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ABSTRACT

Barium titanate is still the prototype of a piezoelectric crystalline material that has

attracted many researchers and industrial partners to use. A modified citrate

method was used to create barium titanate nanoparticles BaTi1-xZrxO3. The sam-

ples were crystallized in a single-phase tetragonal structure, as revealed using

X-ray powder diffraction. The crystallite size decreases with increasing Zr con-

centration. Fourier-transform infrared spectra showed the main absorption bands

of the samples BaTi1-xZrxO3. Field emission scanning electron microscopy

micrographs illustrate that the doped sample BaTi0.9Zr0.1O3 is more porous and

finer than the parent. For low Zr doping concentrations (x = 0.1), the ferroelectric

properties of barium titanate are improved. The conduction mechanisms in the

samples are small polaron hopping and correlated barrier hopping. TheZr/Ti ratio

is a crucial parameter for tailoring the ferroelectric–paraelectric phase transition.

1 Introduction

Barium titanate (BaTiO3) with a tetragonal perovskite

structure has many features, such as high dielectric

permittivity at room temperature, ferroelectricity, and

low leakage current [1]. BaTiO3 is a ferroelectric

material that belongs to the family of ABO3 perovskite

structures, where ‘A’ is the site of Ba2? and ‘B’ is the

site of Ti4?, which are the two cations of the perovskite

structure which are of different sizes, and O is the

oxygen anion that bonds to both cations [2, 3]. The

smaller cation, which occupies the B site of the per-

ovskite structure with the largest charge, must be a

transition metal, like Ti4? ion with a radius of about

(0.605 Å), or Zr4? ion with a radius of about (0�72 Å)

[3, 4]. The biggest cation, which occupies the A site of

the perovskite structure like Ba2? ion with a radius of

about (1.61 Å) is with a charge smaller than the B

cation, where both the sum of charge positive ions A

and B together is equal to 6. The B cation is octahe-

drally coordinated by the oxygen anions O2- [4].

BaTiO3 has polymorphic phase transitions accord-

ing to different temperature ranges, rhombohedral

(below - 90 �C), by increasing temperature it con-

verts from rhombohedral to orthorhombic phase at

about - 90 �C and then it converts to tetragonal at

about 5 �C and then to cubic phase at about 120 �C
[2, 5].
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BaTiO3 was thought to be a promising material for

a variety of applications, including dynamic random

access memory (DRAM) processing, other integrated

condenser structures, electronic device manufactur-

ing, and high-frequency filters [6, 7]. Barium titanate

perovskite was preferred for use in ceramic capaci-

tors owing to their high energy density values [8, 9].

However, pure BaTiO3 has a hysteresis phenomenon

and losses associated with it, which ultimately lead to

significantly reduced energy density values [10].

According to the shape of the P–E loop and the

dependence of dielectric permittivity on frequency,

the ferroelectric materials can be classified into

relaxor or classical ferroelectrics. Relaxor ferro-

electrics are characterized by a broad and frequency-

dependent maximum of the dielectric permittivity as

a function of temperature. While classical ferro-

electrics have a sharp and frequency-independent

dielectric permittivity. The properties of relaxors

generally originate due to the presence of randomly

orientated polar nanoregions [11, 12]

Many researchers have been interested in studying

the different properties of barium titanate. Roussin

Lontio Fomekong reported that Rh3?-doped BaTiO3

has been prepared by the oxalate coprecipitation

route for applications such as exhaust emission con-

trol [13], Wei Li prepared Zr-doped BaTiO3 using a

solid-state reaction technique and reported that

BaTi0.85Zr0.15O3 has the highest dielectric constant

obtained, which is about 15,900 [14], and Ning Wang

prepared co-doped barium titanate with the formula

Ba(Ti0.94Sn0.06-xZrx)O3 (0.00 B x B 0.06) and repor-

ted that the highest Pr = 9.5 lC/mm2, the lowest Ec-

= 2.5 kV/cm and the highest relative dielectric

constant er = 7513 at the Curie temperature Tc all

were obtained at x = 0.00 but Tc moves towards

higher temperatures by increasing Zr content [15]. By

the modified citrate auto-ignition method, M.A.

Ahmed succeeded in synthesizing BaTiO3 with

crystallite size of around 47 nm with a rod shape [16].

T. K. KUNDU synthesized nickel (Ni) and iron (Fe)

ion doped BaTiO3 nanoparticles using chemical route

method by a general formula, Ba(Ti1–zXz)O3, where

[X: Fe and Ni] with z = 0.03, 0.06, 0.1, 0.16, and 0.2

with an average grain sizes lies between 24 and

49 nm [17]. The authors reported that the dielectric

permittivity is enhanced in doped samples by an

order of magnitude compared to the parent, and it

shows maxima at z = 0.03 for Fe-doped BaTiO3 and

z = 0.06 for Ni-doped BaTiO3 [17]. Das employed a

solid-state sintering technique for synthesizing Ni-

doped barium titanate of BaTi1-xNixO3 (here, x = 0,

0.05, 0.1, and 0.15). The author mentioned that by

increasing doping with Ni, magnetism is induced

and it is also enhanced. Saturation electric polariza-

tion values and the shape of ferroelectric hysteresis

loops of doped compositions experience a big change

with increasing Ni content [18].

Since lead zirconate titanate (PZT) is one of the

important ferroelectric materials (typical ferroelectric

material), we aimed to prepare a free lead ferroelec-

tric material. Therefore, we think about using zirco-

nium and titanium together with barium. We want to

prepare a (BZT) ceramic material that competes with

(PZT) in ferroelectrical properties without lead. We

take Barium Titanate nanoparticles in the range

BaTi1-xZrxO3 (BTZ) (0 B x B 0.3) as a starting

attempt to check how much Zr concentrations

maintain the stability of the structure. In the future,

we will investigate the effect of rich doping Zr-(BTZ)

as well as the effect of a new dopant in addition to co-

doping ceramics.

Whereas the preparation of a higher concentration

of Zr-doped BaTiO3 is not common, we were able to

prepare a single-phase tetragonal nanostructure at a

higher concentration (x = 0.3) using cheaper raw

materials and easier and faster methods than other

reported literature at lower annealing times and

temperatures, which reduces the overall cost.

We have been keen to study many of the physical

properties of Zr-doped BaTiO3 in this paper. We have

made a comparison between our samples and the

literature. This study of Zr-doped BaTiO3 serves as a

starting point. Our future work is to make co-doped

BaTiO3 and insert them into polymers and try to

fabricate nanofibers. Therefore, we had to study the

effect of higher zirconium concentration. Our aim in

this work is to examine the effect of higher Zr sub-

stitution on the Ti site to find how much the structure

will remain stable without any distortion. The struc-

ture and morphology of the sample were studied

using XRD, FTIR, and FESEM. In this piece of work,

the improvement of the physical and dielectric fer-

roelectric properties of BaTiO3 nanoparticles by Zr

substitution at the expense of titanium ions was

examined. The properties of BaTiO3 can be tuned by

the Zr concentration of doping. The dielectric and

ferroelectric properties of Zr-doped barium titanate

nanoparticles are examined and correlated together

with morphology and microstructure and discussed.
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2 Experimental techniques

2.1 Preparation of pure barium titanate
and Zr-doped barium titanate
nanoparticles

2.1.1 Preparation of barium titanate (BaTiO3)

nanoparticles

Figure 1 indicates the flowchart that was followed for

preparing the Zr-doped Barium Titanate (BaTi1-x-

ZrxO3; x = 0.0, 0.1, 0.2, and 0.3) nanoparticles using

the modified citrate method [19]. As starting materi-

als, the precursors Barium Nitrate [Ba(NO3)2, 99.9%]

(Sigma-Aldrich), tetrabutyl titanate [Ti(OC4H9)]4,

97%), and citric acid were used.

In separate beakers, 1 mol of Ba(NO3)2 and 2 mol

of citric acid were dissolved in sufficient deionized

water to make complete solutions, and 1 mol of

tetrabutyl titanate was suspended in sufficient

deionized water and mixed well with the citric acid

solutions on the magnetic stirrer at 70 �C for 1 h.

Then a barium nitrate solution was added. Then the

power of hydrogen (pH) was adjusted to 8.

The temperature of the mixture was raised to

120 �C with continuous stirring until all the volatile

components and water from the beaker evaporated.

After that, the mixture appeared to be slightly thick

and sticky and was then left to burn completely on

the hot plate to obtain black fine powder. The black

powder was annealed at 1100 �C for 2 h with a

heating rate of 5 �C/min in a furnace. A white fine

powder was formed after the annealing process in

which the BaTiO3 was formed.

2.1.2 Preparation of Zr-doped barium titanate

(BaTi1-xZrxO3) nanoparticles

To make Zr-doped Barium Titanate, the same steps

are followed, except that (x) mol of Zirconium Oxy-

chloride [ZrOCl2, 99.9%] (Sigma-Aldrich), solution is

added to a (1 - x) mol of butyl titanite suspension

with the appropriate concentrations according to the

formula: BaTi1-xZrxO3.

2.2 Characterization and measurements
of the obtained samples

X-ray powder diffraction (XRD) was used in the

investigation of the crystallinity of the samples using

a Bruker advanced D8 X-ray diffractometer. The

pattern was recorded using Cu–Ka radiation (kD-

= 1.54182 Å) in the 2h range 20–80�. XRD pattern

was indexed according to the International Centre for

Fig. 1 Flowchart of the preparation of the BaTi(1-x)Zr(x)O3; (x: 0.0, 0.1, 0.2, and 0.3)
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Diffraction Data (ICDD) card number 04-016-2039.

Fourier Transform Infrared spectra (FT-IR) were

recorded for all using a VERTEX 70 FT-IR spec-

trophotometer (Bruker Optics, Germany). The sam-

ples were prepared for FTIR measurements by

mixing 95% of the KBr with 5% of the sample and

grinding them well. A manual piston has been used

to pelletize the sample in the form of a transparent

disc. The surface morphology of sintered samples

was imaged using field emission scanning electron

microscopy (FESEM) Model Quanta 250 FEG (Field

Emission Gun) attached with an EDAX unit (energy-

dispersive X-ray analysis). For the dielectric, ferro-

electric and DC conductivity measurements, we

pressed the prepared powders using a uniaxial press

of value 8 9 105 N/m2 into 10 mm-diameter pellets

with a thickness of 4.58, 4.02, 4.02, and 3.91 mm for

x = 0.0, 0.1, 0.2, and 0.3 respectively. Then it was

annealed at 500 �C for 1 h. with a heating rate of

5 �C/min in a muffle furnace to obtain a denser

ceramic. Electrodes were made using silver paste on

both surfaces of the pellet and then checked for good

conduction. Dielectric measurements were per-

formed using an LCR meter (Hioki model 3532

Japan) at different frequencies and temperatures. DC

conductivity and I–V characteristic data were mea-

sured in the temperature range of 300–800 K by using

a Picoammeter Keithley 485. The polarization P was

measured as a function of the electric field E at room

temperature using a homemade Sawyer–Tower cir-

cuit. OriginPro 8 software was used to create the

artwork.

3 Results and discussion

3.1 XRD analysis

Figure 2a shows the XRD patterns of the samples

with the general formula BaTi1-xZrxO3; (x: 0.0, 0.1,

0.2, and 0.3). The investigated samples were crystal-

lized in a single-phase possessing the tetragonal

space group P4mm with one molecule per unit cell.

The lattice parameters were calculated and indexed

with all the peaks in the XRD patterns compared with

the ICDD card number (04-016-2039). Table 1 shows

the values of the lattice parameter (aexp and cexp), the

crucial ratio (c/a), the unit cell volume, the position of

the most intense peak (2h), the crystallite size (L), the

theoretical density (D), the tolerance factor (t), and

the average grain size for the samples BaTi1-xZrxO3;

(x: 0.0, 0.1, 0.2, and 0.3).

The lattice parameter was calculated from Eq. (1):

1

d2
¼ h2 þ k2

a2
þ l2

c2
ð1Þ

where h, k, and l are the Miller indices detected from

the ICDD card, and d is the interplanar spacing based

on tetragonal symmetry.

Both lattice parameters (a, c) for BaTi1-xZrxO3

powders increased when doping the tetragonal lattice

due to the substitution of Ti4? (radii = 0.605 Å) by

the larger Zr4? ion (radii = 0.72 Å). Also, the electron

cloud density of a Zr atom with an electronic con-

figuration of [Kr] 4d2 5s2 and the electronic configu-

ration of the Zr4? ion (1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6)

causes its atomic and ionic size to be larger than that

of a Ti atom and Ti4? ion with an electronic config-

uration of [Ar] 4s2 3d2 and (1s2 2s2 2p6 3s2 3p6),

respectively. It leads to an increase in the interplanar

spacing of the crystal, which in turn increases the

lattice parameters.

Because the electronic density and ionic radii of

Zr4? (radius of 0.72 Å) and Ti4? (radius of 0.605 Å)

differ, the lattice parameters (a, c) of the samples

increase as Zr content increases, resulting in an

increase in unit cell volume [20].

There is a relation between the interplanar spacing

of the crystal (d) and the angle of incidence (h) known

as Bragg’s Law, which is expressed by the Eq. (2)

[21]:

nk ¼ 2d sin h ð2Þ

where n (an integer) is the ‘‘order’’ of reflection

(n = 1), and k is the wavelength of the incident

X-rays.

From Eqs. (1) and (2), we can obtain h for the most

intense peak (101) as a function of the lattice

parameters by the following expression in Eq. (3):

h ¼ sin�1 k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2 þ c2
p

2ac

 !

ð3Þ

Therefore, with the increase in Zr content, the lattice

parameters increase, and thus the angle h decreases;

therefore, we obtained a shift in the most intense

peak towards lower 2h. It was calculated for each

sample, and the calculated values were listed in

Table 1 for clarification. This shift to lower values is

illustrated also in Fig. 2b due to the increase in the
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unit cell parameter, which agrees with the report of

Deluca et al. [22]. The tendency of the peak (002) to

decrease as the zirconium content increased was

interpreted as owing to the larger radius of Zr4? than

Ti4?. This enhances the tetragonality as shown in

Fig. 2c [22, 23].

From a closer look at Fig. 2d, the lattice parameter

(a) was increased linearly with Zr4? content, obeying

Fig. 2 a XRD pattern of nanopowder BaTi(1-x)Zr(x)O3; (x: 0.0, 0.1, 0.2, and 0.3). b magnified pattern of (101) peaks. c Magnified pattern

of (002) peaks illustrating the shift of the patterns. d Dependence of lattice parameter on Zr content
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Vegard’s law. The (c) parameter increased also, but

with a different trend. The crucial ratio that could

better describe the tetragonal symmetry is c/a. Hence,

in our situation, the c/a ratio is always greater than

unity, which simply means the elongation of the

TiO6h i octahedron along the Z-axis, keeping the

symmetry unchanged. This is an indication of the

proper choice of Zr4? as a dopant and the range of

concentration as well.

The average crystallite size was calculated from the

well-known Scherrer’s Eq. (4) [24–26]:

L ¼ Kk
b cos h

ð4Þ

where L is the average crystallite size, k is the X-ray

wavelength, h is the Bragg angle, b is the corrected

full width at half maximum (FWHM) of the X-ray

peak on the 2h axis, and K is the so-called Scherrer

constant. K depends on the crystallite shape and the

size distribution, indices of the diffraction line, and

the actual definition used for b whether FWHM or

integral breadth [27]. K can have values anywhere

from 0.62 to 2.08. In this paper, K = 0.9 was used. The

samples exhibited a low crystallite size (between 19

and 38 nm).The background in XRD patterns could

be originated from small crystallite size of the sam-

ples prepared.

The unit cell volume was calculated from ¼ a2 � c,

and the values listed in Table 1. The tetragonal matrix

of BaTiO3 was found to increase significantly by

doping with zirconium as it got enlarged from 64.51

Å at (x = 0) to 67.1 Å at (x = 0.3) by an increase of 4%

with an increase of 30% zirconium.

The theoretical density (Dx) was calculated from

the Eq. (5) [28, 29]

Dx ¼
ZM

NAV
ð5Þ

where Z is the number of molecules per unit cell, NA

is the Avogadro’s number, V is the unit cell volume,

and M is the molecular weight of BaTi1-xZrxO3,

which is calculated from the Eq. (6):

M ¼ mBa þ 1� xð Þ �mTi þ xð Þ �mZr þ 3�mO ð6Þ

where mBa is the atomic weight of the barium atom,

mTi is the atomic weight of the titanium atom, mZr is

the atomic weight of the zirconium atom, and mO is

the atomic weight of the oxygen atom. The density

increased by 0.25% despite the increase in volume

because the molecular weight of doped BaTi1-xZrxO3

samples increased by a greater percentage than the

volume augmentation as the zirconium concentration

increased.

The difference in molecular weight compensated

for the increase in volume. That is because the overall

values of the densities are getting greater. This is a

benefit as the materials become denser and this con-

tributes to reducing the porosity causing the current

leakage.

The tolerance factor is a common geometrical fac-

tor that indicates the stability of the perovskite

structure. This factor gives a good prediction of how

far the A site cation is suitable within the cavities in

the BO6h i [30]. A tolerance factor of 1 indicates an

ideal fit [30]. However for 0.77\ t\ 1.10, the per-

ovskite structure remains stable also [31]. But for

t\ 0.77, this indicates that the A cation is too small,

which leads to a reduction in the symmetry due to

the tilting of the BO6 octehedra, leading to an increase

in distortion. If t[ 1.1, this indicates that the A site

cation is too large and a perovskite structure is not

formed [30].

The tolerance factor of the investigated samples

was calculated according to the general formula (7):

t ¼ rA þ rO
ffiffiffi

2
p

rB þ rOð Þ
ð7Þ

where, rA, rB, and rO are the ionic radii of the A, B,

and oxygen ions, respectively [32, 33].

Table 1 Values of the lattice parameter (aexp and cexp), the crucial ratio (c/a) the unit cell volume, the position of the most intense peak

(2h), the crystallite size (L), the theoretical density (Dx) and the tolerance factor for the samples BaTi1-xZrxO3 (x = 0, 0.1, 0.2 and 0.3)

aexp (Å) cexp (Å) c/a 2h Volume (Å3) L (nm) Dx (gm/cm3) t Grain size (nm)

BaTiO3 4.005 4.023 1.0045 31.5201 64.51 38 6.002 1.071 355

BaTi0.9Zr0.1O3 4.021 4.026 1.0011 31.4435 65.11 23 6.057 1.064 130

BaTi0.8Zr0.2O3 4.042 4.049 1.0016 31.2682 66.12 19 6.070 1.058 145

BaTi0.7Zr0.3O3 4.059 4.071 1.0029 31.1144 67.08 19 6.093 1.052 214
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The values of the tolerance factor were reported in

Table 1 and indicate the formation of the investigated

samples in a tetragonal phase, which agrees with the

data obtained from XRD. The tolerance factor

decreases with increasing the Zr content on the B site

due to increasing the effective B ionic radius rB where

the ionic radius of the Zr4? ion is 0.72 Å and that of

the Ti4? ion is 0.605 Å [24]. According to Eq. (5), by

increasing the ionic radius rB the tolerance factor

decreases, which means that the distortion in the

perovskite structure also increases.

3.2 FESEM images analysis

The morphology of perovskite strongly depends on

the type and concentration of the doping metal ions.

Figure 3a shows the field emission scanning electron

microscope of the samples BaTi1-xZrxO3. FESEM

images are required to study the surface morphology

of the investigated powder. The images illustrate the

agglomeration of grains of various sizes. The average

grain size of each sample range is reported in Table 1.

A representative histogram of the grain size distri-

bution of the samples is shown in Fig. 3b. The aver-

age grain size decreased by adding Zr4? ion. We

obtained the smallest average grain size at (x = 0.1),

where it is reduced to 36.6% of the parent one. By

adding more zirconium, the grain size begins to

increase and is comparable to the sample at (x = 0.1),

but it becomes 41% of the parent sample at (x = 0.2)

and 60.2% of the parent sample at (x = 0.3). From the

FESEM images, we observe the presence of an

intragranular porosity of the parent sample BaTiO3

and the doped one at (x = 0.1) more than the other

Zr-doped samples. As a result, the samples could be

tested in a variety of applications, including heavy

metal and dye removal. The doping with Zr4? ion in

the sample BaTiO3 at the expense of Ti4? could also

lead to a decrease in the crystal size [34]. Figure 4

shows the EDAX of the sample BaTi0.9Zr0.1O3. The

values of weight and atomic percentages of the dif-

ferent elements are reported in Table 2. The small

variation in weight percentage (wt%) between the

theoretical calculation and experimental data of

oxygen ions from EDS could be the result of

annealing the samples at a relatively high tempera-

ture as well as some oxygen deficiency.

3.3 FTIR analysis

Figure 5 shows the FTIR spectra of the investigated

samples BaTi1-xZrxO3; (x: 0.0, 0.1, 0.2, and 0.3). The

chart shows the main absorption bands of the

investigated samples BaTi1-xZrxO3. Table 3 shows

the values of the FTIR bands of the investigated

samples. The Ti–O–Ti and Zr–O–Zr stretching

vibrations appear in the 544–573 cm-1 range,

depending on the Zr concentration, which can be

attributed to the band’s broadness [35–37]. The

change that appeared to the Ti–O bond indicates that

the Ti4? ions on the B site of the perovskite structure

ABO3 are well substituted by the Zr4? ion as men-

tioned in the XRD patterns. In fact, by magnifying the

image and zooming in on it, we found that there is a

shift towards the higher wavenumber by adding

zirconium, and then by adding more zirconium at

(x = 0.3), this shift returns to be in the lower

wavenumber. This means that there is a change in

bond length and bond angle. By calculating the tol-

erance factor, it was found that it decreased by add-

ing more zirconium. This means that the more

zirconium, the greater the distortion. This distortion

can be in the form of a tilting in the TiO6h i octahe-

dron, and this tilting has an angle. To know at which

concentration this tilting is effective, we must calcu-

late the angle of this tilting for each zirconium con-

centration from the XRD refinement, which will be

the focus of our future work. The two bands at

around 1400 and 1600 cm-1 are also considered as

intrinsic signals belonging to BaTiO3 [38]. The band at

2360 cm-1 indicates the presence of an OH

group [39]. The broad bands in the range of

3200–3500 cm-1 have been attributed to stretching

vibrations of OH groups due to surface adsorbed

water molecules [4, 19].

3.4 Ferroelectric characterization

3.4.1 (P–E) hysteresis loops analysis

Figure 6a–d illustrates the P–E hysteresis loop for the

investigated samples at room temperature. The P–E

hysteresis loops ensure that the samples have ferro-

electric behaviour due to the lack of a centre of

symmetry in the tetragonal crystal. The values of

J Mater Sci: Mater Electron (2022) 33:16753–16776 16759



saturation polarization (Ps), the remnant polarization

(Pr), the coercive field (Ec), and the breakdown

strength (BDS) are reported in Table 4.

It is observed that the ferroelectric properties of

barium titanate are improved by low doping

(x = 0.1). For the BaTiO3, the P–E loop seems to be

Fig. 3 a FESEM of the

samples BaTi(1-x)Zr(x)O3; (x:

0.0, 0.1, 0.2, and 0.3). b The

histogram of grain size

distribution where the solid

line represents the normal

distribution fit of the samples

BaTi(1-x)Zr(x)O3; (x: 0.0, 0.1,

0.2, and 0.3)

16760 J Mater Sci: Mater Electron (2022) 33:16753–16776



thin and unsaturated with large polarization values

and a very small area of = 7.45 9 10–4 (J/cm3),

pointing to a small coercive field value. By doping the

BaTiO3 lattice with Zr, the P–E loop gets larger, the

area of the hysteresis loop increases by about 5.5

times from the parent sample, Ec increases by about

3.5 times and becomes more saturated, but it seems to

be completely saturated at higher electric field values

than the range of measurements. Increasing the Zr

content up to (x = 0.2) increases the coercive field and

the loop area by about 2.5 and 2.2 times more than

that of the parent sample, respectively. The P–E loops

observed in the BaTiO3, BaTi0.9Zr0.1O3, and BaTi0.8
Zr0.2O3 samples were ascribed to the long-range fer-

roelectric order. However, by increasing Zr content in

the sample BaTi0.8Zr0.2O3, a diffused ferroelectric

peak was obtained resulting from the short-range

ferroelectric order [40].

Table 4 illustrates that the saturation polarization

(Ps) and the remnant polarization (Pr) values decrease

and then increase as Zr content (x = 0.3). The increase

in Zr content in B-sites perturbs the local structure

due to the co-occupancy of Ti4? and Zr4? ions at the

same crystallographic sites [41].

The value of the coercive field determines the ease

with which the domains move. The lower Ec indicates

that the domains move easily, which indicates that

Fig. 4 EDAX of the sample BaTi0.90Zr0.10O3

Table 2 EDX of the sample BaTi0.90Zr0.10O3

Element Weight %

EDX

analysis

Weight %

Theoretical

Atomic %

EDX

analysis

Atomic %

theoretical

O K 13.05 20.20 50.17 60

Zr L 3.12 3.84 2.11 2

Ba L 71.65 57.82 32.09 20

Ti K 12.17 18.14 15.63 18

Fig. 5 FTIR of the samples BaTi(1-x)Zr(x)O3; (x: 0.0, 0.1, 0.2, and

0.3)

Table 3 Values of FTIR bands for the samples BaTi1-xZrxO3

(x = 0, 0.1, 0.2 and 0.3)

c1
(cm-1)

c2
(cm-1)

c3
(cm-1)

c4
(cm-1)

c5 (cm
-1)

BaTiO3 557 1443 1653 2378 3426

BaTi0.9Zr0.1O3 561 1450 1628 2378 3435

BaTi0.8Zr0.2O3 573 1417 1623 2379 3320–3440

BaTi0.7Zr0.3O3 544 1417 1619 2379 3319–3446
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low energy loss during the sweep of the electric field

enhances the ferroelectric properties [42]. The lowest

Ec * 0.23 9 10–4 kV/cm was obtained for (x = 0.3)

composition.

Table 4 shows the values of Ps, Pr, and Ps–Pr as a

function of Zr content. The Ps seems to be unchanged

from (x = 0.0) to (x = 0.1) but it decreases signifi-

cantly, for (x = 0.2) then increases and reaches the

Fig. 6 a–d P–E hysteresis loop for the investigated samples

BaTi(1-x)Zr(x)O3; (x: 0.0, 0.1, 0.2, and 0.3) at room temperature.

e The calculation of energy storage density and efficiency.

f Calculated energy density, recoverable energy storage density,

and energy storage efficiency vs. Zr content
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maximum value of 45.5 9 10-2lC/cm2 at (x = 0.3).

This value increased by about 2.1 times than that of

the parent sample value. A significant increase in Pr

can be observed with the increased value of x and

reaches the maximum value of 9.6 9 10-2lC/cm2 for

(x = 0.1) then decreases to the lowest value of

1.9 9 10-2lC/cm2 for x = 0.2. Thus, (Ps–Pr) decreases

with Zr content but it suddenly increases and reaches

the maximum at (x = 0.3) which is greater than the

parent by 2.5 times so it may enhance the energy

storage density [43]. Substitution of the large ionic

radius cation Zr4? instead of a smaller ionic radius

cation Ti4? could cause a decrease in the relative

displacement of the large cation with respect to the

oxygen octahedral cage [44]. We noticed that the

largest value of the breakdown strength (BDS) was

obtained for the sample at (x = 0.1). This may be

ascribed to the lowest grain size among the samples,

where the smaller grain size enhances the breakdown

strength. Although the sample at (x = 0.3) has a lower

grain size than the parent sample; however, the

parent sample is slightly larger in BDS. This could be

attributed to that the parent sample is finer than the

(x = 0.3) sample [45].

3.4.2 Energy storage analysis

Figure 6e represents a schematic diagram of the dif-

ferent parameters that affect the energy storage

density and the efficiency of ferroelectric materials.

The energy storage efficiency (g) was computed from

the following Eq. (8):

g ¼ Wrec

Wt
ð8Þ

where:W rec: is the recoverable energy storage density,

Wt: is the total energy storage density, which equals;

Wt ¼ Wrec þWloss

where: WLoss: is the energy loss density during

discharge.

The recoverable energy storage density W rec could

be obtained by integrating the area between the dis-

charge curve and the maximum value of the polar-

ization line (Pmax) of the P–E hysteresis loops

according to the Eq. (9):

Wrec ¼ r
Pmax

Pr

EdP ð9Þ

The energy loss density during discharge WLoss could

be obtained by integrating the area between charging

and discharging curves of the P–E hysteresis loops

[43, 45–47]. Figure 6e illustrates the domains of those

integrations. We have used the OriginPro 8 software

to integrate the selected areas.

Figure 6f shows the variation of W rec;Wtandg with

Zr content and the values of those parameters in

addition to WLoss are calculated and listed in the

Table 4. The maximum value of Wrec is observed at

11.84 9 10–4 J/cm3 for (x = 0.1), which is greater than

that observed for parent one 4.23 9 10–4 J/cm3 by 2.8

times. The enhancement in Wrec is attributed to the

larger BDS [45]. For (x = 0.3), the value of Wrec is

greater than the parent by 1.42 times. The small

increase in Wrec value is obtained for (x = 0.2), it

reaches 4.54 9 10–4 J/cm3 which is larger than the

parent by only 0.31 9 10–4 J/cm3. Although Wrec for

the sample (x = 0.1) is larger than that obtained for

the sample (x = 0.3) twice, the two samples have

almost the same efficiency values (of about 53%)

because of the largest energy loss density Wloss in

(x = 0.1). For the sample (x = 0.2), it has a relatively

large loss Wloss compared to the other samples, and it

also has a relatively smallWrec and Ps–Pr = 7.3 9 10–2

Table 4 The values of saturation polarization (Ps), remnant polariza-
tion (Pr), coercive field (Ec), the recoverable energy storage density
(W rec), the energy loss density during discharge (WLoss), the total

energy storage density (Wt), energy storage efficiency (g), and the
breakdown strength (BDS) of the samples BaTi1-xZrxO3 (x = 0, 0.1,
0.2 and 0.3)

BaTi1-xZrxO3 Ps
(10–2)

(lC/
cm2)

Pr (10
–2) (lC/

cm2)

Ps-Pr
(10–2)

(lC/
cm2)

Ec (10
–4)

(kV/cm)

Loop area

(10–4)(J/cm3)

Wrec

(10–4)

(J/cm3)

Wloss

(10–4)

(J/cm3)

Wt

(10–4)

(J/

cm3)

g% BDS (V/

cm)

x = 0.0 21.5 5.7 15.8 5.08 7.45 4.23 1.91 6.15 68.89 6.99

x = 0.1 21.4 9.6 11.8 17.67 40.74 11.84 10.50 20.23 53.01 23.38

x = 0.2 9.2 1.9 7.3 12.59 16.49 4.54 7.46 12.00 37.81 16.46

x = 0.3 45.5 6.0 39.5 0.23 12.41 6.01 5.38 11.4 52.76 3.57
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lC/cm2. Therefore, it has the lowest storage effi-

ciency of 37.81%. For the parent sample, Wrec is not

negligible as compared with both (x = 0.2) and

(x = 0.3). It has the lowestWt = 6.15 9 10–4 J/cm3 due

to the lowest Wloss= 1.91 9 10–4 J/cm3. Therefore, it

has the largest efficiency of 68.89%. However,

although the doping did not improve storage effi-

ciency, it improved the recoverable density by a large

percentage in the sample (x = 0.1) compared to the

parent and it increased slightly for (x = 0.2) and

(x = 0.3).

3.5 DC electrical properties

Figure 7a depicts the I–V characteristic plot. The

electric current intensity is found to be directly pro-

portional to the potential difference for samples at

(x = 0.0 and 0.1). Non-ohmic behaviour above 85 V is

very clear for (x = 0.2 and 0.3). By increasing the

zirconium content, the peak was observed and the

non-ohmic conductivity shifted towards the higher

voltages. For the sample BaTi0.8Zr0.2O3, the values of

electric current intensity have a peak at a potential

difference of 85 V. It is clear that at Zr concentrations

of 0.1 and 0.2, the current increases with increasing the

applied voltage, whereas for high Zr content samples

(x = 0.3), the current decreases. This is due to the Zr

ion being chemically more stable, which reduces the

electron jump between Ti4? and Ti3?, thus increasing

the resistivity of the BaTi0.7Zr0.3O3 sample [48, 49].

Figure 7a was used to perform the DC conductiv-

ity-temperature measurement at constant voltage.

Figure 7b depicts the relationship between DC con-

ductivity and absolute temperature in the samples

BaTi1-xZrxO3. The DC conductivity values are nearly

constant up to T = 650 K, and then the DC conduc-

tivity increases due to the thermal energy that makes

the molecules and ions more flexible to align under

the effect of an electric field. The large thermal energy

here increased the mobility of charge carriers, which

consequently led to larger conductivity values. The

inset Fig. 7b shows the variation of conductivity at

selected temperatures with the Zr content. In-depth

look at the electrical conductivity of the doped sam-

ples at room temperature 303 K, it appears to be

slightly greater than the parent one, but the conduc-

tivity of the sample BaTi0.8Zr0.2O3, increased about

1.5 times the parent. At a temperature 503 K higher

than the room temperature, there is no noticeable

difference in the electrical conductivity between the

samples. But by looking at the conductivity beha-

viour at temperature 698 K, we noticed a significant

increase in the electrical conductivity of the doped

samples BaTi1-xZrxO3 at (x = 0.1 and 0.3), which

reached about 10 times the parent sample. While the

(a)

(b)

Fig. 7 a I–V characteristic curve for the samples

BaTi(1-x)Zr(x)O3; (x: 0.0, 0.1, 0.2, and 0.3). b The relation

between dc conductivity and absolute temperature

cFig. 8 a Temperature dependence of dielectric permittivity for the

investigated samples BaTi(1-x)Zr(x)O3; (x: 0.0, 0.1, 0.2, and 0.3) at

different frequencies. b The frequency dependence of dielectric

permittivity for the investigated samples BaTi(1-x)Zr(x)O3; (x: 0.0,

0.1, 0.2, and 0.3) at selected temperatures. c and d The variation

of the maximum dielectric permittivity (Peak value of e0) and its

corresponding temperature (Peak position) with the frequency for

the investigated samples respectively. e The dielectric constant (e0)
vs. the absolute temperature (T) loops for (BaTi0.8Zr0.2O3)

recorded at 200 kHz. f The variation of 1/e0 with the

temperature for the investigated samples at 400 kHz. g The

variation of Ln 1
e0 � 1

e0max

� �

as a function in Ln (T – Tmax) for the

investigated samples at 400 kHz
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conductivity of the sample at (x = 0.2) remained

approximately constant and started with a very slight

increase that appeared after a temperature of about

700 K, but its electrical conductivity is lower than that

of the parent.

3.6 Dielectric characterization

Figure 8a compares the temperature dependence of

dielectric permittivity for the BaTi1-xZrxO3; x: 0.0, 0.1,

0.2, and 0.3 ceramic nanoparticles samples obtained

at various frequencies. Looking at the figure, we

notice the well-known peak of the ferroelectric

materials from the ferroelectric to the paraelectric

phase transition around a temperature known as the

Curie temperature (TC). A slightly narrow peak is

observed for the parent sample. By increasing Zr

content, the broadening of the peak becomes larger

for the doped samples at (x = 0.1) and (x = 0.2),

respectively. By increasing Zr content, the broaden-

ing of the peak becomes larger for the doped samples

at (x = 0.1) and (x = 0.2), respectively. A sharp peak

is observed by a further increase in Zr content

(x = 0.3). To get a more accurate description of the

peak transition, we fit the peak using a Gaussian

fitting and estimate some parameters that help us

understand the nature and properties of this transi-

tion. Table 5 contains the values of the maximum

dielectric constant (Peak value e0max), the temperature

corresponding to these values (Peak position

Tmaxbyf itting) obtained by fitting the peak, and the full

width at half maximum (FWHM).

The frequency dependence of dielectric permittiv-

ity for the investigated samples BaTi1-xZrxO3; (x: 0.0,

0.1, 0.2, and 0.3) at selected temperatures is shown in

Fig. 8b. The general trend is the decrease of the

dielectric constant with increasing frequency. This is

mainly interpreted as due to the lack of dipoles to the

large external alternating frequency associated with

the applied electric field.

Figure 8c shows the variation of the maximum

dielectric constant with frequency. The dielectric

change appears to be unnoticeable and decreases by a

very small percentage with the increase in frequency

for samples (x = 0.1) and (x = 0.2). By returning to the

parent sample at (x = 0.0), we observed a weak

decrease in the dielectric constant e0max from 720 to 698

by increasing the frequency from 200 to 2000 kHz. At

the sample (x = 0.3), a strong decrease is observed. It

decreases from 372.4 to 203.5 by 55% by increasing

the frequency from 200 to 3000 kHz. This is inter-

preted as the weak response of the permanent

Table 5 Peak transition estimated by fitting ‘‘The maximum dielectric constant (Peak value e0max), the temperature corresponding to these

values (Peak position Tmaxbyfitting), and the full width at half maximum (FWHM)

BaTi1-xZrxO3 Peak value e0max Peak position Tmax FWHM

x = 0.0 x = 0.1 x = 0.2 x = 0.3 x = 0.0 x = 0.1 x = 0.2 x = 0.3 x = 0.0 x = 0.1 x = 0.2 x = 0.3

200 kHz 720 301.9 429 372.4 424.2 376.1 358.6 308.6 18.5 76.8 77.0 18.7

400 kHz 711 301.8 428 302.3 424.3 376.1 360.2 308.6 18.0 76.9 75.2 17.7

600 kHz 709 301.7 428 274.7 424.2 374.7 359.6 308.9 18.1 79.6 82.5 16.8

800 kHz 706 301.5 427 257.0 423.8 374.9 358.6 308.9 18.5 78.6 87.0 16.0

1000 kHz 702 300.5 427 245.5 423.5 374.7 357.9 309.0 18.6 79.6 84.0 15.3

2000 kHz 698 300.4 426 213.3 422.9 374.7 358.9 309.2 18.9 79.8 85.0 13.2

3000 kHz – 298.3 422 203.5 – 375.2 358.9 309.6 – 81.1 81.6 11.7

The average value of FWHM:- 18.4 78.9 81.8 16.3

Table 6 The Values of The dielectric constant e0o observed at room
temperature (Troom = 303 K), the Curie temperature (TC), The Curie–
Weiss temperature (TO), the difference between TC and To (DT = TC –

TO), the Curie constant (C), and diffuseness exponent (c) were all
measured at 400 kHz

e0o TC (K) To (K) TC–To (K) C � 104 (K) c

BaTiO3 569 423 359 64 4.89 0.96

BaTi0.9Zr0.1O3 234 386.5 329 57.5 2.31 1.10

BaTi0.8Zr0.2O3 379 363 363 0 2.65 2.03

BaTi0.7Zr0.3O3 261 308.5 218 90.5 3.00 0.91
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dipoles by the increase of the frequency and the

contribution of the charge carriers (ions) towards the

dielectric constant decreasing [50]. Relaxation

accompanies this decrease [51].

It’s clear to see that the values of dielectric per-

mittivity for the parent compound are higher com-

pared to the Zr-doped samples. We set the values of

the dielectric constant e0o
� �

at a room temperature of

303 K for all samples at 400 kHz. The results are lis-

ted in Table 6. The dielectric value of the parent

sample is greater than what is observed by the doped

sample since the dielectric constant of the parent

sample is about 2.43 times the value observed at

(x = 0.1), 1.5 times the value observed at (x = 0.2),

and 2.18 times the value observed at (x = 0.3).

According to Fig. 8a, the transition at 700 K may be

due to Maxwell Wagner polarization, which was

associated with grain boundary contribution, or to

the presence of some oxygen vacancies in the

annealed samples [52, 53]. The presence of a hump

for BaTi0.9Zr0.1O3 sample at about 700 K is due to the

fact that the sample possesses the smallest grain size

(= 130 nm) and leads to a migration of defect charges

towards the grain boundaries [40].

The Curie temperature TC of all samples is set from

Fig. 8a at the maximum value of the dielectric con-

stant at a frequency of 400 kHz and is included in

Table 6. We can see that the Curie temperature TC

shifted towards lower temperatures by increasing the

zirconium concentration. The reason behind that may

be due to the larger ion radius of the Zr ion compared

to the Ti ion [50, 54].

In the normal (non-relaxor) ferroelectric materials,

the peak temperature Tmax does not depend on the

measurement frequency, but in the relaxor ferro-

electric materials, the dependence in frequency is

noticeable [55]. Looking at Fig. 8d, which shows the

variation of the peak position (peak position

Tmaxbyfitting) with the frequency, and back to the inset

of Fig. 8a, which shows the dispersion of the dielec-

tric curves at different frequencies around the peak

phase transition, we observe that the position of the

peak does not depend strongly on the frequency for

(x = 0.0, 0.1, and 0.3), because the difference between

its peak positions DTmax doesn’t exceed 1.4 K for

(x = 0.0 and x = 0.1) and 1 K for (x = 0.3). So we

cannot define whether the samples are normal or

relaxor ferroelectric materials by indicating the vari-

ation of Tmax with frequency only. To make sure, we

shall evaluate a parameter called the diffuseness

exponent (c) in a later section, which is a value that

indicates exactly the type of the ferroelectric phase

transition [56].

The FWHM of the dielectric constant is considered

a good parameter to infer the degree of diffuseness of

the phase transition. The larger the FWHM value, this

indicates the presence of a high degree of diffuseness

in the sample [55]. Table 5 illustrates the degree of

diffusion in each sample at different values of fre-

quency and its average values. We can see that the

maximum diffusion is observed for the doped sample

of (x = 0.2), which is 4.45 times larger than the

FWHM of the parent one. The doped sample of

(x = 0.1) shows approximately the same trend as at

(x = 0.2). It is 4.29 times larger than the FWHM of the

parent one also. These values support the presence of

high diffuse in transition at (x = 0.1 and x = 0.2). For

the last doped one (x = 0.3), the broadness of the

peak is too small with an FWHM of only 16.3 K,

which is close to the value obtained for the parent

one. Thus, we could predict a very low degree of

diffuseness.

Figure 8e shows the behaviour of the dielectric

constant e0 with the heating and cooling runs at the

temperature of the sample BaTi0.8Zr0.2O3. After the

transition of the FE-to-PE phase, the dielectric con-

stant e0 decreases with the increase in T. On cooling

back, the material transforms from the paraelectric

phase to the ferroelectric phase at a temperature that

is slightly different from the temperature at which the

transformation takes place while heating. We

observed a clear thermal hysteresis, which supports

the presence of the first-order phase transition. The

transition temperature upon heating seems to be

higher than that observed during cooling [57].

Figure 8f depicts the relationship between the

reciprocal of the dielectric constant 1=e0 as a function

of temperature (T) at 400 kHz using Curie–Weiss

law, Eq. (10) [58–60]:

1

e0
¼ T

C
� To

C
ð10Þ

where (C) is the Curie constant and (To) is the

Curie–Weiss temperature, were measured by fitting

the linear paraelectric part of the plot. The extrapo-

lated intersection of the plot with the temperature

axis is the value of (To) as shown, and we calculate

the inverse of the slope of the linear fit to find (C). A

Curie constant with a magnitude of 105 K was
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obtained for the displacement-type ferroelectrics,

while a magnitude of 103 K was obtained for the

order–disordered ferroelectrics [56]. For our investi-

gated samples, we obtained a Curie constant with a

magnitude of about 104 K. The porosity and the grain

size affected the Curie constant [58]. The Curie con-

stant decreases with the increase in the porosity and a

decrease in the grain size. The parent sample has the

highest Curie constant as it has the largest grain size,

and Table 6 listed the values of C, To, TC, and DT: The
difference between TC and To.

The Curie temperature illustrates the equipoise of

the ferroelectric and paraelectric phases. At this

temperature, the free energy of the ferroelectric phase

is equal to that of the paraelectric phase. The stability

of the ferroelectric phase is greater than that of the

paraelectric phase for a temperature range between

To and TC while above TC the paraelectric phase is

more stable [60].

Table 6 illustrates that all samples have values of To

smaller than TC except for the doped sample of

(x = 0.2), where To is approximately equal to TC. DT
decreases with the increase of Zr content but does not

reach zero for the parent and doped samples of

(x = 0.1 and 0.3), which confirms that the ferroelectric

transition of the first order [56, 59].

To identify whether our ferroelectric materials

obey a first or second-order phase transition, we are

going to calculate the diffuseness exponent (c) that

describes the diffuse nature of the transition. The

critical exponent for diffuse phase transformation (c)
depends on the crystal structure, and thus the defects

in the ceramic. It is in the range 1 B c B 2, where the

value in between 1 and 2 corresponds to diffuse

transition, when c = 1 to normal or non-relaxor fer-

roelectric materials, and values = 2 for the relaxor or

completely diffuse ferroelectric materials [51, 58]. We

have to fit the linear part of the modified Curie–Weiss

law [58]:

1

e0
� 1

e0max

¼ T � Tcð Þc

C0 ð11Þ

In the above expressions, e0 is the dielectric constant,

e0max is the maximum value of the dielectric constant, c
is the diffuseness exponent, and C0 is the Curie–

Weiss-like constant.

The plot of ln 1
e0 � 1

e0max

� �

as a function of ln(T – Tmax)

is shown in Fig. 8g for all samples. The critical

exponent c is obtained from the slope of ln 1
e0 � 1

e0max

� �

versus ln(T – Tmax) plotted at 400 kHz for all samples

and the values of c listed in Table 6.

In our work, we achieved c in the range nearest to

the value of 1 for the parent and doped samples of

(x = 0.1 and 0.3) increasing in its value by increasing

the width of the dielectric peak transition. These

samples follow the first-order ferroelectric phase

transition (non-relaxor ferroelectric materials). Where

the sample of (x = 0.2) c is equal to 2, therefore this

sample exhibits a totally diffuse transition of a sec-

ond-order ferroelectric (typical relaxor ferroelectric

material) [51, 55, 56, 58].

Figure 9a represents the relation between conduc-

tivity, and the inset is tand as a function of the abso-

lute temperature (T). The results of the dielectric loss

(tand) seem to be in agreement with the results of the

electrical conductivity (r) of all samples at the same

frequency, where the electrical conductivity is related

to the imaginary part of the dielectric constant [61].

r xð Þ ¼ eoxe
00 ¼ eoxe

0 tan d ð12Þ

Figure 9b represents the dielectric loss (tand) depen-
dence on the absolute temperature at different fre-

quencies for the parent sample. The domination of

interface effects and space charge polarization at

lower frequencies leads to a decrease in the value of

tand as observed [58], we can also notice a peak

around the transition at a temperature of about 423 K

like which obtained for the dielectric constant

(Fig. 8a).

Table 7 lists the electrical conductivity values at

room temperature (303 K) at 800 kHz. We noticed

that the electrical conductivity of the sample at

(x = 0.3) is about 10.4 times greater than that of the

parent one (x = 0.0), while it is almost equal to the

parent sample at (x = 0.2), and it is less than the

parent by a value of about 0.4 times at (x = 0.1).

Figure 9c illustrates the dependence of Ln r (r:
conductivity) with the reciprocal of the absolute

temperature (1000/T) at 400 kHz for the investigated

samples. The samples have a semiconducting like

behaviour where the conductivity increases by

increasing the temperature. The data obeys the well-

known Arrhenius relation [61]:

r ¼ roe
�E
kT ð13Þ

where E is the activation energy, k is the Boltzmann’s

constant, and T is the absolute temperature. The data

of Ln r (r: conductivity) with the reciprocal of

absolute temperature (1000/T) has different slopes as
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shown in Fig. 9c which indicates the presence of

different conduction mechanisms. The values of

activation energies were calculated and reported in

Table 7.

The thermal activation energy of the perovskite

materials depends on many parameters, such as the

grain (bulk), grain boundaries (the regions that sep-

arate one grain from another), and oxygen deficiency

[62]. The activation energies for the grain are less than

the grain boundary contributions. The values of

grain size are calculated and reported in Table 1.

The parent sample BaTiO3 has the greatest grain

size (355 nm) and possesses large activation energies

(EI = 0.84 eV, EII = 2.02 eV). The grain size values of

Zr-doped samples are less than those of the parent

BaTiO3, and grain size values of Zr-doped samples

are lower than those of the parent BaTiO3, implying

that the activation energies of Zr-doped samples are

lower than those of the parent.

Figure 9d shows the relation between Ln r on the

y-axis and Ln x on the x-axis at different tempera-

tures for the sample BaTiO3. The data obeys the

power law [63]:

rAC xð Þ ¼ Axs ð14Þ

where rAC is the ac conductivity, x ¼ 2pf is the

angular frequency, A is a temperature-dependent

constant and s is the frequency-dependent exponent.

The values of the exponent s can be calculated from

the slope of the straight line between Ln r and Ln x.
Figure 9e illustrates the dependence of s on absolute

temperature (T) for the investigated samples

BaTi1-xZrxO3; x = 0.0, 0.1, 0.2, and 0.3. The values of s

appear to be divided into two regions with changing

temperatures, one in which 1\s1\2 and the other

0\s2\1, where the dashed line in Fig. 9e separates

these two regions. This plot determines the type of

conduction mechanisms in the sample. The values of

s increased with absolute temperature in the first

temperature region, pointing to the small polaron

(SP) hopping conduction mechanism [28, 63, 64], and

for 1\s1\2 values it may be attributed to a well-

localized hopping and/or reorientation motion

[65, 66]. At high temperatures, correlated barrier

hopping (CBH) is the main conduction mechanism.

The Zr4? ion is chemically more stable than the Ti4?

host cation. Therefore, the small polaron hopping

mechanism is the main conduction mechanism in the

first temperature region. The Zr/Ti ratio is a very

important parameter for tailoring the ferroelectric–

paraelectric phase transition.

3.7 Comparison with reported literatures

Table 8 compares our results with those reported

earlier. We noticed that our samples are the largest in

the transition temperature when compared with the

results obtained by other authors [3, 67–71] in the

parent sample and samples with x = 0.1 and x = 0.2,

therefore it may be useful in high-temperature

applications.

When we compared our Ps, Pr, and Ec with others,

we find that our results are much lower than them for

the x = 0.0 and x = 0.1 samples [3, 67–70]. This is due

to the measurement at extremely low electric fields

compared to the reported ones. We observe also a

maximum dielectric constant at 200 kHz smaller than

that obtained by Gaikwad at 100 kHz for the parent

sample [67]. At x = 0.1 we obtained a maximum

dielectric constant at 200 kHz smaller than that

obtained by Gaikwad at 100 kHz [67], I. ZOUARI at

100 kHz [69] and Sahanoor Islam [72], but for x = 0.3

we obtained a maximum dielectric constant at x = 0.3

greater than that obtained by Md Sahanoor Islam

[72]. At room temperature (30 �C), our dielectric loss

is smaller than that obtained by I. ZOUARI at (25 �C)
for BaTi0.9Zr0.1O3 ceramic [69]. Overall, we have

prepared the samples in an easier and faster way

bFig. 9 a The relation between the dielectric loss (tand) and the

absolute temperature (T) at 200 kHz for the samples. b The

dielectric loss (tand) dependence on the absolute temperature at

different frequencies for the parent sample. c The dependence of

Ln r on the reciprocal of the absolute temperature of all samples.

d The relation between Ln r and Ln x for the sample BaTiO3 as a

function of the absolute temperature. e Dependence of the

exponent S on the absolute temperature (T) for the investigated

samples BaTi(1-x)Zr(x)O3; (x: 0.0, 0.1, 0.2, and 0.3)

Table 7 The activation energies EI and EII and the conductivity

(r) of the investigated samples at 400 kHz

EI (eV) EII (eV) r� 10�4 X-1 m-1

at 303 K

BaTiO3 0.84 2.02 2.65

BaTi0.9Zr0.1O3 0.47 1.94 1.45

BaTi0.8Zr0.2O3 0.64 1.08 3.01

BaTi0.7Zr0.3O3 0.36 0.78 56.04
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than other literature at lower annealing time and

temperatures which reduces the cost. Our samples

also exhibited a very low grain size and low crystal-

lite size.

When comparing our results with those reported

by Bappa Sona Kar, who prepared 0.56Bi1-xLaxFeO3-

0.44BaTiO3 (x = 0, 0.05, 0.10, 0.15, and 0.20) ceramics

by using a conventional high-temperature solid-state

reaction technique, calcined at 840 �C for 5 h under

an air atmosphere in a high-temperature furnace. The

reported nanoparticles have relaxor ferroelectric

properties with c of 1.81, 1.85, 1.64, and 1.93 for 5%,

10%, 15%, and 20% La-doped BFO-BTO, respectively.

In comparison to our results, the following values

were obtained for c: 0.96, 1.10, 2.03, and 0.91 for 0%,

10%, 20%, and 30% Zr-doped (BTZ). This directly

means that we have non-relaxor ferroelectric prop-

erties for all samples except at (x = 0.2). Our samples

exhibit smaller average grain sizes (from 130 to

355 nm) when compared with pure, 10% and 20% La-

doped BFO-BTO samples (from 200 to 600 nm). The

average crystallite size for BFO-BTO (� 33 nm) is not

much smaller than our pure BTO one (= 38 nm). We

also found that the transition temperatures (TC)

reported by Bappa Sona Kar are 583 K, 485 K, 471 K,

and 407 K for the investigated nanoparticles of 5%,

10%, 15%, and 20% La-doped BFO-BTO. Whereas in

our case, the transition temperatures (TC) are 423 K,

386.5 K, 363 K, and 308.5 K for 0%, 10%, 20%, and

30% Zr-doped (BTZ).

Table 8 Comparison between our work and the reported papers

Method of preparation L

(nm)

G S

(lm)

Ps (lC/
cm2)

Pr (lC/
cm2)

Ec (V/

cm)

Tc
(�C)

er at Tc er at room
temp

tand

0.0 Solid-state reaction method

1260 �C for 10 h [67]

– – 10.44 1.59 930 126 5993.2

Polymeric precursor route at 1300 �C
for 2 h [68]

– 31 121

Solid-state reaction 1200 �C for 6 h

[3]

11.5 5�45 3140 120

Polymeric precursor technique at

1300 �C for 2 h [70]

33 9.8 38,000 123

sol–gel combustion at 1300 �C for 6 h

[71]

1.45 151 123

Our work 38.0 0.36 0.215 0.057 0.508 150 720.5 at

200 kHz

572.8 at

200 kHz

0.02

0.1 Solid-state reaction method

1260 �C for 10 h [67]

– – 10.13 4.61 1550 100 2096.9

solid-state reaction at 1250 �C for

12 h [69]

– – 11.6 7900 88 7476 1832 0.08 at

25 �C
Polymeric precursor technique at

1300 �C for 2 h [70]

12 6.8 26,000 82

Sol–gel combustion at 1300 �C for

6 h [71]

94

Solid-state reaction at 1200 �C for 4 h

[72]

88.6 – 1444

Our work 23.1 0.13 0.214 0.096 1.767 113.5 304 237.4 0.03

0.2 Polymeric precursor route at 1300 �C
for 2 h [68]

- 0.7 37

sol–gel combustion at 1300 �C for 6 h

[71]

– – 40

Our work 19.3 0.15 0.092 0.019 1.259 90 435 375 0.04

0.3 Solid-state reaction at 1200 �C for 4 h

[72]

31.0 – 238

Our work 18.8 0.21 0.455 0.06 0.023 35.5 372.4 321.4 1.3
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Bappa Sona Kar prepared a typical relaxor ferro-

electric composite unlike our samples. Bappa Sona

Kar samples consist of polar nanoregions and are

characterized by a high saturation polarization, small

remanent polarization, and coercive field [73].

4 Conclusion

The samples BaTi1-xZrxO3 (x = 0.0, 0.1, 0.2, and 0.3)

were prepared in a single-phase tetragonal structure.

The lattice parameter of the samples increases with

increasing Zr content. As shown from FESEM ima-

ges, the average grain size of the samples is between

0.13 and 0.35 lm. The P–E hysteresis loops ensure

ferroelectric behaviour of the investigated samples

due to the crystal’s lack of a centre of symmetry. The

ferroelectric properties were enhanced by Zr doping

where Ec of the sample BaTi0.9Zr0.1O3 increased by 2

times compared with the parent sample. The sample

BaTi0.9Zr0.1O3 characterized by a flatting of dielectric

maximum which originates from the stress deter-

mined by grain size effects. We achieve c in the range

nearest to the value of 1 for the parent and doped

samples of (x = 0.1 and 0.3). These samples follow the

first-order ferroelectric phase transition (non-relax or

ferroelectric materials), whereas the sample of

(x = 0.2) c is equal to 2; therefore, this sample exhibits

a totally diffuse transition of a second-order ferro-

electric (typical relaxor ferroelectric material). This

may be the reason behind the different behaviour of

this sample compared to the other samples. The

samples have a semiconducting like behaviour where

the conductivity increases by increasing the temper-

ature. The conduction mechanisms in the samples are

small polaron (SP) hopping and correlated barrier

hopping (CBH). The authors concluded that the

samples can be used in many applications, such as

heavy metal removal. The samples exhibited a larger

transition temperature (TC) when compared with

others, therefore, it may be useful in high-tempera-

ture applications. Our samples also exhibited very

low grain sizes and low crystallite sizes.
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