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Abstract: This work aims to synthesize a photocatalyst with high photocatalytic performances and
explore the possibility of using it for antibiotic removal from wastewater. For that, the spinel ZnBi2O4

(ZBO) was produced with the co-precipitation method and its optical, dielectric, and electrochemical
characteristics were studied. The phase has been determined and characterized by X-ray diffraction
(XRD) and Fourier transform infrared spectroscopy (FT-IR). For the ZBO morphology, a Scanning
Electron Microscopy (SEM) has been used. Then, the optical and dielectric properties of ZBO have
been evaluated by calculating refractive index n (λ), extinction coefficient (k), dissipation factor (tan
δ), relaxation time (τ), and optical conductivity (σopt) using the spectral distribution of T(λ) and R(λ).
An optical gap band of 2.8 eV was determined and confirmed. The electrochemical performance
of ZBO was investigated and an n-type semiconductor with a flat band potential of 0.54 V_SCE
was found. The photocatalytic efficiency of ZBO was investigated in order to degrade the antibiotic
Cefixime (CFX) under different light source irradiations to exploit the optical properties. A high
CFX degradation of approximately 89% was obtained under solar light (98 mW cm−2) only after
30 min, while 88% of CFX degradation efficiency has been reached after 2 h under UV irradiation
(20 mW cm−2); this is in line with the finding of the optical characterizations. According to the
obtained data, solar light assisted nanoparticle ZBO can be used successfully in wastewater to remove
pharmaceutical products.

Keywords: spinel ZnBi2O4; optical properties; dielectric constants; electrochemical proprieties;
photocatalysis

1. Introduction

In the last few years, numerous synthetic drugs have contaminated the aqueous
system [1]. Antibiotics are the major problem among these contaminants, as they are highly
toxic and widely used for both pets and human medicines [2]. They increase environmental
pollution due to their widespread use and toxic nature [3]. Moreover, the presence of
these compounds in water supplies, even at low levels, strengthens bacterial resistance,
consequently creating antibiotic resistance (ABR) [4]. ABR is the ability to live and to
multiply in the presence of antibiotic concentrations, which have previously been thought
to be successful against a given bacterium or another microorganism [5]. New research has
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found that antibiotic resistance is responsible for 700,000 deaths per year worldwide [6].
They are now generally recognized as a significant threat to public health [7].

The conventional wastewater treatment techniques cannot effectively eliminate residues
of antibiotics from wastewater [8–10]. Examples of these physical treatment approaches,
such as filtration, adsorption, reverse osmosis, and membrane, cannot remove antibiotics
totally from wastewater that remains the risk of the cumulative contaminants as an envi-
ronmental concern. However, it has been emphasized that Advanced Oxidation Processes
(AOPs) are a viable alternative to the rapid degradation of non-degradable compounds
in water [11–14]. The heterogeneous photocatalytic technique has especially shown an
efficient degradation of various drug forms and organic molecules [15–21]. It is based on
the concept of catalyst activation utilizing energy given by a light source, such as LED,
UV, and solar light [22]. Semiconductors are widely used as catalysts, because they are
efficient and straightforward to synthesize. The preferred materials for the synthesis of the
semiconductors are titanium (Ti), bismuth (Bi), zinc (Zn), and tin (Sn) [23–25], and as exam-
ples, ZnO and TiO2 semiconductors, which are commonly used. Recently, Bismuth-based
semiconductors have become a promising group of developed advanced photocatalytic
materials due to their high chemical stability and their excellent transparency for light
penetration [26,27]. Zinc bismuthate with the chemicals formula ZnBi2O4 (ZBO) is a topical
semiconductor and promising photocatalyst that has attracted interest among several
research groups [26,28–32]. That is due to its high stability and small optical band gap
around 2.8 eV, making better use of sun-light.

In the comparison between ZBO, zinc oxide (ZnO) and bismuth oxide (Bi2O3), ZnO
needs wavelengths below 400 nm for excitation due to its large bandgap, which gives it
a low efficient harvester of sunlight, unlike ZBO which has a smaller one. This makes
it more active in the sun-light and suitable for high photo-durability in various areas
such as optoelectronics and photocatalysis [28,29]. On the other hand, Bi2O3 exhibits low
photocatalytic activity due to the excited electrons from the conduction band (ECB = 0.33
eV) that cannot produce active degradation radicals [33,34]. Another disadvantage of ZnO
and Bi2O3 is that charge carrier recombination of photo-generated electron/hole pairs
occurs in nanoseconds promoting photochemical corrosion [35]. In contrast, ZBO has an
excellent charge carrier recombination rate, shielding it from photo-oxidation [36]. To our
knowledge, this is the first application of ZBO for antibiotics removal. Moreover, there is a
lack of studies dealing with the use of ZBO as a photocatalyst and only one study has dealt
with the electrochemical characterization of ZBO (only Mott-Schottky characteristic [37]).
Moreover, no studies have been carried out yet on the optical and dielectric properties
of ZBO.

Cefixime (CFX) with the molecular formula C16H15N5O7S2 was selected for this
research as a standard example of antibiotics known as third cephalosporin antibiotics
semi-synthetically extracted from the marine fungus [38,39]. The molecular composition
listed above is shown in Figure S1 in the Supplementary Data.

We mentioned in this research the synthesis of the photocatalyst ZnBi2O4 developed
through the co-precipitation process. The phase was identified using X-ray diffraction
(XRD) and Fourier transform infrared spectroscopy (FT-IR). After that, we investigated
ZBO’s optical and dielectric properties, which are measured using diffuse reflectance R (λ).
The electrochemical analysis was also conducted to classify the type of ZBO. Finally, the
photocatalytic efficiency of the nano-powders ZBO was tested for the removal of Cefixime
under different sources of light (UV, LED and solar light) in order to determine the ideal
criteria for rapid degradation of CFX.
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2. Materials and Methods
2.1. Chemicals

The products used in the following sections were bismuth nitrate pentahydrate
[Bi(NO3)3·5H2O] (98.5% Chem-Lab), zinc nitrate hexahydrate [N2O6Zn·6H2O] (98% Biochem),
cefixime trihydrate (Algerian pharmaceutical industry Pharmalliance), ammonia from
Biochem, and ethanol, nitric acid, NaOH, and HCl from Sigma Aldrich.

2.2. Synthesis of ZnBi2O4 Nanoparticles

ZnBi2O4 (ZBO) nanoparticles were produced by chemical co-precipitation. The
mixture was taken utilizing molar ratio amounts (ratio 1:2) of hexahydrate zinc nitrate
[N2O6Zn·6H2O] and bismuth nitrate pentahydrate [Bi(NO3)3·5H2O] dissolved separately
in ethanol with a magnetic stirring. In addition to the mixtures, excess 5% nitric acid was
poured. The two solutions were combined and put on a hot plate at 50 ◦C for one hour
after absolute solubility. Then, the NaOH 6 M solution was mixed well into the mixture to
maintain the pH between 9 and 10. The creation of ZBO spinel was immediately confirmed
by white precipitation. Consequently, the residue has been drained and washed with
purified water several times, then dried in an autoclave at 120 ◦C for 24 h. The amorphous
powder was shattered in an agate mortar to raise the amount of crystallization to a fine
powder and then calcined 600 ◦C for 6 h in a standard furnace. Finally, the end product
with a whitish-yellow color has been submitted to the identification step, optical, dielectric,
and electrochemical characterizations.

2.3. Characterization

The X-ray diffraction (XRD) was performed with a Phillips PW 1730 in the 2θ range (5–
80◦). With an Alpha Bruker spectrometer, ATR-FTIR spectra were attained within the scope
of 400–4000 cm−1. The nanoparticles morphology was studied using electron scanning
microscope SEM (FEI Quanta 650) attached by EDX analysis with a 20 kV scan rate. The
sample’s UV-visible diffuse reflectance spectrum (DRS) was analyzed by Cary 5000 UV-vis
with dry pressed disk samples. In electrochemical analysis, the electrical contact on the
back of the pellet was made from copper and silver paint. Then, the pellet was covered
with epoxy resin in a glass tube. The research was conducted using three-electrode (the
working electrode ZBO, Pt as counter electrode and Ag/AgCl (4 M KCl) as reference)
in NaOH (0.1 M) solution. In the potential range (−1 to +1 V), the current-potential J(E)
curves were obtained by the potentiostat PGZ 301 at a scan rate of 10 mV/s, in contrast,
the capacity-potential (C−2-E) characteristic was obtained at 10 kHz. In the range (10−1 to
105 Hz), electrochemical impedance spectroscopy (EIS) has been investigated.

2.4. Photocatalytic Degradation Study

In order to analyze the photocatalytic efficiency of ZnBi2O4, Cefixime was picked as a
model pharmaceutical pollutant. The photocatalytic degradation of CFX was carried out
after optimizing the parameters such as pH and dose of the catalyst by sets of experiments.
The optimal photocatalytic reaction conditions were found to be pH 6 and 1 g/L catalyst
dose. Then, the photocatalytic removal tests under different light sources were performed
by mixing a quantity of ZBO (0.1 g) in a CFX mixture of about 100 mL with an initial
concentration of 10 mg/L. In a reactor in dark conditions, the received suspension was
stirred for 120 min to balance adsorption and desorption before irradiation. As light
sources, UV (Ultraviolet light UVA 24 W (Philips PL/L), 270 nm, 20 mW/cm2), LED (LEDs
50 W, 420 to 700 nm, 10.5 mW/cm2) and solar light (coordinates 36◦46′34′ ′ Nord, 3◦03′36′ ′

est, time from 9 to 12 AM with intensity 98 mW/cm−2) were applied separately to test the
optical properties of ZBO. 3 mL samples were regularly removed from the blend and the
precipitates were centrifuged for 10 min at a speed of 5000 rpm, then they were analyzed
by UV-Visible spectrometry (OPTIZEN, UV-3220UV) with 1-cm matched quartz cells. The
contaminant degradation was indicated by the band‘s loss relating to CFX at the highest
absorption wavelength (λ = 288 nm), as illustrated in Figure S2 in the Supplementary Data.
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The method of spectrophotometric determination of CFX was followed as mentioned in a
previous paper [40]. The degradation was calculated with the following equation:

Photodegradation % =
(CAd −C(t))

CAd
× 100 (1)

where CAd (mg/L) and C(t) (mg/L) are the initial concentration after adsorption and the
concentration at time t, respectively.

3. Results
3.1. Catalyst Characterization
3.1.1. Phase Identification and Characterization

The single phase of ZBO was proved to base on the X-ray diffraction (XRD) (Figure 1).
Indeed, the phase of ZBO nano-powders was obtained at 600 ◦C almost a single. All peaks
are narrow, indicating a good crystallization. The ZBO phase can be determined by diffrac-
tion peaks that are in strong agreement with previous research peaks [23,30]. Moreover, it
conforms to the standard card (JCPDS No. 043-0449) of the tetragonal ZnBi2O4 [28]. The
crystallite volume was estimated from the highest diffraction peaks using the following
Debey–Scherer Equation (2). About 24.16 to 56.18 nm crystalline sizes have been found.

D =
Kλ

β cos(θ)
(2)
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Figure 1. XRD diffractogram of ZnBi2O4 calcined at 600 ◦C.

D is the average crystallite size of the phase under examination in nanometers, K is
the Scherrer constant (K = 0.9), λ is the wavelength of the X-ray beam used, β is the full
width at half maximum (FWHM) in radians and θ is the Braggs angle.

The ZBO phase could be observed by Fourier transform infrared spectra, as shown in
Figure 2. The spinel-shaped metal ions are identified in numerous separate sub-lattices
recognized as A-site (tetrahedral) and B-site (octahedral). So, it can be identified in the
FTIR analysis by Metal and the closest Oxygen neighbors of each element [41]. In our case,
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the FTIR spectrum indicates the presence of three strong absorption bands in the region of
400–900 cm−1, which might be associated with the band of metal-oxygen (M-O) [42–44].
The presence of these M-O bands means that the tetragonal structure is formed by zinc
and bismuth oxides. The presence of peaks between 570 and 628 cm−1 confirmed the
formation of spinel, which belonged to the vibration of the Bi–O bond [45,46]. The peaks
that appear in 430 cm−1 and 524 cm−1 could be attributed to the tetrahedral (ZnO4) in the
catalyst [23,26].
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3.1.2. Morphology Investigation

The morphology of nanoparticles ZBO was visualized on particles with well-defined
morphology by Scanning Electron Micrograph (SEM) technique (Figure 3a). The study
was carried out with an excellent enlargement (3 µm). It can be observed that the sample
consisted of particles almost with the same morphology. It can also be seen particles of
approximately 2 µm in size, corresponding to an agglomeration of nanoparticles; this can
be demonstrated by the very tiny particles next to them. These particles had a slightly
agglomerated morphology due to the ultra-finite nature of the sample. In addition, the
Energy Dispersive X-ray technique (EDX) was done on the same SEM image location
(Figure 3b). Only found peak the elements Zn, Bi and O were observed on the EDX
spectrum and therefore no impurities. The inset table in Figure 3b identifies the atomic %
of elements. As can be concluded, the Bi/Zn molar ratio is around 1.6 and the O/Zn molar
ratio is about 3.9, indicating the composition of ZnBi2O4 nanoparticles.
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Figure 3. (a) SEM (b) Energy dispersive X-ray spectrum of ZnBi2O4.

3.1.3. Optical and Dielectric Proprieties

The optical characteristics of the ZnBi2O4 nanostructure were investigated using UV-
vis diffuse reflectance spectroscopy (DRS). The spectral distribution of T(λ) and R(λ) were
studied for ZBO in the wavelength range (200–900 nm) (Figure S3 in the Supplementary
Data). The complex refractive index n̂ and the dielectric complex ε̂ characterize the optical
properties of any solid material. They are presented in Equation (3) [47,48].

n̂ = n(λ) + iK(λ); ε̂ = εr (λ) + iεi (λ) (3)

The imaginary and real parts of complex refractive n̂ are the refractive index n(λ) and
absorption index (extinction) k(λ) and for the dielectric complex ε̂, are the normal dielectric
constant εr(λ) and the absorption associated with radiation by free carrier εi (λ).

The extinction index k(λ) is calculated in terms of absorption α with the following
equation [49]:

K(λ) =
α(ν)λ

4π
; α(ν) = α0ehν/Eu (4)

where λ, α(ν), α0, h, Eu and n are wavelength, the absorption coefficient, a constant, the
Plank’s constant (6.63 × 10−34 J/s), the Urbach energy and the light frequency respectively.

And the refractive index n(λ) is calculated from the relation [50]:

n (λ) =
(1 + R (λ) +

√
4R (λ)− (1− R (λ))2 K (λ)2

1− R (λ)
(5)

The spectral dependences of both n (λ) and K (λ) as a function of wavelength are
shown in Figure S4 in the supplementary data. The refractive index n (λ) decreases at the
lower wavelengths and increases in the visible spectrum. This favors the optical properties
in the UV region. For the extinction coefficient K (λ), the values are very small at the
visible spectrum but increase at the lower wavelengths, which indicates that ZBO has a low
dielectric loss in the UV region. The extinction coefficient attains a peak at a wavelength
λ = 367 nm that is assigned to the fundamental energy gap.

For the dielectric real and imaginary parts, the normal dielectric constant εr(λ) and the
absorption associated of radiation by free carrier εi (λ) are calculated from the refractive
index n(λ) and absorption index K (λ) using the following equation [51]:

εr (λ) = n(λ)2 + K (λ)2; εi (λ) = 2 n(λ) K (λ) (6)
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The variations of the dielectric constants εr and εi as functions of the energy (hν)
are shown in Figure 4. The optical bandgap Eg value can be determined from this figure
by extrapolating a straight line from the cross-point between the curves of the real and
imaginary parts of the dielectric constant to the x-axis [51], which is equal to about 2.79 eV.
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Figure 4. Dependence of the real and imaginary parts of the dielectric constant as a function of the energy.

The Surface and Volume energy loss functions (SELF and VELF) were calculated using
the dielectric constants as the relations [52]:

SELF =
εi (λ)(

(εr (λ) + 1)2 + εi (λ)2
) ; VELF =

εi (λ)(
εr (λ)2 − εi (λ)2

) (7)

The variations of the volume and the surface energy loss functions as functions of the
energy (hν) are shown in Figure S5 in the Supplementary Data. The figure shows that both
SELF and VELF are very small, especially at lower photon energies, almost equal to zero;
this indicates that ZBO has a low dielectric loss.

The dissipation factor tan δ can measure the loss rate of electrical and mechanical
power mode in all-dielectric materials, usually in the form of heat [51]. for that, the
dissipation factor tan δ can characterize the energy lost as heat in the spinel oxides, which
is calculated from the relation [53]:

tan δ =
εi (λ)
εr (λ)

(8)

Figure 5a shows the change of tan δ as an energy function (hν). A significant increase
in the range (2.4–2.9 eV) is shown in the dependency, clearly indicating that the activation
level is located within this region. The band-gap energy Eg of ZBO was determined 2.78 eV,
which is in agreement with the dielectric index values; this indicated that ZBO has a
significant optical characteristic in the UV region because its band-gap is smaller than ZnO,
which is widely recognized by its efficacy in the UV region [54].
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The dielectric relaxation time τ allows to confirm the value of the optical bandgap Eg
and also determine the limit of the recombination of the charge carrier, the relaxation time
τ is calculated from the relation [55]:

|τ| = ε∞ − εr

ωεi
(9)

ε∞ is calculated using Equation (10) [51] and by drawing εr as a function of λ2, as
showing in Figure S6 in the Supplementary Data:

εr = ε∞ − B λ2; B =
e2N

4π2c2ε0m
(10)

Figure 5b illustrated the dielectric relaxation time τ as a function of the energy (hν).
The cross-point in the curve of dielectric relaxation time at hν = 2.76 eV may be attributed to
the band-to-band absorption because this maximum occurs at hν = Eg which corresponds
to the energy gap for ZBO. This is in agreement with the dielectric index and the dissipation
factor gap values.

The optical bandgap value Eg can also be estimated and confirmed using the op-
tical σopt as well as electrical σe conductivities of ZBO, which are calculated using the
absorption coefficient α from the relations (11) [48]:

σopt =
αnC
4π

σe =
2λσopt
α

(11)

where C is light velocity and α the absorption coefficient. Figure S7 in the Supplementary
Data shows the variation of the optical σopt and electrical σe conductivities as a function
of energy (hν). The cross-point between the curves in this figure confirmed once again the
optical band gap Eg (∼2.72 eV). This indicated that ZBO has good optical properties in the
UV region, where the photons’ conduction is the dominant mechanism.

3.1.4. Electrochemical Proprieties

As a preamble to the conversion of photo-energy, photocatalysis requires deep elec-
trochemical characterization. It allows us, in particular, to better understand the semi-
conducting properties. ZBO Cyclic Voltammetry is intended to describe the stability of
the semiconductor and determine the redox couple’s specific potential. Figure 6 shows
the density potential traced in the dark, the decrease current below (~−0.4 V), indicating
a water reduction into hydrogen while the current rises over (~0.67 V) is due to oxygen
evolution (O2 + 2 H2O + 2 e− → H2O2). The significant difference between the peaks
anodic and cathodic indicates a slow charge transfer which corresponds to a sluggish elec-
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trochemical system and can be related to the irreversible electrochemical mechanism [56].
The semi-logarithmic characteristic (Tafel) in Figure S8 in the Supplementary Data gives a
current exchange density of 3.14 × 10−7 mA cm−2 and a potential of −0.7 V, confirming
good electrochemical stability in the basic medium.
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Figure 6. The cyclic J (E) voltammetry of ZnBi2O4 plotted in NaOH (0.1 M) with a scan rate of 10 mV s−1.

Photo-electrochemistry offers knowledge about the properties of the semiconductor.
The location of electronic bands has great importance for the prediction of interfacial reac-
tions in photocatalysis, and it is located using the flat band potential. The flat band potential
is determined from the capacitance-potential plot using the Mott–Schottky relation [57]:

C−2 =
2

eεε0A2ND

(
E− Efb −

kT
e

)
(12)

where k is the Boltzmann constant, T the absolute temperature, kT the thermal energy (~26
meV), ε0 = 8.85× 10−12 F/m the permittivity of free space [58], e the charge of an electron,
and A is the surface area of the electrode. The permittivity ε (~76) is determined from the
dielectric measurement on sintered pellet, while the hole density ND = 3.53× 1020 cm−3 is
determined from the slope.

The curve C−2(E) exhibits good linearity and it is represented in Figure 7. The
potential Efb = (0.54 V) is easily obtained by extrapolating the plot to infinite capacity
(C−2 = 0). The positive slope confirms the n-type conduction.

The space charge width (W~3.45 nm) was calculated under optimal band bending at
the interface (E − Efb) using the following equation [59,60]:

W =

(
2εε0(E− Efb)

eND

)0.5
(13)

The space charge width W is less than the diameter size D calculated from DRX, so the
recombination of the pairs

(
e−/h+) is kept at a low level. The width of depletion extends

over several crystallographic units, which is advantageous in photocatalysis.
Usually, the conduction band position of n-type semiconductors is 0.1 V above the flat

band levels [37]. So, the conduction band (ECB = −5.19 eV/0.44 V) indicates that the CB
is composed mainly of oxides derived from Orbital 3D. Hence, the energy of the valance
band (EVB = ECB − Eg = −7.99 eV/3.24 V).



Appl. Sci. 2021, 11, 3975 10 of 15Appl. Sci. 2021, 11, 3975 10 of 16 
 

 

 
Figure 7. The capacitance-potential characteristic of ZnBi2O4 in NaOH (0.1 M) solution. 

The space charge width (W~3.45 nm) was calculated under optimal band bending at 
the interface (E − Efb) using the following equation [59,60]: W = ቆ2εε଴(E − E୤ୠ)eNୈ ቇ଴.ହ

 (13)

The space charge width W is less than the diameter size D calculated from DRX, so 
the recombination of the pairs (eି/hା) is kept at a low level. The width of depletion ex-
tends over several crystallographic units, which is advantageous in photocatalysis. 

Usually, the conduction band position of n-type semiconductors is 0.1 V above the 
flat band levels [37]. So, the conduction band (Eେ୆ = −5.19 eV/0.44 V) indicates that the 
CB is composed mainly of oxides derived from Orbital 3D. Hence, the energy of the val-
ance band (E୚୆ = Eେ୆ − E୥ =  −7.99 eV/3.24 V). 

The diagram of electrochemical impedance spectroscopy (EIS) of the junction 
ZnBi2O4/NaOH electrolyte is modeled to an equivalent electrical circuit using the software 
Zview (Figure 8 Inset), corresponding to the contribution of the bulk, grains boundary, 
and ions diffusion. The Nyquist diagram is the plot of the imaginary part (Zim) versus the 
real part (Zre) related to the presence of a constant phase element (CPE) [61]: Z = Q(jW)ି୬ ; 𝑛 =  ଵିଶ௤௣  (14)

where Q is a frequency-independent constant, n is the homogeneity factor (0 < n ≤ 1) related 
to the phase angle φ = (nπ/2). (Figure 8) illustrated the Nyquist diagram with the modeling 
results of the equivalent electrical circuit, which represent a semicircle associated with the 
charge transfer resistance (Rs = 1 kΩ cm2) in series with a Constant Phase Element 𝐶𝑃𝐸 ( 𝐶𝑃𝐸் =  3.79 × 10ିଷ, 𝐶𝑃𝐸௉ = 0.3198) and Warburg Element 𝑊ை  ( 𝑊ைோ = 36315, 𝑊ை ் =4.469, 𝑊ை௉ = 0.78123), in parallel with Rp the electrolyte solution (49 kΩ cm2). The chi-
squared and weighted sum of squares are 0.00186, 0.0392 respectively. The process is also 
represented in the Bode plan (log Z vs. log frequency) (Figure S9 in the Supplementary 
Data). The decrease in Z increasing the frequency indicates an enhanced electrical con-
ductivity and a lowering of the potential barrier [57]. 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.05

0.10

0.15

0.20

0.25

C
-2

 1
0-1

0  (F
-2

cm
4 )

Potential (V/ECS)

vfb=0.54 V

Figure 7. The capacitance-potential characteristic of ZnBi2O4 in NaOH (0.1 M) solution.

The diagram of electrochemical impedance spectroscopy (EIS) of the junction ZnBi2O4/
NaOH electrolyte is modeled to an equivalent electrical circuit using the software Zview
(Figure 8 Inset), corresponding to the contribution of the bulk, grains boundary, and ions
diffusion. The Nyquist diagram is the plot of the imaginary part (Zim) versus the real part
(Zre) related to the presence of a constant phase element (CPE) [61]:

Z = Q(jW)−n; n =
1− 2q

p
(14)

where Q is a frequency-independent constant, n is the homogeneity factor (0 < n ≤ 1)
related to the phase angle ϕ = (nπ/2). (Figure 8) illustrated the Nyquist diagram with
the modeling results of the equivalent electrical circuit, which represent a semicircle as-
sociated with the charge transfer resistance (Rs = 1 kΩ cm2) in series with a Constant
Phase Element CPE (CPET = 3.79× 10−3, CPEP = 0.3198) and Warburg Element WO
(WOR = 36315, WOT = 4.469, WOP = 0.78123), in parallel with Rp the electrolyte solution
(49 kΩ cm2). The chi-squared and weighted sum of squares are 0.00186, 0.0392 respectively.
The process is also represented in the Bode plan (log Z vs. log frequency) (Figure S9 in the
Supplementary Data). The decrease in Z increasing the frequency indicates an enhanced
electrical conductivity and a lowering of the potential barrier [57].

3.2. Photocatalytic Activity of the Catalyst

To research the photocatalyst efficiency under each source of light, the process of
photolysis must be considered. In order to remove the impact of photolysis, a set of
experiments were carried out without the catalyst ZBO in a 100 mL solution of CFX with a
concentration of 10 mg/L at pH = 6 in each light irradiation UV, LED and solar light. Only
a small percentage of CFX degradation, not exceedingly even 5% has been recorded by
photolysis in all sources of light. So, it can be concluded that the photolysis impact could
be ignored.

After neglecting the effect of photolysis, we performed the same set of experiments
in the same conditions but in the presence of ZBO photocatalyst. Before exposing those
experiments to the sources of irradiation, all sets have been mixed in the dark for 120 min
to established the adsorption-desorption equilibrium. Figure 9 demonstrated the difference
in degradation under different light sources. As can be shown, while the catalyst radiated
by solar light, the CFX degradation rate reached 89% in just 30 min, while that for other
sources was lower. ZBO has more efficient degradation in the solar light because the
solar light contained all visible, UV and other light irradiation. It has the largest light



Appl. Sci. 2021, 11, 3975 11 of 15

spectrum. Moreover, the intensity plays a role in this part as the solar light has great
intensity (98 mW/cm−2). The UV irradiated gives a good degradation performance within
the time, giving an 88.1% degradation in 2 h. This difference can be due to the color
and the gap energy of the catalyst (2.8 eV), which gives a higher light absorption in the
range of 200–600 nm, which is very close to the UV region. For the sunlight, it has the
greatest light spectrum also containing the UV region causing a rapid degradation for CFX.
On the other hand, the LED containing only visible light for that only small degradation
was observed with it. This result was confirmed the finding of the optical and dielectric
characterization as demonstrated previously in the optical study. ZBO has shown more
efficiency in the degradation compared to our previous research about the degradation of
CFX using ZnO [62] which gives a 60% degradation rate in 3 h. That can be explained by the
ZBO bandgap (2.8 eV) being smaller than ZnO. Increasing the photocatalytic efficiency of
semiconductors by lowering the bandgap and facilitating the separation of photo-generated
electrons and holes is a difficult task.
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3.3. Energy Diagram and Suggested Mechanism

In general, a photocatalyst may assign photodegradation of organic substances to
different reaction pathways regulated by different active species such as OH•, O2

•, and
holes (h+) [62]. As demonstrated in the literature, ZBO can be quickly excited and the
e−/h+ pairs produced because of its narrow bandgap [37]. This catalyst is a successful
choice for the photodegradation of antibiotics as an electron reservoir [28]. In previous
works [13,63–65], both holes and hydroxyl radicals have been suggested to be active
oxidizing agents responsible for removing organic substances. The photodegradation
mechanism was illustrated in both Figure 10 and Equations (15) to (18):

ZnBi2O4 + hυ→ ZnBi2O4
∗ + e− + h+ (15)

H2O + h+ → OH∗ + H+ (16)

O2 + e− → O2
−∗ (17)

CFX + OH∗ and O2
−∗ → CO2 + H2O

+other small intermediate by products
(18)Appl. Sci. 2021, 11, 3975 13 of 16 
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Figure 10. Energy diagram and suggested mechanism for CFX degradation by ZBO nanoparticles.

4. Conclusions

In this research, nanoparticles of ZnBi2O4 have successfully been synthesized by co-
precipitation and then described by different methods to distinguish the optical, dielectric,
and electrochemical properties. Firstly, DRX and FTIR were used to confirm the obtaining
of the spinal phase. Then, an SEM analysis was performed to investigate the morphology
of the nanoparticles ZBO; uniform shapes have been observed. An optical study was done
to investigate ZBO optical and dielectric proprieties, which shows that this catalyst has
good photocatalytic activity in the UV region with a gap band (~2.8 eV). Additionally, elec-
trochemical characterizations were investigated in order to determine the type of catalyst,
define the energetic diagram, and determine the location of the conduction and valence
bands. An n-type semiconductor with a flat band potential of 0.54 VSCE was discovered.
The activity of this prepared photocatalyst was then checked for photodegradation of the
Cefixime antibiotic under various light sources to demonstrate the finding of the optical
characterization. The results revealed that the ZBO catalyst could lead to 89% of CFX
degradation under solar light in only 30 min and 88% under UV irradiation after 2 h. Those
results indicate that the catalyst can be a modern catalyst candidate for the removal of
organic contaminants in water under solar radiation. We conclude with an outlook on
future research, since this catalyst has demonstrated strong photocatalytic properties. It
will be tested for the inactivation of bacteria and other microorganisms.
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