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ARTICLE INFO ABSTRACT

Keywords: The solid solution 75NagsBigsTiO3-255rTiO3 (NBT-ST) can achieve outstanding high-strain properties for
L‘ead—free_ actuator applications. Whether these properties arise from microscopic core-shell structures or coexisting polar
Bismuth titanates nanoregions remains uncertain, thus opening up a promising research field for tuning functional properties. One
Core-shell . . . . s .

Relaxor possible way to reveal the underlying core-shell formation mechanism and the structure’s impact on functional
Electromechanical properties properties is to test related solid solutions with NBT. This study examines the applicability of core-shell formation
Impedance conditions and associated property changes in NBT-ST to 87NagsBigsTiO3 —13CaTiO3 (NBT-CT) and

94Nag sBig 5TiO3-6BaTiO3 (NBT-BT). Thermal analysis and scanning electron microscopy revealed that two-step
reactions, as in NBT-ST and NBT-CT, are the key factor enabling core-shell structures. A single-step reaction, like
in NBT-BT resulted in no core-shell structures. As already demonstrated for NBT-ST, core-shell structures in NBT-
CT led to comparably high strains of 0.29 % and slim polarisation loops, confirming the transferability of
property changes associated with chemical inhomogeneities.

1. Introduction

Lead-free piezoelectric ceramics have attracted considerable atten-
tion over the past decade, driven by increasing environmental and
health concerns associated with the widely used lead-based materials
like lead zirconate titanate (short PZT) [1,2]. BaTiOs-based (BT-based),
(K,Na)NbOs-based (KNN-based), and Nag 5Big sTiO3-based (NBT-based)
piezoelectric materials have demonstrated promising functional prop-
erties, often comparable or even exceeding those of their lead-based
counterparts [3-6]. Referring to the lead-free KNN-based [7-9] and
NBT-based [10-15] ceramics, significant changes within the ferroelec-
tric and electric properties due to chemical inhomogeneities have been
shown in literature. Especially, the solid solution of SrTiO3 (ST) and NBT
(short NBT-ST) is of particular interest as the material system exhibits
excellent high-strain properties fulfilling the requirements of actuator
applications [11,15-21]. Investigations into these exceptional strain
properties revealed that chemical inhomogeneities form as core-shell
structures during the conventional solid-state sintering process [10,11,
13]. Koruza et al. [10] demonstrated that the formation of core-shell
structures is strongly influenced by the calcination process that occurs
in two stages. The NBT reacts at temperatures approximately 200 °C
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lower than required to form ST. Apart from that, the sintering condi-
tions, such as dwell time and temperature, have a significant impact as
the Sr2* partially diffuses into the already-formed NBT network during
the sintering process [14]. Additionally, the concentration of oxygen
vacancies plays a key role in the core-shell formation and can, for
example, be controlled by the bismuth content of the sample (Eq. (1)).

2Bi,05 + 2V}, + 3V — 2Bi, + 0}, )

Eq. (1) demonstrates that a higher Bi content in the sample results in
a lower concentration of oxygen vacancies. For NBT-ST, it was
hypothesised that this suppresses the chemical diffusion of Sr>* and 0%
required to achieve chemical homogeneity. As a result, the probability of
forming chemical heterogeneities, like core-shell structures, is signifi-
cantly increased [10,13,14]. Although recent research suggests that the
remarkable strain properties arise from a reversible field-induced
ferroelectric phase transition of the ferroelectric NBT core from a
polar to a non-polar phase [11,13,14,22], alternative explanations, such
as different coexisting nanoscale inhomogeneities like polar nano-
regions, cannot be excluded [23-25]. Nevertheless, the substantial
impact of chemical inhomogeneities on material properties, particularly
in enabling an advantageous tuning of the material’s properties, remains
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undeniable. Therefore, it is of great interest to gain a deeper under-
standing of the conditions governing the chemical inhomogeneities —
such as a two-step formation process, precise control of sintering pa-
rameters as well as the reduction of oxygen vacancies — and to explore
their formation in other solid solutions. While there is evidence of in-
homogeneities in form of core-shell structures in NBT-ST, similar in-
dications based on electromechanical properties have been observed in
solid solutions of NBT with CaTiOs [26], BaZrO3 [27], and SrZrOs3 [28].
However, a direct observation has not yet been achieved. In contrast, no
instance of core-shell formation has been found in the solid solution of
NBT and BaTiO3 [29]. In order to gain a better understanding of the
formation processes, driving forces, and reaction pathways of other solid
solutions, CaTiO3 (CT) and BaTiO3 (BT) were selected for this study.
These systems are particularly intriguing, as they may behave similarly
to the reference material system NBT-ST. Ca?*, Sr?*, and Ba* ions share
the same valence, have comparable electronegativities, and occupy the
A-site of a perovskite unit cell [30,31]. Understanding whether the
electromechanical property trends observed in NBT-CT, as reported in
previous studies [26], can be correlated with a core shell microstructure
and why no such indications could be found for NBT-BT [29], will
provide valuable insights into the fundamental requirements and
driving forces for the core-shell formation. Since compositions located at
the morphotropic-phase-boundary (MPB) are known to exhibit
enhanced properties [19], NBT-6BT [32], [33] and NBT-13CT [34-36]
are compared with the reference composition NBT-25ST [37-39].
However, optimising the material behaviour by, for example, control-
ling the concentration of core-shell structures, lies beyond the scope of
this work and needs to be addressed in the future.

The aim of this work is to systematically investigate the formation of
NBT in solid solutions with the titanates BT, CT, or ST and to evaluate
their effect on the ferroelectric and electrical properties. First, the for-
mation mechanisms of each solid solution are analysed and correlated
with the microstructural development, particularly focusing on whether
core-shell structures are formed. In this context, it is of particular in-
terest to determine whether a similar influence of the oxygen vacancy
concentration, as observed in NBT-ST, can be demonstrated in the other
material systems. This would allow for the identification of key re-
quirements for controlling the core-shell formation. Second, the impact
of the different solid solutions on ferroelectric and electrical properties is
studied, with particular emphasis on linking the microstructure to the
functional properties. Combining the formulation of key requirements
for the core-shell formation with a correlation between microstructure
and certain material properties will contribute to the development of
targeted strategies for tailoring future functional materials.

2. Experimental procedure

Bulk ceramics were prepared via the solid-state synthesis route by
using NayCOs3 (99.5 %), BizO3 (99.975 %), TiO, (anatase: 99.6 %),
SrCOs3 (99.9 %), CaCOs3 (99.5 %), and BaCOs3 (99.8 %) (all from: Alfa
Aesar GmbH & Co, KG, Germany). Before weighing the raw powders, a
drying step for NayCO3 (300 °C), Bi;O3 (180 °C), TiO2 (800 °C), SrCO3
(180 °C), CaCO3 (180 °C), and BaCO3 (180 °C) was carried out for 8 h.
All dried powders were weighed according to the stoichiometric for-
mulas 75Nag sBi, TiO3-25SrTiO3 (NBT-ST), 87NagsBi,TiO3-13CaTiO3
(NBT-CT), and 94Nay sBi, TiO3-6BaTiO3 (NBT-BT) with x = 0.495, 0.5,
0.505. The milling of all raw powders of the different compositions was
executed by using nylon milling containers with yttria-stabilised zirco-
nia balls (diameter: 10 mm; ratio: 10:1) and ethanol in a planetary ball
mill (Fritsch Pulverisette 5, Germany) for 24 h at 250 rpm. The suspen-
sions of the milled powders were dried at 100 °C for 24 h and afterwards
calcined at 750 °C for 2 h. Subsequently, the calcined powders were wet
milled with ethanol in a planetary ball mill for 24 h at 250 rpm and
dried at 100 °C for 24 h. The second calcination was performed at
850 °C for 2 h followed by a final wet milling step with ethanol for 24 h
at 250 rpm and drying step at 100 °C for 24 h. Disk shaped pellets with a
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diameter of 10 mm and ~ 0.3 g were obtained by uniaxially pressing at
25 MPa and additional cold isostatic pressing at 350 MPa (P.O. Weber
KIP 100 E, Germany). The green bodies were covered with sacrificial
powder and sintered in alumina crucibles at 1150 °C for 2 h using a
heating rate of 5 K/min. The density of the sintered pellets was deter-
mined by the Archimedes principle. As all densities turned out to be
larger than 95 %, the samples were considered dense enough for further
electrical and ferroelectric characterisations.

In order to investigate the calcination behaviour, homogenised and
stoichiometric mixtures of each composition were analysed by ther-
mogravimetric analysis (TGA), differential thermal analysis (DTA), and
evolved gas analysis (EGA) using mass spectroscopy. Approximately
67 mg to 100 mg of each mixture was weighed in an alumina crucible
and placed in a STA449C Jupiter (Netzsch Geratebau GmbH, Germany)
for TGA/DTA. For EGA a QMS403C Aéolos mass spectrometer (Netzsch
Geratebau GmbH, Germany) coupled directly to the STA with a heated
transfer line operated at 200 °C was used. The following mass-to-charge
signals (m/z) were analysed as quasi multi-ion detection (QMID): m/
2 =12 (C"), 18 (H,0™"), and 44 (CO3). The measurements were carried
out with a heating rate of 5 K/min up to 1000 °C in flowing synthetic air
at a rate of 60 ml/min and 8 ml/min argon as protective gas. All mea-
surements were corrected for buoyancy.

To prepare the samples for the (micro-)structural analysis, the sam-
ples were ground and polished down to Y: ym.

For the validation of the phase purity, the sintered and polished
pellets were examined by X-ray diffraction (XRD) (Cu Ky1/K42; AXS D8,
Bruker Corporation, Germany). The microstructure of each sample was
visualised with back-scattered electrons (BSE) at 15 kV using a scanning
electron microscope (SEM) TESCAN MIRA 3 (TESCAN, Czech Republic)
with a beam intensity of 10. In addition, the grain size was determined
from the SEM images using the software LINCE V 2.4.2. (Sergio Luis dos
Santos e Lucato, NAW, TU Darmstadt, Germany) considering about 200
grains.

For conducting the large signal electrical measurements such as
polarisation and strain curves, the samples were ground with a 47 ym
grinding wheel and sputtered with Ag electrodes (full sample area with
approx. diameter of 7.7 mm and height around 0.5 mm). A bipolar
triangular wave and 1 Hz was chosen as an input signal (20/20 C, TREK
Inc., USA) when executing the measurements with a conventional
Sawyer-Tower (reference capacitor Crf = 15 pF) setup combined with
an optical strain sensor (Philtec Inc., USA).

Regarding the small signal electrical measurements such as imped-
ance spectroscopy and permittivity measurements another set of sam-
ples was sputtered with Pt electrodes (full sample area with approx.
diameter of 7.7 mm and height around 0.5 mm). Impedance spectros-
copy was carried out with an Alpha-A High-Performance Frequency
Analyser (Novocontrol Technologies, Germany) at different temperatures
(150 °C-600 °C, 25 °C steps, and heating rate of 5 K/min). The ampli-
tude was 0.1 V and the frequency range was 0.1 Hz to 3 MHz. All spectra
were analysed with the RelaxIS software (RHD instruments, Germany).
Temperature and frequency dependent dielectric permittivity and tan(s)
measurements have been executed using a 4284 A Precision LCR-Meter
(Hewlett Packard, USA) connected to a conventional box furnace using
the 4-point set-up. During each experiment data were acquired for
100 Hz, 1 kHz, 10 kHz, 100 kHz and 1 MHz for temperatures ranging
from 25 °C to 450 °C.

3. Results and discussion
3.1. Formation of core-shell microstructures

A combined TGA/DTA/EGA analysis has proven to be an effective
method for understanding the calcination behaviour and reaction
pathways in the reference system NBT-ST [10]. Some initial conclusions
about the underlying mechanisms for the core-shell formation have
already been drawn, as their findings revealed a two-step reaction, with
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NBT forming first at around 590 °C, followed by ST at approximately
800 °C. This decoupling of both reactions occurs due to different onset
temperatures for the NBT and ST formation. The raw components of NBT
begin forming a first perovskite phase at 530 °C [40], while the ST phase
starts to develop at 800 °C [41]. Building on this preliminary study,
additional TGA, DTA and EGA measurements were conducted to
investigate the reaction pathways of NBT-CT and NBT-BT and determine
whether core-shell structures are likely to also form in these systems. To
identify the different reaction stages, Fig. 1 presents the temperature
dependent measurements of homogenised and stoichiometric mixtures
of the starting powders for the MPB compositions of NBT-13CT [34-36]
and NBT-6BT [32,33] during heating. To account for variations
appearing due to the differences in CT, and BT contents, another set of
measurements was performed on stoichiometric mixtures of the starting
powders of NBT-25CT and NBT-25BT (supplementary material
Figure S1).

The TGA/DTA and EGA results show multiple processes. The endo-
thermic peak at 100 °C represents the evaporation of residual H,O in all
samples. In addition, small exothermic peaks at 250 °C-300 °C (more
pronounced in the EGA data) can be identified for all samples. These
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Fig. 1. TGA-DTA measurement of the homogenised mixture of starting pow-
ders during heating with 5 K/min in air: thermogravimetric analysis (TGA) as
well as differential thermal analysis (DTA) (above), and evolved gas analysis
EGA (below) for a) NBT-13CT and b) NBT-6BT.
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peaks can be attributed to the evaporation of organic contaminations
possibly introduced during the milling process. This initial weight loss is
about 1 %.

For the samples of the NBT-CT compositions the main weight loss of
7.0 % occurs between 500 °C and 850 °C, which is in agreement with
the theoretically calculated value of 7.0 %. This weight loss results from
the decomposition of the carbonates and is clearly represented by the
strong CO5 peaks in the EGA. The decomposition reactions occur in two
clearly separable stages, indicated by two distinct endothermic peaks
accompanied by a slope change in the TGA data. Similar to NBT-ST, the
first stage of decomposition starts at 450 °C and takes place at around
590 °C. This behaviour can be attributed to the reaction of the raw
powder components of NBT that starts at 450 °C and afterwards de-
velops the first perovskite phase [40]. In contrast, the second stage re-
action starts about 80 °C earlier at 714 °C and is associated with the
formation of CT [42].

With respect to the NBT-BT compositions, the major weight loss of
5.7 % occurs in the temperature range of 650 °C to 850 °C and is also the
theoretically calculated weight loss. Again, this weight loss results from
the decomposition of the carbonates. While the decomposition reaction
occurs at two distinct stages for the NBT-ST and NBT-CT compositions, it
occurs within one chemical reaction for NBT-BT. There is no change in
the slope of the TGA or distinguishable peaks in the DTA data to indicate
multiple reactions. Concerning the NBT-BT composition the main peak
appears at 733 °C. Hou et al. [43], through their XRD analysis,
confirmed that the reaction of NBT-BT occurs within a single reaction
step. The onset of the reaction did not change for NBT-9BT or NBT-13BT,
indicating that the behaviour is characteristic for the material system.
Anyhow, an additional shoulder at around 780 °C can be observed and
correlated with the onset of the phase transition of some left-over BaCO3
from the orthorhombic to hexagonal phase [44].

Clear differences can be seen between NBT-BT, NBT-CT, and the
reference system NBT-ST. Since the formation behaviours of the MPB
and 25 mol% compositions are consistent (compare Figure S1), the in-
fluence of varying amounts of CT, BT, and ST can be ruled out. All dif-
ferences are, therefore, due to the choice of the material system. In a
previous work [14], we already discussed the highly complex diffusion
mechanisms in NBT-ST, providing evidence for Sr?" and 0% being the
key diffusion partners. Nevertheless, this may not necessarily apply to
other solid solutions, as the differences in the formation behaviour could
also arise due to different solubilities, crystal structures, or Gibbs Free
Energies of mixing of the different titanates in NBT. Modelling the
atomic interactions on the electronic level by performing a
first-principles approach using Density Functional Theory (DFT) could
help to predict phase stabilities as well as boundaries and miscibility
gaps, but is beyond the scope of this work.

To ensure the phase purity of each sample, XRD measurements were
performed on the sintered and polished pellets before further analysis.
The summarised results are depicted in the supplementary material in
Figure S2 and demonstrate that each composition consists of a single and
pure perovskite phase except for the NBT-CT. It shows minor reflections
belonging to the orthorhombic perovskite phase of CT. Anyhow, these
reflections are most likely attributed to the core-shell microstructure,
still allowing the exclusion of any influence from additional secondary
phases.

The effect of the different reaction processes on the evolution of the
microstructure as well as on the core-shell formation, is illustrated in the
SEM micrographs in Fig. 2 and the characteristic values are summarised
in Fig. 3. Referring to the reference composition NBT-25ST, the cores
consist of NBT, while the shell is enriched with ST [10,13]. Due to the
heavy element bismuth the NBT-cores appear brighter in the BSE im-
ages. Core-shell structures can be localised in all three NBT-ST samples
(marked with white arrows). However, the core density, which repre-
sents the number of cores # per um?, is the highest within the excess
composition with 0.569 #/um?. The core densities of the stoichiometric,
approximately 0.002 #/um?, and the depleted, with about 0.008 #/um?,
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NB,T-6BT

Fig. 2. BSE images displaying the evolution of the microstructure of sintered samples prepared with different contents of bismuth x = 0.495, 0.5, 0.505 (from bottom
to top) for NBT-CT (left side), NBT-ST (middle) and NBT-BT (right side). Cores are marked by white arrows. Pores (orange circles) and break-outs (light green circles)

due to sample polishing are marked exemplarily.
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Fig. 3. Development of grain size (bar chart) in um and core density (line plot) in #/um2 of NBT-CT in a), NBT-ST in b), and NBT-BT in c).

samples are significantly lower. Comparing the core-shell development
of NBT-CT with NBT-ST, it is clear that both follow the same trend. The
highest core density of 0.240 #/um? appears within the excess compo-
sition. Nonetheless, the core density is 58 % lower than in NBT-ST.
These differences could arise due to the different amounts of CT
(13mol%) and ST (25mol%) present in the respective MPB

compositions. The stoichiometric and depleted samples exhibit very
little or even no core-shell structures. In contrast to the results of the
NBT-CT compositions, no core-shell structures can be detected within
any of the NBT-BT compositions.

Besides the core densities there are also significant variations in the
grain size and pore formation. In this regard it needs to be distinguished
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between pores (orange) and break-outs (light green). The latter appears
due to the sample preparation during the polishing steps. All three, NBT-
ST, NBT-CT and NBT-BT, show the smallest grain sizes of approximately
1.2+ 0.2 um, 1.6 + 0.2 pm, and 1.3 &+ 0.1 pm, for their excess samples.
This decrease in grain size as well as low amounts of pores can be
attributed to the increased bismuth content, as bismuth acts as a sin-
tering aid and is well-known to affect grain size and pore formation [29,
45,46]. On the contrary, the stoichiometric and depleted samples of
each solid solution are less comparable. While the grain sizes of the
stoichiometric and depleted samples of NBT-ST are quite similar at
approximately 8.9 + 1.9 um, both NBT-CT and NBT-BT showed a drastic
increase of 6.3 + 0.7 ym to 15.1 + 2.7 ym and 2.2 + 0.1 um to 27.5

+ 5.8 um, respectively, when comparing the stoichiometric and the
depleted compositions. Apart from the significant differences regarding
the core-shell formation within the different compositions, the sensi-
tivity of the grain size evolution towards the concentration of oxygen
vacancies seems to be strongly dependent on the type of solid solution as
well. Still, the overall trends of the increase in grain size with the rise of
the oxygen vacancy concentration are consistent for all three solid
solutions.

Based on the TGA/DTA/EGA and SEM results, it can be stated, that a
decoupling of the formation processes of NBT and the second titanate is
a necessary condition for the formation of core-shell structures. In
addition to the necessity of a two-step process, oxygen vacancies could
be shown to be an additional key factor [13]. A reduction in the oxygen
vacancy concentration hinders the chemical diffusion of Sr?* and 0% or
Ca?t and 0%, respectively. Thus, chemical inhomogeneities like
core-shell structures are more likely to form in the excess samples
leading to a higher core density here. The condition of a two-step re-
action has to be fulfilled before oxygen vacancies can be used to effec-
tively regulate the chemical diffusion and the final number of core-shell
structures. As a result, controlling the concentration of oxygen vacancies
helped to regulate the number of core-shell structures in NBT-ST and
NBT-CT, while NBT-BT still failed to develop any.

3.2. Influence of core-shell microstructures on the electrical properties

Chemical inhomogeneities like core-shell structures and their effect
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on the material’s properties have only been demonstrated and discussed
for the solid solution of NBT and ST so far [10,11,13,14]. The presence
of core-shell structures in this specific material system resulted in a
non-ergodic NBT core and an ergodic ST-enriched shell. So far, it is
expected that the changes within the electromechanical properties, such
as a slimming and pinching of the polarisation loop and a drastic in-
crease in the strain values, are a result of a reversible field-induced phase
transition from a polar to a non-polar phase in the non-ergodic core,
which can stabilise a ferroelectric phase. Nevertheless, it remains un-
clear whether these chemical inhomogeneities in the form of core-shell
structures are solely responsible for the observed property changes or
whether nanoscale phenomena, such as polar nanoregions, could also
explain the behaviour. The previous section revealed significant
microstructural differences depending on the formation process of each
solid solution. To answer the underlying question whether certain
property changes are at least correlated to the presence of core-shell
structures, a detailed investigation of the ferroelectric and electrical
properties is required.

The polarisation and strain response as a function of an externally
applied electric field are depicted in Fig. 4 and the derived values are
summarised in Table S1. The NBT-ST and the NBT-BT compositions
exhibit fully saturated loops at an electrical field of 5 kV/mm. Much
higher fields of 13 kV/mm were required to obtain saturated hysteresis
curves of the NBT-CT compositions. In this context, it should be noted
that values such as maximum strain and saturation polarisation scale
with the magnitude of the applied electric field. The differences in the
electric field required to induce domain switching in NBT-CT may be
attributed to the presence of Ca2'-ions that could inhibit domain
switching. Yuan et al. [47] have already observed similar effects by
synthesising (100-x)NBT- xCT.

Considering that the grain size in all three solid-solutions was dras-
tically altered by changing bismuth content, one could assume that the
ferroelectric properties could be affected, as previously reported
[48-51]. Since all excess samples display similar grain sizes, the same
effect on the properties would be expected. However, significant vari-
ations in the shape of the polarisation loops are observed exclusively in
the NBT-ST and NBT-CT samples, suggesting that grain size is unlikely to
be the primary factor responsible for these changes. Apart from the
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Fig. 4. 3rd loop of the bipolar polarisation and strain response versus electric field for a) NBT-13CT, b) NBT-25ST, and c¢) NBT-6BT measured at 1 Hz. Each graph
contains plots of the excess (orange, red, and pink), the stoichiometric (light grey, black, and dark grey), and the depleted (purple, blue, and green) compositions.
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variations in grain size, core-shell structures (Fig. 2) developed only
within the NBT-ST and NBT-CT compositions. Consequently, it is more
likely that the property changes result from inhomogeneities in the
composition that only formed in the solid solutions with ST and CT.

Although the NBT-CT and NBT-ST samples both develop core-shell
structures causing a similar behaviour of the polarisation and strain
responses, it is noteworthy that the differences within the responses of
each the depleted, stoichiometric, and excess sample of NBT-CT are less
pronounced compared to the NBT-ST samples. The excess samples show
the lowest saturation polarisation, remanent polarisation, and coercive
field, indicating relaxor-like behaviour. This is also demonstrated within
the strain loops, which exhibit the lowest negative strain. In contrast,
quite high maximum strains of 0.29 % (NBT-CT) and 0.22 % (NBT-ST)
can be generated. Especially, for the CT composition, strain values have
never been reported, as the primary focus so far has been on energy
storage applications [26,52-54]. In contrast to the relaxor-like behav-
iour of the excess compositions, the stoichiometric and depleted com-
positions shift towards a ferroelectric behaviour. This can be observed
by a higher remanent polarisation and coercive field. These changes are
accompanied by the fact that the negative strain is much larger, espe-
cially for the depleted samples of NBT-ST. Additionally, a correlation of
the phase transition field Eg_g with the core density can be observed. The
lower the core density of a sample, the lower the transition field Eg.r and
the phase transition occurs more abruptly as the increase of polarisation
and strain are steeper at the Eg.g (Figure S3 in the supplementary ma-
terial). This behaviour has been discussed previously, particularly for
the NBT-ST composition [10-12]. If a sample does not exhibit core shell
structures, each grain is homogeneous. When an external electric field is
applied, it is uniformly distributed. This leads to an immediate electric
field-induced phase transition and a significant change in polarisation at
the transition field Egyp. In contrast, core-shell samples exhibit in-
homogeneities within almost every grain, namely the NBT-rich and the
ST or CT-enriched shell. According to the different permittivities of the
non-ergodic core and the ergodic shell, and in order to maintain the
polarisation coupling between them, the distribution of the local electric
field is broadened. As a result, the increase in polarisation at the tran-
sition field Eg_ is less pronounced. A similar behaviour is observed when
measuring the current density of the poled samples against temperature.
The peak related to the ferroelectric-to-realxor transition temperature
Tr.r appears broad and less pronounced indicating no sharp phase
transition (Figure S4 and the derived values in Table S1).

In contrast to the core-shell compositions, NBT-BT presents a
completely different behaviour. Independent of the bismuth content all
three samples feature a typical ferroelectric response with large rema-
nent polarisation and coercive field, that is, a rectangular hysteresis
loop, which agrees well with the literature [29]. These findings in the
polarisation loops are supported by the current density measurements of
poled samples against temperature that show a ferroelectric-to-relaxor
transition temperature Tr.g far above room temperature at around
100 °C (Figure S4 and the derived values in Table S1). The positive
strains are lowest among all solid solutions, around 0.11 %, while the
negative strains are more pronounced, approximately at -0.13 %.

The analysis of the ferroelectric properties reveals a clear correlation
between the presence of chemical inhomogeneities — deliberately
introduced by controlling the defect chemistry of each solid solution by
adjusting the bismuth content, and consequently oxygen vacancy con-
centration — and changes in material behaviour. A slimming and
pinching of the polarisation loops, as well as the appearance of relatively
large maximum strains were observed in all samples exhibiting such
chemical inhomogeneities. However, nanoscale inhomogeneities in the
form of polar nanoregions may also contribute to these effects and
should be further investigated in an additional in-depth study.

Previous impedance studies of NBT-based compositions have
revealed that higher concentrations of oxygen vacancies lead to
increased conductivity values and a transition from electronic towards
oxygen ionic conduction [29,55]. This was clearly demonstrated by a
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rise in the conductivity values by several orders of magnitude and
drastic changes in the activation energies when comparing NBT-based
samples with and without acceptor-doping of Fe [55] or different bis-
muth contents [29]. This unique feature of marginally changing the
oxygen vacancy concentration and thereby controlling the ionic con-
ductivity can be used to tune the electrical properties of NBT-based
materials thoroughly. It is anticipated that these drastic effects of the
oxygen vacancy concentration could provide valuable insights into the
mobility of different ions during the calcination of NBT-based solid so-
lutions such as NBT-ST, NBT-CT, and NBT-BT, potentially linking these
effects to phenomena like the core-shell structure formation. Therefore,
Arrhenius plots (Fig. 5d)-f)) of the conductivity have been extracted
from the Nyquist plots (Fig. 5a)-c)) following the Arrhenius law, to
evaluate the electrical properties in dependence of temperature and
frequency (Table S2).

As observed within the previous NBT-based studies, the resistivity
changes considerably when the bismuth content and, in turn, oxygen
vacancy concentration are varied (compare Eq. (1)). It can be clearly
distinguished between samples with lower (excess compositions) and
higher oxygen vacancy concentrations (depleted and stoichiometric
compositions). Apart from that, clear differences depending on the type
of solid solution and, in turn, corresponding ions occupying the A-site
can be determined.

All excess samples — independent of the solid solution type — exhibit
high resistances. Consequently, the Arrhenius plots feature the overall
lowest conductivity of 10 S/cm at 500 °C. The activation energies E,
calculated based on the slopes of the Arrhenius plots of NBT-CT, NBT-ST,
and NBT-BT are 1.55 eV, 1.71 eV, and 1.48 eV, respectively. According
to literature, the bandgaps Eg of pure NBT, CT, ST, and BT, are 3.3 eV
[56], 3.46 eV [57], 3.25 eV [58], and 3.20 eV [59], respectively, indi-
cating that the band gap of the corresponding solid solutions should be
around 3.2-3.5 eV. The calculated activation energies align well with
the theoretical values from the literature, where Eg ~ 2E, suggests that
intrinsic electronic conduction is occurring [56]. The stoichiometric
NBT-BT sample features a similar behaviour, which might indicate that
the variation in the amount of oxygen vacancies is insufficient to cause a
drastic increase in conductivity. All samples that exhibit high resistances
and an intrinsic electronic conduction additionally show low tan(s)
values over a broad temperature range (Figure S4).

As expected, significantly higher conductivities of about 107 S/cm to
even 10 S/cm at 500 °C can be observed for the stoichiometric NBT-CT
and NBT-ST as well as all depleted samples that should contain a sub-
stantially larger amount of oxygen vacancies compared to the excess
compositions. Nevertheless, significant differences depending on the
type of solid solution occur. NBT-CT seems to be less sensitive towards
the effect of oxygen vacancies as the conductivity only increases by one
order of magnitude compared to the excess sample. Additionally, no
change towards a dominating oxygen ionic conduction can be observed,
as the increase of the activation energy from E, ~ 1.05 eV towards E, ~
1.45 eV with increasing temperature, more likely indicates a change
from extrinsic to intrinsic semiconducting behaviour [60]. Both the
rather small increase in conductivity as well as no hint towards a
dominating oxygen ionic conduction mechanism, limit the capability of
tuning the electrical properties like observed in other NBT-based ma-
terials before [13,29]. In contrast, NBT-ST and NBT-BT are strongly
affected by the change in the oxygen vacancy concentration. Both show
a drastic increase in the conductivity by two to even three orders of
magnitude. Moreover, clear evidence of a change towards a dominating
ionic conduction mechanism can be observed. First, the activation en-
ergies of E, ~ 0.75 eV and E, ~ 0.80 eV are similar to previous results in
the literature that have been related to oxygen ionic conduction [13,29,
61]. Second, a Warburg-type diffusion, that appears as a linear response
with a phase angle of 45° at low frequencies in the Nyquist plot can be
detected and hints towards oxygen accumulating at the interface of
electrode and ceramic [62,63].

Although it has been demonstrated that the oxygen vacancy



S. Bauer et al.

Journal of the European Ceramic Society 45 (2025) 117588

20 a) T=500°C b) T=500°C 20-8) T=500°C
NBT-CT = NBT-ST  _o6{, . NBTBT _ ¢
exc. § 409 4 exc. 5 R . A exc. 50104
15 @ stoich. g ) ® stoich. & bat 154 @ stoich. € b
'g' m depl. ':NT' oo 30{ ™ depl. 50_2 . B depl. ":;'0.05-
@ ) 0 . v
= 10 o 2 4 20 4 ’ 104 0 005 0.10
:’\Il Z' [MQcm] A Ada, Z' [MQcm] .AOA. Ag Ag A.~Z [MQcm]
54 10 - a4 A, 54 “
0 -A T T T 0 ﬁ T T T X‘l— 0 T T T L
0 5 10 15 20 0 10 20 30 40 0 5 10 15 20
Z' [MQcm] Z' [MQcm] Z' [MQcm]
d) T[°C] e) T[°C] f) T[°C]
600 500 400 300 600 500 400 300 600 500 400 300
T T T T T T T T 1... T T T
1E-5 4 1E-5 [ 1E-5 4 n
" ..ﬁ = | | -
1E-64 4,8 6]am_ %o 1E-64 8
T v E014%n, 0o, N .,
9O g7 '. 1E74 4, "g L 1E-7 4 . o
2, . L T "a . .
b s N
1E-8{nBT-CT " 1E-8INBTST 4, "a_ ® | 'EBinerar :
exc. ] A exc. A ] A exc.
1E-9 1 ® stoich. ] . 1E-94 o stoich. A N 1E-9 + ® stoich. ¢ ¢
depl. I l.
1E-10 220 : : 1E-10 2 2P : : 1E-10 12 2R .
1.2 1.4 1.6 1.8 1.2 1.4 1.6 1.8 1.2 14 1.6 1.8
1000/T [1/K] 1000/T [1/K] 1000/T [1/K]

Fig. 5. In a)-c) exemplary Nyquist plots measured at 500 °C with NBT-13CT in a), NBT-25ST in b), and NBT-6BT in c). In d)-e) corresponding Arrhenius plots of a)
NBT-13CT, b) NBT-25ST, and c¢) NBT-6BT. The data points at 500 °C that belong to the Nyquist plots in a)-c) are highlighted by empty circles, squares and triangles.
Each material system includes data of the Bi-depleted, stoichiometric, and Bi-excess samples.

concentration clearly influences the resulting conduction mechanisms,
and various solid solutions exhibit significantly different sensitivities to
the present oxygen vacancy concentrations, precise quantification of
mobility and diffusion properties during calcination remains chal-
lenging and should be addressed in future research. However, it is still
more than likely that the oxygen vacancy concentration and mobility are
the keys to controlling the core-shell development [13]. It seems to
impact the chemical diffusion process involved in core-shell formation
significantly.

Other than for the ferroelectric properties, the property changes
observed in the electrical analysis cannot clearly be correlated with the
presence of core-shell structures, but rather to the presence of oxygen
vacancies and the sensitivity of each solid solution towards them. Both
ferroelectric and electrical properties emphasise the importance of a
precise stoichiometry control, as the oxygen vacancies concentration
strongly affects the microstructure, the formation of core-shell struc-
tures and the resulting polarisation and strain behaviour. Furthermore,
the dominant conduction mechanisms and conductivity values can be
substantially modified.

4. Conclusion

This work directly correlates the A-site ion variation and the present
oxygen vacancy concentration through bismuth off-stoichiometry with
the reaction pathways during solid-state synthesis of NBT-25ST, NBT-
13CT, and NBT-6BT. These changes in reaction pathways lead to sig-
nificant differences in microstructure and core-shell formation, which,
in turn, have a remarkable impact on the ferroelectric and electrical
properties.

By means of thermal analysis, it was found that NBT-13CT forms via
two separate reactions, the same as observed in NBT-ST before. In both

systems, the NBT phase forms first at 590 °C, followed by the formation
of CT at 714 °C or ST at 800 °C. In contrast, the reaction of NBT-BT takes
place within one single step at 730 °C. This decoupling of the formation
of NBT and the second titanate is necessary for the core-shell formation.
The variation of bismuth stoichiometry allows the effective regulation of
oxygen vacancy concentration, thereby controlling the chemical diffu-
sion of Ca?"/Sr*" and 0% and the final core density. In the case of
bismuth-excess samples of NBT-CT and NBT-ST, the highest core den-
sities are formed. A high core density stabilises a relaxor-like behaviour,
leading to a low remanent polarisation as well as coercive field, a
broadened phase transition with enhanced Eryp, and high strains.
Remarkably, a maximum strain of 0.29 % is obtained for NBT-CT, the
largest ever reported for such composition. In contrast, NBT-BT without
core-shell structures exhibits a ferroelectric-like polarisation and strain
response unaffected by bismuth content. The electrical properties are
less influenced by the core-shell structure but rather by the presence of
oxygen vacancies. A low intrinsic electronic conductivity of 10® S/cm at
500 °C is observed in all bismuth-excess samples with a low oxygen
vacancy concentration. In contrast, higher vacancy concentrations in the
stoichiometric and depleted samples resulted in a drastic increase in the
conductivity values up to three orders of magnitude accompanied by a
shift towards oxygen ionic conduction.

The results emphasise the importance of controlling stoichiometry
and reaction pathways to tailor properties to specific application re-
quirements. Future research should address the challenging yet essential
task of quantifying mobility and diffusion properties during calcination.
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