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Abstract
This research aims to develop the energy storage and photocatalytic functions of perovskite BaTiO3 material by improving
its permittivity and the visible light absorption properties. Both goals were realized by using a mixture of three dopants
including Sb, Cu, and Zn elements. By using the solid-state method, pure and Sb/Cu/Zn tri-doped BaTiO3 samples were
successfully synthesized. The tetragonal phase of perovskite BaTiO3 was confirmed by X-ray diffraction analysis. The
crystallite and grain sizes of BaTiO3 powder were reduced due to the addition of Sb/Cu/Zn dopants. The oxidation states of
the elements were identified by X-ray photoelectron spectroscopy (XPS) as Ba (+2), Ti (+4), Sb (+5), Cu (+2) and Zn
(+2). Owing to the incorporation of Sb/Cu/Zn ions, the stability and values of the dielectric constant of BaTiO3 were
enhanced with varying the frequency and significantly increased from 2518 to 10,027 at 50 Hz. The optical characteristics of
Sb/Cu/Zn tri-doped BaTiO3 powder displayed a wide visible light absorption properties with measured band gap energy of
2.79 eV. The photocatalytic studies proved the rapid decolorization and mineralization of crystal violet, diclofenac sodium,
and Congo red contaminants by Sb/Cu/Zn tri-doped BaTiO3 catalyst under sunlight spectrum. The trapping tests specified
that the hydroxyl radicals (·OH) are the key energetic species in the photodegradation reactions. The reuse tests established
the high stability of Sb/Cu/Zn tri-doped BaTiO3 catalyst for wastewater treatment.
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Highlights
● (Sb, Cu, Zn) tri-doped BaTiO3 semiconductor.
● New visible light photocatalyst for wastewater treatment.
● Crystal violet, diclofenac sodium, and Congo red contaminants.
● High decolorization, mineralization, and reusability.

1 Introduction

In the last decades, the modifications of perovskite materials
(BaTiO3, CsPbCl3, CsPbCl3, K2Ta2O6, Ba2TiMoO6, etc.)
have gained more interest owing to their excellent optical,
electrical, dielectric, magnetic and photocatalytic properties
as well as high stability [1–5]. Perovskite barium titanate
(BaTiO3, BTO) semiconductor reveals high dielectric
characteristics besides the ferroelectric performance, and it
is one of the essential materials for electronic ceramic
constituents [6, 7]. BaTiO3 is an n-type semiconductor that
possesses a wide band gap energy (3.2 eV), and it is broadly
used as microwave ceramics, gas sensitive-layer, thermis-
tors, supercapacitors, piezoelectric, and ferroelectric devices
[7–9]. Besides, numerous studies have reported the pro-
mising visible light photocatalytic performance of BaTiO3

for removal of organic waste such as dyes, drugs, and
pesticides from wastewater [10–12].

Billions of tons of these chemically complex organic
compounds are used every year and large percentages of
these materials are discharged into water systems [13–15].
These wastes have stable chemical structures, non-self
degradation, and also toxic with cancerogenic effects,
making them very hazardous for all living organisms and
natural environment [16, 17]. Thus, the entire removal of
these complex organic compounds from polluted-water is
an important issue for aquatic life and food chains as well as
helping to provide suitable water for agriculture and
industry activities. Light-induced catalytic reaction (photo-
catalysis) is emerging as a green route to decompose the
complex organic waste into simple products (H2O and CO2)
[18, 19].

Although pure BaTiO3 has an acceptable photocatalytic
performance, but it is favorable to reinforce the photo-
catalytic efficiency and also reduces the time of the reac-
tion of this material. The wide band gap energy of pure
BaTiO3 semiconductors needs an ultraviolet source for
excitation. The ultraviolet radiation represents only 5% of
the daily sunlight spectrum. The previous studies
demonstrated that the adjustment of the BaTiO3 semi-
conductor by impurity dopant initiates a photocatalytic
activity under visible light energy (45% of sunlight
spectrum) [20–23]. Uma et al. [23] studied the effect of Cu
doping on the photodegradation activity of BaTiO3

cuboctahedral nanoparticles for methylene blue (MB) and
rose bengal (RB) dyes under visible light. Their results

confirmed that the Cu doped BaTiO3 catalyst possesses a
degradation efficiency of 98.2% for MB dye in 120 min
and 99.4% for RB dye within 45 min. The photocatalytic
properties of Zn doped BaTiO3 catalyst for MB degrada-
tion were investigated by Ahamed et al. [24]. The Zn
doped BaTiO3 catalyst has shown a degradation activity of
85% towards 20 mg/L MB solution after 80 min of visible
light illumination. Mn doped BaTiO3 nanotube arrays
exhibited a visible light photocatalytic activity of 97.04%
during 360 min [25]. Khan et al. [26] reported the impact
of Ag doping on the visible light photodegradation per-
formance of BaTiO3 ceramic for dangerous rhodamine B
(RhB) pollutants. They found that 5% Ag-doped BaTiO3

sample has a photo-removal efficiency of 79% against
RhB dye in 105 min. The use of proper dopants for
modification of BaTiO3 structure is anticipated to boost
many physical properties for various applications such as
dye-sensitized solar cells [27], energy storage [28],
supercapacitors [29], room temperature gas sensors [30],
hydrogen production [31] and photocatalysis [32].

Antimony (Sb) element has two common oxidation states
including +3 and +5 with electronic configuration of [Kr]
4d10 5s2 for Sb3+ and [Kr] 4d10 for Sb5+. Owing to the
match in ionic radii, the Sb3+ (0.76 Å) or Sb5+ (0.6 Å) can
replace the Ti4+ site (0.605 Å) of BaTiO3 as acceptor or
donor dopant which expectedly can advance the optical and
electrical properties. Tangjuank et al. [33] reported that the
doping of BaTiO3 ceramic by 1 wt% Sb ions improves the
relative permittivity value from 3300 to 4500. As well, Cu
and Zn as dopants can induce remarkable effects on the
optical and physical properties of BaTiO3 [23, 24]. Fur-
thermore, both dopants, Cu (0.73 Å) and Zn (0.74 Å), have
suitable ionic radii for the Ti site (0.605 Å). Cu dopant
possesses +1 and +2-oxidation states while the Zn ion
holds +2. It was reported that Cu dopant have beneficial
effects on the optical, electrical and dielectric properties of
BaTiO3 while Zn dopant can reduce the grain size and
increase the surface area [24, 34].

Based on published results, there are no studies about the
role of Sb/Cu/Zn blend as tertiary-doping on the optical,
electrical, dielectric and photo-activity characteristics of
BaTiO3 semiconductors. It is well known that the electrical
and optical properties of metal oxides and perovskite
materials are significantly influenced by the changes of the
band gap structure owing to presence of defects, donor or
acceptor states. The replacement of Ti4+ sites of BaTiO3
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structure by Sb5+, Cu2+, and Zn2+ ions increases the charge
carriers and the oxygen vacancies which can remarkably
modify the band gap structure due to the interaction with the
valance band and conduction band (CB). The combination
between these dopants is expected to improve the optical
and physical properties of BaTiO3 semiconductors for
application in different fields such as photocatalysis or
energy storage. In this research, the impact of Sb/Cu/Zn
blend on the dielectric permittivity and visible light pho-
tocatalytic properties of BaTiO3 semiconductors was stu-
died and discussed. Three organic waste materials including
crystal violet, diclofenac sodium, and Congo red were
chosen as well-known contaminants for photocatalytic
investigation. All the measured data verified the valuable
roles of Sb/Cu/Zn blend in enhancing the dielectric constant
of BaTiO3 for energy storage purposes as well as the strong
tuning of the photo-degradation activity for wastewater
treatment.

2 Experimental

2.1 Materials

All the starting materials including Ba(C2H3O2)2 (99.9%),
TiO2 (99.9%), Sb2O5 (99.9%), Cu(NO3)2·3H2O (99.9%),
and Zn(NO3)2·6H2O (99%) were purchased from Sigma-
Aldrich and used as received.

2.2 Synthesis and characterization

The solid-state reaction method was used to synthesize
pure and Sb/Cu/Zn tri-doped BaTiO3 powders. For pure
BaTiO3 powder, 12.77 g of Ba(C2H3O2)2 substance was
well mixed with 3.99 g of TiO2 in an agate mortar. For
Sb/Cu/Zn tri-doped BaTiO3 sample with composition of
BaTi0.925Sb0.025Cu0.025Zn0.025O3, 12.77 g of Ba(C2H3O2)2,
3.69 g of TiO2, 0.404 g of Sb2O5, 0.302 g of Cu(NO3)2·3H2O
and 0.37 g of Zn(NO3)2·6H2O substances were powerfully
mixed in an agate mortar for 6 h. Both prepared
powders were placed inside an electric furnace and the
temperature was raised to 900 °C for 3 h and then increased
to 1250 °C for 4 h to acquire the wanted structures. The
characterization of the prepared samples was done by X-ray
diffraction (XRD, Bruker D8 Advance, Cu-alpha radiation
wavelength= 1.05406 Å), X-ray photoelectron (XPS, Al
K-alpha radiation from 10 to 1350 eV, spot size of 400 μm,
pressure of 9–10 mbar, Fisher Scientific, USA), scanning
electron microscope (SEM, JSM-IT200) and diffuse reflec-
tance (PerkinElmer, Lamda-900) instruments. The relation-
ship between frequency and electrical properties of pure and
Sb/Cu/Zn tri-doped BaTiO3 samples was achieved by using
Hioki LCR device (Japan) in frequency range from 50 Hz to

5MHz. For electrical measurements, the powders of both
samples were fabricated in pellet form with diameter 0.7 cm
and thickness 2.5 mm.

2.3 Photocatalytic studies

The photocatalytic properties of pure and Sb/Cu/Zn tri-
doped BaTiO3 powders were carried out on crystal violet,
diclofenac sodium and Congo red pollutants under natural
sunlight as a source of radiation. Initially, the effect of the
photolysis process which means the degradation of pol-
lutants under sunlight energy without using any catalyst
was investigated. The adsorption values of pure and Sb/
Cu/Zn tri-doped BaTiO3 powders were measured by
adding 0.06 g of the synthesized catalysts into 110 mL
solution of crystal violet, diclofenac sodium or Congo red
with concentration of 10 ppm. The mixed solutions were
stirred under dark conditions for 25 min. The changes of
the maximum absorbance peaks of crystal violet (590 nm),
diclofenac sodium (276 nm), and Congo red (497 nm)
solutions were measured by using UV-vis spectro-
photometer tool. After that, the dark stirred solutions of
crystal violet, diclofenac sodium, and Congo red were
placed under direct sunlight energy (Saudi Arabia,
12–2 pm, September) for definite times. The changes of
concentrations of crystal violet, diclofenac sodium, and
Congo red were estimated by measuring the absorbance.
The relation used to calculate the photocatalytic activity
(%) is illustrated in Eq. (1) [35]:

Degradtion rate %ð Þ ¼ A0 � At

A0

� �
� 100 ð1Þ

The A0 is the standard absorbance of the main solution
and At is the absorbance after irradiation for particular
times. For mineralization analysis, the total organic carbon
(TOC) was measured using total organic carbon analyzer
(TOC, Shimadzu brand-Japan).

3 Results and discussion

3.1 X-ray diffraction analysis

The crystal structure of the synthesized undoped and Sb/
Cu/Zn tri-doped BaTiO3 samples was confirmed by XRD
analysis as depicted in Fig. 1. The X-ray diffraction pat-
tern of undoped BaTiO3 sample demonstrated definite
peaks at 2-theta= 22.28° (100), 31.42° (110), 38.83°
(111), 44.81°, (002), 45.28° (200), 50.98° (201), 55.99°
(211), 65.74° (220), 70.22 (212), 74.87° (310) and 79.04°
(311) which perfectly interrelated to the tetragonal phase
of BaTiO3 with perovskite structure (JCPDS PDF No.
05-0626). Also, the XRD pattern of Sb/Cu/Zn tri-doped
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BaTiO3 powder has revealed similar diffraction peaks to
those observed for the undoped sample, which verified the
tetragonal phase for this composition. No contaminated
phases for any other compositions or those related to the
dopant compounds were noted in both XRD patterns. The
broadening of the XRD peaks of BaTiO3 was improved
after the addition of Sb/Cu/Zn ions, signifying the
shrinking of the crystallite size. The magnified pattern
inset Fig. 1b shows that the (110) plane of BaTiO3 was
shifted to lower 2-theta angle after tri-doping which
supports the substitution of Sb5+, Cu2+ and Zn2+ for Ti4+-
sites.

The average crystallite size and microstrain of pure and
Sb/Cu/Zn tri-doped BaTiO3 samples were computed by
using the size-strain method based on the next equation
[36]:

ðdhklβhkl cos θhklÞ2 ¼
K
D

d2hklβhkl cos θhkl
� �þ ε

2

� �2 ð2Þ

The d, β, θ, K, D, ε means interplanar spacing, full width
at half maximum, angle of peaks, constant= 0.9, crystallite
size, and strain, respectively. Through plotting of (dβcosθ)2

opposed to d2βcosθ as shown in Fig. 2, the D is found from
slope and ε from intercept. Based on this method, the
crystallite sizes of undoped and Sb/Cu/Zn tri-doped BaTiO3

samples are 85 and 68 nm, respectively. The strain value of
BaTiO3 was increased from 0.0031 and 0.009 after the
substitution of Ti4+ ions by Sb/Cu/Zn ions. The lattice
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parameter of the synthesized samples was computed by
using Rietveld refinement method based on Maud software,
as displayed in Fig. 3 and Table 1. Figure 3 displays the
good fitting to the XRD pattern for Sb/Cu/Zn tri-doped
BaTiO3 sample. The lattice constants including “a” and “c”
of the tetragonal BaTiO3 structure were grown as a result of
the insertion of Sb, Cu, and Zn ions. The calculations
showed that the pure BaTiO3 sample has a lattice constant
“a”= 4.0052 Å and “c”= 4.0331 Å. After incorporation of
Sb/Cu/Zn ions, the lattice constant “a” was increased to
4.0142 Å, and “c” was increased to 4.0481 Å. According to
ionic radii database, the ionic radii of Ba2+-XII and Ti4+-VI
sites are 1.61 Å and 0.605 Å while that of Sb5+-VI, Cu2+-VI
and Zn2+-VI are 0.6 Å, 0.73 Å and 0.74 Å, respectively.
The ionic radii of the additives are compatible to replace the
Ti4+-sites due to the match in size. The growth of the lattice
parameters supports the substitution of Ti4+-VI sites by
Sb5+, Cu2+, and Zn2+ ions inside the BaTiO3 structure. The
XPS analysis of this sample illustrates that the Sb dopant is
present as a +5-oxidation state while Cu and Zn dopants
hold the oxidation state of +2. The substitution of Ti4+-sites
by Cu2+ and Zn2+ ions is accompanied by the generation of
oxygen vacancies to balance the charge while the insertion
of Sb5+ ions lead to Ti-vacancies.

3.2 X-ray photoelectron (XPS) analysis

X-ray photoelectron (XPS) spectroscopy is a powerful
analysis for the determination of both chemical states and
surface composition of the Sb/Cu/Zn tri-doped BaTiO3

sample. Figure 4 shows the high-resolution XPS photo-
emission spectra of Ba3d, Ti2p, and O1s peaks. As shown
in Fig. 4a, the two peaks situated at a binding energy of
779.71 and 793.86 eV were correlated to Ba 3d5/2 and Ba
3d1/2, respectively [37, 38]. The two binding energy peaks
demonstrate that the barium ion holds the +2-oxidation
state. The high-resolution XPS spectrum of Ti 2p displays
two binding energies at 457.91 and 463.62, which can be
assigned to 2p3/2 and 2p1/2 of the Ti4+ oxidation state
[39, 40].

Figure 5a shows the deconvoluted XPS spectra of O1S,
indicating the presence of three peaks positioned at 529.42,
530.79, and 532.11 eV. The binding energy peak at
529.42 eV was related to the oxygen lattice (O2−), the
binding energy peak at 530.79 eV was interrelated to
adsorbed oxygen, and the binding energy peak at 532.11 eV
was linked to deficient oxygen [37, 38]. As shown in Fig.
5b, for Sb dopant two binding energy peaks situated at
531.21 eV and 540.47 eV were found, relating to Sb 3d5/2
and Sb 3d3/2 of the Sb5+ oxidation state, respectively [41].
As revealed in Fig. 5c, the deconvoluted XPS spectrum of
the Zn element demonstrated two binding energies at
1021.91 and 1044.79 eV, matching with the characteristic
peaks of Zn2+ [42]. Figure 5d displays the deconvoluted
spectra of Cu 2p which show that Cu 2p3/2 and Cu 2p1/2 are
positioned at binding energies of 934.09 and 953.97 eV,
respectively, indicating the Cu2+ oxidation state [43].

Fig. 3 XRD pattern refinement
using MAUD software of Sb/
Cu/Zn tri-doped BaTiO3 sample

Table 1 Lattice parameters (a, c), weighted profile R-factor (Rwp) and
the expected R-factor (Rexp) of pure and Sb/Cu/Zn tri-doped BaTiO3

samples

Sample a (Å) c (Å) Rwp Rexp

BaTiO3 4.0052 4.0331 14.23 10.36

Sb/Cu/Zn tri-doped (BaTiO3) 4.0142 4.0481 15.68 11.84
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3.3 Scanning electron microscope (SEM) study

Figure 6 reveals the morphological shape of the synthesized
powders of undoped and Sb/Cu/Zn tri-doped BaTiO3 sam-
ples using the scanning electron microscope technique. The
powder of the undoped BaTiO3 sample contains asymme-
trical grains that are intensively welded together. The
addition of Sb/Cu/Zn ions diminished the size of the grains
and encouraged the construction of particles that have more

homogenous surface edges. During the calcination of the
powders at a high temperature of 1250 °C, it appears that
the addition of (Sb, Cu, Zn) ions confines the grain’s
growth.

The identification of the elemental composition was
carried out for Sb/Cu/Zn tri-doped BaTiO3 sample by using
the energy dispersive X-ray spectroscopy analysis as shown
in Fig. 7. The peaks in the pattern were identified as Ba, Ti,
O, Sb, Cu, and Zn elements with lack of any impure signs
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related to any minor impurities, certifying the purity and the
desired elemental structure of this composition.

3.4 Optical analysis

The excitation of the photocatalyst generally depends on
two factors including the type of light source as well as
its absorption properties. The diffuse reflectance analysis
was applied to explore the ability of the synthesized pure
and Sb/Cu/Zn tri-doped BaTiO3 samples to interact with
UV-visible light spectra. Figure 8a shows the reflectance
spectra (%) as a function of wavelength (250–2200 nm)
for pure and Sb/Cu/Zn tri-doped BaTiO3 samples. The
obtained curves showed that the pure BaTiO3 sample has
a strong UV absorption (<400 nm) with a high reflectance
(%) in the visible light area (400–700 nm). The insertion
of Sb/Cu/Zn blend intensely adjusted the absorption edge
of BaTiO3 to broadly absorb the visible light spectrum.
According to published studies, the energy of the band
gap can be estimated by using the formulation of Tauc
Eq. (3) [44]:

α ¼ A
hυ� Eg
� �n

hυ
ð3Þ

Where α, h, ν, A, and Eg signify the absorption coefficient,
Planck constant, frequency, independent-constant, and
energy of the band gap, respectively. By relating the
absorption coefficient and Kubelka–Munk function F(R),
the band gap can be found using the below Eq. (4) [45]:

F Rð Þ ¼ 1� Rð Þ2
2R

¼ α
S

ð4Þ

Where R and S symbolize the reflectance and scattering
coefficients, respectively. Considering that S is a constant,
the two Eqs. (3) and (4) point out that F(R) can be used in
place of α and vice versa. Thus, if [F(R) hv]2 was plotted as
a function of hv, the energy band gap of samples can be
computed as shown in Fig. 8b, c, respectively. The
computed band gap of the undoped BaTiO3 sample is
3.2 eV, which is in good agreement with the literature
[46–48]. The incorporation of Sb/Cu/Zn ions into BaTiO3

material reduces the energy band gap to 2.79 eV. Further-
more, the introduction of these dopants builds visible light
absorption states that continue to reach 2 eV (absorption
tail), as demonstrated in Fig. 8c. The tri-doping by Sb5+,
Zn2+, and Cu2+ ions results in formation of new states just
above the valence and below the CB of BaTiO3 structure
and causes a decrease in the band gap [23, 49–51]. The
replacement of Ti4+-sites by Cu2+ and Zn2+ ions is
accompanied by the generation of oxygen vacancies to
balance the charge while the insertion of Sb5+ ions lead to
Ti-vacancies. The formation of different defects inside the
BaTiO3 structure can support the formation of impurities
states within the band gap.

3.5 Dielectric and electrical properties

The dielectric constant of pure and Sb/Cu/Zn tri-doped
BaTiO3 samples as a function of frequency at ambient
temperature are reported in Fig. 9a. The curve of the
dielectric constant of the undoped BaTiO3 sample shows a

Fig. 6 Morphological shape of
pure and Sb/Cu/Zn tri-doped
BaTiO3 powders
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rapid drop at low frequencies while at high frequencies a
monotone behavior was found. The maximum dielectric
constant value of 2518 for the undoped BaTiO3 sample was
achieved at the lowest frequency (50 Hz). The Sb/Cu/Zn tri-
doped BaTiO3 sample revealed slow decreases of the
dielectric constant with growing the applied frequency; the
high value is found at 50 Hz which is equal to 10027. The
tri-doping of BaTiO3 by Sb/Cu/Zn ions increases the
dielectric constant by about four times (2518→ 10027) with
steady performance with frequency which represents
thoughtful advantages for microelectronics and energy

storage applications. On the other hand, the mixture of
Sb/Cu/Zn ions reduces the grain size of BaTiO3 powder and
induces defect formation to equilibrium the charge differ-
ence, which enhances the dielectric constant. The increases
in the dielectric constant may be owing to the effect of
Sb5+, Cu2+, and Zn2+ ions in rising the free ions or charge
carriers in the BaTiO3 material [52–54]. Concerning the
dielectric loss, the curves of both samples revealed a rapid
decrease with increasing frequency, as shown in Fig. 9b. In
contrast to the dielectric constant behavior of Sb/Cu/Zn tri-
doped BaTiO3, the dielectric loss of this sample is strongly
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reduced at low frequencies. Figure 9c depicts the dielectric
constant curves of Sb/Cu/Zn tri-doped BaTiO3 sample as a
function of frequency at different temperatures. The
dielectric constant of Sb/Cu/Zn tri-doped BaTiO3 sample
increases with temperature until 120 °C, representing the
Curie temperature, Fig. 9d. At temperatures of 150 °C and
180 °C the dielectric constant was significantly decreased.
At very high frequencies, all curves have nearly a close
dielectric constant at different temperatures. The improve-
ments in the dielectric constant with temperature until
120 °C of Sb/Cu/Zn tri-doped BaTiO3 sample can be
attributed to the charge hopping mechanism owing to the
thermal activation factor, which leads to the increases in
polarization. In fact, the tetragonal to cubic phase transition
above 120 °C reduces the dielectric constant at high tem-
peratures (150 and 180 °C) [55–57].

Based on the Maxwell–Wagner concept [58, 59] of inter-
facial polarization, the structure of the dielectric materials is
proposed to be made of dual kinds of layers, named grains
and grain boundaries. In this model, the grains represent
conductor regions separated from one another by thin layers
of high resistance insulating grain boundaries [58, 59]. In the
case of small frequencies, the polarization is very high owing
to the accumulation of space charges at the very poor con-
ducting grain boundaries, causing huge dielectric constant
values, as illustrated in Fig. 9a. Figure 10 shows the electrical
conductivity of pure and Sb/Cu/Zn tri-doped BaTiO3 samples
as a function of frequency at 30 °C. The change in the elec-
trical conductivity with frequency of BaTiO3 is weak when
compared to the tri-doped sample. The addition of Sb/Cu/Zn
ions greatly enhanced the electrical conductivity of BaTiO3

structure, particularly at high frequencies, which may be
attributed to the improvement of the hopping rate process
between the charge carriers.

3.6 Photocatalytic activity

The ability of pure and Sb/Cu/Zn tri-doped BaTiO3 samples
for treatment of organic-based waste was tested under
sunlight using three different pollutants including crystal
violet, diclofenac sodium, and Congo red. Primarily, the
role of the photolysis process which means the degradation
of crystal violet, diclofenac sodium and Congo red solutions
under sunlight energy in absence of pure and Sb/Cu/Zn tri-
doped BaTiO3 catalysts was examined. The measured
changes in absorbance of the three pollutants after 60 min of
sunlight irradiation are very weak with negligible degra-
dation efficiency (<1.5%). The negligible effect of the
photolysis process proves that the total removal efficiency
in this study is related to the photocatalytic reactions.
Figure 11 displays the effect of sunlight radiation on the
absorbance curve of crystal violet using pure and Sb/Cu/Zn
tri-doped BaTiO3 catalyst. Both powders have little
adsorption values after stirring for 25 min in a dark box. The
absorbance of pure BaTiO3 was decreased after exposure to
sunlight by moderate values with an entire activity of 57%
after 60 min. Using Sb/Cu/Zn tri-doped BaTiO3 catalyst
improved and rapid the changes in absorbance with a whole
removal activity of 95% after 35 min. The addition of
Sb/Cu/Zn ions enhances the photodegradation efficiency
and time of the photodegradation reaction of BaTiO3 cata-
lyst by increasing the visible light absorption, reducing the
rate of charge carrier’s recombination as well as decreasing
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the grain size. The rate of the degradation reaction of crystal
violet dye using pure and Sb/Cu/Zn tri-doped BaTiO3

samples was calculated by applying the pseudo-first-order
according to the below Eq. (5) [60]:

Ln
C0

Ct

� �
¼ kt ð5Þ

Where Co is the initial concentration of crystal violet and Ct

is the concentration after sunlight illumination for t min. As
illustrated in Fig. 12a, b, the linear fitting of the plot
between ln(C0/Ct) as a function of time recommended that
the photo-activity reactions follows the pseudo-first-order
kinetic. The estimated rate constant of pure BaTiO3 sample
is 0.013 min−1 (R2= 0.99) while the measured value of
Sb/Cu/Zn tri-doped BaTiO3 sample is 0.075 (R2= 0.91).
The mineralization factor (fully converted of dye to water
and carbon dioxide) is measured for crystal violet dye using
Sb/Cu/Zn tri-doped BaTiO3 catalyst based on total organic
carbon analysis (TOC) as shown in Fig. 12c. The computed
removal rate of TOC% was increased with time of
illumination to give efficiency of conversion (crystal violet
→ CO2+H2O) equal to 93% after 50 min.

To explore the wide range of Sb/Cu/Zn tri-doped BaTiO3

catalyst, its photocatalytic performance was investigated for
diclofenac sodium as a known organic drug waste in water
system alongside Congo red dye as a common material for
the textile industry. Figure 13 reveals the influence of
sunlight illumination on the absorbance curves of diclofenac
sodium drug and Congo red dye using Sb/Cu/Zn tri-doped
BaTiO3 catalyst. The absorbance of both materials was
obviously decreased with time to give a whole elimination
efficiency of 93% for diclofenac sodium drug after 40 min

and a perfect removal of Congo red dye with a degradation
activity equal to 97% after 35 min.

A clear understanding of the reaction mechanism
requires the detection of the main reactive oxygen species
(ROS) or charge carriers produced during the photo-
degradation reaction. The ROS such as hydroxyl (·OH) and
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superoxide (O2
•–) radicals and the charge carriers including

positive hole (h+) and negative electron (e−) play important
roles in the photocatalytic reactions of organic contaminants
as they are robust and non-discriminating oxidants. To
detect the main and effective ROS or charge carriers
accountable for crystal violet, diclofenac sodium and Congo
red photo-degradation using Sb/Cu/Zn tri-doped BaTiO3

catalyst, quenching reagents including tert-Butyl alcohol (t-
BuOH), ammonium oxalate (AO), p-benzoquinone (p-BQ)
and silver nitrate (SN) were added to the mixture solutions
(catalyst + pollutant) to detect ·OH, h+, O2

•– and e−,
respectively [61–63]. Figure 14a depicts the impact of
t-BuOH, AO, p-BQ, and SN on the degradation efficiency
of crystal violet, diclofenac sodium and Congo red using
Sb/Cu/Zn tri-doped BaTiO3 catalyst. The efficiency values
of the degradation for the three pollutants were strongly
dropped after the addition of t-BuOH substance while the
activity was reduced by moderate values in case of p-BQ.
The changes of the degradation efficiency were weak in
case of AO and SN additions. These experiments recom-
mend that the hydroxyl radicals are the basic reactive spe-
cies in the degradation mechanism with some assistance of
superoxide radicals.

The reuse of Sb/Cu/Zn tri-doped BaTiO3 catalyst in the
degradation process for crystal violet, diclofenac sodium, and
Congo red was examined for four successive tests and the
obtained data are shown in Fig. 14b. The first use of Sb/Cu/
Zn tri-doped BaTiO3 catalyst gives a photocatalytic efficiency
of 95% for crystal violet dye and then it was droped to 91, 84,
and 79% for reuse 1, 2, and 3, respectively. Regarding
diclofenac sodium pollutant, the first use produced a photo-
activity of 93% and after that the value was decreased to 88,

81, and 77%, respectively. In case of Congo red dye, the
photodegradation efficiency for first, second, third, and fourth
tests were measured to be 97, 93, 89, and 84%, respectively.
The four successive degradation experiments for the three
investigated pollutants prove the high stability of Sb/Cu/Zn
tri-doped BaTiO3 catalyst in treatment of wastewater. The
mineralization of crystal violet and diclofenac sodium waste
was also measured by using the total organic carbon method
as illustrated in Fig. 14c. The efficiency of the mineralization
of crystal violet and diclofenac sodium was reached to 89 and
94%, respectively. The whole photocatalytic results of the
currently synthesized samples recommend that the Sb/Cu/Zn
tri-doped BaTiO3 composition is a stable and highly effective
catalyst from the treatment of many organic pollutants under
sunlight radiation.

The degradation mechanism of crystal violet, diclofenac
sodium, and Congo red waste starts by initiating the Sb/Cu/Zn
tri-doped BaTiO3 particles by UV plus a large part of visible
light spectrum to produce electron-hole pairs through the
excitation process. The positive charge (h+) produces the
hydroxyl radical by interaction with water molecules and the
negative charge (electron) generates superoxide radicals by
interaction with oxygen molecules. These reactive oxygen
species (ROS) as non-selective oxidants powerfully attack the
molecules of crystal violet, diclofenac sodium and Congo red
waste by opening the closed organic cycles and mineralizing
them to CO2 and H2O [64–66].

The photocatalytic activity of Cu doped BaTiO3 cuboc-
tahedrons for degradation of methyl violet was studied by
Uma et al. [67]. They found that the Cu doped BaTiO3

cuboctahedron has a photodegradation efficiency of 99.8%
in 120 min of visible light irradiation. Ni doped BaTiO3
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photocatalyst synthesized by sol-gel method exhibited
photodegradation efficiencies of 93.1, 83.5, 95.2, and 92.7
against amoxicillin, cephalexin, RhB, and Congo red under
visible light for 60 min [68]. As reported by Adak et al.
[69], the Mn- and Ce-doped BaTiO3 nanoceramics prepared
by chemical route has shown a photocatalytic activity of 95
and 82% for congo red (CR) and titan yellow (TY) dyes
under visible light in 300 and 120 min, respectively.
Amaechi et al. [70] reported that Fe doped BaTiO3 catalyst
has a photodegradation activity of 75% for methyl orange
dye in 90 min under sunlight energy. In our study, Sb/Cu/
Zn tri-doped BaTiO3 catalyst has shown a photodegradation
efficiency of 95, 93 and 97% for crystal violet, diclofenac
sodium, and Congo red in 35–40 min of sunlight irradiation,
indicating the promising photocatalytic properties of this
composition for wastewater treatment.

4 Conclusions

In the work, the optical, dielectric and photocatalytic char-
acteristics of BaTiO3 material were advanced through addition
of Sb/Cu/Zn dopants. The structural analysis using the XRD
technique of all synthesized samples showed the formation of a
single tetragonal phase of BaTiO3 without any secondary
phases or contaminants. The addition of Sb/Cu/Zn ions
diminishes the grains and crystallite sizes of BaTiO3 powder.
The visible light absorption of BaTiO3 was powerfully
enhanced due to the addition of Sb/Cu/Zn ions with reducing
the band gap energy. The XPS analysis of Sb/Cu/Zn tri-doped
BaTiO3 powder confirmed that the oxidation states of the
elements are Ba (+2), Ti (+4), Sb (+5), Cu (+2), and Zn
(+2). Sb/Cu/Zn tri-doped BaTiO3 powder exhibited high
dielectric constant values with enhanced a stable performance
against frequency at room temperature. The measured dielectric
constant at 50 Hz of this sample was 10027, while the pure
BaTiO3 sample has shown a value of 2518. The photocatalytic
activity of the Sb/Cu/Zn tri-doped BaTiO3 catalyst verified the
whole decolorization and mineralization of crystal violet,
diclofenac sodium, and Congo red pollutants after irradiation
by sunlight in time below 1 h. The reuse investigation for four
successive tests proved the high stability of Sb/Cu/Zn tri-doped
BaTiO3 powder for wastewater remediation.
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