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The present study is focused on describing the influence of the sintering method (fast field-assisted Spark Plasma
Sintering vs. conventional sintering) on the functional properties of BaTig goHf( 1003 ceramics with polymorph
superposition around room temperature. Dense ceramics, derived from nanopowders synthesized via Pechini
method, with grain size downscaled from 3.7 to 0.07 pm were prepared using different sintering strategies. XRD
data at room temperature revealed the presence of mixtures of dissimilar structural modifications either for the
starting nanopowder, as well as for the related ceramics. The Landau-based calculations indicated that different
amounts of polymorphs are stable in these ceramics, by considering the grain size reduction and the strain-stress
fields produced by the fast sintering method, thus confirming the experimental results of the structural and
Raman analyses. By decreasing the average grain size from micro-to nanoscale, a slight decrease of the Curie
temperature, accompanied by the increase of the diffuseness of the ferroelectric-to-paraelectric phase transition
and the decrease of both the permittivity maxima and the dielectric losses was detected. Both the dielectric
response and the ferroelectric P(E) loops indicated a ferroelectric-relaxor crossover as the grain size decreased in
the nanometre range. The beneficial effect of the nanostructuring on the energy storage efficiency was also
revealed.

1. Introduction purpose, specific requirements are desired. For example, energy storage

applications demand for materials with high permittivity, low losses,

In recent years, intensive research and development efforts have
been dedicated to lead-free ferroelectric materials due to their potential
use in multi-layer ceramic capacitors (MLCC) for high-power applica-
tions, non-volatile memories, piezoelectric actuators, pyroelectric IR
sensors, thermistors, energy storage and tunable high-frequency de-
vices, as phase shifters, filters, antennas, etc. [1-6]. For each kind of
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moderate polarization and high breakdown field [7,8], while microwave
devices require dielectrics with high electric-field tunability (n =
&(E)/e(0) > 1.5), moderate permittivity below 1000 and low dielectric
losses (below 3 %) [9,10]. All of these requests can occasionally be
incompatible with one another, and there is a strong interest to
customize the electrical characteristics by discovering new materials,
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material combinations, or processing parameters to provide nano/-
microstructural control.

Among the environmentally friendly lead-free ferroelectric perov-
skites, the model ferroelectric system BaTiOg has attracted considerable
attention as a key electroceramic material [11,12]. BaTiO3 (BT) presents
four structural polymorphs: (i) rhombohedral (R, R3m) below —90 °C,
(ii) orthorhombic (O, Amm?2) in the range (—90, 5)°C, (iii) tetragonal (T,
P4mm) between (5, 120)°C and (iv) cubic (C, Pm 3 m) above the Curie
temperature T¢ = 120 °C [2]. Its spontaneous polarization can be
switched under the application of the electric field between energeti-
cally equivalent orientations (6, 12 and 8 for the T, O and R polymorphs,
respectively), with a hysteretic polarization-field variation. Since the
structural transitions are accompanied by enhancements of the func-
tional responses (i.e. high material constants), a way of engineering
BaTiOs-based materials towards superior properties is to be used in the
range of their structural transformations [13-16], although this may
pose limitations concerning the thermal stability of devices. The main
disadvantages for using pure BaTiO3 (BT) in applications are related to
the hysteretic P(E) and ¢(E) dependences, sharp temperature variation of
the functional properties at the structural transformations and high
losses caused by domain walls relaxations [17]. To reduce such draw-
backs while preserving high permittivity, polarization and/or tunability,
according to the applications needs, lead-free homovalent BaTiO3 solid
solutions have been proposed, following the idea to find a compromise
between such contrasting trends [18]. Among them, B-site homovalently
substituted solid solutions as Ba(Ti,Zr)O3 (BTZ) [18-22], Ba(Ti,Sn)O3
(BTS) [23-29], Ba(Ti,Ce)O3 (BTC) [30] or Ba(Ti,Hf)O3 (BTH) [31-41]
can provide high tunability and reduced hysteresis looparea, high
electrocaloric effect [42], or increased permittivity giving rise to high
energy-storage density (Wye), and superior storage efficiency ()
[43-46]. For all the BaTi;xMxOs(M** = Zr**, sn**, ce*t, Hf*) solid
solutions, a ferroelectric-to-relaxor crossover with modification from a
long-range ferroelectric order to a nanopolar short-range order takes
place, when increasing the substitution degree x. Additionally, the Curie
temperature T¢ decreases as the substitution degree x increases, while
the temperatures associated with the other structural transformations
increase until they meet at the phase convergence point, resulting in the
“pinched” transition within the compositional range of about 0.09-0.15,
depending on both the solute nature and ceramic grain size induced by
the processing conditions [22-24,27,28,47-50].

Despite their high chemical stability and promising dielectric per-
formances, Ba(Ti,Hf)O3 (BTH) compositions have been much less stud-
ied than other BT-based solid solutions and only a few reports
concerning coarse-grained ceramics derived from conventionally pre-
pared solid-state powders [31-40,51,52] are found in the literature. No
systematic study regarding the influence of microstructural features on
the crystal structure and functional properties in multiscale-structured
Ba(Ti,Hf)O3 ceramics was provided so far.

As mentioned, in the BT-based solid solutions, the temperature
ranges for the polymorph transformation are tuned by the substitution
degree, thus providing a strategy for maximizing dielectric, ferroelec-
tric, piezoelectric and energy storage performance at specific composi-
tions around the polymorphic phase boundaries (PPBs), where multiple
phases with different symmetries may coexist [13-15,41,53]. In spite of
the similar general trends concerning the temperature-dependence of
the phase composition in all the BaTi; \MyxO3 solid solutions with any
homovalent M** substitution, the literature experimental data indicate
different values for the critical concentrations of the “pinched” transi-
tion, for the relative amounts of polymorphs at a given solute concen-
tration and for the diverse electrical properties, even for the same
composition of the mixed crystals [50,53]. This effect can be explained
by considering that in such a multifunctional system with phase coex-
istence, the equilibrium between crystallographic symmetries separated
by small energy barriers can be easily disturbed by factors like local
electric and strain-stress fields, which can differ according to the
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nano/microstructural characteristics of each composition, which in
turn, are determined by the starting powders characteristics and ceramic
processing parameters. In order to illustrate this effect, at least at a
qualitative level, a Landau-Devonshire theory-based model is proposed
in the following.

2. Theory: Landau-Devonshire theory-based calculations

The role of homovalent substitution on the phase stability and tem-
perature evolution of polymorph phases in Ba(Ti,M*")05 (M*" = Zr**,
Sn**, etc.) solid solution can be described in a qualitative approximation
by using Landau-Devonshire theory calculations, as proposed by Bell &
Cross, initially for single-crystals [54-56] and further applied for poly-
crystalline ceramics [57,58]. A recent novel method was developed to
explain the enhanced properties of BaTi;.xSnyO3 ceramics with phase
coexistence [59]. In this approach, the Landau free energy was used at
local scale to describe ceramic single grains and then, statistical aver-
aging is performed over all the grains orientations found in different
crystalline states, in order to retrieve the average ceramic properties.

The simulations are based on a sixth order free energy G expansion
on polarization components P; originally proposed in Ref. [56]:

Gitress—free =01 (P} +P3 +P3) +a11 (P} +P3 +P3)
2 (pr% +P%P§ +P§P§> + a1 (P +PS+P5)
a1z [P (P4 +P3) + P2 (P4 PY) +P2 (P +P4) ] + a10sP2P2P?
@

where P;, Py, P3, and Ej, E;,E3 are the components of the polarization
vector on [100], [010], and [001] axis of a single-crystalline ceramic
grain, while the aq, a11, @111, @12, a112, @123 are parameters dependent on
temperature and on the substitution degree with M** onto Ti*" positions
in the BT solid solution and are considered a reference for the coarse
stress-free ceramic. To derive the phase polymorphs at a given temper-
ature, the stable minima of the Gibbs free energy for different values of
the polarization components (P;,P,,P3) are determined by simulations.
The minimum free energy corresponds to the following crystalline
polymorphs: (i) Py = Py =P3 #0 (R), (i) P, = Py # 0,P3 = 0 and the
analogous cases (0), (iii)) P; # 0,P; = P3 = 0 and the analogous cases
(T), and (iv) P; = P, = P3 = 0 (C). The employed parameters are derived
from the ones corresponding to the pure BaTiO3 proposed by Bell &
Cross [54,55] by considering the condition of all the four polymorph
coexistence at the triple point for x =12 %, similarly as proposed in
Ref. [59]. More details concerning numerical values of the a parameters,
the minimization/relaxation algorithms for describing the state of a
single grain, as well as the method to statistically derive the amounts of
the phases at various temperatures and compositions are presented in
ref. [59]

Fig. 1 shows representations of the room temperature free energy for
different orientations of polarizations with respect to Py, P,, P3 axes for
variable substitution degree level: x = 0, 4 %, 7 % and 10 % in the
BaMTi;.4xO3 solid solutions. The 3D representations of the free energy
from Fig. 1(a)-(d) indicate the stable polymorph states by the free en-
ergy minima (indicated in blue colour), as following: for x = 0, T state is
dominant, but also O state is stable, for x = 4 % O is dominant, but also T
is stable, while for x = 10 %, the minimum free energy corresponds to
the R polymorph, but the energy barrier between R and O states is very
small.

The computed crystalline phase amounts corresponding to the four
compositions as a function of temperature presented in Fig. 1(e)-(h) are
very interesting, because they indicate temperature ranges where phases
may coexist. Among them, the composition x = 10 % is one of the most
interesting, because it presents around room temperature, in the range
of (10 — 40)°C, all the possible polymorphs, with predominant R and O
phases, for which 20 possible polarization orientations are allowed (12
in O state and 8 in R state). Due to this, an easy polarization rotation-like
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Fig. 1. Representation of surfaces corresponding to the free energy minimum positions for different orientations (components) of polarization vectors for a stress-free
coarse ceramic with a few substitution levels: (a) x = 0 %, (b) 4 %, (c) 7 % and (d) 10 % in BaTi; 4\M,Os3 solid solutions at room temperature (the free energy value on
these surfaces is represented in colour scale); (e)-(h) the weight of the polymorph phases (R, O, T and C) vs. temperature, calculated for the corresponding

compositions.

switching mechanism between multiple states under the applied field is
likely and therefore, enhanced functional responses may be expected for
this composition. The mechanism of enhancing properties by the exis-
tence of easy paths for polarization rotation in a flattened free energy
profile generated by phase coexistence was proposed by Damjanovic
[60] and it was firstly demonstrated experimentally for BaTi;.xSniO3
ceramics in Ref. [57].

Further, the phase equilibrium can be disturbed in BT-based poly-
crystalline ceramics not only by composition, but for a specific compo-
sition, by variable processing methods giving rise to modifications of
grain size, local variations of the internal strain-stress fields, porosity or
different types of grain boundaries.

In previous works, modifications of the polymorph amounts in BT
ceramics have been found to be produced by the grain size reduction at
nanoscale [61], or by variations of local strains induced by porosity
[62]. To describe the effect of the grain size (GS) reduction for a fixed
composition (x = 10 %), the parameters a; and a;2 are modified, as
following:

a; = alo(t - t(;) + K] /GS7 (2)
where a1 and K; are constants, t¢ is the Curie temperature, and:
a2 =12 + K2 /GS, 3

where a15” and K, are constants. The numerical values of the K; and K3
were considered identical with the ones for BaTiO3 reported in Ref. [61].

In addition, the role of local stress was added to the free energy
accordingly to the following equation:
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G= Gxtrexx—free - Qll (61P% + GZP% + ﬂspg) - Q]z (0'1 (P% +P:23)
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()]

where Q11, Q12 and Qq4 are electrostrictive coefficients, o1, o5 and 63 are
tensile/compressive stresses, and 64, 65 and o¢ are the shear stresses. The
numerical values of the new parameters presented in Eq. (4) are those
reported in Ref. [62].

Starting from the free energy corresponding to the stress-free coarse
ceramic with x = 10 % substitution, such additional terms (eq. (4)) have
been added in the free energy expansion and the new free energy
minima have been determined. The results of such calculations pre-
sented in Fig. 2 illustrate the effect of the two main parameters on the
free energy diagram and on the phase composition: (i) the randomly
distributed stress effects (considered for example along one direction P;)
and additionally, (ii) the contribution of grain size reduction towards
nanoscale. The obtained computed results indicate a general trend at a
qualitative level, irrespective on the nature of M** substituent onto the
Ti** sites of BaTiO3 ceramics and represent a guide concerning the
composition selection and parameters possible to be used to tailor the
phase superposition range in such polycrystalline solid solutions. The
local stresses (stretching, elongation and shear) randomly applied to
different directions favour at room temperature a low energy barrier
between O and T states in a predominant T structure. If additional to the
stresses, GS reduction towards nanoscale is considered by including in
the free energy terms from eqs. (2) and (3), an overlapping of R and C
polymorphs is induced. Therefore, in compositions with phase
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Fig. 2. Diagram presenting the effect of local stress and grain size reduction on the free energy and on the phase composition vs. temperature dependences, as

computed by Landau theory-based simulations of Ba(M,Ti;.x)O3 ceramics.

coexistence, the polymorph composition can be modified by processing
parameters giving rise to internal strain-stress fields and by downscaling
the ceramic grain size, thus inducing modifications of the functional
properties.

According to the theoretical predictions and by considering the
scarce literature data concerning the Hf-doped BT ceramic system
among the Ba(Ti;xMy)Os solid solutions, the composition
BaTig goHf(.1003 obtained from nanopowders synthesized by the modi-
fied Pechini method [63] was selected in the present study for investi-
gation. The influence of the processing methods (conventional sintering
to produce coarse ceramics vs. spark-plasma sintering providing nano-
structuring) on the phase composition, phase transitions and on the
functional properties (dielectric, ferroelectric behaviour and energy
storage performance) is reported.

3. Experimental
3.1. Samples preparation

Previous works on SP-sintered BT ceramics revealed that the grain
growth rate during this fast sintering is very sensitive to the type of the
wet-chemical method used for the powder preparation [64,65]. Thus,
for certain wet-chemical techniques, as the acetate variant of the sol-gel
method or the sol-precipitation route, despite the low size of the starting
particles, their growth is very fast with temperature increase during the
SPS process. Taking into account the results reported by Li et al. [64],
BTH nanopowder synthesized by the modified Pechini method [63] was
considered the most appropriate to be consolidated by SPS, in order to
obtain dense, nanocrystalline ceramics.

Three types of ceramics have been produced by using the same
nanopowder: (i) conventionally sintered in air at 1400°C/4 h, denoted as
BTH_CS and SP-sintered under a pressure of 50 MPa pressure at: (ii)
1200 °C/2 min (BTH_SPS1), and (iii) 1050 °C/2 min (BTH_SPS2). All the
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details concerning the synthesis of nanopowders and concerning the
ceramic consolidation are presented in the Annex 1, Supplementary
Material (Fig. S1).

3.2. Characterization methods

To assess the purity of the perovskite phase in the BaTip.goHfo 1003
powders and related ceramics X-ray diffraction (XRD) investigations
were performed at room temperature (RT) with an Empyrean diffrac-
tometer (PANalytical, Almelo, The Netherlands) with Ni-filtered CuKa
radiation (1 = 1.541874 A), operating at 45 kV and 40 mA in 0 - 0 ge-
ometry. A scan step increment of 0.026° and a counting time per step of
255 s in the 26 range of (20-80)° were chosen for the XRD measure-
ments. The recorded XRD patterns were processed with the High-
ScorePlus3.0.e software. For the phase identification the ICDD PDF-4+
2024 database was used. The lattice parameters, mean crystallite size
(<D>) and internal micro-strains (<S>) were determined by Rietveld
refinement with the HighScore Plus 3.0.e software, using a polynomial
function for background approximation, a pseudo-Voigt function for
peak profile, and a Caglioti function for peak width. The lattice pa-
rameters were calculated by applying the Least Squares Procedure (LSP)
method, using the linear multiple regressions for several diffraction
lines, depending on the symmetry of the unit cell.

A FEI QUANTA INSPECT F50 scanning electron microscope with
field emission gun (FEI, Hillsboro, OR, US) operating at 30 kV, as well as
a TITAN THEMIS ultra-high resolution electron microscope (Thermo
Fisher Scientific, Waltham, MA, USA) operating at 300 kV equipped
with a STEM/HAADF detector and an energy-dispersive (EDS) X-ray
microprobe were used to investigate the particle morphology and to
check the elemental composition. TEM analysis is also coupled with
selected area electron diffraction (SAED), which provides information
regarding the crystallinity and the local structure of the BTH nano-
particles. The same FE-SEM equipment was also used to analyze the
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microstructure of the related BTH ceramics. Both the average particle
size <d> in the starting nanopowder and the average grain size, <GS>
for the ceramics were estimated from the particle/grain size distribu-
tions, which were determined using the OriginPro 9.0 software (Ori-
ginLab, Northampton, MA, USA) by taking into account size
measurements on ~100 particles/grains performed by means of the
software of the electron microscopes (ImageJ 1.50b, National Institutes
of Health and the Laboratory for Optical and Computational Instru-
mentation, Madison, WI, USA, in the case of the scanning electron mi-
croscope and Digital Micrograph 1.8.0, Gatan, Sarasota, FL, USA, in the
case of the transmission electron microscope). The relative density
values of the sintered BTH ceramic samples were calculated as ratio
between the apparent density measured by the Archimedes’ method and
the crystallographic (theoretical) density determined from the XRD
data.

The ferroelectric local switching and domains size were investi-
gated/estimated using vertical piezoresponse force microscopy (V-
PFM). V-PFM measurements were performed using a MFP-3D SA atomic
force microscope (Asylum Research, Oxford Instruments, Santa Barbara,
United States) operating in Dual AC Resonance Tracking (DART) mode.
This technique allows for enhanced sensitivity in the detection of
piezoelectric signals by continuously tracking the contact resonance of
the cantilever. A solid conductive platinum-coated cantilever (Rocky
Mountain Nanotechnology, model RMN-25PT300B) with a nominal
spring constant of 18 N/m was employed for all measurements. The
conductive tip enables simultaneous topographical and electrome-
chanical imaging by applying an AC voltage and measuring the resulting
mechanical response of the sample surface.

For electrical characterization, both faces of the sintered ceramic
discs were polished and coated with silver paste to ensure good electrical
contact and form parallel-plate electrodes. Impedance spectroscopy and
phase shift measurements were performed in vacuum using a computer-
controlled HIOKI 3536 LCR meter (Nagano, Japan). Data were acquired
over a frequency span of 102-10° Hz, with a sinusoidal excitation of 1 V.
The temperature-dependent measurements were conducted during
controlled cooling from 470 K to 50 K at a rate of 1 K/min, with thermal
stability maintained within +0.03 K.

To measure the ferroelectric P(E) loops at room temperature, a
Radiant Precision Multiferroic II Ferroelectric Test System (Radiant
Technologies, INC., Albuquerque, New Mexico, USA) with a frequency
of 1 Hz and double bipolar input as the electric signal was used. The
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~ 3000 |- ]
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= Is T8 s
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applied field was increased until the electrical response became unsta-
ble, indicating the proximity of the ceramic sample’s breakdown.

The local order in the BTH ceramics was investigated by Raman
spectroscopy, using a LabRAM HR Evolution spectrometer (Horiba,
Kyoto, Japan). The Raman spectra were obtained using the 514 nm line
of an argon ion laser. The laser beam, with a power of 125 mW, was
focused on spots of a few micrometers in size on the samples. Data were
collected and analyzed for the non-polarized radiation scattered at 90°,
with an acquisition time of 120 s during 3 runs recorded for each sample.
To assess the type of the phase transitions, temperature dependence of
Raman scattering was investigated by collecting spectra recorded be-
tween 148 and 473 K, with an increment of 25 K.

4. Results and discussions
4.1. Phase purity, crystal structure and morphology/microstructure

4.1.1. BaTip goHfp.1003 nanopowder

The X-ray diffraction pattern recorded at room temperature showed
a perovskite well crystallized single-phase composition for the as-
synthesized BaTip.goHfp 1003 nanopowder (Fig. 3(a)). The Rietveld
analysis indicated that actually the powdered sample consists of a
mixture of two polymorphs: C (Pm3 m) and T (P4mm), with a prevalence
of the C structure, as indicated in Table S1 of Annex 2, Supplementary
Material and in the detail of the region corresponding to the diffraction
angles 20 = 43.25-47.25° of the XRD pattern (Fig. 3(b)).

The structural features, i.e. the unit cell parameters and volume,
theoretical density, mean crystallite size and internal micro-strains for
each phase, together with the Rietveld fitting parameters are also listed
in Table S1 of Annex 2, Supplementary Material.

The BTH powders were ultrasonically de-agglomerated, sieved and
then, the particles morphology was investigated by FE-SEM and TEM
analyses. The FE-SEM image of Fig. 4(a) indicates the presence of nano-
sized particles with a certain agglomeration tendency, which only gives
a rough estimation of particle size.

To clearly visualize the shape of the particles and rigorously deter-
mine their average size, TEM investigations were performed. The bright-
field TEM image of Fig. 4(b) reveals equiaxed, evenly-sized particles,
with unimodal size distribution, as indicated the histogram depicted as
inset in the bottom-right corner of Fig. 4(b). The mean particle size
<d> = (18.2 £+ 4.7) nm estimated by statistical analysis is close to the

(b)

Intensity (a.u.)

[l Tetragonal 38.9 %

¢3¢

[l Cubic 61.1 %

45
20 - CuKa (%)

46

Fig. 3. (a) Room-temperature X-ray diffraction pattern for the BaTig goHf.1003 nanopowder prepared by the modified Pechini method and annealed at 900 °C for 2 h
and (b) detail (the yellowish rectangle of Fig. 3(a)) of the region corresponding to the diffraction angles 20 = 43.25-47.25°, showing the coexistence of a major cubic

phase along with a minor tetragonal phase.
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Fig. 4. (a) SEM image; (b) TEM image: inset in the bottom-right corner — histogram indicating the particle size distribution; (c¢) HRTEM image; (d) SAED pattern and
(e) EDX spectrum of the BaTig.9oHfp 1003 (BTH) powder.
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mean crystallite size value (<D > 20.0 + 3.1) nm calculated from the
XRD data (Table S1 of Annex 2, Supplementary Material), indicating
that the BTH nanopowders consist of single-crystal particles, devoid of
defects such as low-angle boundaries or dislocation networks, which
usually affect the lattice order in single crystals. The high crystallinity
degree is proven by the long-range ordered fringes showed by the
HRTEM image of Fig. 4(c), as well as by the bright spots composing the
concentric diffraction rings as indicates the SAED pattern of Fig. 4(d).
The EDX spectrum recorded on the BTH powder shows exclusively peaks
ascribed to the atomic species of the perovskite phase, i.e. Ba, Ti, Hf, and
O (Fig. 4(e)), suggesting that no contamination took place during the
powder synthesis process. It has to be mentioned that the presence of the
C and Cu peaks is related to the holey carbon coated film Cu grid used for
TEM investigation.

4.1.2. BaTip 9oHfp.1003 ceramics

As the starting BTH nanopowder, the ceramic samples resulted after
consolidation are free of residual Ba- or Ti-rich phases, consisting only of
well-crystallized perovskite BaTig goHfy 19003 solid solution, as shown in
Fig. 5(a)-(d) and (g). The best fitting parameters of the Rietveld
refinement (Table S2 of Annex 2, Supplementary Material) were ob-
tained considering the coexistence of dissimilar polymorphs in all the
three specimens under investigation, irrespective of the sintering tech-
nique used.

At room temperature, a mixture of a major (O) phase and a signifi-
cantly lower amount of (R) phase was found for the ceramic sample
(BTH_CS) obtained by conventional sintering, as indicates the decon-
volution of the reflections located at ~45° and ~75° in the corre-
sponding pattern (Fig. 5(b) and (c)), which also corresponds to the phase
superposition determined for the stress-free coarse BaTiggoHfo 1003
ceramic by Landau free-energy calculations presented in Fig. 1. A similar
mixture of polymorphs was also reported by Elorika et al. [52] for their
BaTig 92Hf.0s03 ceramic prepared by the solid-state-reaction method.
For the BTH specimens consolidated by spark plasma sintering (SPS), the
crystalline structure depends on the sintering temperature. Thus, a
three-phase composition, consisting of a mixture of close proportions of
orthorhombic (O) and tetragonal (T) modifications (O: 48.4 %, T: 43.2
%), together with a small amount of rhombohedral (R: 8.4 %) poly-
morphs, was detected for the (BTH SPS1) sample sintered at higher
temperature (Fig. 5(e) and (f)), while in the specimen SP-sintered at
1050°C (BTH_SPS2), a two-phased composition with R and C poly-
morphs was found (Fig. 5(h) and (i)). The modification of phase
composition is related to the specific microstructural factors induced by
the mechanisms involved in the SPS consolidation with respect to the
conventional sintering, as it will be explained below.

The results displayed in Table S2 of Annex 2, Supplementary Mate-
rial, show notable differences in the values of the mean crystallite size
and internal micro-strains for dissimilar structural modifications.
However, an inversely proportional relationship between the mean
crystallite size and the mean value of the internal micro-strains, irre-
spective of the unit cell symmetry, can be noticed. For the samples
consolidated by SPS, the unit cell symmetry of the major phase, i.e. the O
in BTH SPS1 and R one in BTH_SPS2, could be influenced by particular
microstructural features determined by the sintering temperature. It is
expected that dissimilar microstructures will induce changes in the
ferroelectric-paraelectric phase transition, accompanied by changes in
the crystalline structure at room temperature. Further Raman in-
vestigations and dielectric measurements will clarify the role of the
microstructural features, especially grain size, on the crystal structure of
the BTH ceramics analyzed here.

The microstructure is determined by the sintering strategy used to
consolidate the ceramic bodies (Fig. 6). All the specimens exhibit dense
and homogeneous microstructures, with equiaxed grains, uniform as
shape and size (Fig. 6(a)-(c), (e)).

The histograms depicted as insets in Fig. 6(a)-(c), (e) indicate
unimodal grain size distributions, with average <GS> values of 3.7 pm,
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2.8 pm and 0.07 pm for the samples BTH SPS1, BTH_CS and BTH_SPS2,
respectively. Thereby, it was found that, no matter of the consolidation
technique, coarse-grained samples, with almost similar average grain
size in the micron range, resulted after sintering at higher temperatures
(1400°C/4 h for CS and 1200°C/2 min for SPS (Fig. 6(a)-(c)), whereas a
fine-grained specimen, with <GS> downscaled in the nanometre range,
was obtained after SPS at 1050°C/2 min (Fig. 6(e)).

Higher magnification FE-SEM images of Fig. 6(b)-(d), (f) show
morphological details of the three types of samples investigated here.
For the coarser ceramics, although the <GS> is quite similar, some
differences in the morphology of the grains, determined by the type of
sintering, can be observed (Fig. 6(b) and (d)). Even if both specimens
consist of polyhedral grains, the faceting of the grains is more pro-
nounced and their shape is better defined in BTH_ SPS1 ceramic (Fig. 6
(d)), than in BTH_CS (Fig. 6(b)).

In BTH_SPS1 the grains are tightly packed together, exhibiting well-
defined edges, smooth faces, perfect triple junctions (Fig. 6(d)) and
almost full densification. In BTH_CS, the more irregular shape of the
grains and their rough faces seems to indicate as growth mechanism the
coalescence of smaller grain into larger ones. This imperfect morphology
determines the appearance of a small amount of inter-grain porosity,
together with some small, isometric, intra-grain pores (Fig. 6(b)). For
the nanocrystalline BTH_ SPS2 sample, despite the much lower <GS>
value relative to that one determined in BTH_SPS1, the specific features
induced by the SPS processing, i.e. pronounced faceting, advanced
densification and lack of porosity are maintained, as show the details
presented in the high-magnification FE-SEM image of Fig. 6(f).

The observed phase composition and microstructural differences are
related to the differences between the involved sintering methods. With
respect to the conventional sintering, which takes place by a slow
equilibrium densification process allowing the grain growth and equil-
ibration of defects and of the local strain-stress fields, SPS provides a
fast, non-equilibrium consolidation mechanism. It was demonstrated
that internal strains and inhomogeneous stress fields are induced in
ceramics by short-time SPS, in particular when using lower sintering
temperatures [66-68], than those specific to the conventional sintering.
Therefore, the BTH samples consolidated by SPS maintained a higher
levels of internal strain-stress than that one consolidated by conven-
tional sintering (Table S2 of Annex 2, Supplementary Material), even
after the re-oxidation step. Additionally, their relative densities are
higher: 99.7 % (BTH_SPS1) and 98.8 % (BTH_SPS2), with respect to 94 %
for the ceramic (BTH_CS), which cause a higher level of the internal
stress, also. The significant proportion of C modification found in the
nanocrystalline BTH SPS2 ceramic could be explained in terms of a
faster evolution toward the ferroelectric-paraelectric phase transition as
result of GS reduction [69], together with the high strains exerted in the
grain boundary regions induced by nanostructuring.

From the structural point of view, nano-sized grains can be likened to
composite systems, consisting of ferroelectric cores with polar structure
and non-ferroelectric layers, adjacent to the grain boundaries, exhibiting
the so-called “pseudo-cubic structure” determined by complex stress-
induced distortions, as recently reported for nanocrystalline Bag gSrg 2.
TiO3 ceramics [70]. For a nanocrystalline specimen, the lower GS, the
higher is the density of both the grain-boundary regions and the related
pseudo-cubic “dead layers”. Therefore, nanostructuring in BTH SPS2
specimen determines lower values of the average crystallite size, <D>
and higher internal micro-strains, <S>, as XRD data revealed. Such
features have also been reported for other nanocrystalline BaTiO3-based
systems [70,71]. By considering terms related to the local stresses inside
the ceramic body (randomly distributed shrinkage, stretching and shear
stresses) in the Landau free energy of the coarse, stress-free ceramic
system (assigned to the BTH_CS sample), a phase mixing consisting of T
and O polymorphs was computed as stable (to be compared with major
O, T polymorphs and small amounts of R states in the BTH SPSI
ceramic). When considering also the terms related to the GS reduction to
the nanoscale, a similar phase composition (R and C co-existence) as in
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Fig. 5. (a)-(c) Room-temperature X-ray diffraction patterns for BaTig goHfy 1003 ceramics consolidated by different strategies: (a) conventional sintering at 1400°C/
4 h (BTH_CS), (d) spark plasma sintering at 1200°C/2 min (BTH_SPS1), (g) spark plasma sintering at 1050°C/2 min (BTH_SPS2); (b), (e), (h) details (the yellowish
rectangles of Fig. 5(a)-(d), (g)) of the region corresponding to the diffraction angles 20 = (43.7-46.2)° and (c), (f), (i) details (the light blue rectangles Fig. 5(a)-(d),
(g)) of the region corresponding to the diffraction angles 20 = (73.7-75.5)°, showing the coexistence of BTH phases with different symmetries of the unit cell.
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the experiment for the BTH SPS2 ceramic was determined. Taking into
consideration these results, we can conclude that the structural results
are in a good agreement with the qualitative estimations resulted from
Landau theory-based calculations (Fig. 2), which show how the phase
composition may change according to the random internal stress fields
and reducing GS. These structural and microstructural differences are
expected to provide variable functional properties of the analyzed
ceramics.

4.2. Low-field dielectric properties

4.2.1. Temperature-dependent dielectric properties

The low-field dielectric study BaTig goHfp.10O3 ceramics consolidated
by the three sintering strategies allows to trace the evolution of the
dielectric response across the ferroelectric—paraelectric transition and to
identify features associated with domain dynamics, phase transitions,
and relaxation mechanisms, highlighting the role of grain size,
morphology and densification in shaping the dielectric response. The
temperature-dependent dielectric response was analyzed over a broad
frequency range (10 Hz-10° Hz) in terms of the real part of the
permittivity (¢") (Fig. 7(a)-(c), (d)) and dielectric losses (tan 8) (Fig. 7
(b)~(d), (D).

The coexistence of various structural modifications in a broadened
temperature range as a result of the proximity and diffuseness of the
ferroelectric-to-paraelectric phase transition has been reported for
BaTig goHf(.1003 ceramics obtained by the classical solid-state reaction
method [32,38,39]. For the present BTH samples, a broad prominent
peak observed around 340 K in the temperature dependence of the real
part of the dielectric permittivity (¢) corresponds to the ferroelec-
tric—paraelectric phase transition, irrespective to the consolidation
method. The wide permittivity maxima comprise the room temperature
range, where the structural data indicated phase coexistence for all the
samples, with variable amounts of the O, T, R and C polymorphs. The
transition is sharper and is characterised by the highest permittivity
maximum for BTH SPS1 (~6510 at 100 Hz), which indicates that a
well-defined long-range ferroelectric order is retained. The position of
the permittivity maximum remains constant across the investigated
frequencies, with only a subtle frequency dispersion of ¢(T) just below
the transition (inset of Fig. 7(a)). Thus, while the Curie temperature (T¢)
is unchanged, the permittivity values below T¢ show increasing sepa-
ration with decreasing frequency. This behaviour points to the emer-
gence of frequency-dependent polarization dynamics, typically
associated to the onset of local polar instabilities. Such a mild dispersion,
in the absence of a frequency shift of the T¢ towards higher tempera-
tures, is characteristic of a material exhibiting incipient relaxor cross-
over regime.

The incorporation of Hf*" ions on Ti sites into [TiOg] octahedra are
triggering local polarization fluctuations below T¢ and contribute to
frequency-dependent dielectric response. However, long-range ferro-
electric domains still dominate the overall polarization mechanism.
Above T¢, the permittivity curves merge and follow a nearly frequency-
independent linear decrease, characteristic of a paraelectric phase. The
dielectric losses (Fig. 7(b)) remain low and stable, with tan § values
typically below 0.13 at 1 MHz, indicating excellent dielectric perfor-
mance and minimal energy dissipation associated with both conduction
and relaxation processes across the entire investigated temperature
range. The slightly higher losses at elevated frequencies indicate modest
frequency dispersion due to the presence of a weak dipolar relaxation
process associated with intrinsic lattice dynamics. The rise in losses
observed above T reflects the increasing contribution of thermally
activated charge carriers, which become more mobile at elevated tem-
peratures and are able to follow low-frequency electric fields. This leads
to enhanced energy dissipation at lower frequencies. The onset of
conduction-related mechanisms, such as interfacial polarization and
Maxwell — Wagner-type relaxation occurs at grain boundaries below
~10% Hz. These effects are largely suppressed at higher frequencies,
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where the dielectric response remains dominated by intrinsic polariza-
tion processes and tan § = 0.07 at 1 MHz.

Compared to the almost fully densified BTH SPS1 sample, the
conventionally sintered BaTig goHfp.1003 specimen (BTH_CS) exhibits a
ferroelectric-paraelectric phase transition with a significantly lower
permittivity maximum (~3352 at 102 Hz), located at T¢ ~ 340 K (Fig. 7
(c)). Although the GS in both samples is comparable, the BTH_CS sample
has ~6 % porosity, which explains the reduction in permittivity. The
phase transition appears broader and more diffuse, with £(T) curves
exhibiting frequency dispersion on both sides of T¢. The permittivity
decreases with increasing frequency, from ~3352 at 102 Hz down to
~2357 at 105 Hz, yet the temperature of the dielectric maximum re-
mains unchanged, indicating that the material does not exhibit relaxor
behaviour (inset of Fig. 3(c)). These features are instead consistent with
a more diffuse phase transition, likely enhanced by microstructural in-
homogeneities and local compositional disorder. The dielectric loss
tangent (tan §), presented in Fig. 7(d), remains below 7 % for T < T¢ and
is slightly lower than that of the BTH_SPS1 in this regime. However, tan §
increases above T¢, showing stronger frequency dependence, particu-
larly at low frequency values. This behaviour is attributed to the less
compact microstructure and lower grain size involving a more extended
network of grain/pore boundaries, which facilitate interfacial polari-
zation processes, such as Maxwell-Wagner-type relaxation. The onset of
thermally activated conduction mechanisms further contributes to
dielectric dissipation, leading to a steep increase in tan § values,
reaching up to 0.8 at 10 Hz.

As illustrated in Fig. 7(e), €(T) dependence of the nanocrystalline
ceramic specimen consolidated by SPS at lower temperature (BTH_SPS2)
exhibits a broad and asymmetric peak, significantly lower in magnitude
than those of the above-discussed microstructured ceramics, with a
maximum ¢ of ~2088 at 102 Hz. The transition range is the broadest in
this sample and the maximum permittivity range is closest to the room
temperature, which explains the important amount of the C polymorph
found by the XRD analyses. A defining characteristic of this sample is the
frequency dependence of the transition temperature, which shifts from
~330 K at low frequencies (10% Hz) to ~340 K at high frequencies (10°
Hz), as shown in the inset of Fig. 7(e). This frequency dispersion of T¢ is
a well-established signature of relaxor behaviour, indicative of a dy-
namic response governed by the freezing of polar nanoregions (PNRs),
unlike the sharp phase transition typical for classical ferroelectrics. This
dielectric relaxation is strongly linked to the nanostructure. The nano-
sized grains induce a high concentration of grain boundaries and local
structural heterogeneities due to the inhomogeneous strain-stress local
fields, which disrupt long-range ferroelectric order and facilitate the
development of short-range, dynamic polar correlations. The resulting
behaviour aligns well with the characteristics of a relaxor ferroelectric,
or at minimum, a system undergoing a relaxor crossover.

Fig. 7(f) shows moderate and well-controlled dielectric losses across
the entire temperature range. The values of tan § range from ~0.14 at
50 K and 10° Hz, and gradually decrease with both decreasing frequency
and increasing temperature, reaching values as low as ~0.008 at 460 K
and 10? Hz. Unlike the coarser samples, no sharp increase in tan § is
observed above T¢, indicating a suppression of conduction-related losses
due to the nanostructure of the BTH SPS2 specimen. In this case, the
gradual and continuous decrease in tan § with increasing temperature,
along with its broad and frequency-dependent profile, further supports
the presence of relaxor-type dielectric relaxation mechanisms.

4.2.2. Modified Curie-Weiss analysis at multiple frequencies

In classical ferroelectrics, the permittivity in the paraelectric phase
follows the Curie-Weiss law above T¢, as described by Cross [72]. The
incorporation of Hf leads to an increase in the diffuseness of the phase
transition, as previously suggested by the broadening of the
temperature-dependent permittivity peak. The frequency-dispersion of
the phase transitions and the degree of diffuseness in Hf-doped BaTiO3
ceramics can be explored using the modified Lorentzian-type
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Curie-Weiss equation [73]:
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where: ¢}, is the maximum permittivity at the characteristic Curie
temperature Tg, ¢ defines the temperature span of the diffuse transition,
and y is the critical exponent characterizing the degree of diffuseness (y
=1 for normal ferroelectrics and y = 2 for ideal relaxors). By performing
this analysis at two representative frequencies of 102 Hz and 10° Hz, the
frequency dependence of the Curie temperature (T¢/Ty), of the
maximum permittivity (¢',) and of the extent of dispersion are evalu-
ated. The parameters €'y, Tc, 7, and & resulted from the nonlinear fitting
of the experimental data, are summarized in Table S3 of Annex 3,
Supplementary Material.

Fig. 8 presents the temperature dependence of both the permittivity
analyzed according to the modified Curie — Weiss law and the dielectric
losses, at low and at high frequency, respectively.

The variation of the permittivity with temperature, fitted using the
modified Curie-Weiss law, is shown in Fig. 8(a) and (b), for frequency
values of 102 Hz and 10° Hz, respectively. The results will be discussed
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in terms on both the sintering strategy and the measurement frequency.

At 10? Hz, the BTH SPS1 sample exhibits the highest permittivity
value (¢', = 6538) and a sharp transition (T¢ = 345 K) with moderate
diffuseness (y = 1.5; £ = 10.8 K), indicating a relatively well-preserved
long-range ferroelectric order despite doping. BTH CS sample shows a
lower permittivity (¢}, = 3459) and slightly reduced T¢ of 340 K, with a
narrower transition (¢ = 7.27 K) and y closer to 1 (y = 1.15), consistent
with a typical ferroelectric behaviour.

The BTH_SPS2 specimen, which has the finest grain size, stands out
by presenting the lowest permittivity (¢, = 2250), the lowest T¢ (330
K), and a highly diffuse phase transition with y = 1.76 and a broad ¢ =
38 K. These values clearly suggest a shift from the classical ferroelectric
behaviour toward a relaxor-like response influenced by an increased
structural disorder and the high density of grain boundaries. From the
point of view of the consolidation process, it is clear that fast SPS pro-
cessing tends to broaden the ferroelectric-paraelectric transitions (as
observed when comparing the £values), most likely by creating un-
compensated local strain-stress fields, with respect to the equilibrium CS
method, which provides as result, sharper permittivity variations in the
Curie range. Additionally, the nanostructuring (BTH SPS2 sample)

ceramics
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the dielectric losses, tan §(T) at fixed frequency values of: (a), (c) 102 Hz and (b), (d) 10° Hz for BTH ceramics consolidated by different strategies.
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enhances the flattening and broadening of the permittivity vs. temper-
ature maximum by the presence of a large number of grain boundaries,
as already mentioned. At 10° Hz, all samples exhibit a reduction in €,
due to the limited ability of dipolar entities to follow the high-frequency
field. This effect is most pronounced in BTH_CS ceramic (¢, drops from
3459 to 2391 with ~31 %) and BTH_SPS 2 (from 2250 to 2010 with
~10.7 %), while for BTH_SPS_1 the reduction is only of 0.7 % (from 6538
to 6490), suggesting better dielectric stability with frequency. More-
over, both y and ¢ increase with increasing frequency in all samples,
which reflects enhanced polarization dispersion.

The Curie temperature remains unchanged for the coarse BTH SPS1
and BTH_CS ceramics. A slight frequency increase of T results for
BTH_SPS2 that shifts from 330 K at 10% Hz to 340 K at 10° Hz. The
observed shift in the nanocrystalline ceramic is specific to the systems
with relaxor-like dynamics, where polar nanoregions respond differ-
ently depending on the frequency. At low frequencies, slower dipolar
entities can contribute to the dielectric response, resulting in a lower
apparent Tc. At high frequencies, only faster polar fluctuations can
follow the field, and the permittivity maximum slightly shifts to higher
temperatures. This frequency-dependent T¢, coupled with the increased
broadening of the transition and the reduced permittivity, consolidate
the idea that the BTH SPS2 specimen exhibits characteristics closer to a
relaxor state, driven by the enhanced structural disorder and the high
density of grain boundaries associated with the nanostructure.BTH SPS1
lies in an intermediate regime, with broadened transitions but still
relatively high ¢, and stable Tg.

The dependence of both the Curie temperature (T¢/Ty,) and the
maximum permittivity (¢,) on the average grain size (<GS>) at a fre-
quency of 10 kHz is comparatively presented for the ceramics under
investigation and for a BTH ceramic with similar composition, prepared
by the solid-state-reaction method by Tian et al. [36] and measured in
similar conditions (Fig. S2 of Annex 3, Supplementary Material).

The corresponding variation of loss tangent (tan ) with temperature
increase is displayed in Fig. 8(c) and (d). For both the coarse-grained
BTH_SPS1 and, especially, BTH_CS ceramics, the dielectric losses show,
at low frequency, a pronounced increase near the transition temperature
and above T, consistent with conduction or relaxation losses in a system
with strong polarization dispersion (Fig. 8(c)). An opposite variation
was found in the nanocrystalline BTH SPS2 sample, where the dielectric
losses decrease 5 times (from 0.04 to 0.008) when the temperature in-
creases from 50 to 460 K. This behaviour can be explained in terms of the
a.c. conductivity (o,.c.), which decreases with increasing temperature
over almost the entire frequency range in the nanocrystalline BTH SPS2
specimen (Fig. S4(c) of Annex 5, Supplementary Materials). At high
frequency tan § values are lower and decrease with temperature
increasing, especially for BTH SPS1 and BTH SPS2 (Fig. 8(d)).

To complete the perspective on the dielectric behaviour with a more
detailed understanding of polarization dynamics and energy dissipation
mechanisms, the response of the BTH ceramics to an alternating electric
field was investigated across a broad frequency range. The frequency-
dependent dielectric properties and the charge transport mechanisms
analyses are presented exhaustively in Annex 4 (containing Fig. S3) and
Annex 5 (containing Table S4 and Fig. S4), Supplementary Material. The
analysis of a.c. conductivity as a function of frequency and temperature
enables the distinction between localized charge carrier dynamics (such
as hopping conduction) and long-range conduction mechanisms and
provides complementary information on how the conduction mecha-
nisms evolve with microstructure and thermal activation.

4.3. Ferroelectric properties and energy storage performance

The local ferroelectric character was observed by piezoresponse
force microscopy PFM (Fig. S5 in Annex 6, Supplementary Material).
The coarse-grained BTH_SPS1 and BTH_CS ceramics with micron-sized
grains display similar extended and continuous domain structures,
with broader domain size distributions. They also contain a significant
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fraction of larger domain sizes which allow the free domain walls
propagation to form long-range ferroelectric domains. The nano-
crystalline BTH SPS2 specimen comprises mostly single-domain grains,
together with larger ferroelectric domains extending over several grains,
which are usually pinned due to the grain boundary regions entrapped
inside these domains, thus hindering the local ferroelectric switching.
This particular feature rather would induce a “frozen” polarization, as
found earlier in nanocrystalline BaTiO3 ceramics [74], which is likely to
affect to an important extent the macroscopic ferroelectric P(E)
switching process.

Fig. 9(a)-(d) shows the macroscopic ferroelectric P(E) loops recor-
ded for the investigated BaTig goHfp.1003 ceramics. It is clear that the
different sintering strategies which provided samples with dissimilar
structural modifications and microstructures play an important role on
the hysteretic response. The polarization-field (P(E)) dependences, as
well as the polarization and coercive field values are in the same range as
reported in both ref. [38] for similar compositions with pseudocubic
phase at room temperature (without any data concerning their GS) and
in Ref. [39], where properties of BaTig goHfp 1903 with R structure at
room temperature and GS around 3 — 4 pm have been reported. The
ceramic BTH_SPS1 sustained the application of a high field of 50 kV/cm
amplitude, which is enough to provide saturation. It presents a stable
polarization-field switching response, with symmetrically shaped
well-closed hysteresis loop (Fig. 9(a)) and the characteristics: remanent
polarization P, = 5.5 pC/cmz, coercive field E =3.8 kV/cm, and rect-
angularity factor (P./Pg) relatively small, of ~0.27.

In BTH_SPS1, the saturation polarization value is the highest among
the investigated samples, due to the superposition of O, T and R sym-
metries, which provides 26 allowed polarization states for the ferro-
electric switching. The polarization values are smaller with respect to
ones reported for coarse ceramics prepared by solid state reaction, with
close compositions: 15 pC/cm2 for BaTig.goHfp.1103, but with larger
grains [39] and similar to those ones reported for BaTip ggHfp.1203 (Pr =
7 pC/cmz) [40]. The slim and tilted loop with high values for the satu-
ration polarization can be explained by the presence at room tempera-
ture of the ferroelectric O and T polymorphs, while the small value of the
rectangular factor can be attributed to the tendency towards the relaxor
character induced by the addition of 10 % Hf.

The ceramic BTH_CS sample consolidated by conventional sintering
presents a large hysteresis loop with smaller polarization P, = 5.5 pC/
cm?, Ec = 10 kV/cm and P,/Pg = 0.49, whose switching behaviour is
related to the O and R phase superposition, to the 6 % porosity level and
also contain a high-field resistive lossy contribution.

The hysteretic response of the dense, nanostructured BTH SPS2
ceramic is characterized by a very slim and tilted loop, with small hys-
teresis area and low non-linearity, with respect to that one of BTH SPS1.
The P(E) loop is still not completely saturated at 50 kV/cm field
amplitude, for which the remanent polarization is P, = 0.55 pC/cm?, the
coercive field of Ec = 2 kV/cm and rectangularity factor P,/Ps = 0.05.
This switching behaviour is the result of the synergic effect related to: (i)
the presence of non-polar C polymorph together with the polar R one
detected at room temperature for this ceramic and (ii) the nanometric
GS, which jointly induce a combination between relaxor-like state with
almost zero macroscopic polarization and zero coercivity, generated by
the 10 % Hf substitution [28,75] with a frozen-like polarization
(impossibility of switching due to the domain walls pinning by the
extended number of grain boundaries, i.e. infinite coercivity), as found
in nanocrystalline BaTiO3 ceramics [69,74,76,77]. Therefore, the loop
tilting towards a non-hysteretic polarization-field response determined
for the BTH_SPS2 ceramics can be comprehended by the three combined
factors induced by the Hf addition and SPS sintering consolidation: the
approaching of ferroelectric-relaxor crossover, the GS reduction down to
nanoscale and the approaching of the paraelectric state around room
temperature, as indicated by the presence of C polymorph.

The energy storage performance has been evaluated from the hys-
teresis loops by estimating four properties: the stored energy density
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Fig. 9. P(E) ferroelectric hysteresis loops determined at room temperature (frequency of 1 Hz), under variable electric field amplitudes for the BaTig 9oHfo.1003
ceramics produced by various consolidation methods: (a) BTH SPS1; (b) BTH_CS; (c) BTH.SPS2 and (d) comparative hysteresis loops recorded at the maximum
applied electric field; energy storage characteristics: (e) energy storage density (W), energy loss density (Wjoss) and recoverable energy density (W) and (f)
storage efficiency (1), estimated for the applied field E = 50 kV/cm.
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(Wstor), energy loss (Wjess), the recoverable energy density (Wie.) and
the energy storage efficiency (1), according to eq. (6) [78]:

- Wrec:, n

stor

P max P max
Witor = / Edp; Wiee = / Edp; Wiess =
0 Py

r

o Mo ©
Wrec + WIOSS

The influence of grain size, GS on these properties is revealed in
Fig. 9(e) and (f). Among the BTH investigated samples, it is noticed the
advantage of using SPS consolidation in providing higher energy den-
sities and lower energy loss, thus inducing high storage efficiency with
respect to the classical sintering sample. The ultrafine nanocrystalline
BTH_SPS2 ceramic has a storage efficiency 7 of 86.9 %, which is superior
to the one reported for fine-grained Bag ¢Srg 4TiO3 ceramics with almost
similar grain size, investigated in the past (7 ~ 70 %) [71]. Both the
SP-sintered BTH ceramics have storage performances similar to those
ones reported for other BaTiOs-based ceramics [7], as for example in
nanostructured BT ceramics with GS = 136 nm [79], in Bag 3Srg7TiO3
solid solutions [80], in local compositionally graded relaxor ferroelec-
tric BaTiO3@SrTiO3 with core-shell structure [81], or in (Bag.70Cag.30)

TiO3 ceramics, with a lower efficiency [82], etc.

4.4. Short-range ordering and evolution of phase transitions vs.
temperature by Raman spectroscopy investigations

Raman spectroscopy represents a complementary investigation
technique, more sensitive than XRD in revealing peculiar local distor-
tions induced by doping and/or by nanostructuring in BaTiOs-based
materials. Even if for other homovalently B-site substituted barium
titanate solid solutions as Ba(Ti,Zr)Os (BTZ) and Ba(Ti,Sn)O3 (BTS)
extensive Raman spectroscopy studies have been performed and many
data have been reported in this sense [83-86], the literature regarding
structural modifications analyzed by Raman scattering in Ba(Ti,Hf)
Osceramics is scarce [40,52,87,88]. Raman spectra recorded at room
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temperature for BTH ceramics with various grain sizes determined by
dissimilar consolidation strategies are displayed in Fig. 10.

In the low-wavenumber zone (region 1), the main features specific to
the ferroelectric BaTiO3 as the sharper peaks assigned to the phonon
modes located at 103 cm™! [E(TO)], 185 cm™! [A1(TO1)) + E(LO)] and
296 cm ™! [B1, E(TO + LO)], but also the broad, asymmetric band located
at 230 cm ™! [A1(TO,)], were detected for all the three BTH ceramics.
For the microstructured BTH SPS1 and BTH_CS samples the Raman
spectra at room temperature seem quite similar. The presence of the
already mentioned sharp peaks, particularly of the “silent” mode [B;, E
(TO + LO)] located at 296 cm ™!, together with the interference dip at
174 cm ™! clearly indicate the long-range polar order, proving that these
BTH ceramics are found at room temperature in the ferroelectric state,
which sustains the XRD data, as well as the results regarding the low-
field dielectric response vs. temperature. It is worth to mention that
the triple mode (peaks at 113, 137 and 164 cm™!) is specific to the
rhombohedral (R) phase [19,89-91]. The interference dip at 124 cm Lis
ascribed to the coupling between [A;(TO)] modes [83] due to the
presence in the crystalline lattice of dissimilar BOg octahedra deter-
mined by the high difference in ionic radius between the substituted
Ti** and substituting Hf** species. These features were also found in the
Raman spectrum of bulk BaTig g9Zr( 1003 ceramics, proving the presence
of R distortion at room temperature in B-site substituted BaTiO3 systems.
The small peak located at 185 cm™!, visible a left-side asymmetric
feature of the [A1(TO)] mode is assigned by some authors to the [A1(TO)
+ E(LO)] phonon mode specific to an orthorhombic (O) local order [89,
92]. All these room-temperature characteristics indicating polar order
are also maintained in the nanocrystalline BTH_SPS2 specimen, but they
are less intense due the overall flattening of the Raman spectrum. This
can be explained in terms of the appearance of a certain amount of
pseudo-cubic phase, rather originated in the stress-induced distortions
in the grain-boundary regions than in the proximity of the
ferroelectric-to-paraelectric phase transition.

In the high-wavenumber zone, denoted as region 2 (Fig. 10), the
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Fig. 10. Raman spectra collected at room temperature for BaTig 9oHfp 1003 ceramics with various grain sizes.
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broad [A1(TO) + E(TO)] band located at 514 cm’l, together with the
[A1(LO) + E(LO)] band at 712 em™! (also specific to the polar order)
were detected in the Raman spectra of all the BTH ceramics, irrespective
of their consolidation method. A supplementary mode [A;¢] was noticed
at 798 cm . Sati et al. have clearly shown that this mode is not related
to a structural modification, but it is caused by the structural disorder
[87] determined by the solute incorporation in Ti sites, being the
signature of the B-site doping in perovskite BaTiO3-based systems [19,
93-96].
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To assess the temperature-induced structural changes, as well as the
diffuseness of the ferroelectric-paraelectric phase transition in the
investigated BTH samples, Raman scattering was recorded in the tem-
perature range of (148-473) K, as depicted in Fig. 11(a)-(d).

At temperatures values T < 173 K typical features (i.e. positive peaks
at 118, 143, 165 and 490 cm’l, a broad band at ~260 cm’l, along with
interferences deep at 121, 152 and 174 cm ™) specific to the R phase are
present in the Raman spectrum of the microstructured BTH_CS ceramic
(Fig. 11(a)). The increase of temperature determines the damping of the

(b)

<GS>=2.9 um

Nuax
J\/\\ 398 K
~/\/\—~h 373K
\—/\\/\-—-——— 348 K
w\\/\"\_‘_— 323K

0 200 400 600 800 1000

Raman intensity

Wavenumber (cm™)

(d)

<GS> = 0.07 pm

473 K

./\’/\"“MSK
V/\/\’\\—»usk
v‘\/\'\‘sssK
J\/\\——snk
~/\/\’\\—348K
~_/\/\'\———:mx

0 200 400 600 800 1000

Raman intensity

Wavenumber (cm™)

Fig. 11. Temperature dependence of Raman scattering for the: (a), (b) microstructured BTH_CS sample (<GS> = 2.9 pm) and nanocrystalline BTH SPS2 sample
(<GS> = 0.07 pm) recorded in the temperature range of: (a), (¢) (123-298) K and (b), (d) (323-473) K (red asterisk symbols in Fig. 11(a) and (c) indicate the modes

corresponding to the R phase).
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triple mode, as well as of the of the small mode [E(TO) + A;(LO)] at 490
cm_l, together with the flattening and downshift of the [A;(TO)] mode
from 262 to 249 cm™!. This occurs concurrently with the slight increase
in intensity of both the left- and the right-side neighbouring in-
terferences [A1(TO1)) + E(LO)] located at ~187 cm ! and [B1, E(TO +
LO)] located at 300 cm™, indicating the presence of the long-range
ferroelectric order in the crystalline lattice [90,91], with a gradual
transition from the R toward a polar O symmetry [19]. However, R
modification is still maintained at room temperature, proving that
Hf-rich regions with R distortion are still present [97]. This is consistent
with the XRD data (Table S2 of Annex 2, Supplementary Material),
which revealed that at room temperature, a mixture of O and R modi-
fications, with the prevalence of the O-type one exists in BTH_CS.

In the temperature range 300-373 K the spectra can be well fitted by
the peaks collections corresponding to both O and T phases, suggesting
the presence of a mixture of the two polymorphs [29,47,49]. These
features were also found in the Raman spectra of microstructured
BaTig 90Zrp.1003 ceramics derived from Pechini nanopowders, as previ-
ously reported [19]. Above 373 K, the gradual disappearance of the
“silent” mode and the decrease in intensity of the mode at located at 713
cm™! reveal the gradual change toward a C structure. However, taking
into account that, even at 448 K, a trace of the small feature at 187 cm ™!
persists, it seems that the system evolves not to a typical C phase, but
rather to a cubic matrix in which small polar clusters are still present
(Fig. 11(b)).

Downscaling grain size in the nanometre range in BTH SPS2 de-
termines no significant structural changes in the low temperature range,
so that the R modification is detected by its specific modes (Fig. 11(c)).
However, unlike the micro-structured sample discussed above, the
[A1(TO)] mode, located at 252 cm’l, is better defined, while its small
left-side shoulder, i.e. [A1(TO1)) + E(LO)] interference at 187 em~tis
significantly less pronounced, suggesting that even if the presence of a
short-range O distortion cannot be excluded, it is found only in low
amount.

At higher temperatures the bands specific to the polar order gradu-
ally diminish, indicating an even faster evolution toward a C phase than
in the microstructured BTH_ CS specimen (Fig. 11(d)). Traces of R
distortion are still detectable up to room temperature, while the “silent”
mode [By, E(TO + LO)] is clearly visible up to 348 K. Above this tem-
perature, only small traces of this mode can barely be guessed, this
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suggesting the presence of small polar clusters which completely vanish
above 373 K. These features, together with the broadening of the Raman
spectra indicate the occurrence of C structure, specific to the paraelectric
state (Fig. 11(d)).

The mentioned trend is also noticed in Fig. 12(a), which depicts the
Raman scattering recorded at 473 K for all the three BTH samples,
revealing that the grain size decrease toward the nanometre range in
BTH_SPS2 determines the complete disappearance of any polar order. In
the coarse-grained BTH_SPS1 and BTH_CS ceramics, the [A1(TO7)) + E
(LO)] interference located at ~188 em ! s still clearly distinguished,
along with residues of the “silent” [B;, E(TO + LO)] mode (marked by
green bullet symbols), barely visible at ~300 cm ™! as a small right-side
asymmetric features of the broadened [A;(TO)] band, proving that, for
these microstructured samples, a certain polar order persists far above
the Curie temperature. This evolution can be explained in terms of a
somewhat more rapid shift of the T¢ toward lower temperature values,
as grain size decreases to the nanometre range, so that, at 473 K, only the
nanocrystalline BTH SPS2 ceramic exhibits an undoubted C structure,
specific to a typical paraelectric phase.

This is also clearly emphasized by the diagram of Fig. 12(b) which
presents the temperature dependence of the wavenumber corresponding
to the [A1(TO), E(TO)] mode located at 514 cm’l, revealing tempera-
ture ranges where phases of dissimilar symmetries coexist, as also re-
ported for other homovalent BaTiO3-based solid solutions [70,71]. One
can observe that, while at room the nanocrystalline BTH SPS2 sample
exhibits a mixture of R and C phases, for the microstructured BTH_CS
ceramic a phase domain, where R and O polymorphs coexist was found.
These results are in a very good agreement with the room-temperature
XRD data presented in Table S2 of Annex 2, Supplementary Material
and with the crystalline phase vs. temperature evolution derived from
Landau-theory based simulations, in which the superposition of
dissimilarly-distorted phases in a broad temperature range is typical to
the stress-free, coarse ceramic (assigned to BTH_CS), while an evolution
from R to C symmetry, without the presence of other polymorphs in the
transition range, was found for the stressed ultrafine ceramic (assigned
to BTH_CS2).

5. Conclusions

The lead-free BaTig goHf.1003 (BTH) composition was selected for
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Fig. 12. (a) Raman spectra collected at the temperature of 473 K for BaTig.9oHf( 1003 ceramics with various grain sizes (green bullet symbols indicate the residual
“silent” mode) and (b) temperature dependence of the wavenumber of [A;(TO), E(TO)] mode in BaTig goHf( 1003 with average grain size <GS> of 2.9 and 0.07 pm,

respectively.
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preparing ceramics with various grain sizes, due to the fact that in the
proximity of room temperature it determines the overlap of dissimilar
structural modifications, providing a pathway to tailor the dielectric and
ferroelectric behaviour, as well as the energy storage performance in the
resulted perovskite materials. Landau theory-based calculations indi-
cated that for a given composition, additional characteristics derived
from the consolidation method (fast spark plasma sintering vs. conven-
tional sintering in equilibrium conditions), as grain size reduction to
nanoscale (nanostructuring) or the presence of internal stresses may
modify the phase composition and the functional properties.

Dense BaTig goHf( 1003 ceramics of grain sizes ranging between 3.9
and 3.7 pm have been obtained by adopting suitable sintering strategies
from nanopowders synthesized by the modified Pechini method. The
influence of grain size on the crystalline structure, dielectric properties,
ferroelectric behaviour and energy storage performance was investi-
gated by complementary techniques. At room temperature, in all the
investigated BTH ceramics, mixtures of dissimilar structural modifica-
tions were emphasized by Rietveld refinement of the XRD data and by
Raman spectroscopy investigations, sustaining the Landau theory-based
calculations. In the microstructured ceramics consolidated by conven-
tional sintering (BTH_CS) and by high-temperature spark plasma sin-
tering (BTH_SPS1) the O polymorph was identified as major phase, while
in the nanocrystalline specimen of similar composition resulted after
SPS at lower temperature (BTH_SPS2), the R modification prevails. The
superiority of SPS relative to conventional sintering lies in the better
densification of the materials, as well as in its ability to allow producing
nanocrystalline ceramics by careful choice of the sintering parameters.
The dielectric response vs. temperature shows a single permittivity
maximum corresponding to the ferroelectric-to-paraelectric phase
transition, whose temperature T¢/Tp, slightly decreases and diffuseness
increases and as the GS decreases. The flattening of the permittivity
maximum involving a lower value than in coarse-grained samples, as
well as the low dielectric losses (below 3 %) in a large temperature range
(from 200 to 460 K) indicate a better thermal stability induced by the GS
decrease and the consequently increase in the density of grain boundary
states in the nanocrystalline specimen. Besides, the decrease of permit-
tivity maximum and its shift to slightly higher temperatures with
increasing frequency, together with a certain frequency dispersion of the
permittivity values below T, reveal a ferroelectric-relaxor crossover
occurring as a result of nanostructuring. Additionally to the intrinsic
dielectric properties, the dielectric response in these ferroelectric ce-
ramics is affected by extrinsic relaxation processes, assigned to a few
mechanisms (oxygen vacancy contributions, grain boundary effects,
short- and long-range hopping charge carrier mechanisms, etc.). Their
contribution on the dielectric permittivity, dielectric losses and ac
conductivity has been analyzed in detail. All the ceramics have
reasonable low dielectric losses (below 7.5 %) in the frequency range of
102 — 10° Hz, below the Curie temperature and an increase of losses at
higher temperature (400 — 500 K), due to extrinsic contributions. All the
ceramics could sustain the application of ac field with amplitudes as
high as 40 — 50 kV/cm while recording the ferroelectric polarization-
field responses, thus demonstrating their good dielectric character and
the fact that no significant leakage is activated under high ac fields. The
P(E) hysteresis loops show that the interplay between a lower value of
the maximum polarization and the much slimmer hysteresis loops lead
to a significantly higher energy storage efficiency, of ~87 % in the
nanocrystalline specimen (BTH SPS2), with respect to the coarse-
grained ceramics, which exhibit, as a function of the consolidation
technique, an efficiency of only ~57 % (BTH_SPS1) and ~28 %,
respectively (BTH_CS). Consequently, one can conclude that tuning the
grain size <GS> in bulk BaTig goHf( 1003 ceramics leads to changes of
the crystal structure of the component phases, providing a powerful tool
for tailoring/modifying the functional properties in order to fulfil needs
expected for various electronics applications.
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