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Abstract

Lead-free relaxor ferroelectric Nags(BijxNdx)o.5TiO3 (XNdANBT, x = 0 — 30%) ceramics were
synthesized using the conventional solid-state method. Detailed Rietveld refinement revealed
transitions from rhombohedral (x = 0, 5%), to a coexistence of R3¢ and Pnma symmetries (x
=10, 15%), followed by a tetragonal P4/mmm phase for the high Nd-concentrations (x = 25,
30%). High-temperature dielectric stability was found over a large temperature range (for
instance £15% from -90°C to 405°C for x = 30%) with very low dielectric losses, especially
at high temperatures. The substitution of Bi** by Nd** results in a perturbation of the
ferroelectric order and favors short-range polar regions in the system. From the ferroelectric
measurements, we demonstrated the stabilization of a coexistence of non-ergodic and ergodic
relaxor state or ergodic relaxor state at specific doping concentrations. Besides, high-energy
storage properties were obtained at high temperatures, with Wy > 1.15 J/cm® in the
temperature range 140°C — 200°C for the SNANBT and a moderate Wec between 0.5 and 0.77
J/em? in a large temperature range from 25°C to 200°C and with high efficiency > 70% for
I0NdNBT composition. In addition, a high electrocaloric response (AT = 1.8 K at 95 kV/cm)
was found using the indirect method for the SNANBT composition, with great temperature
stability below 20% over a broad temperature range (80 — 140°C) and with a high AT/AE >
0.19 K m/V. The obtained electrocaloric response was related to the thermal evolution of the
polar regions in mixed ergodic and non-ergodic relaxor states under an applied electric field.
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1. Introduction

First discovered by Smolensky et al. in lead magnesium niobate [1], relaxor ferroelectric (RF)
materials have seen an increasing growth over the past years owing to their outstanding
dielectric and electrochemical properties [2,3]. The valuable properties of relaxors are
principally related to their distinct polar structure, i.e., the existence of polar nanoregions
(PNRs), and their ability to respond to an external electric field [4,5]. It is believed that
relaxor features are mainly driven by chemical disorder in the A/B-site mixed perovskites [6].
The former chemical disorder is assumed to induce local random fields, which are responsible
for the presence of polar nanoregions (PNRs). In contrast to FEs, the presence of PNRs in RFs
and their specific switching under an applied electric field makes these materials very
attractive for energy storage applications and cooling devices that can operate in a wide
temperature range. Non-ergodic relaxors (NER) in their induced ferroelectric state, with a
correspondingly high remanent polarization and coercive field, have limited energy storage
performances. In contrast, ergodic relaxors (ER), which can reversibly be switched from
short-range polar order to long-range ferroelectric polar order under an applied electric field,
exhibit low remanent polarization and coercive field. Such properties are very advantageous
to energy storage performances. Interestingly, through chemical modification into a specific
system, the initial non-ergodic relaxor state can either transform to a complete ergodic relaxor
state, or induce a coexistence of both NER and ER relaxor states in the unpoled state [7-9].
Consequently, chemically tailored systems with induced NER and ER relaxor states have
emerged as an alternative to FEs owing to their excellent energy storage and electrocaloric
effect (ECE) properties in a wide temperature range owing to their diffuse phase transition
[10].

Due to their outstanding piezoelectric, electromechanical, electrocaloric, and energy storage
performances, the lead-based RFs, such as Pb(Mgi,3Nb23)O3-PbTiO3, PbZni1;3Nb2303, and
PbSc12Nb1203 based materials were considered and much studied initially in both bulk and
thin-film form [11-15]. However, due to environmental concerns, the European Parliament
imposed restrictions on some hazardous elements such as lead (Pb), in the electrical and
electronic equipment (2011/65/Eu (RoHS)) [16]. Therefore, during the last decades, there has
been considerable interest in the development of lead-free FE and RF materials, and various
materials have been considered to replace lead-based toxic systems [17-29]. The lead-free
Nao s BipsTiO3 (NBT) based ceramics are regarded as one of the most promising RF materials
thanks to their particular and exciting structural and dielectric features. The pure NBT
composition presents a non-ergodic relaxor state below the depolarization temperature (Tq)
[30,31]. It is among the rare A-site mixed perovskites since the majority of the studied relaxor
systems are of B-site mixed perovskites [32]. In addition, NBT exhibits high spontaneous
polarization of 38 uC/cm?, due to the lone pair effect of Bi**, similar to that of the Pb**
element. Besides, the strong hybridization of bismuth 6s? and oxygen 2p orbitals leads to Bi**
off-centering, thence driving ferroelectricity within the system [33]. Of particular interest, the
multiple dielectric anomalies of the NBT as well as its exciting relaxor properties make the
system very advantageous for numerous applications. Despite its high potential, the Achilles'
heel of the non-ergodic relaxor NBT system, is its high conductivity which limits its
integration in devices [34-37].



As a result, the NBT system was stormed by diverse research groups to improve its physical
properties through chemical tailoring. Within this scope, promising binary/ternary systems
were developed for piezoelectric, energy storage, and electrocaloric applications, among
which one can found NagsBiosTiO3—BaTiO3, NagsBio.5TiO3—KosBiosTiO3, NagsBiosTiOs—
NaNbO3, NagsBiosTiO3—BaTiO3-Ko.5sNagsNbO3, and NagsBiosTiO3—SrTiO3 systems [38—
42,27-29]. Further, using specific doping elements on such systems, the energy storage
properties can be enhanced. Recently, Guo et al. reported high energy storage performances
on ZrO; doped NBT-ST ceramics reaching Wrec = 2.83 J/cm® (n = 83.9%) at 220 kV/cm [28].
Using SnO> doping on NBT-ST ceramics, Zhang et al. reported an energy density of 2.35
J/em? at 180 kV/em [27].

On the other hand, doping with rare-earth elements is considered an elegant way to control
and improve the physical properties of the NBT system [43—46]. Rare earth introduction can
result in a change in the ordering degree of the A/B-site cations, and induce local random
fields/bonds within the system [47-49]. Therefore, giving rise to local structural
heterogeneities, which are essential in the view of improving the physical properties of
materials. Recently, Deng et al. reported on an enhanced piezoelectric response in samarium
doped  Bios(NapsKo2)osTiOs ceramics [50]. Rare-earth doping was also reported to
significantly improve the piezoelectric properties in the relaxor ferroelectric PMN-PT
ceramics/single crystals due to the induced nanoscale structural heterogeneities [51].

Within this scope, in the present work, we will highlight the effect of neodymium (Nd**)
doping on the structural, dielectric, energy storage, and electrocaloric properties of Nao s(Bi-
«Ndx)0sTiO3 (xNdNBT) ceramics with (0 < x < 30%). The substitution of Bi** by Nd** in the
A-site of the ABO3 perovskite induced local structural heterogeneities and reduced the long-
range polar ordering leading to a change in the structural and electrical properties. By using a
specific level of Nd** doping, both ER with PNRs or coexistence of both ER and NER relaxor
states could be stabilized. The recoverable energy storage density and ECE and their thermal
stability were investigated. The obtained results show that rare earth doping in NBT based
ceramics could be an alternative way to tailor the dielectric and ferroelectric properties.
Besides, it can produce high and stable energy storage and ECE response over a wide
temperature range.

2. Methods

Conventional solid-state method was used to elaborate Nag s(Bij-xNdx)o.5TiO3 (xXNdNBT) solid
solutions with various concentrations (X = 0 — 30%). Stoichiometric amounts of Na>COs3
(99.997%), Bi20O3 (99.975%), TiO2 (99.9%), and Nd203 (99.99%) powders were thoroughly
ball milled at 180 rpm for 4h using yttria-stabilized zirconia balls in ethanol media. The
obtained milled powders were then dried, uniaxially pressed into pellets, and placed into a
tube furnace for calcination at 800°C/3h. After the calcination process, the pellets were
crushed and grounded in an agate mortar. Thence, the powders were again milled at 180 rpm
for 4h. The granulometric analysis was used with a laser granulometry (Cilas 850, Marcousis)
showed that the median size of the resulted particles was less than 1 pum. The finely milled
powders were uniaxially pressed into pellet, and then cold isostatically pressed at 750 MPa.
Finally, the pressed pellets were sintered between 1100°C and 1130°C/3h in an air



atmosphere with a cooling/heating rate of 5°C/min. The density of the pellet was measured
using Archimedes’ methods taking ethanol as the immersion fluid, and high-density values
were obtained (> 95%). Room-temperature X-ray powder diffraction patterns were recorded
on a discover Brucker diffractometer (CuKa = 1.5406 A), with a step scan increment of
0.01313° in the 260 range (20-90°). The indexation of X-ray powder diffraction patterns for
our compounds was performed by means of the computer program Dicvol. Scanning electron
microscope (SEM; Environmental Quanta 200 FEG, FEI) was used to extract information
about the microstructure of our samples. The Raman spectra were recorded at room
temperature using a micro-Raman Renishaw spectrometer equipped with a CCD detector. The
red laser was used to excite the samples (633 nm). The dielectric measurements were carried
out using a Solartron Impedance analyzer SI-12060. Ferroelectric hysteresis loops were
collected at 1Hz at different temperatures using a ferroelectric test system (TF Analyzer 2000,
aix-ACCT).

3. Results and discussion
3.1. Structural and microstructural analysis
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Fig. 1: Room temperature X-ray diffraction patterns of XNdNBT sintered ceramics: (a) x =
0 —30%. (b): magnified (122) peak of the ceramics.

The X-ray powder diffraction (XRD) patterns at room temperature of the series Nag.s(Bii-
xNdx)0.5TiO3 (named xNdANBT, x = 0 — 30%) compounds are shown in Fig. 1(a). The X-ray
diffraction profiles of xXNdNBT highlight the formation of a perovskite structure. However,
low-intensity impurities were observed around 25-30°. To give an insight into the phase
structure evolution of xXNdANBT system, a locally magnified (122) peak of the ceramics is
presented in Fig. 1(b). The shift to high angles suggests that Bi was well substituted by Nd to
form xXNdANBT ceramics. Notice that for x = 30%, no shift was observed, which might speak



for a symmetry change at x = 25%. Detailed structural refinements were performed to

highlight the structural change.
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Fig. 2: (a) The variations of the equivalents lattice parameters and, (b) the c/a ratio in the
studied compositions of the perovskite series xXNdNBT, x = 0 — 30%, as a function of Nd**
amount.

Table S1 gathers the refined unit cell parameters of xXNdANBT compositions (x = 0 — 30%).
Interestingly, during the refinements, different types of structures were identified depending
on the composition. In the compositional range of 0 < x < 5%, the structure crystallizes in a
rhombohedral symmetry (R3c), isostructural to the pure NBT system. Besides, a mixture of
rhombohedral symmetry (R3c) and an orthorhombic phase (Pnma) was observed for the 10 <
x < 15% range. For the highest doping composition labeled as 25NdNBT and 30NdNBT, the
structure is found to be tetragonal with a P4/mmm space group.

To represent and evaluate the unit cell parameters, we used equivalent pseudocubic unit cell
parameters (Fig. 2(a, b)). Besides, to not clutter the illustration, we only present the
predominant rhombohedral parameters for the compositions with mixed phases (x = 10%,
15%). From Fig. 2 we can see that as Nd doping increases to 15%, the unit cell parameters as
well as c/a ratio decreases, owing to the substitution of larger A-site cations (rgiz+ = 1.17 A)
by smaller ones (rnaz+ = 1.109 A). With further incorporation of Nd in the A site, a sudden
change of the slope (c/a) was observed leading to a significant increase of the unit cell
parameters. This evolution is directly related to the structural phase transition to the tetragonal
(P4/mmm) phase. For the highest doping compositions, the transition to the non-polar
tetragonal phase can be explained by the substitution of the stereochemically active lone pair
ion by neodymium ion, which induces a decline of the stereochemical activity of Bi-O bonds
[52]. Fig. 3(a-c) present the fitted x-ray diffraction patterns of the rhombohedral SNANBT,
rhombohedral + orthorhombic 15NdNBT, and tetragonal 25NdNBT ceramics. In the
structural model of the thombohedral system (R3c) Na**/Bi**/Nd** and Ti*" are placed at the
6a (0, 0, z) sites; the oxygen atoms occupy the 18b (x, y, z) sites. In the structural model of the
tetragonal system (P4/mmm) Na**/Bi**/Nd*" and Ti** are placed at the sites 1a (0, 0, 0) and 1d
(Y2,2,%), respectively; the oxygen atoms occupy two positions: the sites 1c (¥2,2,0) and 2e
(¥2,0, 12).

Schematic views of the crystal structures for SNANBT with the R3¢ space group and
25NdNBT with P4/mmm space group are presented in the insets of Fig. 3. The quality of
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structural refinements was examined through the goodness of the Rr, Rg, Rp, Rwp, and Rexp
reliability factors. The crystallographic details of the Rietveld refinement parameters of the
compositions SNANBT, and 25NdNBT are listed in Table S2. The atomic positions,
occupancy, and isotropic atomic displacement parameters of the perovskite series for
Nap 5(Bii-xNdx)o.5TiO3 are summarized in Table S3.
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Fig. 3: Final Rietveld refinement plots of X-ray diffraction patterns for (a) SNdNBT, (b)
15NdNBT, and (c) 25NdNBT: observed, calculated, and their difference. The calculated
positions of Bragg reflections are marked by vertical markers. Insets show different structural
views of the rhombohedral and tetragonal phases. For SNdANBT, yellow spheres: Na/Bi/Nd
cations, pink spheres: Ti cations, brown spheres: O anions, pink polyhedra: TiOg octahedra.
For 25NdNBT, orange spheres: Na/Bi/Nd cations, blue spheres: Ti cations, grey spheres: O
anions, blue polyhedra: TiO¢ octahedra.



From the analysis of the various inter-atomic distances (Table S4), Na/Bi/Nd cations are
surrounded by 12 oxygen atoms, which form (Na/Bi/Nd)O12 polyhedra with oxygen anions.
The Na/Bi/Nd-O bond lengths vary from 2.55 to 2.95 A for 5NdNBT showing a significant
distortion. For 25NdNBT, these distances vary from 2.736 to 2.738 A showing a regular
polyhedron. It is also observed that Ti** cations at the B-sites form with the oxygen atoms
TiOs octahedra as shown in the insets of Fig. 3. These octahedra are connected by oxygen
atoms to create a three-dimensional network. The TiOg octahedra are only distorted in the R3¢
space group (Ti-O distances vary from 1.85 to 2.06 A). The octahedral rotation induced by
increasing doping of Nd** transforms the non-centrosymmetric rhombohedral (R3c) structure
to the centrosymmetric tetragonal (P4/mmm) structure for x = 25% and 30% (Ti-O distances
vary from 1.935 to 1.938 A).
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Fig. 4: Room temperature Raman spectra of the xXNdNBT ceramics, in addition to the
deconvolution of the NBT Raman spectrum.
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Fig. 4 shows room temperature Raman spectra recorded from 90 to 700 cm™ for all XNdNBT
compositions to probe the structural changes. Remind that the pure compound crystallizes in
the rhombohedral (R3c) structure. The deconvolution of the Raman modes of the NBT system
presents four major Raman peaks situated at 139, 283, 514, and 583 cm™!, in good agreement
with other published reports [53-58]. The first vibrational mode (vi = 139 cm™) of the A-site
of the ABOs perovskite, becomes broader with the introduction of Nd**, due to the increase of
the disorder in the A-site. The vibrational mode attributed to the Ti-O vibrations (v2 = 283 cm’
1) is also seen to broaden in addition to a clear downshift while increasing neodymium
introduction. The higher frequency modes (v3 = 514 cm™!, and v4 = 583 cm'!) are attributed to
the TiO¢ octahedral vibrations [59]. The former Raman modes are, in our case, indicative of
the structural change. As first observed, two Raman peaks of equal magnitude can be seen in
the pure NBT system. With neodymium doping (5%), the ratio (v3/ v4) is observed to increase
slowly. However, further neodymium introduction (10%, 15%) resulted in a drastic decrease
of the v4 mode with a predominance of vi. At 25% Nd**, we can observe a merging of the
high-frequency Raman modes, which confirms the structural change, with an evolution from a



low to a higher symmetry. Concerning the highest Nd** composition (> 25%), it is seen from
the spectra that additional shoulder modes appear around 445 cm™, and 608 cm™, which
might be attributed to the low-intensity secondary phases observed previously by the X-ray
diffraction technique.

Fig. 5: SEM images of xXNdANBT ceramics with (a) x =0, (b) x =5%, (c) x = 10%, (d) x =
30%.

Fig. 5(a —d) present the SEM micrographs of xXNdNBT ceramics (x = 0, 5, 10, 30%) in order
to illustrate the compositions in different phases (R3c, R3c+Pnma, and P4/mmm). The
morphologies of all studied ceramics showed a homogeneous and dense grain microstructure.
Interestingly, the pure NBT, 5%, and 10% doping concentrations exhibited spherical-like
grain distribution while for high concentrations, x > 25%, a morphological change to cubic-
like grains is observed, which confirms the symmetry change observed in the XRD
investigation. As observed, neodymium introduction impacts drastically the grain size of the
studied compounds. NBT system is observed to have grain sizes ranging from 3 to 4 um.
However, with increasing Nd** concentration, the grain size was reduced to 1-2 um for the
compositions with x = 5 and 10%. With further doping (x = 30%), the grain size decreased
even more to reach values of 0.5 — 1 pm. The high density and low grain size in ceramics are
relevant parameters that can result in an enhanced breakdown strength in the samples.

3.2. Dielectric properties

Fig. 6(a-e) present the temperature dependence of the dielectric permittivity of xNdANBT
ceramics (x = 0 — 30%) measured at different frequencies. From high to low temperatures, the
parent NBT system is observed to undergo three dielectric anomalies, namely, T, ~ 345°C, T}
~ 315°C, and T4 ~ 250°C. The first diffuse phase transition at Ty, is related to the tetragonal
(P4bm) to orthorhombic (Pnma) transition. Here, Tm represents the temperature of the
maximum dielectric permittivity. The NBT system transforms from a rhombohedral to a
modulated phase (R3¢ + Pnma) near the depolarization temperature Tq (~ 200°C — 280°C).
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Therefore, the dielectric anomaly at T; is assigned to the transition from the modulated phase
to the complete structural change to the orthorhombic (Pnma) structure [60,61]. The
depolarization temperature where the modulated structure takes place is interesting from a
nanoscale point of view. Several NBT-based systems reported on a significant frequency
dispersion around T4 which is usually known in relaxor ferroelectric materials and brings to
light the dynamic of the polar nanoregions in the system [62—-64]. A first observation on the
effect of neodymium introduction is the overall decrease of the maximum dielectric
permittivity, from 2700 (NBT) to 550 (30NdNBT). Interestingly, the introduction of Nd** into
the NBT matrix up to 10%, increases the room temperature dielectric permittivity from 500 to
about 800. By further increasing the doping level, the room temperature dielectric permittivity
of 30NdNBT decreases to about 525 but remains higher than the pure NBT.

Neodymium introduction is observed to affect all three dielectric anomalies. Regarding the
composition with 5% neodymium doping (Fig. 6(b)), the maximum temperature anomaly is
observed to shift to higher temperatures (Tm ~ 420°C) and became further diffuse. In contrast,
the Ty anomaly shifted to lower temperatures (T1 ~ 310°C) and became more prominent than
that of the pure compound. The most interesting effect of neodymium introduction is
observed on the depolarization temperature. A broad Tq anomaly covering a large temperature
range from room temperature up to 250°C is observed for the SNANBT composition. We
believe that neodymium introduction increased considerably the relaxor properties of NBT
system and thereby increased the PNRs in the structure on a large temperature range. Thence,
the substitution of Bi** with Nd** resulted in a perturbation of the ferroelectric order and led to
the formation of a short-range ergodic relaxor phase. Similar behavior was found by Zhou et
al. in their recent work, where they reported that the increase of (LiosNdos)**
the (NaosBios)** A-site of NBT-12BT system, lead to the prevention of the long-range
ferroelectric order and instead promotes the formation of PNRs within the system [65].
Regarding the 10NdNBT composition, a broad plateau-like is observed over a broad range of
about 300°C, which is mainly due to the enhanced relaxor character and to the largely diffuse
Tm anomaly. The T; anomaly of this last composition was observed to downshift to T
~190°C. We surmise that the coexistence of R3c and Pnma phases can be found for
temperatures below the Ti anomaly. The former assertion is in good agreement with the
Rietveld refinement results. Concerning the composition with 15% of doping, the T, anomaly
is observed to decrease considerably in intensity compared to the diffuse anomaly at 150°C.
Finally, for the highest neodymium concentration, the dielectric anomalies at Tr, and T seem
to disappear, and only one broad dielectric anomaly is observed at room temperature
presenting a strong frequency dispersion. The diffuse character of the dielectric anomaly can
be related to the increase of the structural disorder caused by the substitution of Bi** by Nd**.
Besides, considerably lower dielectric losses were observed for the NANBT system compared
to NBT, particularly at high temperatures (Fig. 6(f)). The very low dielectric losses at high
temperatures (ex: 0.044 at 200°C for 5%Nd) combined with high-temperature dielectric
stability are significant for high-temperature applications [66].

In recent years, there has been an increasing demand for reliable high-temperature electronics
(HTPE) that can operate in a harsh environment, be adapted to space constraints, have high-
temperature stability and reliability, and finally can be produced at acceptable costs [67,68].
The former electronics are highly needed in diverse applications, such as in power factor,

concentration in
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microwave communications, hybrid electric vehicles, pulsed power applications, deep-well
oil and gas exploration, and also in aerospace systems and NASA space applications [68].
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Fig. 6: Dielectric permittivity at I0kHz, 100kHz, and 1MHz of xXNdNBT ceramics, with (a) x
=0, (b) x=5%, (c) x =10%, and (d) x = 30%. (e) Dielectric losses at 100kHz of the
compositions with x = 0 — 30%.

Thenceforth, to consider the temperature dielectric stability performances of the xXNdNBT
system and evaluate the effect of doping on the stability, we introduced a parameter defined
as the temperature coefficient of capacitance (TCC), given by the following equation:

TCC = AC Agy __ €T—EBase Temp (1)

CBase Temp €Base Temp €Base Temp
The base temperature was taken at 150°C, to cover the majority of high-temperature
applications. Fig. 7 shows the temperature change of the capacitance of xXNdNBT ceramics as
a function of temperature.
Regarding the ceramic with low neodymium doping (SNANBT), a dielectric temperature
stability of +15% is observed in a small range of temperatures between 100°C and 220°C.
However, by increasing the Nd** concentration, high dielectric temperature stability is
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observed over an extensive temperature range. The 10NdNBT composition exhibited a TCC
of £11% from 110°C up to 505°C. In contrast, the 1SNdNBT composition presents a TCC of
+15% from room temperature to 400°C. Regarding the 30NdNBT sample, a TCC of £15% in
the range from -90°C to 405°C was found, in addition to a very small TCC of about < +5% in
the temperature range from -30°C to 230°C. Such characteristics are promising for dielectric
capacitor applications working around RT and at relatively high temperatures (< 200°C).
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—« 15NdNBT SNANET ] &, ~ 750, tand ~ 0.013, TCC +15%
4 30NdNBT .
I5 R g, ~ 1150, tand ~ 0.04, TCC =11%
S NBT-BT-KNN®] &~ 2151 tan5 ~ 0.025, TCC +10%
< 0 NBT-KT"] &> 2500, tand ~ 0.05. TCC +15%
8 NBTNN]er 22300, tand < 0.02, TCC +15%
= SDVNBT ] g, ~ 1200, tand ~ 0.03, TCC +15%
5yfFr-----fF--------= T Y ] TCC +6%
C0G 4 2
xR ] TCC £15%
000 0 100 200 300 400 500 o L S
- -100 0 100 200 300 400 500

Temperature (°C) Temperature (°C)

Fig. 7: (a) Temperature change of the capacitance for XNdNBT ceramics at 100kHz with x =
5,10, 15 and 30%. (b) Temperature range stability of the dielectric permittivity of xXNdNBT
ceramics along with reported data [69-71].

Fig. 7(b) gathers the TCC parameters obtained in this work compared with the standard
capacitors and some other NBT-based materials. Conventional power capacitors are
generally designed to withstand a maximum temperature of 125°C. The former temperature
limit constitutes a hindrance to the long-term reliability of power electronics and also doesn’t
cover many application sectors, such as deep-well oil and gas exploration (>200°C),
combustion sensing (200 — 300°C), and exhaust sensing (>500°C) [72]. In the present work,
we succeeded in achieving a much higher maximum temperature stability, superior to 200°C
in the studied xXNdANBT ceramics, reaching 505°C for 10NdNBT.

3.3. Ferroelectric and energy storage properties

Fig. 8(a-d) presents the room temperature hysteresis loops of the different xXNdNBT
compositions, in addition to their respective I(E) curves measured under an electric field of 95
kV/cm. Interestingly, while increasing neodymium doping, different relaxor ferroelectric
states could be stabilized. The NBT system presents a typical ferroelectric response to the
applied electric field, with a square hysteresis loop and two typical current peaks +I;, assigned
to the electric field induced long-range ferroelectric domain switching. The permanently
induced long-range order in non-ergodic relaxor ferroelectric ceramics was reported by
several research groups in NBT-based systems. A similar response was found on NBT-KN
and NBT-NN systems at specific amounts of substitution [62,73]. Interestingly, the SNdNBT
composition, present four current peaks I, and £I> at the electric fields of +E; and *E;,
respectively. The appearance of four peaks in the I(E) curves of SNANBT ceramic is a
signature of the coexistence of both long-range FE order and PNRs in the system. For such
systems, the initially disordered PNRs will align with the applied electric field inducing the
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growth of long-range ferroelectric domains, giving rise to a domain switching current (+I).
Once a backward electric field is applied, the induced FE domains from the initial ER phases
will first decompose back to PNRs (-12). Thence at a higher inverse applied electric field, the
PNRs will transform again to FE domains (-I1).
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Fig. 8: Room temperature hysteresis loops, in addition to the current versus electric field
curves for XNdNBT ceramics, with (a) x =0, (b) X = 5%, (¢) x = 10%, (d) x = 30%.

A recent in-situ TEM investigation demonstrated that the I; peak in the I(E) curves
corresponds to the relaxor-ferroelectric transition with the growth of the PNRs into large FE
domains. Furthermore, they reported that the I> peak is a signature of the ferroelectric-relaxor
transition with the decomposition of the ferroelectric domains into nanodomains [74].
Regarding the composition with 10% Nd** doping, a slim hysteresis loop is observed with a
low remanent polarization and coercive field, and a relatively high maximum polarization.
The I(E) curve of such composition makes us believe that the system is in a dominant ergodic
phase, with the appearance of only two broad switching current peaks (Fig. 8(c)).

The introduction of a higher doping concentration (x = 30%), results in an increased disorder
in the structure, and consequently, the relaxor behavior is amplified and the ferroelectricity is
highly decreased. The square I(E) curve of the former composition is due to the small electric
field-induced polarization of the complete ergodic relaxor phase.

These results imply that rare earth doping can be an effective and simple way to tailor the
electrical properties of the NBT system. In this study, by using a specific level of Nd doping
into the matrix of the initially non-ergodic relaxor NBT, different relaxor ferroelectric states
could be stabilized; the coexistence of ER and NER (SNdNBT), ER state in intermediate Nd
doping (10NdNBT), and a paraelectric-like state for the higher concentration of Nd
(30NdNBT).

The temperature dependence of two compositions was investigated to explore the energy
storage performances of XNANBT ceramics. Fig. 9(a-d) presents the temperature dependence
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(25°C — 200°C) of the hysteresis loops and the I(E) curves of the SNANBT, and 10NdNBT
compositions. The room temperature hysteresis loop of SNANBT presents a relatively high
remanent polarization (P;) and coercive field (Ec) with a corresponding maximum polarization
(Pm) reaching 38uC/cm?. As observed, the Pr and Ec values are decreasing considerably while
keeping high Pn values as the temperature increase, resulting in pinched P(E) loops. The
pinched hysteresis loops observed at high temperatures are due to the electric field-induced
microstructural transformations, where the system returns back to its original ergodic relaxor
state during the field unloading [75]. Notice that several researcher groups demonstrated the
existence of a ferroelectric-to-relaxor (Tr.r) phase transition in NBT-based systems close to
Ta [73,76,77]. The latter transition highlights principally the size change of the polar
nanodomains, in addition to their increased mobility [78]. In the view to determine the Trr
phase transition of the SNdANBT compound, the current curves were presented in Fig. 9(b). As
observed, four current peaks are seen to evolve as a function of temperature.
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Fig. 9: Temperature-dependent (25 — 200°C) of the hysteresis loops for (a) SNANBT, and (c)
10NdNBT ceramics (Inset presents the temperature dependence of P; for both samples).
Temperature-dependent (25 — 200°C) of the I(E) curves for (b) SNANBT (Inset shows the
temperature evolution of I peaks), and (d) 1I0NdNBT ceramics.

The temperature evolution of the electric fields Ei and E> corresponding to the current peaks
I and I are plotted in the inset of Fig. 9(b). Interestingly, at 80°C, a sign change (from
positive to negative) is observed on E» suggesting a temperature-induced transition from
NER+ER to an ER state. Besides, after a small decrease in I; with increasing temperature, it
starts to increase back at the critical temperature of 80°C. Therefore, we believe that the Trr
transition in this compound takes place at a temperature of 80°C. Similar behavior was
observed by Li et al. in NBT-6BT-based ceramics. They reported that the increase of
Sro.7Bi0200.1TiO3 content, makes the I» peak emerges in the unloading branch of the J(E)
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loops. This feature was reported to be due to the enhanced fraction of ergodic phases in the
system and was correlated to the Ter of the compound [79].

Regarding x = 10%, the temperature dependence of the P(E) loops is captivating, since slim
hysteresis loops are obtained with very low Ec and P; values, in addition to relatively high Py,
values. According to these results, we believe that the increase in neodymium doping to x =
10% resulted in a considerable decrease in the PNRs size (nanometric scale). Similar behavior
was observed by Yan et al, in their recent investigation on NBT-BT-based systems [77].
Besides, the increase in temperature resulted in enhanced local random fields and strengthen
the ergodic relaxor state in the 1I0NdNBT ceramic.
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Fig. 10: (a) Definition of the ES parameters. Temperature evolution of (b) Pu-P;, (¢) Ec, (d)
Wiee, (€) 1, and (f) Wec instability (nwrec) of SNANBT, and 10NdNBT ceramics.

The remanent polarization of SNdNBT and 10NdNBT compounds are plotted as a function of
temperature in the inset of Fig. 9(c). It can be observed that a much greater P value is
obtained at room temperature for SNANBT compared to the I0NdNBT sample. This feature is
demonstrative of the stabilization of the FE order after the removal of the electric field for the
SNANBT composition. Above 80°C, the P; value of this last composition illustrates a
continuous decrease suggesting that the FE domains could not be further stabilized at high
temperatures, and confirms the Tr.r temperature for the SNANBT system. Besides, the low P;
value of the I0ONdNBT sample highlights dominance of the non-stable FE phases after the
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removal of the excitation, however a very small portion of stable FE domains still exist in the
sample (P;# 0) [80].

To assess the ability of our systems to be promoted for energy storage (ES) applications, the
temperature dependence of the energy storage density and the energy efficiency were
extracted from P-E hysteresis loops of SNANBT and 10NdNBT compositions. Remind that
the energy storage density (Wrc) of a system can be calculated from an integration of the
hysteresis loops of the compound (see Fig. 10(a)), and can be written as

P
Weee = [, " EdP 2

Accordingly, a high-energy storage density can be obtained for a system presenting a high AP
= Pn - P: value, and having the ability to withstand high applied electric fields. Taking into
account the energy dissipated as heat from the system, namely energy losses (Wioss), the

energy efficiency can be given as follow,
WT@C

T = et Wioss ©)
rec loss

To get a clear understanding of the effect of the temperature and doping on the energy storage
key parameters, we plotted in Fig. 10(b-e) the temperature evolution of AP, E¢, Wi, and 1.
As we have discussed before, the SNANBT ceramic presents a quasi-square ferroelectric
hysteresis loop at room temperature, presenting low AP, and high E. values (Fig. 10(b, ¢)),
giving rise to low Wi, and 1 values (Fig. 10(d, e)). The increase in temperature resulted in an
enhancement of the ER phases leading to a considerable rise in the relaxor properties within
the system, resulting in a high energy storage density of Wy = 1.25 J/em? (180°C, and 95
kV/cm), with a corresponding energy efficiency of n = 60%.
According to the increased disorder within the IONANBT system, prominent relaxor character
was noticed from RT to high temperatures. Thenceforth, broad temperature stability was
observed over the whole measured temperature range (25°C — 200°C) for the 10NdNBT
compound (Fig. 10(b — e)). Consequently, relatively high energy storage density is obtained
for the former composition ranging from 0.5 to 0.74 J/cm? (25°C - 200°C), with a maximum
value of 0.77 J/cm? obtained at 160°C. Similarly, the energy storage efficiency also presents
high-temperature stability, with a maximum value of n = 73.5% at 180°C.
The temperature stability of the ES performance of a material is essential for practical
application. Thus we evaluated the temperature instability of Wy using the following
equation [81]:

Nw,p, = Wreem =Wrec X 100 4)

Where nwrec and Wy present the instability of the energy storage density and the maximum
Wi value, respectively. Fig. 10 (f) presents the temperature evolution of nwrec for SNANBT
and 10NdANBT compositions. At low temperatures, the SNANBT sample exhibits high nwrec
values. By increasing the temperature, nwrec decreases quasi-linearly before stabilizing at
temperatures higher than 120°C. For T > 100°C, nwrec 1s below 20% while a very small
instability of < 8% is reached for T > 120°C. In contrast to the SNANBT composition, the
10NdNBT presents low nwrec values over the whole studied temperature range, in particular a
very small nwrec < 7% between 100 and 200°C is obtained.

Fig. 11 gathers the obtained energy storage densities in the xXNdNBT ceramics, along with
some reported literature data of NBT-based systems. The obtained results show that rare-earth
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doping can be considered as a simple and elegant way to design lead-free relaxor ferroelectric

materials with high-energy storage performances operating at high temperatures.
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Fig. 11: Energy storage density obtained in this work (represented by stars) in comparison to
some literature data of complex NBT-based systems [38,69,83-91].

3.4. Electrocaloric investigations

The electric field applied to a ferroelectric material leads to an increase in the dipolar order
and, therefore, to a decrease in entropy. Conversely, removing the electric field allows the
material to relax by increasing its entropy. These entropy variations are the origin of a
temperature variation called the electrocaloric effect (ECE). In standard ferroelectric material,
substantial entropy change could be obtained at the ferroelectric (FE)-paraelectric (PE) phase
transition resulting in a narrow ECE peak at the Curie temperature. However, the small
temperature stability of ECE in normal ferroelectrics is not suitable for practical applications.
In recent years, relaxor ferroelectric materials have attracted considerable interest in cooling
technologies owing to their diffuse phase transitions, which are desired for producing high
ECE in a broad temperature range [92-94]. For instance, high ECE response in a broad
temperature range between Tq and Tm has been reported in the non-ergodic relaxor PZT based
system [95].

In the present work, we aim to investigate the ECE response between RT and Tq in the relaxor
ferroelectric SNANBT ceramic, presenting the coexistence of both NER and ER state at RT.
The coexisted phases can result in an enhanced ECE response, which was demonstrated by Li
et al. in their investigation of the electrocaloric effect in NBT-BT based system [79]. In
subsequent work, the authors demonstrated an enhanced ECE in NBT-ST ceramics presenting
a freezing temperature near RT [96]. It is believed that the design of lead-free RF materials
with different relaxor phases is suitable for high electrocaloric response in a wide temperature
range.

The evaluation of the ECE can be obtained through the investigation of the adiabatic
temperature change, AT, using the indirect method based on the Maxwell equation:
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1 (E aP

AT =~ [T (%) aE (5)
Where E; and E¢ correspond to the starting and final applied electric fields, OP/0T represents
the pyroelectric coefficient, p, and C, stand for the density (5.97 g/cm?) and the specific heat
capacity (537 J/K Kg) of the SNANBT system, respectively.
The temperature evolution of the polarization at different applied electric fields obtained from
the upper branch of the P-E hysteresis loops was plotted in Fig. 12(a). For all-electric fields,
the polarization exhibits a smooth decrease with the increase in temperature. The former
feature highlights the transition from the ferroelectric to the relaxor state and is observed to
shift to higher temperatures when the electric field increases. Fig. 12(b) shows the
temperature evolution of the ECE of SNdANBT composition at different applied electric fields
(5 — 95 kV/cm). In a ferroelectric compound with a typical FE-PE phase transition, a sharp AT
peak can be observed near T.. However, for a relaxor system, the temperature evolution of AT
depends mainly on the existence of PNRs [97]. A broad ECE response can be obtained for
temperatures presenting a significant change in the dynamics of PNRs. For instance, an
enhanced EC effect was found in the region of the ferroelectric-to-relaxor phase transition for
the NBT-6BT system (~ 100°C) [76].
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Fig. 12: (a) Temperature dependence of the polarization, (b) electrocaloric temperature
change (AT) as a function of temperature at different electric fields (inset shows the PNRs
behavior as a function of temperature at Emax).

At low electric fields below 5 kV/cm, AT shows a first broad peak (noted as peak 1) with a
maximum Tatm1 around 72°C. By increasing the electric field, the peak 1 becomes less broad
and shifts gradually to high temperatures (Tatmi = 93°C at 95 kV/cm), while a second peak
(noted as peak 2) emerged at 127°C and became perceptible for applied electric fields higher
than 10 kV/cm. The intensity of peak 2 increases with the electric field and forms with peak 1
a ‘plateau-like’ ECE for electric fields higher than 40 kV/cm. For E > 60 kV/cm, the AT of
peak 2 becomes higher than that of peak 1 and reaches 1.8 K under 95 kV/cm.

For this system, the substitution of Bi*> by a rare earth element (Nd**) in the ABOs
perovskite, increases the disorder in the A-site, inducing local random fields which results in
the appearance of an ER state at RT that coexist with the initial NER state of the parent NBT
system. By increasing the temperature, the local random fields increase within the system
with enhanced ergodicity. First, when a small electric field is applied, a weak ECE is obtained
corresponding to the polarization reorientation of the PNRs and the transformation of a small
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part of PNRs into ferroelectric macrodomains. By applying a sufficient electric field, the
relaxor state with short-range-order PNRs transforms into a stable ferroelectric long-range-
order. The electric field removal results in a high ECE due to the coexistence of the induced
ferroelectric macro-domains and the ER state at E = 0.

The first peak obtained around 90°C can be associated with a complete transformation of the
ferroelectric NER+ER states to a first relaxor ER state (denoted by ER; in Fig. 12(b)). The
second ECE peak appearance at about 130°C, could be interpreted by the transformation of
the ER; to ER», with different kinds of PNRs. We believe that while increasing the
temperature (~Tq), Pnma PNRs might manifest in the system along with the R3¢ PNRs,
resulting in a higher entropy variation distinguished by the broad peak 2. For the highest
temperatures (T > 130°C), the decrease in the AT value is mainly due to the difficulty to
reorient the dominant Pnma PNRs in the pure ergodic relaxor state. Relaxor domain states in
the electric field as a function of temperature are depicted in the inset of Fig. 13(b).
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Fig. 13: (a) the ECE instability in the temperature range (80-140°C) and the electric field
evolution of ATy, for peaks 1 and 2 of SNANBT ceramic. (b) The electric field dependence of
the ECE responsivity and ATm.

Temperature stability of ECE, a relevant parameter for applications, is given by [81]:

AT, —AT
= ——-X
NECE AT, 100

(6)
Where nece presents the electrocaloric instability and ATm stands for the maximum ECE
value. Fig. 13(a) shows the electric field evolution of nece in the temperature range of 80-

140°C, and ATy, for peak 1 (ATwm1) and peak 2 (ATwm2).
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Fig. 14: Comparison of the electrocaloric coefficient obtained in our work with some reported
NBT-based systems [38,98—104].
Increasing the electric field from 10 to 95 kV/cm, ATm1 and ATm2 increases from 0.36 to 1.5

K and 0.12 to 1.8 K, respectively. At E = 10 kV/cm, nece is high and exhibits a linear
decrease when E increases up to 40 kV/cm before stabilizing at a high electric field.
Interestingly, in the electric field range, 40 — 95 kV/cm, the NEgck (80-140°c) shows low instability
below 20% accompanied by a higher electrocaloric response (1.18 K < AT, < 1.8 K) which is
highly desirable for practical applications. To evaluate the performance of the obtained ECE
in the studied sample, the responsivity AT./AE is plotted in Fig. 13(b) together with ATy, as a
function of the applied electric field. As we can see from the figure, a high responsivity is
obtained of 0.19x10° when at 95 kV/cm. Figure 14 regroups the obtained EC parameters for
SNANBT composition and some reported literature data of lead-free NBT-based systems. This
work highlights the benefit of inducing NER and ER relaxor states in the NBT system through
Nd-doping on the electrocaloric response. We suggest that the increased relaxor state in the
SNANBT system benefits the electrocaloric response and improves its thermal stability, which
is highly needed in cooling technologies.

4. Conclusion

In this work, lead-free relaxor Naos(BiixNdx)o.sTiO3 ceramics with different neodymium
concentrations (x = 0, 5%, 10%, 15%, 25%, 30%) were investigated. XRD and SEM
investigations revealed a pure perovskite phase and dense microstructure for the studied
compounds. Structural transformations were noticed as a function of Nd** doping. By
increasing neodymium content, the structure changes from a rhombohedral R3c,
rhombohedral R3¢ + orthorhombic Pnma, and finally to a tetragonal P4/mmm structure.
Dielectric investigations revealed very low dielectric losses in the doped compounds. Besides,
the introduction of the Nd** element was seen to induce a strong frequency dispersion in the
&(T) curve, highlighting the presence of PNRs within the doped compositions. A stable TCC
(£ £15%) over a wide temperature range with a maximum working temperature exceeding
200°C was observed for all doped compositions, which makes the xNANBT ceramics
potential candidates for reliable high-temperature electronics. Besides, considerable energy
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storage properties were obtained for XNANBT ceramics, with Wee > 1.14 uC/cm? (140°C —
200°C) for SNANBT ceramic, and Wi > 0.75 pC/cm? (120°C — 200°C) at 95 kV/cm for
1I0NdNBT ceramic. In addition, an enhanced ECE was obtained for the 5%Nd composition,
with AT = 1.8 K at 95 kV/cm and a corresponding low AT instability below 20% over a broad
temperature range (80 — 140°C). Through the investigation of the AT(T) curve, we proposed a
schematic representation of the temperature effect on the PNRs (SNANBT system). We
believe that Nd** doping can be a powerful tool to tailor the local nanostructure of the NBT
system and its dielectric, ferroelectric, energy storage and electrocaloric properties.
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