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Aging creates significant changes in the properties of the ferroelectric materials such as dielectric and
piezoelectric properties. However, the influence of aging on the electrocaloric effect (ECE) has not yet
been investigated. In this work, we investigate the effect of the aging on the ECE in acceptor (Li*) doped
BaTiO3 ceramics. We observe that aging induced defect polarization (Pp) reduces the saturation polari-
zation of the doped samples until T.= 115°C. Above that temperature Pp loses its effectiveness and

material behaves like a fresh sample. Suppression of polarization below T¢ due to aging effect results in a
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same sample.

sharper slope change in the temperature dependence of electrical polarization in aged samples which
causes an increase in the electrocaloric temperature change of Li* doped BaTiO3 ceramics up to 23% at Tc.
Above a critical Li doping amount, both negative and positive electrocaloric effect are observed in the

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Electrocaloric effect can be described as the adiabatic temper-
ature change of dielectric materials under applied electric field
[1—4]. Electrocaloric cooling based on electrocaloric effect is a
promising technology which has the potential to replace conven-
tional coolers based on vapor compression [1,4]. Among different
types of caloric materials (i.e. magnetocalorics, barocalorics, elas-
tocalorics and electrocalorics) considered for novel solid state
cooling devices, electrocaloric materials are shown to be most
promising [5]. Even though the cooling characteristics of electro-
caloric cooling devices do not yet meet the requirements needed
for practical applications, numerical models of device prototypes
are being simulated and experimentally validated [6,7]. Mischenko
et al. reported a giant electrocaloric effect in antiferroelectric
PbZrp95Tip,0503 thin films under 780 kV/cm electric field with 12 K
electrocaloric temperature change [8]. After that work, electro-
caloric materials have received great attention. Due to the toxicity
of lead, lead-free ferroelectric materials especially BaTiO3 and
BaTiOs based systems received more attention because of their
excellent ferroelectric properties and relatively high electrocaloric
temperature change (AT) [9—16]. Moya et al. [9] studied single
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crystal BaTiO3 samples using both direct and indirect methods, and
reported a AT of 1.0 Kat the ferroelectric (FE) to paraelectric (PE)
phase transition. To obtain a relatively high electrocaloric effect in
wide temperature range, doping strategies have been extensively
studied [10,14,15,17—20]. Many of these studies focus on bringing
different ferroelectric phases of BaTiOs close to each other, thereby
making more polarization directions available and reducing the
energy barriers required for the polarization of the material
[10,14,15,17]. Mostly isovalent doping is used and common dopants
are Sr >* and Ca®*at the A-site and Zr *, Hf 4*, Sn #* and Ce 4" at
the B-site of the perovskite structure [10,13,14,17,21—27]. On the
other hand, heterovalent doping has not received as much interest
as isovalent substitution. In heterovalent substitution, the dopant
atom can occupy either A or B-site. Atoms which have low valence
and large atomic radius prefer to occupy the A-site, on the other
hand, atoms with high valence and small atomic radius prefer the
B-site. Influence of different heterovalent dopants (Mn and some
rare-earth elements) on electrocaloric effect have been studied
[17,28,29]. Even though there are quite a few studies on Li doping of
BaTiO3, influence of Li doping on electrocaloric properties has not
been reported so far. Previously, it was reported that the site which
Li* will choose to occupy is difficult to determine because the ionic

radius of Li* is close to Ba** in 12-fold (rj;- = 1.18 A) coordination
and close to Ti** in 6-fold (r;+ = 0.76 A) coordination [30,31]. Lou

et al. [32] reported that Li* first occupies A-site up to a certain Li
amount and reaches the limit of the solid solution. Above this
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amount, a large amount of Li* occupies the B-site such that even-
tually both A and B-sites are occupied. Heterovalent doping causes
defect formation (oxygen or cation vacancies) in the structure. In
the case of acceptor doping, doping induced defect dipole forma-
tion changes the ferroelectric and piezoelectric behavior. For
example, acceptor Li-doped BT systems show anti-ferroelectric like
behavior because of the pinching effect of the defect dipoles
[32,33]. Regarding the influence of defects on ECE, computational
studies show that defect structures do not constitute an obstacle for
the ECE and with the right strategies ECE can be improved [34,35].
Experimentally, the effect of defect polarization on the electro-
caloric effect has only recently been demonstrated [36—39]. In
Pb(Zr,Ti)O3 ferroelectric bilayer thin films, it was reported that
defect polarization induced pinching in the hysteresis loops grad-
ually disappear with increasing temperature, resulting in both
negative and positive electrocaloric effect [36]. In another study on
ferroelectric PbZrOs thin films, electrocaloric effect measured by
indirect method was shown to depend on the measurement fre-
quency due to the defect-related polarization switching dynamics
[37]. In Mn-doped Pb(IngsNbgs)03—PbTiO3 ceramics, defect di-
poles induced by Mn-doping significantly changes the electro-
caloric effect compared to the undoped sample, resulting in both
positive and negative electrocaloric effect [38]. In a study on Fe-
doped Pb(Zr,Ti)O3 ferroelectric ceramics, it was shown that the
electrocaloric effect depends on poling direction since the poling
direction controls the internal bias field caused by defect dipoles
[39]. Despite these studies about the effect of defect polarization on
the electrocaloric effect, the effect of aging on the electrocaloric
effect has not been described systematically.

Aging effect can be defined as the time-dependent change of
ferroelectric, dielectric and piezoelectric properties [40—46]. It is
believed that the aging behavior is caused by the symmetry con-
forming short range ordering (SC-SRO) tendency of point defects to
comply with general crystal symmetry [40]. Also, it is known that
the acceptor doping strongly contributes to the aging effect of the
ferroelectric materials [40—42,44,45]. Acceptor doping induces the
formation of oxygen vacancies which constitute a defect dipole
together with the acceptor dopant. In general, the aging behavior is
thought to be related with the time dependent oxygen vacancy
migration in acceptor-doped ferroelectrics. However, the source of
the activation energy for oxygen vacancy migration is still a matter
of debate [44,45]. Aging behavior can be considered as undesirable
behavior because it affects the stability and reliability of the ma-
terial [47]. However, recent studies have shown that aging causes
high and repeatable electrostrain in unpoled acceptor-doped
BaTiOs3 single crystals [48,49] and polycrystals [50].

In this study, we demonstrate the effect of aging on the ferro-
electric and electrocaloric properties of the Li* doped BaTiO3 (LBT)
ceramics, with different Li* doping amounts: 4% (LBT4), 6% (LBT6)
and 8% (LBT8). We show that electrocaloric temperature change of
the aged samples increases at Tc due to influence of the defect
dipoles and this contribution might even result in negative elec-
trocaloric effect.

2. Experimental

The conventional solid state synthesis was used to synthesize
LiT-doped BaTiO3 samples. Firstly, stoichiometric BaTiO3 powder is
synthesized using high purity BaCO3 (>99.5%, Enteknomaterials)
and TiO; (>99.5%, Enteknomaterials). The powders were mixed in
ethanol media for 18 h using a planetary ball mill (Retsch PM 100)
in high density polyethylene jar with yttria-stabilized zirconia balls.
The mixture was dried and then calcined at 1000 °C for 5 h in air. A
known amount of Li,CO3 (4—8% mole percent) (99.999%, Sigma-
Aldrich), BaTiO3 and (2.0% (w/t)) PVA as binder were added to

distilled water. This suspension was mixed in the planetary ball-
mill for 18 h. After that, the mixture was dried, sieved and uni-
axially pressed into disc-shaped samples. Binder burnout was car-
ried out at 600 °C for 5 h with a heating rate of 1 °C/min. Then, the
samples were sintered at 1200 °C for 5 h with 5 °C/min heating rate.
The bulk sample densities were measured using the Archimedes
method. Powder X-ray diffraction (PXRD) measurements were
done using a Rigaku Miniflex 600 with Cu K, radiation. Profile
fitting of the XRD patterns was carried out using GSAS-II software
[51]. The microstructure and grain size were analyzed on thermally
etched samples using a scanning electron microscope (SEM) (Phi-
lips XL 30SFEG). To measure the electrical properties, sintered
pellets were polished down to a thickness of 1.0 mm. Then, silver
paste was coated on both surfaces of the samples to form contacts.
Dielectric constant was measured by a precision LCR meter (Key-
sight Technologies E4980AL) from 40 to 200°C at 1kHz. Ferro-
electric hysteresis loops were measured using a Ferroelectric
Analyzer (AixACCT TF1000), at 10 Hz between 30°-150 °C. For aging
experiments, first a fresh state is assured by holding the samples at
200 °C for one day and then air quenching to room temperature and
ferroelectric hysteresis loops are measured immediately after. To
obtain the aged samples, measured fresh samples were kept at
room temperature for ten days and P-E hysteresis loops were
measured again at 10 Hz between 30°-150 °C.

3. Results and discussion
3.1. Microstructural characterization

XRD patterns of sintered BT and LBT samples at the room tem-
perature are shown in Fig. 1. All samples have pure perovskite
structure without any impurity phases, implying that all dopants
are incorporated into the perovskite structure. BT sample sintered
at the same temperature as LBT samples doesn't show any peak
splitting, implying cubic symmetry. On the other hand, LBT samples
showed peak splitting of the (002) and (200) peaks around 45° and
the ratio of (200) to (002) is greater than 1, indicating tetragonal
crystal structure. We also observe changes in tetragonality with Li
doping. c/a values obtained from profile fitting of the XRD data
(Pawley fits are provided in the Supplementary Information File)
are 1.0056, 1.0068 and 1.0058 for LBT4, LBT6 and LBT8 samples,
respectively.

SEM images of sintered LBT ceramics are presented in Fig. 2. As
can be seen from the microstructures, all samples are dense and do
not contain any secondary phases. According to SEM micrographs
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Fig. 1. XRD patterns for BT and LBT ceramics with different Li* concentration.
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Fig. 2. SEM images for LBT4, LBT6, LBT8 ceramics. (a), (b), (c): polished and thermally etched surfaces. (d), (e), (f): fracture surfaces.

showing surface images in Fig. 2(a—c), with increasing Li* content,
average grain size of LBT ceramics increases. Careful application of
the linear intercept method yielded average grain sizes of 2.25, 2.64
and 2.95 um for LBT4, LBT6 and LBT8 samples, respectively. This
increase in grain size can be associated with the oxygen vacancy
formation as the acceptor doping creates oxygen vacancies in the
system. OXygen vacancies can promote sintering behavior and mass
transport, resulting in a larger grain size as reported earlier [30].
SEM images from the fracture surfaces are presented in Fig. 2(d—f).
The images reveal that these samples had trans-granular fracture
which indicates that the internal binding forces between the grains
are smaller than those forces between the grain boundaries. This
implies that Li* ions occupy the lattice sites without any segrega-
tion at the grain boundaries. It should be noted that the segregation
may cause weakening at the grain boundaries.

3.2. Dielectric measurements

The temperature dependence of the dielectric constant of LBT
ceramics measured at 1kHz frequency is shown in Fig. 3. All
specimens show a sharp dielectric peak at the Curie temperature
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Fig. 3. The temperature dependence of the dielectric constant at 1 kHz for the LBT4,
LBT6, LBT8 ceramics.

which implies a first order phase transition. Dielectric peak was
observed approximately at 115 °C for all Li* doped compositions.
Dielectric peak value increases significantly from LBT4 sample to
LBT6 sample while the increase from LBT6 to LBT8 sample is minor.
This increase can be correlated with the increase in the grain size
(2.25, 2.64 and 2.95 pm for LBT4, LBT6 and LBT8 samples, respec-
tively) of the samples with Li doping [52].

3.3. Aging and electrocaloric effect

Fig. 4 shows P-E loops of fresh and aged samples at different
temperatures between 30° and 150 °C. Firstly, at 30°C, all fresh
samples demonstrated regular hysteresis loops. Loops become
pinched with the increase of temperature until below Tc. When the
temperature approaches Tc, pinching effect disappears and above
Tc, as the material becomes paraelectric, we observe linear hys-
teresis loops. Pinching in the loops become more evident with the
increase of Li* amount. Additionally, we observe development of
asymmetry in hysteresis loops with increasing temperature for the
fresh samples: The first hysteresis measurement at 30°C yields
almost symmetric hysteresis loop for all LBT compositions; how-
ever, as the temperature is increased, the loops shift towards left
progressively until the temperature approaches the Curie temper-
ature. Close to the Curie temperature and above, loops become
symmetric again. Actually, fresh samples also age as the tempera-
ture is increased during the hysteresis measurement as can be
inferred from the increasing pinching and asymmetry in the loops
with increasing temperature. The accelerating effect of the tem-
perature on aging is well-known [53]. However, since aging is a
time dependent process and it is not complete, we still refer to
these samples as ‘fresh’ samples.

On the other hand, aged LBT samples show major changes in the
hysteresis loops. Remanent polarization of all aged LBT samples
decreases quite significantly compared to their fresh LBT counter-
parts. While aged LBT4 sample shows a symmetric hysteresis loop
at 30 °C, there is significant pinching in the hysteresis loops of LBT6
and LBT8 already at 30 °C. Hysteresis loops became more pinched
with the increasing Li™ content similar to the case in the fresh
samples.

Aging behavior is explained by the symmetry conforming ten-
dency of defect dipoles. Aging mechanism of Li doped BaTiOs is
schematically described in Fig. 5. Upon air quenching of the sam-
ples from 200 °C to room temperature, the symmetry of the ma-
terial changes from paraelectric cubic to ferroelectric tetragonal
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Fig. 4. Ferroelectric hysteresis loops at the different temperatures of fresh LBT ((a), (b), (c)) ceramics and aged BLT ((d), €, (f)) ceramics under 2 kV electric field at 10 Hz.
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Fig. 5. Aging mechanism for Li-doped BaTiO3; ceramics.

symmetry while the defect symmetry remains cubic due to the
slow rate of the oxygen vacancy migration in the lattice. The defect
symmetry gradually matches with the material's tetragonal crystal
symmetry at room temperature because of symmetry conforming
tendency of defects, resulting in aging. When aging occurs polar
tetragonal defect symmetry creates a defect polarization, which
aligns along the spontaneous polarization (Ps) direction. Pp cannot

change its direction with the applied electric field, but the Ps is
switched in the direction of the applied electric field, as depicted in
Fig. 5 [44]. Pp, being unable to switch its polarization direction
under applied electric field, therefore, has a different polarization
direction than Ps, acts as an internal field and decreases saturation
polarization. This decrease in saturation polarization in aged sam-
ples can be seen in Fig. 4. Furthermore, aging induced pinning effect
of defect dipoles can induce hysteresis loop pinching or even
double hysteresis loops that resemble antiferroelectric behavior
[40,44,45].

The temperature dependence of electrical polarization (P(T)) of
both fresh and aged LBT ceramics at 20 kV/cm are plotted in Fig. 6.
Below T¢, aged samples have lower polarization than fresh samples
due to the suppression effect of the defect dipoles according to the
SC-SRO principle. When the temperature increases to the phase
transition temperature (Tc), the ferroelectric microdomains at high
temperature weaken the pinning force of the defects [26]. Hence,
P(T) curves of fresh and aged samples nearly overlap at and above
Tc as shown in Fig. 6. The suppression of polarization in the aged
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Fig. 6. The temperature dependence of the electrical polarization of fresh and aged LBT4, LBT6, LBT8 ceramics.

samples below T¢ will be responsible from the increase of AT the as
we will discuss below.

In order to evaluate ECE, Maxwell's equations (indirect method)
are used. This method is based on the adiabatic reversible process
[54], and the electrocaloric temperature change is expressed as:

oP
(ﬁ) A

In this equation, P is the electrical polarization, T is the tem-
perature, p is the density, ¢, is the specific heat capacity and Ep, E,
are final and initial external electric field, respectively. In the cal-
culations, the E; and E; were taken as zero and 20 kV/cm, respec-
tively. p was measured by Archimedes method as 5.48 g/cm?,
5.47 g/cm?, 5.40 g/cm?> for LBT4, LBT6 and LBT8 ceramics, respec-
tively. ¢, was assumed as 500 ]/(kg K) between 30°C and 150°C
[55].

E

AT:—lJ
)
E

T
p

(2)

1

We calculated (g’;) by using the small linear increments for-
E

mula given below in order to avoid having to assume a polynomial

fit [56]:
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In Fig. 7, calculated AT curves as a function of the temperature
are plotted. All fresh and aged LBT ceramics show a peak in AT
around the Curie temperature. AT for fresh samples was calculated
as 0.54,0.57 and 0.53 K under 20 kV/cm for the LBT4, LBT6 and LBT8
samples, respectively. Peak AT value increased in aged samples
compared to fresh counterparts. This increase amounts to 14.0, 11.0
and 23.5% for LBT4, LBT6 and LBTS, respectively. Aged LBT8 sample
behaves differently compared to other two aged compositions. First
negative and then positive electrocaloric effect was observed close
to T, which is due to the slight increase of polarization just below
Tc followed by further decrease of polarization above T, as can be

E

Pn+1 —Pn)

3
Tn+] —Ty ( )

seen in Fig. 6. We suggest that, for LBT8 sample, where the defect
dipoles exceed a critical concentration, defect polarization sup-
presses the saturation polarization more strongly than in LBT4 and
LBT6 samples which is responsible from the slight increase in po-
larization just below T¢, producing a negative electrocaloric effect.
As reported previously, when the temperature increases close to
the phase transition temperature, the defect dipoles lose their
effectiveness and the material returns to the fresh state polarization
[40]. When the effect of defect dipoles is lost close to Tc, the po-
larization of the LBT8 sample, which has the largest amount of
defect dipoles, recovers its fresh state polarization with a slight
increase as can be seen in Fig. 7 and also from P-E loops for LBT8
sample between 100° to 115 °C in Fig. 8.
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4. Conclusions

In summary, we show that Li* doping induced defect polariza-
tion have a significant effect on the ECE in LBT ceramics. Defect
polarization causes suppression of the saturation polarization
below T due to the aging effect which increases with increasing Li*
content. This suppression in aged samples is neutralized close to
and above Tc. Polarization change close to T¢c becomes sharper in
aged samples due to this suppression. As a result, AT of aged LBT4,
LBT6, and LBT8 samples increases at Tc. Furthermore, in LBT8
sample, both negative and positive ECE were observed. This study
shows that electrocaloric effect can be engineered by the utilization
of appropriate defect strategies.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jallcom.2019.03.356.
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