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The use of refrigeration technology is widespread in national security, industrial and agricultural 
production, biomedicine, and everyday life. High efficiency, environmental friendliness, and low cost 
make solid-state refrigeration based on electrocaloric effect (ECE) a promising refrigeration 
technology. Lead-free ferroelectric ceramics (1–x)Ba(Zr0.2Ti0.8)O3–x(Ba0.7Ca0.3)TiO3 (BZT–BCT) 

are promising materials for electrocaloric refrigeration in the field. In this paper, Sm-doped 
0.5BZT–0.5BCT ceramic was fabricated by the conventional solid-state reaction method. The effect 
of Sm-doping contents (0, 1.0, 2.0, 2.5, and 3.0 mol.%) on the phase structures, dielectric properties, 
ferroelectricity, and electrocaloric properties of 0.5BZT–0.5BCT ceramics was systematically 
examined. The results indicate that all ceramics have a pure perovskite structure with no other 
secondary phase available. High relative densities are observed in all lead-free ferroelectric 
ceramics and all of the samples show transgranular fracture with no clear grain boundaries seen. 
The ceramics' ferroelectric hysteresis loops become thinner as the Sm doping content increases. At 
that, remanent polarization Pr decreases, indicating that more polar nanoregions (PNRs) are 
formed in BZT–BCT lead-free ceramics through Sm doping. The increase in Sm doping content 
resulted in a change in the dielectric permittivity and electrocaloric temperature that first increased 
and then decreased. The maximum dielectric permittivity is 5,518 when the doping content of Sm is 
2.5 mol.% and the maximum electrocaloric temperature change Tmax of 0.109 K at 4 kV/mm was 

obtained when Sm doping content was 2 mol.%. The results show that an appropriate Sm doping is 
favorable for improving the dielectric, ferroelectric, and electrothermal properties of lead-free 
ceramics 0.5BZT–0.5BCT. 
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INTRODUCTION 

The application of refrigeration technology covers the areas of national security, industrial and agricultural 
production, organic medical treatment, scientific research, and everyday life. With the rapid development of human 
life, the energy crisis and environmental issues are becoming more and more acute. In addition to traditional non- 
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renewable energy sources like oil and natural gas, wind and solar power generation, along with other 
environmentally friendly power generation methods, have been developed. Nonetheless, there are still problems like 
energy consumption, environmental damage, and affecting the sustainability of human beings. 

At the moment, air conditioning is the most frequently used form of refrigeration, which mainly relies on 
traditional steam for its operation. This technology not only has low energy conversion efficiency but cannot reject 
using refrigerants which has a poor impact on the global environment and climate [1]. With the growing 
development of integrated circuits, wearable electronic devices, biotechnology, and other fields, the demand for 
micro-refrigeration devices is becoming more urgent. However, the traditional compressor refrigeration cannot be 
used for micro devices' local refrigeration due to its large volume and weight. It is necessary to find a refrigeration 
technology that can be miniaturized, highly efficient, energy-saving, environmentally friendly, and low-
cost. Electrocaloric refrigeration has the advantages of higher refrigeration efficiency, smaller volume, 
environmental protection, wider working temperature range, and low cost, etc., so it is promising for refrigeration 
technology [2]. 

When an electric field is applied or removed, the isothermal entropy or adiabatic temperature change of 
polar crystals is called the electrocaloric effect (ECE) [3]. Kobeko and Kurtschatov first observed it in Rochelle Salt 
in 1930 [4]. In 1943, Hautzenlaub repeated this experiment and found that the temperature change (T) of Rochelle 
Salt was only 0.0036 K at 1.4 kV/cm [5]. In 2006, Mischenko et al. reported in Science that giant electrocaloric 
temperature change (T) of PbZr0.95Ti0.05O3 ferroelectric thin film material was T = 12 K (T = 226C, E = 

= 480 kV/cm) by indirect measurement [6]. Since then, the electrocaloric effect has become a topical subject in 
ferroelectric materials. In 2008, Neese et al. obtained the electrocaloric temperature change (T) of 12 K in PVDF 
ferroelectric polymer material at 209 MV/mm under room temperature [7]. Saranya et al discovered in 2009 that 
0.65PMN–0.35PT thin films had an electrocaloric temperature change (T) of 31 K under an electric field of 
747 kV/cm and temperature of 140C [8]. In 2014, Qian et al. established that the T was 4.5 K (T = 35C, E = 
= 145 kV/cm) in BZT lead-free ceramic [9]. In 2016, V. Gaurav et al. found that the giant Tmax was 52.2 K (T = 

= 182 K) in PZT/CFO multilayer nanostructures [10]. In 2021, Lu et al. obtained an electrocaloric temperature 
change (T) of (BaSr)TiO3 at 2.75 K (T = 21C, E = 55 kV/cm) [11]. In 2018, S. Lu et al. established that Tmax of 

0.5Ba(Zr0.2Ti0.8)O3–0.5(Ba0.7Ca0.3)TiO3 was 0.464 K through the direct method [12]. In 2019, B. Nair et al. reported 

in Nature that large electrocaloric effects were observed in PbSc0.5Ta0.5O3 over a wide temperature range [13]. In 

2020, Parveen et al. found out that the enhanced electrocaloric temperature change (T) of Ba0.90Sr0.10Ti1–3x/4FexO3 

was 1.06 K at 25 kV/cm [14]. In 2021, Suokaina et al. applied an indirect method over a broad temperature span 
and reported that the lead-free Ba0.85Ca0.15Zr0.10Ti0.90O3(BCZT) ferroelectric ceramic relaxer was an 

environmentally friendly material suitable for energy storage and semiconductor electrocaloric cooling devices due 
to its enhanced recovered energy density (Wrec = 62 mJ/cm3) and electrocaloric temperature change (T) of 0.57 K 

[15]. 
Due to their excellent piezoelectricity, ferroelectricity, relaxation, low Curie temperature, and other 

characteristics, BaTiO3-based ceramics have attracted much attention [16, 17]. But comparisons of ECE in various 

components of BaTiO3-based ceramics show that, although there is a lot of research on ECE of BaTiO3-based 

ceramics, it still has disadvantages on electrocaloric temperature change, operating temperature, and so on [18–23]. 
Doping rare earth elements has been demonstrated in previous studies to effectively introduce random fields or 
change the ordering degree of cations, which is conducive to improving the ferroelectric, piezoelectric, and other 
properties of materials [24–27]. Therefore, enhancing the local structural heterogeneity of materials is achieved by 
doping rare earth elements in materials. It has been proven that Sm ion is a very good rare earth element for 
enhancing the properties of piezoelectric materials by introducing local structural heterogeneity. For example, the 
piezoelectric coefficient of Sm-doped Pb-based relaxor ferroelectric ceramics and single crystals reaches as high as 
1500 pC/N and 4100 pC/N, respectively, which is more than twice of the undoped samples [28–30]. Therefore, in 
this paper, Sm-doped 0.5BZT–0.5BCT lead-free ceramics were fabricated, and their phase structure, dielectric 
property, ferroelectricity, and electrocaloric effect were examined. 
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EXPERIMENTAL PROCEDURE 

Sm-doped 0.5BZT-0.5BCT lead-free ceramic was synthesized by the conventional solid-state reaction 
method with BaTiO3 (99.9%), CaCO3 (99%), TiO2 (99.99%), ZrO2 (99%), Sm2O3 (99.9%) as raw materials. The 

dopant of the Sm3+ was 0, 1, 2, 2.5, and 3 mol.%, respectively. The preparation process is divided roughly into three 
parts. First, BaTiO3, CaCO3, TiO2, ZrO2, and Sm2O3 were mixed by using high-energy ball-milling for 1 h and 

calcined at 1,250C for 3 h to form BZT–BCT powders. Then, a green body 13 mm in diameter was formed by dry 
pressing. Lastly, oxygen atmosphere sintering and hot sintering were used to synthesize the BZT–BCT lead-free 
ceramic. 

The phase structure of Sm-doped 0.5BZT–0.5BCT ceramic was characterized by X-ray diffraction (XRD, 
Smart Lab, Rigaku, Japan). Scanning electron microscopy (SEM, JSM-6390LV, JEOL, Japan) was used to observe 
the microstructure of the fracture surface. A precision impedance analyzer (4294 A) from Agilent (USA) was used 
to measure the frequency dependence of dielectric permittivity. The ferroelectric hysteresis P-E loops were 
measured by a ferroelectric test system (RT Premier II, Radiant, USA). The ceramics were measured directly under 
vacuum adiabatic conditions using a homemade electrocaloric instrument. The details can be viewed in [31].  

RESULTS AND DISCUSSION 

High performance requires ceramics that have a high pure perovskite-structure phase. The XRD pattern of 
0.5BZT–0.5BCT lead-free ceramics with different Sm doping contents is shown in Fig. 1a.  

It is evident that the ceramics with different Sm doping content are all typical perovskite-structure phases 
without any other secondary phase present. Under the same measurement conditions, it is commonly agreed upon 
that the higher the intensity of the diffraction peak, the lower the full-width half maximum (FWHM), i.e., the 
narrower the peak, the better the crystalline of the crystal. According to Fig. 1a, all diffraction peaks of 3 mol.% 
Sm-doped ceramics are more intense and sharper than other components under the same measurement conditions. 
The increase of Sm doping amount under the same sintering conditions results in a better crystallinity and sintering 
degree of ceramics [32, 33]. No peak splitting was observed in the enlarged (200) peak in Fig. 1b, and the slightly 
asymmetrical diffraction peak demonstrates that those compositions are located at the morphotropic phase boundary 
(MPB) [34]. The diffraction peaks (200) gradually move to a small angle with the increase in Sm doping content. 

From Fig. 2, the fracture surface of 0.5BZT–0.5BCT lead-free ceramics with different Sm doping contents 
is shown in the SEM images in Fig. 2. Transgranular fracture is present in all the samples and there are no clear 
grain boundaries. The region where the energy expenditure is the lowest for a ceramic when subjected to external 
stress tends to fracture, i.e., where the bonding between atoms or ions (chemical bond) is weakest. The 
transgranular fracture indicates that there is a greater lattice binding at the grain boundaries than inside the grain. 
Furthermore, there are few pores that have a negative impact on the breakdown field strength of all doped ceramics, 
which can be used to adjust the electrocaloric temperature (T). 

 

 

Fig. 1. XRD patterns (a) and enlarged (200) diffraction peaks (b) of Sm-doped 0.5BZT–0.5BCT 
ceramics 
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Fig. 2. SEM images of Sm-doped 0.5BZT–0.5BCT lead-free ceramics 

 
Fig. 3. Frequency dependence of dielectric permittivity (a) and the changing trend of dielectric 

permittivity (b) with Sm doping amount of 0.5BZT–0.5BCT ceramics 
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The frequency dependence of dielectric permittivity of 50BZT–50BCT lead-free ceramics doped with 
different contents of Sm is shown in Fig. 3. As it can be seen from Fig. 3a, the dielectric permittivity of the 
ceramics decreases slightly with the increase of frequency. The reason for this is that the dielectric permittivity is 
primarily dependent on the orientation polarization of the inherent dipole moment. As frequency increases, the 
orientation polarization of the inherent dipole moment cannot keep up with the rapid change of the electric field. 
Thus, the inherent dipole moment orientation's polarization contribution decreases, which indicates a decline in 
dielectric permittivity [35]. By comparing the dielectric permittivity of the ceramics with different doping amounts 
of Sm at 1 MHz, the dielectric permittivity first increases and then decreases with the increase of Sm doping 
contents (Fig. 3b). It is worth noting that the maximum dielectric permittivity is 5,518 when the doping content of 
Sm is 2.5 mol.%. The dielectric properties of relaxor ferroelectrics can be improved by the addition of an 
appropriate dopant of rare earth elements [28]. 

Since the electrocaloric effect is related to the polarization (P), the strength of ferroelectricity is a very 
crucial factor in the ECE [36]. Ferroelectric hysteresis (P–E) loops of the 0.5BZT–0.5BCT lead-free ceramics with 
different doping content of Sm are shown in Fig. 4. With the increase of Sm3+ doping content, the P–E loops 
become slimmer and more inclined, indicating that the relaxation of 0.5BZT–0.5BCT ceramics is enhanced [37]. It 
is well-known that normal ferroelectrics are made up of a large number of domains with long-range ordering states,  

 

 

Fig. 4. P–E loops of Sm-doped 0.5BZT–0.5BCT lead-free ceramics 



191 

 
Fig. 5. Ec, Ps, and Pr as a function of Sm doping content in 0.5BZT–0.5BCT lead-free ceramics 

while relaxor ferroelectrics have polar nanodomains. That is to say, with the increase of Sm doping, more polar 
nanoregions (PNRs) are formed in BZT–BCT lead-free ceramics doped by Sm [28]. 

Figure 5 shows the variation of the polarization (P) and coercive field (Ec) of 0.5BZT–0.5BCT lead-free 

ceramics with different Sm doping content at 30 kV/cm extracted from Fig. 4. As can be seen from Fig. 5, P value 
of the ceramics decrease gradually. That is because when Sm3+ replaces the Ba2+ at the A site. By changing the 
long-range ordering degree of the oxygen octahedron, the stability, and ferroelectricity of materials will be reduced. 
In addition, the coercive field (Ec) increases first and then decreases with the increase of Sm doping content. 

The electrocaloric temperature change of 0.5BZT–0.5BCT lead-free ceramics with different Sm doping 
contents measured through the direct method is shown in Fig. 6. The electrocaloric temperature change (TD) of 

ceramics with different doping contents of Sm is shown in Fig. 6a under an electric field of 4 kV/mm at room 
temperature. Figure 6a shows that the electrocaloric temperature change (TD) increases first and then decreases 

with an increase in Sm doping. Among them, the TDmax is 0.109 K when the doping content of Sm is 2 mol.%. 

The applied electric field and the measurement temperature will affect the TD values. Compared with the previous 

research by Lu et al., they obtained the Tmax of 0.464 K in undoped 0.5BZT–0.5BCT at the electric field of 

6 kV/mm and the temperature of 100C [12]. A larger electric field and higher temperature close to Curie 
temperature will lead to higher TD values. Therefore, the TD values can be further improved by adjusting 

measurement conditions. Furthermore, the electrocaloric effect curves measured directly are deformed to a certain 
extent. That indicates that the leakage current of materials causes a large joule heating under the electric field of 
4 kV/mm [38–41].  

Figure 6b shows the electrocaloric temperature change (TD) of different Sm-doped ceramics under 

different electric fields. As can be seen from the figure, as the electric field increases, the electrocaloric temperature 
change of materials gradually increases, and the Tmax is achieved when the dopant of Sm3+ is 2 mol.%. 

 

 
Fig. 6. Curves of electrocaloric temperature change measured by the direct method (a) and TD as                

a function of Sm doping content of 0.5BZT–0.5BCT ceramics (b) 
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CONCLUSIONS 

The effect of Sm doping content on the structure and properties of 0.5BZT–0.5BCT lead-free ferroelectric 
ceramics was systematically studied. XRD patterns indicate that all of the Sm-doped 0.5BZT–0.5BCT ceramics are 
pure perovskite phase. With the increase of Sm doping content, the ferroelectric hysteresis (P–E) loops of 0.5BZT–
0.5BCT ceramics become slimmer and more inclined, indicating the relaxation of ceramics is gradually enhanced. 
The increase of Sm doping content results in a first decrease in the dielectric permittivity, followed by an increase 
in the dielectric permittivity. The maximum dielectric permittivity at 1 MHz reaches 5,518 when the Sm dopant is 
2.5 mol.%. The electrocaloric temperature change (T) increases first and then decreases with the increase of Sm 
content. The maximum electrocaloric temperature change (Tmax) is 0.109 K (E = 4 kV/mm, room temperature) at 

the Sm doping content of 2 mol.%. It indicates that an appropriate Sm doper is beneficial in improving the 
dielectric, ferroelectric, and electrocaloric properties of 0.5BZT–0.5BCT lead-free ceramics.  
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