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Introduction

Conventional compression refrigeration devices have
disadvantages of complex structure, large volume
and low efficiency with production of greenhouse
gas, which retards a progress of integrations, minia-
turizations and creation of environment-friendly
society [1]. To overcome these shortcomings, solid-
state refrigeration technology has stepped onto the
stage of history. This technology is based on the
electrocaloric effect (ECE), which is defined as tem-
perature variation in polar materials with application
and removal of electric field [2]. Since it has merits of
easy miniaturization, low cost/noise and high effi-
ciency, it gradually becomes a promising candidate
in application of refrigeration devices. After years of
silence, Mischenko et al. reported a large adiabatic
temperature change (4T) of 12 K in PbZr( 95Tip 0503
thin films, thus igniting passions in exploring novel
material with a large ECE [3]. Taking heat-transfer
efficiency into account, high-ECE researches in bulk
materials are mainstream, both lead-containing such
as Pb(Mg]/g,sz/g)Og-PbTiO:; (PMN-PT) [4, 5] and
lead-free ceramics such as BaTiOs— (BT) [6-12], K5
NagsNbO3;— (KNN) [13-15], NaNbOz— (NN) [16, 17]
and BigsNagsTiOz-based (BNT) [18-20]. However,
there are some weakness that hiding behind excellent
performances. For instance, lead-containing ceramics
have a high ECE but are not friendly to the envi-
ronment. BT bulk ceramics produce large AT under
electric field, the maximal ECE deviates from room
temperature with narrow working temperature range
yet. Ferroelectric-relaxor phase transition boosts ECE
in BNT-based ceramics. However, the contribution of
polar nanoregions (PNRs) leads to temperature
instability. When modulating the transition temper-
ature near room temperature, temperature stability
has been improved. However, ECE peak value is
much reduced due to missing of latent heat [20].
Therefore, it is necessary to explore a novel material
with a large AT accompanied by wide AT,
Enlightened by high-entropy alloys (HEA) in
metallurgy, high-entropy ceramics (HECs) have
drawn increasing attractions due to their unique
structure and performances [21-23]. Introducing high
configurational entropy opens up an exciting and
numerous unexpected performances. High-entropy
oxide (HEO) (Mgp2Zng2Cug2Cop2Nig)O  ceramic
was reported by Rost et al. [24], which provided a
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guideline for property engineering via deliberately
designing configurational disorder. Afterward, vari-
ous HEO ceramics are synthesized, such as spinel-
structure (Cog,CrysFeq-Mng,Nig )30, [25], fluorite—
oxide (CegrZrgoHfp,Sng,Tig2)O, with low thermal
conductivity [26] and perovskite-structure Sr(Zr,.-
Sng - Tig-Hfy>Nbg,)O5 [27]. The HEO ceramics have
also shown peculiar performances in colossal dielec-
tric relaxation [28], superconductivity [29] and cat-
alytic [30, 31]. However, research on ECE in HEO is
scarce thus far. Pu et al. reported a kind of (Nag»-
Big »Bag »Srg »Cag ) TiO5 ceramic, which demonstrated
possible applications in solid-state refrigeration and
energy-storage devices [32]. Du et al. also synthesized
Ba(Ti1 /6Sn1 /6ZI‘1 /6Hf1 /6Nb1/6Ga1 /6)03 ceramic with
substitution of six different cations at B-site and
phase formation and dielectric properties in this
ceramic were analyzed [33].

Inspired by these researches, high-entropy per-
ovskite oxides with six components at A-site is fab-
ricated for exploring possible peculiar performances.
In this work, two kinds of high-entropy perovskite
oxides (Biy 6Naq /6511 /6Bay /6P’b1 /6Cay /6)TiO3
(BNSBPC) and (Bl] /6La1/6Na1 /6K1/6SI‘1 /6Ba1 /G)TiO:g
(BLNKSB) with equimolar proportions of six ele-
ments at A-site are firstly reported. These materials

have a configurational entropy (4S.n,) of 1.79R
N

(ASconfie = —R Y xiInx;, where R is the gas constant of
i=1

8.314 J mol~! K1, x; is the molar concentration of

each element), which is higher than 1.5R (minimal

value of high entropy in definition) [34]. The influ-

ence of A-site multi-element incorporations on

phase/local structure, dielectric/ferroelectric prop-

erties and ECE are discussed in detail.

Experimental section
Synthesis

(B11 /6Na1 /681‘1 /6Ba1 /6Pb] /6Ca1 /6)Ti03 and (B11 /6La1/
6Na1/6K1,6511/6Ba1/6)TiO5 ceramics were prepared
through a conventional solid-state method by using
high purity raw chemicals Bi;O3(> 99%), Na,COs(-
> 99.8%), SrCO3(= 99%), BaCO3(> 99%),
PbO(= 99%), CaCOsz(= 99%), K,COsz(> 99%), La,.
O3(= 99.99%) and TiO,(> 98%). Na,CO3; and K,CO;
raw materials were dried for 12 h at 150 °C in
advance for removing water absorption. Firstly, raw



J Mater Sci (2021) 56:18417-18429

chemicals were mixed in stoichiometric ratios and
ball milled for 18 h. The resultant powders were
dried at 100 °C for 12 h. Then, BNSBPC and BLNKSB
powders were calcined at various temperatures for
four hours to obtain a single-phase compound. After
calcination, powders were ball-milled again for 15 h,
and then dried powders were ground with 8 wt.%
PVA as a binder. The weight ratio of PVA to powder
is about 1:4. The granulated powders were pressed
into pellets with 10 mm in diameter and 1 mm in
thickness with cold-isostatic pressure of 6 MPa. After
removing the PVA binder, compacted pellets were
sintered at 1260 °C with soaking time of three hours.
The heating rate is 3 °C min~" and they were cooled
with furnace when sintering was finished. The pol-
ished pellets for both compositions are about 0.4 mm

in thickness with an area of ~ 59.4 mm?.

Measurement

The lattice structure of HECs was measured by X-ray
diffractometer (XRD, Rigaku Smart-lab Beijing Co,
Beijing, China). The sample morphology was
observed by a scanning electron microscope (SEM,
Regulus 8230; Hitachi Co, Tokyo, Japan). Sample
surface was polished and thermally etched at 1150 °C
for 30 min. Archimedes method was used to measure
samples’ density. The density of BNSBPC and
BLNKSB ceramic was measured to be 5.73 g cm >
and 5.48 g cm >, respectively. Temperature-depen-
dent dielectric properties were measured by Wayne
Kerr 6500B impedance analyzer (Wayne Kerr Elec-
tronic Instrument Co., Shenzhen, China) with a Par-
tulab DMS-2000 apparatus (Partulab Technology Co,
Wuhan, China) in the frequency range of
0.1 kHz ~ 1 MHz. Temperature-dependent polar-
ization—electric field hysteresis loops (P-E) were
measured with frequency of 1 Hz by a ferroelectric
test system (Precision LC, Radiant Technologies, Inc.
Albuquerque, NM) with Delta—9023 device. Specific
heat capacity C, was measured by a differential
scanning calorimeter (DSC, TA Instruments Q2000,
USA). Raman spectroscopy was measured by Ren-
ishaw Raman microscope with a 532 nm laser and a
temperature controller (Linkam THMSE 600). Direct
ECE was measured by using a home-made adiabatic
calorimeter, which can be referred to [35, 36].
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Results and discussion

To investigate the phase formation and lattice struc-
ture, XRD patterns of BNSBPC and BLNKSB pow-
ders calcined at various temperatures are displayed
in Fig. 1a and c. XRD patterns show that secondary
phase appears at a lower calcined temperature and
intensity of miscellaneous peaks decrease gradually
with increasing temperature. Decrease in second-
phase peak intensity with rising temperature is due
to the decreased concentration of nonperovskite—
structure composition. When temperature reaches
1193 K, BNSBPC powders form a single-phase solid
solution, while the BLNKSB calcined powders show
absence of secondary phase until 1273 K. This phe-
nomenon is explained as both entropy and enthalpy
drive the material to form a stable single-phase
structure [32]. Decrease in entropy and increase in
enthalpy can reduce Gibbs free energy and thereby
enhancing thermal stability for HEC system. Con-
sidering the formation of second phase and easy
volatilization of Bi/Pb/Na/K element at low/high
temperature respectively, the calcined temperature is
determined to be 1193 K and 1273 K for BNSBPC and
BLNKSB systems. The experimental XRD patterns for
crushed pellets are shown in Fig. 1b and d, which
demonstrates the formation of pure perovskite
structure. To get in-depth understanding of phase
structure, Rietveld refinement of XRD patterns are
performed. The experimental, calculated and differ-
ent profiles of BNSBPC and BLNKSB composition are
shown by selecting models of tetragonal (T) phase
with space groups P4mm and cubic (C) phase with
space groups Pm 3 m, respectively. The goodness of
fit Ry, and R, is lower than 15%, which indicates that
fitting results are credible. The insets in Fig. 1b and d
show the lattice structure of T and C phase for
BNSBPC and BLNKSB, respectively. Furthermore,
Jiang et al. reported that tolerance factor (~ 1) was
perhaps a necessary condition to form a single phase
in high-entropy perovskite materials [37]. Tolerance
factor is calculated by using the following formula
[38]:

F= _RatRo (1)

V2(Rg + Ro)

where R4, R, R are the effective ionic radii of A-site
cation, B-site cation and oxygen anion, respectively.
Tolerance factor in both HECs are calculated to be
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Figure 1 XRD patterns of calcined powders at various for corresponding crushed pellets, red lines are the calculated

temperatures ranging from 1073 to 1273 K for (a) BNSBPC and
(c) BLNKSB. Rietveld refinement patterns of (b) BNSBPC and
(d) BLNKSB samples with lattice-structure illustrations in their
insets, respectively (The black crosses represent the observed data

1.006, which further confirms that the easier forma-
tion of a single-phase high-entropy ceramics.

Figure 2 shows the surface morphology of ther-
mally-etched BNSBPC and BLNKSB ceramics with
corresponding elemental mapping. Obviously, both
samples exhibit dense microstructures with absence
of pores and voids, as shown in Fig. 2a and h.
Besides, grain size in BNSBPC ceramic (~ 1.29 pum) is
to some extent larger than that of BLNKSB one
(~ 0.82 pm). The elemental mapping images of
BNSBPC and BLNKSB samples demonstrate that all
A-site elements are homogeneously distributed
(Fig. 2b—g and Fig. 2i-n).

Temperature dependence of dielectric constant (e,)
and loss tangent (tand) for BNSBPC and BLNKSB
ceramics are shown in Fig. 3a and c. As shown,
maximal dielectric constant (¢,,) of BNSBPC ceramic
slightly decreases with increasing frequency and the
temperature corresponding to &, (T,) has weak
relationship with frequency. It is usually considered
to be an intermediate state between normal and
relaxor ferroelectrics [39]. Interestingly, this
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profiles, and blue lines are the difference between the observed and
calculated diffraction patterns; the vertical ticks indicate the peak
position of each phase).

composition also possesses a spontaneous ferroelec-
tric-relaxor phase transition at ~ 403 K. On the
contrary, T, and ¢, value in BLNKSB ceramic dis-
tinctly depends on frequency, in which T,, increases
and ¢, decreases with increasing frequency, as
shown in Fig. 3c. The BLNKSB system is denoted as
typical relaxor ferroelectric [40]. To further describe
the degree of relaxation, a power law is adopted
[41, 42]:

(T —Tw)
?—1+T(1SV§2) (2)
where y and J, are degree of relaxation and broad-
ening parameter, respectively. The parameter 7y
reveals phase transition character: The system is an
ideal normal ferroelectric as y =1 and an ideal
relaxor as y = 2. g, is dielectric constant at T,,. The
dielectric curves for two samples above T, are fitted,
as shown in the inset of Fig. 3a—c. The parameter y
are fitted to be 1.59 and 1.68 for BNSBPC and
BLNKSB ceramics, respectively. This confirms that
both ceramics have a diffuse phase transition (DPT)
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Figure 2 SEM and EDS mapping images of (a—g) BNSBPC and (h-n) BLNKSB samples.

behavior. Interestingly, the relaxor degree of BNSBPC
is less than that of BLNKSB. Though incorporation of
other cations induces local random field, BNSBPC
behaves like a normal ferroelectric material, which is
probably due to a strong hybridization between Pb
6 s and O 2p orbitals. Therefore, the BLNKSB ceramic
is a relaxor ferroelectric material while the BNSBPC
one is classified as a relaxor-like ferroelectric material
[43].

The relaxation behavior is usually related with
polar nanoregions (PNRs) [36]. At high temperature,
relaxors possess non-polar paraelectric (PE) phase
and then transform into an ergodic relaxor (ER) state
during cooling, in which PNRs appear in this process.
The dynamics of PNRs slow down and their size
grows and finally freeze into a nonergodic state
(NER) at freezing temperature (Ty). The Ty is obtained
by using Vogel-Fulcher (V-F) law [44]:

f = foexp

E,
SR R— 3
KTy - :rf)] e
where f is attempt frequency, E, is activation energy,

Ty is static freezing temperature and k is Boltzmann
constant. Figure 3b shows the V-F fitting for BLNKSB

ceramic and the Tyis fitted to be 111 K. The f, value is
about 5.83 x 10" Hz, which is an order higher than
that of its upper physical limit (~ 10'*-10") [45].
This indicates V-F law is unsuitable for interpreting
relaxation behaviors for BLNKSB system. Interest-
ingly, a parameter p is adopted to characterize the
dielectric relaxation strength (DRS) in relaxor ferro-
electric, which has been introduced by Cheng et al.
[45]:

o= onexp(— 1) @)
m
where wy is attempt frequency and Ty is the tem-
perature of activation energy. Figure 3d shows the
fitting result and the p~' value is calculated to be 0.34,
which indicates the BLNKSB system is probably a
Debye medium state. In Debye medium, there is no
interaction between dipoles and they can be frozen
only at absolute zero temperature theoretically [45].
In-situ temperature-dependent Raman spectra are
performed to clarify the local structure evolution, as
shown in Fig. 4(a, ¢). All Raman spectra are corrected
by using Bose-Einstein temperature factor [20]. The
corrected Raman intensity is calculated by the
formula:

@ Springer
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Figure 3 Temperature dependent dielectric constant (¢,) and loss
tangent (tand) of (a) BNSBPC and (c¢) BLNKSB ceramics. The
insets in (a) and (c) show the fitting by power law at 1 kHz,

Le(w) = Ln(w)/[n(w, T) +1] (5)

where [(w) is calculated Raman intensity and
n(w,T) = [1/exp(i2 —1)]
Obviously, all Raman spectra are broad and diffuse,
which is due to random occupations of various
cations at A-site. In general, Raman spectra can be
divided into four regions within 100-1000 cm™':
(a) mixed A-site vibrations within 100-200 cm™%;
(b) Ti-O bond vibrations in the range

is temperature factor.

of
200-400 cm™'; (o) TiOg octahedral vibrations within
400-700 cm ™" (d) the region above 700 cm™' is cor-
related with the Al and E overlapping modes
[20, 46-49]. To analyze temperature-dependent phase
transition, Raman spectra are deconvoluted into
Lorentzian peaks from 100 cm™' to 700 cm™' to
obtain the band position and full width at half max-
imum (FWHM). As well known, analysis of band
position and FWHM evolution in Raman spectra can
deeply understand the local structure changing as
temperature increases. The deconvolution of peaks is
shown in the bottom of Fig. 4b and d for BNSBPC
and BLNKSB system, respectively.
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respectively; (b) Vogel-Fulcher fitting of BLNKSB ceramics;
(d) The fitting parameter p for BLNKSB ceramic.

Since 200-400 cm™' wavenumber region is associ-
ated with Ti—-O bands vibrations, it is usually selected
to probe phase transitions in perovskite-type ceram-
ics [49]. The evolution of band position and FWHM
within 200-400 cm ™" is plotted in Fig. 5. Obviously,
the wavenumber and FWHM exhibit a discontinuity
at 403 K for BNSBPC composition (as highlighted by
the shadow area), which signifies the appearance of
phase transition. This is also in accordance with the
spontaneous ferroelectric-relaxor phase transition
temperature (see dielectric curves). The missing of
anomaly in wavenumbers and FWHM evolution
within 93 ~ 313 K demonstrates an absence of fer-
roelectric-relaxor phase transition. Therefore, phase
transition character in BLNKSB composition is strik-
ingly different to that of BNSBPC.

Figure 6(a-b, d-e) shows the temperature depen-
dence of polarization—electric field (P-E) hysteresis
loops and current density—electric field (J-E) loops for
BNSBPC and BLNKSB ceramics (E = 60 kV cm ™).
As shown in Fig. 6a, BNSBPC sample has a relatively
slim P-E loop at high temperature and gradually
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Figure 4 In-situ temperature
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transforms to a slanted shape and finally to a square
shape with decreasing temperature. As well known,
thermal agitation tends to destroy long-range polar

correlations into fragmented nanodomains (ND) and
finally PNRs [20]. The ferroelectric state revives with
decreasing temperature due to re-connections of ND

@ Springer



18424

J Mater Sci (2021) 56:18417-18429

b 0.00
20 0.4 -( )
: 0.08
E 10} - 0.2 o
Q ! ~
% £ E 0.17
2 of g 0.0 =
g 5 3
E £ 0.25
g-10f -0.2F =
0.34
-20 -0.4
L L L L L L L L L L L L L L 0.42
60 40 20 0 20 40 60 60 -40 20 0 20 40 60
10((d) (e) 213K 00
0.06 |
sl 213K
(:-\ 6k 0.011
g af 9
03 2F E 0.023
= =
g of 423K g
.E 2k 2 0.034
ER g
& =
61 0.045
-8t
-10p . . \ . \ . . . . . . . . . h ; i . ] 0.057
60 40 20 0 20 40 60 60 -40 20 0 20 40 60 40 20 0 20 40
Electric field (kV ecm™) Electric field (kV cm™) Electric field (kV cm™)

Figure 6 P—E loops, ]-E loops and the contour map of absolute current density value as a function of electric field (extracted from the

shadow section): (a—c) BNSBPC and (d—f) BLNKSB ceramic.

and PNRs. Combined with J-E loops (Fig. 6b) and
contour map of absolute J-E (Fig. 6¢), the single
current peak is observed when the temperature
decreases to 403 K, which demonstrates a relaxor-
ferroelectric phase transition. However, ferroelectric
property in BLNKSB ceramic is quite different, as
shown in Fig. 6e, f. P-E loops are always slim within
the temperature range of 213 ~ 423 K accompanied
by rectangle J-E loops, which means an absence of
domain switching under electric field. Notably,
maximal polarization (Ppax) increases gradually with
decreasing temperature for both samples since the
reduction of thermal disturbance [14].

The indirect method is used to calculate tempera-
ture change according to Maxwell relation, which is
expressed by the following equation:

T E: /0P
AT = —— ((=—| dE
pC,,i(@T)E

where p is ceramic density, C, is specific heat
capacity and its evolution as temperature increases is

(6)
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shown in Fig. 7a, b. In contrast to BLNKSB ceramic,
the gentle heat capacity peak near the Curie tem-
perature illustrates relaxor-like behaviors for
BNSBPC ceramics [50]. This may signal that BNSBPC
composition is in an intermediate state of first-order
and second-order phase transition. E; and E, is initial
and final electric-field strength, respectively. The
value of (0P/0T). is gained from a seven-order
polynomial fitting of raw Ph,—T (extracted from
Fig. 6(a, d)) at various external electric fields, as
shown in Fig. 7c, d. Figure 7e, f shows profiles of
adiabatic temperature change versus temperature
(AT-T) under different electric fields. Obviously, AT
of both samples increases with increasing electric
field strength from E =1 ~ 6 kV mm™'. Interest-
ingly, AT is found to increase first and then decrease
as temperature surpasses to 413 K for BNSBPC
ceramic. As shown in Fig. 7e, the AT,,,, is 0.63 K at
413 K under E = 6 kV mm ™', which is comparable to
other systems [7, 14, 17, 27, 32, 51]. Since distinct
entropy change takes place across the phase
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Figure 7 Specific heat capacity C, as a function of temperature:
(@) BNSBPC (b) BLNKSB ceramic. Maximal
polarization versus temperature (P,,,,—1) for (c) BNSBPC and
(d) BLNKSB at various electric field. ECE versus temperature

ceramic;

transition, high ECE is hardly maintained over a
wide temperature window [14]. The ECE peak occurs
in the vicinity of ferroelectric-relaxor phase transition
and the AT, (defined as £ 10% variation of AT,,.)
is only 20 K, which limits its application in solid-state
cooling devices. In contrast, BLNKSB ceramic pos-
sesses AT, ~ 0.14 K and an ultrawide temperature
span (~ 100 K) ranging from 223 to 323 K, as shown
in Fig. 7f, which is superior to other lead-free
ceramics [14, 17, 52, 53]. The large ATy, is related to
the Debye medium character of BLNKSB since an
absence of phase transition. The directly measured
room-temperature ECE in both ceramics are shown in
insets of Fig. 7(e, f) (E = 60 kV cm™"). As electric field
is applied, there appears an upward exothermic
peak, and when electric field is removed, there is a

(AT-T) at different electric fields by indirect method for
(e) BNSBPC and (f) BLNKSB ceramic. The insets of (e—
f) show the AT measured by direct method under 60 kV cm™" at
room temperature, respectively.

downward endothermic peak. This presents an
obvious positive ECE characteristic. 4T is about
0.08 K for BNSBPC and 0.03 K for BLNKSB ceramics
at room temperature, which is slightly different to
that of indirect method and likely because of the
hysteretic response for calorimeter [53]. As a matter
of fact, both indirect and direct method are adopted
to calculate the ECE in ferroelectric materials. Nota-
bly, the variation trend matches well for both meth-
ods though ECE value may exist some differences
[13, 14, 53].

The electrocaloric strength (dT/dE) is an important
parameter to estimate ECE properties under electric
field. Based on the thermodynamic theory, Lu et al.
obtained the electrocaloric strength (dT/dE) equation
[54, 55]:
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Figure 8 Calculated electrocaloric strengths (dT/dE) as a function of temperature at electric field of 3 MV m™' and 6 MV m™" for

(a) BNSBPC and (b) BLNKSB ceramics.

dT  Peoe, TP
where f is the phenomenological coefficient

(~ 471 x 10°K™" and 3.83 x 10° K™' for BNSBPC
and BLNKSB, respectively), ¢ is vacuum dielectric
constant (~ 8.85 x 107> Fm™), ¢, is relative dielec-
tric constant and C, is the specific heat per unit vol-
ume. Figure 8 shows the dT/dE versus temperature
at 3 MV m' and 6 MV m™' for BNSBPC and
BLNKSB ceramics, respectively. With increasing
electric field, the dT/dE also show an increase.
Obviously, dT/dE first increases and then decreases
for BNSBPC ceramic, and maximal dT/dE is
0.379 Km MV~ near 420 K. In terms of BLNKSB
ceramics, dT/dE gradually decreases with increasing
temperature and maximal dT/dE is 0.064 K m MV~
near 215 K. The calculated electrocaloric strength at
room temperature (~ 0048 Km MV™' and
0.049 K m MV ") for BNSBPC and BLNKSB ceramics
are larger than that of practical measured values
(~ 0.013Km MV~ and 0.005 Km MV, which
maybe due to the heat dissipation in the ECE
measurement.

Conclusion

In summary, we have successfully synthesized two
kinds of pure-phase high-entropy ceramics with
perovskite structure. The BNSBPC ceramic possesses
a tetragonal structure with relaxor-like dielectric
behaviors and the BLNKSB one has a cubic phase
with Debye medium relaxation. The dielectric and

@ Springer

Raman spectra analysis also verify the phase transi-
tion for both ceramics. The BNSBPC ceramic shows
ATy = 0.63 K with a relatively narrow AT,
~ 20 K under E = 60 kV cm™!, while the BLNKSB
exhibits excellent temperature stability with AT,
=100 K and 4T, = 0.14 K. The high temperature
stability for the BLNKSB ceramic is conducive to
cooling device applications, and its ECE value
deserves to be further improved yet. This work
guides us to further explore high-performance ECE
in HEC materials and also opens a way to developing

novel materials in  solid-state  refrigeration
applications.
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