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Abstract
The present work scrutinizes a few uses of barium titanate BaTi1–xZrxO3 (0.0 ≤ x ≤ 0.3) nanoparticles, which are an innova-
tive and highly promising material for a variety of applications, including optical applications; and waste water treatment. To 
estimate the quality of a synthesized powder relative to an already existing commercial powder, the samples were prepared 
using cheaper raw materials and simpler, faster procedures than those reported in other literature at lower annealing dura-
tions and temperatures. The prepared samples were characterized by field emission scanning electron microscopy (FESEM), 
and Raman spectroscopy, which confirmed the coarse nature of the samples and the system's tetragonality. Furthermore, 
UV–visible absorbance of all compositions was studied. It has been determined that optical transition is directly allowed 
after extensive research, and the optical band gap (Eg) values increase with increasing (Zr4+) ion concentration. The deriva-
tion of absorption spectrum fitting (DASF) technique was used to support the type of transition and calculate the value of 
the coefficient of electronic transition (n). Samples can perform overall water splitting and CO2 reduction processes. The 
Langmuir and Freundlich isotherms were used to comprehend the procedure of adsorption on the investigated samples. The 
BaTi0.8Zr0.2O3 has been used to successfully remove 99.9% of heavy metals (Cr6+) from wastewater. The obtained results 
provide new insights into the control of the structure, and optical behaviors in BaTi1–xZrxO3.

Keywords  BaTiO3 · Direct energy gap · Optical properties · Heavy metal removal · Adsorption process

1  Introduction

Barium titanate (BT) is a compound that has gained signifi-
cant attention in the field of materials science and engineer-
ing due to its unique properties and wide range of applica-
tions. (BT) exhibits ferroelectric behavior, meaning it can 
switch its polarization in response to an applied electric 
field. This property makes it highly useful in various elec-
tronic devices such as capacitors, transducers, sensors, and 
memory devices. Its high dielectric constant also makes it 
suitable for use in multilayer ceramic capacitors (MLCCs), 
which are essential components in modern electronics [1]. 
Furthermore, (BT) has piezoelectric properties, allowing it 

to convert mechanical stress into electrical energy and vice 
versa. This characteristic makes it valuable in applications 
like ultrasound transducers, actuators, acoustic devices [2, 
3], and energy storage applications [4].

Many researchers have sought to improve the optical 
properties of various nano-compounds. Nadim Ullah et al. 
[5] successfully synthesized pure cobalt and cobalt doped 
MnO2 nanorods using a simple hydrothermal method. 
The UV–visible absorption spectroscopy indicates a wide 
absorption band, centred at ~ 450 nm for pure and ~ 465 nm 
for cobalt-doped MnO2 nanorods. The band gap decreased 
from 2.36 to 1.96 eV as the dopant concentration increased. 
Murtaza Saleema et al. [6] successfully synthesized homo-
geneous CdTe1−xSex thin films (x = 0, 3.125%, 6.25%, and 
12.5%) using a chemically produced sol–gel spin coating 
approach. The experimental energy gap was lowered from 
1.84 eV for pure CdTe to 1.55 eV upon incorporating Se 
into the pristine structure. The addition of Se content into 
the lattice increases optical characteristics in the visible 
region. The findings of their work indicate that Se-con-
taining CdTe compositions are promising candidates for 
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better thermoelectric and optoelectronic applications. Talat 
Zeeshan et al. [7] investigated Al-doped ZrO2 composi-
tions using computational and experimental methods. They 
succeeded in reducing the energy band gap value for ZrO2 
from 2.76 to 1.80 eV at different Al content. Mohammed 
Tauseef Qureshi et al. [8] reported that the refractive index 
of Ag-doped Cu2O increases with photon energy, resulting 
in higher transmittance power. The band gaps decrease from 
2.33 to 1.99 eV with Ag doping, which was attributed to a 
significant improvement in optical conductivity.

Over the last few decades, the entire globe has been 
concerned about heavy metal poisoning in water. Different 
organic pollutants are biodegradable due to their high tox-
icity and non-degradability [9]. (Cr6+) is one of the most 
harmful heavy metal ions. Several approaches, including ion 
exchange [10], the process of reverse osmosis [11], filtration 
via membranes [12], the technique of chemical precipitation 
[13], photocatalysis process [14, 15], and the adsorption pro-
cess [16], have recently been employed for the treatment and 
re-use of polluted water contaminated by heavy metal ions. 
Adsorption is the most preferred approach among all previ-
ous procedures because of its economic cost, repeatability, 
and efficacy [17]. The heavy metal adsorption process is 
associated with both adsorbent and adsorbate. Heavy metal 
absorption in adsorbents is influenced by its concentration in 
the solution, contact time, and pH. Furthermore, the adsorb-
ate is helpful in removing heavy metals.

Water treatment applications have attracted the attention 
of many researchers. The removal of heavy chromium ions 
from waste water has a large share in this study. Tshireletso 
M. Madumo et al. succeeded in preparing metal–organic 
framework-5/nitrogen-doped graphene (MOF-5/(x)NGO) 
nanocomposites bearing (Cr6+) adsorption properties. The 
ideal conditions for maximal (Cr6+) adsorption were deter-
mined to be pH = 2, contact time of 60 min, and adsorbent 
dose of 6 mg.L–1, starting (Cr6+) content of 0.5 mg.L–1, 
and temperature of 30 °C. The composite MOF-5/(0.05 
wt%) NGO attained a maximum adsorption efficiency of 
46.1% [18]. Jing-Yi Liang et al. used passion fruit peel and 
FeCl3 solution to synthesize a novel fruit peel-based bio-
char composite (FPBC) that was effectively employed as a 
sorbent to remove (Cr6+) from water. The findings of the 
trials revealed that FPBC had good removal performance 
on (Cr6+), with simultaneous removal efficiencies of 97% 
within 3 h [19].

The purpose of the current investigation is to evaluate 
the optical and morphological properties of BaTi1-xZrxO3. 
In addition, the authors also evaluated the ability of pre-
pared nanoparticles (NPs) to remove heavy metal (Cr6+) 
from water.

2 � Experimental techniques

2.1 � Method of preparation of BaTiO3 and Zr‑doped 
BaTiO3 nanoparticles (NPs)

BaTi1–xZrxO3 NPs were prepared using the modified cit-
rate procedure. The precursors used were Barium Nitrate 
[Ba(NO3)2, 99.9%] (Sigma-Aldrich), tetrabutyl titanate 
[Ti(OC4H9)]4, 97%, Zirconium Oxychloride [ZrOCl2, 
99.9%] (Sigma–Aldrich), and citric acid. In separate beakers, 
1-mol of Ba(NO3)2 and 2-mol of citric acid were dissolved 
in enough deionized water to form complete solutions, and 
(x)-mol of ZrOCl2 solution was added to a (1–x)-mol of 
tetrabutyl titanite suspension and thoroughly mixed with 
the citric acid solutions on the magnetic stirrer at 70 °C for 
60 min. The Ba(NO3)2 solution was added, and the pH was 
adjusted to 8. The mixture was heated to 120 °C and stirred 
continuously until all of the volatile components and water 
had evaporated. After that, the mixture seemed somewhat 
thick and sticky, and it was allowed to burn entirely on the 
hot plate to produce a black, fine powder. Finally, the black 
powder was annealed at 1100 °C at a rate of 5 °C/min for 
120 min [20].

2.2 � Characterization techniques

The surface morphology of the samples was scanned using 
a field emission scanning electron microscope (FESEM) 
Model Quanta 250 FEG (Field Emission Gun). The 3D 
micrographs of the prepared BaTi1–xZrxO3 NPs were pro-
cessed using Gwyddion software (2.62). The roughness 
characteristics were investigated using ImageJ software 
to analyze topographical scans of the sample's surface. 
Room-temperature Raman analysis (RA) of BaTi1–xZrxO3 
(at x = 0.0 and x = 0.2) was studied using LabRAM HR-
Evolution Raman Microscopy.

A UV–visible-NIR Spectrophotometer (JASCO Corp., 
V-570) was used to evaluate the optical absorption and trans-
mission spectra of the samples before and after irradiation 
by laser in the spectral region 190–2500 nm.

2.3 � Heavy metal removal

The optimum pH value was identified for the ion removal 
efficiency using Zr-doped BaTiO3 NPs. The studies took 
place in a sequence of 10-ml flasks with 20 mg/L contents 
of powdered NPs in a 50 ppm chromium (Cr6+) ion solu-
tion. Ammonia solution (NH4OH) and diluted nitric acid 
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were used to regulate metal ion solutions at pH levels rang-
ing from 4 to 8. The examined solutions were thoroughly 
dispersed using an electric shaker (Orbital Shaker SO1) at 
200 rpm for 1 h. Following that, the supernatant solutions 
were collected and filtered using a 0.2-μm syringe filter. 
The HM content within the filtrate was determined by 
inductively coupled plasma (ICP) spectrometry (Prodigy7) 
at 25 °C. The following equations were used to compute 
the nano-material removal efficiency ( � ) [13, 21] and the 
capability at equilibrium adsorption ( qe ) [22]:

where Ci and Ce are the starting and ending contents (mg/L) 
of the Cr6+ ion in solution, respectively, m is the adsorbent 
mass, V is the volume of Cr6+ solution, and qe is the amount of 
metal ion adsorbed per specific amount of adsorbent (mg/g).

(1)� =
Ci − Ce

Ci

× 100

(2)qe =
(Ci − Ce)V

m

3 � Results and discussion

3.1 � XRD analysis

The XRD patterns of the samples with the formula 
BaTi1-xZrxO3 are displayed in Fig. 1 (0 ≤ x ≤ 0.3). The 
investigated samples crystallized with one molecule in 
each unit cell in a single phase with the tetragonal space 
group P4mm. As mentioned in the prior work [20], the 
Uniform Stress Deformation Model (USDM) is a simple 
method for estimating any deformation in the lattice struc-
ture and measuring the size of crystal structures. Table 1 
displays the calculated crystallite size (D).

3.2 � Surface topography

FESEM was used to study the morphology of BaTi(1–x)ZrxO3 
(x = 0.0, 0.2), as shown in Fig. 2a. According to the images, 
the NPs appear to be tetragonal in shape, contain aggregates 
of grains, and have intragranular porosity, as mentioned in 
earlier research [20]. The FESEM micrographs were exam-
ined using Gwyddion 2.50 software. This process was uti-
lized to examine the surface roughness (RFs) of the studied 
samples as illustrated in Fig. 2b, c where the addition of Zr 
at the expense of Ti reduced the RFs of the surface from 
9.5 to 6.2 nm. This reduction is caused by NPs agglomera-
tion and the high viscosity of the casting solutions [23]. The 
average roughness ( Ra ) was used to investigate the surface 
roughness, which implies the arithmetic average of depar-
tures from the mean line in profile height. It is provided by 
the following equation [24]:

Table 1   Roughness parameters: the average roughness (Ra ) root mean 
square roughness (Rq ), the maximum height of roughness (Rt ) and the 
crystallite size of BaTi(1-x)Zr(x)O3; (0.0 ≤ x ≤ 0.3) NPs 

Composition Ra

(nm)
Rq

(nm)
Rt

(nm)
USDM
(nm)

x = 0.0 21.68 50.10 255.80 25
x = 0.1 15.63 40.92 255.36 29
x = 0.2 19.54 46.59 256.54 25
x = 0.3 19.92 47.75 256.23 28

Fig. 1    a XRD pattern and b crystal structure of BaTi(1–x)Zr(x)O3 (0.0 ≤ x ≤ 0.3) [20]
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where l is length of the sample and Z(x) is the roughness 
profile coordinates. Whereas the root mean square roughness 
( Rq ) is calculated by using Eq. (4) [24]:

Moreover, the maximum roughness height (Rt), which is 
defined as the roughness profile’s entire height, within the 
assessment length, ( Zp ) of the highest profile peak and the 
depth of the lowest profile valley ( Zv ) and given by Eq. (5)

(3)Ra =
1

l ∫
l

0

|Z(x)|dx

(4)Rq =

√
1

l ∫
l

0

|Z(x)|dx

These criteria are necessary for acquiring specific data, 
such as a scratch or an uncommon break in the material.

The collected data is finally tabulated in Table 1, and the 
prepared samples are perfect for the needed applications, 
such as photo-catalysis and heavy metal removal, because 
of their large surface area, high porosity, and appropriate 
roughness [23, 25].

3.3 � Raman spectra (RS)

RS spectroscopy is a highly sensitive method used to exam-
ine the local structure of the atoms. The tetragonal BaTiO3 

(5)Rt = Zp + Zv

Fig. 2   a The FESEM of BaTiO3 and BaTi0.8Zr0.2O3 NPs. b The roughness images of BaTi1–xZrxO3 NPs. c Texture and roughness analysis of 
BaTi1–xZrxO3 NPs obtained from the FESEM images
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with a P4 mm space group exhibits active vibration modes 
only, and each unit cell has five atoms and fifteen degrees 
of freedom. These are divided into the acoustical and opti-
cal branches represented by 1F1u, and 3F1u + 1F2u symmetry 
modes, respectively.

The F1u modes divide into modes of symmetry A1 + E , 
and the F2u mode divides into modes of symmetry B1 + E . 
The A1 phonon modes are (IR) active for the exceptional ray 
(c- or Z-axis polarization), whereas the E modes are (IR) 
active for the ordinary ray (a- or X(y)-axis polarization). In 
the tetragonal phases of BaTiO3, the B1 symmetry mode is 
(IR) inactive.

Additionally, long-range electrostatic forces also divide 
the A1 and E modes into transverse and longitudinal optical 
(TO and LO) modes [26].

Figure 3 illustrates the RS of the investigated samples 
BaTi1–xZrxO3; (x = 0.0, and 0.2) in the frequency range of 
100–1000 cm–1. Table 2 provides a concise list of the iden-
tified Raman band locations and assignments for the two 
concentrations (x = 0.0 and 0.2).

The peaks at 172, 263, and 518 cm–1 for x = 0.0 and 184, 
281, and 523 cm–1 for x = 0.2 in Fig. 3 are allocated to the 
fundamental TO mode of the A1 symmetry, while the peak 
at 307 cm–1 indicates asymmetry in the TiO6 octahedra of 
BaTiO3. The weak peaks of about 715, and 711 cm−1 for 
x = 0.0 and x = 0.2 respectively are linked to the greatest 
frequency LO mode with A1 symmetry.

The prepared samples show peaks at approximately 307 
and 715 cm–1, confirming the system’s tetragonality [26, 
27]. The emergence of the tetragonal phase in both samples 
is further indicated by the sharp peaks at 172, 263, and 518 
cm–1 for x = 0.0 and the peaks at 184, 281, and 523 cm–1 for 
x = 0.2 [27].

When Zr4+ is added to the BaTiO3 structure, the basic 
TO mode of the A1 symmetry peak shifts to a higher 

wavenumber � . This is due to a strong correlation between 
bond length (BL) and the Raman shift to higher � . [28]. To 
confirm the previous hypothesis, the authors have to deter-
mine the (BL) between the Ti4+ ions and the O2– ions at 
each of the two concentrations (0.0 and 0.2). The results of 
FTIR spectroscopy from the previous publication [20] were 
utilized to compute the bond length of the samples.

The vibrational frequency of the Ti–O bond is determined 
by the following equations [29, 30]:

where � is wave number, c is the speed of light, k and � are 
the average force constant and effective mass of the Ti–O 
bond respectively. The  � is given by the [29]:

where mTi , mZr , and mO are the atomic masses of Ti, Zr, and 
O, respectively. The (k) is linked to the average Ti–O bond 
length ( r ) by the following relationship [30]:

The ( � ), ( k ), and Ti–O ( r ), are given in Table 3.
From the table, one can notice that, the increase in the ( � ) 

after doping is caused by the higher Zr atomic mass (91.224 
u), compared to that of Ti (47.867 u). Moreover, the replace-
ment of the Ti4+ cation by a smaller Zr4+ cation results in a 
movement of oxygen atoms closer to the metal cation, and a 
decrease in the length of the Ti–O bond along the ab plane. 
The decrease of the Ti–O BL leads to a higher bond stretching 

(6)� =
1

2�c

√
k

�

(7)� =
((1 − x)mTi + (x)mZr)mO

((1 − x)mTi + (x)mZr)+mO

(8)r =
3

√
17

k
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Fig. 3   The Raman spectra for the BaTi(1–x)Zr(x)O3

Table 2   The Raman band positions and corresponding band assign-
ments of BaTi1-xZrxO, (x = 0.0 and 0.2)

Composition A1(TO1) A1(TO2) B1 A1(TO3) A1(LO3)

cm–1 cm–1 cm–1 cm–1 cm–1

x = 0.0 172 263 307 518 715
x = 0.2 184 281 307 523 711

Table 3   The vibrational wave number of the (Ti–O) from FTIR spec-
tra ( � ), effective mass (µ), force constant (k), and the bond length 
( rTi−O ) for BaTi1–xZrxO ceramics with x = 0.0, and 0.2

Composition �[20] µ k rTi−O

cm−1 × 10–26 kg N/cm Å

x = 0.0 557 1.9905 2.1913 1.9796
x = 0.2 573 2.0701 2.4117 1.9174
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frequency, which is a general view of Badger’s rule [29]. Con-
sequently, the average force constant increases with Zr4+ dop-
ing. The impact of the increase in (k) and ( � ) leads to the 
detected Raman shifting of the fundamental T-O mode of the 
A1 symmetry peak towards the higher frequency after doping, 
as shown in the Figure.

3.4 � The optical measurements

3.4.1 � UV–visible absorption spectra

Figure 4:a depicts the spectrum of UV–Vis absorption of the 
samples versus the incident photons' wavelength (λ). The max-
imum absorption of BaTi1–xZrxO3 (0 ≤ x ≤ 0.3 ) is obtained at 
λ equals 342, 330, 360, and 324 nm, respectively.

The maximum absorption is attained for BaTi0.8Zr0.2O3, 
and the absorbance appears to slightly increase as the Zr con-
tent increases. The interaction of the samples with the incident 
photons starts to take place at the critical wavelengths �0 (listed 
in Table 4). The inset of Fig. 4a demonstrates how to obtain it 
for BaTi0.7Zr0.3O3.

The photon energy corresponding to the �0 is calculated 
from Eq. 9.

(9)E0(eV) =
1239.83(eV × nm)

�0(nm)

Thus, photons with energies lower than E0 and ones 
greater than �0 cannot be absorbed by the samples. This issue 
gives us an idea about the transition nature of the samples. 
According to �0 and E0 values, the sample BaTi0.8Zr0.2O3 is 
the most responsive to incident photons with long λ and low 
energies as shown in the Table.

3.4.2 � The Kubelka–Munk (K‑M) technique

The Kubelka–Munk (K-M) technique is utilized to obtain the 
optical energy gap (Eg) of materials, and can be represented 
by the following equation [31]:

where F(R) is the K-M function, which is proportional to 
the absorption coefficient (α), and R is the reflectance. A 
modified K-M function is expressed as (F(R) ∗ h�)

1

n . The Eg 
and the transition type can be identified by the well-known 
Tauc's equation [31, 32]:

where υ is the light frequency, h is the Planck’s constant, 
B is the absorption constant, and (n) is the coefficient of an 
electronic transition.

(10)F(R) =
(1 − R)2

2R

(11)� (h�) = B (h� − Eg)
n

Fig. 4   a UV–vis absorption spectra versus the wavelength of the incident photons, and b, c Tauc plots for estimating direct and indirect optical 
band gap for of BaTi(1–x)Zr(x)O3; (0.0 ≤ x ≤ 0.3)

Table 4   The critical wavelength 
( λ0 ), the minimum photoenergy 
(Eo), the direct optical energy 
gap (Eg), of the samples 
BaTi1–xZrxO3 (0.0 ≤ x ≤ 0.3)

Composition (K-M) Method DASF Method

�0
(nm)

E0

(eV)
Direct Eg
(eV)

Indirect Eg
(eV)

n EgDASF
(eV)

x = 0.0 397 3.12 3.25 3.074 0.41 3.26
x = 0.1 386 3.21 3.37 3.131 0.45 3.38
x = 0.2 414 2.99 3.43 3.166 0.30 3.12
x = 0.3 380 3.24 3.40 3.133 0.33 3.41
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Tauc plots for BaTi1–xZrxO3; ( 0 ≤ x ≤ 0.3 ) are shown in 
Fig. 4b, c. The Eg of the investigated samples is obtained 
from the extrapolation of (F(R) ∗ h�)

1

n to hν = 0, for n equal 
to 1

2
 , and 2 to obtain the direct and indirect band gaps. Fig-

ure 4b depicts an allowable direct transition with an Eg of 
approximately 3.25 eV for the virgin sample which is in line 
with values previously reported [33, 34].

It is clear that the values of Eg increase with increasing 
Zr4+ content. The reason for this trend may be due to some 
issues, among which is the contribution of the 3d orbitals 
of Zr ions [35]. It may also be ascribed to an increase in 
inter-atomic spacing that accompanied the increase in lattice 
volume [36]. Furthermore, by increasing the Zr4+ concen-
tration in the BaTiO3, the oxygen vacancies (OVs) increase 
and create more electrons that dwell in the minimal states 
near the conduction band's edge. A broadening in the band 
gap ΔEg happens as a consequence of an increase in the free 
charge carriers generated from OVs. This is referred to as 
the Burstein-Moss effect, and Eq. (12) back it up [36, 37]:

where ΔEg is the shift of the doped BaTi1–xZrxO3 
(0 ≤ x ≤ 0.3) relative to the pure BaTiO3, m∗

vc
 , ℏ , and n are 

the reduced effective mass, the Planck’s constant, and the 
charge carriers' concentration respectively [37].

3.4.3 � The derivation of absorption spectrum fitting (DASF) 
technique

In the literature, it is difficult to categorize the electronic 
transition of BaTiO3 as direct [33, 36, 38, 39], indirect [36], 
or both [34, 40, 41].

As seen in Fig. 4b and c, the linear fitting successfully 
matches the data for both curves in the examined samples. 
However, this matching cannot be relied upon solely. It is 
important to compare the direct and indirect Eg with Eo val-
ues in Table 4. It is possible to rule out the calculated Eg 
value that is less than Eo because it is out of the range of the 
absorbed energies [42].

The samples BaTi1–xZrxO3; (0.0 ≤ x ≤ 0.3) are expected to 
have a direct band gap energy rather than the indirect, except 
the sample BaTi0.8Zr0.2O3 may have both types of transi-
tion. Therefore, the authors resorted to the DASF to support 
the previous conclusion and to calculate the value of n (in 
Eq. (13)) which identifies the type of transition. To obtain 
the Eg via the DASF technique, Eq. (11) can be expressed in 
terms of photons' wavelengths � as follows [43]:

(12)ΔEg =

(
ℏ2

2m∗
vc

)(
3𝜋2n

) 2

3

(13)�(�) = B ∗ (hc)n−1 ∗ �

(
1

�
−

1

�g

)n

where �(�) is the absorption coefficient equals ( 2.303
Z

)A 
where, A is the sample’s absorbance and Z is the sample’s 
thickness provided by Beer–Lambert’s law. The �g , h, and c 
are wavelengths associated with the optical gap obtained by 
the DASF method (EDASF

g
) , Planck’s constant, and the speed 

of light, respectively.
Thus, the Eq. (13) can be rearranged as follows [43]:

where D is a constant = B∗(hc)n−1∗Z

2.303
Applying the natural logarithm (Ln) for both sides to esti-

mate n and �g values [43].

To estimate n values, first �g must be determined by taking 
the first derivative of Eq. (15) with respect to 1

�
 and then plot-

ting the 
d{Ln

[
A(�)

�

]
}

d(
1

�
)

 versus 1
�
 . The value of �g can be identified as 

demonstrated in Fig. 5a–d for all samples.
The first derivative of Eq. (15) can be expressed as follows 

[43]:

The �g value can then be substituted for each sample in 
Eq. (15) separately and plotted as the relation between Ln

[
A(�)

�

]
 

and Ln( 1
�
−

1

�g
) as shown in Fig. 5e.

The slope of the fitted linear part equals n, which is listed 
in Table 4. It is approximately equal to 0.5 for all samples, 
indicating a direct transition [43].

Furthermore, the energy gaps (EDASF

g
=

1239.83

�g
) correspond-

ing to every �g are calculated and listed in the Table The cal-
culated EDASF

g
 most nearly matches with the calculated Eg 

obtained from the K-M method except for the doped sample 
with x = 0.2.

3.4.4 � The optical applications

Thermodynamically, in order to use a semiconductor in a par-
ticular application, the reduction–oxidation potentials of the 
reaction must lie between the valence potential and the con-
duction potential of the semiconductor.

First, the valence band (VB) and conduction band (CB) 
are recognized with regard to the normal hydrogen electrode 
(NHE) scale at pH = 0. The Mulliken electronegativity rules 
are considered and follow the following equations [44, 45]:

(14)
A(�)

�
= D

(
1

�
−

1

�g

)n

(15)Ln

[
A(�)

�

]
= Ln(D) + nLn

(
1

�
−

1

�g

)

(16)
d{Ln

[
A(�)

�

]
}

d(
1

�
)

=
n(

1

�
−

1

�g

)
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where ECB and EVB are the CB, and VB potentials, respec-
tively. The Ee is the free electron energy on the hydrogen 
scale ( 4.44 ∓ 0.02eV ≅ 4.45eV ) [45], and � represents the 
Mulliken’s electronegativity (the bulk electronegativity), 
which equals [39]:

� = (�K
a
.�L

b
.�M

c
.…)

1

N , a, b, and c represent each atom in 
the compound. The K, L, and M represent the number of each 
atom in the compound, and N is the total number of atoms in 
the compound (= K + L + M + …).

�atom for each atom determine by the following expression 
[47]:

(17)ECB = � − Ee −
1

2
Eg

(18)EVB = ECB + Eg

where Af  is the atomic electron affinity (the absolute value 
is considered in eV), and I1 is the first ionization potential 
in eV,  Af  and I1 are constants for each atom and their values 
are tabulated in Table 5 (kJ/mol).

For our calculations for the examined samples 
of the formula BaTi1−xZrxO3; ( 0 ≤ x ≤ 0.3 ), we set 
[ � = (�1

Ba
.�1−x

Ti
.�x

Zr
.�3

O
)
1

5 ]. For the reader's convenience, 
some calculations are provided below in detail, and the Table 
contains a list of the other results.

�Ba =
1

2

(
|−14| 1eV

96.48
kJ

mol

+ 502.9
1eV

96.48
kJ

mol

)
= 2.68eV   , 

(1eV = 96.48kJ/mol), and similarly for Ti, Zr, and O atoms.

(19)�atom =
1

2
(Af + I1)

Fig. 5   a–d DASF Plot of d{ln(A/λ)}/d(1/λ) versus (1/λ), e DASF plot of Ln (A/λ) versus Ln(λ–1–λg
–1) for BaTi(1–x)Zr(x)O3; (0.0 ≤ x ≤ 0.3)

Table 5   Calculations and results 
of positions of the valance band 
(VB) and the conduction band 
(CB) edges

Calculations Results

Af

(kJ/mol)
I1
(kJ/mol)

χatom(eV) Composition χx
(eV)

CB
(eV)

VB
(eV)

Ba  − 14 502.9 2.68 x = 0.0 5.246  − 0.829 2.421
Ti  − 8 658.8 3.46 x = 0.1 5.249  − 0.886 2.484
Zr  − 41 640.1 3.53 x = 0.2 5.251 K-M DASF K-M DASF

 − 0.914  − 0.759 2.516 2.361
O  − 141 1313.9 7.54 x = 0.3 5.253  − 0.897 2.503
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B y  s u b s t i t u t i n g  i n t o  t h e  E q .   ( 1 7 ) : 
ECB(x=0.1) = 5.25 − 4.45 −

1

2
× 3.37 = −0.89eV

B y  s u b s t i t u t i n g  i n t o  t h e  E q .   ( 1 8 ) : 
EVB(x=0.1) = −0.89 + 3.37 = 2.48eV  , and similarly for x = 0, 
0.2 and 0.3 compounds.

The authors found that all samples are capable of per-
forming overall water splitting and CO2 reduction processes 
as shown in Fig. 6. For water splitting, the the VB potential 
is more positive than the redox potential of H2O/O2 (1.23 
eV), and the CB potential is more negative than the reduc-
tion of hydrogen proton potential H+/H2 (0). All samples 
have a conduction potential for CO2 reduction that is more 
negative than all CO2 byproducts, such as HCOOH, HCHO, 
and CH4 [35, 46].

3.5 � Heavy metal removal (HMR)

3.5.1 � Effect of pH and Zr4+ ion concentrations on HMR

The uptake behavior of (Cr6+) ions by Zr-doped BaTiO3 
NPs is examined at different pHs. Figure 7 demonstrates 
the adsorption behavior at various pH levels at room tem-
perature (25° C).

The removal efficiency (η) of the examined samples is 
calculated using Eqs. (1, 2), as mentioned in the experimen-
tal section. Table 6 presents the η values for all samples at 
different pHs. It is clear that, in contrast to higher concentra-
tions, the η of Cr6+ at various pHs and the low concentra-
tions of Zr4+ do not exhibit great values. However, at low 

�x=0.1 = (�1

Ba
.�1−x

Ti
.�x

Zr
.�3

O
)
1

5

= (2.681 × 3.46
0.9 × 3.53

0.1 × 7.54
3)

1

5

= 5.25eV

pH (pH = 4), the higher ion concentrations of Zr4+ doped 
samples show lower values of η.

This can be attributed to the rivalry between H+ and 
Cr6+ over the accessible active sites of the adsorbent [16, 
48]. The decrease in H+, is related to the increase in pH 
up to 7, resulting in more active sites accessible for Cr6+ 
adsorption [49]. On the other hand, at a basic medium 
[pH > 7], OH- ions increase, Cr6+ and Cr(OH)6 are more 
readily adsorbed, and can be attached to the free binding 
sites [50]. As a result, the removal of Cr6+ ions is related 
to both adsorption and precipitation. Finally, it can be seen 
that BaTi0.8Zr0.2O3 has a higher η than other doped sam-
ples. This outcome is elucidated by the higher surface area 
and the smaller crystallite size.

The effect of pH is one of the most important factors 
that affects the process of HMR. Many researchers are 
interested in studying the effect of pH to determine the 
optimum value [51]. Seham Nagib et al. [52] used CALIX 
to investigate the influence of pH on vanadium extraction 
from different synthetic solutions. A series of studies were 
carried out at various hydrochloric acid concentrations 
ranging from 2 to 7.5 M. The results show that the vana-
dium extraction percentage increased as the pH increased 
up to 6–6.5 M before decreasing. This shows that the opti-
mal acidity is 6 M.

Fig. 6   The calculated band positions of CB and VB for 
BaTi(1–x)Zr(x)O3; (0 ≤ x ≤ 0.3); the CB and VB for x = 0.2 are deter-
mined from Eg using {(K-M) and (DASF)} methods

Fig. 7   Removal efficiency (%) of BaTi(1–x)Zr(x)O3; (0 ≤ x ≤ 0.3) NPs at 
different pH values

Table 6   The HMR efficiency (%) of BaTi1–xZrxO3 (0.0 ≤ x ≤ o.3) at 
different

x pH 4 pH 5 pH 6 pH 7 pH 8

x = 0.0 14.0 1.10 0.90 18.4 0.40
x = 0.1 11.9 29.3 23.2 27.7 5.50
x = 0.2 4.60 97.5 98.8 99.9 93.1
x = 0.3 14.3 99.1 45.1 99.7 99.6
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Magd M. Badr et al. investigated the influence of pH 
levels ranging from 2 to 7 on the adsorption of Ce(III) 
ions onto EPR1, EPR2, and EPR3 materials. The authors 
reported that the adsorption equilibrium was established 
at pH 4 [22].

3.5.2 � Adsorption Isotherms study

Several models have been used to study the adsorption of 
HMR, including the Langmuir model, the Freundlich model, 
the Temkin model, and more [53]. Both the Langmuir and 
Freundlich models can be used to determine the adsorption 
capacity and affinity of the adsorbent material for the HM. 
However, the Freundlich model assumes multilayer adsorp-
tion and is more appropriate for heterogeneous adsorbent 
surfaces, whereas the Langmuir model assumes monolayer 
adsorption and is better suited for homogeneous adsorbent 
surfaces. Comparing the effectiveness of the Langmuir 
and Freundlich models can help to better understand the 
nature of the adsorption process and improve the design of 
the water treatment system [49]. In the case study, these 
approaches are used to investigate HM adsorption on Zr-
doped BaTiO3 NPs at various Cr6+ ion concentrations.

3.5.2.1   The Langmuir and  Freundlich adsorption iso‑
therms  The Langmuir and Freundlich isotherms models 
are used to clarify the adsorption process. Their models are 
expressed by Eqs. (20) and (21) respectively [54, 55]:

where qm (mg/g) is the maximum amount of HM that can 
be adsorbed per unit mass of adsorbent at equilibrium. kl 
(L/mg) is the Langmuir adsorption coefficient, which is an 
indicator of the interaction's strength between the adsorbate 
and the adsorbent surface. On the other side, the Kf and n 
are physical constants signifying the adsorption capacity and 
intensity of adsorption, respectively.

Figure 8a and b displays the Langmuir and Freundlich 
isotherm models. As shown in the figures, using the slope 
of the straight line and the intercept with the Y-axis, the 
qm , kl , and n , kf  can be calculated from the Langmuir and 
Freundlich models respectively.

(20)
Ce

qe
=

1

klqm
+

Ce

qm

(21)ln qe = ln kf +
1

n
lnCe

Fig. 8   a, b Linear fit of experimental data on the adsorption of Cr6+ onto BaTi(1–x)Zr(x)O3; (0.0 ≤ x ≤ 0.3) using the Langmuir and Freundlich 
adsorption isotherm models

Table 7   The coefficients related 
to the adsorption capacity 
and strength constants of the 
adsorption isotherm models

Composition 
(x)

Langmuir isotherm Freundlich isotherm

qm
(mg/g)

kl
(L/mg)

R2 n kf
(L/mg)

R2

0.0 2.67 × 10–4 0.080 0.963 6.8 × 10–3 – 0.988
0.1 0.699 0.090 0.998 0.350 – 0.999
0.2 9.620 74.290 0.999 61.60 9.97 0.739
0.3 6.250 0.026 1 177.0 6.05 0.994
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Table 7 represents the coefficients regarding the adsorp-
tion capacity and strength constants of the adsorption iso-
therm models. From the table, it is clear that the doped sam-
ple for x = 0.2 has higher values of both qm and kl compared 
to the other samples.

However, the higher kf  value indicates a higher capacity 
for HMR, while a higher n value indicates stronger binding 
between the HM ions and the adsorbent material surface. 
The adsorption process is un favorable if n < 1 , it is favora-
ble if ( n > 1 ), and it is irreversible if n = 1 [21, 53, 56].

In the present case, the value of n for x = 0.0 and x = 0.1 
is < 1, which indicates unfavorable adsorption on their sur-
faces. The obtained data is fully consistent with the low η of 
both samples compared to the other samples.

Finally, by looking at the values of the correlation coef-
ficient ( R2 ) in the table, one can conclude, that the Langmuir 
model is preferred for x = 0.2 and x = 0.3. Therefore, adsorp-
tion of (Cr6+) on both surfaces followed monolayer adsorp-
tion [56]. While the Freundlich model can be proposed to 
describe the nature of adsorption at concentrations of x = 0.0 
and x = 0.1.

Additionally, according to the Langmiur model the sam-
ple at x = 0.2 has higher values of both qm and kl compared 
to the sample at x = 0.3, indicating that it is the most efficient 
sample.

The η of HMR is influenced by many parameters, includ-
ing size, surface roughness, and porosity. The smaller the 
sizes, the more efficient the removal of HMs. This is because 
smaller sizes have a higher surface area, which increases the 
rate of diffusion as well as the number of active sites that 
are available for adsorption. Additionally, the smaller sizes 
have a higher affinity for HMs, allowing them to bind more 
strongly and be more effectively removed [57].

Furthermore, the rougher surface can increase the 
removal efficiency of HMs by increasing the surface area 
available for adsorption and improving the contact between 
the surface and the HMs [58]. Samples at x = 0.2 and x = 0.3 
have relatively low values of the crystallite size (L) and are 
evidently rougher compared to other concentrations as 
detected in Table 1 and Fig. 2.

Table  8 compares the HM ion’s adsorption capacity 
between BaTi1–xZrxO3 (0.0 ≤ x ≤ 0.3) and other adsorbents 
from the literature.

The BaTi0.8Zr0.2O3 sample has been used to successfully 
remove 99.9% of HMs (Cr6+) from wastewater. BaTiO4 
materials have been developed by several authors for the 
HMR as shown in the table. The table shows that the inves-
tigated samples’ η is higher than that of the majority of other 
adsorbents, making BaTi0.8Zr0.2O3 NPs a useful adsorbent 
for the removal of Cr6+ metal ions.

4 � Conclusion

The perovskite samples BaTi1–xZrxO3 (0 ≤ x ≤ 0.3) were syn-
thesized in a single phase using a modified citrate method. 
FESEM images illustrate that the NPs have a tetragonal 
shape with aggregation of grains, intragranular porosity, and 
roughness, which increase the surface area. The optical tran-
sition has been examined in several ways and the maximum 
absorption was observed for the sample BaTi0.8Zr0.2O3. The 
perovskite samples BaTi1–xZrxO3 (0 ≤ x ≤ 0.3) have a direct 
allowed transition, and the band gap (Eg) values improve 
as Zr4+ ion doping increases. The investigated samples can 
perform overall water splitting and CO2 reduction processes.

Additionally, the BaTi0.8Zr0.2O3 sample achieves excel-
lent results for heavy metal (Cr6 +) removal from wastewater 
overall, and it also demonstrates far superior performance 
compared to previous investigations. The removal efficiency 
reaches 99.9% at pH 7 after 1 h.
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Table 8   Comparison of maximal Cr6+ ion adsorption capacity by var-
ious adsorbents

Adsorbent Removal effi-
ciency (%)

Refs

Doped magnetite@SiO2 95 [13]
BiFeO3-Ni0.1Fe2.9O4 nanocomposite 75 [16]
Ni ferrite/titanium oxide nanocomposite 97.2 [59]
SiO2/Ce2O3 55 [60]
NdFeO3 88 [61]
LaFeO3 84 [61]
SmFeO3 53 [61]
BaTiO3@SBA -15 98.8 [62]
Bulk BaTiO3 77.1 [62]
BaTi0.8Zr0.2O3 99.9 The pre-

sent 
work
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