literature. The BNNO doping decreases the phase transition temperatures for the orthorhombic to 

tetragonal phase (TO-T) and the tetragonal to cubic transition (Tc), meaning a narrower working 

temperature range for these materials. 

 

Overall, the improved piezoelectric and ferroelectric properties only occurred in the low BNNO doping 

level (5KNN-2BNNO, y=0.02). With further BNNO additions (y=0.4-0.10), the ceramics demonstrated 

increased relative permittivity and dielectric loss, and decreased piezoelectric and ferroelectric 

properties, which may correlate with the consequent phase transition and formation of oxygen 

vacancies. As the BNNO doping level increased, 5KNN gradually transformed from an orthorhombic 

phase to a tetragonal phase, which can be interpreted as causing a first-order dielectric relaxation 

phenomena thus increasing the relative permittivity. Moreover, the addition of Ni2+ generates oxygen 

vacancies to keep neutrality and the (ecW<XXX − (;.. )’ defect dipoles would tend to pull towards the 

direction of the depolarisation field, degrading the macro polarisation. Furthermore, accumulated 

oxygen vacancies may tend to segregate along the 90°-domain boundaries and pin the re-orientation 

of the 90°-domains. It was observed that the maximum remanent polarisation was obtained in the 

5KNN-2BNNO composition (13.62 µC/cm2), which was higher than that of the undoped 5KNN 

composition (12.42 µC/cm2). However, on further increasing the level of BNNO dopant, the 

polarisation decreased to just 0.007 µC/cm2 in the 5KNN-10BNNO composition. Although BNNO 

doping helped to narrow the bandgap, from 3.13 eV in 5KNN ceramics to 1.60 eV in 5KNN-2BNNO and 

1.47 eV in 5KNN-10BNNO, the degradation of the piezoelectric and ferroelectric properties was too 

severe to be accepted.  

 

Compared with the 5KNN ceramics, 5KNN-2BNNO possessed a higher energy conversion efficiency, 

but a lower g33 ́  d33 value. The higher energy density value indicated that the undoped 5KNN exhibited 

an obvious advantage for vibration energy harvesting applications in anti-resonance. The photo-

ferroelectric cell made from 5KNN-2BNNO exhibited a high open-circuit voltage (0.25 V) and short-

circuit current (7.5 μA), demonstrating that it has the capability to be used as a photovoltaic-

ferroelectric material.  

 

Cantilever-type energy harvesters were prepared using the undoped 5KNN ceramics single stage 

sintered (SSS) at 1120°C for 2 h and two-stage sintered (TSS) at 1120°C for 10 min and 1070°C for 10 

h and then tested as vibrational energy harvesters. Under 10 Hz vibration, the TSS-sintered 5KNN 

energy harvester with a 3.0 g tip mass generated a larger open-circuit voltage (1.68 V) and a higher 
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output power density (107.3 μW/cm3) than the SSS-fabricated 5KNN energy harvester (1.03 V and 

56.5 μW/cm3 respectively).  

 

5KNN-2BNNO ceramics made using a single-stage sintering routes were also used to fabricate 

cantilever-type energy harvesters. Both doped 5KNN (SSS) energy harvesters and pure 5KNN (TSS) 

energy harvesters were tested under both vibration-only and vibration plus illumination. The pure 

5KNN energy harvester demonstrated superior performance as a piezoelectric-only energy harvester, 

exhibiting a higher open-circuit voltage (1.68 V) and power density (107.3 μW cm-3), whilst the 5KNN-

2BNNO-based piezoelectric energy harvester delivered a lower output (open-circuit voltage: 1.26 V 

and power density: 66.8 μW cm-3) due to large leakage current. However, after illumination, the light 

stimulates the free charge carriers, modifies trap levels, fill holes and compensates free charge carriers 

in the piezoelectric elements, resulting in a higher open-circuit voltage (1.77 V) and power density 

(268.3 μW cm-3) being obtained. This shows the potential for using the 5KNN-2BNNO composition as 

a photovoltaic-ferroelectric multifunctional material to harvest vibration and light energy 

simultaneously.  

 

9.2 Future work 

This thesis has demonstrated that BNNO-doped, KNN-based ceramics are good candidates to work as 

next-generation hybrid energy harvesters provided the doping level is kept low. However, further 

work on the fabrication methods and device structure optimisation needs to be carried out in order 

to further enhance the output of the devices made. 

  

Two-step sintering has been shown to be a good method to fabricate 5KNN ceramics with a high 

sintered density and a fine microstructure. However, it only improves the density by controlling grain 

boundary movement and lowering the evaporation of sodium and potassium; it doesn’t help to solve 

the orientated grain growth problems. Thus, it is still very difficult to eliminate pores aligned along the 

grain boundaries, which occur due to the faceted nature of the KNN grains. However, it might be 

possible to enhance the densification further if the KNN powder particles were to be spherical, which 

may achieve closer packed particle configurations. Therefore, it would be good to consider optimising 

the powder synthesis route, for example, by the use of hydrothermal/solvothermal methods, which 

have the known ability to control particles shape in the synthesis process.   
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The development of ferroelectric semiconductors may be a way introduce more energy conversion 

mechanisms in a single energy harvester and could be investigated further. However, most 

ferroelectric semiconductors exhibit poor ferroelectric properties and a high conductivity (such as 

5KNN with high BNNO doping amount). Therefore, further optimisation of the composition and doping 

strategy needs to be undertaken to both narrow the bandgap and maintain good ferroelectric 

properties at the same time.  

 

In terms of the hybrid energy harvester, whilst the 5KNN-2BNNO hybrid energy harvester showed a 

better performance than the 5KNN piezoelectric-only energy harvester, the output of the 5KNN-

2BNNO ceramic was still low, which may be due to the device structure. The short diffusion path of 

light-induced carriers requires that the piezo elements are thin, however this would lead to surface 

charges and cause a low piezoelectric response. However, a thinner piezoelectric layer with larger area 

may help to improve the output of energy harvesters. This could utilise more advanced ceramic 

processing routes such as tape casting or screen printing to fabricate ceramic materials in the 

appropriate form, and/or the use the thin film processes such as pulsed laser deposition or RF 

sputtering. 
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Appendix I. Actual amounts of raw powders added for initial 

synthesis 

1. (K0.5Na0.5)NbO3 composition (50g, Unit: g) 

Raw material/g 5KNN 

K2CO3 8.907 

Na2CO3 6.831 

Nb2O5 34.262 
 

2. KNN-based composition (50g, Unit: g) 

Raw 
material 

5KNN-
2BNNO 

5KNN-
4BNNO 

5KNN-
6BNNO 

5KNN-
8BNNO 

5KNN-
10BNNO 

K2CO3 8.634 8.366 8.104 7.848 7.597 

Na2CO3 6.621 6.416 6.215 6.018 5.826 

Nb2O5 33.548 32.850 32.167 31.499 30.844 

BaCO3 1.006 1.991 2.954 3.898 4.821 

NiO 0.190 0.377 0.559 0.738 0.912 
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Appendix II. XRD refinement 

1. Basic introduction of XRD refinement using TOPAS-Academic 

The user interface (UI) of TOPAS-Academic software is shown in figure II. 1, consisting of main 

parameter window, fitting window, data window and quantitative analysis results window. The 

parameters of D8 XRD instrument are also listed in table II.1. 

 

 

Figure II.1 UI of TOPAS-Academic 

 

Table II.1 Parameter of D8 XRD instrument 

Parameter values 

Goniometer radii 
Primary radius 280 mm 

Secondary radius 280 mm 

Equatorial convolutions 
Linear PSD 

2nd angular range of LPSD 2.91° 

FDS angle 0.3° 

Beam spill, sample length 20 mm 

Prim. Soller 2.5° 

Sec. Soller 2.5° 

Lorentz-polarisation factor  0 
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2. Rietveld refinement  

The basic Rietveld refinement analysis procedures by using TOPAS-Academic software is shown in 

fugue II. 2 and the detailed analysis of 5KNN composition are shown in figure II.3 – figure II. 8. 

 

 

Figure II.2 Rietveld refinement analysis procedures 
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Figure II.3 UI of importing 5KNN XRD pattern and setting background function 

 

 

Figure II.4 UI of importing parameters of D8 XRD equipment 
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Figure II.5 UI of refinement in TOPAS 

 

 

Figure II.6  UI of refinement in TOPAS 
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Figure II.7 UI of adjusting atom positions 

 

 

Figure II.8 UI of Zero correction and sample absorption 
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The XRD refinement of BNNO doped 5KNN composition were using same procedures with 5KNN. 

Because the .cif file of BNNO doped 5KNN is not available, the Ba, Ni atom were manually added into 

A-site and B-site of 5KNN. Cif file, respectively, for further refinement (figure II.9).   

 

 

Figure II.9 UI of Ba, Ni atom addition 

 

3. The refined pattern in TOPAS 

The refined results of 5KNN and 5KNN-2BNNO composition are shown in figure II.10 – figure II 11, 

respectively. It can be seen from figure II.10, the purple line represents measured pattern, the red line 

represents the refined pattern, and the grey line represents the difference between measured data 

and the refined data.  

 

 

Figure II.10 Refinement of 5KNN sintered at 1120°C/10 min/1070°C/10 h 

 

Similarly with 5KNN refinement results. The blue line in figure II.11 represent measured patterns of 

5KNN-2BNNO. Also, the red lines and the grey lines represent the calculated data and the difference. 

The weight fractions of each phase were exhibited on the right corner. 
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Figure II.11 Refinement of 5KNN-2BNNO sintered at 1175°C/2 h 

 

4. The results obtained from TOPAS 

5KNN composition 

File 4 : " E:\desktop\Thesis\thesis\5KNN.raw" 

 

R-Values  

 

Rexp : 5.50    Rwp : 8.55     Rp  : 6.58   GOF : 1.55 

Rexp`: 6.87    Rwp`: 10.68     Rp` : 8.42   DW  : 0.84 

 

Quantitative Analysis - Rietveld  

   Phase 1 : Orthorhombic                   100.000 % 

 

Background  

   One on X                               6000(500) 

   Chebychev polynomial, Coefficient  0      78(17) 

                                      1     16(17) 

                                      2     17(9) 

                                      3     -18(4)  

                                      4      12(2) 

                                      5      -5.8(11) 

 

Instrument  

File Name 

Evaluation of fitting 

Calculated weight fraction 
of KNN orthorhombic phase  

Background profile 
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   Primary radius (mm)                       280 

   Secondary radius (mm)                     280 

   Linear PSD 2Th angular range (o)          2.91 

      FDS angle (o)                          0.3 

   Full Axial Convolution 

      Filament length (mm)                   12 

      Sample length (mm)                     15 

      Receiving Slit length (mm)             12 

      Primary Sollers (o)                    2.5 

      Secondary Sollers (o)                  2.5 

 

Corrections  

   Zero error                                0.0325(8) 

   LP Factor                                 0 

   Absorption (1/cm)                         15.0(6)  

 

KNN-Orthorhombic 

   Phase name                                Orthorhombic 

   R-Bragg                                  2.484 

   Spacegroup                                Bmm2 

   Scale                                       0.001545(4) 

   Cell Mass                                 343.897 

   Cell Volume (Å ^3)                         126.396(6)  

   Wt% - Rietveld                            100.000 

   Double-Voigt|Approach  

      Cry size Lorentzian                   177(11) 

      k:  1  LVol-IB (nm)                    113(7) 

      k:  0.89  LVol-FWHM (nm)               157(10) 

   Crystal Linear Absorption Coeff. (1/cm)  450.94(2) 

   Crystal Density (g/cm^3)                  4.518(2)  

   PV_MOD peak type: a + b Tan(Th) + c / Cos(Th) 

      FWHM a                                 0.03(8) 

D8 XRD instrument profile 

Corrections of machine and 
sample absorption 

Theoretical density 
of orthorhombic 

phase 

Structural file from .cif file 
(based on KNN orthorhombic 
phase) and the refined data 

with error 

Theoretical volume of 
orthorhombic phase 
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           b                                 0.27(4) 

           c                                 0.04(9) 

      Lorentzian mix a                       0.1(8) 

                     b                       0.8(5) 

                     c                       0.2(9) 

   Lattice parameters 

      a (Å)                                 5.64359(18) 

      b (Å)                                 3.94702(10) 

      c (Å)                                  5.67426(17) 

 

Site  Np    x           y           z         Atom Occ       Beq   

K1     2   0.00000    0.00000     -0.01770     K+1  0.5       0 

Na1    2   0.00000    0.00000    0.00380      Na+1 0.5       0 

Nb1    2   0.00000    0.50000     0.50000     Nb+5 1         0 

O1     4   0.25740    0.50000     0.22530       O-2  1         0 

O2     2   0.00000    0.00000      0.47040     O-2  1         0 

 

5KNN-2BNNO composition  

File 1 : "E:\desktop\Thesis\thesis\5KNN-2BNNO.raw" 

 

R-Values  

 

Rexp : 5.40    Rwp : 6.81     Rp  : 5.33   GOF : 1.26 

Rexp`: 5.45    Rwp`: 6.88    Rp` : 5.48  DW  : 1.26 

 

Quantitative Analysis - Rietveld  

   Phase 1  : "KNN O "                      82.2(19) % 

   Phase 2  : "KNN T"                        17.8(19) % 

 

Background  

   One on X                                 8900(500) 

   Chebychev polynomial, Coefficient  0          -1(16) 

File Name 

Evaluation of fitting 

Calculated weight fraction of 
KNN orthorhombic phase and 

KNN tetragonal phase 

Refined atom 
position 

Refined lattice 
parameters 
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                                      1      102(16) 

                                      2      -29(8) 

                                      3      10(4) 

                                      4       -1(2) 

                                      5      -1.0(10) 

 

Instrument  

   Primary radius (mm)                       280 

   Secondary radius (mm)                     280 

   Linear PSD 2Th angular range (o)          2.91 

      FDS angle (o)                          0.3 

   Full Axial Convolution 

      Filament length (mm)                   12 

      Sample length (mm)                     15 

      Receiving Slit length (mm)             12 

      Primary Sollers (o)                    2.5 

      Secondary Sollers (o)                  2.5 

 

Corrections  

   Zero error                               0.0171(18) 

   LP Factor                                 0 

   Absorption (1/cm)                         9.3(6) 

 

KNN-Orthorhombic  

   Phase name                                KNN O  

   R-Bragg                                   2.371 

   Spacegroup                                Bmm2 

   Scale                                       0.00126(3) 

   Cell Mass                                 347.464 

   Cell Volume (Å^3)                         126.72(3) 

   Wt% - Rietveld                            82.2(19) 

   Double-Voigt|Approach  

Background profile 

D8 XRD instrument profile 

Corrections of machine and 
sample absorption 

Structural file from .cif file 
(based on KNN orthorhombic 
phase) and the refined data 

with error 

Theoretical volume of 
orthorhombic phase 
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      Cry size Lorentzian                    400(200) 

      k:  1  LVol-IB (nm)                    250(150) 

      k:  0.89  LVol-FWHM (nm)              300(200) 

   Crystal Linear Absorption Coeff. (1/cm)   468.66(10) 

   Crystal Density (g/cm^3)                  4.5533(10) 

   PV_TCHZ peak type 

      U                                     0.28(7) 

      V                                    -0.02(4) 

      W                                      0.007(6) 

      Z                                      0 

      X                                      0.43(5) 

      Y                                      0 

   Lattice parameters 

      a (Å)                                  5.6382(7) 

      b (Å)                                 3.9656(5) 

      c (Å)                                  5.6674(7) 

 

Site  Np    x           y           z         Atom Occ       Beq   

K1     2   0.00000    0.00000     -0.01770     K+1  0.49      0 

Na1    2   0.00000    0.00000     0.00380     Na+1 0.49     0 

Ba1    2   0.00000    0.00000     0.00000      Ba+2 0.02    1 

Ni1    2   0.50000    0.50000     0.50000      Ni+2 0.01     1 

Nb1    2   0.00000    0.50000     0.50000     Nb+5 0.99      0 

O1     4   0.26050   0.50000     0.22530       O-2  1         0 

O2     2   0.00000    0.00000    0.47040       O-2  1        0 

 

KNN Tetragonal 

   Phase name                                KNN T 

   R-Bragg                                   2.216 

   Spacegroup                                P4mm 

   Scale                                      0.00110(14) 

   Cell Mass                                 173.732 

Structural file from .cif file 
(based on KNN tetragonal 

phase) and the refined 
data with error 

Theoretical density of 
orthorhombic phase 

Refined atom 
position 

Refined lattice 
parameters 
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   Cell Volume (Å^3)                         62.89(3) 

   Wt% - Rietveld                           17.8(19) 

   Double-Voigt|Approach  

      Cry size Lorentzian                    0(500000)  

      k:  1  LVol-IB (nm)                   0(300000) 

      k:  0.89  LVol-FWHM (nm)               0(400000)  

   Crystal Linear Absorption Coeff. (1/cm)   472.1(3) 

   Crystal Density (g/cm^3)                  4.587(2) 

   PV_TCHZ peak type 

      U                                     -0.4(3) 

      V                                      1.3(2) 

      W                                      -0.30(4) 

      Z                                      0 

      X                                      0.00(18) 

      Y                                      0 

   Lattice parameters 

      a (Å)                                  3.9591(8) 

      c (Å)                                  4.0124(14) 

Site  Np    x           y           z         Atom Occ       Beq   

O1     1   0.50000    0.50000     -0.03200    O-2  1        0.0198 

O2     2   0.50000    0.00000     0.46920    O-2  1         0.0196 

Ni1    1   0.50000    0.50000     0.50000     Ni+2 0.01      1 

Nb1    1   0.50000    0.50000     0.50000    Nb+5 0.99      0.01114 

K1     1   0.00000    0.00000     -0.02180    K+1  0.49      0.0112 

Na1    1   0.00000    0.00000     0.00600    Na+1 0.49      0.033 

Ba1    1   0.00000    0.00000     0.00000     Ba+2 0.02      1 

  

Theoretical volume of 
tetragonal phase 

Theoretical density 
of tetragonal phase 

Refined atom 
position 

Refined lattice 
parameters 
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Appendix III. In-situ Raman spectra analysis 

As mentioned in Chapter 5 (section 5.4.5), In-situ Raman spectra was conducted by Renishaw InVia 

Reflex Raman spectrometer. During the measurement, the powder samples was heating at 1°C/min, 

and the Raman spectrum was measured at every 30 seconds (approximate 1°C), the analysis 

procedures were shown below. 

 

Figure III.1 The analysis procedures of temperature-dependent Raman spectra 

 

There are 470 Raman spectra per composition and 2820 Raman spectra in total (6 compositions). It is 

better to use computation method (MATLAB) to analyse thousands of data set. In order to ensure the 

data can be recognized by the computer, the collected data was firstly converted into ‘.txt’ files in the 

same folder. Each ‘.txt’ file was named with ‘composition name temperature range_heating 

rate_collect temperature_spectrum number_measure temperature_ramprate_1’ (i.e. 5KNN_2BNNO 

25 to 500°C 1kmin every 1k_0__Time_0__Temperature_30__RampRate_1). MATLAB was then used 

to read the file name and pick up the nth Raman spectrum. A MATLAB peak fitting tool was conducted 

to analyse the peak position, width and intensity, by utilizing a non-linear optimisation algorithm 

(combination of Gaussian function and Lorentz function) to decompose a complex, overlapping peak 

signal into its component peaks. The corresponding peak position, width and intensity of each Raman 

spectrum were then obtained. After repeating this process for all data set, the peak information was 
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output and plotted as a function of temperature to observe the discontinuous changes of peak 

information. 

 

2. Raman peak position and FWHM as the function of temperature 

5KNN 

 

 

5KNN-4BNNO 
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5KNN-6BNNO 

 

 

5KNN-8BNNO 
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5KNN-10BNNO 
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Appendix IV. Optical properties 

1. open-circuit voltage of 5KNN-2BNNO photo-ferroelectric solar cell 

In order to confirm the band gap nature of the 5KNN-2BNNO composition, the open-circuit voltage 

of photo ferroelectric solar cell was measured under the visible light. It can be seen from figure IV.1, 

~1.78 eV energy can motivate the photovoltaic response. Therefore, the bang gap of 5KNN-2BNNO 

should be narrow than 1.78 eV which is consistent with the results of UV-vis-NIR spectrometry. 

 

 

Figure IV.1  Open-circuit voltage of 5KNN-2BNNO photo ferroelectric solar cell induced by visible lights 
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Aims and Objectives
Aims: investigate processing and doping strategies for KNN-based materials in order 
to further optimize the energy harvesting properties. 
Objectives:
v Synthesis of powder with a fine particle size and small size distribution;
v Fabrication of bulk samples with homogeneous and dense microstructures; 
v Sintering in a manner to minimize grain growth, avoid the evaporation of K and 

Na, and enable co-processing with electrodes. 
v Investigate the influence of the compositional and processing variables on the 

functional, optical and electrical properties, with the aim of increasing the energy-
conversion effectiveness. 

This poster presents early progress in this work.

Introduction
Lead-based piezoelectric materials are widely used in energy harvesting devices, but due to the highly-toxic nature of lead (Pb), such materials are
facing impending legislative restrictions. (K0.5Na0.5)NbO3 (KNN) piezoelectric ceramics show comparable properties to conventional lead-based
materials and are a promising lead-free replacement. Recently, (K0.5Na0.5)NbO3 (KNN) doped with 2 mol% Ba(Ni0.5Nb0.5)O3−δ (BNNO) displayed not only
good piezoelectric and pyroelectric properties, but also a narrow photonic band gap1. This heralds the possibility of truly multifunctional sensing
devices that enable the simultaneous and efficient conversion of solar, thermal, and kinetic energies into electricity in a single material.

Calcination process from mixed carbonates and oxide to the calcined KNN, showing
1) DTA/DSC curves, 2) XRD pattern from 200oC to 1000oC, 3) and 4) unit cell volume 

and FWHM curve, calculated from XRD refinement data.

Results and Discussion

3) 4)

1) 2)

6)

The pure calcined (Na0.5K0.5)NbO3 powder at 850oC, showing 5) powder morphology and 6) 
powder size distribution.

5) 6)

Conclusions
(K,Na)NbO3 powders have been successfully synthesized by a
conventional solid-state method. After comparing the XRD patterns
(FWHM and unit cell volume data) at different calcination temperatures
(200 – 1000oC) and the DTA/TG curves, it can be seen that 900oC is the
optimal calcination temperature. The SEM image indicates the as-
received KNN powders have a narrow particle size distribution and fine
crystallite size (less than 500 nm), while the small particles are easy to
form aggregations with broad particle size (1-2µm) based on the
particle size analysis.

1

5

Experimental Procedures

! Na2CO3+ 1− ! K2CO3+Nb2O5 → 2(K1-xNax)NbO3 + CO2

(K, Na)NbO3 powders are synthesized by conventional solid-state 
method, as shown below:

1. Raw powder preparation and
compositional design via the
conventional solid-state method;

2. KNN bulk samples are fabricated 
by colloidal processing;

3. The bulk samples are sintered
whilst buried in sacrificial powder
of the same composition in a
covered alumina crucible;

4. Electrodes are deposited on the
both sides of the sintered KNN
bulk samples, then co-fired.

5. The testing system involves an
electrometer, lamp and dryer.
Then the data of pyro and
photocurrents can be analysed.
And the piezoelectric properties
can be detected by d33 meter and
Impedance analyzer.

• TG curves show around a 12% decrease in overall mass as the
temperature of these mixtures increase up to 700oC. There are two
major endothermic peaks in the DTA curve. The endothermic area ❖
is thought to be due to the starting point of the reaction.

• The XRD patterns indicate the reaction started at 400oC and the
crystallinity increased with increasing temperature.

• Unit cell volume and FWHM curves show a reduction with increasing
temperature, which means solid solution takes time and temperature
to form a single homogeneous phase.

• (K,Na) NbO3 powders show the facet morphology, with the range
of crystallite size about 300~500 nm. However, the small crystals
are inclined to agglomerate, and the size of agglomerated particles
is about 1-2µm, as shown by the peak in 6) particle size analysis.

❖

Analysis of interfaces Device fabrication

Prototype Characterisation

Op
tim

isa
tio

n

Co-processing with electrodes

After dry at 85oC on oven, calcine 
the mixture from 200oC to 1000oC. 

And the dwell time is 2h

Mix with binder using manual 
granulation in agate mortar

Tubular glen mill for 24 
hour(Na2CO3, K2CO3 and 

Nb2O5; ethanol; ZrO2 ball)

Low-temperature sintering
and burned out method

Shaping: colloidal processing

Piezo-, pyro-, and optical 
properties analysis

Experimental procedures flow chart
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Summary
Lead-based piezoelectric materials are widely used in energy harvesting devices, but due to the highly-toxic nature of lead, such materials are facing impending legislative
restrictions. (K0.5Na0.5)NbO3, KNN, piezoelectric ceramics show comparable properties to conventional lead-based materials and are a promising lead-free replacement. In
this work, KNN ceramics have been prepared by two-step sintering, which has yielded homogenous grain sizes and prevented abnormal grain growth. Compared with
conventional single-step sintering, KNN samples fabricated using two-step sintering were of higher density, increasing from 91% to 95% of theoretical, and reduced mean
grain size, from ~17 μm to <7.5 μm. This translated into an improved piezoelectric performance and higher energy harvesting output. This demonstrates the potential of
two-step sintering as a high through-put sintering technique of moderate-performance, pure KNN ceramics.

5

Aims and Objectives
Aims: Optimization of two-step sintering processing conditions and investigation of energy harvesting performance for pure KNN ceramics.
Objectives:
• Synthesis of (K0.5Na0.5)NbO3 ceramic powders 

with a fine particle size and small size 
distribution;

• Fabrication of high density (K0.5Na0.5)NbO3 ceramics 
through two-step sintering to minimize grain 
growth and avoid the evaporation of K and Na;

• Preparation and vibration testing of pure (K0.5Na0.5)NbO3
cantilever-energy harvester densified by two-step 
sintering (TSS) and single step sintering (SSS).

Experimental Procedures

𝑥 Na2CO3 + 1 − 𝑥 K2CO3 + Nb2O5 → 2(K1-xNax)NbO3 + CO2

(K, Na)NbO3 powders were synthesized by conventional solid-state method, as 
shown below:

Fig. 1 Experimental procedures flow chart

After drying at 75oC, calcine 
at 900oC for 2 h

Mix with 0.5 wt % PVA 
binder using manual 

granulation in agate mortar

Turbular Glen mill for 24 h 
(Na2CO3, K2CO3 and Nb2O5; 

ethanol; ZrO2 balls)

Single-step sintering (SSS) 
or Two-step sintering (TSS)

Piezoelectric 
properties analysis 

and energy harvester 
preparation

Dry press at 200 MPa

Conclusions
• Compared to the SSS approach, (K0.5Na0.5)NbO3 ceramics sintered by TSS

demonstrated an improved density (~95%) and smaller grain size (<7.5 μm);
• The lower sintering temperature in TSS is helpful in decreasing the evaporation

of alkali and reducing active grain boundary diffusion thus yielding more
homogenous microstructures;

• As a result of the points above, TSS (K0.5Na0.5)NbO3 ceramics exhibited better
piezoelectric properties;

• The energy harvester fabricated using TSS-KNN ceramic showed better
performance.

Future Work
• Fabrication of KNN-based multifunctional ceramics materials via co-doping;
• Fabrication of KNN-based multifunctional thin films;
• Structural modelling of a piezoelectric energy harvester;
• Incorporation of multifunctional KNN-based ceramics into energy harvesting

devices.

Two-step sintering V.S. Single step sintering

Acknowledgements
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• For both sintering routes, all samples were buried in a powder bed with a
composition equivalent to that of the calcined (K0.5Na0.5)NbO3 powders;

• The piezoelectric properties were measured using a d33-meter and an
impedance analyser.

Compared with the samples
prepared via SSS, it is clear that
the samples fabricated via two-
step sintering exhibit both
higher densities (93-95%) and
finer microstructures.

a),c):TSS & b),d): SSS

TSS KNN ceramics show a finer and more
homogenous microstructure and less
inter- and intra-granular porosity. For
TSS, the lower sintering temperatures
were used to activate grain boundary
diffusion and to slow down the grain
boundary migration to obtain higher
densities and supress the grain growth.
Also, the lower sintering temperature
decreased the evaporation of alkali and
thus avoided a bimodal grain size
developing.

Piezoelectric properties of KNN fabricated by TSS and SSS

TSS samples yield
better piezoelectric
properties due to
higher densities,
less evaporation of
alkali and finer and
more homogenous
grain size.

The lower evaporation of alkali can reduce compositional deviation from
stoichiometry and hence improve the properties; smaller grain sizes tend to have
smaller domain walls that can re-orientate more easily and respond more actively to
external signals due to higher domain mobility.

The 1120oC SSS sample and 1120oC/1070oC/10 h TSS samples were chosen to
prepare the energy harvester. The values obtained were an open circuit peak
voltage value of 1.36 V (TSS) vs 0.71 V (SSS) and a power density at 680 kΩ of
51 μW cm-3 (TSS) vs 42 μW cm-3 (SSS).

Sample No. Sintering conditions 
(T1 t1 / T2 t2) 

Rel. 
density 

(%) 

Grain size 
(μm) 

d33 

(pC N-1) 
tanG 
(%) 𝜀r 

Kp 

(%) 
Qm 

1 1100oC / 2 h 90 10.52 97 8.9 297 34 17 
2 1120oC / 2 h 91 15.92 101 6.1 294 33 32 
3 1140oC / 2 h 91 21.33 94 4.8 305 25 22 
4 1120oC 10 m / 1030oC 10 h 92 8.18 112 9.3 327 35 34 
5 1120oC 10 m / 1050oC 10 h 91 8.74 104 7.4 310 31 42 
6 1120oC 10 m / 1070oC 10 h 95 7.46 122 4.8 337 36 76 
7 1120oC 10 m / 1070oC 15 h 93 8.23 118 3.9 329 34 45 
8 1120oC 10 m / 1070oC 20 h 93 8.55 108 4.4 279 33 39 
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Microstructures, piezoelectric properties and energy harvesting performance
of undoped (K0.5Na0.5)NbO3 lead-free ceramics fabricated via two-step
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A B S T R A C T

Piezoelectric energy harvesters have become increasingly popular in the field of green energy because of the
ability to convert low-frequency environmental vibrations into usable electricity. To fabricate high-performance
energy harvesters, the key requirements are piezoelectric ceramics with a small grain size, of near-full density,
the intended stoichiometric ratio and a high transduction coefficient. In this work, the effects of two-step sin-
tering on the sinterability, microstructure, piezoelectric properties and energy harvesting performance of
(K0.5Na0.5)NbO3 were systematically investigated. Compared with conventional single-step sintering, two-step
sintering samples were of higher density, increasing from 91 % to 95 % of theoretical, reduced mean grain size,
down from 17 μm to 7.5 μm, and decreased evaporation of the alkali metals. This translated into an improved
piezoelectric performance (d33 ∼122 pC/N, kp ∼36 % and Qm ∼76), a higher transduction coefficient and
energy conversion efficiency as well as a higher open-circuit voltage and power density. This demonstrates the
potential of two-step sintering as a high through-put sintering technique for moderate-performance, pure KNN
ceramics.

1. Introduction

Piezoelectric ceramic materials have been a core topic of research in
recent years due to their widespread application, allowing them to be
used as actuators, sensors, transducers and energy harvesting devices
[1]. In the past several decades, the majority of research has been
concentrated on lead zirconate titanate (PZT) based ceramic materials
due to their high piezoelectric response [1]. However, because of the
highly-toxic nature of lead (Pb), the current demand is for the devel-
opment of lead-free piezoelectric materials [2].

Compared with other lead-free piezoelectric ceramics, sodium po-
tassium niobate-based piezoelectric materials (KNN) are one of the
most promising choices to replace the lead-based ceramics, offering a
high Curie Temperature (415 °C) and moderate piezoelectric and di-
electric constants (e.g. d33∼160 pC/N and εr∼586) [3–6]. However,
because of the low sinterability and high volatility of KNN, caused by
presence of the alkali metals, the use of conventional single-step sin-
tering (SSS) in the fabrication of undoped KNN ceramics often leads to
piezoelectric ceramics of low density and stoichiometry different to that
intended. This translates into piezoelectric properties that are poor
(d33∼80 pC/N) [7–9]. The extremely narrow sintering window for KNN

also means that obtaining high-density KNN piezoelectric ceramics via
SSS presents a significant challenge [10]. To date, approaches to im-
prove the sinterability of KNN-based piezoelectric ceramics have been
focused on using dopants [11–20], sintering aids [21,22], composi-
tional modifications [23,24], and/or the adoption of pressure-based
sintering techniques such as hot pressing [25] or spark plasma sintering
[26,27]. When using dopants such as LiNbO3 [28] and Li (Nb, Ta, Sb)O3
[14,12,12,13,14,15,16,17,18,19,20], it has been reported that KNN-
based ceramics may be produced with improved densities and en-
hanced electrical properties. However, the use of dopants also lowers
the temperature stability of these improved electrical properties, lim-
iting their practical application as functional materials [29]. Moreover,
the use of pressure-based sintering results in increased manufacture
costs and low production output rates, making KNN unsuitable for
widespread adoption [25–27]. Given the aforementioned shortcomings
of the solutions explored to date, the sintering of KNN requires a new
and innovative method, capable of producing dopant-free, piezoelectric
ceramics of high density and a fine microstructure.

The sintering of KNN can be divided into three primary stages of
densification and growth [30]. The initial stage involves the fusing of
the characteristically faceted powder particles of KNN to form stacks of
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plate-type particles [31]. This is achieved through interparticle neck
growth via mechanisms of diffusion, vapour transport or viscous flow.
At the intermediate stage, high temperatures lead to the evaporation of
Na (as well as some K) at the grain boundary and the creation of a K-
rich liquid phase that bridges residual pores present at grain boundary
junctions [32]. This liquid phase provides a transport path for the re-
arrangement of particles resulting in reduced surface area and im-
proved packing [33]. The final stage is dominated by liquid phase-in-
duced rapid and abnormal grain growth via diffusion-controlled
coarsening mechanisms [31,34]. Here, limited densification occurs. As
demonstrated above, the grain boundary liquid phase of KNN plays a
critical role in its densification, owing to the non-uniform and cubical
shape of its particles. Thus, higher densities may be achieved by re-
taining a higher fraction of the liquid phase through the suppression of
alkali metal loss via evaporation [31]. Moreover, further improvements
in overall density may be achieved by delaying the onset of rapid grain
growth during the final sintering stage.

In 2000, Chen and Wang [35] introduced a new, low cost and rela-
tively easy to use sintering technique, known as two-step sintering (TSS),
which aimed at improving the properties of ceramics by increasing the
density whilst suppressing grain growth. The intention of TSS is to limit
the accelerated grain growth that typically occurs in the final stages of
SSS. This is achieved by first densifying the ceramic to an intermediate
density at a high initial temperature, T1, over a short period of time. The
ceramic is then cooled rapidly to a lower temperature, T2, typically
50–100 °C below T1 and densified over a much longer period of time. The
TSS method exploits the higher activation energy of grain boundary mi-
gration at triple-points, which form during the first stage of sintering and
are immobilised by the rapid cooling of the ceramic. Subsequent densi-
fication to final density occurs by grain boundary diffusion [35]. For the
sintering of KNN specifically, the use of a lower dwelling temperature in
TSS has the added benefit of reducing the evaporation of Na and K, en-
abling better stoichiometric control, the retention of a higher liquid
content during sintering and improved piezoelectric performance
[30–32]. Since the work was first published, TSS has been successfully
used to fabricate a range of different ceramics, including Al2O3 [36,37],
Y2O3 [38], AlN [39], BaTiO3 (BTO) [40] and nanostructured ZrO2 [41].
With respect to KNN, TSS has been used to broaden the sintering
temperature range and improve the density of doped KNN,
including 0.9625(Na0.5K0.5NbO3)–0.0375Li(Ta0.4Sb0.6)O3 [42], (KxNa1-x)
0.94Li0.06NbO3 [43], 0.89Bi0.5Na0.5TiO3–0.06BaTiO3–0.05K0.5Na0.5NbO3
[44] and (K0.4425Na0.52Li0.0375) – (Nb0.8925Sb0.07Ta0.0375)O3 [45]. Wang
et al. has also shown that the density and electrical properties of pure KNN
may be significantly improved via the adoption of TSS [46]. However,
while the benefit of TSS on the performance of pure KNN has been well-
demonstrated, a detailed analysis of the mechanisms involved at the
different stages and their influence on the resultant microstructure and
performance is more limited.

In this paper, the processing conditions of SSS and TSS have been
optimised to fabricate piezoelectric ceramics of pure KNN with as high
a density and as fine a grain size as possible. In accordance with fun-
damental sintering theory and the principal mechanisms of SSS and
TSS, the densification and resultant evolution of the KNN micro-
structure has been systematically analysed at each stage of the sintering
process. Based on the functional properties and energy harvesting
performance of the pure KNN piezoelectric ceramics produced, a dis-
cussion is presented on the comparative benefits of TSS over conven-
tional SSS and the potential of TSS as a means of delivering fine grain
size, dense, lead-free (K0.5Na0.5)NbO3 ceramics.

2. Experimental procedure

2.1. Material preparation

KNN samples were prepared by conventional powder processing.
The first step involved drying as-received powders of Na2CO3 ( 99.50

%, Sigma-Aldrich, UK), K2CO3 ( 99.0 %, Sigma, UK) and Nb2O5 (
99.90 %, Aldrich, UK) at 150 °C for 24 h to remove any residual
moisture. After cooling back to room temperature in a desiccator to
avoid reabsorption of moisture, the powders were then weighed out in
stoichiometric quantities according to the molar ratio of (K0.5Na0.5)
NbO3. Mixing of the powders was completed in ethanol using a tubular
mill for 24 h with zirconia balls as the milling media. After removing
the ethanol in an oven at 75 °C for 12 h, the powders were calcined at
900 °C for 2 h in a closed alumina crucible. The powders were then put
back into ethanol and vibro-milled for 24 h to break up the agglomer-
ates. The calcined (K0.5Na0.5)NbO3 powders were dried again and
mixed with 1 wt% polyvinyl alcohol solution (5 wt% concentration,
Polyvinyl alcohol 100000, Fluka Chemika) before being uniaxially
pressed into pellets with a diameter of 13mm and 1mm thickness
under a pressure of 200MPa.

Densification was achieved using both SSS and TSS; the heating
profiles are shown in Fig. 1. Binder removal was completed for all
samples at a heating rate of 1 °C/min to a final temperature of 600 °C for
1 h. Samples sintered using SSS were heated at 5 °C/min to a peak
temperature in the range of between 1080–1140 °C and held for 2 h.
The samples were then allowed to cool naturally. For samples sintered
using TSS, the first step involved heating to an initial temperature, T1,
in the range 1040–1140 °C using a heating rate of 10 °C/min and a very
short dwell of 10min. The samples were then cooled rapidly at 30 °C/
min to a lower temperature, T2, in the range of 1030−1070 °C and held
for a further 10−20 h. The sintering conditions of SSS and TSS are
summarized in Table 1. All samples for both sintering routes (6 samples
for each sintering condition) were buried in a powder bed with a
composition equivalent to that of the calcined (K0.5Na0.5)NbO3 pow-
ders. The density of the samples was measured using the Archimedes
method and the relative density calculated using a theoretical density
value of 4.506 g/cm [4,47].

Fig. 1. Schematic diagram of the conventional SSS and TSS profiles. Binder
removal was carried out at T=600 °C and was identical for both sintering
methods.

Table 1
Sintering conditions for SSS and TSS.
Sample No. Heating rate/°C min−1 T1/°C t1/h T2/°C t2/h

1 5 1100 2
2 5 1120 2
3 5 1140 2
4 10 1120 0.16 (10min) 1030 10h
5 10 1120 0.16 (10min) 1050 10h
6 10 1120 0.16 (10min) 1070 10h
7 10 1120 0.16 (10min) 1070 15h
8 10 1120 0.16 (10min) 1070 20h
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2.2. Chemical and microstructural characterisation

The phase purity and crystal structure of the calcined (K0.5Na0.5)
NbO3 powders and as-sintered KNN pellets were assessed by XRD
(Bruker D8 Advanced X-ray Diffractometer, CuKα =0.15405 nm, ac-
celerating voltage 40 kV, current 40mA) across a 2θ range of 10° to 90°
with a step size of 0.0142°. All XRD data were refined using Topas-
Academic and jEdit software. Representative shrinkage rates of green
bodies were measured using dilatometry (NETZSCH 402E-1600 °C)
across a temperature range of 30−1130 °C and using a heating rate of
5 °C/min. Scanning electron microscopy was used to analyse the mor-
phology of the calcined powder produced as well as the fracture and
polished surfaces of the as-sintered KNN ceramics (Phillips XL30 ESEM-
FEG, accelerating voltage 20 kV). Backscattered images were used to
measure the average grain size, the analyses of which were performed
using the linear intercept method [48]. Meanwhile, the maximum Feret
diameter (the longest line that can fit within the boundaries of the
grain) was measured using Nano Measurement software (Nano mea-
surer 1.2, Department of Chemistry, Fudan University) to obtain the
grain size distribution.

2.3. Piezoelectric property measurements

Prior to performing any electrical measurements, the planar faces of
all samples were first polished to a smooth surface finish using 20 μm
silicon carbide paper. A sputter coater (K575X, Emitech) was then used
to coat polished surfaces with a 40 nm chromium layer followed by two
200 nm gold layers. The samples were then poled in a silicone oil bath
by applying an electric field of 3.5 kV mm−1 for 30min at 120 °C. The
piezoelectric charge coefficients (d33) were measured by a quasi-static
piezoelectric coefficient testing meter (YE2730A, SINOCERA, China)
24 h after poling. Dielectric properties were measured at room tem-
perature using wide frequency range impedance spectroscopy (Agilent
4294 A Precision Impedance Analyser, USA).

2.4. Energy harvesting performance measurements

For the purpose of fabricating piezoelectric energy harvesters
[49,50], sintered KNN pellets, with a diameter of 10mm and a thick-
ness of 0.8 mm, were first polished into squares of 5mm length and
width and 0.3 mm thickness. The KNN squares were coated on both
sides with approximately 0.5 μm silver electrodes by brush (Silver Top
Coat Paste C2060217P3, SunChemical) and annealed in a furnace at
550 °C for 1 h at a heating rate of 1 °C/min. After cooling, two copper
wires were connected to the samples via soldering, one on either side.
The final KNN component was then fixed onto a stainless-steel substrate
(thickness 0.35mm) using silver epoxy paste (Conductive Adhesive
Epoxy, RS Components Ltd). A schematic representation of the final
energy harvester is presented in Fig. 2 and is a reproduction of a design
reported elsewhere [51]. An external vibration was then applied to the
energy harvesting device using an electromagnetic shaker head
(Gearing & Watson Electronics, UK) with integrated power amplifier
(Model K2007E01; The Modal Shop Inc, Cincinnati, USA). Both the
bending signal and electrode signal were recorded by an oscilloscope
(Pico 4424, Pico -Technologies, UK) and monitored by the PicoScope
software.

3. Results and discussion

3.1. Chemical analysis and morphology

The XRD patterns of both the calcined KNN powder and ceramics
sintered by SSS and TSS are presented in Fig. 3. The major Bragg peaks
detected corresponded to the pure KNN perovskite orthorhombic
structure. Note, no new reflections were observed. Therefore, the cal-
cined powder and sintered samples may be considered reasonably pure

with no impurity phases inside the detection limit of XRD (∼2%). As
expected, the peaks of the sintered KNN specimens were narrower than
those of the calcined powder; this is associated with the larger crystal
size in the ceramics after sintering. Milling of the calcined powder is
likely to have introduced defect structures into the lattice, the resultant
micro-strain causing significant distortion in the crystals and broad-
ening of the XRD peaks. Such defect structures anneal out during sin-
tering at high temperatures, resulting in a narrowing of the XRD peaks.
The consistency of the results from sample-to-sample is a strong in-
dication that the calcined powder synthesised for this work offer ex-
cellent chemical homogeneity.

SEM analysis of the calcined powder is shown in Fig. 4 and reveals a
highly-faceted surface morphology. The overall granule shape is highly
irregular with multiple cubic domains growing outwards in a con-
certina structure. The mean crystallite size range of the particles was
∼300 – 500 nm, whilst the overall particle size was closer to 1–2 μm.

3.2. Sinterability of KNN ceramics using SSS and TSS

3.2.1. Single-step sintering of pure KNN
The dynamic shrinkage curve of the KNN powder compacts heated

at temperatures ranging from 600 °C to 1130 °C are presented in Fig. 5.
The compacts began shrinking at ∼875 °C, where a steep slope in the
shrinkage curve may be observed. A rapid increase in shrinkage into a
largely linear shrinkage rate occurred at 1000–1070 °C; beyond
1080 °C, the shrinkage rate decreased as the curve begins to level off,
with the KNN powder compacts reaching their highest level of
shrinkage at∼1120 °C. As confirmed by the smooth solid-liquid line of
the KNbO3-NaNbO3 phase diagram [10,52], this densification limit
corresponds with the generation of a K-rich liquid phase at ∼1110 °C.
Although the presence of such a liquid phase provides a faster medium
for diffusion, it also reduces the energy for grain boundary migration.
This promotes rapid grain growth, reducing the amount of free energy
available and the driving force for the further densification [30] such
that no further shrinkage occurs beyond 1120 °C. Gas phase release
associated with the volatilisation of Na and K at above 1000 °C [30] is
also likely to be a contributing factor. From these results, the sintering
window of pure KNN is considered to be 1080−1120 °C.

Based on the results in Fig. 5, four KNN ceramics were produced by
SSS, each one sintered at different peak temperatures of 1080 °C,
1100 °C, 1120 °C and 1140 °Ca for 2 h. The relative density and corre-
sponding grain sizes of these materials are shown in Fig. 6(a). As can be
observed, higher relative densities were achieved when the ceramics
were sintered at higher temperatures as expected. The peak density
achieved was 91 % at both 1120 °C and 1140 °C.

Fig. 2. Schematic diagram of energy harvester.

a Note that above 1138°C the sample will start to soften slightly as the first
liquid starts to form.
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Micrographs of the microstructures of the KNN ceramics sintered
using SSS are presented in Fig. 6(b–d). As shown in Fig. 6(b), after
sintering at 1100 °C, a largely homogenous microstructure was
achieved with a relatively fine average grain size of ∼10 μm.
Fig. 6(c–d) shows that, along with marginal improvements in density,
increases in temperature promote appreciable amounts of grain growth,
the mean grain size increasing to ∼16 μm at 1120 °C and ∼21 μm at
1140 °C. This result is in agreement with the idea that rapid grain
growth, due to the generation of the K-rich liquid phase at ∼1110 °C

[10,30,52], is the principal cause of the limited densification observed
at temperatures beyond 1120 °C. While the grains in the 1120 °C and
1140 °C specimens remain primarily equiaxial in form, the wide size
distribution of the grains would indicate that the grain growth experi-
enced is abnormal. This is confirmed in Fig. 7, where the grain size
distribution of all three microstructures exhibits significant variability.
The abnormal nature of grain growth is governed by multiple affects.
Firstly, oriented grain boundaries move faster than disoriented ones;
the faceted structure of the KNN powder particles, see Fig. 4, leads to
discontinuities in terms of particle orientation. As a result, some par-
ticles will be well-oriented and have a grain boundary of high mobility,
whilst others will be disoriented and have a grain boundary of low
mobility. Secondly, the grain boundary energies of pure KNN are in-
trinsically anisotropic, leading to local differences in the mobility of the
grain boundary during sintering [30,53]. Lastly, in an oxidising en-
vironment, the evaporation of Na will lead to K and Nb segregation,
generating sites that are K-rich and Nb-rich at the grain boundary. At
the K-rich sites, a K-rich liquid-solid phase mixture forms preferentially,
which, as described above, reduces the energy for grain boundary mi-
gration, causing it to expand rapidly [42,54,55]. Meanwhile, Nb-rich
grain boundaries remain in a state of solid-phase sintering and, thus,
continue to grow at a normal rate. Differences in the migration rate of
the grain boundaries leads to abnormal grain growth [6] and contribute
significantly to the wide grain size distributions in Fig. 7. It is important
to note that the higher vapour pressure of K means that, as a whole, it
evaporates more than Na during sintering [11–13,56,57]. However, K-
rich sites have been shown to form in local areas [52], especially grain
boundaries. From the KNN phase diagram, Na2O evaporation will cause
a compositional shift to the K-rich side to form a Na-deficient liquid
phase during the sintering and a K-rich secondary phase (K2Nb4O11)
during cooling. This has been well-reported by Ahn et al. [31,32].

The low density of all the KNN ceramics sintered using SSS corre-
sponds with considerable amounts of both inter- and intra-granular
porosity retained within the microstructures. There are three different
kinds of pores that exist in KNN ceramics: (1) small, thin inter-granular
pores with a straight line edge, mostly located at triple-junctions – re-
sidual pores due to incomplete densification; (2) intra-granular closed
pores of an irregular morphology – caused by rapid grain growth
trapping such pores inside grains; and (3) intra-granular pores of a
cubic morphology – associated with gas phase release that results from
the volatilisation of Na and K at ∼1000 °C [30]. Pores with a similar
structure can be found during the sintering of NaCl, where the {100}
surface have the lowest activation energies for vapourization [58]. In
addition, a fourth type of ‘porosity’ can be observed as a result of

Fig. 3. XRD patterns across a 2θ range of 20–60° for the calcined KNN powder and ceramics sintered at various temperatures and times (t) using conventional single-
step and two-step sintering (T1-T2-t2 for TSS; T1-t1 for SSS).

Fig. 4. A representative SEM image of the (K0.5Na0.5)NbO3 powder calcined at
900 °C for 2 h.

Fig. 5. Sample density as a function of temperature for calcined KNN powder
sintered at temperatures up to 1130 °C at 5 °C min−1.
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sample preparation; large inter-granular pores with a smooth, irregular
shape generated by grain pull-out are forming during grinding and
polishing.

As shown in Table 2, the loss of the alkali elements results in
moderate mass loss. Without a significant decrease in volume, this
negatively influences the final density of the KNN ceramics. Based on
Fig. 5, the maximum shrinkage of KNN via SSS was achieved at 1120 °C.
This would suggest that samples sintered at> 1120 °C will not achieve
higher densities, a result that is confirmed by the fact that the 1140 °C
specimen had a density equivalent to that of the 1120 °C samples.

3.2.2. Two-step sintering
In order to achieve high density ceramics with a fine microstructure

using TSS, a sufficiently high intermediate density must be obtained
during the first sintering step. This is required to ensure that any re-
sidual pores that are subjected to second step sintering are of a sub-
critical size and unstable to shrinkage. The critical relative density that
must be achieved during first step sintering is material dependent and
requires careful optimisation of the T1 temperature [35]. Fig. 8 shows
the relative density of KNN pellets partially sintered at different T1
temperatures and demonstrates that T> 1060 °C provides the
minimum level of densification required within the short dwell period
of 10min. The relative density then exhibits a plateau at 1100 °C and
1120 °C before decreasing at 1140 °C, the latter being consistent with
the results in section 3.2.1 and reductions in sample mass due to the loss
of Na and K. Fig. 8 also shows that higher T1 temperatures lead to
significant increases in grain size, from ∼0.7 μm at T1=1080 °C to
9.5 μm at T1= 1140 °C. This clearly demonstrates that, within the
10min dwell period, the KNN ceramics sintered at temperatures>
1080 °C have transitioned from the initial and intermediate sintering
stages, dominated by bulk diffusion and sample shrinkage, into the final
sintering stage dominated by grain growth [48]. The samples sintered

at T1= 1120 °C for 10min obtained the highest density and lowest
grain size and, thus, this was chosen as T1 sintering temperature. Note,
whilst T1= 1100 °C for 10min also achieved similar density and grain
size values as that of T1= 1120 °C, second step sintering yielded almost
no change in density. This is believed to be due to the lack of a K-rich
liquid phase that forms at ∼1100 °C.

Fig. 9(a–f) shows the fracture morphologies of KNN samples sin-
tered at different T1. At 1040 °C, limited densification has occurred, the
morphology of the (K0.5Na0.5)NbO3 powder is still clearly visible. There
are some signs of the fusing of particles, but significant inter-granular
porosity remains. This suggests that only the particles with the lowest
activation energy have been activated at this T1 temperature; most
probably the smaller particles with the highest surface free energy. At
T1 temperatures> 1040 °C, it is apparent that significant densification
has occurred and that triple-points have formed. Below 1100 °C, the
microstructure remains homogenous and exhibits no intra-granular
porosity. However, above 1100 °C, grain growth clearly has an in-
creased contribution on the evolution of the microstructure and intra-
granular porosity begins to develop. At 1120 °C and 1140 °C, samples
are found to contain fewer pores and are smoother in terms of their
grain morphology. This is associated with the formation of K-rich li-
quid-phase at 1110 °C, which has coated the particle surfaces and
partially-filled intra-granular pores, see Fig. 9(f). As discussed above, it
is the formation of K-rich liquid phase that inhibits densification be-
yond T1= 1120 °C.

Given that the aim of T2 and t2 is to achieve a maximum density
without significant grain growth and to minimise the evaporation of Na
and K, the optimum temperature T2 and dwelling time t2 needed to
facilitate the maximum amount of densification. Recalling the dynamic
sintering curve in Fig. 5, the highest densification rates were achieved
at temperatures between 1030−1070 °C. As such, this is the tempera-
ture range that was exploited for use as T2. Fig. 10(a) shows the relative

Fig. 6. Single-step sintering of pure KNN ceramics: (a) relative density and grain size as a function of sintering temperature (sintering time 2 h) and their resultant
microstructures after sintering at: (b) 1100 °C, (c) 1120 °C, and (d) 1140 °C.
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densities and grain size of samples sintered at a T1 of 1120 °C for 10min
and then a T2 temperature of 1030/1050/1070 °C for 10 h. From the
results, a T2 of 1070 °C was able to achieve the highest density and the

finest grain size. In order to explore whether the density could be fur-
ther improved by increasing the dwell time at the T2 stage, additional
samples were sintered at 1070 °C for extended dwell periods of 15 h and
20 h. The results are shown in Fig. 10(b) and revealed that longer dwell
times lead to a decrease in sample density, associated with increased
amounts of alkali evaporation, a view supported by the mass loss data
in Table 3, and subsequent gaseous phase release. Based on the find-
ings, a T2 of 1070 °C for 10 h yielded pure KNN ceramics with the
highest relative density via TSS, which was measured to be ∼95 % of
theoretical.

Fig. 11 presents the representative microstructures of the TSS and
SSS sintered KNN ceramics; polished surfaces in a) and b), and fracture
surfaces in c) and d). The relative densities and grain size are shown in
e). It is clear that the samples fabricated via TSS exhibit both higher
densities and finer and more homogenous microstructures. Through a
systematic study, the morphologies of KNN ceramics fabricated by SSS
and TSS confirm the porosity due to incomplete densification (small
inter-granular pores at triple-junctions) is an unavoidable event, and
even remains a prevalent feature in high density samples sintered by
TSS, see Fig. 11(c). These pores are caused by the intrinsically low
sinterability of KNN. The improved density of KNN sintered by TSS is
thus achieved by supressing grain boundary migration such that fewer
pores are trapped insides grains. Moreover, by comparing Table 2 and
3, the inhibition of mass loss via Na and K evaporation also plays a
significant role in the TSS methods ability to produce higher density
specimens. Fig. 11(e) summarises the grain sizes and densities of the
different KNN ceramics made. As mentioned before, the mean grain size
of SSS samples increased from 10.5 μm to 21.3 μm with the increase in
sintering temperature from 1100 °C to 1140 °C. For the TSS, the grain
size is approximately 50 % less than SSS. The finest grain size and
highest density pure KNN sample in this work was obtained at optimum
TSS conditions of T1= 1120 °C for 10min, T2= 1070 °C for 10 h.

Fig. 7. Grain size distribution of pure KNN ceramics in SSS: a) 1100 °C, b) 1120 °C, and c) 1140 °C.

Table 2
Mass loss of KNN ceramics sintered using SSS (sintering time 2 h).
Samples Mass loss/% /%

1100 °C/2 h 1.76 0.040
1120 °C/2 h 1.95 0.018
1140 °C/2 h 2.47 0.110

Fig. 8. Relative density of KNN specimens sintered for 10min. as a function of
first step temperature (black line) and the grain size of KNN specimens sintered
for 10min. as a function of first step temperature (red line) (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article).
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3.3. Piezoelectric properties of SSS and TSS samples

The piezoelectric charge coefficient (d33), relative permittivity ( r),
dielectric loss (tan ) and mechanical quality factor (Qm) of the KNN
ceramics fabricated using SSS and TSS are summarised in Table 4.
Based on these properties, it is clear that KNN samples fabricated via
TSS provided better piezoelectric performance, boasting higher mea-
sured values of d33, kp, ԑr and lower tan . Such improvements are at-
tributed to the denser microstructures, the improved stoichiometry and
the finer grain sizes achieved in the TSS samples. Denser micro-
structures yield superior piezoelectric properties by retaining lower
amounts of porosity, the presence of which impedes the negative/po-
sitive charge transfer path [59]. Whilst porosity will always lead to a
reduction in dielectric and piezoelectric constants, studies have de-
monstrated a preference for fewer, larger pores over a greater number
of smaller pores [59]. As such, the ability for TSS to inhibit the amount
of mass lost due to the evaporation of Na and K compared to SSS will
have contributed to the improved properties of the KNN ceramics fab-
ricated by TSS by limiting the generation of porosity, as shown by
Fig. 11(a–b). In addition, the retention of Na and K will reduce shifts in
the composition of KNN from stoichiometry, which is associated with
improved piezoelectric properties [59]. It is well known that the pie-
zoelectric properties can be significantly enhanced along the MPBs
(morphotropic phase boundaries) and any deviation from stoichiometry

will degrade the properties due to the deviation from the MPB [60]. In
addition, the generation of fewer A-site defects results in lower eva-
poration of alkali via two-step sintering, which can help prevent do-
main wall pinning to improve the properties [61]. In terms of the grain
size, this affects performance by reducing the contribution of the do-
main wall to the piezoelectric properties [62]. The domain wall con-
tribution is determined by the domain wall density and mobility. The
former is the number of domain walls per unit volume and is typically
estimated by measuring the average domain width exhibited by pie-
zoelectric ceramics after poling. Unlike PZT and BTO, which have a
tetragonal structure and hence mainly exist in 90°- and 180°- domain
patterns, pure KNN is an orthorhombic structure at room temperature
and, thus, has a very complicated domain pattern with 60°-, 90°-, 120°-,
and 180°- domain walls all co-existing [63]. As a result, it is difficult to
accurately measure the exact domain size of KNN because it exhibits

Fig. 9. Fracture morphologies of KNN specimens sintered for 10min. at: (a) 1040 °C, (b) 1060 °C, (c) 1080 °C, (d) 1100 °C, (e) 1120 °C, and (f) 1140 °C.

Fig. 10. Relative density and the grain size of KNN specimens sintered at T1= 1120 °C for 10min: (a) held for 10 h at different T2, and (b) held for different dwell
periods at a T2 of 1070 °C.

Table 3
Mass loss of KNN ceramics sintered using TSS (different dwelling time).
Samples Mass loss/% /%

1120°C/10min./1070°C/10 h 1.51 0.061
1120°C/10min./1070°C/15 h 1.77 0.052
1120°C/10min./1070°C/20 h 1.86 0.071
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such significant variance from grain-to-grain [64]. Nevertheless, it is
generally acknowledged that smaller domain widths exist within
smaller grains [65,66]. This translates into a higher domain wall den-
sity, increasing the domain wall contribution by increasing the total
domain wall activity [62,66]. Further contributions are made by the
relaxation of grain boundary pinning effects at smaller grain sizes,
which enable the smaller domain walls to re-orient more easily and
respond more actively to an external signal due to higher domain wall
mobility [62,67]. Furthermore, an inhomogeneous microstructure,
particularly a bimodal grain size distribution, such as that seen in the

SSS samples in the present work, will diminish the electrical properties
as well.

The data shown in Fig. 12(a–c) depicts the relationships between
different piezoelectric properties of the KNN ceramics produced as a
function of their relative density at equivalent grain size. In general, all
three plots confirm the benefit of a higher density. The slope exhibited
by the trend lines of d33, ԑr and kp would suggest that the elimination of
porosity should be prioritised in order to maximise piezoelectric per-
formance; only a 1% reduction in relative density culminated in a sig-
nificant loss in piezoelectric performance. With respect to the dissimilar

Fig. 11. Pure KNN produced using the best processing conditions determined in this work, polished surfaces: (a) TSS, and (b) SSS, and fracture morphologies: (c) TSS
and (d) SSS; (e) relative densities and grain sizes of representative KNN ceramics densified by both sintering approaches.
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properties displayed by the two samples of equivalent grain size
(∼8.5 μm) and density (93 %) in Fig. 12(a–c), this may be associated
with differences in the stoichiometry of the samples. The two samples in
question were held at the same T2 temperature (1070 °C) over different
periods of time, one for 15 h and the other for 20 h. The sample that had
a longer dwell period exhibited a reduced performance, which may
correspond with an increased amount of alkali metal loss via eva-
poration during long hold times. It is the difference in the evaporation
rate of K and Na that can cause the stoichiometry of the pure KNN
samples to change if they experience significantly greater weight loss
over extended dwell periods.

Fig.12(d–f) show the relationship between the properties and grain
size at similar relative densities. Whilst there is a general trend of re-
duction in d33 and kp with increasing grain size, the dependence of
relative permittivity on grain size is less clear. This may be due to the
limited data available for these comparisons (i.e. samples with similar
relative densities), and the fairly large errors involved in the mea-
surements, but may also be influenced by the range of grain sizes in
these particular samples. As discussed above, grain size will affect the
piezoelectric properties by changing the corresponding domain wall
structure. A critical value exists, when the grain size is larger than this
the properties will improve with decreasing grain size. When the grain
size is smaller than the critical value the properties decrease due to a
domain pinning effect. For example, when the grain size of BTO [62,67]
is> 1 μm a smaller grain size can yield better properties, but the

opposite result can be obtained if the grain size is< 1 μm. In the pre-
sent work, whilst two-step sintering is an effective and simple method
for reducing the grain size of KNN ceramics, it is still difficult to control
the final grain size via this method. Thus, the critical grain size of KNN
ceramics may be missed as the grain sizes in the samples reported here
ranged from 7.5–21 μm, much larger then the critical grain size re-
ported for BTO. Also, there is no literature available that has system-
atically investigated the effect grain size has on the piezoelectric
properties and domain structure of pure KNN ceramics. As such, further
study is required.

3.4. Energy harvesting performance of SSS and TSS samples

As well as the piezoelectric properties listed in Table 4, there are
two important parameters to evaluate piezoelectric materials for energy
harvesting applications [50]. The first is the energy conversion effi-
ciency, η, which can be calculated using the piezoelectric electro-
mechanical coupling factor, k, and Qm based on the following equation
[68]:

= +
k
k

Q
k
k

1
2 1

1 1
2 1m

2
2
2
2 (1)

In addition, piezoelectric energy harvesting devices usually work at
anti-resonance, which means piezoelectric materials need to generate a

Table 4
Piezoelectric properties of KNN ceramics fabricated using SSS and TSS sintering routes. A comparison with typical literature values reported4== is included.
Sample No. Sintering conditions

(T1 t1 / T2 t2)
Rel. density
/%

Grain size
/μm

d33
/pC N−1

tanδ
/%

r kp
/%

Qm

1 1100 °C / 2 h 90 10.52 97 8.9 297 34 17
2 1120 °C / 2 h 91 15.92 101 6.1 294 33 32
3 1140 °C / 2 h 91 21.33 94 4.8 305 25 22
4 1120 °C 10m / 1030 °C 10 h 92 8.18 112 9.3 327 35 34
5 1120 °C 10m / 1050 °C 10 h 91 8.74 104 7.4 310 31 42
6 1120 °C 10m / 1070 °C 10 h 95 7.46 122 4.8 337 36 76
7 1120 °C 10m / 1070 °C 15 h 93 8.23 118 3.9 329 34 45
8 1120 °C 10m / 1070 °C 20 h 93 8.55 108 4.4 279 33 39

Literature KNN[3] 94 – 80 4 290 36 130

Fig. 12. Relationship between piezoelectric properties and relative density (for similar grain sizes): (a) d33, (b) ԑr, and (c) kp; relationship between piezoelectric
properties and grain size (for similar relative densities): (d) d33, (e) ԑr, and (f) kp.
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high energy density, u, which is calculated by [69]:

= ◊u d g F
A

1
2
( )( )2 (2)

where d is the piezoelectric strain constant, g is the piezoelectric voltage
constant, g= d/ԑ, F is the applied force and A is the working area of
piezoelectric ceramics. From eq. (2), at equivalent F and A, u is pro-
portional to the product of d and g (transduction coefficient), thus the
values of d x g are commonly used to represent the energy density.

Fig. 13 compares the efficiency of energy conversion, η, and trans-
duction coefficient, d33 x g33, of the KNN ceramics produced via SSS and
TSS under different sintering conditions. The data shows that, in gen-
eral, the KNN ceramics sintered using TSS exhibited superior piezo-
electric properties, due to the higher densities and finer microstructures
achieved; this has translated into improved energy harvesting char-
acteristics. The highest values of η and d33 x g33 for SSS and TSS are 58
% and 3925 *10−15 m2 N-1 (for 1120 °C/2 h) and 80 % and 4985
*10−15 m2 N-1 (for 1120 °C/10min./1070 °C/10 h), respectively. In
order to evaluate the power generation characteristics directly, these
two sets of sintering conditions were selected to fabricate ceramics for
use in prototype piezoelectric energy harvesters.

Fig. 14(a) shows the variation of the open circuit voltage with time
for the prototype energy harvesters fabricated using KNN ceramics
produced by TSS and SSS. It is clear that the highest value for the open
circuit peak voltage, 1.36 V, was obtained using the TSS-densified
ceramic within the energy harvester. Therefore, this system is expected
to demonstrate a superior energy generation performance. Fig. 14(b)
shows the peak output voltage and output power as a function of load
resistance for the two energy harvesters. It can be seen that with

increasing load resistance, the output voltages of both show a slowly
increasing trend, with the TSS-based energy harvester displaying a
higher value. With both energy harvesters, the relationship between
power density and load resistance shows a trend of increasing first and
then decreasing. The maximum power density was obtained at 680 kΩ
(50.1 μW cm−3) and at 540 kΩ (42 μW cm−3) for TSS- and SSS-based
harvesters, respectively. Thus, the results reveal that the energy har-
vester made of the lead-free KNN ceramic using TSS for densification of
the ceramic demonstrates a promising but still not perfect performance.

Normally, better piezoelectric properties yield superior energy
harvesting performance, however, the performance of an energy har-
vester not only depends on the piezoelectric properties, but the struc-
ture of energy harvester also has an influence. Thin film structures can
yield better harvesting performance because they are easily integrated
into a cantilever structure [70]. Table 5 compares the harvesting results
generated by the energy harvester made using SSS and TSS in this work
with the reported values in the literatures. Although the power density
of TSS bulk KNN energy harvester is still lower than these made of KNN
thin films and other materials, the KNN-based devices are still pro-
mising. An improved energy harvester structure will be developed in
the future to improve the energy generation performance further.

4. Conclusions

(K0.5Na0.5)NbO3 ceramics were fabricated using both SSS and TSS.
The effects of different sintering methods on the sintering mechanism,
densification, microstructure, piezoelectric properties, energy perfor-
mance and the relationship between properties and density as well as
grain size were systematically investigated. Compared to the SSS ap-
proach, the use of a lower T2 sintering temperature of the TSS approach
improves the density and decreases the grain size of pure KNN ceramics
by a reduction in both the amount of grain boundary migration and
reducing evaporation of the alkali elements. The low sinterability of
pure KNN meant that pores located at triple-points remain difficult to
eliminate, even using the TSS method. Thus, the maximum density
achieved via TSS was 95 % of theoretical. This compared favourably,
however, to the 91 % achieved by SSS. When the best TSS conditions
were used, viz. T1= 1120 °C for 10min and T2=1070 °C for 10 h, the
samples exhibited improved piezoelectric and dielectric characteristics,
the piezoelectric charge coefficient and relative permittivity being 122
pC N−1 and 337, respectively. The TSS samples displayed a ∼58 %
higher mechanical quality factor and a 21 % lower dielectric loss
compared to the SSS sintered samples. With a higher energy conversion
efficiency and energy density, the pure KNN ceramics fabricated by TSS
were used to produce a good-performance energy harvester showing
characteristics of 1.36 V open circuit voltage and 50.1 μW cm-3 power
density. The results suggest that TSS could be an effective approach to

Fig. 13. Influence of different sintering conditions on the efficiency of energy
conversion and d33*g33 values of KNN ceramics (processing condition number
are given in Table 3).

Fig. 14. Measured performance of KNN energy harvester devices fabricated via SSS and TSS: (a) variation of the open circuit voltage with time and (b) variation of
the open circuit voltage and power density with load resistance.
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solving the difficulties in achieving fully-dense pure KNN ceramics and
hence facilitate the fabrication of high-performance KNN-based de-
vices.
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