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The electrocaloric (EC) effect in lead-free (1-x)(K0.48Na0.52)(Nb0.95Sb0.05)O3-xBi0.5(Na0.82K0.18)0.5ZrO3

ceramics was investigated using an indirect thermodynamic method. Large EC temperature changes were

obtained in the vicinity of a polymorphic phase boundary at 40 kV/cm, e.g., 0.32 K at 359 K for x¼ 0.03,

0.51 K at 350 K for x¼ 0.04, and 0.48 K at 300 K for x¼ 0.05, respectively. These values are larger than

the previous results at inter-ferroelectric phase transition and, more interestingly, are found to be compara-

ble to those usually explored at the Curie temperature. The operational temperature window is broad near

the polymorphic phase boundary due to the diffuseness of the phase transition. The enhanced electro-

caloric effect is attributed to the formation of nanodomains near the polymorphic phase boundary, which

reduces domain wall energy and facilitates the polarization rotation. The construction of a polymorphic

phase boundary and the arrangement of coexisting phases at the nanoscale may open a promising route to

explore EC materials. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4976026]

The environmentally friendly and low-cost electro-

caloric (EC) refrigeration has attracted considerable attention

to replace the conventional vapor-compression cooling tech-

nology.1,2 Since the discovery of a giant EC temperature

change of 12 K in PbZrTiO3 (PZT) thin films,3 the investiga-

tions of the EC effect have been extensively conducted in

both inorganic and organic ferroelectric materials.3–11 The

EC effect is defined as the reversible adiabatic temperature

change DT in a dielectric material when an external electric

field is applied or removed. Bulk EC materials own large

cooling capacity compared with those of thin films, which

are suitable for medium and large scale cooling devices. In

the past decade, some large EC temperature changes have

been reported in lead-based ceramics.7,11–13 However, the

strict regulation on the utilization of lead in electronic devi-

ces restricts their potential applications as solid-state coolers.

Recently, lead-free ceramics have been investigated

extensively, mainly in BaTiO3 (BTO)-based4,5,14,15 and

Na0.5Bi0.5TiO3 (NBT)-based ceramics8,10 because of their large

EC response. In BTO-based ceramics, large EC values have

been obtained within a narrow temperature range around the

temperature of the ferroelectric to paraelectric phase transition.

Similarly, NBT-based ceramics exhibit large EC values near

depolarization temperature.10 It is only recently that the EC

effect has been investigated at a polymorphic phase boundary

between two ferroelectric phases with different symmetries.

Indeed, while weak, an EC peak was observed in lead-free

0.68Ba(Zr0.2Ti0.8)O3-0.32(Ba0.7Ca0.3)TiO3 ceramics using a

modified differential scanning calorimeter (DSC),16 implying

that the EC effect can be also enhanced at a polymorphic phase

boundary. It is worth mentioning that in the past decades, the

lead-free K0.5Na0.5NbO3 (KNN)-based ceramics have been

widely studied to improve their piezoelectric and electrome-

chanical responses through the design of a polymorphic phase

boundary.17–20 However, there is only little research on the EC

effect in these materials. In the relaxor composition of 0.85 K0.5

Na0.5NbO3-0.15SrTiO3 ceramics, promising EC response with

DT exceeding 1.2 K at an electric field of 159 kV/cm was mea-

sured at room temperature by Ro�zič et al.,6,21 as well

as a DT� 0.3 K under 20 kV/cm in ceramics22 of the modified

solid solution (Na0.52K0.48-x)(Nb0.92-xSb0.08)O3-xLiTaO3. In

order to explore for higher EC effect and reveal its physical

mechanism; it is therefore crucial to further investigate ferro-

electric materials at polymorphic phase transitions, and KNN-

based ceramics appear as a rich playground for that purpose.

Indeed, previous studies18–20 on KNN-based ceramics have

indicated that doping with metal elements combined to solid

solutions with other perovskite-type materials is an efficient

route for bringing close to room temperature the various phase

transition temperatures, such as the polymorphic ones between

ferroelectric phases like orthorhombic-tetragonal (TO–T),

rhombohedral-orthorhombic (TR–O), rhombohedral-tetragonal

(TR–T), and the Curie temperature (Tc) related to tetragonal-

cubic, i.e., ferroelectric-paraelectric transition. Here, the

EC effect of (1-x)(K0.48Na0.52)(Nb0.95Sb0.05)O3-xBi0.5(Na0.82

K0.18)0.5ZrO3 (abbreviated as KNNS-xBNKZ, with x¼ 0.03,

0.04, and 0.05) ceramics is therefore studied. We utilized an

indirect method based on the thermodynamic Maxwell rela-

tion, which was demonstrated to be well consistent with direct

measurements using a modified differential scanning calorim-

eter in the case of KNN-based ceramics.22a)Electronic addresses: xlou03@mail.xjtu.edu.cn and xlou03@163.com
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Lead-free KNNS-xBNKZ (x¼ 0.03, 0.04, and 0.05)

ceramics were fabricated by conventional solid-state reac-

tion. The procedure was reported elsewhere in details.19

X-ray diffraction (XRD Shimadzu 7000) was performed at

room temperature between 20� and 60� in 2theta. The tem-

perature dependence of the dielectric constant was measured

in the range of 150 K–450 K at 100 Hz and 1 V using a

HIOKI 3532 LCR impedance meter. The polarization-

electric field (P-E) loops at different temperatures were

recorded at 10 Hz using a Radiant ferroelectric workstation.

The specific heat capacity of the ceramics was obtained at

zero electric field using a commercial TA Q2000 differential

scanning calorimeter (DSC). The domain morphology of

these ceramics was observed using a Transmission Electron

Microscope (JEM-2100) operating with an accelerating volt-

age of 300 kV.

Fig. 1 displays the XRD patterns measured on the three

KNNS-xBNKZ ceramics. A single perovskite phase is

observed in all samples without any secondary impurity

phase. The inset of Fig. 1 shows obvious splitting of the

(200) peak at �45� for all the ceramics, which indicates the

phase coexistence between orthorhombic and tetragonal

phases or rhombohedral and tetragonal ones associated with

the polymorphic character as reported in the literature of

KNN-based ceramics.18,19,23,24 Fig. 2 shows the dielectric

constants and loss of the ceramics as a function of tempera-

ture measured from 150 K up to 450 K corresponding to the

limitation of our experimental setup. For the KNNS-

003BNKZ ceramic, two dielectric anomalies are observed,

with TO-T at �325 K and TR-O at �260 K. As the BNKZ con-

tent increases, TO-T and TR-O merge into a single TR-T at

278 K in the KNNS-004BNKZ ceramic. For the KNNS-

005BNKZ ceramic, TR-T and Tc values are 263 K and 446 K,

respectively. Therefore, the KNNS-003BNKZ ceramic

shows the coexistence of the orthorhombic and tetragonal

phases, while the ceramics of x¼ 0.04 and 0.05 own the

rhombohedral and tetragonal phases with a higher amount of

the rhombohedral phase for x¼ 0.05 (the inset of Fig. 1), in

good agreement with the previous result.19 Note that the

dielectric loss does not help to better define these critical

temperatures as it is the case in the literature for other KNN-

based ceramics.25,26

The evolution of heat capacity in KNNS-xBNKZ

ceramics from 305 K to 520 K is shown in Fig. 3. The heat

capacity increases with the increasing BNKZ content.

For x¼ 0.05, the heat capacity measurement gives a peak

(which is rather a kink) at �443 K, which corresponds to Tc

obtained from the dielectric measurement. Similarly, heat

flow peaks emerge at the Curie temperature for x¼ 0.03 (at

Tc¼ 499 K) and x¼ 0.04 (at Tc¼ 470 K), which is out of

the range of our dielectric measurements. The magnitude of

the peaks decreases with the increasing BNKZ content. In

contrast, no heat flow signal for the polymorphic phase tran-

sitions can be easily evidenced in our experimental tempera-

ture range probably due to its diffuse character.22

Fig. 4 shows the polarization-electric field (P-E) loops

of KNNS-xBNKZ ceramics measured at different tempera-

tures. As the BNKZ content increases, the coercive field Ec

at room temperature decreases from Ec¼ 8.32 kV/cm for

x¼ 0.03 to Ec¼ 6.47 kV/cm for x¼ 0.05. For KNNS-

xBNKZ ceramics with x¼ 0.03 and x¼ 0.04, the ferroelec-

tric behavior is observed at all measured temperatures, while

the KNNS-005BNKZ ceramic exhibits a spontaneous (at

zero field) polarization decreasing consistently with the

FIG. 1. The XRD patterns of the KNNS-xBNKZ ceramics.

FIG. 2. The dielectric constant (a) and loss (b) of the KNNS-xBNKZ ceramics.

FIG. 3. The heat capacity of the KNNS-xBNKZ ceramics.
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occurrence of the paraelectric phase above Tc� 446 K. For

all the ceramics, the polarization at a fixed applied electric

field decreases with increasing temperature, as shown in

Figures 5(a)–5(c). The same trend was also observed in

BTO-based ceramics.4,5,14

The adiabatic temperature change DT was calculated

using the indirect method based on the following thermody-

namic Maxwell relation:3,13 DT ¼ � T
qCp

Ð E2

E1
@P
@T

� �
E
dE, where

q is the density of the ceramic measured using the

Archimedes method as reported elsewhere,27 and E1

(E1¼ 0 kV/cm) and E2 are the initial and applied external

electric fields, respectively. The heat capacity Cp at room

temperature is equal to 0.54 J/g K, 0.56 J/g K, and 0.60 J/g K

for x¼ 0.03, x¼ 0.04, and x¼ 0.05, respectively, and is

considered temperature-dependent as we reported in Fig. 3.

Previous studies5,28 have shown that the use of proper effec-

tive heat capacity allows us to get consistent EC values

using indirect with respect to direct methods. The values

of (@P/@T)E were then obtained from the temperature

dependence of the polarization at a fixed electric field value

(Figs. 5(a)–5(c)) by fitting the curves with a fourth-order

polynomial equation.

Fig. 5 displays the electrocaloric temperature change DT

of the KNNS-xBNKZ ceramics at different external electric

fields. Due to the dielectric breakdown at high temperature,

the highest applied electric field is 45 kV/cm for KNNS-

003BNKZ and KNNS-004BNKZ and 40 kV/cm for KNNS-

005BNKZ. As expected, it can be seen that DT is considerably

enhanced as the electric field increases. For all these ceramics,

the best EC response was obtained in the KNNS-004BNKZ

composition, corresponding to the polymorphic state with the

coexistence of rhombohedral and tetragonal phases. The maxi-

mum EC value at 40 kV/cm is 0.32 K at 359 K for x¼ 0.03,

0.51 K at 350 K for x¼ 0.04, and 0.48 K and 0.54 K at 300 K

and 466 K, respectively, for x¼ 0.05. It is remarkable to

observe that a large EC value is obtained at the polymorphic

phase boundary, and this value is comparable to that at Tc as

illustrated in the case of KNNS-005BNKZ (i.e., 0.48 K at the

polymorphic transition against 0.54 K at the ferroelectric-

paraelectric transition). This result suggests further consider-

ing materials with polymorphic phase transition as potentially

good electrocalorics. It is also intriguing as one would expect

a much higher EC response at Tc as the derivative of the polar-

ization should diverge at Tc. Further works are required, and

theoretical supports are strongly desired to better understand

the origin of such strong EC values at the polymorphic phase

transition. It is also worth mentioning that the EC peak is

much stronger in the case of rhombohedral to tetragonal (R-T)

ferroelectric phase transition (x¼ 0.04 and x¼ 0.05) than for

orthorhombic to tetragonal (O-T) ferroelectric phase transition

(x¼ 0.03). In order to provide some insights into the physical

mechanism of the large EC effect near the polymorphic phase

boundary, the domain morphology of these ceramics is

depicted in Fig. 6. While no statistic has been done here, the

typical size of the nanodomains varies from �57 to �165 nm

in these ceramics, which implies that the domain wall energy

near the polymorphic phase boundary is rather low.29

Actually, the polarization anisotropy is decreased in the vicin-

ity of rhombohedral (orthorhombic)-tetragonal ferroelectric

phase transition due to the existence of a flattened free energy

profile.30 According to the classical domain theory,31 the size

of domains (D) is determined by the domain wall energy

(EDW) as follows: D�E
1=2
DW. The typical size of a single

domain is found to be �165 nm for x¼ 0.03, �57 nm for

x¼ 0.04, and �127 nm for x¼ 0.05, respectively, as shown in

Fig. 6. The size of domains in the x¼ 0.04 ceramic is (at least

twice) smaller than the two other ceramics, which indicates

that the domain wall energy is the lowest for KNN-004BNKZ.

Therefore, the polarization can easily rotate from one phase to

another under an external electric field, which can result in a

bigger entropy change in the KNNS-004BNKZ ceramic and

explain its highest EC value. It is worth mentioning that a low

coercive field might be an indication of an “easier” polariza-

tion rotation. Indeed, we compare the P-E loops corresponding

to the temperature at which the EC response is the biggest, and

it is found that the coercive field is lower for KNNS-

004BNKZ (Ec� 6.5 kV/cm at �350 K) and KNNS-005BNKZ

(Ec� 6.5 kV/cm at �300 K) than for KNNS-003BNKZ (Ec

� 8 kV/cm at �360 K). Nonetheless, we believe that not only

the coercive field is important but also the shape of the P-E

loop, which indicates somehow the energy required for the

polarization change under an electric field and the temperature

evolution of the polarization from which we basically extract

the EC response. In addition, we argue that as the highest

FIG. 4. The polarization-electric field (P-E) loops at 40 kV/cm for the

KNNS-xBNKZ ceramics: (a) x¼ 0.03, (b) x¼ 0.04, and (c) x¼ 0.05 at dif-

ferent temperatures.
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electromechanical responses are usually associated with the

easy rotation of the polarization, the piezocaloric effect can

also contribute to the total EC signal.

Let us now compare the EC response of KNNS-xBNKZ

ceramics with that of other lead-free electrocalorics. As the

reported results were obtained using different applied elec-

tric fields, it is useful to compare the EC strength (DT/DE).

The maximum EC strengths obtained in KNNS-003BNKZ,

KNNS-004BNKZ, and KNNS-005BNKZ are 0.08 K mm/

kV, 0.13 K mm/kV, and 0.12 K mm/kV, respectively. These

EC strengths are comparable to or higher than the values

observed in compositions where different phases coexist

such as 0.07–0.09 K mm/kV in (1-x)Ba(Zr0.2Ti0.8)O3-x

(Ba0.7Ca0.3)TiO3 ceramics16 and 0.10–0.18 K mm/kV in

(Na0.52K0.48-x)(Nb0.92-xSb0.08)O3-xLiTaO3 ceramics.22 The

EC strength in KNNS-004BNKZ is superior to that (�0.12 K

mm/kV) in the relaxor 0.85 K0.5Na0.5NbO3–0.15SrTiO3

ceramic6,21 at the ferroelectric to paraelectric phase transi-

tion. Finally, the temperature window of the EC signal is

also a crucial parameter for cooling applications of EC mate-

rials. In the case of the KNNS-004BNKZ ceramic, the EC

value decreases only by about 15% in a temperature range of

30 K because of the diffuseness of the polymorphic phase

boundary.

In conclusion, we studied the EC effect in lead-free

KNNS-xBNKZ ceramics using an indirect method and

indicated that this system exhibits good EC responses.

Maximum EC responses were observed in these ceramics

near the polymorphic phase boundary. The EC temperature

change is 0.32 K at 359 K for the ceramics with x¼ 0.03,

0.51 K at 350 K for x¼ 0.04, and 0.48 K at 300 K in

x¼ 0.05, under an electric field of 40 kV/cm with a broad

temperature window due to the diffuseness of the polymor-

phic phase boundary. These EC strengths are even larger and

comparable to those in some ceramics observed at the poly-

morphic phase boundary or the Curie temperature. The elec-

trocaloric response near the polymorphic phase boundary

can be explained by the presence of nanodomains, which

FIG. 6. TEM measurements on the

domain morphology in KNNS-xBNKZ

for (a) x¼ 0.03, (b) x¼ 0.04, and (c)

x¼ 0.05.

FIG. 5. The polarization as a function

of temperature in KNNS-xBNKZ for

(a) x¼ 0.03, (b) x¼ 0.04, and (c)

x¼ 0.05 and the electrocaloric temper-

ature change in KNNS-xBNKZ for (d)

x¼ 0.03, (e) x¼ 0.04, and (f) x¼ 0.05.
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reduces domain wall energy and facilitates the polarization

rotation. Finally, it is believed that larger EC temperature

changes could be obtained via the modification of the ferro-

electric nanodomains and enhancement of the breakdown

field. Such results will provide a promising route for

improved EC materials through the construction of a well-

designed polymorphic phase boundary.
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