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Lead-free ferroelectric electrocaloric ceramics that could convert electrical energy into heat are the promising
candidate for environment-friendly cooling devices. For refrigeration devices, a large temperature change (AT)
and good temperature stability are required, which are highly related to the phase structure and the applied
electric field. In this work, a diffused ferroelectric—paraelectric (FP) phase transition is formed in (K, Na)NbO3
(KNN) by using appropriate composition engineering. The relaxor ferroelectrics in this work present both a large
AT of 1.24 K and a high AT/AE of 0.19 K mm/kV. In addition, a wide temperature span exceeds 55 °C at the high
electrocaloric effect (ECE) criterion (AT > 0.5 K) could also be observed. This work not only opens a new strategy
for obtaining high-performance ceramics for refrigeration devices but also extends the application area of the
KNN-based lead-free ferroelectrics from sensors, actuators and energy harvesting to solid-state cooling

applications.

Electrocaloric effect (ECE) is the ability to convert electrical
energy to heat and vice versa of polar materials, which is con-
sisted with the adiabatic temperature change (AT') and the iso-
thermal entropy change (AS) under the process of applying
and removing the external electric fields [1, 2, 3, 4]. As
shown in Fig. 1(a), the large polarization change (AP) induced
from the process of transforming disordered dipole moments
to ordered one under the external electric field could lead to
a high AT value. Since the giant ECE (AT, = 12 K) observed
in PZT thin films, multitudinous investigations have been con-
ducted in the last few decades [5]. Although large AT (10-
40 K) values could be found in thin films and polymers because
of their high breakdown electric field strength, the bulk
materials with high heating or cooling capacity are more suit-
able for medium-sized cooling applications [6]. Additionally,
lead-free-based materials with large ECE have attracted much
attention due to the environmental-friendly nature since the
lead-based materials have a large amount of Pb and are harm-
ful to human health and environment as well [7, 8]. Among the
lead-free ceramics, (K, Na)NbO; (KNN)-based ceramics are
one of the noted family of lead-free ferroelectric materials,

and lots of researches have been conducted to improve

piezoelectric and ferroelectric properties by constructing
phase boundary or domain structures [9, 10]. And some
works have also been down to investigate the ECE performance
in KNN-based ceramics around the phase boundary due to the
furious polarization change under the external electric fields [7,
11]. For example, a AT value of 0.51 K is presented at ferroelec-
tric—ferroelectric (FF) phase transition under 40 kV/cm [12]. A
higher electrocaloric response of 1.19 K could be attained at
ferroelectric-paraelectric  (FP) phase boundary
35kV/cm [13]. And a larger AT value of 0.63 and 19K
could be observed under 80 and 159 kV/cm at around FF
and FP, respectively [7, 14]. As a result, both the FP phase tran-

under

sition and the large applied electric field are beneficial for
obtaining high AT values [6].

Generally, according to the temperature-dependent dielec-
tric permittivity, KNN-based ceramic undergoes cubic (C)-
tetragonal (T)-orthorhombic (O)-rhombohedral (R) phase
transformations when testing temperature changes from high
to low, and the temperature of C-T or FP phase transition
can be tuned toward room temperature by doping ions like
Sb>*, Ta", Ca®*, etc. [15]. As presented in Fig. 1(b), diffused
FP phase
KNN-based ceramics can be formed by doping high content

transition at around room temperature in
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Figure 1: (a) Schematic of electrocaloric cooling cycle when applying and
removing the external electric fields for polar materials. (b)
Temperature-dependent dielectric permittivity measured at 0.1, 1, 10, and
100 kHz: the upper inset polarization hysteresis (P-E) loops are measured at
the temperature below (Stage I) and above (Stage Il) T, and the lower inset
presents the schematic domain configurations of Stage | and Stage I,
respectively.

ions, and two stages can be found in the dielectric curves [16,
17]. KNN-based relaxor ferroelectrics in Stage I possess a broad
distribution size of nano-sized domains and a certain volume
fraction of polar nanoregions (PNRs) when the temperature
of the maximum dielectric constant gradually shifts to around
room temperature, where the long-range-ordered matrix is
destroyed owing to the high amount of chemical doping.
Subsequently, with the further increased temperature, relaxor
ferroelectrics reach Stage IT with only PNRs existing in the non-
polar matrix [18]. Consequently, typical P-E loop could be
observed in Stage I, while a slimmer P-E loop with a degener-
ated polarization property is observed in Stage II. And a large
polarization change (AP) value would be observed in the pro-
cess of the transition between the typical P-E loop to slim
P-E loop when the temperature increases and passes the FP
phase transition. The ECE values of the ceramics could be cal-

culated through the indirect method using the Maxwell

T(B 1 (9P
AT:—fJ 7(7) dE, 0
PJE Cp oT E

where p is the density, C, is the specific heat capacity per mass,

relation:

T is the testing temperature, P is the ferroelectric polarization,
E, and E, are the initial and final external electric fields, respec-
tively [19, 20, 21]. For ferroelectrics, when the FP phase tran-
sition occurred with the elevated temperature, Eq. (1) could

be adapted utilizing the Curie-Weiss law:

_ g,CT ) T
 2pCy(T — Tc)? "~ 280CpC,

AP?, )

where ¢, is the dielectric permittivity of a vacuum and C is the
Curie constant [22]. Apparently, the AT value is proportional
to the square of electric field or the polarization. As a conse-
quence, the high dielectric strength (high breakdown electric
field), which could against high electric field, is favorable for
obtaining high AT value. Besides, with the increasing tempera-
ture, a large AT value could be obtained near the T¢ peak due
to the generated large AP value caused by the high electric
polarization and weakly inter-coupled domains, as well as the
diffused FP phase transition [23].

In this work, Sb°" is selected as the dopant atom in the
KNN-based matrix to decrease the T and form a diffused
FP phase transition at around room temperature. A large AT
value could be obtained due to the produced large AP when
the testing temperature increases and passes the FP transition.
In addition, CuO is introduced into the KNN-based matrix to
facilitate the sintering process and improve the breakdown elec-
tric field strength, which could influence the magnitude of
ECE. Finally, large AT and AT/AE of 1.24 K and 0.19 K mm/
kV are obtained, and the temperature span at the high ECE
norm (AT > 0.5 K) could exceed 55 °C. In addition, both indi-
rect and direct measurements are conducted to evaluate the
veracity and magnitude of the calculated ECE properties. The
high ECE value and a wide range of temperature span in this
work indicate that the ceramics prepared in this study are
hopeful materials for practical cooling applications.

Figures 2(a) and 2(b) show the room temperature X-ray diffrac-
tion (XRD) results and the enlarged XRD patterns around 32°
(110) and 45° (200) of the ceramics with x=0.08 —0.15,
respectively. All samples show perovskite structures, but a
minor secondary phase could be observed when x>0.08,
which might be consist of K,CuNbgO,; [24, 25]. In general,
Cu®" ion is considered to enter the B-site of the KNN unit
cell and replace the Nb>" ion because of the similar radius of
Cu** (~73 pm) with Nb>* (~64 pm) [26]. As reported, it is
possible that a K,CuNbgO,; liquid phase should be formed
around 1050 °C due to the lower eutectic point of ~1020 °C
between Nb,Os and CuO [27]. As a consequence, with the
increased Sb>" substituting Nb°", considering the limited solu-
bility in the B-sites of the KNN matrix, the replaced Nb>* ions
and the volatilized alkalis elements as well as the doped Cu**
ions might form K CuNbgO,; liquid phase at the sintering
temperature range of 1060-1080 °C and existed as a secondary
phase in the perovskite. In addition, it can be seen that all
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Figure 2: (a) Room temperature XRD patterns and (b) enlarged XRD patterns around 32° and 45° of the ceramics.

ceramics present the pseudo-cubic phase structure because no
peak splitting could be observed in the peaks of (110) and
(200), as shown in Fig. 2(b). Moreover, the (110) and (200)
peaks shifts to a higher angle with increasing x content to
0.13, illustrating that the smaller radii ion Sb>* (60 pm) enters
the B-site of the KNN matrix and takes the place of Nb>* (64
pm) [28]. With the further increased x content, the (110) peak
shifts to a lower angle, which might be because of the limitation
of solubility in the B-sites resulting in the more content of the
secondary phase.

Figure 3(a) shows the temperature-dependent dielectric
constant curves of the ceramics with x=0.08—0.15 measured
at 1, 10, and 100 kHz. The temperature of the maximum
value of the dielectric constant (Ty,, ~Tc) decreases when x
increases from 0.08 to 0.15, indicating that the increased Sb>*
substituting Nb>" content could decreases Tc toward room
temperature, as previously reported [15, 29]. Furthermore, for
the all ceramics, the Ty, value shifts to a higher temperature,
while the maximum value of the dielectric constant at T,,
decreases with the increased frequencies, indicating that the
samples are relaxor ferroelectrics. Afterwards, more character-
izations are conducted to further investigate the relaxation
degree of the ceramics, as shown in Figs. 3(b) and 3(c).
Figure 3(b) shows the 1/€,—T curves of the ceramics with x
=0.08—0.15, respectively. A distinct divergence from the
Curie-Weiss law could be observed, which can be described
by the parameter of

ATy = Tew — T, 3

where Tcyw is the temperature at which dielectric permittivity
begins to deviate the Curie-Weiss law and T, represents the
temperature at which the dielectric permittivity is the maxi-
mum value measured at 100 kHz [30]. As shown in Fig. 3(c),
the diffuseness of the FP phase transition can be denoted by
the modified Curie-Weiss law of

1 1 (T—-Tw)
Sl Sl 1 4
e oo c 4)

where €, is the maximum dielectric permittivity value, ¥ is the
degree of diffuseness, and C is the Curie-Weiss constant [31].
In general, y=1 represents typical ferroelectrics, while y=2
describes ideal relaxor ferroelectrics undergoing diffuse phase
transition [32]. The slope of the fitting data represents the mag-
nitude of y value, as shown in the inset of Fig. 3(c). As shown
in Fig. 3(d), the similar variation of y and AT, values could be
observed, both increasing quickly for x <0.11 and then elevat-
ing slowly with the further increased x content. It means that
the relaxation degree increases with the increased doping con-
tent, which is related to the decreased T values with the
increased chemical substitution. In addition, the high ¥ values
of >1.6 and AT, values of >100 illustrate that a relatively high
diffuseness of FP phase transition is obtained, which might be
beneficial for a broad temperature span of ECE [23].

Figure 4 presents the temperature dependence of ferroelec-
tric hysteresis (P-E) of the ceramics measured at 40 kV/cm.
Typical P-E loops could be observed in the ceramics with x
=0.08—0.13 with similar magnitude of P,,.y, while a slimmer
P-E curve with rapidly deteriorated Py, is present in x=

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press 2021

www.mrs.org/jmr

Issue 5 March 2021

Volume 36

Journal of Materials Research

144


http://www.mrs.org/jmr
http://www.cambridge.org/JMR

Ym

Journal of
MATERIALS RESEARCH

—— 1kHz
—— 10kHz | /
100kHz /

— T
400 100

100 400

1 N 1 N 1 N 1 N | 1 N 1 N
200 300 200 300 400 100 200
(b) T(°C) 20 T(°C) T(°C)
. ]
l .._._-—-—:f_.;- I
1.9 1 o=t 130
< >~ | I £
o 1.8 F120 S
- e
:ﬂ:’ ] = N = Original data -
- . ¢ 2 ’FS“!«B_?_ 1.7 - —_—.— y =110
-16- » ' 1 —a— AT L
2 ,.J"" ~—— Fitting data 1.6 < =
. : : : ’ . 100
I R 0.08 0.10 0.12 0.14
(c) In(7-T,,) (d) -

Figure 3: (a) Temperature-dependent €, curves measured at -150-200 °C and different frequencies of the ceramics; (b) 1/€,—T curves measured at 30-400 °C and
100 kHz; (c) In(1/€, — 1/€y) — In(T — T,;,) curves of the ceramics measured at 100 kHz, the inset plot illustrate that the degree of diffuseness y is fitted from the
modified Curie-Weiss law; and (d) composition-dependent y and AT, of the ceramics.

0.15, illustrating that a degenerated polarization property is
induced at x=0.15, which may result in a deteriorated ECE
performance. And the inset of Fig. 4 plots the P,,,—T curves
under different electric fields. The P,,, values of the ceramics
with x=0.08—0.15 decrease with the increased temperature,
illustrating that the ferroelectric polarization degenerates
because of the thermal disturbance at high temperature
[33]. In addition, the monotonic decreasing variation of
polarization at x =0.15 elucidating that a steady ECE perfor-
mance as a function of temperature would be observed, that is
to say, a flat AT—T curves would be presented in this compo-
sition [34].

The temperature dependence of AT values calculated
according to Eq. (1) measured at different electric fields is
given in Figs. 5(a)-5(d), in which (0P/0T)g is procured from
the fourth-order polynomial fitting of the virgin Py,,x—T curves
[12]. It is clear that the enhanced AT values can be observed in
the ceramics with x = 0.08—0.15 when the applied external elec-
tric field increases due to the optimal ordered state under the
high electric fields [35]. In addition, the ECE peak gradually
shifts to a lower temperature when x increases from 0.08 to

0.15, well matching the decreased T¢ values with increased x

content (Fig. 3). Under the applied external electric fields of
40 kV/cm, the maximum AT value of 0.61, 0.59, 0.64, and
0.25 K are, respectively, obtained in x=0.08, 0.11, 0.13, and
0.15 [Fig. 5(e)].

(AT/AE) is also a critical argument for practical applications.

Furthermore, the electrocaloric coefficient

Figure 5(f) presents the composition-dependent AT/AE values
measured at 40 kV/cm. The largest AT/AE value of 0.16 K
mm/kV is attained at x=0.13. Generally, Maxwell’s relation
can be strictly used in bulk monodomain single crystals only,
while only a qualitative agreement could be expected for multi-
domain ferroelectric and nonergodic materials. Thus, the direct
measurement of ECE must be carried out to confirm the avail-
ability of the calculated AT results using the indirect method
[22]. Figure 5(g) displays the heat flow consequences obtained
by using the modified DSC instrument to validate the fulfilling
indirect ECE properties of the ceramics with x=0.13. It is
noted that the applied external electric fields could produce
an uphill exothermic peak, while a decurrent endothermic
peak is observed when the electric fields withdraw from the
samples [14]. It can be seen that both the exothermic and
endothermic peaks increase with the aggrandized applied elec-

tric fields, and presenting a reversible ECE and an increased AT
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P.nax Measured at different electric fields.

value with the increased electric fields as well, as shown in Figs.
5(g) and 5(h). Actually, the direct AT values could be calculated

using the formula of
AT =—, ©)

where AQ is the heat exchange values calculated using the area
of the endothermic peaks under different electric fields [4, 36].
As shown in Fig. 5(h), although a slightly disparate AT is
attained between the direct and indirect methods, the similar
result of AT attained from those two methods indicates that
the result calculated from the indirect method is in receivable.
Besides, the discrepancy between the direct and indirect results
might be ascribed to the existed extra contribution which is not
considered in the Maxwell’s relations. And the contribution
could be relevant to dynamically PNRs and diffused FP
phase transition in the vicinity of T,,,, which offer extra entropy
change under external electric fields [37].

According to Eq. (2), the applied external electric fields also
have a vital role in ECE performance of the ceramics. And out
of the consideration of the enhanced AT value under the higher
electric field, a high electric field of 65 kV/cm is applied to the
ceramics with x = 0.13. As shown in Fig. 6(a), typical P-E loops
are obtained at different temperatures. And the extracted P,
values from Fig. 6(a) decrease with the elevated temperature at
diverse electric fields, as shown in Fig. 6(b). The calculated AT
and AT/AE values measured at different electric fields present a
similar trend, both increasing first and then decreasing as the
temperature goes up. And the maximum AT and AT/AE of
1.24 K and 0.19 K mm/kV are found at the maximum electric
field of 65 kV/cm, as plotted in Figs. 6(c) and 6(d), respectively.
The AT value is almost doubled when the external applied elec-
tric field elevated from 40 to 65 kV/cm, proving the significant
contribution of electric field to ECE performance.

Figure 7(a) shows the comparison of AT values as a func-
tion of electric fields of this work and other KNN-based
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Figure 5: AT—T curves under different electric fields of the ceramics with (a) x = 0.08, (b) x=10.11, (c) x=10.13, and (d) x = 0.15; Composition-dependent (e) AT and
(f) AT/AE of the ceramics; (g) DSC heat flow curve of the ceramics with x =0.13 measured at 60 °C under different DC electric fields utilizing the direct measure-
ment; (h) A composition of AT values obtaining from direct and indirect measurements at 60 °C for the ceramics with x=0.13.

ceramics with FF or FP transitions [12, 13, 14, 34, 38, 39, 40,
41]. Tt can be seen that the AT values of this work exceed
most of the other KNN-based ceramics under the same or
higher electric fields, illustrating that the ceramics prepared
in this work are hopeful materials for practical refrigeration
applications. Apart from the AT values, the temperature span
is also a crucial parameter for practical applications. Figure 7
(b) shows the comparison of temperature span for the ceramics
with different AT values. For the lower AT > 0.2 K, the x=0.15
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sample presents the largest temperature span of 90 °C, which
could be ascribed to the temperature region above T (Tc ~
60 °C), but unfortunately together with a rapid deterioration
AT value [Fig. 5(e)]. For the x=0.08, 0.11, and 0.13 ceramics
with similar AT, similar temperature span could be attained
as well. Furthermore, it is noted that for the ECE benchmark
of AT>0.4K and AT >0.5 K, the beginning temperature of
the temperature span of the ceramic with x=0.13 is lower
than the ceramics with x=0.08 and 0.11, which is benefit
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from the decreased T value compared to 0.08 and 0.11 com-
positions [Fig. 2(a)]. In addition, it is noted that the elevated
electric fields could improve the AT and temperature span
simultaneously, confirming the significance of the high electric
fields (or breakdown strength) for obtaining high ECE perfor-
mance neglecting the effects of phase transition. Figure 7(c)
shows the comparison of temperature span at different ECE
benchmark among this work and other KNN-based lead-free
ceramics. It is shown that the temperature span measured at
40 kV/cm is comparable to other KNN-based ceramics. And
there is a large jump of temperature span by applying a higher
electric field, especially for the region of AT>0.5K
Piezoresponse force microscopic (PFM) amplitude and phase
images are conducted to further investigate the domain config-
urations of the ceramics, which could affect the ferroelectric
properties of the ceramics and finally influence the ECE perfor-
mance as well, as shown in Figs. 7(d)-7(f). A micro positive tip
voltage is used to characterize the domain configuration, which
rarely undermine the surface structure of the ceramics. As a
consequence, the PFM amplitude and phase images we
attained could be seen as the virgin domain structure of the
ceramics. As reported, the long-range-ordered ferroelectric
domains would be broken due to the chemical modification,
and polar nanoregions are existed in the nonpolar matrix
(pseudo-cubic phase structure) in the high chemical substitu-
tion content [18]. Inhomogeneous nano-sized domains could

be observed in the ceramics with x=0.11-0.15, which is a

typical phenomenon of relaxor ferroelectric [42]. In addition,
it can be seen that the proportion of nanodomains increases
a little in the first and then decreases with the increased x
from 0.11 to 0.15.

As expected, shifting the FP phase transition toward room
temperature together with inducing diffused phase transition is
beneficial for ECE performance, which improves the AT values
and temperature span to some extent. According to the macro
ferroelectric and dielectric properties as well as microstructure
of the ceramics, the phase structure and domain configuration
are contributed to the magnitude of AT values. And the under-
lying mechanism of ECE performance in this work is presented
in Fig. 8. The high diffuse degree y of 1.6—1.95 and the diffused
FP phase transition in the ceramics with x=0.08—0.15 illus-
trate a distinct relaxor characteristic, and the increasing volume
fraction of PNRs could be observed around T¢ [43], as shown
in Figs. 2 and 8. In general, almost all the nanodomains and the
entire PNRs could switch back to their original direction after
removing the external electric fields in relaxor ferroelectrics
[43]. The slightly increased amount of nanodomains in x=
0.13 compared to x = 0.11 leads to the slight difference entropy
change, corresponding to the small diverse in Py, in Fig. 4.
But the difference we mentioned above among the ceramics
with x =0.08—-0.13 is faint, so a relatively large entropy change
is exhibited in the ceramics with x = 0.08—0.13. In contrast, the
ceramic with x = 0.15 with the largest diffuseness value presents

slimmer P-E loop with smaller P, due to the decreased
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Figure 7: (a) Comparison of AT values of this work (the red star) and other KNN-based ceramics under different electric fields [12, 13, 14, 34, 38, 39, 40, 41]; (b)
Distribution of temperature span of different AT values; (c) Comparison of the temperature span of AT values among this work and other KNN-based ceramics (at
40 kV/cm) [12, 14, 40]; Out-of-plane PFM amplitude and phase images of (d) x=0.11, (e) x=0.13, and (f) x=0.15 ceramics.

amount of nanodomains and the increased amount of PNRs at
around FP transition close to room temperature, finally leading
to the rapidly decreased entropy change value as well. As a
result, the large AT obtained in the ceramics with x=0.08
—0.13 is mainly attributed to the large Py, values and large
AP changes when the ceramics undergo the FP phase transition
as the environmental temperature rising.

Conclusions

In this work, a diffused FP phase transition, which is close
to room temperature, is constructed by suitable composition
modification. Large ECE performance (AT=1.24K and
AT/AE =0.19 K mm/kV) is observed under the electric field
of 65kV/cm. And a good temperature span of 55°C at

the ECE benchmark of AT>0.5K could also be obtained.
The ECE results have been confirmed by the indirect and
direct measurements. Besides, this work opens a new view
of designing high-performance ceramics for refrigeration
applications.

Experimental Procedure

Lead-free  0.97(Nag 5Ky 5)(Nb;,Sb,)NbO3;—0.03CaZrO;—1.0%
mol CuO (abbreviated as KNNS,~CZ-CuO) samples were pre-
pared by the conventional solid-state method. K,CO3; (99%),
Na,CO; (99.8%), Nb,Os (99.95%), Sb,05 (99.99%), CaCOs,
and CuO were weighed and milled with ethanol for 24 h.
After drying the mixture, the mixed powders were calcined at
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850 °C for 6h. Subsequently, the calcined powders were
remilled with 1.0% mol CuO for 24 h and then dried. After
that, the dried powders were pressed into disc-shaped pellets
of 10 mm in diameter under a pressure of 10 MPa using 8%
PVA as binder. The pellets were sintered at 1060-1080 °C for
3 h after removing the binder at 850 °C for 2 h. Both surfaces
of the sintered samples were polished and then coated with sil-
ver for measuring the electric and ferroelectric behavior. Then,
the samples were poled at room temperature under a DC field
of 40 kV/cm for 20 min.

The phase structure of the ceramic samples was character-
ized by XRD (Bruker D8 Advanced XRD, Bruker AXS Inc.,
Madison, WI; Cu K,). The polarization—-electric field (P-E)
hysteresis loops were obtained utilizing TF-2000 at a fixed fre-
quency of 5 Hz. The temperature-dependent €, was measured
using an LCR analyzer (HP 4980, Agilent, USA). Direct mea-
surements of ECE were conducted using a modified DSC
(Q2000, TA Instruments, New Castle, DE), and a DC power
supplier (ET2671A, ENTAI China) was utilized to apply exter-
nal electric fields on the ceramics. PFM (Asylum Research,
MFP-3D) with a conductive Pt-Ir-coated tips (Nanosensors,
Neuchatel, Switzerland) was used to gather the domain pat-
terns. The out-of-plane piezoresponse of domains was obtained
utilizing the AC tiny tip voltage of 2 V among the area of 2 x
2 p.mz.
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