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Abstract
Lead-free Ba0.85Ca0.15Zr0.10Ti0.90O3 (BCZT) ceramic exhibits excellent dielectric, ferroelectric and piezoelectric properties at 
the morphotropic phase boundary (MPB). Previously, we demonstrated that the use of the anionic surfactant sodium dodecyl 
sulfate (SDS, NaC12H25SO4) could enhance the dielectric properties of BCZT ceramic using surfactant-assisted solvothermal 
processing [1]. In the present study, structural, dielectric, ferroelectric properties, as well as electrocaloric effect and energy 
storage performances of this BCZT ceramic were thoroughly investigated. X-ray diffraction (XRD) measurements revealed 
the presence of single perovskite phase at room temperature with the coexistence of orthorhombic and tetragonal symmetries. 
In-situ Raman spectroscopy results confirmed the existence of all phase transitions from rhombohedral through orthorhombic 
and tetragonal to cubic symmetries when the temperature varies as reported in undoped-BaTiO3. Evolution of energy storage 
performances with temperature have been investigated. BCZT ceramic exhibits a high energy storage efficiency of ~ 80% at 
120 °C. In addition, the electrocaloric responsivity was found to be 0.164 × 10−6 K·m/V at 363 K.

1  Introduction

For several decades, lead-based perovskite ferroelectric 
materials such as Pb(Zr,Ti)O3 (PZT) are widely used in sen-
sors, ultrasonic generators, resonators, actuators and much 
more electronic devices due to their excellent ferroelectric 
and piezoelectric properties [2, 3]. However, in view of the 
concern with environmental pollution and human health, 
lead oxide, which is a component of PZT, is highly toxic 
[4]. It is one of the reasons why intensive researches were 
conducted to find the appropriate alternative material to 
lead-based ceramics [5, 6].

In this purpose, barium titanate (BaTiO3) is usually 
regarded as one of potentially promising lead-free ceram-
ics, which was the first material practically, used to fabri-
cate piezoelectric ceramics. It is widely employed in mod-
ern technologies such as mobile electronic devices, and 
hybrid electric vehicles [7–9]. Furthermore, BaTiO3 is also 
a bioceramic material which does not contain any toxic or 
volatile elements, and its properties can be easily tailored by 
versatile engineering [10–12]. However, its high dielectric 
constant (εmax > 10,000) decreases sharply to about 2000 at 
Curie temperature (Tc = 120 °C) because of the tetragonal/
cubic phase transition [13]. To resolve this issue, research-
ers focused on doping elements to modify BaTiO3 ceramics. 
For instance, Ca2+ and Zr4+ can be introduced into BaTiO3 
crystal lattice to replace Ba2+ and Ti4+, respectively [8, 
14]. Therefore, these process lead to an enhancement of the 
relaxor behavior of barium titanate materials, broadening of 
the maximum at Curie point, and improving the dielectric 
constant with peak values as high as εmax ≈ 18 000 [15, 16].

Among this family, x[Ba(Zr0.2Ti0.8)O3] − (1 − x)
[(Ba0.7Ca0.3)TiO3] (BZT − xBCT, BCZT) system has been 
reported by Liu and Ren [17] to exhibit interesting dielec-
tric, ferroelectric, and piezoelectric properties at the mor-
photropic phase boundary (MPB) which is comparable to 
those of PZT ceramics [5]. The high piezoelectric properties 
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of this system are due to the coexistence of two ferroelectric 
phases at the MPB [5]. With a great interest in the MPB 
composition of the BZT − xBCT system, the synthesis and 
characterization of nanostructured materials provide strong 
motivation to understand its properties. However, the tradi-
tional techniques for preparing BCZT nanostructures rely on 
high pressure or high temperature [6, 18]. Solvothermal syn-
thesis provides a design of nanomaterials with specifically 
tailored architectures via the synthesis of nanoscale building 
blocks with an appropriate size and shape, and controlled 
orientation of the final products. In our previous work, we 
reported the effect of the nature of surfactant (anionic or 
cationic) on the morphology and the dielectric properties 
of BCZT ceramics [1]. We found that the anionic surfactant 
sodium dodecyl sulfate (SDS, NaC12H25SO4) played a cru-
cial role in adjusting the size and morphology, and thus 
enhancing the dielectric properties of BCZT ceramic [1].

More recently, literature has emerged contradictory find-
ings about phase transitions of 50BCT–50BZT ceramic: on 
one hand, some works have reported the disappearance of 
the orthorhombic (O) phase in 50BCT–50BZT unlike in 
BaTiO3 and suggest the presence of unusual rhombohe-
dral–tetragonal phase at room temperature [19–21]. On the 
other hand, researches have demonstrated the existence of 
the intermediate O-phase through XRD measurements and 
dielectric properties [2, 22, 23].

The present study set out to shine new light on these 
debates through the examination of phase transitions in 
BCZT ceramic using in-situ Raman measurements. Moreo-
ver, the structural, dielectric and ferroelectric properties 
upon the phase transitions using a surfactant (SDS) for 
morphology adjusting have been also studied. The thorough 
analyses of P–E hysteresis as a function of temperature, con-
ducted on the lead-free BCZT ferroelectric relaxor allowed 
us to highlight the variation of the electrocaloric temperature 
change (ΔT) around FE–PE phase transition and the energy 
storage performances in this compound. Since the energy 
storage is efficient with slim hysteresis loop, having low 
coercive field and high polarization, this BCZT ferroelec-
tric relaxor will be a potential candidate for energy storage 
application.

2 � Experimental

2.1 � BCZT ceramic synthesis

BCZT pure nanocrystalline powder was obtained through 
SDS-assisted solvothermal synthesis as reported previously 
[1]. Briefly, stoichiometric amounts of barium acetate and 
calcium nitrate tetrahydrate were dissolved separately in 
glacial acetic acid and 2-ethoxyethanol, respectively. The 
two solutions were then mixed together. Titanium (IV) 

isopropoxide and zirconium n-propoxide were added to the 
reaction medium according to the Ba0.85Ca0.15Ti0.90Zr0.10O3 
(BCZT) formula. To control BCZT microstructure, a known 
concentration of SDS was introduced. After 1 h of continu-
ous stirring at room temperature, the obtained solution was 
transferred to a 30 ml Teflon-lined stainless-steel auto-
clave at 180 °C in an oven for 12 h. Thereafter the reac-
tion was completed, the sealed autoclave was cooled in the 
air. The resulting product was collected by centrifugation 
at 12,000 rpm for 10 min, and washed several times with 
deionized water and ethanol. Then, the final product was 
dried at 100 °C for 12 h and calcined at 1000 °C for 4 h to 
get fine BCZT powder. Finally, the obtained powder was 
uni-axially pressed into pellets and sintered at 1250 °C for 
10 h.

2.2 � Characterization

The crystalline structure of BCZT ceramic was performed 
by X-ray diffraction (XRD, Panalytical X-Pert Pro). The 
measurement were done at room temperature under a step 
angle of 0.02° in the 2θ range from 10° to 80° using a Cu-Kα 
radiation (λ ~ 1.5406 Å). Raman spectra were excited using 
the polarized radiation of an argon laser (λ = 514.5 nm) 
and recorded using a Renishaw inVia Reflex spectrometer 
equipped with a Near-Excitation Tunable (NExT) filter for 
the analysis of the low-frequency spectral range down to 
10 cm−1. An optical microscope with a × 50 objective was 
used to focus the incident light as a 2-µm-diameter spot on 
the sample. For temperature-dependent micro-Raman meas-
urements, we used Linkam heating and freezing stage with 
temperature stability of 0.1 K. The microstructure of BCZT 
ceramic was analyzed using a scanning electron microscope 
(SEM, Tescan VEGA-3). A precision LCR Meter (HP 
4284A, 20 Hz to 1 MHz) was used to measure the dielec-
tric properties of BCZT pellets electroded with silver paste 
in the frequency range 20 Hz to 1 MHz. The ferroelectric 
hysteresis loops were measured using a ferroelectric test sys-
tem (AiXACCT, TF Analyzer 1000). The electrocaloric adi-
abatic temperature variation (ΔT) and responsivity (ζ) were 
calculated in the so called indirect method from registered 
P–E hysteresis loops at 1 Hz as a function of temperature.

3 � Results and discussion

3.1 � Structural study

Figure 1a shows XRD pattern of BCZT ceramic at room 
temperature that exhibits pure perovskite phase, without any 
secondary phase. The peaks splitting observed around 45° 
(Fig. 1b) and the formation of triplet at 65.8° (Fig. 1c) indi-
cate the formation of BCZT ceramic at the morphotropic 
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phase boundary (MPB) with the coexistence of orthorhom-
bic (Amm2) and tetragonal phases (P4mm) [1, 2, 24, 25].

Raman spectroscopy is a powerful tool to divulge 
the phase transitions of complex ferroelectric materi-
als. Figure 2a shows Raman spectra of BCZT ceramic 
recorded from − 30 to 140 °C. Raman peaks at around 
298 and 725 cm−1 are characteristic to the ferroelectric 
phases (rhombohedral, orthorhombic and tetragonal) of 
BCZT ceramic. The rhombohedral structure was identi-
fied through the existence of the triple modes A1(TO2), 
A1(TO3) and E(TO1) at low temperature [26]. The cubic 

paraelectric phase is characterized by two very broad 
peaks centered at about 285 and 520 cm−1. The ferro-
electric (tetragonal)–paraelectric (cubic) phase transition 
occurs at 90 °C and was evidenced by the disappearance 
of the peaks around 170 and 298 cm−1 and the attenuation 
of the peak at 725 cm−1. The A1g octahedral breathing 
mode at 800 cm−1 which is independent of temperature 
is irrefutably chemical in nature and does not relate to 
structural distortions of the lattice away from the par-
ent cubic symmetry [16]. In other words, the presence 
of this breathing mode is due to the presence of several 

Fig. 1   a Room-temperature 
XRD pattern, b enlarged peaks 
splitting around 2θ ≈ 45° and c 
around 2θ ≈ 65.8°

Fig. 2   a Temperature dependence of Raman spectra and b FWHM and peak height of the A1(TO3) Raman mode of BCZT ceramic
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dissimilar atoms at A-sites and B-sites forming a complex 
perovskite solid solution [27].

To have more insights on the phase transitions in 
BCZT ceramic, we attract attention to the observed 
broadening of the main bands in the spectral region 
250–800 cm−1 which is interpreted as being activated by 
the presence of compositional disorder [16]. Figure 2b 
depicts the thermal variation of FWHM and peak height 
of A1(TO3) Raman mode as a function of temperature. 
The gradual change in peak width is completely consist-
ent with an increase in correlation length of the polar 
order as the temperature decreases. An abrupt variation of 
FWHM around − 10 °C indicates the rhombohedral (R)/
orthorhombic (O) phase transition. The second anomaly 
at 30 °C is consisting to orthorhombic (O)/tetragonal (T). 
The ferroelectric/paraelectric (tetragonal (T)/cubic (C)) 
transition occurred around 90 °C.

3.2 � Dielectric properties

Figure 3a, b display the temperature dependence of the 
dielectric constant (εr) and the dielectric loss (tan δ) of 
BCZT ceramic at different frequencies from room tem-
perature to 200 °C. These curves show two obvious anom-
alies: the first around 30 °C corresponds to orthorhom-
bic–tetragonal (O–T) transition and a second broad peak 
around 90 °C is associated to the tetragonal–cubic (T–C) 
phase transition [1, 28, 29]. These results bear out those 
obtained by Raman measurements, assuming the O–T and 
T–C transitions around 30 °C and 90 °C, respectively.

3.3 � Ferroelectric properties

Figure 4a shows the room-temperature polarization hyster-
esis loops (P–E) of the BCZT ceramic obtained at differ-
ent frequencies. The polarization decreases when the fre-
quency increases in accordance with shorter time constant 
for dipoles ordering.

The polarization versus electric field (P–E) hysteresis 
loops of the BCZT ceramic registered at different tempera-
tures at the driving frequency of 1 Hz are plotted in Fig. 4b. 
It presents a remnant polarization Pr of ~ 2.03 µC/cm2 and a 
coercive field Ec of ~ 2.17 kV/cm at 0 °C. As the temperature 
increases, the P–E loops become slimmer accompanied by 
the continuous decrease of remnant polarization (Pr), coer-
cive field (Ec) and maximal polarization (Pmax) (Fig. 4c), 
this is due to the disappearance of ferroelectric domains. 
Above Curie temperature (Tc = 90 °C), the P–E loops do not 
show strictly linear behavior, characteristic of pure paraelec-
tric phase. However, slimmest loops appeared from Curie 
temperature and correspond to the existence of ferroelectric 
clusters or residual polar nanoregions [30–32], often attrib-
uted to the complex perovskite nature or relaxor behavior 
[33]. It is worth noting the presence of an anomaly at room 
temperature, which could be attributed to orthorhombic/
tetragonal phase transition basing on Raman observations. 
Thus, the temperature dependence of the remnant polariza-
tion may indicate a change in the phase state of the material.

The current–electric field (I–E) curves of BCZT ceramic 
at different temperatures are presented in Fig. 4d. When a 
ferroelectric material is under an electric field, two types of 
current signals are observed, leakage current and current 
due to domain switching phenomena. The appearance of 
a peak in the current signal before reaching the maximum 

Fig. 3   Temperature-dependence of the a dielectric constant and b dielectric loss of BCZT ceramic at different frequencies
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electric field indicates that domain switching is taking place 
(Fig. 4d) [34]. The magnitude of leakage current at the maxi-
mum applied electric field is very low compared with the 
magnitude of peak current caused by domain switching [34]. 
As the temperature increases, gradual changes with a broad 
and flat current platform are obtained in current peaks, in 
which the ferroelectric order was disturbed, leading to a 
ferroelectric-to-relaxor state transformation [35, 36].

The ferroelectric property of BCZT ceramic was also 
investigated through the study of the hysteresis behavior 
reflected in capacitance–voltage (C–V) characteristics. 
At 100 Hz, the applied voltage was swept from a posi-
tive bias to a negative bias and back again. The typical 
butterfly loop that confirm the ferroelectric properties is 

shown in Fig. 5. A C–V loop will exhibit a butterfly shape 
only when the material is ferroelectric, and the presence 
of two peaks is attributed to the ferroelectric domains 
switching [37, 38]. Moreover, the symmetric shape of the 
curve around the zero bias axis, indicates that the sam-
ple contains few movable ions or charge accumulation at 
the ceramic/electrode interface (space charge effect) [39]. 
Increasing the temperature results to a narrowing of the 
C–V curves which indicates that the process of domains 
switching is faster, and the saturation occurs with low 
energy for the ferroelectric domain alignment [40]. The 
relaxor behavior of BCZT ferroelectric ceramic is dem-
onstrated by the existence of the butterfly-like loop even 
at high temperatures (T ≥ 90 °C).

Fig. 4   a Frequency-dependence of P–E loops at room temperature, b temperature-dependence of P–E loops at 1 Hz, c variation of Pr, Ec and 
Pmax with temperature and d temperature-dependence of I–E curves of the BCZT ceramic
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3.4 � Energy storage performances

Previous works on energy storage properties of ceramics 
or thin films have been conducted mainly under very high 
electric field (100 or even 1000 kV/cm). However, it is 
well known that a large electric field can induce higher 
polarization. Consequently, as both the electric field and 
the polarization increase, the energy-storage properties 
increase inevitably according to the definition of energy-
storage density. Unfortunately, in relation to applications, 
such large electric field is not desirable for energy stor-
age devices [41]. The key characteristic for energy stor-
age devices is to gain a slim hysteresis loop. Relaxor 

ferroelectrics exhibit high permittivity and slim hysteresis 
loops, and consequently enhanced energy storage proper-
ties [42].

To have an insight in these performances, the recover-
able and loss energy densities as well as the energy storage 
efficiency of the BCZT ceramic in the range of 0–140 °C 
were determined through P–E loops (Fig. 6b). The recov-
erable energy density (Wrec) (green area of Fig.  6a) 
increases gradually with temperature to reach a maximum 
of ~ 14 mJ/cm3 at 90 °C, corresponding to tetragonal/cubic 
phase transition, then decreases. However, the loss energy 
density (Wloss) (red area of Fig. 6a) shows an inverse trend. 
Wrec is relatively low as compared to literature due to the 
very low applied electrical field (~ 6.65 kV/cm).

For a fair comparison of the energy storage perfor-
mances without the electrical field limitation, the energy 
storage efficiency was estimated according to the following 
formula (1):

where η, Wrec and Wloss are the energy storage efficiency, 
recoverable energy density and energy loss density, respec-
tively. From Fig. 6b, the highest energy storage efficiency is 
found to be ~ 80% at 120 °C.

To situate our finding to literature, Table 1 compares 
the recoverable energy density and the energy storage effi-
ciency as a function of the applied electric field and the 
temperature of different lead-free ceramics.

Despite the low Wrec due to the very low applied electri-
cal field (~ 6.65 kV/cm), the elaborated material exhibits 

(1)� (%) =
Wrec

Wrec +Wloss

× 100

Fig. 5   Capacitance–voltage (C–V) characteristic loop at 20, 90 and 
130 °C at 100 Hz

Fig. 6   a P–E loop at 120 °C with schematic calculations energy storage efficiency and b variation of recoverable energy density, energy loss 
density and the energy storage efficiency of the BCZT ceramic with temperature
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high energy storage efficiency (~ 80%). Furthermore, the 
unsaturated P–E hysteresis loops indicate future opportu-
nities to improve the energy storage capabilities of ferro-
electrics [43, 44]. Therefore, all these results demonstrate 
that the BCZT relaxor ferroelectric is a promising candi-
date for lead-free for energy storage application.

3.5 � Electrocaloric effect

The study of the electrocaloric effect (ECE) in the BCZT 
ceramic was performed to highlight the effect of elaboration 
technique when compares with a previously reported work 
on similar compounds elaborated using solid state reac-
tion [22], and to evaluate the potential of BCZT lead-free 
Relaxor Ferroelectrics for environment friendly solid-state 
cooling devices.

The reversible adiabatic electrocaloric temperature 
change (ΔT) and the electrocaloric responsivity (ζ) where 
calculated by indirect method based on Maxwell equation, 
that leads to the Eq. (2).

(2)ΔT = −
1

�Cp

E
2

∫
E
1

T
(

�P

�T

)

E
dE

where ρ and Cp are respectively, the mass density and the 
specific heat of the material.

After recording P–E hysteresis loops as a function of tem-
perature, we perform a five order polynomial fitting by con-
sidering only the upper branches of these curves (Fig. 4b). 
Then, the variation of the polarization versus temperature at 
every fixed applied electric fields can be deduced (Fig. 7a). 
The polarization decreases rapidly with temperature around 
Tc.

Figure 7b shows the temperature-dependence of elec-
trocaloric adiabatic temperature change (ΔT). Each curve 
corresponds to a fixed applied electric field. Furthermore, 
these curves evidenced the ferroelectric–paraelectric phase 
transition around 363 K. The highest value obtained for ΔT 
was 0.109 K at 6.65 kV/cm at the FE–PE transition. It is 
worth noting that a further increase in the applied external 
electric field could enhance the ΔT value of the material. 
Therefore, the electrocaloric responsivity is much more suit-
able to evaluate the electrocaloric effect of materials. The 
obtained ΔT value corresponds to the electrocaloric respon-
sivity ζ = 0.164 K·mm/kV.

Table 1   Comparison of the 
energy storage performances 
of BCZT ceramic with other 
lead-free ceramics reported in 
literature

Ceramic Wrec
(mJ/cm3)

E
(kV/cm)

T
(°C)

η
(%)

References

Ba0.85Ca0.15Zr0.10Ti0.90O3 (BCZT) 14 6.5 120 80 This work
Ba0.94Ca0.06Zr0.16Ti0.84O3 410 120 – 72 [45]
(0.96)Bi0.50(Na0.80K0.20)0.50TiO3–

0.04Ba0.90Ca0.10Ti0.90Zr0.10O3

373 45 – 50 [46]

(0.6)BiFeO3–0.34BaTiO3–0.06Ba(Zn1/3Ta2/3)O3 1250 90 55 82 [47]
Na0.5(Bi0.98Dy0.02)0.5TiO3 1200 90 200 65 [48]

Fig. 7   Temperature-dependence of a polarization and b electrocaloric temperature change (ΔT) at different applied electric field
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To set out our results to literature, Table 2 compares 
the electrocaloric properties of various lead-free ceramics. 
The electrocaloric responsivity value of the studied BCZT 
ceramic is comparable to the reported values in literature 
[22, 49]. However, in the studied ceramic the electroca-
loric responsivity is situated in mean values. This can be 
attributed not only to the elaboration method but also to the 
chemical composition, atomic rate and site occupancy in 
the structure.

4 � Conclusions

Structural, dielectric, ferroelectric, electrocaloric and energy 
storage properties of the lead-free BCZT ceramic prepared 
by single-step surfactant-assisted solvothermal route have 
been successfully investigated. X-ray diffraction reveals 
pure perovskite phase with the coexistence of orthorhombic/
tetragonal structure at room temperature. The phase transi-
tions in BCZT ceramic were evaluated through the evolution 
of εr, tan δ, P–E, I–E and C–V as a function of temperature 
and were confirmed through Raman measurements. Thus, 
the succession of the traditional phase transitions from rhom-
bohedral, orthorhombic, tetragonal to cubic like undoped-
BaTiO3 were clearly evidenced. The maximal energy storage 
efficiency calculated from hysteresis loops reached ~ 80%. 
The electrocaloric effect was observed in BCZT ceramic, 
that led to the calculation of the adiabatic electrocaloric 
temperature change ΔT = 0.109 K under 6.65 kV/cm and 
the electrocaloric responsivity ζ = 0.164 K·mm/kV at 363 K, 
using indirect method. Based on the findings presented in 
this study, it is worth to investigate electrocaloric properties 
in this compound using direct method, acting on microstruc-
ture engineering of lead-free BCZT ceramics elaborated by 
surfactant-assisted solvothermal processing. These results 
demonstrate that the BCZT ferroelectric relaxor is a promis-
ing candidate for lead-free for energy storage application.
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