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Abstract

Dielectric materials are essential components of electronic devices and electric power
systems. Consequently, the design and development of new materials with enhanced
dielectric response remain of great importance. This dissertation examines three different
approaches to enhancing the dielectric response: (i) percolative composites, (ii) polymer
blending, and (iii) the induction of criticality, each applied to a novel organic or ceramic
system.

In light of ecological sustainability, polymer materials, particularly those based on
cellulose, have gained significant attention. Due to their low dielectric permittivity, a
composite approach is typically used to develop percolative polymers that exhibit a
divergent response near the percolation threshold. In this work, titanium carbide MXenes
were used as a filler instead of graphene oxide within a cellulose matrix. Measurements
across broad frequency and temperature ranges revealed the influence of the preparation
method and the type of nanofibrils matrix on the overall dielectric response, as well as the
notable effect of absorbed water. A detailed investigation of vacuum-filtered cellulose
nanofibrils/MXene composites, which contained the fewest impurities, confirmed that their
dielectric response follows the predictions of percolation theory, resulting in a pronounced
enhancement of dielectric permittivity with increasing filler content.

Another approach in polymer systems focuses on achieving higher electric energy
density by operating at higher electric fields. Dielectric breakdown in polymers is usually
initiated by space charges, which are accelerated by an external electric field in the free
volume of the system. Therefore, blending appropriate polymers to increase chain packing
density and reduce the number of space charges, through strong electrostatic interactions
between oppositely charged polymer chains, is expected to enhance dielectric breakdown
strength. Accordingly, poly(ether imide)/polyimide blends exhibited approximately 2.5
times higher dielectric breakdown strength than the pristine polymers, contained fewer
space charges, and absorbed less water due to higher chain packing density.

Despite containing environmentally hazardous lead, lead-based ceramics remain
dominant due to their superior functional properties. A physical approach to induce the
maximum dielectric response at a critical end point has produced exceptional functional
properties in ferroelectric and relaxor systems. In this work, the existence of two critical
end points is shown for the first time in antiferroelectric ceramics using the model system
Pbo.g9Nbo.gao[ (Zro57510.43)0.92Ti00s0.0sO3. Moreover, enhanced energy storage density and
dielectric tunability were observed near these critical end points. To determine the origin
of the enhanced dielectric tunability (approximately 375 %) at the temperature of the field-
induced triple point, minimization of domain size was proposed as the responsible
mechanism and confirmed by Rayleigh measurements and piezoresponse force microscopy.

The results obtained in these novel systems provide new insights into the correlation
between structural evolution and property changes in materials developed via different
approaches, which is important both fundamentally and practically for developing new
materials for advanced dielectric applications.
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Povzetek

Dielektricni materiali so kljucni sestavni deli elektronskih naprav in elektroenergetskih
sistemov, zato sta nacrtovanje in razvoj novih materialov z ojacenim dielektri¢nim odzivom
se vedno izjemno pomembna. V tej disertaciji so preuceni trije razlicni pristopi za ojaCenje
dielektri¢nega odziva: (i) perkolativni kompoziti, (ii) mesanje polimerov in (iii) induciranje
kriti¢nosti, pri ¢emer je vsak pristop izveden na novem organskem ali kerami¢nem sistemu.

7 ozirom na ekolosko trajnost so polimerni materiali, Se posebej tisti, ki temeljijo na
celulozi, v zadnjem Casu pridobili veliko pozornosti. Zaradi nizke dielektri¢ne konstante
celuloznih polimerov je za doseganje visokih dielektri¢nih odzivov pogosto uporabljen
kompozitni pristop, saj v blizini perkolacijskega praga dielektriéni odziv divergira. V tej
raziskavi so namesto grafenovega oksida uporabljeni MXeni iz titanovega karbida.
Dielektri¢ne meritve, ki so bile izvedene v Sirokem frekvencnem in temperaturnem razponu,
so pokazale, da nacin priprave ter izbira vrste celuloznih nanovlaken in absorbirana voda
pomembno vplivajo na celoten dielektricni odziv. Podrobna preiskava vakuumsko
filtriranih kompozitov iz celuloznih nanovlaken in MXenov, ki so vsebovali najmanj
necisto¢, je potrdila, da njihov dielektri¢ni odziv sledi perkolacijski teoriji, kar se kaze v
izrazitem naraséanju dielektriéne konstante z ve¢anjem vsebnosti polnila.

Drugi pristop na podroc¢ju polimernih sistemov je usmerjen v zviSanje gostote elektriéne
energije z delovanjem pri visjih elektriénih poljih. Dielektriéni preboj v polimerih obicajno
sprozijo prosti naboji, ki jih zunanje elektricno polje pospesi v praznem prostoru v
materialu. Z meSanjem dveh polimerov je preko mocne elektrostatske interakcije med
nasprotno nabitimi verigami mogoce povecati gostoto urejenih verig in zmanjsati Stevilo
prostih nabojev ter posledi¢no povecati dielektri¢no prebojno trdnost. Zmesi polieterskega
imida (PEI) in poliimida (PI) so, v skladu z navedenim, pokazale priblizno 2,5-krat visjo
dielektriéno prebojno trdnost v primerjavi z izvirnima polimeroma, vsebovale manj prostih
nabojev in absorbirale manj vode zaradi gostejse ureditve verig.

Kljub okolju skodljivi sestavi keramika na osnovi svinca Se vedno prevladuje zaradi
svojih izjemnih funkcionalnih lastnosti. Fizikalni pristop, ki omogoca dosego najvecjega
dielektri¢nega odziva v kriti¢ni konéni tocki, je v feroelektri¢nih in relaksorskih sistemih
privedel do izjemnih funkcionalnih lastnosti. V tej disertaciji je prvi¢ prikazan obstoj dveh
kriticnih konc¢nih to¢k v antiferoelektricni keramiki z uporabo modelnega sistema
Pb(],gng(],(]g{(ZI‘(],57SI]0,43)(),92T1(),08]0,9803. V blizini teh tock sta bili opaéeni izboljéana gostota
shranjene energije in vecja dielektri¢na nastavljivost. Da bi pojasnili izvor povecane
dielektri¢ne nastavljivosti (priblizno 375 %) pri temperaturi trojne tocke, inducirane z
elektricnim poljem, je bilo kot glavni mehanizem predlagano drobljenje domen, kar so
potrdile Rayleighove meritve in slikanje s piezoelektri¢cnim modulom na mikroskopu na
atomsko silo.

Dobljeni rezultati v teh sistemih nudijo nov vpogled v korelacijo med strukturno
evolucijo materialov, razvitih z razlicnimi pristopi, in njihovimi lastnostmi, kar je klju¢no
za razvoj novih materialov za napredne dielektri¢ne aplikacije tako na temeljni kot
praktic¢ni ravni.
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Chapter 1
Introduction

Dielectric materials, which are used to control and store charges and electric energy, play
a key role in modern electronics and electric power systems, making the development of
high dielectric permittivity and high electric energy density materials one of the major
scientific and technological issues [1-3]. The modern electronic industry desires materials
with high dielectric permittivity for the advancement of energy storage devices, flexible
electronics, embedded capacitors, actuators, and sensors [4-7].

Due to their lightweight, flexibility, low cost, and ease of processing, polymer-based
composites have attracted more attention over the past decades than inorganic materials,
despite their low dielectric permittivity. Consequently, novel polymer-based systems with
an enhanced dielectric response have been successfully developed by considering basic
physical and chemical phenomena. One such example is the composite approach, in which
conductive particles are dispersed within a dielectric matrix [6,8]. This approach effectively
increases dielectric permittivity due to a large Maxwell-Wagner polarization but
simultaneously also boosts dielectric losses. An alternative approach to attain high electric
energy density is operation under higher electric fields. This can be achieved by blending
appropriately matched polymers, which reduces free volume and structural disorder in the
blend system, thereby enhancing the dielectric breakdown strength [9-13].

In recent years, significant effort has been dedicated to designing green electronics. As
a countermeasure to the growing problem of electronic waste, a variety of environment-
friendly, bio-degradable, and low-cost electronic products have been developed using
natural materials [14-16]. Biopolymers such as cellulose have been proposed and researched
as promising base materials for flexible electronics [17,18]. One notable example is a
percolative biopolymer made by incorporating functionalized graphene oxide into a
cellulose-based matrix [19], in which the dielectric permittivity increased by one order of
magnitude even at low graphene concentrations. Due to graphene’s good electrical
properties and high aspect ratio, a lot of effort has been made to further enhance the
dielectric properties of graphene-filled composites [18-26]. However, the lack of a large-
scale and cost-effective method for synthesizing graphene-based systems limits their
application in high-performance electronics [26].

As an alternative to graphene oxide, novel 2D transition metal carbides, nitrides, and
carbon nitrides (MXenes) are proposed as a filler in a cellulose-based matrix. These
systems, generally represented by the formula M, X, Tx (where M is an early transition
metal, X is C and/or N, T represents surface termination unit such as hydroxyl, oxygen,
or fluorine, and n=1-3), have attracted much attention due to their outstanding
electrochemical properties, hydrophilicity, and metallic conductivity [27]. In particular,
Ti3C,Tx (the most commonly studied MXene) exhibits even higher electrical conductivity
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than solution-processed graphene [28]. Thus, a strong increase in the dielectric response
due to a large Maxwell-Wagner interfacial polarization is expected.

The recent focus has also been on keeping dielectric losses as low as possible and
enhancing dielectric breakdown strength, both of which are required for large-scale energy
storage in high-efficiency power capacitors [10-12,16,21,29,30]. Phenyl groups are
fundamental chain components of many high-temperature polymers, and depending on the
polymer’s molecular structure, delocalized electrons in these groups may exhibit a partially
positive or negative charge. Both poly(ether imide) and polyimide are high-temperature
polymers with similar dielectric permittivity and contain oppositely charged phenyl groups.
Therefore, blending these two polymers is not expected to increase dielectric permittivity
or losses. Instead, attractive electrostatic forces between different polymer chains may
increase chain packing density and reduce the number of weak points and accumulated
space charges. These charges in weak points gain higher energies when accelerated by an
applied electric field and, consequently, initiate breakdown at lower electric fields [12].
Zhang et al. [12] demonstrated that poly(ether imide)/polyimide blends can withstand
significantly higher electric fields than pristine polyetherimide and polyimide. However, the
origin of this enhanced dielectric breakdown strength has not yet been investigated.

Antiferroelectric materials are known to exhibit their highest dielectric response during
a phase transition, which is always accompanied by a structural transformation triggered
by an applied electric field, temperature variation, or hydrostatic pressure. Due to their
extremely high dielectric permittivity, PbZrOs-based ceramics continue to be widely used
and studied, despite containing toxic lead. PbZrOgs-based antiferroelectrics are a group of
important electronic materials with promising applications in high-energy storage
capacitors, micro-actuators, pyroelectric security sensors, cooling devices, pulsed power
generators, and more. Their remarkable functional properties are primarily attributed to
the electric field-induced phase-switching behavior between the antiferroelectric and
ferroelectric states [31,32]. To reduce the critical electric field required for the phase
transition and to optimize material properties, PbZrOs-based antiferroelectrics are often
chemically modified with dopants such as Sn, Ti, Nb, or La [33-38]. A representative
composition, PboewNbooz[(Zros57S1043)002T100s]09sOs (PNZST), demonstrates a reversible
antiferroelectric-to-ferroelectric phase transition at a sustainable electric field [37]. Despite
the intimate relation between functional properties and electric field-induced phase
transitions, a detailed investigation of the relation between the electric field and the nature
of the phase transition has not been explored yet. In particular, the existence of a critical
point within the antiferroelectric system and its relation to functional properties such as
polarization, dielectric tunability, and energy storage have yet to be thoroughly
investigated.

In this work, three different approaches for achieving an enhanced dielectric response
are demonstrated, each on an exemplary system. First, the composite approach is
demonstrated using flexible, eco-friendly composites composed of cellulose nanofibrils and
conductive TisC,Tx filler. Next, the blending of polymers with oppositely charged phenyl
groups as a means of attaining high electric energy density without increasing dielectric
losses is shown using poly(ether imide)/polyimide blends. Finally, for the first time in an
antiferroelectric system, a physical approach to induce an enhanced response in the
proximity of a critical end point by manipulating experimental conditions is demonstrated
in PNZST ceramics. A thorough dielectric investigation of these three systems provides
deeper insight into structure-property evolution, which is important for both the
fundamental and practical aspects of developing novel materials with enhanced dielectric
response.



Chapter 2

Materials with Enhanced Dielectric

Response

The development of materials with high dielectric permittivity has become one of the major
scientific and technological challenges, as the demand for compact and low-cost systems
designed to control and store electrical charges has increased substantially. Such materials
are highly desirable not only as capacitor dielectrics, but also for a broad range of
electromechanical applications, such as actuators, sonars, and high-frequency transducers.
The input electric energy that can be converted into strain energy in electroactive materials
is directly proportional to the real part of the complex dielectric constant (dielectric
permittivity, ¢'): U, oc ¢’ E,?. Therefore, by increasing the dielectric permittivity, the
desired strain can be induced under a significantly reduced electric field. A prominent class
of materials that exhibit high permittivity is ferroelectrics, which possess spontaneous
polarization and strong electromechanical coupling. While some ferroelectric materials
occur naturally, many technologically relevant ones, such as lead zirconate titanate, are
tailored through compositional tuning and microstructural optimization to enhance their
functional properties.

Parts of this chapter were originally published in V. Juredi¢ et al., APL Mater. (2024)
12(11): 111102, and in V. Jureci¢ et al., Macromolecules (2023) 56(3): 1097-1104.

2.1 Ferroelectric Materials

Ferroelectrics represent a distinct subgroup of dielectric materials that exhibit spontaneous
polarization in the absence of an applied electric field. The most common crystal structure
found in ferroelectrics is the distorted perovskite, with a general formula ABOs3, where the
valence of A-site cations ranges from +1 to +3, and that of B-site cations from +3 to +6.
A typical perovskite structure is illustrated in Figure 1. Spontaneous polarization arises
from the displacement of ions within a unit cell exhibiting tetragonal symmetry. When
positive or negative ions are displaced from their symmetric positions, each unit cell
acquires a dipole moment. The macroscopic spontaneous polarization results from the
collective alignment of these adjacent dipole moments in the same direction. Regions within
ferroelectric materials where spontaneous polarization is uniformly oriented are called
ferroelectric domains, while the interfaces separating two domains are referred to as domain
walls [39,40]. By applying an external electric field, the direction of polarization can be
reversed: the domains begin to reorient in the direction of the applied field, leading to
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polarization saturation and a characteristic hysteresis loop during electric field cycling, as
depicted in Figure 2a.
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Figure 1: Schematic illustration of the perovskite structure ABOs: cubic structure in the
paraelectric phase (left) and tetragonal structure in the ferroelectric phase (right).
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Figure 2: (a) Schematic illustration of a polarization hysteresis loop in ferroelectric
materials. The red line represents the initial polarization curve, while the blue shaded area
indicates the recoverable energy storage density. (b) Schematic representation of the
dielectric permittivity as a function of increasing (red line) and decreasing (green line)
electric field in ferroelectrics. The figure was adapted from [41].

The dielectric response consists of intrinsic (linear) and extrinsic (nonlinear)
contributions. The intrinsic contribution in ferroelectrics arises from lattice deformation
under applied subswitching electric fields, while the extrinsic contribution is associated
with the motion of interfaces, such as phase boundaries and domain walls [40,42,43]. A
schematic diagram of the polarization—electric field (P—FE) loop for a ferroelectric material
is shown in Figure 2a. Upon initial exposure to an applied DC electric field, the polarization
begins to increase. As the electric field increases further, the majority of domains align in
the direction of the field, leading to polarization saturation. When the electric field is
removed, the polarization decreases slightly due to partial back-switching of domains, but
a certain amount of polarization remains. This remaining polarization is known as the
remanent polarization (P,). If the electric field is subsequently applied in the opposite
direction, the polarization begins to decrease and eventually changes sign. This sharp
transition marks the main domain-switching event, and the electric field at which the
polarization is reduced to zero is termed the coercive field. As the field continues to increase
in the negative direction, the polarization again approaches a maximum (in the negative
direction), and similarly, a remanent polarization remains upon removal of the field [39].

Once the ferroelectric phase is fully induced, i.e., poled, most domain walls are driven
into alignment and become pinned, thereby eliminating their large, field-dependent
contribution to the dielectric permittivity [44,45]. At the same time, the applied bias
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hardens the soft phonon mode, which, via the Lyddane—Sachs—Teller relation, reduces the
intrinsic lattice permittivity [46]. Both mechanisms are well-established in ferroelectrics
and are responsible for the decrease in dielectric permittivity with increasing electric field
(see Figure 2b).

Most ferroelectric materials undergo a structural phase transition from a low-
temperature ferroelectric phase to a high-temperature paraelectric phase. Above the
transition temperature, the dielectric permittivity follows the Curie-Weiss law:

C
T-T, e

/
E =

where C' is the Curie constant and T, is the Curie temperature, i.e., the temperature at
which the phase transition occurs [39]. During this transition, ferroelectric domains
gradually vanish as the unit cells transform from a tetragonal to a cubic structure, thereby
reducing the system’s free energy. In this transitional regime, the material becomes highly
susceptible to external influences, and ferroelectrics exhibit significantly enhanced dielectric
and electromechanical responses. However, this so-called two-phase coexistence region
typically exists within a narrow temperature range around 7., which is generally far from
room temperature (see Figure 3a,b) [40,47].
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Figure 3: Schematic temperature dependence of the dielectric permittivity (¢) and
spontaneous polarization (Pg) for (a) a first-order and (b) a second-order phase transition
in ferroelectrics, and (c) relaxor ferroelectrics. The figure was taken from [39].

In general, free energy is a thermodynamic potential that determines the ability of a
system to perform work under specific conditions by considering both internal energy and
entropy. In ferroelectrics, a Ginzburg-Landau expansion of the free energy density (F') is
often used to describe how the system’s energy changes with spontaneous polarization near
a phase transition [40]:

1

1 1
F(P,T) 2592P2+194P4+6
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where polarization (P) is the order parameter, g,, g4, and g4 are temperature-dependent
coefficients, and F is the external electric field.

Figure 4 shows the free energy density as a function of polarization across different
temperature ranges. The minima of the free energy correspond to stable or metastable
polarization states. Depending on the shape of the energy curve and the polarization
behavior, two types of phase transitions can be distinguished: first-order and second-order
phase transitions. A first-order phase transition is characterized by a discontinuous change
in polarization at the transition temperature (see Figure 3a). During such a transition,
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latent heat is exchanged: it is absorbed during heating, when the system transforms into a
phase with higher enthalpy, and released upon cooling as the system returns to a lower-
enthalpy phase. In contrast, a second-order (or continuous) phase transition involves a
gradual, continuous decrease of polarization to zero at the critical temperature (see Figure
3b), and no latent heat is involved. In both cases, the dielectric permittivity exhibits a
sharp increase near the phase transition temperature due to enhanced polarization
fluctuations [40].
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Figure 4: Free energy density as a function of polarization across different temperature
ranges for a ferroelectric with (a) a first-order and (b) a second-order phase transition.
Figures were taken from [40].

By applying an external electric field, both the nature and temperature of the phase
transition in ferroelectrics can be modified, i.e., a first-order phase transition can be
changed into a second-order or even a supercritical transition [48]. The critical electric field
and the temperature of the crossover between the first- and second-order phase transitions
define the critical point. Furthermore, if the second-order transition point represents a
singular point that terminates the line of the first-order phase transitions, the point is
referred to as the critical end point, above which a supercritical behavior is observed [49].
In the supercritical regime, the dielectric permittivity and heat capacity become non-
critical and smeared out, while at the critical end point, both properties diverge, leading
to an anomalous enhancement of functional properties such as the piezoelectric and
electrocaloric response, as well as the energy storage density [50,51]. However, in
ferroelectric materials, only a limited portion of the stored energy can be recovered due to
significant losses associated with polarization reversal and large remanent polarization. The
blue shaded area in Figure 2a represents the recoverable energy storage density (W,..),
which is defined by the equation [52]:

P

max

W, = / EdP, (3)

rec

P

r

where F is the applied electric field, P,,,, is the maximum polarization, and P, is the

remanent polarization. W, is temperature dependent: both the maximum and remanent
polarization decrease with increasing temperature and vanish at the ferroelectric-to-
paraelectric phase transition temperature (7). Thus, upon approaching T, the P-FE
hysteresis loop becomes progressively slimmer and completely vanishes before transitioning

into a linear (paraelectric) dielectric response [53].
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Figure 5a shows the influence of various bias electric fields on the ferroelectric-to-
paraelectric phase transition in barium titanate (BaTiOs). With increasing electric field,
the transition temperature rises, and the phase transition transforms from first-order to
supercritical. The first-order nature of the transition is further confirmed by the release of
latent heat during the field-induced tetragonal-to-cubic phase transition. Furthermore, the
highest dielectric permittivity values are obtained near the critical end point, determined
from the electric field-temperature phase diagram shown in Figure 5b [48].
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Figure 5: (a) Temperature dependence of the dielectric permittivity of a BaTiO; single
crystal under various bias electric fields. (b) Electric field-temperature phase diagram for
BaTiO;. The solid line represents the electric field-induced first-order transition line
between the ferroelectric and paraelectric phases, terminating at a critical end point at
Tep ~412 K and E.p ~10 kV cm™'. The insets show the temperature and electric field
dependence of the latent heat. Figures were taken from [48].

Dielectric tunability (n) is defined as the relative change in dielectric permittivity under
an applied electric field:

x 100 %, (4)

n— g (0)6— e'(E)

/(0

where €'(0) and €’ (E) are the dielectric permittivities at zero and applied electric field E,
respectively [54]. In ferroelectrics, dielectric tunability increases with increasing electric
field, as the applied field drives the material toward polarization saturation, thereby
reducing the dielectric permittivity. Barium strontium titanate (Ba.Sr1<TiO;) is one of the
most extensively studied ferroelectric materials for dielectric tunability. By tuning the
Ba/Sr ratio, its Curie temperature can be shifted to room temperature, thereby reducing
dielectric losses and optimizing tunability under modest bias fields. Figure 6a shows the
evolution of dielectric permittivity under an applied DC electric field, while Figure 6b
shows the dielectric tunability of different Ba,Sri. TiO3 compositions at room temperature.
The highest dielectric tunability (approximately 20 %) is observed in a Bao7SrosTiO; thick
film under a DC bias field of 5.5 kV cm™' [55].

Ferroelectric materials include a wide range of compounds, from perovskite-structured
oxides such as barium titanate (BaTiOs) [56], lead titanate (PbTiOs;), and potassium
niobate (KNbOs3), to oxides with ilmenite structures (e.g., LiNbO3), tungsten bronze and
Aurivillius phases, as well as relaxor ferroelectrics, organic salts such as triglycine sulfate,
and polymer ferroelectrics such as poly(vinylidene fluoride) (PVDF) and its copolymers

[57].
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Figure 6: (a) Dielectric permittivity as a function of DC bias field and (b) dielectric
tunability of BaiSryTiOs thick films (x = 0.3-0.6) measured at room temperature. Figures
were taken from [55].

To enhance the functional properties of classical ferroelectrics, various approaches have
been developed and investigated, including chemical modification through doping [58], the
preparation of solid solutions near the morphotropic phase boundary (MPB) [59,60], the
fabrication of composites [61], the application of external and internal mechanical stress
[62], and the exploitation of criticality [49,51].

Lead zirconate titanate (Pb(ZryTiix)Os, PZT) is one of the most widely used commercial
ferroelectric and piezoelectric materials. It is synthesized by mixing lead, zirconium, and
titanium oxides, resulting in a ferroelectric solid solution with the MPB, i.e., a special
compositional region where two or more distinct crystallographic phases with different
symmetries and nearly equal free energies coexist. At the MPB, the energy barrier between
polarization directions becomes very low, allowing easier rotation of polarization vectors
under applied electric fields and resulting in enhanced dielectric properties such as dielectric
permittivity and piezoelectric coefficients. By adjusting the Zr/Ti ratio in PZT, the MPB
with coexisting tetragonal and rhombohedral phases occurs at x = 0.48 [63,64].

Sodium bismuth titanate (NaosBiosTiOs), on the other hand, is widely studied as a lead-
free alternative to PZT for environmentally friendly piezoelectric ceramics. However, its
piezoelectric response remains moderate compared to that of PZT.

2.1.1 Relaxor ferroelectrics

Relaxor ferroelectrics are frequently synthesized by doping a conventional ferroelectric
material with suitable impurities. The structural behavior of relaxor ferroelectrics,
commonly referred to as relaxors, resembles the two-phase coexistence region observed in
ferroelectrics but extends over a much broader temperature range. Inorganic relaxors are
typically compositionally disordered perovskites, characterized by a random distribution of
different cations occupying the same crystallographic site. This chemical disorder forms
nano-sized polar regions within a nonpolar matrix, which persist across a wide temperature
range. Consequently, no transition into a long-range ferroelectric state occurs at any
temperature in the absence of an external electric field. Furthermore, the broad peak of
dielectric permittivity exhibits pronounced frequency dispersion and shifts to higher
temperatures with increasing frequency (see Figure 3c). Relaxors do not follow the Curie—
Weiss law; therefore, they do not exhibit a drop of polarization to zero at the temperature
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of maximum dielectric permittivity. Instead, the polarization gradually decreases with
increasing temperature and retains finite values to rather high temperatures due to the
persistence of polar nanoregions [53].

At high temperatures, relaxors exhibit a slim P—FE loop, characteristic of an ergodic
state with dynamic polar nanoregions (see Figure 7). Polarization continues to increase
gradually with increasing electric field, as there is no clear saturation in relaxor systems.
Once the field is removed, most polar nanoregions return to their random orientations,
resulting in a small remanent polarization. However, under a sufficiently strong electric
field, the ergodic state can undergo a reversible transition into an induced ferroelectric
phase, resulting in an ergodic loop with a reversible relaxor—ferroelectric crossover. At lower
temperatures, or under prolonged field exposure, this transition may become irreversible,
and the material enters a nonergodic state, displaying a classic ferroelectric hysteresis loop
[53,65].
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Figure 7: Polarization—electric field hysteresis in a ferroelectric (left) and a relaxor (right)
system. The figure was adapted from [53].

Relaxors are known for their high energy storage efficiency compared to typical
ferroelectrics. They exhibit a slim P—FE hysteresis loop due to low remanent polarization
and a low coercive field, resulting in low energy dissipation and high recoverable energy
storage density (see Eq. (3)). Moreover, relaxors can withstand higher electric fields,
leading to greater maximum polarization, which further enhances W,,..

A representative example is PLZT ceramics, derived from PZT and doped with
lanthanum. In PLZT, La3* and Pb?" ions are randomly distributed on the A-sites of the
perovskite unit cell, O%" ions occupy the face centers, while Ti*" and Zr*" ions are randomly
located on the B-sites. As a result, PLZT exhibits high dielectric permittivity across a
broad temperature range.

Modification of lead magnesium niobate (Pb(MgisNbys)Os, PMN) with lead titanate
(PbTiOs, PT) results in a gradual transition from relaxor to normal ferroelectric behavior
at a critical composition xc20.33 in the solid solution (PMN).(PT).. The system with
x<0.33 remains a classical relaxor until a field-induced ferroelectric transition occurs [65].
Although the dielectric response is already enhanced at the MPB, which separates the
rhombohedral and tetragonal ferroelectric phases, the dielectric permittivity reaches even
higher values near the field-induced critical end point (see Figure 8a). Figure 8b shows the
electric field-temperature phase diagram for the PMN-PT system near the MPB (x =
0.295), indicating the location of the critical end point at an accessible electric field of 1.3
kV cm™' [49].
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Figure 8: (a) Temperature dependence of the dielectric permittivity measured in the PMN-
PT system with x = 0.295 under various bias electric fields. (b) Electric field-temperature
phase diagram for the PMN-PT system with x = 0.295. Red circles denote first-order
ferroelectric phase transitions, which terminate at a critical end point at E-p =1.3 kV
cm™. Open circles above the critical end point denote the positions of smeared-out
anomalies that gradually disappear at higher fields in the supercritical region. Phase labels
correspond to the zero-field phases. Figures were taken from [49].

Furthermore, an exceptionally high dielectric tunability of 87 %, with minimal dielectric
dispersion and hysteresis, was observed near the critical end point of Pb(Zni/;3Nby/;)Os—
9%PT ceramics. Although the operating temperature (460 K) was much higher than room
temperature, this result confirms that operation in the proximity of a critical end point is
a promising approach for enhancing the functional properties of relaxors [66].

2.2 Antiferroelectric Materials

Antiferroelectric materials are a subgroup of dielectric materials with spontaneous
polarization in which adjacent dipoles are arranged antiparallel so that their unit cells and
the material have zero macroscopic polarization in the absence of an external electric field.
However, an externally applied electric field of sufficient magnitude can induce a phase
transition to a ferroelectric phase with a polar space group and ordered parallel dipole
moments to build a non-zero macroscopic polarization [41,67-71]. If this transition is
reversible, the material switches back to the antiferroelectric phase when the electric field
is reduced below the critical electric field. The reversibility of the electric field-induced
phase transition results in a double hysteresis loop, a characteristic fingerprint of
antiferroelectrics (see Figure 9).

In antiferroelectric (AFE) materials, the P—E loop exhibits a distinctly different shape
than in ferroelectric (FE) materials. At low electric fields, the material displays very low
net polarization due to the antiparallel alignment of adjacent dipoles, characteristic of the
antiferroelectric phase (see Figure 10). When the electric field exceeds a critical threshold
(E 4pp_rE), the system undergoes a field-induced phase transition to a ferroelectric state
with aligned dipoles, resulting in a sharp increase in polarization. A further increase in the
electric field leads to polarization saturation, similar to the behavior observed in
ferroelectric materials. Upon reducing the electric field, the polarization decreases, and as
the field drops below a critical threshold (Epp_4pg), the material reverts to the
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antiferroelectric state, resulting in a sharp decrease in polarization. When the electric field
is subsequently applied in the opposite direction and exceeds the critical threshold, the
material again undergoes a transition to the ferroelectric state with polarization oriented
in the opposite direction. As the field is reduced, the material returns to the antiferroelectric
state, completing the characteristic double hysteresis loop.

(a) P (b)
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Figure 9: (a) Schematic illustration of a polarization hysteresis loop in antiferroelectrics.
The blue shaded area corresponds to the recoverable energy storage density. (b) Schematic
representation of the dielectric permittivity as a function of increasing (red line) and
decreasing (green line) electric field in antiferroelectrics. The figure was adapted from [41].
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Figure 10: Schematic illustration of the first half-cycle of the polarization—electric field
hysteresis in antiferroelectrics and the corresponding domain orientations: (I) a minor
polarization change from the virgin AFE state, (II) the field-induced AFE-FE phase
transition, (III) the polarization saturation in the FE phase, (IV) the FE-AFE phase
reversal upon reducing the field, and (V) an AFE state with domains retaining their FE-

induced orientation. The figure was adapted from [71].
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The double hysteresis loop and low remanent polarization provide a more rectangular
and symmetric P—FE response, allowing for a larger proportion of the stored energy to be
released during discharge. This makes antiferroelectrics particularly attractive for high-
efficiency energy storage applications. The blue shaded area in Figure 9a represents the
recoverable energy density. Moreover, W, . is strongly dependent on P, . and E, where
FE is limited by the dielectric breakdown strength, as well as by the critical electric fields
(Esrp_rgs Erp_app) and switching hysteresis (AE = E pp_pp — Epg_apg). Thus, a
good antiferroelectric material should possess high E,rp_re: Erp_args Pras, @ well as
low P., to ensure a large recoverable energy storage density (see Eq. (3)). A small AE is
also desirable to achieve high efficiency. Needless to say, a high dielectric breakdown
strength is necessary to guarantee a high applied electric field for inducing AFE-FE phase
transition [52].

Figure 9b exhibits an increase in dielectric permittivity with increasing electric field up
to a critical value, at which a field-induced AFE-FE phase transition occurs. Beyond this
transition, the dielectric response resembles that of classical ferroelectrics, with permittivity
decreasing due to the reduced domain dynamic and/or saturation of polarization [44,45].

In order for switching between phases to occur, the free energies of antiferroelectric and
ferroelectric states need to be similar. The polar instability at the field-induced phase
transition is often considered the origin of the peculiar electrical [72,73], thermal [74], and
mechanical [37] properties of antiferroelectrics, such as the negative electrocaloric effect
[75-77], an increase in dielectric permittivity with increasing electric field [73,78-80], high
strain response [81], high energy storage density [52], and negative capacitance [72]. Hence,
the applicability of antiferroelectrics ranges from pulse-power capacitors [82], DC-link
capacitors for power electronics [83], electromechanical actuators [84], capacitor memory
cells [85,86], voltage signal amplifiers to solid-state coolants [77], and more.

In antiferroelectrics, the dielectric tunability (7) is defined as:

e () — €(0)
e’(0)

x 100 %, (5)

rax (B is the maximum dielectric permittivity of the antiferroelectric phase and
€’(0) is the dielectric permittivity at zero electric field. Note that the numerator of Eq. (5)
differs from the conventional equation for tunability used in dielectrics (see Eq. (4)). Here,
ez (F) and €(0) are switched, which satisfies the condition that the dielectric
permittivity increases with electric field and gives positive value for the tunability.

The antiferroelectric structure is often found in perovskite-type oxides. In terms of
structure, there are two types of AFEs: orthorhombic AFE (AFEo) and tetragonal AFE
(AFEr). Due to their different phase structures, temperature-dependent phase transitions
of the two AFEs are quite different [32]. With increasing temperature, AFEo usually
experiences a phase switching from AFE to FE and then to PE [87,88]. AFEr goes through
a phase transition from FE to AFE and then to PE, as the temperature is increased [89,90].

The most common approach to investigate the formation and stabilization of the
antiferroelectric structure and its properties is chemical modification of canonical
antiferroelectrics, such as lead zirconate (PbZrQOs;) [31], silver niobate (AgNbOs) [91], and
sodium niobate (NaNbOs) [92].

AgNbQs; is an environmentally friendly antiferroelectric material that exhibits relatively
high dielectric permittivity, making it suitable for capacitor applications. However, silver
is expensive and can be volatile during sintering, potentially leading to stoichiometric
imbalance or the formation of defects, which complicates processing and hinders
reproducibility [93]. To enhance its performance, AgNbO; is often doped with elements

where €/
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such as Ba, K, Ta, or rare-earth elements. In Ta-modified AgNbQO3; ceramics, a recoverable
energy density of 4.2 J cm™ has been achieved over a wide temperature range, which is
2.6 times higher than that of pure AgNbO; [52]. Co-doping AgNbO; with Nd and Ta further
stabilizes the antiferroelectric phase, thereby increasing both the critical electric field
required for the field-induced phase transition and the dielectric breakdown strength.
Furthermore, a recoverable energy density of 6.5 J cm™ has been reported in
AgoorNdonTag20NboseO; at an applied field of 370 kV ¢cm™, a value comparable to that of
lead-based ceramics [91].

NaNbQO; is a promising lead-free alternative; however, it exhibits weak piezoelectric
properties due to its irreversible AFE—FE phase transition [94]. Nevertheless, a reversible
phase transition, characterized by a double polarization hysteresis loop, has been
successfully achieved in NaNbOs-based systems such as NaNbOs-CaZrOs; [95] and NaNbOs-
SrSnO; [96].

Therefore, the number of known antiferroelectric material systems, particularly those
in which AFE—FE phase transition can be reversibly triggered, remains very limited.
Although PbZrOs-based materials have been more extensively studied than lead-free
antiferroelectrics, the origin of antiferroelectricity is still not well understood. Moreover,
the functionality of antiferroelectrics and the range of applications that this functionality
could enable are still poorly explored, especially in comparison to ferroelectrics. One of the
unique and attractive properties of antiferroelectric materials is the increase in dielectric
permittivity with increasing electric field, which is especially pronounced in PbZrOs-based
materials. The underlying reason for this strong field response remains unclear, but it may
be related to the proximity of a triple point where the metastable ferroelectric,
antiferroelectric, and paraelectric (PE) phases merge [94,97,98].

Various strategies have been employed to tailor the phase transformation behavior of
antiferroelectric materials to enhance their performance. Due to their relatively low
dielectric breakdown strength, most PbZrOs-based orthorhombic AFE ceramics are broken
down before a critical switching field can be applied. As a result, they are often chemically
modified, typically by adding Sn, Ti, and Nb or La, to reduce the critical field and optimize
their properties [99]. Among the most prominent modified PbZrO;-based systems known
to exhibit a reversible phase transition at room temperature are the (Pb,La)(Zr,Sn,Ti)Os
(PLZST) and (Pb,Nb)(Zr,Sn,Ti)Os; (PNZST) [94].

PNZST is a PbZrOs-based antiferroelectric ceramics with substituted zirconium at B
sites with Sn, Ti, and Nb. Sn*" enhances incommensurate modulation, which stabilizes the
antiferroelectric phase and increases the AFE—FE switching field [32], while Ti'* stabilizes
the ferroelectric phase, increases induced polarization, and lowers the AFE—FE switching
field [32,84]. At the same time, Nb** acts as a donor, reducing oxygen vacancies (improving
leakage currents and dielectric losses) and enhancing ferroelectric stability, thereby
reducing the AFE—FE switching field [99].

Furthermore, modifying the chemical composition also changes the phase transition
temperatures, e.g., Ti-fraction in PNZST lowers the AFE—FE transition temperature [84].
On the other hand, increasing the pressure (compressing the lattice) stabilizes the AFE
order and pushes the AFE—FE or AFE—PE transition to higher temperatures [100].
Moreover, applying a DC electric field on the sample lowers the AFE—PE phase transition
temperature and increases the FE—AFE phase transition temperature as the electric field
stabilizes the ferroelectric state during a heating run in a PNZST system [84,98]. Thereby,
both phase boundaries in the electric field—temperature phase diagram are tilted towards
each other and should merge at a triple point where FE, AFE, and PE phases coexist. The
existence of a triple point in a PNZST antiferroelectric ceramics, where the rhombohedral
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ferroelectric phase (FEg), tetragonal antiferroelectric phase (AFEr), and paraelectric
multicell cubic phase (PE) coexist, was identified in the electric field—temperature phase
diagram shown in Figure 11 [98]. The diagram was constructed based on isofield,
temperature-dependent dielectric permittivity measurements during heating. While the
study focused on the electrocaloric effect and its correlation to the triple point, a detailed
investigation into the nature of the phase transitions in the vicinity of the triple point is
still missing. Moreover, identifying a critical point or critical end point could lead to
enhanced functional properties, as demonstrated in ferroelectric materials.
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Figure 11: Isofield electric field—temperature phase diagram for PNZST antiferroelectric
ceramics reveals the presence of a triple point around 380 K and 2.25 kV mm™'. The
shadowed area marks the estimated electric field and temperature phase coexistence regime
around the triple point. The figure was taken from [98].

2.3 Composites

Another commonly used method to enhance the dielectric response is the composite
approach, in which conductive particles are dispersed within the dielectric matrix to
effectively increase the dielectric permittivity of the composite material. Even dielectric
particles in a composite act as additional dipole moments under an applied electric field,
contributing to the total polarization of the composite and significantly increasing its
dielectric permittivity. However, the contribution is much higher when a conductive filler
is used.

The effect in which electric charge accumulates at the interface between two materials
with different dielectric permittivity and electrical conductivity is called the Maxwell—
Wagner interfacial polarization. It occurs in electrically heterogeneous materials and is
illustrated in Figure 12 for a spherical particle within a matrix under an external electric
field. Charges within the sphere migrate to the interface according to Coulomb’s law and
attract opposite charges from the surrounding material to the sphere’s surface. By
increasing the number of particles, their overall contribution is enhanced. Moreover, the
contribution is heavily amplified when conductive filler particles are used. The dielectric
permittivity of the composite then follows percolation theory as the number of conductive
particles, i.e., the filler volume ratio, increases.
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Figure 12: Schematic illustration of Maxwell-Wagner interfacial polarization for a spherical
particle within a matrix under an external electric field (left) and a percolative composite
(right; orange and blue regions represent conductive and dielectric/ferroelectric material,
respectively).

The theory of percolation in general explains a physical process in which a macroscopic
magnitude is strongly modified due to small microscopic changes in connectivity [101]. One
such process is the anomalous behavior observed in metal-insulator composites (so-called
percolative composites, Figure 12) near their percolation threshold, which is characterized
by an abrupt discontinuity in the real part of the electrical conductivity [102—104]. The
theory further predicts that the dielectric permittivity of a composite consisting of a
conductive filler embedded in a dielectric matrix diverges at the percolation threshold,
where the insulator-metal transition occurs [102]. The fact that the effective dielectric
permittivity of the mixture is much larger than the values of the individual constituents
can be intuitively understood through a simple geometrical approach: near the percolation
threshold, numerous conducting particles are isolated only by thin dielectric layers.

An excellent review of a system composed of randomly distributed metallic and
dielectric regions is given in the paper by Efros and Shklovskii [102]: it is shown that the
static dielectric constant diverges at the percolation threshold-at the volume fraction of
metallic regions (p) where the insulator-to-metal transition occurs, i.e., the static effective
electrical conductivity (o) undergoes a transition from
Pe— p) -

0 = Ogjel (—
Pe

(6)

which is valid below the percolation threshold p, into

t
D —Dc
0 = Ometal (p—> (7)

which holds true for p > p.. 04, and o,,.,,; are conductivities of the dielectric and metallic
phases, respectively, while ¢ and t are critical exponents that govern the effective
conductivity of the composite material below and above the percolation threshold. The
theoretical dependence of the effective electrical conductivity for a system consisting of
randomly distributed metallic and dielectric regions is depicted in Figure 13. A smooth
transition between the behaviors described by Egs. (6) and (7) occurs within a small
interval near the percolation threshold.
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Figure 13: Theoretical dependence of the effective electrical conductivity (o) on the volume
fraction of metallic regions (p) for a system with randomly distributed metallic and
dielectric regions (h = 04,01/ metar < 1). A smooth transition between the behaviors
described by Eq. (6) (orange line) and Eq. (7) (blue line) occurs within a small interval A
near the percolation threshold (p,.).

The composite approach, in which conductive particles are dispersed within an
insulating dielectric or ferroelectric matrix, has been successfully realized in both polymeric
and inorganic systems.

2.3.1 Ceramic composites

A divergent evolution of the dielectric permittivity was achieved in a ceramic BaTiOs-Ni
composite, in which conductive nickel particles were homogeneously dispersed within a
ferroelectric BaTiOs; matrix. The first percolative capacitors made from this composite
exhibited an extraordinarily high dielectric permittivity (¢” ~ 80,000), which was nearly
independent of both frequency and temperature [105]. While the composite approach
effectively increases dielectric permittivity due to a large Maxwell-Wagner interfacial
polarization, it also boosts dielectric losses (tand =&’ /¢”). According to the Kramers—
Kronig relations, the real part of the complex dielectric constant, i.e., dielectric permittivity
(¢/), and the imaginary part of the complex dielectric constant (¢”) increase
simultaneously, ultimately inflating the dielectric losses.

2.3.1.1 All-ceramic percolative composites

An identical behavior was observed in all-ceramic percolative composites, composed of
conducting and insulating grains. The constituents were carefully selected to prevent
chemical reactions between them during high-temperature sintering. A uniform distribution
of the conductive filler throughout the ferroelectric matrix in the PZT-Pb:Ru:Os5 and
KosNagsNbOs—RuO, (KNN-RuO,) composite systems is shown in Figure 14. In both
systems, the dielectric permittivity increased by two orders of magnitude near the
percolation threshold compared with pure PZT and KNN ceramics. The evolution of the
dielectric permittivity with increasing conductive content for both systems is depicted in
Figure 15 [106,107].
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Figure 14: Microstructures of (a) PZT-Pb,Ru:,Os5 composite with 15 vol% of Pb,RuOgs
and (b) KNN-RuO. composite with 15 vol% of RuO,. Light areas represent dispersed
conductive grains in the grey ferroelectric matrix, while black areas indicate pores in the
structure. Figures (a) and (b) were taken from [106] and [107], respectively.
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Figure 15: Evolution of the dielectric permittivity at 1 kHz with increasing conductive
content in (a) PZT-Pb;Ru:Og5 and (b) KNN-RuO, composites. Figures (a) and (b) were
taken from [106] and [107], respectively.

KNN was developed in an effort to minimize lead content in electronics and potentially
replace PZT. Although lead-based materials have thus far exhibited a significantly higher
dielectric response, selecting grains with approximately seven times higher electrical
conductivity and increasing the amount of conductive particles can minimize this gap. As
a result, the dielectric permittivity values in both systems become comparable (see Figure
15), confirming that the composite approach is an effective strategy for developing eco-
friendly, lead-free materials for various applications.

2.3.2 Polymer percolative composites

The development of high-dielectric permittivity materials is particularly desired in the field
of electroactive materials. During electromechanical operation, the amount of electric
energy that can be converted into strain energy is directly proportional to the dielectric
permittivity:

1
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Therefore, increasing the dielectric permittivity allows the desired strain to be induced
under a significantly reduced electric field. Here is an example from the field of relaxor
polymers. Electroactive polymers based on poly(vinylidene fluoride-trifluoroethylene)
copolymer, P(VDF-TrFE), have exhibited a giant electrostrictive strain of 5 % after high-
energy irradiation, which is two orders of magnitude higher than that observed in inorganic
piezoelectrics [108]. Furthermore, it has been shown that substantial electrostriction can
also be achieved by incorporating chlorotrifluoroethylene (CTFE) as a third bulky
monomer to form P(VDF-TrFE-CTFE) terpolymers, rather than relying on irradiation.
This modification transforms the material into a relaxor-like system. Because polymers
typically exhibit relatively low dielectric permittivity, extremely high external electric fields
are required to induce this otherwise giant electromechanical response. For example, an
electric field of 150 MV m ™! was needed to induce a 4 % thickness strain in P(VDF-TrFE-
CTFE) terpolymers [109]. However, dispersing conductive polyaniline (cPANI) particles
into the P(VDF-TrFE-CTFE) terpolymer increases the dielectric permittivity by two
orders of magnitude near the percolation threshold (25.9 vol% cPANI; see Figure 16)
[110,111]. Embedding cPANI particles consequently enables significant strain under much
lower external electric fields [8].
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Figure 16: Evolution of the dielectric permittivity at 1 kHz for ¢cPANI-P(VDF-TrFE-
CTFE) composites as a function of ¢cPANI volume concentration. The figure was adapted
from [110].

2.3.2.1 Cellulose composites

Biopolymers such as cellulose have been proposed as an auspicious base material for flexible
electronics due to their low cost and biodegradability [17,18]. Native wood cellulose can be
converted into individual nanofibrils 3—4 nm wide and several microns in length, exhibiting
a high aspect ratio [112], a high elastic modulus (138 GPa) [113], and a low thermal
expansivity (0.1 ppm K™') [114] compared to other polymers. Cellulose nanofibrils (CNF's)
are isolated from wood pulp either by physical or chemical methods. The physical method
involves applying high shear forces to rip apart larger wood fibers by using high-pressure
homogenizers, ultrasonic homogenizers, grinders, or microfluidizers, making this method
very energy-consuming. Therefore, enzymatic or mechanical pre-treatments and the
introduction of charged groups, e.g., through carboxymethylation or (2,2,6,6-
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tetramethylpiperidin-1-yl)oxyl (TEMPO)-mediated oxidation, are commonly employed to
significantly reduce energy consumption. Furthermore, TEMPO oxidation of cellulose
results in a high density of carboxylate groups on the surfaces of cellulose nanofibrils,
enabling homogeneous dispersion in composites and further improving their physical
properties [115—117]. Since the high dielectric permittivity is crucial for energy storage
applications, the main strategy in the fabrication of flexible cellulose-based materials with
enhanced dielectric performance focuses on incorporating nano-additives such as carbon
nanotubes and graphene-based nanosheets, due to their ultra-high specific surface area and
excellent electrical properties [18].

With the two-dimensional sheet-like structure with covalently attached carbon atoms
having various functional groups on the edges and basal planes, graphene oxide shows
excellent dispersibility in polymeric matrices [118]. However, for the fabrication of
electronic devices, its low electrical conductivity, caused by the high density of chemical
functional groups attached to a carbon plane and by structural defects within the plane
[20], limits its applicability. To overcome this limitation, ammonia-functionalized graphene
oxide [19] or reduced graphene oxide [119] is widely used as a filler for the fabrication of
high-¢” flexible cellulose-based films, which substantially increase dielectric permittivity
even at low filler content due to a large Maxwell-Wagner interfacial polarization. Moreover,
incorporating ammonia-functionalized graphene oxide into a CNF or TEMPO-oxidized
cellulose matrix results in composites that are both mechanically strong and thermally
stable [119].

2.4 High Dielectric Breakdown Systems

One of the major challenges in developing dielectric polymers is realizing high energy
density while maintaining low dielectric losses, even under very high applied electric fields
[120]. The composite approach, in addition to increasing dielectric permittivity, also boosts
dielectric losses. An alternative approach is to operate under higher electric fields, i.e.,
increasing the dielectric breakdown strength without increasing the dielectric permittivity,
which, via the Kramers—Kronig relations, always inflates dielectric losses. Moreover, the
electric energy density is only linearly proportional to the dielectric permittivity, while its
maximum value depends quadratically on the dielectric breakdown strength, following the
relation: U, o< ¢’ E,?. Classical models suggest that the intrinsic breakdown strength of
dielectric polymers exceeds 1 GV m™' due to their large energy bandgap and small mean
free path for mobile charges [121]. However, experimentally obtained dielectric breakdown
strength values in many widely used polymers are significantly lower due to imperfect chain
packing, such as coiled and entangled polymer chains, resulting in weak points such as free
volume and structural disorder [121—123]. Therefore, new approaches that increase chain
packing density and reduce the number of weak points and structural disorder in polymers,
thereby enhancing breakdown strength without increasing dielectric permittivity, are
highly desirable.
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Chapter 3

Aims and Hypotheses

Designing and developing new materials with enhanced dielectric properties is crucial for
technological innovation, scientific understanding, and ecological sustainability. The main
aim of this dissertation is to conduct a detailed investigation of newly developed materials
to improve their dielectric properties. This investigation will evaluate three conceptually
different approaches to designing novel organic and inorganic materials with enhanced
dielectric response. The results will provide new insights into the correlation between
structure and property evolution in different systems, which is important both
fundamentally and practically for the development of new materials for advanced dielectric
applications.

This dissertation aims to achieve the following goals for polymer systems:

- Providing information on how dielectric properties can be tailored and/or improved
by changing the composition of the polymer system.

- Enhancing dielectric response by embedding MXenes into a cellulose nanofibrils
matrix.

- Successfully synthesizing poly(ether imide)/polyimide blends from poly(ether
imide) pellets and polyimide powder by the solution casting method.

- Determining the origin of enhanced dielectric breakdown strength, and other
possible contributions to the dielectric response of poly(ether imide)/polyimide
blends.

The gO&lS fOf the antiferroelectric Pb[),gng[),[)Q[(ZI‘[),57SH[),43)[),QQTio,og](),9803 (PNZST) ceramics
are:
- Determining the electric field-temperature phase diagram of the investigated
antiferroelectric system.
- Identifying the position of the critical end point in the electric field—temperature
phase diagram.
- Elucidating the impact of the critical end point on functional properties
(polarization, dielectric tunability, energy storage) of the antiferroelectric material.

The following hypotheses are formed individually for each investigated system based on
fundamental physical and chemical phenomena:
- The dielectric permittivity will increase strongly upon approaching the percolation
threshold in cellulose nanofibrils-Ti;Co Ty MXene composites due to pronounced
Maxwell-Wagner polarization.
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Blending poly(ether imide) with polyimide will significantly enhance dielectric
breakdown strength compared to pristine polymers due to (i) a reduced number of
space charges and (ii) increased chain packing density. Because dielectric
breakdown is initiated by charges accelerated by an applied electric field at weak
points (voids), both (i) and (ii) are expected to contribute to this enhancement.
Low-frequency dielectric measurements will reveal a significant reduction of
accumulated space charges in the blends compared to pristine polymers, and a
comparison of annealed (dry) and unannealed (wet) samples will confirm the higher
chain packing density.

The presence of an electric field-induced critical end point in PNZST
antiferroelectric ceramics will enhance polarization, dielectric tunability, and energy
storage capability.
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Materials Preparation

Several polymer samples were prepared with the aim of investigating the influence of
composition on the dielectric response of the material. The cellulose/MXene composites
were synthesized by a collaborative research group at the Faculty of Mechanical
Engineering, University of Maribor, while the poly(ether imide)/polyimide blend films were
prepared at the Jozef Stefan Institute by me.

The ceramic sample with chemical formula PbogwNboe[(Zros7S10.43)0.92Ti008]0.9sO3
(abbreviated as PNZST) was obtained from the Technical University of Darmstadt and
fabricated using a mixed-oxide route, as described elsewhere [124].

4.1 Cellulose/MXene Composites

Multi- and few-layered 2D TisCoTx MXene powders with accordion-like morphology,
consisting of well-packed and aligned 10-20 nm thin nanosheets, were purchased from
Nanochemazone (Canada) and used as received. In Ti;C,Ty, T represents a hydroxyl,
oxygen, or fluorine surface termination group. The multi-layered MXene powders were 10—
20 pm thick, while the few-layered powders had a thickness of =1 ym. In addition, titanium
aluminum carbide (Ti3Al1C;) powder (MAX phase) of 10-30 pm in diameter was obtained
to self-prepare the MXene by the hydrofluoric acid etching method at room temperature
[125]. Here, 0.5 g of Ti3AlC, powder was dispersed in 10 mL of 30 % hydrofluoric acid by
magnetic stirring at 20 rpm for 24 h. Then, the sample was washed several times with
deionized water via centrifugation until the supernatant pH value reached =6. The Ti;C,T«
sediments were rewashed with deionized water via vacuum-assisted filtration using a
polyvinyl difluoride filter membrane with 0.22 um pore size before collection of the
remaining MXene. Then, the sample was intercalated /delaminated by magnetic stirring at
20 rpm for 24 h in dimethylsulfoxide, followed by 1 h of sonication at 20 % amplitude using
a Vibra Cell VCX 750 sonicator (Sonics, USA). Finally, the obtained MXene powder was
vacuum-dried at 375 K for 24 h [126].

Figure 17 shows cross-sectional scanning electron microscopy (SEM) images of
purchased multi-layered titanium carbide MXene powder and self-prepared MXenes. Both
images confirm the accordion-like morphology of well-packed and aligned MXene
nanosheets, 10-20 nm thick.
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Figure 17: Cross-sectional SEM images of (a) multi-layered titanium carbide MXene
powder purchased from Nanochemazone and (b) self-prepared MXenes.

Cellulose nanofibrils (CNF) or (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)
oxidized CNF (TCNF), with lengths of 1-3 pm and diameters of 10-70 nm, were derived
from bleached softwood pulp at the University of Maine, USA. Pristine cellulose and CNF-
or TCNF-based MXene composite films were prepared either by the solvent casting or
vacuum filtration methods. Various quantities of the Ti;C,Tx powder were homogeneously
dispersed in 15 mL of dimethyl sulfoxide by an ultrasonic processor, then mixed with an
appropriate amount of Milli-Q water-suspended CNF/TCNF, and stirred for 1 h to get
homogeneous cellulose/MXene dispersions. The dispersions were poured directly into
polystyrene Petri dishes and dried at room temperature (solvent-casted films), or vacuum
filtered through a cellulose filter with a pore size of 5-8 um, transferred in a wet stage to
Petri dishes of 6 cm in diameter, left to dry at room temperature, and finally pressed at 4
bar for 5 h with a hydraulic press. The thickness of developed films was =40 pm in the
case of pristine cellulose, while it increased to almost 300 pm in samples with 90 wt%
MXene [126].

4.2 Poly(ether imide)/Polyimide Blends

Poly(ether imide) (product name Ultem 1000) pellets and polyimide (Matrimid 5218)
powder were supplied by PolyK Technologies. The schematic chemical structures of both
compounds are shown in Figure 18.

Figure 18: Schematic chemical structures of poly(ether imide) (PEI, top) and polyimide
(PI, bottom). The relatively strong negatively charged phenyls in PEI and strong positively
charged phenyl groups in PI are marked by green and orange, respectively.
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Blend solutions were prepared by dissolving 200 mg of polyimide powder and poly(ether
imide) pellets with a designed weight ratio in 10 mL of 1-methyl-2-pyrrolidinone (NMP,
>99.5%, Sigma-Aldrich) and stirring at 200 rpm for 24 h at 70 °C, which yielded a clear
and homogeneous solution. The solution was drop-casted (typically 2 mL for a 50 mm X
50 mm surface) onto a glass substrate (Corning Eagle XG), which was previously cleaned
with Kemex A cleaning solution (Kemika) and deionized water, in an ultrasonic cleaner
(Iskra PIO, 5 min) and finally in a UV-ozone cleaner (Ossila, 3 min). To remove the
solvent, the solution was first kept in a drying oven at 80 °C for 12 h and then at 120 °C
for 5 h, followed by annealing at 150 °C under vacuum for 24 h to further remove any
residual solvent. The cast film was peeled off from the glass substrate after soaking in
deionized water for up to 45 min, and the resulting free-standing film, with a typical
thickness of about 10 pm, was then dried in a vacuum oven at 70 °C for 18 h [127]. The
preparation procedure for poly(ether imide)/polyimide blend films is illustrated step by
step in Figure 19.
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Figure 19: Preparation of PEI/PI blend films in sequential steps: (a) PEI pellets and PI
powder; (b) stirring of PT powder and PEI pellets in NMP solvent for 24 h; (c¢) drop-casting
the solution onto a clean glass substrate; (d) drying at 80 °C for 12 h and then at 120 °C
for 5 h; (e) annealing under vacuum at 150 °C for 24 h; (f) soaking the cast films in
deionized water; (g) drying the resulting free-standing films under vacuum at 70 °C for 18
h; (h) the final PEI/PI blend film.
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Chapter 5

Experimental Techniques and
Methods

In this chapter, different measurement techniques and methods used to investigate the
dielectric response of cellulose/Ti;C,Tx composites, poly(ether imide)/polyimide blends,
and PNZST ceramics are presented.

The complex linear dielectric constant (e*(w,T") =¢" —ie’’) is a frequency- and
temperature-dependent physical property of materials. Therefore, ¢ was analyzed over
broad frequency and temperature ranges. The values of the real part of the complex
dielectric constant, i.e., dielectric permittivity (¢”), and the values of the real part of the
complex electrical conductivity, i.e., electrical conductivity (o”), were calculated from the
actual measured quantities: capacitance (C') and electrical resistance (R), using & =
Cd/eyS and 0’ = d/RS, where d is the sample thickness, S is the electrode area, and g, =
8.85 x 10712 As V''m™ is the permittivity of free space. The imaginary part of the
dielectric constant (¢”'= is connected to the electrical conductivity via o’ = 2mvee”.

5.1 Frequency-Dependent Measurements

Capacitance and electrical resistance of the samples were measured as a function of
frequency at a constant temperature using either a Novocontrol Alpha High Resolution
Dielectric Analyzer or an Agilent E4980A Precision LCR Meter under zero bias field. The
amplitude of the probing AC electric signal was typically 1 V. The sample temperature
was stabilized within £0.01 K by using the lock-in bridge technique with a platinum
resistor Pt100 as a thermometer. Measurements were performed in the frequency range
from 1 Hz to 1 MHz.

5.2 Temperature-Dependent Measurements

For polymer samples, the temperature-dependent measurements were conducted at several
frequencies (1 Hz—100 kHz) during heating or cooling runs with a Novocontrol Alpha High
Resolution Dielectric Analyzer. The amplitude of the probing AC electric signal was 1 V.
The temperature increased or decreased at a rate of 0.75 K min . The sample temperature
was controlled within +0.01 K by using the lock-in bridge technique with a platinum
resistor Pt100 as a thermometer. Measurements were performed in the temperature range
between 125 and 400 K.
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For the ceramic sample, the dielectric response was measured during a heating run with
the probing AC signal of 1 V. The complex dielectric constant was measured with an
Agilent E4980A Precision LCR Meter at a heating rate of 1 K min~'. Measurements under
various external DC bias electric fields were conducted using a standard external electrical
circuit with two capacitors (C, = 1 uF) and a resistor (R, = 10 kQ2) (see Figure 20). The
capacitors served as blocking capacitors to prevent the high DC voltage and current from
damaging the Precision LCR Meter. The DC voltage was applied to samples by TREK
610C High Voltage Amplifier. To avoid any possible history-dependent effects, the sample
was heated to 430 K for 15 min and then cooled under an external bias electric field to 240
K. The temperature was controlled with a Lake Shore Model 350 Cryogenic Temperature
Controller that uses a platinum resistor Pt100 as a thermometer. Measurements were
performed in the temperature range between 240 and 430 K.
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Figure 20: Schematic representation of the setup for temperature-dependent complex
dielectric constant measurements. The sample is represented by an equivalent circuit of a
leaky capacitor.

Polarization measurements were also performed under various external DC bias electric
fields, applied using a TREK 610C High Voltage Amplifier. Prior to each measurement,
the sample was heated to 430 K for 15 min and then cooled to 240 K under an external
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bias electric field. Polarization data were obtained by measuring the voltage across a
reference capacitor during a heating run at a rate of 2 K min™' using a Keithley 6517B
Electrometer. Since the reference capacitor was connected in series with the ceramic sample
(see Figure 21), the charge on the reference capacitor was equal to the charge on the
sample. Consequently, the sample polarization was calculated from the measured charge
on the reference capacitor and the electrode surface area of the sample. Temperature
control was achieved using a Lake Shore Model 350 Cryogenic Temperature Controller.
Measurements were conducted in the temperature range from 300 to 430 K.

Keithley electrometer

Lake Shore /\
V

TREK voltage source

Figure 21: Schematic representation of the setup for temperature-dependent polarization
measurements. C, is the capacitance of the reference capacitor and C' is the capacitance of
the sample.

The third harmonic of the dielectric response was obtained without an external DC bias
field using a 20 V AC signal during a heating run from 200 to 410 K at a rate of 1 K min".
An HP35665A Dynamic Signal Analyzer was used to measure the voltage across a reference
capacitor and analyze its frequency components using the Fast Fourier Transform
algorithm. The real part of the third harmonic of the dielectric permittivity (e3) was
determined from Eq. (10), i.e., a relationship derived from a Taylor series expansion of the

polarization—electric field dependence:

P(E
i ) (i —1)E + ey B3 + el E° + - (9)
0
"= . .U
T G-y "o

where ] €5, €f are the first, third, and fifth harmonics of the dielectric permittivity,
respectively. C is the capacitance of the reference capacitor, C'y is the calculated
capacitance of the sample based on its geometry, d is the sample thickness, U, is the
amplitude of the probing AC signal, and U; and Uy are the first and third harmonic voltage
amplitudes, respectively.
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5.3 Electric Field-Dependent Measurements

The complex dielectric constant as a function of the DC bias electric field, i.e., the dielectric
tunability, was measured at various fixed temperatures using a probing signal of 1-20 V in
5 V steps, and at frequencies of 1 kHz and 10 kHz, with an Agilent E4980A Precision LCR
Meter. A standard external electrical circuit, consisting of two blocking capacitors (C, =
1 pF) and a resistor (R, = 10 k), was used to prevent damage to the impedance analyzer
by the high DC voltage and current (see Figure 22). The ceramic sample was heated to
430 K, then cooled and stabilized at the desired measurement temperature within 2 mK
by a Lake Shore Model 350 Cryogenic Temperature Controller, in order to avoid any
possible history-dependent effects from previous measurements. During each measurement,
the electric field was linearly cycled between +35 kV ecm ™" at a frequency of 1 mHz using
an Agilent 33220A 20 MHz Function/Arbitrary Waveform Generator, and the generated
voltage was amplified using a TREK 610C High Voltage Amplifier.

Agilent LCR meter

T T ot T

TREK
voltage amplifier

Agilent
function generator

| T Kelthy

digital multimeter

Lake Shore

Figure 22: Schematic representation of the setup for electric field-dependent complex
dielectric constant measurements. The sample is represented with an equivalent circuit of
a leaky capacitor.
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To determine the sample temperature, the resistance R} of a 500 k2 NTC thermistor,
attached to the sample using diluted GE varnish, was measured simultaneously with a
Keithley 2002 High Performance Digital Multimeter (see Figure 22). The sample
temperature T was then calculated using the following equation:

1_ ay + ay lo B + a, log? (R >+a log? (R) (11)
7= 9o+ arlog55un 4, log? ( 700 | + aglog? ( 7500

where a, a;, a5, and a4 are thermistor coefficients and R, is the measured thermistor
resistance.

Polarization was measured as a function of the DC electric field at various temperatures
using a Keithley 6517B Electrometer. Prior to each measurement, the sample was heated
to 430 K and then cooled to the measurement temperature and stabilized using a Lake
Shore Model 350 Cryogenic Temperature Controller. The electric field was cycled between
+40 kV cm ™ at a frequency of 1 mHz using an Agilent 33220A 20 MHz Function/Arbitrary
Waveform Generator. The generated voltage was amplified by a TREK 610C High Voltage
Amplifier. Figure 21 shows a schematic representation of the experimental setup, excluding
the function generator that preceded the voltage amplifier.

5.4 Rayleigh Measurements

Rayleigh measurements are typically performed by applying AC electric signals of
increasing amplitude (below the coercive field of the sample) at a constant frequency, while
measuring the dielectric response. By plotting the dielectric permittivity as a function of
the electric field amplitude, the intrinsic (reversible) and extrinsic (irreversible)
contributions to the dielectric response can be separated according to the Rayleigh law:

e =¢,u+ak, (12)

where £’;,,, is the intrinsic (reversible) Rayleigh coefficient, « is the irreversible Rayleigh
coefficient, and Ej, is the amplitude of the AC electric field.

Due to experimental limitations, the maximum amplitude of the AC voltage was 20 V,
corresponding to an electric field of 0.85 kV c¢cm™'. Therefore, to investigate the domain
contribution, the ceramic sample was additionally exposed to different DC electric fields,
onto which the AC field was superimposed and swept between 0.04-0.85 kV cm ' at several
temperatures. The AC voltage was applied at a frequency of 10 kHz and increased in 1 V
steps, from 1 to 20 V, using an Agilent E4980A Precision LCR Meter. The external DC
electric field was supplied by a TREK 610C High Voltage Amplifier. To eliminate history-
dependent effects, the ceramic sample was heated to 430 K for 15 min and subsequently
cooled under an external bias electric field to the measurement temperature, where it was
stabilized using a Lake Shore Model 350 Cryogenic Temperature Controller. A schematic
representation of the experimental setup is shown in Figure 20.

5.5 Time-Dependent Measurements

The dielectric permittivity was monitored over time at room temperature with a 1 V AC
probing signal at a measurement frequency of 100 kHz, using a Novocontrol Alpha High
Resolution Dielectric Analyzer.
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5.6 DC Conductivity Measurements

DC conductivity measurements were conducted by applying a DC voltage to the sample
in steps of 1 V, from 1 to 30 V, and measuring the electrical current through the sample
using a Keithley 6517B Electrometer/High Resistance Meter. The sample was placed inside
a metal box that served as both a safety and noise shield and was fixed between two metal
plates. Figure 23 shows a schematic representation of the circuit used in the measurement
setup. The electrical conductance G = 1/R of the sample was determined using Ohm’s law
from the slope of the I-U curve in the linear regime. The electrical conductivity was then
calculated based on the sample dimensions and the determined conductance in accordance
with the relation ¢’ = Gd/S.

@ | metalbox (b)

sample
holder

Figure 23: (a) Schematic representation of the DC conductivity measurement setup. R is
the resistivity of the sample. (b) Position of the sample holder within the opened metal
box of the custom-built DC conductivity measurement setup.

5.7 Dielectric Breakdown Strength Measurements

Dielectric breakdown strength measurements were conducted with a custom-built high-
voltage setup. The DC voltage was applied to samples by a TREK 20/20C-HS High
Voltage Amplifier with the rate of 100 V s™', while the linear-increasing signal was
generated with a National Instruments data acquisition card and controlled by a LabVIEW
program. Each sample, which was geometrically identical to those used for dielectric
characterization, was fixed between the top and bottom half-sphere steel electrodes (see
Figure 24). The breakdown event was identified when the current through the sample
reached 20 mA. The dielectric breakdown strength was calculated according to the equation
E, =V,,/d, where V,, is the breakdown voltage and d is the sample thickness.
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Figure 24: Placement of a polymer sample between two half-sphere steel electrodes in the
custom-built high-voltage setup.

5.8 Piezoresponse Force Microscopy

The ceramic sample was investigated with an atomic force microscope (AFM; Molecular
Force Probe 3D, Asylum Research, Santa Barbara, California, USA) equipped with a
piezoresponse force microscopy (PFM) module. Images were acquired in dual AC
resonance-tracking (DART) vertical mode. Before scanning, the sample was thinned to 45
pm to ensure good thermal equilibrium during the high-temperature PFM measurements.
After that, the sample was polished on fabric using a polishing paste with a gradual
decrease in the size of the diamond abrasive down to 0.25 pm, then fine-polished with a
colloidal SiO, suspension, and finally cleaned with distilled water. For the PFM scanning,
Pt-coated silicon tips with a radius of curvature ~10 nm (OMCL-AC240TM-R3, Olympus,
Japan) were used. PFM measurements were performed at 333 K and 388 K using a custom-
built high-temperature setup with a commercial heater (PolyHeater, Asylum Research,
Santa Barbara, California, USA). Before each measurement, the sample was heated to 423
K for 10 min. First, an area of 20x20 pum was scanned using a DC tip voltage of 70 or 140
V. After that, a 35x35 um scan was performed with a drive amplitude of 5 V| a frequency
of 300 kHz, and a DC tip voltage of 0 V, followed by a few um large scans of selected
regions at similar voltage.

5.9 Scanning Electron Microscopy

SEM imaging of the cellulose/MXene composites was performed using a low-vacuum
scanning electron microscope (FEI Quanta 200 3D, Thermo Fisher Scientific Inc., USA),
equipped with an energy-dispersive X-ray spectrometer (Inca 350, Oxford Instruments
Nanoanalysis, UK) for microchemical mapping. On the other hand, a Thermo Fisher Verios
4G HP scanning electron microscope equipped with an energy-dispersive X-ray
spectrometer (Oxford Instruments, AZtec Live, Ultim Max SDD 65 mm?* UK) was used to
analyze the morphology and composition of the ceramic PNZST sample.






Chapter 6

Dielectric Investigations of

Cellulose/MXene Composites

A composite approach as a method to enhance the dielectric response of a material is
presented in this chapter. Conductive particles, dispersed in an insulating dielectric matrix,
significantly increase the dielectric permittivity of the material near the percolation
threshold. Here, cellulose nanofibrils (CNF) were used as the dielectric matrix and titanium
carbide (Ti3C;Tx) sheets as the conductive filler. A dielectric investigation of these cellulose
nanofibrils/Ti;C.Tx composite films was conducted to determine the influence of the
preparation method and the type of nanofibril matrix on the overall dielectric response and
to verify whether the dielectric response follows the percolation theory, despite the unique
shape of the conductive Ti;C, Ty sheets.

A large portion of this chapter was originally published in V. Juredic¢ et al., APL Mater.
(2024) 12(11): 111102.

6.1 Overview

With the aim of designing sustainable green electronics, considerable research has focused
on cellulose as a base material for flexible electronics [14-18]. Although a percolative
biopolymer made by incorporating functionalized graphene oxide into a cellulose-based
matrix [19] showed promising results, a large-scale and cost-effective method for the
synthesis of graphene-based systems is still missing, which limits their use in high-
performance electronics [26].

Titanium carbide TisC.Tx belongs to a class of novel 2D transition metal carbides,
nitrides, and carbon nitrides known as MXenes. These systems (denoted as M,.1X, Tk,
where M is an early transition metal, X is C and/or N, T is a hydroxyl, oxygen, or fluorine
surface termination unit, and n=1-3) have attracted a considerable amount of attention
due to their outstanding electrochemical properties, hydrophilicity, and metallic
conductivity [27]. Furthermore, MXenes—particularly Ti;C,T,—demonstrate even higher
electrical conductivity than solution-processed graphene [28,128]. Therefore, a strong
increase in the dielectric response due to a large Maxwell-Wagner interfacial polarization
is expected near the percolation threshold.
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6.2 (seneral Dielectric Response

For dielectric measurements, surfaces of films were covered by =100 nm thick sputtered
gold electrodes with a diameter of 4 mm. Figure 25 shows the frequency dependence of the
dielectric permittivity and electrical conductivity, measured at room temperature in a
pristine CNF film using a Novocontrol Alpha Analyzer. The absorbed water strongly
enhances the values of both ¢’ and ¢’ at low frequencies in the as-prepared sample (note
the logarithmic &’-scale). While free absorbed water requires low energy to be removed,
water molecules can also be trapped in the fiber network [129] or bound to the hydroxyl
groups on the surface of cellulose. Trapped and bound water can be removed under specific
drying conditions to overcome capillary forces and other interactions. After drying the
sample, ¢’ and o’ values at low frequencies decrease by orders of magnitude but increase
again when the sample is exposed to air moisture. A similar behavior was detected in the
composite sample with 5 wt% Ti;C,Tx MXene (denoted as CNF-5MX in Figure 25, both
samples were prepared by vacuum filtration). It can be seen that the low-frequency &’
values of the as-prepared samples are significantly lower in the composite. MXene sheets
not only reduce the space for trapped water within the fibril network but also decrease the
amount of bound water due to CNF-Ti;C, Ty interactions. T'o minimize the influence of air
moisture on the dielectric results, the films were dried at 375 K for 1 hour prior to all
following dielectric measurements.
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Figure 25: Frequency dependence of the dielectric permittivity and electrical conductivity
of the pristine CNF sample (left) and the CNF-5MX composite (right), measured at room
temperature: (i) in the as-prepared film, (ii) after drying at 375 K, (iii) 1 hour after drying,
and (iv) 24 hours later.
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6.2.1 Influence of the preparation method on the dielectric response

To compare the influence of TisCyTx MXene on the dielectric properties of different cellulose
films, the dielectric response of composite samples prepared with 5 wt% TizCoTx was first
investigated. Figure 26 shows the temperature dependence of the dielectric permittivity
and electrical conductivity of vacuum-filtered CNF-based, solvent-casted CNF-based, and
solvent-casted TCNF-based composite films (a high-water retention ability of TCNF
prevents it from being vacuum filtered). The temperature-dependent dielectric response
was measured at several frequencies from 1 Hz to 100 kHz during a cooling run from 375
to 150 K at a rate of +0.75 K min~'using a Novocontrol Alpha Analyzer. While the intrinsic
data at the highest frequencies are almost identical, the increase in both ¢ and ¢” at low
frequencies and high temperatures is much more pronounced in the solvent-casted than in
the vacuum-filtered CNF-5MX sample. This suggests that solvent-casted samples contain
a higher amount of free space charges or other impurities than vacuum-filtered ones. Since
these charges increase dielectric losses and imply the dielectric breakdown at lower electric
fields, the dielectric response of vacuum-filtered CNF/Ti;C.Tx composite films was
thoroughly analyzed. The number of space charges is the highest in the TCNF-based
sample—this is not surprising, as a high number of hydroxyl groups on the surface of CNF
are replaced by highly hydrophilic and polar carboxylate groups after TEMPO-mediated
oxidation of cellulose [115,117].
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Figure 26: Dielectric response detected during cooling runs after various composite samples
with 5 wt% TisC,Tx were heated to 375 K: (a) the vacuum-filtered CNF-5MX, (b) the
solvent-casted CNF-5MX, (c) the solvent-casted TCNF-5MX.

The dielectric spectra in Figure 26 also reveal a relaxation behavior between 150 and
300 K, particularly in both CNF-based composites. It is known that amorphous cellulose
exhibits two secondary relaxations, the so-called v and (3 relaxations, at temperatures
below its glass transition temperature. The activation energy of the ~ relaxation, along
with comparisons to other polysaccharides, leads to the conclusion that it corresponds to
the noncooperative rotation of CH,OH lateral groups [130]. On the other hand, 8 relaxation
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is characterized by high values of the activation parameters, suggesting that this dissipation
process originates from cooperative but localized motions of segments of the main chain
[131]. The dielectric relaxation strength of the - relaxation is typically much higher than
that of the § relaxation; however, it is difficult to distinguish the heavily overlapping
relaxation signals, as both occur in the temperature range of 150-300 K.

6.2.2 Influence of absorbed water

To investigate the impact of moisture and Ti;C,;Tx MXenes on the relaxation behavior of
cellulose, we have performed temperature-dependent measurements, as presented in Figure
27. The main frame shows the dielectric response of the as-prepared (undried) CNF-10MX
composite, detected at several frequencies during a cooling run from room temperature to
125 K, a subsequent heating run to 375 K, and a final cooling run to 125 K, at a rate of
+0.75 K min~". It can be seen that the relaxation intensity is much lower during the second
cooling run, after the sample has been heated to a high temperature, i.e., dried. This
suggests that, similar to many other polymer systems [132-134], these molecular motions—
particularly those associated with + relaxation—involve water molecules that are absorbed
into the free volume of the system and attached to cellulose polar groups via weak physical
or stronger hydrogen bonds.
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Figure 27: Dielectric response of the vacuum-filtered CNF-10MX composite, detected at
several frequencies during (1) a cooling run from room temperature to 125 K, (2) a
subsequent heating run to 375 K, and (3) a final cooling run to 125 K (indicated by arrows).
The inset shows a comparison of the dielectric permittivity of this composite with that of
the pristine vacuum-filtered CNF sample at the lowest measurement frequency of 1 Hz
during the second (125-375 K) and third (375-125 K) temperature runs.
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The inset of Figure 27 compares the response of the CNF-10MX composite with that
of the pristine CNF sample at the lowest measurement frequency of 1 Hz during the second
and third temperature runs. It can be seen that 10 wt% TisC,T« has a negligible influence
on the cellulose relaxation behavior; however, as already shown in Figure 25, the influence
of moisture is much more pronounced in the pristine CNF.

6.3 Percolative Behavior

The frequency dependence of the room-temperature dielectric response in the vacuum-
filtered CNF /Ti5C,Ty composite films with various Ti3C.T content is shown in Figure 28a.
While the electrical conductivity increases at higher frequencies, the values at lower
frequencies tend toward the DC conductivity plateau. This behavior corresponds to an
equivalent circuit composed of two R—C' circuits connected in series. The resistivity of the
low-frequency plateau is then R, + R, (R, and R, are resistivities of titanium carbide and
CNF, respectively), while at higher frequencies the conductivity follows a v? law if Ry >
R, [102], as is evidently the case in a percolative composite (then the value of the low-
frequency plateau is just the resistivity of the CNF matrix). Concomitantly, the frequency
dependence of the effective capacity of such an equivalent circuit would obey a Debye-like
behavior from C; at low to C, at high frequencies if C; > C,. Aside from modeling the
spectra by an equivalent circuit with frequency-independent elements, the detected
dielectric response can also be qualitatively understood in physical terms. While at lower
frequencies the conductivity of the Ti;C. Ty inclusions is effectively blocked, at sufficiently
high frequencies their higher conductivity is revealed, as most of the charge carriers have
no time to feel the blocking boundaries. Therefore, the effective AC conductivity (o)
increases with frequency and would continue to increase up to the high-frequency plateau
corresponding to the value of the MXene’s conductivity. As the Kramers—Kronig relations
must be satisfied even for an inhomogeneous system, the increasing ¢’ parts of the spectra
contribute to the static dielectric permittivity through a strong dielectric relaxation. It
should be stressed that composite films with 75, 80, and 90 wt% Ti;C.Tx are evidently
above the percolation threshold; thus, their high electrical conductivity prevents the
determination of the dielectric permittivity. Finally, the measured sample forms an
electrical circuit with the resistance and, eventually, the inductance of the measuring setup,
resulting in a resonant-like behavior of the detected response. Such behavior usually occurs
at frequencies far beyond the measurement range (= 10 GHz); however, in samples close to
the percolation threshold, the capacitance is so high that it can already influence the data
at the highest measurement frequencies.

CNF/TisCoTx composite films do not represent an ideal percolative composite with
randomly distributed small-scale metallic regions within a dielectric matrix. Figure 29
shows cross-sectional SEM images of a vacuum-filtered pristine cellulose nanofibrils film
and a CNF-10MX composite film. The morphology of the CNF/Ti;C,Tx composite films
differs significantly from that of an ideal percolative composite (see Figure 14). Here, the
high electrical conductivity filler TisC,Tx is in the form of relatively large 2D sheets, which,
in addition to electrostatic interactions with the matrix, also form hydrogen bonds with
hydroxyl and carboxyl surface groups on the CNF. Nevertheless, the dielectric permittivity
strongly increases with increasing TisC,Tx content. Figure 28b depicts the &' values,
measured at the highest frequency (1 MHz), where the contribution of free space charges
or extrinsic effects, such as the presence of surface layers, is the lowest [135]. The inset to
Figure 28b shows a zoomed-in view of the ¢’ data from Figure 28a for samples with the
lowest TisCoTx contents (1, 2, 5, and 10 wt%) in the high-frequency region. The
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experimental data shown in Figure 28c were collected at the lowest measurement frequency
of 1 Hz, since they are closest to the intrinsic DC conductivity of the material. While these
data already appear to follow the theoretical predictions of Eqgs. (6) and (7), additional
measurements were performed to determine the DC conductivity of samples that had not
yet reached the DC conductivity plateau at 1 Hz, i.e., those with the lowest TizC,Tx
contents (1, 2, 5, and 10 wt%).
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Figure 28: (a) Frequency dependence of the dielectric permittivity and electrical
conductivity, detected at room temperature in the vacuum-filtered CNF /Ti;C, T« composite
films with various Ti;C,Tx contents. (b) Room temperature dielectric permittivity of the
composite films at the highest measurement frequency of 1 MHz as a function of Ti;CoTx
content. The solid line is a guide to the eye. The inset zooms in on & data from (a) for
samples with the lowest Ti;C,Tx contents (1, 2, 5, and 10 wt%) in the high-frequency range.

(c) Electrical conductivity of the CNF/Ti3C,Tyx composite films as a function of Ti;C,Tx
content. Data were collected from (a) at the lowest measurement frequency of 1 Hz.
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e

Figure 29: Cross-sectional SEM images of vacuum-filtered (a) the pristine cellulose
nanofibrils film and (b) the CNF/MXene composite film with 10 wt% TisC,Tx.

Figure 30a shows data collected on dry and wet samples during the DC conductivity
measurements. The wet samples were inserted directly into the setup, while the dry samples
were placed in a drying oven for 1 h at 375 K beforehand. As previously discussed, the
influence of absorbed water is evident: the measured current through the wet samples is
five orders of magnitude higher than in the previously dried samples. It can be seen that
the amount of TisC,T increases the measured current through the sample. Moreover, the
slope of the I-U curve indicates the electrical conductance of the sample, which was
determined from the solid lines in Figure 30b. The electrical conductivity was then
calculated based on the sample dimensions and the determined conductance. The DC
conductivity values obtained for samples with the lowest Ti;C,T contents (1, 2, 5, and 10
wt%) using this experimental technique are two orders of magnitude lower than those
shown in Figure 28c. Figure 30c, therefore, presents the electrical conductivity of
CNF/TisC,T composite films as a function of the Ti;C,Ty content, including the corrected
data for samples with the lowest Ti;C,Tx content (1, 2, 5, and 10 wt%), which reasonably
well follow the predictions of the percolation theory (see inset).

As is typical for all percolative systems [105-107], the strong conductivity increase near
the percolation point also increases the dielectric losses (tan d). While in samples with up
to 10 wt% TisCoTx content tand remains nearly constant (=0.07), it increases to 0.4 and
2.1 in composites with 25 and 50 wt% Ti;C,Tx, respectively. Despite this, the developed
composites still show application potential, particularly in the field of flexible piezoelectric
materials. Cellulose nanofibril films, namely, exhibit a promising piezoelectric response
[136]. Moreover, since the electric energy (U, = e’ E?) that can be converted into strain
energy during electromechanical operation is directly proportional to the dielectric
permittivity, an increase in ¢ can enhance the piezoelectric response or, alternatively,
induce the desired strain under a much reduced electric field.

Broadband dielectric spectroscopy also enables the separation of dielectric contributions
from individual constituents in both organic and inorganic composite systems. This was
thoroughly demonstrated by A. Erste in her doctoral dissertation [137], whereas the focus
of this work is on experimentally obtaining an enhanced dielectric response in different
novel materials. Since the composite approach invariably leads to increased losses according
to the Kramers—Kronig relations, the following chapter introduces an alternative strategy
aimed at enhancing the electric energy density without increasing dielectric losses.
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Figure 30: (a) Current as a function of applied DC voltage measured at room temperature
for samples with the lowest TisC,Tx contents before (wet) and after drying (dry). (b) Fits
to the I-U curves of dry samples, represented by solid lines in the linear regime below 15
V. (c) Electrical conductivity of CNF/Ti;sC;Tx composite films as a function of the TisCoTx
content. Data for samples with the lowest Ti;C,Tx content (1, 2, 5, and 10 wt%) from
Figure 28¢ were corrected based on the results from (b). The inset shows the theoretical
dependence of the effective electrical conductivity for a system consisting of randomly
distributed metallic and dielectric regions (h = 040,/ metar < 1). A smooth transition
between the behaviors described by Egs. (6) and (7) (orange lines) occurs within a small
interval A near the percolation threshold (p,).



43

Chapter 7

Poly(ether imide) /Polyimide Blend
Systems

In this chapter, an alternative approach to enhance the dielectric response is presented.
Unlike the composite approach, which simultaneously increases both the real and imaginary
parts of the complex dielectric constant, this approach focuses on achieving high electric
energy density by operating under high electric fields. It has already been demonstrated
that blends of polymers that contain phenyl groups can withstand much higher electric
fields than pristine systems [12]. However, the origin of this enhanced dielectric breakdown
strength has not yet been investigated.

The aim of this chapter is to investigate the origin of the enhanced dielectric breakdown
strength through extensive dielectric measurements of poly(ether imide)/polyimide blend
systems. The contents of this chapter were published in V. Jurecic¢ et al., Macromolecules
(2023) 56(3): 1097-1104.

7.1 Overview

Polymer-film capacitors are very attractive for high-temperature and high-power
applications because they are inexpensive, can be produced in a variety of shapes, and
exhibit both high dielectric breakdown strength and low dielectric losses. However, one of
the major challenges in developing dielectric polymers is realizing high electric energy
density while maintaining low dielectric losses, even at very high applied electric fields
[120].

The electric energy density is only linearly proportional to the dielectric permittivity,
while its maximum value depends quadratically on the dielectric breakdown strength (E))
following U, o €’ E,?. Classical models suggest that the intrinsic breakdown strength of
dielectric polymers exceeds 1 GV m™' because of their large energy bandgap and small
mean free path for mobile charges [121]. However, experimentally measured E, values in
many widely used polymers are significantly lower than theoretically predicted intrinsic
values due to imperfect chain packing (usually coiled and entangled chains), which results
in weak points such as free volume and structural disorder [121-123].

Phenyl groups are fundamental chain components of many high-temperature polymers,
and, depending on the polymer’s molecular structure, delocalized electrons in these groups
may exhibit a partially positive or negative charge. Blending appropriately matched
polymers can thus result in strong interchain electrostatic interaction between chains of
different polymers, leading to systems with high chain packing density and a reduction in
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not only weak points but also, just as importantly, in the amount of accumulated space
charge. These charges at weak points gain higher energies when accelerated by an applied
electric field and, consequently, initiate breakdown at lower electric fields. Blending of
polymers is thus a highly scalable strategy that has already been used to improve their
dielectric, mechanical, and thermal properties [138-141].

Poly(ether imide) (PEI) and polyimide (PI) are high-temperature polymers with similar
dielectric permittivities and contain oppositely charged phenyl groups. Therefore, blending
these two polymers should not increase the real and imaginary parts of the complex
dielectric constant. However, due to the presence of two strong positively charged phenyl
groups in PI and three relatively strong negatively charged phenyl groups in PEI (see
Figure 18), space charges may accumulate in both systems. In blends, strong electrostatic
interactions between phenyl groups of different polymer chains may not only lead to higher
chain packing density and, concomitantly, to reducing the free volume and structural
disorder, but they could also reduce the number of accumulated space charges in the
system, and thus enhance the dielectric breakdown strength of PEI/PI blends. The results
of dielectric measurements in the following sections will determine whether this deduction
is correct.

7.2 General Dielectric Characterization

The general dielectric response was measured for seven different polymer films: pristine
PEI pristine PI, and five PEI/2PI blends, where z denotes the weight percentage of PI.
For dielectric measurements, surfaces of films were covered by ~100 nm thick sputtered
gold electrodes having a diameter of 6 mm. Figure 31 shows the frequency dependence of
the dielectric permittivity (¢’) and electrical conductivity (¢”) of PEI, PI, and the
PEI/50PI blend, detected in the frequency range of 500 Hz—500 kHz by an Agilent E4980A
Precision LCR meter. All samples were first heated to 360 K, and the frequency-dependent
response was measured after the temperature was stabilized at designated values,
decreasing in steps of 20 K. It can be seen that the dielectric response is almost independent
of temperature in the range of 360-160 K for all three samples.

Similar results were obtained for all other blends, and their dielectric responses at 300
K are collected in Figure 32a. The intrinsic responses of all samples at 110 kHz and 300 K
are summarized in Figure 32b. It can be seen that both the electrical conductivity and
dielectric permittivity of the blend samples are lower than those of pristine PEI and PI,
particularly in the PEI/50PI and PEI/80PI blends. An identical dependence on the PI
content was detected at all measured temperatures (see the inset in Figure 32b). Notably,
changes in the dielectric permittivity are minor (a 5 % decrease in the PEI/80PI blend
compared to the pristine polymers), while the electrical conductivity in the same blend is
almost 40 % lower than in PEI and PI.

The observed changes in the intrinsic dielectric response (110 kHz, Figure 32b) cannot
account for the enhancement of the dielectric breakdown strength. To check the number
of space charges in various samples, additional measurements were conducted.
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Figure 31: Frequency dependence of the dielectric permittivity (¢’) and electrical
conductivity (o) of PEL PI, and the PEI/50PI blend measured at various temperatures
from 360 K down to 160 K.
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Figure 32: (a) Frequency-dependent dielectric permittivity and electrical conductivity
detected at 300 K in PEIL, PI, and various PEI/PI blends after annealing at 360 K. (b)
Room-temperature ¢’ and o’ of annealed PEI/PI blends. The inset shows that the
dependence on the PI content is identical over the temperature range of 360-180 K.
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7.3 Low-Frequency Dielectric Response

To determine the presence and influence of space charges in the samples, low-frequency
dielectric measurements were performed using a Novocontrol Alpha Analyzer, since space
charges predominantly dictate the response at low frequencies. Figure 33a shows a typical
measurement run of dielectric permittivity and electrical conductivity measurement run,
performed at several frequencies in the range from 1 Hz to 100 kHz during (i) a heating
run from room temperature to 400 K and (ii) a subsequent cooling run down to 250 K with
the rate of +£0.75 K min™". It should be stressed once again that all data in Figure 31 and
Figure 32 were collected during cooling runs, i.e., the samples were first heated up to 360
K, and the frequency spectra were then recorded on cooling in steps of 20 K. Here, the
measurement of the samples, previously exposed to normal air atmosphere conditions,
started at room temperature. A decrease is seen in the dielectric permittivity at the
beginning of the heating run, while the increase of ¢ above 350 K is mainly due to the
charges accumulated in the sample, which influence the dielectric response, particularly at
low frequencies.
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Figure 33: (a) Dielectric permittivity and electrical conductivity of PI, detected at several
frequencies during heating from room temperature to 400 K and a subsequent cooling run
to 250 K (indicated by arrows). (b) Dielectric permittivity measured at 1 Hz and 100 kHz

in various PEI/PI blends during a cooling run from 400 to 250 K. At 1 Hz, the increase
toward higher temperatures is much higher in the pristine PI than in the blend samples.

Figure 33b summarizes the dielectric permittivity of four samples at the lowest and
highest measurement frequencies, collected during cooling runs from 400 to 250 K, which
followed heating runs from room temperature to 400 K. While data at 100 kHz for the
PEI/50PI and PEI/80PI blends are almost temperature-independent, there is still a slight
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increase toward higher temperatures in the pristine PI and PEI/10PI blend. On the other
hand, data at 1 Hz, where space charge contributions are most pronounced, increase toward
higher temperatures in all samples; yet the increase is much higher in the PEI/10PI blend
and, particularly, in the pristine PI. These results thus already indicate a lower amount of
accumulated space charge in the blends in comparison to pristine polymers.

7.4 Aging of the Dielectric Permittivity

To determine whether an aging mechanism contributes to the decrease in dielectric
permittivity of PEI/PI blends, the samples were exposed to a probing AC electric signal
of 1 V for several hours. The term aging itself is not well-defined; it is usually used to
describe the changes in properties occurring during a broad range of experimental
conditions, but in the most basic sense, it indicates the time-dependent change of physical
and/or electrical properties [142].

Figure 34 shows a decrease in dielectric permittivity with time when the measuring AC
electric field (frequency of 100 kHz) is applied at room temperature conditions. Various
mechanisms exist that explain dielectric aging, particularly in ferroelectric materials
[142,143]. In dielectric polymers, however, the most plausible mechanism is the drift of free
charge carriers: even under a small AC electric field, these charges are forced to migrate
toward sample surfaces, where they screen the electrical polarization and thereby decrease
the dielectric permittivity over time. Nevertheless, as can be seen in Figure 34, aging
processes in PEI, PI, and PEI/PI blends are stochastic and change the dielectric response
by <1.5 %. Therefore, the decrease in the data at the beginning of the measurement run
in Figure 33a (heating the PI sample from room temperature) is not due to dielectric aging
but mainly the result of water evaporation. The effects of moisture, i.e., water absorption
and evaporation, on the physical properties of polyimide-based systems are well known
[144-146] and will be discussed in detail in the next section.
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Figure 34: Time dependence of the normalized permittivity (e}, = ¢ (t)/e’(t =10)) in
various PEI/PI samples at 100 kHz and under room temperature conditions.
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7.5 Influence of Absorbed Water

Most aromatic polymers exhibit relaxation processes in their dynamic mechanical and
dielectric behaviors [132-134]. The « relaxation process, attributed to the glass transition,
can normally be observed in PI at temperatures above 570 K. The two others, 5 and 7,
are associated with localized motions of rigid segments along the PI backbone. They are,
however, usually not present in the dry state but are induced by water molecules that are
absorbed into the free volume of the polymer and attached to side polar groups via weak
physical or stronger hydrogen bonds. § relaxation occurs in a temperature range around
350 K and is characterized by high values of the activation parameters, suggesting that
this dissipation process originates from cooperative relaxation phenomena. On the other
hand, the location and activation energy of the low-temperature (2200 K) ~ relaxation are
characteristic of local molecular motions [144,147,148].

Figure 35a shows the dielectric response of PI, detected at several frequencies during
(i) a cooling run from room temperature to 150 K, (ii) a subsequent heating run to 400 K,
and (iii) a final cooling run to 150 K, with the cooling/heating rate of +0.75 K min~". The
relaxation, which is detected during the first cooling run, after the sample has been exposed
to normal air atmosphere conditions, almost completely disappears during the second
cooling run, after the sample has been heated (dried) to 400 K.
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Figure 35: (a) Dielectric response of PI, detected at several frequencies during (i) a cooling
run from room temperature to 150 K, (ii) a subsequent heating run to 400 K, and (iii) a
final cooling run to 150 K (indicated by arrows). (b) Dielectric response of the PEI/50PI
blend, detected during a cooling run from room temperature to 150 K and a subsequent
heating run to 400 K (indicated by arrows).
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Moreover, Figure 36 shows the relaxation frequency as a function of inverse temperature
(data were determined from the €’ (T') peak values), with the solid line representing a fit
to the Arrhenius law: v = vyexp(—U,/kT). The determined activation energy (U, = 0.44
eV) almost agrees with the theoretically predicted value of 0.45 eV for the 7 relaxation
process of PI [148].
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Figure 36: Dependence of the vy relaxation frequency on inverse temperature in PI and the
PEI/50PI blend (from the data in Figure 35). Fits to the Arrhenius law (solid lines) reveal
that the activation energies in both systems are almost identical.

The activation energy is almost identical in blend samples: we obtained values of U, =
0.46 eV in the PEI/40PI, U, = 0.45 eV in the PEI/80PI, and U, = 0.46 ¢V in the PEI/50PI
blend. The dielectric response of the latter, detected during a cooling and a subsequent
heating run, is shown in Figure 35b, while due to their similarity, the responses of the other
two blends are not shown. This result reveals that interactions between PEI and PI polymer
chains in the blends nearly do not affect the motion of side polar groups that contribute
to the v relaxation process.

7.6 Space Charge Contribution

While at higher measurement frequencies the dielectric response is governed by the intrinsic
response of dipole moments, mobile space charges strongly influence the response at lower
frequencies, with their contribution being more pronounced at higher temperatures. To
reveal the amount of space charge in different samples, the main frame of Figure 37 presents
the normalized low-frequency (1 Hz) dielectric permittivity (£),,,.,(T") =€ (T)/e' (T =
250 K)) of various blends and pristine PI. It should be stressed that all data were detected
on completely dry, annealed samples; i.e., during cooling runs after the samples have been
heated to 400 K (see Figure 33b). Any presence of water molecules could namely induce a
similar dielectric response as accumulated space charges. The increase in €;,,,,, at higher
temperatures is much more pronounced in PI than in the blends, which undoubtedly reveals
a significant amount of space charges in PI compared with the blend samples. The lowest
influence of space charges has been detected in the PEI/80PI blend, which also exhibits
the lowest intrinsic electrical conductivity (see Figure 32b).
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Figure 37: Low-frequency space charge contributions to the dielectric response of PEI/PI
blends. Main frame: increase in the low-frequency (v =1 Hz) normalized dielectric
permittivity (€], (T) =¢'(T") /e’ (T = 250 K)) at higher temperatures in various blends
compared with pure PI. Inset: increse in the high-temperature (T = 400 K) normalized
dielectric permittivity (e, (¥) =&’ (v)/e’(v = 100 kHz)) at lower frequencies in PI and
the PEI/80PI blend. Data were detected during cooling runs after the samples had been
heated to 400 K.

Finally, the inset to Figure 37 additionally confirms higher space charge contributions
in PI than in the PEI/80PI blend: the increasing of the high-temperature (T = 400 K)
normalized dielectric permittivity (&/,,,.,, (v) = €’ (v)/’ (v = 100 kHz)) at lower frequencies
is more pronounced in the pristine PI. Therefore, PEI/PI blends indeed accumulate less
space charge than pristine PEI and PI.

7.7 Dielectric Breakdown Strength

An extensive review of the dielectric breakdown strength of PI films, based on the
experimental data from 13 different publications, which were analyzed in terms of the
Weibull statistical model and partially explained by percolation theories, revealed a strong
dependence of E, (reported values range from 800 up to 5200 kV c¢m ') on experimental
conditions, film thickness, and surface electrode area [149]. The highest values were
obtained for samples with extremely small surface electrodes (diameter of 0.2 mm).
Moreover, a strong thickness dependence in the form of an inverse power function was
reported: E, oc d~*/3, [150]. Although the final thickness of films prepared by the solution
casting method cannot be precisely controlled, and relatively large electrodes were used in
dielectric investigations to enhance the measured signal due to low dielectric permittivity,
E, measurements were conducted for both pristine polymers and the blend systems.
Dielectric breakdown strength was determined as E, =V,,/d, where V,, is the
breakdown voltage, defined as the voltage at which the current through the sample exceeds
20 mA, and d is the sample thickness. Figure 38 shows data obtained from samples that
are geometrically identical to those used for dielectric measurements (electrodes’ diameter
of 6 mm). Due to the notable influence of absorbed water on the overall dielectric response,
the impact of high-temperature annealing on the dielectric breakdown strength was also
investigated. It can be seen that unannealed PEI/PI blends exhibit ~2.5 times higher E,
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values than pristine PEI and PI. On the other hand, annealing at 400 K for 1 hour before
the measurement significantly increases the dielectric breakdown strength of pristine
polymers, while values obtained in blend systems remain unchanged within the estimated
experimental error (approx. 100 kV ¢cm™ in pristine and 200 kV ecm™' in blend systems;
mainly attributed to slight thickness variations in different samples). This is most probably
the result of a higher chain packing density in the blend systems and, concomitantly, a
lower amount of absorbed water. Nevertheless, due to the much lower amount of space
charge, E, values of blends remain almost twice as high as those of annealed PEI and PI
Having in mind the large electrode area of our samples, the PI values confirm their good
quality, as they are completely comparable with published data [149]. Finally, it should be
stressed that all results in Figure 38 were obtained on intact samples. It namely turned out
that the breakdown strength is significantly lower in samples that had previously been
dielectrically investigated, possibly due to mechanical clamping in the measurement cell
during temperature-dependent investigations.
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Figure 38: Dielectric breakdown strength of (i) unannealed PEI, PI, and PEI/PI blends
and (ii) samples that were annealed at 400 K for 1 hour and then cooled back to room
temperature before the measurement.

Blending PEI and PI indeed increases chain packing density, thereby limiting both the
amount of water molecules that can be absorbed and the amount of accumulated space
charge within the system. Since breakdown is initiated by charges accelerated by the
applied electric field within voids in the system, both features contribute to the increase in
E,, as fewer space charges are accelerated and over shorter distances. The blending of
appropriately matched polymers thus once again proves to be an effective strategy for
improving the dielectric properties of polymer systems.






Chapter 8

Antiferroelectric PNZST Ceramics

In this chapter, a physical approach for achieving an enhanced dielectric response in an
antiferroelectric system is presented using PNZST ceramics. To determine the specific
experimental conditions under which an enhanced response can be induced and to evaluate
their impact on the functional properties of the sample, an electric field-temperature phase
diagram was constructed, and the nature of the phase transitions was investigated.

A large portion of this chapter was originally published in V. Jureci¢ et al., Phys. Reuv.
Mater. (2023) 7(11): 114407, and in V. Jureci¢ et al., Adv. Funct. Mater. (2025) 35(2):
2412739.

8.1 Overview

Antiferroelectric ceramics are considered highly promising materials for the development
of novel DC-link, snubber, and filter capacitors used in high-power and high-speed
electronics for electromotive and renewable energy applications, medical equipment, and
weapons platforms. In particular, the increase in dielectric permittivity with an applied
bias electric field, i.e., dielectric tunability, is one of the most interesting and still not fully
understood functional properties of antiferroelectric materials.

Despite their promising dielectric behavior under an external bias field, only a few
studies on the dielectric tunability of antiferroelectrics can be found [73,79,151-157].
Moreover, most works investigate the relationship between dielectric tunability and field-
induced phase transitions or chemical modification.

It has been shown that the temperature and nature of inter-ferroelectric, ferroelectric-
to-paraelectric [48], and relaxor-to-ferroelectric [49] phase transitions change under the
influence of an external electric field. When an electric field is applied, a first-order phase
transition can be transformed into a second-order one. The critical electric field and the
corresponding temperature at which this crossover occurs define the critical point.
Furthermore, if the second-order transition point represents a singularity that terminates
the line of first-order phase transitions, it is referred to as the critical end point, above
which supercritical behavior is observed [49]. In the supercritical regime, dielectric
permittivity and heat capacity lose their critical character and become smeared out. At
the critical end point, however, both dielectric permittivity and heat capacity diverge,
leading to anomalous enhancements in functional properties such as piezoelectric and
electrocaloric responses, as well as energy storage density [50,51].

It is known that antiferroelectrics exhibit their highest dielectric response during a
phase transition, which is always accompanied by structural change, as a result of applying
an electric field and temperature. It has been demonstrated that the presence of a critical
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end point in ferroelectric and relaxor systems leads to significantly enhanced polarization,
dielectric permittivity, piezoelectric response, and electrocaloric effects, which are
attributed to the divergent behavior of the dielectric permittivity in the vicinity of the
critical end point. Thus, a similar enhancement should also apply to antiferroelectric
systems if a critical end point can be induced under certain experimental conditions.

8.2 Sample Characteristics

The investigation was exemplarily conducted on a (Pb,Nb)(Zr,Sn,Ti)Os system, which
represents one of the most widely studied antiferroelectrics, with high-energy storage
properties. Pbo_gngo_QQ[(ZI’()_57SHO_43)0_92Ti0_08]()_9803 (PNZST) Wlth a ferroelectric—to—
antiferroelectric-to-paraelectric phase sequence, was obtained by doping PbZrO; with
suitable amounts of Sn, Ti, and Nb. The quality of the PNZST ceramic sample was checked
by performing X-ray diffraction (XRD) and scanning electron microscopy (SEM). The
room-temperature XRD pattern and SEM micrograph of the antiferroelectric PNZST
sample (see Figure 39) suggest the presence of a pure perovskite phase with no evidence of
secondary phases, which was further corroborated by energy-dispersive X-ray spectroscopy
analysis of differently colored areas in the SEM micrograph. The XRD pattern matches
the previously reported data in the literature [37,124], and its peaks are well indexed to a
tetragonal perovskite system with space group P4mm (No. 99). Examination of the SEM
micrograph confirms the high density of the prepared ceramics and a relatively uniform
grain distribution.
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Figure 39: XRD pattern of the antiferroelectric PNZST ceramics with peaks indexed
according to a pseudocubic perovskite structure (left), and SEM micrograph of a polished
PNZST sample (right). Different shades of grey in the SEM micrograph indicate different
grain orientations.

The investigated composition of PNZST ceramics possesses a rhombohedral ferroelectric
(FE) phase at low temperatures, which transforms, upon increasing the temperature, into
a tetragonal antiferroelectric (AFE) phase at =304 K, a paraelectric (PE) multicell cubic
phase at =411 K, and a single-cell cubic phase at ~453 K [81,158]. The temperature
evolution of the phases and their transition temperatures are highly sensitive to thermal
and electrical treatment history. Therefore, the 230 pm thick sample, with sputtered gold
electrodes of a diameter 1.5 mm, was heated to 430 K for 15 min before each measurement
to avoid any history-dependent effects.
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8.3 Isofield Dielectric Measurements

The temperature-dependent complex dielectric constant was measured under various DC
bias electric fields to determine FE-AFE and AFE-PE phase transition temperatures.
Figure 40a shows the temperature dependence of the real and imaginary parts of the
complex dielectric constant between 240 and 430 K during heating at a rate of 1 K min™!
for all applied DC bias electric fields. Typically, the resistance of the ferroelectric material
drops at the phase transition, which manifests itself in the increase of the imaginary part
of the complex dielectric constant (¢”). Therefore, the FE-AFE and AFE-PE phase
transition temperatures were determined from the first and second peaks of &,

respectively. The sequence of phase transitions and their temperatures at zero electric field
297 K 408 K
(FE — AFE —— PE) is in good agreement with the literature [81,98]. Applying an

external DC electric field shifts the FE-AFE and AFE-PE transition temperatures. The
FE-AFE transition temperature increases, while the AFE-PE transition temperature
decreases with increasing electric field. At an electric field of 21 kV ¢cm™!, the FE-AFE and
AFE-PE transition temperatures shift to 370 and 396 K, respectively. By further increasing
the electric field, the transition anomalies finally merge at 25 kV em ™" and 388 K.
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Figure 40: (a) Real and imaginary parts of the complex dielectric constant as a function of
temperature measured at 1 kHz and various DC bias electric fields. (b) Temperature
evolution of macroscopic polarization measured at electric fields from 5 to 25 kV em ™ in
steps of 2.5 kV em ™.
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To determine the order of the phase transitions, polarization under various DC bias
electric fields in the temperature range of the previously determined phase transition
temperatures was measured. The FE-AFE and AFE-PE transition temperatures obtained
from dielectric measurements coincide well with the sharp drop of polarization at lower
temperatures and the anomaly at higher temperatures depicted in Figure 40b. The sharp
drop of macroscopic polarization at the FE-AFE transition corroborates the first-order
nature of the transition as demonstrated in Ref. [98]. The applied electric field not only
shifts the transition temperatures but also changes the evolution of polarization. The FE—
AFE transition is sharp and discontinuous at low electric fields, whereas it becomes
continuous at 22.5 kV ecm™ and smeared and suppressed above 22.5 kV ¢cm™!, suggesting a
supercritical behavior and the existence of a critical end point. The non-zero macroscopic
polarization in the AFE phase implies that the FE-AFE transition is not fully reversible:
remains of the FE phase persist under the applied electric field, resulting in a so-called
ferrielectric state [98,99,159,160]. In this state, the antiparallel sublattice polarizations do
not completely cancel each other, because one sublattice aligns favorably with the field.
This effect becomes more pronounced under higher fields. Consequently, the measured
polarization in the AFE phase increases with the applied field, rising from 1 to 11 uC cm™2
as the field is increased from 5 to 20 kV ¢m™'. Upon approaching the AFE-PE transition
temperature, the polarization exhibits an anomaly that shifts toward lower temperatures
with increasing electric field, coinciding with the second peak of ”’. Therefore, this anomaly
can be attributed to the AFE-PE transition. However, its behavior does not reveal any
information about the nature of the AFE-PE phase transition as clearly as the polarization
change does during the FE-AFE transition. Thus, we measured the third harmonic
component of the dielectric permittivity (£5). It has been predicted by the thermodynamic
theory and demonstrated experimentally that €} changes its sign at the Curie temperature
for the second-order phase transition, whereas for the first-order transition, the sign remains
positive [161]. The sign of the measured ¢4 of PNZST ceramics (see Figure 41) does not
change at the AFE-PE transition temperature; hence, the transition is of the first order.
This is in accordance with differential scanning calorimetry results, where two endothermic
peaks were detected at the FE-AFE and AFE-PE transitions, indicating both transitions
are of the first order [162]. Therefore, both FE-AFE and AFE-PE phase transitions can
change to the second order under an externally applied electric field.
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Figure 41: Temperature dependence of the real part of the third harmonic component of
the dielectric permittivity measured at zero DC bias field.
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The divergent nature of the dielectric permittivity was analyzed to determine the
electric field and temperature of the critical end points that terminate the lines of the first-
order FE-AFE and AFE-PE phase transitions. To identify the divergent nature of the
dielectric permittivity at the FE-AFE phase transition, the background of the dielectric
response was first fitted with a polynomial function that best described the data on the
left and right side of the FE-AFE peak. Figure 42a depicts the background fit for the
dielectric response measured at 10 kV em™. Then, the fitted background response was
subtracted from the measured dielectric response to determine the electric field at which
the dielectric permittivity exhibits the maximum value. Figure 42b shows the subtracted
dielectric response around the FE-AFE phase transition. The dielectric permittivity at the
FE-AFE transition increases under higher electric fields and exhibits the maximum value
at 21 kV cm™'. Further increasing the electric field leads to a suppressed and smeared
dielectric response at the FE-AFE phase transition. Similar to the FE-AFE transition, the
AFE-PE phase transition also exhibits an enhanced dielectric response at 21 kV em ™! and
a smeared and suppressed dielectric response at higher electric fields (see Figure 40a).
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Figure 42: (a) Dielectric response measured at 10 kV cm™'. The background is represented
by the dashed line. (b) Dielectric anomaly of dielectric permittivity around FE-AFE phase
transition, after the fitted background was subtracted from the measured data. The
maximum dielectric permittivity is determined at 21 kV em ™' and 370 K.

8.3.1 Electric field—temperature phase diagram

According to the determined order of the FE-AFE and AFE-PE phase transitions under
different experimental conditions, an electric field—temperature (E-T') phase diagram was
constructed. The analyzed dielectric response at the FE-AFE and AFE-PE phase
transitions demonstrates a typical behavior anticipated for a critical end point and a
supercritical regime. It can be concluded that the lines of the first-order FE-AFE and
AFE-PE phase transitions terminate in two critical end points located at EEE-AFE = 21
kV em™!, TEE-AFE = 370 K and EAEP PP = 21 kV em ™!, TALEPE = 396 K, respectively.
The temperature stability of FE, AFE, and PE phases under various electric fields are
represented in the E-T phase diagram depicted in Figure 43, with locations of both critical
end points denoted by stars. Above the electric field of the critical end points, both
transitions exhibit supercritical behavior. The FE-AFE phase transition merges with the
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AFE-PE phase transition at an electric field of 25 kV ecm™! and a temperature of 388 K,
i.e., at the triple point.
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Figure 43: Electric field-temperature phase diagram of antiferroelectric PNZST ceramics.
Solid lines represent the first-order FE-AFE and AFE-PE transition lines, which are
terminated by the critical end points marked with stars. Above the critical end points,
both transitions exhibit supercritical behavior. The FE-AFE and AFE-PE phase
transitions merge at 25 kV em ' and 388 K.

8.4 Recoverable Energy Storage Density

To determine the recoverable energy storage density (W, ) and its relation to both critical
end points in the antiferroelectric PNZST ceramics, the polarization hysteresis loops at
different temperatures were measured (see Figure 44a), and W, . was determined according
to Eq. (3): by integrating the area between the upper branch of the polarization hysteresis
loop and the polarization axis (see Figure 44b).
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Figure 44: (a) Polarization hysteresis loops at all measured temperatures. (b) Recoverable
energy storage density (W,..) at 350 K, determined from the colored area.
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Figure 45a shows the temperature-dependent W, . of the antiferroelectric PNZST
ceramics. The maximum W, of 0.66 J cm™ is observed at 370 K, which corresponds to
the temperature of the FE-AFE critical end point. To understand the enhancement of
W, .., the interplay between the maximum polarization, reverse critical electric field, and
the shape of the polarization hysteresis curve needs to be considered. Figure 45b depicts
the temperature behavior of the maximum polarization (P,,,,) and the slope of the P-E

max
curve around the field-induced phase transition (P, ). Below the temperature of the FE-

AFE critical end point, P, ,, exhibits a gradual decay with increasing temperature. A

significant decrease of P, . at the FE-AFE critical end point and an increase of the decay
rate above the FE-AFE critical end point are observed. Thus, according to Eq. (3), W,..
should decrease with increasing temperature. However, with increasing temperature, the
critical electric field for induction of the FE phase increases, which, in contrast to the

decreasing polarization, contributes to the increase of W,
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Figure 45: (a) Temperature-dependent recoverable energy storage density of PNZST
ceramics obtained at 40 kV c¢cm™'. Blue and red dashed lines indicate the temperatures of
the FE-AFE and AFE-PE critical end points, respectively. (b) Temperature evolution of
the maximum polarization and the slope of the P-FE curve determined around the AFE-
FE phase transition of PNZST ceramics.

Another critical parameter that influences the integrated area used to calculate W, is
the shape of the P—F curve, which is determined by the slope of the P—-F curve around
the AFE-FE phase transition. Py, at 340 K is steep, which indicates the first-order
nature of the field-induced phase transition (see Figure 45b). With increasing temperature,
Pyope decreases, which indicates the transition from the first to second-order phase
transition. In addition, the decrease in P, changes the shape of the polarization curve,
which becomes more slanted above the FE-AFE critical end point. Hence, the enhancement
of W,.. in the vicinity of the critical end point is a result of the interplay between the
maximum polarization, reverse critical electric field, and the shape of the polarization
curve. In the vicinity of the FE-AFE critical end point temperature, the maximum
polarization is reduced by =15 % compared to 340 K, while the reverse critical electric field
increases by almost 53 %. Although the slope of the P-F curve is also reduced in the
vicinity of the FE-AFE critical end point, it does not result in a strongly slanted
polarization curve. The enhancement at the FE-AFE critical end point can be attributed
to the relatively small reduction of the maximum polarization and a strong increase of the

reverse critical electric field. Furthermore, the decrease in W,_. above the FE-AFE critical
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end point is related to the stronger decrease in the maximum polarization due to the slanted
shape of the polarization curve and only a small change in the reverse critical electric field.

8.5 Dielectric Tunability

Figure 46a—c depict the dielectric response as a function of the DC bias electric field at
343, 373, and 395 K, respectively, measured using a 1 V AC signal at 1 kHz. The selected
temperatures represent the dielectric hysteresis response at the first-order AFE-FE phase
transition, in the vicinity of the FE-AFE critical end point, and in the vicinity of the AFE—
PE critical end point, respectively. At 343 K, the evolution of the dielectric permittivity
as a function of the electric field exhibits a sluggish increase with an increasing electric
field, which becomes steeper upon approaching the first-order AFE-FE phase transition
(see Figure 46a). After the FE phase is induced, a sharp decrease in dielectric permittivity
is observed, caused by polarization saturation and attributed to the poled FE state, in
which domains reorient and domain walls become pinned in the direction of the applied
field [42,44,45]. Moreover, hardening of the soft phonon mode further reduces the intrinsic
lattice contribution to the dielectric permittivity with increasing field in the FE phase [46].
In the vicinity of the FE-AFE critical end point temperature, the increase in dielectric
permittivity at low electric fields becomes faster, and its enhancement at the field-induced
AFE-FE phase transition temperature is larger (see Figure 46b). Moreover, in the vicinity
of the AFE-PE critical end point temperature, the increase in dielectric permittivity
becomes even more pronounced and exhibits the largest enhancement (see Figure 46c¢).

To understand the role of both critical end points on the dielectric enhancement with
an applied electric field, the dielectric tunability was calculated at various temperatures.
The dielectric tunability () was calculated via Eq. (5). The data for the calculations were
extracted from the second ¢’~F measurement loop (see Figure 46a—c). The temperature-
dependent dielectric tunability is depicted in Figure 46d. In the temperature range of the
first-order AFE-FE phase transition, i.e., between 343 and 370 K, the dielectric tunability
is between 15 and 60 %. However, a strong enhancement of the tunability for a factor
larger than 2 (221 %) is obtained at 395 K. Such an enhancement of the dielectric
permittivity by far exceeds the tunability values (88 %) reported for ferroelectric and
relaxor systems [54]. The temperature of the maximum dielectric tunability lies in the
proximity of the AFE-PE critical end point (396 K), which demonstrates that the AFE—
PE critical end point plays a crucial role in the enhancement of the dielectric response
under an applied electric field. This observation supports the assumption that the increased
dielectric response at the temperature of a critical end point is due to the flattening of the
free energy potential, which allows easy polarization extension under small perturbation
fields. Furthermore, since the critical end point terminates the line of the first-order phase
transition above which the transition becomes supercritical, it is expected that the free
energy surface also becomes spherically degenerate. Consequently, polarization can easily
rotate between the degenerated phases, which is a well-known mechanism responsible for
enhanced functional properties of ferroelectrics [163,164]. It should be stressed that the
flattening of the free energy is also expected at the FE-AFE critical end point; however,
the polarization change during rotation between the FE and AFE phases is expected to be
smaller than that between the AFE and PE phases.
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Figure 46: (a—c) Evolution of the dielectric permittivity as a function of DC electric field
during the second measurement loop in PNZST ceramics at representative temperatures
corresponding to a first-order AFE-FE phase transition, the FE-AFE critical end point,
and the AFE-PE critical end point, respectively. (d) Tunability of the dielectric response
as a function of temperature. Blue and red dashed lines represent the temperatures of the
FE-AFE and AFE-PE critical end points, respectively.

8.6 Origin of Enhanced Dielectric Tunability

To determine whether the increase in dielectric permittivity under the electric bias field
originates from free energy instability at the field-induced phase transition or is a result of
domain rearrangement in the AFE phase, additional measurements were conducted. By
simultaneously measuring the dielectric hysteresis loops and the sample temperature with
a miniaturized 500 k€2 NTC thermistor attached to the sample, the sample temperature
change in correlation to different excitation electric fields was studied.

Figure 47a shows the dielectric response and the sample temperature change (AT,,,,,ic)
as a function of the externally applied DC bias electric field. At 343 K, the sample exhibits
an antiferroelectric behavior with zero macroscopic polarization. The electric field evolution
of the dielectric permittivity depicts the expected antiferroelectric-like response with
increasing dielectric permittivity at lower electric fields. At and above the field-induced
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AFE-FE phase transition, an expected ferroelectric response is observed with a sharp
reduction in dielectric permittivity. The four peaks in the dielectric response reveal the
reversibility of the field-induced AFE-FE phase transition. Moreover, the sample
temperature response shows two positive and two negative temperature changes, which are
associated with the release and absorption of the latent heat at the first-order field-induced
phase transitions [98]. The high-resolution temperature measurement shows a small
temperature difference of ~33 mK between the positive and negative temperature changes
of the sample. The difference could be attributed to the additional heating at the AFE-FE
phase transition, originating from the domain wall switching of the FE phase [165-167].
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Figure 47: Dielectric and temperature measurements as a function of DC electric field
during the second measurement loop at 343 K, with a 1 V AC signal at 10 kHz.

A more detailed insight into the dielectric and temperature response under the applied
DC electric field is shown in Figure 48a,b. Figure 48a depicts the response of the dielectric
permittivity and the sample temperature change obtained in the first quarter of the electric
field cycle. The dielectric permittivity remains nearly constant at electric fields up to ~10
kV cm'. However, above 10 kV c¢m™', the dielectric response nonlinearly increases and
reaches the maximum value at the critical electric field at which the FE phase is induced.
The increase in dielectric permittivity in the antiferroelectric phase could be attributed to
the transition instability and divergent nature of the dielectric permittivity at the field-
induced first-order phase transition. On the other hand, the sample temperature remains
constant up to the critical field of the phase transition, which indicates no release of latent
heat due to pretransition effects of the field-induced phase transition. The imaginary part
of the complex dielectric constant determines the energy loss per unit volume in the
material, which in ferroelectric materials is partly attributed to domain switching [165,166].
The electric field evolution of &” exhibits similar behavior to that of the dielectric
permittivity (see Figure 48b). Low &”” values (5 at zero electric field and 25 just before the
AFE-FE transition, corresponding to low dielectric losses (tand = ¢’ /e’) of ~0.004 and
~0.018, respectively) indicate minimized domain activity and negligible heat losses in the
antiferroelectric phase.

In order to verify the responsibility of domain wall movement, the dielectric and thermal
responses were investigated under various AC signals between 1-20 V superimposed on a
DC bias electric field, which was cycled with 1 mHz. The influence of different AC signals
on the dielectric permittivity in the first quarter of the second &’—E measurement loop at
~2343, ~370, ~388, and ~395 K is presented in Figure 49. Figure 49(a) shows a sluggish
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increase in dielectric permittivity, followed by a sharp decrease, which is typical for a first-
order AFE-FE phase transition at all measured AC signals. By increasing the magnitude
of the superimposed AC voltage from 1 to 20 V, the dielectric permittivity increases from
~1370 to ~1630 at ~343 K and zero DC electric field. The superimposed AC signal disturbs
a nearly homogeneous DC electric field and is the cause of domain activity [43,168]. At
higher temperatures, the increase in dielectric permittivity at lower electric fields becomes
faster, and the first-order phase transition changes to second-order in the proximity of the
FE-AFE critical end point temperature (see Figure 49b). By applying a 20 V AC signal
instead of a 1 V signal, the maximum dielectric permittivity increases for approximately
500, 3000, 5400, and 4100 at ~343, ~370, ~388, and ~395 K, respectively. This indicates
that domain contribution is the highest at ~388 K. While the maximum value of the
dielectric permittivity, measured with a 1 V AC signal, is obtained at ~395 K, i.e., near
the temperature of the AFE-PE critical end point (see Figure 49d), the highest dielectric
permittivity (¢” = 10365) is measured at ~388 K, i.e., at the temperature of the triple
point, with a 20 V AC signal (see Figure 49c). Peaks of the dielectric permittivity are
shifted toward lower electric fields at higher AC signals at all measured temperatures (see
Figure 49). The AC signal contributes to the applied DC electric field; therefore, the critical
electric field is achieved at a lower electric field. Moreover, the field range over which &’
remains constant decreases with increasing AC signal, as the nonlinear contribution to the
dielectric response becomes more pronounced (see Figure 49). At 1 V AC signal, ¢’ remains
constant up to ~10 kV em™', while at 20 V AC signal it begins to increase at ~4 kV cm™!
at 343 K. ¢”” shows the same dependence on AC signal as ¢’ (see Figure 50a). Furthermore,
higher &’ and &” values under stronger AC signals indicate increased domain activity
[42,168,169]. This is corroborated by thermometry, which exhibits a similar behavior.
Figure 50 shows ¢’ and the sample temperature change at different amplitudes of the AC
field at 343 K. At 1 and 5 V AC signals, the sample temperature remains constant up to
the critical field of the phase transition, indicating weak domain activity. However, at
higher AC signals, the sample temperature starts to increase at lower electric fields due to
enhanced domain mobility and, consequently, increased heat production. A similar
response was observed at all measured temperatures.

(@) 2500 : 0.2 (b) 50 : 0.2
- T=343K 3 - T=343K 5
2000 Uac=1V Lot~ 0T Upe=1V » .
£ g ; <
'3 @ ol 01 2
- 1500 | =3 > o
w 4& L 0.0 § l: g
I e — =
1000 - \ < <
5 -0.1 00
500 L 1 " 1 " 1 " 1 :. 1 " 1 " 0 L 1 L 1 L 1 L | I 1 " 1 "
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
E (kV cm™) E (kV cm™)

Figure 48: A detailed view of (a) the dielectric permittivity and (b) the imaginary part of
the complex dielectric constant plotted alongside the temperature change obtained in the
first quarter of the electric field cycle with a 1 V AC signal.
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Figure 49: Comparison of the dielectric permittivity as a function of DC electric field during
the first quarter of the second measurement loop, measured with different AC signals at
10 kHz, at temperatures corresponding to (a) a first-order AFE-FE phase transition, (b)
the FE-AFE critical end point, (c) the triple point, and (d) the AFE-PE critical end point.

The increase of the ¢’ magnitude and nonlinearity of the system, as well as the increase
of ¢”” indicate the increase of the extrinsic contributions, which, according to the basic
Rayleigh relations, should be irreversible. This is corroborated by the sample temperature
change as a function of the electric bias field obtained at various AC signals. The sample
temperature change increases with increasing AC signal in the antiferroelectric phase,
which could be due to the irreversible domain wall contribution and the generated heat
associated with it. Figure 50b shows the sample’s temperature response at different
amplitudes of the AC fields at 343 K. At 1 and 5 V AC signal, the sample temperature
remains constant up to the critical field of the phase transition, indicating weak domain
activity. However, at higher AC signals, the sample temperature starts to increase at lower
electric fields due to the enhanced domain mobility and, consequently, increased heat
production. Hence, the in-situ dielectric and thermometry results demonstrated that the
increase in dielectric permittivity in the antiferroelectric phase under an external electric
field is related to hysteretic nonlinear processes, most likely to the irreversible domain wall
contribution. Therefore, to identify the influence of domain wall contributions on dielectric
tunability, it was calculated at different temperatures and AC signals.
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Figure 50: Comparison of (a) the imaginary part of the complex dielectric constant and
(b) the sample temperature change as functions of DC electric field, measured with different
AC signals at 10 kHz and 343 K.

Figure 51a—c show the dielectric permittivity as a function of the DC electric field at
388 K for three different AC signals: 1, 10, and 20 V, respectively. At 388 K and 1 V AC
signal, the dielectric permittivity changes by 23140 when the bias electric field is increased
from zero to the critical electric field, which is much larger compared to a change of ~150
in ¢’ at 343 K. The dielectric permittivity change is further enhanced by increasing the AC
signal. At 20 V AC signal, ¢’ changes by ~8180 at 388 K and only by ~370 at 343 K. The
comparison reveals a strong impact of temperature on the dielectric permittivity change
under bias electric field and AC signal. Thus, the dielectric tunability was calculated as a
function of temperature from the temperature-dependent dielectric hysteresis loops and is
shown in Figure 51d for different AC signals. An increase in dielectric tunability is clearly
visible, especially between FE-AFE and AFE-PE phase transition temperatures. The
dielectric tunability increases from 206 % to an extraordinarily high value of 373 % as the
AC signal is increased from 1 to 20 V. Besides the strong enhancement of the dielectric
tunability, the temperature at which it reaches its maximum shifts from 395 to 388 K as
the AC signal increases from 1 to 20 V.

The maximum dielectric tunability obtained at 1 V AC signal is associated with the
proximity of the field-induced AFE-PE critical end point and the flattening of the free
energy potential minimum, while the overall maximum dielectric tunability was achieved
at a 20 V AC signal near the triple point temperature. The coexistence of different phases
requires the degeneration of their free energy [164]. Phenomenological Landau theory
predicts a strong reduction of the anisotropic free energy in ferroelectrics at the triple point,
where the anisotropic part of the free energy is reduced to zero. According to the classical
domain theory, the domain size (D) is proportional to the anisotropic free energy (G,,,is0):
D~\/|G 4nisol/P- Thus, the reduction of the anisotropic free energy manifests itself as a
decrease in domain size [56,164]. In the vicinity of the triple point, the anisotropic energy
approaches zero, reducing the domain size to sub-nanometer dimensions, which has also
been experimentally observed in ferroelectrics [170,171]. Hence, a reduction of the
anisotropic energy and minimization of the domain structure are also expected at the field-
induced triple point in antiferroelectric PNZST ceramics. In addition, minimization of
domain size leads to an increase in domain density and, consequently, may result in
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increased non-linear or extrinsic contributions to dielectric tunability. The proposed
enhancement mechanism is schematically illustrated in Figure 51e.
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Figure 51: (a-c) Dielectric permittivity as a function of DC electric field for AC signals of
1, 10, and 20 V at 10 kHz during the second measurement loop. d) Dielectric tunability as
a function of temperature measured at different AC signals. Vertical lines from left to right
represent temperatures of the FE-AFE critical end point, triple point, and AFE-PE critical
end point, respectively. e) Illustration of the field-induced evolution of the domain structure
below and at the triple point.

To further confirm the role of domain contribution in the enhancement of dielectric
tunability in antiferroelectric PNZST ceramics, Rayleigh analysis of the dielectric response
as a function of the AC signal was conducted. Rayleigh law is typically used in ferroelectrics
to determine the reversible and irreversible contribution of the interface motion to the
piezoelectric and dielectric properties [42,43,172,173], but it has also been successfully
employed in an antiferroelectric La-doped PbZrO; [174] and (Pb,La)(Zr,Ti)O; thin film
[175]. The Rayleigh analysis of the dielectric response as a function of the AC signal
provides information on the non-linear contribution to the dielectric response, based on
relation: ¢’ = ¢’,,,, + aE,,, which is described in more detail in Section 5.4. The irreversible
Rayleigh coefficient («) is typically used to quantify the contribution of irreversible domain
wall or, more generally, interface displacements [175].

Figure 52 shows the dependence of dielectric permittivity on the AC voltage signal at
340, 370, 388, 395, and 405 K, measured under various external DC electric fields. Below
395 K, a similar trend is observed: for DC bias fields below 15 kV e¢m™, the AC voltage
signal has a nearly negligible impact on dielectric permittivity; however, above 15 kV ecm ™,
a significant increase in ¢’ with the applied AC signal is observed. The most significant
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change in dielectric permittivity occurs at 24 kV em™, just below the critical electric field

associated with the field-induced AFE-FE phase transition at these temperatures. At 30
kV cm™, i.e., above the field-induced AFE-FE phase transition, the effect of the AC signal
diminishes, indicating reduced dielectric nonlinearity. This decrease can be attributed to
the stabilization of the FE phase and alignment of the FE domains with the electric field.
As the FE phase stabilizes more easily at higher temperatures, the largest nonlinear
response occurs at lower electric fields: 20 kV ecm ' at 395 K and 10 kV ecm ™" at 405 K. The
slopes represent the nonlinear Rayleigh coefficient, which clearly depends on both
temperature and applied DC field.
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Figure 52: Dielectric permittivity as a function of the AC signal amplitude, measured at
340, 370, 388, 395, and 405 K under different DC electric fields.

Figure 53a depicts the irreversible Rayleigh coefficient as a function of electric field at
several temperatures, determined from the slopes in Figure 52. The Rayleigh coefficient
exhibits nearly the same behavior for all temperatures. At low electric fields, the Rayleigh
coefficient is small, which implies low irreversible domain dynamics. With increasing
electric field, the coefficient increases and reaches a maximum value in the vicinity of the
critical electric field that induces the AFE-FE phase transition. Concomitantly with the
phase transition, alignment of FE domains occurs, which decreases the irreversible
coefficient and thus the domain contribution to the dielectric response in the FE phase.
The increase of the irreversible Rayleigh coefficient with electric field suggests an increased
irreversible domain wall contribution [176] to the dielectric response in the antiferroelectric
phase. Rayleigh analysis was undertaken at various temperatures, and for each
temperature, the maximum non-linear Rayleigh coefficient (e,,,,,) was found close to the
critical electric field of the AFE-FE phase transition. Figure 53b shows the maximum
Rayleigh coefficient as a function of temperature. The highest Rayleigh coefficient was
obtained at 388 K, which coincides with the temperature of the triple point found in
antiferroelectric PNZST ceramics. This can be explained by the minimization of domain
size and the increase in domain density, resulting in the largest domain contribution near
the electric field-induced triple point.
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Figure 53: (a) Irreversible Rayleigh coefficient as a function of DC electric field at several
temperatures. (b) Temperature dependence of the maximum irreversible Rayleigh
coefficient.

Furthermore, PFM measurements were performed at 333 K and 388 K and are depicted
in Figure 54. At 333 K, a classical AFE—FE first-order phase transition occurs.
Ferroelectric domain structures emerge in the region where a DC voltage of 70 V was
applied locally to the sample surface. The micrometer-sized lamellar domains are
highlighted in the insets of the panel (a) in Figure 54 (blue arrows). On the other hand,
388 K corresponds to the triple point temperature. The amplitude and phase of the PFM
response exhibit a nanodomain pattern. Despite the application of a 140 V DC voltage,
twice the previously applied value, micro-sized domains are not formed. The sub-micro-
sized irregularly shaped domain pattern (marked by white arrows in Figure 54b) resembles
a relaxor-like nanodomain response previously observed in relaxor materials by PFM
[177,178]. While some rare lamellar domains were visible, they were small, sub-micron in
size. The decrease in domain size from 333 to 388 K is apparent, indicating domain
fragmentation. Consequently, the PFM findings align with the results from the Rayleigh
analysis and additionally confirm the presence of the electric field-induced nanodomains at
the triple point in the antiferroelectric PNZST ceramics.

The presence of a critical end point significantly increased recoverable energy storage
density and dielectric tunability under a low AC measurement signal. Studying the
dielectric response under higher AC signals gave further insight into the origin of the
enhanced dielectric tunability, which is attributed to the minimization of domains near the
field-induced triple point, as shown by Rayleigh analysis and PFM imaging. This confirms
that criticality is an effective route to enhance both the dielectric response of an
antiferroelectric material and its functional properties.
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Figure 54: AFM topography and PFM out-of-plane amplitude images were scanned at
(a) 333 K and (b) 388 K. The green arrow in the AFM and PFM images points to the
same area. White dashed squares indicate regions where DC electric fields were previously
applied. Insets within (a) and (b) display PFM amplitude images of smaller areas denoted
by blue and red solid squares. The blue solid square represents the same measurement area.
Micrometer-large lamellar domains are highlighted by blue arrows in the insets of panel
(a). Sub-micron-sized irregularly shaped domains and sub-micron-sized lamellar domains
are marked by white arrows and green squares, respectively, in the insets of panel (b).
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Chapter 9

Conclusions

Accurate control of material properties through various procedures and modifications, as
well as an understanding of the processes that govern dielectric response, enables tailoring
material properties and constructing more reliable, high-performance materials. Thus, the
separation and characterization of the various contributions to the dielectric response are
of great importance in the development of novel, highly responsive dielectric materials.

This dissertation presents three different approaches to enhance the dielectric response
of novel materials and, consequently, improve their dielectric and electromechanical
properties. This chapter summarizes the data obtained through dielectric measurements
for each of the investigated systems.

Composite approach: Cellulose/MXene composites

The first investigated system was developed using a composite approach: flexible cellulose
nanofibrils/MXene composite films were prepared by vacuum filtration or solvent casting,
using either native or carboxylated cellulose nanofibrils and highly electrically and
thermally conductive two-dimensional titanium carbide MXenes (TisC:Tx). Dielectric
measurements over broad frequency and temperature ranges revealed the influence of the
preparation method and type of nanofibrils on the overall dielectric response. While the
intrinsic data at the highest frequencies were almost identical, the increase in both &” and
o’ at low frequencies and high temperatures was much more pronounced in solvent-casted
than in vacuum-filtered samples, which suggests that solvent-casted samples contain a
higher number of free space charges or other impurities. Since these charges increase
dielectric losses and lower the threshold for dielectric breakdown, further investigation of
the dielectric response was done on vacuum-filtered CNF/Ti;C,Tyx composite films. The
number of space charges in the TEMPO-oxidized CNF-based samples was higher since
many hydroxyl groups on the surface of CNF were replaced by highly hydrophilic and
polar carboxylate groups after TEMPO-mediated oxidation of cellulose.

In all as-prepared samples, absorbed water strongly enhanced the dielectric permittivity
and electrical conductivity at low frequencies. After drying at 375 K, low-frequency ¢ and
o’ decreased by orders of magnitude; however, they increased again when the sample was
exposed to air moisture. The effect was less pronounced in composite samples: MXene
sheets not only reduced the space for trapped water within the fibrils network but also
lowered the amount of bound water due to TisCoTx—CNF interactions. Moreover, water
molecules that were absorbed into the free volume of the system and attached to cellulose
polar groups via weak physical or stronger hydrogen bonds were involved in the molecular
motions associated with two secondary dielectric relaxations, particularly in the
noncooperative rotation of lateral groups that corresponded to the ~ relaxation.
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Although the large, two-dimensional MXene sheets formed hydrogen bonds with CNF
surface groups in addition to electrostatic interactions, the dielectric response of the
vacuum-filtered CNF/Ti;C, Ty films resembled that of a percolative composite with
randomly distributed metallic regions within a dielectric matrix. The effective AC electrical
conductivity increased with frequency, rising from the low-frequency plateau,
corresponding to the conductivity of the matrix, toward the high-frequency plateau, which
reflects the conductivity of the MXene. The dependence of ¢’ on MXene content follows
the predictions of percolation theory reasonably well. Accordingly, the dielectric
permittivity increased strongly with increasing MXene content, demonstrating that the
properties of the CNF/Ti;C.Tyx composite can be tuned via percolation. These results
indicate the potential of MXene/cellulose composites for eco-friendly dielectric and
piezoelectric applications, where enhanced dielectric permittivity enables stronger
electromechanical coupling at lower electric fields.

Operation at high electric fields: Poly(ether imide)/polyimide

For the second investigated system, blends of poly(ether imide) (PEI) and polyimide (PI)
were synthesized by the solution casting method. The dielectric response was measured
over broad frequency and temperature ranges and was compared with that of the pristine
polymers. Although the intrinsic dielectric permittivity decreased only slightly, the
electrical conductivity of the blends was approximately half the value of both PEI and PI.
Since the phenyl groups in PI have a stronger positive charge compared to the negatively
charged groups in PEI, the minimum values were observed not in the PEI/50PI blend but
in the PEI/80PI blend. The dependence of both &' and ¢’ on PI content was identical
across the 180-360 K temperature range. At higher frequencies, the dielectric response was
governed mainly by intrinsic dipole moments, whereas at lower frequencies, it was dictated
predominantly by mobile space charges, whose contribution became more pronounced at
elevated temperatures. Comparison of the temperature-dependent low-frequency data in
the blends and pristine polymers, as well as their frequency-dependent response at the
highest measurement temperatures, revealed a significant reduction in accumulated space
charges in the blend systems.

Additional dielectric contributions were detected during the investigation. The aging
process, often associated with the drift of free charge carriers, reduced the permittivity by
less than 1.5 %. The activation energy of the v relaxation, which originated from localized
motions of rigid segments along the polymer backbone, was almost identical in the pristine
and blend samples, indicating that electrostatic interactions between the charged PEI and
PI phenyl groups did not significantly influence the molecular motions underlying this
relaxation. However, since these molecular motions involved water molecules, the -
relaxation was not observed in samples that had been heated to 400 K prior to
measurement. Due to the notable influence of absorbed water on the overall dielectric
response, the impact of high-temperature annealing on the dielectric breakdown strength
was also examined. Unannealed blends exhibited approximately 2.5 times higher E, values
than pristine PEI and PI. Annealing at 400 K for 1 hour before measurement significantly
increased the breakdown strength of the pristine polymers, whereas values in the blend
systems remained almost unchanged. This outcome was attributed to a much higher chain
packing density in the blend systems and, consequently, a lower amount of absorbed water
molecules.

Strong electrostatic interactions between phenyl groups of different polymer chains
indeed resulted in (i) fewer space charges and (ii) higher chain packing density in PEI/PI
blends compared to the pristine polymers. Because dielectric breakdown is initiated by
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charges accelerated by an applied electric field at weak points (i.e., voids in the system),
both features contributed to the enhancement of E,. Thus, blending appropriately matched
polymers proved to be an effective strategy for improving dielectric properties of polymer
systems, especially enhancing the dielectric breakdown strength.

Physical approach — induction of criticality: Antiferroelectric PNZST ceramics
The third approach employed existing knowledge on enhancing functional properties by
inducing a critical end point in a ferroelectric (FE) system and applied it to an
antiferroelectric (AFE) one. The FE-AFE and AFE-PE phase transitions in PNZST
ceramics were investigated by measuring the dielectric response under different external
DC electric fields. It was observed that the first-order transition lines of the FE-AFE and
AFE-PE phase transitions terminate at two separate critical end points. The location of
the FE-AFE critical end point was determined to be at 21 kV em™' and 370 K, while the
AFE-PE critical end point was located at 21 kV em ™' and 396 K. Above these critical end
points, the dielectric response exhibited supercritical behavior, and at 25 kV cm ™' and 388
K, the transitions merged.

The recoverable energy storage density is defined by the relation between the maximum
polarization and the electric field of the FE-AFE phase transition. The optimal ratio
between these two parameters was achieved at the FE-AFE critical end point, resulting in
the best material performance. Furthermore, the strong enhancement of dielectric
tunability was attributed to the proximity of the AFE-PE critical end point at a 1 V AC
probing signal. It was suggested that the combination of flattening of the free energy
potential at the critical end point and the degeneracy of the AFE and PE phases was
responsible for the enhanced dielectric response.

The mechanism behind the dielectric enhancement under a bias electric field in the
antiferroelectric phase of PNZST ceramics was further investigated through in-situ
dielectric and thermal measurements, Rayleigh-type analysis, and piezoresponse force
microscopy. The observed increase in dielectric permittivity with increasing electric field
was attributed to enhanced nonlinear processes, most likely due to domain wall
displacements. This was corroborated by the Rayleigh analysis, which revealed an increased
irreversible contribution in the vicinity of the AFE-FE phase transition. The maximum
dielectric tunability shifted from the temperature of the FE-AFE critical end point
(measured with a 1 V AC signal) to the field-induced triple point temperature (measured
with a 20 V AC signal), while the dielectric tunability increased from approximately 220
to 375 %. This exceptionally high tunability near the triple point was attributed to the
minimization of domain size, as revealed by PFM imaging, and to a corresponding increase
in irreversible domain wall contributions to the dielectric permittivity. These results
suggest that tailoring domain structures is a successful strategy for tuning the functional
properties of not only ferroelectric but also antiferroelectric ceramics. Moreover, it was
demonstrated that criticality, i.e., the presence of a critical end point, can be extended to
antiferroelectric systems and represents a promising approach for enhancing their
functional properties.
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Graphical Summary
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In composites made of cellulose nanofibrils and highly electrically conductive titanium
carbide MXenes, the dielectric response follows the predictions of percolation theory, i.e.,

it increases strongly with increasing filler volume content. (V. Jurecic et al., APL Materials (2024)
12(11): 111102)
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The electric field—temperature phase diagram of antiferroelectric PNZST ceramics exhibits
first-order FE-AFE and AFE-PE transition lines, each terminating at a critical end point.
The presence of a critical end point enhances functional properties such as energy storage
density and dielectric tunability. (V. Jurecic et al, Physical Review Materials (2023) 7(11): 114407)
Minimization of domain size was proposed as the mechanism responsible for the enhanced

dielectric tunability (=375 %) at the temperature of the field-induced triple point. (V. Jurecic
et al., Advanced Functional Materials (2025) 35(2): 2412739)
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