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a b s t r a c t

The electric energy produced from renewable sources can assist in shifting to clean energy. An efficient 
energy storage system is needed to use this energy for an appropriate time. High breakdown strength (Eb) 
and a significant difference between (Pmax) and (Pr) are required to achieve this goal. Here double-hyster-
esis-loop ceramics with different polarization are achieved by B-site co-doping engineering to control the 
defect structure. According to the structural analysis, the (Ni2+, Cu2+), (Mg2+, Cu2+), and (Mg2+, Ni2+) co- 
dopant ions were successfully incorporated into the BTO unit cell. Results show that the sample co-doped 
with Mg2+ and Ni2+ exhibits the apparent characteristics of a double hysteresis loop, higher polarization, 
and more considerable breakdown strength (Eb). This behavior was explained based on the defective di-
poles' formation. Low valence (Ni2+, Cu2+), (Mg2+, Cu2+), and (Mg2+, Ni2+) ions co-substitute Ti4+ ions to form 

×M V( )Ti O
•• ; [M= Mg2+, Cu2+, Ni2+] defect dipoles with neighbouring oxygen vacancies. The domain wall was 

pinned by the defect dipoles and prevented from moving by the oxygen vacancies, resulting in a pinched 
hysteresis loop that resembles the double hysteresis loop found in antiferroelectric materials. A high energy 
storage density and efficiency are thereby produced. At an electric field of 159 kV/cm, the BMNT sample 
displayed an energy storage density (Wrec) of 1.585 J/cm3, which was around 6 times more than that of the 
pure sample, and an efficiency (η) of about 94%. The BMNT sample is also exceptionally stable over a range of 
temperatures and frequencies, making them a good candidate for applications in the field of energy storage 
in the future.

© 2022 Elsevier B.V. All rights reserved. 

1. Introduction

Electroceramics materials are considered as one of the promising 
materials for fabricating energy storage devices that can be used in 
various applications such as pulsed power systems [1–3]. Non- 
functionally, the energy storage performance of dielectric capacitors 
made of ceramic materials is much less than the needs of energy 
storage systems, especially the low efficiency of their operation in 
the high-temperature range [2,4]. The researchers working in the 

field of energy storage developments are looking for dielectric ma-
terials that show high energy storage density (Wrec), high energy 
storage efficiency (η), and good thermal stability to meet the re-
quirement of energy storage applications [4–6]. At the same time, 
the high value of Wrec can be exploited in the weight reduction and 
integration of ceramic dielectric capacitors [4,5]. Additionally, the 
high-efficiency value can be used to reduce the thermal production 
of dielectric capacitors during the charging and discharging process 
and thus enhance the reliability of the energy storage systems. 
Furthermore, concerning thermal stability, its benefit lies in its 
ability to give the capacitors a distinctive operational ability even at 
high temperatures without the need to use any cooling systems to 
cool them. Multiple studies have been carried out to explore unique 
energy storage materials based on dielectric ceramics with large 
energy storage density (Wrec), high efficiency (η), and good thermal 
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stability simultaneously. Despite all these attempts, significant pro-
gress in this field to obtain those materials that have the properties 
mentioned above is still in progress. Therefore, it has become ne-
cessary to work continuously on the examination and exploration of 
new ceramic materials that have good storage properties and a large 
energy storage density (Wrec). In terms of fundamental physics, the 
energy storage density (W), recoverable energy (Wrec), and energy 
storage efficiency (η) can be represented by the following for-
mulas [4–7].
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The Pr in these formulas is defined as the remnant polarization, 
Pmax is the maximum polarization, and E is the applied electric field. 
According to the above formulas, the most desired materials for high 
energy storage density have a large breakdown strength (Eb), high 
Pmax, and low Pr. In terms of energy storage development, several 
types of bulk ceramics, such as linear dielectrics, ferroelectrics, re-
laxor ferroelectrics, and antiferroelectric, can be utilized [4,5,8–11]. 
The main goal of obtaining high energy storage properties is to 
create defect dipoles in the lattice or improve polarization perfor-
mance by developing relaxed dielectrics (RFEs) from nonlinear di-
electrics. Although lead-based ceramics have excellent energy 
storage properties, for example (Pb0.98La0.08) (Zr0.91Sn0.09)O3 with an 
energy storage density of 3.04 J/cm3 and an efficiency of 92% at 
170 kV/cm, but unfortunately, the toxicity of lead causes environ-
mental and health concerns that limit its use in practical applica-
tions [12]. Hence, exploring the green virtues of energy storage 
ceramics is necessary. The BaTiO3 (BTO) ferroelectrics have become a 
target and attractive material in the fields of energy storage due to 
their BDS moderation and their properties of polar domains and 
large energy barriers in the switching field [13–15]. By single and/or 
co-doping the host lattice of BTO, the long-range ordered micro-
meter size is converted into short-range–ordered nanodomains with 
increasing local inhomogeneity in RFEs [16–19]. The shrinkage of the 
domain size and the weakening of the domain intercoupling reduce 
the field-switching energy barriers, resulting in a pinched hysteresis 
loop and improving the energy storage properties in relaxor ferro-
electrics RFEs [20]. Many relaxor ferroelectrics based on environ-
ment-friendly bulk ceramics of BaTiO3 are extensively studied 
regarding energy storage developments [21–25]. Illustrative ex-
amples, Dong, Xi et al. et al. [21] obtained a recoverable energy 
storage density in 0.93BT− 0.07YNb ceramics of 0.614 J/cm3 and ef-
ficiency of 87% at 173 kV/cm. Liu, G et al. found [25] a recoverable 
energy storage density in MgO-doped BaTiO3 ceramics of 0.90 J/cm3 

and an efficiency of 73% at 130 kV/cm. The better energy storage 
density of 2.41 J/cm3 at 230 kV/cm coupled with a high energy effi-
ciency of 91.6% has been reported by M. Zhou et al. [26] in 
0.85BaTiO3-0.15Bi(Zn0.5Sn0.5)O3 ceramics, while the discharge en-
ergy density was 0.47 J/cm3 at 110 kV/cm. Dan Meng et al. [27]
achieved a high energy density of 3.27 J/cm3 with excellent thermal 
stability in the 0.92BaTiO3-0.08La(Zn0.5Hf0.5)O3 ceramics at 480 kV/ 
cm, while the Wrec was close to 1 J/cm3 at 150 kV/cm.

The doping of the A-site and B-site of BaTiO3 host lattice with 
foreign ions having different valences and radii resulted in breaking 
the long-range ferroelectric order and forming polar nano-regions 
(PNRs). Permittivity-temperature curving may massively broaden 
and flatten as a result of this phenomenon. Also, most previous re-
ports on energy storage properties investigated only the energy 
properties at room temperature. Only a few studies examine the 

energy storage performance over a broad scope of temperatures. The 
energy storage features as a function of temperature can be con-
sidered an essential task needed to operate ceramic capacitors 
within a wide range of temperatures without affecting their effi-
ciency. Thus, the objective of extending the temperature stability for 
energy storage applications remains a significant challenge. The re-
laxor ferroelectric is a valuable material for developing the thermal 
stability of energy storage properties.

From the point of view of our knowledge, most of the previous 
studies focused on the enhancement of the breakdown strength (Eb) 
to enhance the energy storage density. Few researchers paid atten-
tion to increasing the difference between Pmax and Pr values [28–32]. 
It is known that the defect dipoles significantly impact the devel-
opment of the energy storage performance of relaxor ferroelectric 
[28–36]. The defect dipoles can create a defect dipoles moment (Pd), 
acting as an internal field to switch the new domain back to its 
original state when the electric field is removed. The defect dipoles 
created by B-site acceptor doping are thought to have the ability to 
improve the energy storage performance of the BTO ceramic.

In this work, the (Ni2+, Cu2+), (Mg2+, Cu2+), and (Mg2+, Ni2+) ions 
have been selected to co-doped BaTiO3 ceramics aiming to enhance 
the energy storage performance. The co-doping samples exhibit a 
pinching hysteresis loop resulting in a lower remanent and a higher 
maximum polarization. Moreover, the breakdown strength and en-
ergy storage density have been improved. The reasons for pinching 
in electric hysteresis loops need further study and deep under-
standing. The novelty of this work lies in accelerating the explora-
tion of higher-performance lead-free dielectric materials and 
providing a deeper understanding of the relationship between de-
fects dipoles, physical properties, and energy storage performance. 
Herein, a high energy storage density (1.585 J/cm3) accompanied by 
an ultrahigh-energy storage efficiency (94%) was observed in the 
(Mg2+, Ni2+) co-doped BaTiO3 [BMNT] ceramic. In addition, the 
[BMNT] ceramic shows excellent temperature stability of its energy 
storage properties in the temperature range of (25–120 °C) due to 
the relaxor-like behavior. The obtained results not only indicate the 
superior potential of environment-friendly BaTiO3-based relaxor- 
like ferroelectric ceramics for the design of ceramic capacitors cap-
able of high energy storage but also promising for improving the 
thermal stability of energy storage properties.

2. Experimental

In this work, we synthesized Ba[Mg0.50Cu0.50]0.10Ti0.90O3, Ba 
[Ni0.50Cu0.50]0.10Ti0.90O3, and Ba[Mg0.50Ni0.50]0.10Ti0.90O3 abbreviated 
as [BMCT], [BNCT] and [BMNT] ceramics using conventional solid- 
state reaction method. The starting powders BaCO3, MgO, CuO 
(Sigma-Aldrich, 99.99% purity), NiO (Sigma-Aldrich, 98.99% purity), 
and TiO2 (Sigma-Aldrich, 99.8% Purity) were weighed, and ball 
milled for 24 h and subsequently calcined at 1100ºC, using a con-
ventional furnace with heating/cooling rates of 5 °C/min and dwell 
time of 8 h. Once again, the calcined powders were ball milled for 
24 h and sieved to homogenize the particle size. After that, green 
pellets of 10 mm diameter and 1 mm thickness were made with a 
few drops of binder Polyvinyl Alcohol (PVA). To get rid of the binders 
in the samples under study, the green pellets slowly heated at a rate 
of 2 °C/min, until reaching 500 °C, and kept at this temperature for 
an hour. Consequently, the green ceramic of pure sample was heat 
treated at 1450 °C and the co-doped samples at 1300 °C for 4 h in the 
air with a heating and cooling rate of 5 °C/min. XRD (Bruker D8 
system), Raman spectroscopy (Raman T64000 Jobin-Yvon 
Spectrophotometer with excitation source of (Ar-laser) 488 nm wa-
velength and spectra collection through CCD camera, and SEM were 
carried out to analyze the structural properties of the sintered 
samples. X-ray Photoelectron Spectroscopy (XPS) for the BMNT 
sample was carried out using the Scienta Omicron 
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ESCA+ spectrometer with monochromatic X-ray source Al-Kα 
(1486.7 eV, with a power of 280 W and a constant pass energy mode 
of 50 eV). At room temperature, the ferroelectric tests were carried 
out with a homemade apparatus based on a sawyer-tower circuit.

3. Result and discussion

The XRD analysis of BTO, BNCT, BMCT, and BMNT ceramics are 
achieved using Fullprof refinement, as shown in Fig. 1(a)-(d), re-
spectively. The obtained lattice parameters are recorded in Table 1. 
All investigated samples exhibit a typical perovskite structure well- 
matched with the tetragonal phase of standard BaTiO3 (JCPDS file 
no: 01–079–2265) [37]. No secondary phase is detected in all in-
vestigated samples, indicating that (Ni2+, Cu2+), (Mg2+, Cu2+), and 
(Mg2+, Ni2+) ions have successfully incorporated into the BTO lattice, 

and form BNCT, BMCT, BMNT compounds. From Fig. 1, it is clear that 
the splitting of 200 peaks at (2θ) 44–46° turn to a single merged 
peak in the case of (c) BMCT and (d) BMNT. The (200) peak's merger 
suggests the tetragonality decreases appreciably, and the phase be-
gins to shift from a tetragonal phase to a pseudo-cubic phase. The 
merging of separated peaks leads to the broadening of the diffraction 
peaks, demonstrating a decrease in crystallite size. The merging of 
diffraction peaks indicates distortion in the structure, which may be 
attributed to the difference in ionic radii of (Mg2+[0.72 Å], 
Ni2+[0.690 Å]), and (Ti4+[0.605 Å, 6 CN]. Moreover, the merger of the 
(002) (200) peaks proves that the crystal lattices' tetragonal phase 
has a relaxation behavior. This relaxation correlated with the 
shrinkage of the P-E hysteresis loops and significantly improved 
energy storage performance due to a substantial difference between 
(Pmax) and (Pr), as seen in the energy storage discussion. As shown in 
Fig. 1(b), the lattice distortion brought on by the incorporation of 
(Mg2+, Cu2+), and (Mg2+, Ni2+) is thought to be the cause of the 
merging of the (200) and (002) peaks. It is well knowledge that 
elements with comparable ionic radii can quickly replace one an-
other [38]. Since the (Mg2+ [0.72 Å], Cu2+ [0.73 Å]), (Ni2+ [0.690 Å], 
Cu2+ [0.73 Å]), (Mg2+ [0.72 Å], Ni2+ [0.690 Å]) having ionic radius 
greater than (Ti4+ [0.605 Å, 6 CN], and lower than Ba2+ [1.61 Å, 12 CN) 
[39]. From the peak shifting shown in Fig. 2(b), it might prove that 
the co-dopant ions partially occupy the Ba2+ site and Ti4+ site in the 
BaTiO3 host lattice. The fluctuation of the lattice constants [Ref 
Fig. 2(c)] of the co-doped samples also may be due to the fact that 
some of the co-dopant ions may be replaced at the Ba2+ site, which 
has large ionic radii. Fig. 2(a) illustrates the oxygen vacancy induced 
due to the valence mismatch between (Mg, Ni) ions and Ti. From 
Fig. 2(d), the tetragonality (c/a) is increased for the (Mg2+, Cu2+) co- 
doping and consequently decreased for the (Ni2+, Cu2+) and (Mg2+, 
Ni2+) co-doping samples which could be confirmed by weakening 
the (200) and (002) peak splitting. The split in the XRD peaks is more 
pronounced for pure BTO and BNCT ceramics with larger grain sizes. 
The coherently diffracting domain size is assumed to be the 

Fig. 1. : Structural refinement of the (a) BTO, (b) BNCT, (c) BMCT, and (d) BMNT ceramics achieved using Fullprof refinement. 

Table 1 
Estimated parameters from Rietveld refinement for pure and co-doped ceramics. 

Sample BTO BNCT BMCT BMNT

Crystal System Tetragonal Tetragonal Tetragonal Tetragonal
a=b (Å) 3.9979 3.9974 3.9980 3.9968
c (Å) 4.0292 4.0259 4.0258 4.0242
c/a 1.007829 1.00713 1.006953 1.006855
V (Å)3 64.3990 64.3309 64.3484 64.2847
Space group P4mm P4mm P4mm P4mm
SG No. 99 99 99 99
Theoretical density g/ 

cm3 obtained 
from XRD

6.107 6.183 6.195 6.0188

Measured Density 
g/cm3

5.563 5.874 5.824 5.718

Relative density (%) 94.37 96.56 95.55 95.00
Dp (nm) 76.22 81.31 57.14 53.18
Rp (%) 2.27 3.19 7.64 3.83
Rwp (%) 3.39 3.65 3.97 4.93
Rex (%) 2.48 2.96 2.57 3.49
χ2 1.868 1.519 2.386 1.995
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crystallite size (Dp), which is not necessarily the same as the particle 
size. We estimate the average crystallite size (Dp) of the samples by 
substituting the values of the full width at half maximum (FWHM=β), 
and Bragg diffraction angle (θ) induced from the gaussian fitting of 
the (110) peaks [as Referring in Fig. 2(b)] on the Debye-Scherrer 
equation [40,41]:

=D
K
cosp

(4) 

where K is Scherrer's constant (0.89), and λ is the wavelength of the 
X-ray radiation (1.5406). The obtained average crystallite size is re-
corded in the Table 1, and it is found to increase from 76.22 nm to 
81.31 nm for BNCT sample and then decrease to 57.14 nm and 
53.18 nm for BMCT and BMNT respectively as depicted in Fig. 2(d). 
From Fig. 2(d), the relative density decreases in the samples BMCT 
and BMNT. This implies that the oxygen vacancy increases in these 
two samples resulting in generated pores in these specimens, as we 
can see in the SEM images.

Raman spectroscopy was used to supplement X-ray diffraction 
data by revealing molecular and crystal structures, local distortions 
brought on by changes in ionic radius between the host material and 
the dopants, and potential low-concentration contaminants missed 
by the latter [42]. Fig. 3(A)(a)-(d) shows the Raman spectra of the 
pure and co-doped BaTiO3 ceramics with (Ni2+, Cu2+), (Mg2+, Cu2+), 
and (Mg2+, Ni2+), along with their spectral deconvolution into Lor-
entzian-shaped peaks studied at room temperature. According to 
group theory, the tetragonal phase of barium titanate consists of four 
fundamental modes designated as A1(TO2) mode, sharp peak E(TO3) 
mode, A1(TO3) mode, and A1(LO) mode at various locations between 
270 cm−1 and 720 cm−1 [43]. The BNCT, BMCT, and BMNT ceramics 
display modes are comparable to BTO Raman spectra. The presented 
modes in pure and co-doped samples can be summed up as E(TO2) 
mode at the wavenumber range of 180–200 cm−1, which is con-
nected to the displacement of the Ba-O vibration modes, modes 

A1(TO2), E(TO3), and E(LO3)] observed at the wavenumber range of 
270–340 cm−1, linked to the displacement of the (Ti/M)-O; M= (Ni2+, 
Cu2+), (Mg2+, Cu2+), and (Mg2+, Ni2+) vibrations modes, The A1(LO3) 
mode, visible at about 720 cm−1 is then attributed to octahedral 
distortion in ferroelectric phase, followed by the A1(TO3) mode 
[44–46]. Fig. 3(a) makes it obvious that the sharp peak E(TO3) at 
310 cm−1 intensities decreases after simultaneously denoting the 
tetragonality, which is consistent with the XRD data. The broad 
bands in the samples under investigation Fig. 3(a-d) result from 
various modes merging with others. It is interesting to see in Fig. 3
how the introduction of (Ni2+, Cu2+), (Mg2+, Cu2+), and (Mg2+, Ni2+) 
ions into the Ti4+ site caused the shifting of the Raman modes, as 
shown in Table 2, which could be attributed to an octahedral dis-
tortion or Ti cation displacement [47–50]. When an ion with a 
smaller/bigger ionic radius, such as (Mg2+ [0.57 Å], Cu2+ [0.73 Å], 
(Ni2+ [0.690 Å], Cu2+ [0.73 Å], or (Mg2+ [0.57 Å], Ni2+ [0.690 Å] co- 
doped (Ti4+ [0.605 Å] [39], the Raman modes shifting can be ex-
pected.

Additionally, the A1(LO3) mode appears to be decreasing, which 
might have resulted from a considerable distortion and cationic 
disorder induced by co-doping [51]. This leads to the conclusion that 
octahedral distortions and cationic disorder are caused by B-site ions 
dispersed randomly within the octahedron. The supercells of pure 
BTO and BMNT samples were designed using VESTA software in 
order to further evaluate the detailed effects of B-site co-doping on 
the crystal structure, as shown in Fig. 3(C). After Mg2+ and Ni2+ co- 
doping, the tetragonality value of the BMNT super cells (1.00686) is 
lower than that of pure BTO super cells (1.00783), supporting the 
Raman spectra results in Fig. 3(A) and (B).

Fig. 4, shows the SEM images of the pure and (Ni2+, Cu2+), (Mg2+, 
Cu2+), and (Mg2+, Ni2+) co-doped BaTiO3 samples. Clearly, the pure 
BTO sample shows a highly dense microstructure with large grains. 
There is no difference in the morphological structure between the 
pure BTO sample and the BNCT sample, confirming the phase 

Fig. 2. (a) represents a schematic diagram of the crystal structure of the BMNT sample, (b) an enlarged view of (110) peak along with Gaussian fitting for all investigated samples, 
(c) Representation of unit cell parameters (a, c) of different compositions, and (d) represent the tetragonality (c/a), relative density, and crystallite size of different compositions.
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structure is not affected after co-doping. Comparing Fig. 4(c) and (d) 
with (a) and (b), we can see that the number of small grains in-
creases, whereas the number of big grains decreases with (Mg2+, 
Cu2+), and (Mg2+, Ni2+) co-doping. In addition, porous micro-
structures occur for the sample with (Mg2+, Cu2+), and (Mg2+, Ni2+) 
co-doping. The average grain size was measured using the ImageJ 
software. The average grain size of the pure and co-doped samples in 
Fig. 4(a)-(d) were 6.524 µm, 6.451 µm, 4.570 µm, and 1.605 µm, re-
spectively. That is to say, the grain sizes of BaTiO3 ceramics de-
creased with co-doping. When Ni2+ and Mg2+ ions are co-doped in 
the BTO host lattice, there is a noticeable reduction in grain size. This 
finding indicates that (Mg2+, Ni2+) co-doping, which may be used as 
a grain growth inhibitor, suppresses the grain growth of BTO cera-
mics. This is because the incorporation of Ni2+ and Mg2+ ions re-
sulted in the creation of oxygen vacancies. At the same time, the 
formed oxygen vacancies introduce movement into the crystal lat-
tices, which may consume some energy.

Nonetheless, energy consumption helps the separation of solutes 
at the grain boundaries. Ni2+ and Mg2+ ions counteract boundary 

movement, positioning themselves at the grain boundaries and in-
hibiting grain growth. The smallest grain size in BMNT results in a 
diffused phase transition, high energy storage density, and high 
energy storage efficiency. Also, the small grain size and high relative 
density achieved under co-doping significantly enhance the break-
down strength, as we can see in the next section's discussion.

The XPS technique can determine the various oxidation states of 
the constituent parts of a chemical. The XPS Study was carried out 
for the optimum BMNT sample. Fig. 5(a), (b), (c), (d), and (e), re-
spectively, show high-resolution XPS spectra of the Ba 3d state, Ti 2p 
state, O1s state, Ni 2p state, and Mg 2p state of the BMNT sample. 
The binding energies of Ba 3d5/2 and Ba 3d3/2 are 778.14 and 
793.42 eV, respectively, which agrees with other reports [52]. In 
Fig. 5(b), you can see the XPS spectrum of Ti 2p. Peak spectra of Ti4+ 

2p3/2 and Ti4+ 2p1/2 indicate that binding energies are found at 
456.11 and 461,95 eV, respectively, which is consistent with the 
binding energies reported for TiO2. Further confirmation of the 
oxidation state of Ti4+ comes from the spin-orbital splitting energies 
between the Ti4+ 2p3/2 and Ti4+ 2p1/2 peaks, being 5.84 eV. Two other 
signals were observed at binding energies of 455.33 and 460.11 eV, 
referred to as Ti3+ 2p3/2 and Ti3+ 2p1/2, respectively [53] Ti3+ con-
centration was estimated using the formula reported in reference 
[54,55] and was found to be 0.38. As a result, it can be concluded 
that a significant amount of Ti3+ is present in Mg2+ and Ni2+ co- 
doped BaTiO3 ceramics. In addition, this illustrates the impact of 
oxygen vacancies and Ti3+ defects on the ferroelectric properties of 
BMNT ceramics. This leads to defects dipoles [56], which pin domain 
walls and cause the hysteresis loop pinching, which leads to an 
improved energy storage efficiency, as we will see in the next sec-
tion. Fig. 5(c) shows that the O 1 s peaks (Ref. 4b) contain two pro-
minent peaks at around 529.23 eV, corresponding to oxygen in 

Fig. 3. : (A) Room temperature Raman spectrum of (a) BaTiO3, (b) BNCT, (c) BMCT, and (d) BMNT sintered samples along with (B) unconvoluted each broad mode into their 
components after baseline correction, and (C) Superlattice structure of (a) pure BTO, (b) BMNT. The right graph in (C) represented the [001] direction of (c) pure BTO and (d BMNT 
ceramics.

Table 2 
Fundamental frequencies (cm−1) with their symmetry modes, and full width half 
maximum obtained from Raman modes fitting for pure and co-doped materials. 

Sample BTO BNCT BMCT BMNT

Wavenumber of E(TO3) mode (cm−1) 310.02 309.02 309.06 309.60
Wavenumber of A1(TO3) mode(cm−1) 517.47 520.01 520.09 518.09
Wavenumber of A1(LO) mode (cm−1) 720.37 723.62 715.11 726.79
FWHM of E(TO3) mode (cm−1) 7.43 15.23 18.26 27.29
FWHM of A1(TO3) mode (cm−1) 28.48 36.27 42.13 47.33
FWHM of A1(LO) mode (cm−1) 16.11 87.30 177.52 221.18
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Fig. 4. : SEM images of the microstructure of (a) BaTiO3, (b) BNCT, (c) BMCT, and (d) BMNT sintered samples. 

Fig. 5. : High-resolution XPS spectra of (a) Ba 3d, (b) Ti 2p, (c) O 1 s, (d) Ni 2p, and Mg 2p states. The experimental signals (black circles) are fitted with the Lorentzian equation 
(red-line) for BMNT sample
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BMNT, and a broad peak at 531.22 eV, which may represent chemi-
sorbed species or oxygen vacancy [57]. According to Ni 2p1/2 and Ni 
2p3/2, shown in Fig. 5(f), the binding energies are 871.2 eV and 
855.5 eV, respectively. There is a difference of approximately 15.7 eV 
between the binding energies of Ni 2p1/2 and Ni 2p3/2. This indicates 
that Ni is a 2 + state [58]. Fig. 5(e) shows a high-resolution scan of Mg 
2p core level spectrum consisting of two different electronic states 
(2p1/2, 2p3/2) corresponding to 48.95 eV and 49.29 eV binding en-
ergies, respectively. The difference in the binding energy for both 
(pure and doped samples) is found to be ∼ 0.34 eV. According to the 
existing literature survey, the peak position and the difference in the 
binding energy of 2p3/2 and 2p1/2 peaks confer that Mg2+ ions are 
present in the 2 + oxidation state [59].

Fig. 6 illustrates the temperature dependency of the dielectric 
characteristics throughout a temperature range of 30–200 °C and at 
four distinct frequencies (1 kHz, 10 kHz, 100 kHz, and 1 MHz) (a-d). 
The sintered samples distinctively show the following features: (i) 
the sharp phase transition frequently observed in pure BaTiO3 

ceramics, which is typical behavior for normal ferroelectrics [60]; (ii) 
After the (Ni, Cu), (Mg, Cu), and (Ni, Mn) ions were introduced into 
the BTO lattice, the peak gradually broadens, suggesting the en-
hanced relaxor behavior, which extends the paraelectric-ferro-
electric phase transition over a wide temperature range, was seen in 
the samples. Numerous factors, including compositional variation 
[61], micro-polar regions, or coupling of order parameters with local 
disorder mode over the local strain [62], can lead to the diffused 
phase transition behavior seen in BNCT, BMCT, and BMNT ceramics. 
The introduction of two ions in place of Ti4+ ions may be what causes 
the disorder of structure in co-doped materials. Some of the (Ni2+, 
Cu2+), (Mg2+, Cu2+), and (Mg2+, Ni2+) ions may go to the Ba2+ and/or 
Ti4+ sites as well, increasing the compositional variety across 

nanoscale regions. The diffused phase transition DPT can also 
emerge from structural instability in the cation arrangement in one 
or more crystallographic sites, which causes mixtures to be het-
erogeneous on a nanoscale and, as a result, to have a distribution of 
different local Curie points [63]. Also, we can see from Fig. 6 that the 
Curie temperature position is also altered compared to the Curie 
temperature of the pure sample, which may be related to changes in 
the grains size [64]. The grain size and grain boundary region of pure 
are large so that the internal stress can be easily relieved by the grain 
boundary sliding. At the same time, the samples with co-doping 
have smaller grain sizes and a lower grain boundary area, which 
hindered the release of internal tensions and caused variations in the 
position of the Curie temperature [65]. The relaxor ferroelectric 
phenomena can be evaluated by the diffuseness factor γ, which is 
defined via the modified Curie–Weiss law for a relaxor [66,67]:

= T
C

1 1 (T )

m

m

(5) 

where Tm is the temperature at the maximal dielectric constant (εm), 
and C is the Curie–Weiss constant. For sample BTO, we get γ ∼ 1.15 
from the best fitting depicted in Fig. 7(a), demonstrating a typical 
ferroelectric nature. Indeed, it is found that for the BNCT, BMCT, and 
BMNT samples, γ gradually increases from 1.15 to 1.56, 1.66, and 1.98, 
as shown in Fig. 7(b). A significant relaxor for the sample BMNT. It is 
known that the disordered distribution of Mg2+ and Ni2+ at the Ti4+ 

-site strengthens the local random fields and causes PNRs, which is 
the microscopic mechanism behind the relaxor-like behavior [68].

It should be noted that the BMNT sample exhibits properties that 
are advantageous to energy storage performance. The SEM imaging 
of the BMNT sample revealed small grains and a dense micro-
structure, which may cause increased energy storage density. The 

Fig. 6. : The dielectric constant (εr) and loss tangent of (a) pure BTO, (b) BNCT, (c) BMCT, and (d) BMNT ceramics as a function of temperature and frequency. 
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decrease in grain size and crystallite size with Mg2+ and Ni2+ co-
doping further supports the argument that Mg and Ni doping might 
have raised the micro-regions (which have different Tc) and thus 
increased the diffused phase nature of the samples. In BaTiO3, 
oxygen vacancies are created by acceptor co-dopants with 2 + ca-
tions. As a result, oxygen octahedra may be distorted. Since the co- 
dopants have a larger ionic size than Ti [39], the adjacent oxygen will 
be pushed outward in the direction of (100). Thus, the transition 
dynamics for polarization are repressed by reducing and delaying 
the open space for Ti displacement at this axis. As a result, the di-
electric response becomes slow, and the phase transition behavior 
becomes diffused as shown in Fig. 6.

The polarization-electric field (P-E) hysteresis loops of pure and 
(Ni2+, Cu2+), (Mg2+, Cu2+), and (Mg2+, Ni2+) co-doped BTO samples are 
plotted in Fig. 8(a-d) at ambient temperature. The measurement was 
performed using f = 10 Hz. As can be seen, the P-E loop for the pure 
BTO sample displays significant maximum polarization Pmax values 
of 26.77 μC/cm2 and remnant polarization Pr of 15.69 μC/cm2. The 
measured Pmax and Pr are gradually decreased with co-doping (Ni2+, 
Cu2+), (Mg2+, Cu2+), and (Mg2+, Ni2+), and the P-E loop gradually 
downward, indicating a gradual change from the conventional fer-
roelectric state to a relaxor-like behavior.

For the pure BTO sample, saturated P-E loops are observed for 
fields approaching 60 kV/cm, but for the co-doped samples, P-E 

Fig. 7. : (a) Based on the modified Curie-Weiss law, the figure shows a relationship between ln (1/ε − 1/εm) and ln (T-Tm) at 1 kHz, and (b) shows the change of degree of 
diffuseness (γ) with composition in pure and co-doped ceramics

Fig. 8. : shows (a) Bipolar P-E loops of the (a) BTO, (b) BNCT, (c) BMCT, and BMNT ceramic measured at ambient temperatures and 10 Hz frequency. 
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loops are not saturated even at fields above 100 kV/cm. Furthermore, 
the P-E loop curvature of the BMNT sample indicates a minimal 
contribution from leakage currents. For confirmation, we measured 
the P-E loops of this sample at different cycling rates at room tem-
perature, as shown in Fig. 9(g). The P-E hysteresis loops show almost 
negligible cycling dependence, indicating the influence of leaky be-
havior is minimal. To explain this phenomenon based on the ac-
ceptor’s ions co-doping, as we know the ferroelectric properties of 
pure BTO ceramics are influenced by compositional modification, 
microstructure, and lattice defects such as oxygen vacancies. In pure 
BTO ferroelectric with low defects resulting in neglectable pining 
effect on the domain walls resulting in enhanced the remnant po-
larization [Fig. 8(a)]. When the acceptors ions such as Mg2+ and Ni2+ 

co-doped Ti4+ site of BTO host lattice, the oxygen vacances can be 
formed, and assemble in the vicinity of domain walls thereby pin-
ning them and making their polarization switching difficult, leading 
to inhibition in the Pr values [69]. Based on the obtained results and 
the discussion mentioned above, in the (Ni2+, Cu2+), (Mg2+, Cu2+), and 
(Mg2+, Ni2+) co-doped BTO samples, the oxygen vacancies accumu-
late at domain boundaries and walls, resulting in strong domain 
pinning. Thus, co-doped samples do not exhibit well-saturated P-E 
loops. Moreover, it has been demonstrated that larger grains have 
relatively free domain walls, increasing Pr values.

As well known, the measured P-E loops can be used to study the 
energy storage properties based on the Eqs. (1) to (3) mentioned in 
the introduction part, and the obtained energy storage parameters 
were reported in Table 3.

As seen in Fig. 9, for BNCT, BMCT, and BMNT ceramics, the energy 
storage density Wrec rises from 0.245 J/cm3 for a pure BTO sample to 
0.774, 1.162, and 1.585 J/cm3. Additionally, the efficiency increases 

from 17% for the BTO sample to 52%, 74%, and 94% for the BNCT, 
BMCT, and BMNT ceramics, respectively. The sample BMNT exhibits 
the best energy storage performance. The reason behind that could 
be that incorporating Mg2+ and Ni2+ into the BTO host lattice en-
hanced the breakdown strength and relaxor properties. From SEM 
images, the BMNT sample shows the smallest grain size significantly 
contributes to the increased breakdown strength Eb, as indicated by 
an exponential decay relationship with grain size [70]. It is essential 
to understand that the values of energy storage density and the 
shape of P-E loops significantly depend on the applied field E. As 
shown in Fig. 9(a) and (d), the energy storage density Wre is directly 
proportional to breakdown strength Eb. At the same time, η is only 
dependent on the shape of the hysteresis loop and entirely in-
dependent of Eb for all investigated ceramics. Fig. 9 shows that the 
high energy storage density is linked with high values of Pmax and 
breakdown strength Eb, and small value of Pr. Comparing to pure 
BTO, the breakdown strength increases but the Pmax decrease. The 
BMNT sample shows at the same time high energy storage density 
and high energy efficiency η.

Fig. 9. : shows (a) Breakdown strength Eb, (b) maximum polarization, (c) remnant polarization, (d) energy storage density, (e) Energy loss density which is estimated from the 
integrated area of the hysteresis loop, (f) energy storage efficiency, (g) After various cycles, the P-E hysteresis loops of BMNT ceramics were measured under E = 140 kV/cm, and f 
= 50 Hz at room temperature, (h), (i) and (j) represented the stability of the energy storage efficiency, energy storage density and maximum polarization with different cycling 
number for the optimal BMNT sample.

Table 3 
energy storage parameters obtained from knowing the P-E hysteresis loop by assisting 
Eqs. (1–3) measured at room temperature at 10 Hz. for pure and co-doped samples. 

Sample BTO BNCT BMCT BMNT

Eb (kV/cm) 64.21 116.4 151.35 159.64
Pmax (μC/cm2) 26.87 26.44 25.49 24.94
Pr(μC/cm2) 15.69 05.62 02.57 0.420
Wrec (J/cm3) 0.245 0.774 1.162 1.585
Wloss(J/cm3) 1.206 0.707 0.442 0.107
η (%) ∼ 17 52 73 94
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It should be noted that the energy storage properties of BMNT 
ceramics were not reported yet. Thus, a comparison with others for 
other lead-free ceramics is essential, as shown in Fig. 10 (References 
[71–85]]. The comparison shows that, the energy storage density of 
BMNT ceramics is 1.585 J/cm3 and the energy storage efficiency is 
94%, which is much better than other samples under investigation. 
Therefore, this sample was considered an optimum one for our 
study. To investigate its performance, we subjected it to different 
cycling at an applied field of 140 kV/cm to avoid the sample braking 
due to cycling. The obtained P-E loops are almost the same shape 
[Refer to Fig. 9(g)] without any change during different cycling. The 
corresponding Pmax, Wrec, and efficiency η, Wrec, and Pmax, are shown 
in Fig. 9(h), (i), and (j), respectively. The results confirmed that en-
ergy storage density Wrec and efficiency η remain equal at 1.585 J/ 
cm3 and ∼94%, respectively, without any decay. The defect dipoles, 

small grain size, and dense microstructure are the main contributors 
to the small hysteresis loop in our sintered sample.

As shown in Fig. 8(a)-(d) above, the P-E hysteresis loop was 
studied at a frequency of 10 Hz to study the cause of the defects- 
induced effect further. At ambient temperature, the co-doped sam-
ples exhibit pinched hysteresis loops, particularly the BMNT sample. 
The pinching of the hysteresis loops is a signature of the formation of 
defect dipoles in the BTO host lattice. Additionally, the breakdown 
strength of the Mg2+ and Ni2+ co-doped BTO sample increases from 
64.21 kV.cm−1 to 159.64 kV.cm−1. The significant rise of the break-
down electric field was believed to have resulted from the fine grain 
size of the Mg2+ and Ni2+ co-doped BTO ceramics. The defect 
chemistry provides a more description of this mechanism. The co- 
doping of Mg2+ and Ni2+ ions at the Ti4+ site of the BTO host lattice 
resulted in the formation of oxygen vacancies based on defect 
chemistry and charge compensation mechanisms. In this case, Mg2+ 

and Ni2+ form the [ Mg V( )Ti O
•• and Ni V( )Ti O

•• defect dipoles with 
neighbouring oxygen vacancies respectively, as illustrated in the 
schematic diagram in Fig. 11. The literature claims that these defect 
dipoles can produce a dipole moment (Pd) when an electric field is 
removed, which may serve as an internal field and cause the domain 
to return to its initial state, leading to a pinching hysteresis loop [86]. 
Defect dipoles (Pd) serve as pinning points for polarization switching 
in their host domains and are typically aligned in the polarization 
direction. The Pd, which maintains its original orientation, will create 
a restoring force that forces Ps to revert to their initial state as the 
applied electric field decreases [86,87]. Once a result, as the applied 
electric field was reduced, the remnant polarization of BMNT cera-
mics also decreased dramatically. Consequently, as indicated in the 
schematic diagram in Fig. 11, the P-E loops are pinched. The under-
lying defect dipoles effect can improve the performance of the en-
ergy storage system.

Ultimately, we explain the stability of our optimal BMNT samples 
at different temperatures and frequencies. It is well known that one 
of the critical requirements for energy storage devices is tempera-
ture stability. At f = 50 Hz and E = 150 kV/cm, the unipolar P-E loops 
were measured as a function of T, which ranged from 25 °C to 120 °C, 

Fig. 11. : Schematic representation of the effect of the grain size and defect dipoles in the ferroelectric and energy storage properties of BMNT ceramics. 

Fig. 10. : Wrec and η values of BNBT ceramics compared with values for other lead-free 
ceramics at the same applied field of around 160 kV/cm [71–85].

M.S. Alkathy, A. Rahaman, V.R. Mastelaro et al. Journal of Alloys and Compounds 934 (2023) 167887

10



as shown in Fig. 12. As can be seen, the Pmax practically remains 
steady across the examined temperature range. In Fig. 12(b), the 
relevant Wrec and η data are shown. The outcome reveals that Wrec 

and η are unchanged (1.585 J/cm3 and 94%), respectively. Ad-
ditionally, as demonstrated in Fig. 12(c) and (d), both Wre and also 
exhibit good stability with frequency in the range of (1 Hz–1 kHz).

4. Conclusion

In summary, in this study, we made an effort to find a way to 
obtain an effective storage system that could help to store electrical 
energy produced from renewable sources and use it when needed. 
After an extensive study of the previously published literature in 
pursuit of this goal, our study focused on finding materials that have 
a high breaking strength (Eb) and a significant difference between 
(Pmax) and (Pr) by co-doping the (Ni2+, Cu2+), (Mg2+, Cu2+), and (Mg2+, 
Ni2+) ions in the BTO host lattice. The results showed that the sample 
with Mg- and Ni co-doping shows a higher polarization and greater 
breakdown strength. This behavior was explained based on the ef-
fect of grain size and the formation of defective dipoles with 
neighbouring oxygen vacancies. The domain wall is stabilized by 
defect dipoles and prevented from moving by oxygen vacancies re-
sulting in a pinched hysteresis loop similar to the double hysteresis 
loop found in ferroelectric materials. Thus, a high energy storage 
density and efficiency are produced. At an electric field of 159 kV/cm, 
the BMNT sample in this study showed an energy storage density 
(Wrec) of 1.585 J/cm3, which was about 6 times more than that of the 
net sample, and an efficiency (η) of about 94%. The BMNT sample is 
exceptionally stable over various temperatures and frequencies, 
making it a good candidate for applications in future energy storage.
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