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Abstract:

In this research, In this study, a novel seven-layer Aurivillius phase, Bis75Zno2sTi70;
denoted as BZT, was synthesized using the molten salt method. The investigation included an
analysis of its crystal structure, morphology, optical properties, and photocatalytic performance
in the degradation of thodamine-B. X-ray diffraction (XRD) data revealed the adoption of a C-
type orthorhombic crystal structure indicated the incorporation of Zn*'/Bi** ions into the
perovskite A-site of Arivillius. Fourier-transform infrared (FTIR) analysis prouve the formation
of Ti—O-Ti linkages on the B-site Aurivillius. The calculated band gap energy using the Tauc
method was determined to be 2.05 ¢V, providing evidence of its photocatalytic effects.
Additionally, experiments involving the degradation of rhodamine-B under solar irradiation
exhibited an efficiency of 67%, offering a compelling demonstration of the material's potential
for sustainable and efficient photocatalytic applications.
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1. Introduction

Photocatalysis, the process of initiating chemical reactions under the influence of light, has
emerged as a promising technology to address various environmental and energy-related
challenges [1-5]. This innovation relies on the meticulous design of efficient photocatalytic
materials capable of converting solar light into chemical energy with enhanced efficiency [6, 7].

Among these materials, Aurivillius compounds have captured researchers' interest since their
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discovery in 1949, due to their layered crystalline structures defined by the general formula

(Bi202)**(An1B3:Xsn:1)*. In this formula, "A" typically corresponds to Bismuth, "B" represents
transition metal cations, "X" is usually an oxygen anion, and "n" indicates the number of
Aurivillius layers[8, 9]. Beyond their remarkable electrical and dielectric properties [10-12],
these compounds also stand out for their photocatalytic properties[6, 13, 14].

The Aurivillius structure offers significant flexibility in terms of doping, enabling the
introduction of dopant atoms into the "A" and "B" sites of the general formula to enhance
dielectric, piezoelectric, and even photocatalytic properties [6, 15].

Zinc ions have demonstrated their significance in improving the photocatalytic properties of
various materials, including multilayer Aurivillius structures. Indeed, zinc ions can act as
dopants in the "A" or "B" site of the Aurivillius structure due to their ionic radius of 0.74
angstroms. For instance, doping in the "B" site of double-layer Aurivillius compounds such as
Bi;WOq[16-19], Sr2AITa06[20], MnFe,O4[21]...., or in the "A" site of three-layer Aurivillius
compounds like BisTi3012[22-24] and even four-layer Aurivillius compounds like BisTi;0:5
[25-27] for magnetic and photocatalytic applications. However, the exploration of zinc ion
doping in seven-layer Aurivillius compounds remains unexplored, thus offering avenues for
original research and investigation.

In this study, our aim is to investigate the impact of 25% zinc ion doping in 7-layer Aurivillius
compounds synthesized via the molten salt process, specifically (Bis75Zno2s11,027), for
photocatalytic applications. We will examine the structural changes induced by zinc ions using
techniques such as X-ray diffraction (XRD) and Fourier-transform infrared spectroscopy
(FTIR). Additionally, we will evaluate the optical properties and photocatalytic performance

through the degradation of rhodamine-B under solar irradiation.

2. Experimental
2.1. Sample Preparation and characterization
The molten salt method was utilized for synthesizing Bis75Zne2sTi;0,; (abbreviated as

BZT), selected due to its lower operational temperature compared to alternative methods
employed in Aurivillius synthesis[28, 29]. Stoichiometric quantities of high-purity precursors,
including B:O3 (99.9%), ZnO (99.8%), and TiO, (99.9%), were finely ground along with a
1:1 ratio of (KCLNaCl) for a duration of 4 hours. Subsequently, the resultant mixture
underwent calcination at 850°C for 4 hours, utilizing a gradual heating rate of 2°C/min. The
calcined product was meticulously washed with hot water to eliminate any residual chlorine, a
process verified by the AgNO; test.
Following this purification step, the dried material underwent a comprehensive series of
analyses. X-ray powder diffraction (XRD) was conducted in the 26 range of [5°- 70°] using an
X-ray powder diffractometer (Rigaku Miniflex 600) with CuKa radiation (A=1.5406 A). The
raw data were analyzed using the HighScore Plus software. Fourier-transform infrared (FT-IR)

spectra were recorded to confirm the crystal phases of the prepared samples. Scanning electron
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microscopy (SEM) (TESCAN VEGA3 SEM: Carl Zeiss 300VP) was employed for

morphological assessment, accompanied by energy-dispersive X-ray spectroscopy (EDX) for
elemental distribution analysis on the same surface. Furthermore, the optical properties of the
catalysts within the 400-800 nm range were investigated using a UV-Vis spectrophotometer
(Shimadzu FTIR-8400). Additionally, the degradation kinetics of Rh-B under sunlight
irradiation were probed using UV-visible spectroscopy.
2.2. Photocatalytic Test
In all photocatalytic activity experiments, BZT catalysts (100 mg) were immersed in a

solution of Rhodamine B (Rh-B) dye (100 ml, 10 mg.I") and subjected to solar irradiation
during the month of March in the Biskra region (Algeria). The dye's absorption was analyzed
using a UV-vis-NIR spectrophotometer (Perkin-Elmer, Lambda 850) at a wavelength (A) of
554 nm. At 15-minute intervals of solar exposure, samples (4 mL) of the reaction mixture were
extracted, followed by centrifugation (3000 rpm for 10 minutes) and filtration. Subsequently,
the filtrates underwent analysis.
The degradation efficiency was determined using the following equation (1):

Rinpy (%) = (Co - C)) / Co x 100 % (1)
Where; Co (mg/l) represents the initial concentration of Rh-B, and C. (mg/l) is the
concentration of the collected samples after centrifugation.

The Fig. 1 illustrate the molten salt stepwise preparation and characterization of BZT

photocatalyst.
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Fig. 1. Molten salt stepwise synthesis and characterization of BZT nano-

photocatalyst.
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3. Result and Discussion

3.1. XRD analysis
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Fig.2. XRD pattern of calcined BZT sample

The X-ray diffraction (XRD) spectrum (Fig. 2) revealed a significant correlation with the
seven-layer Aurivillius phase doped with 5% sodium, synthesized through the solid-solid
method by UCHIDA et al.[30], identified by the ICOD (No. 00-023-1044). The indexed
pattern affirmed the orthorhombic structure within space group C, with lattice parameters
calculated using HighScore Plus software (a = 5.451 A, b=5414 A, c=3538A, a-= B=vy=
90°). Notably, a subtle shift was observed in the peak corresponding to the highest intensity
(118), transitioning from an angle of 30.273° to 30.233°. This shift indicates the successful
substitution of Bi** ions (1.03 A) by Zn* ions (0.74 A), confirming effective doping and
structural modification within the BZT compound.

Furthermore, the crystallite size was estimated using Debye—Scherer’s equation[9], (Dgcp, =
(k x 2)/(Bcos(0)), where k= 0.9 is the shape factore and B is the full width at half maximum
and cos(8) is the diffraction angle. This calculation was applied to the (118) peak, resulting in

an average crystallite size of 664 A.
3.2.FTIR analysis
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Fig.3. FT- IR absorption spectra of BZTsample calcined at 850°C
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Infrared spectroscopy (FTIR) serves as a complementary analysis that provides insights into the

formation and stabilization of the phase structure following the doping of the BisTi;O.;
compound. Fig. 3 illustrates the results of this analysis in the range of 4000-400 cm’,
presenting the spectrum of BZT calcined at 900°C. The bands extending from 790 cm™ to 527
cm have been attributed to the antisymmetric stretching vibrations in the Ti—-O-Ti linkage of
TiOg[31, 32], representing a regular octahedral configuration characteristic of the seven-
Aurivillius phase. These spectral data were consistent with values reported in the literature[32,
33]. Furthermore, the peak at around 1622 cm™ and the broad band within the range of [3500,
3030] cm™ have been attributed to the vibrations of H-O molecules from water absorbed by

the KBr, which was used to dilute the samples into pellets[9, 34].

3.3. SEM/ X-EDX analysis
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Fig. 4. (a) SEM micrograph of BZT sample calcined at 900 °C, (b, ¢) Histograms of
average length and thickness of BZT plaque-like grains

The observation of SEM micrographs of the BZT material, as illustrated in Fig. 4(a), reveals
that the grain morphology takes the form of plates, which is generally attributed to a faster
growth rate of grains along the a-b plane compared to the c-axis in materials with a bismuth
layer structure[35-37]. Utilizing the 'Image J' software for calculating the average size of the
plates yields values of approximately 2.223 pm in length and 0.178 pm in thickness,

respectively. We can account for the significant difference in values obtained through the
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Debye-Scherrer method (66.4 pm) by considering the agglomeration of crystallites to form
plate-like grains[38].

Furthermore, the analysis conducted using energy-dispersive X-ray spectroscopy (EDX), as
shown in Fig. 5 has confirmed the purity of the sample prepared through the molten-salt

process, evident from the presence of peaks corresponding to all stoichiometric elements, Bi,

Ti, Zn, and O.
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Fig. 5. EDS elements content image of BZT 7-layer Aurivillius nanomaterial

3.4 Optical and Photodegradation Kinetics Study

The discovery of the layer-Aurivillius phase has solidified its reputation as an efficient
photocatalyst, mainly attributed to its remarkable capability to rapidly break down and
mineralize a diverse range of natural organic materials and pollutants[39-41]. This high
efficiency is a result of its narrow bandgap, typically falling within the range of 2.02 to 3.5
eV[39, 42].
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Fig. 6. (a) UV—vis absorbance spectra (b) Fitting ( h )" vs (h ) using Wood and Tauc

model for calcined BZT nanomaterial.

The optical bandgap of the calcined BZT nanomaterial at 850°C was determined using the
analytical model proposed by Wood and Tauc[43, 44], employing an indirect transition
method. Plotting the curve of (athv)* against (hv) resulted in an estimated bandgap energy of
2.05 eV. Notably, this value is lower than the bandgap of the orthorhombically distorted three
and four-layer Aurivillius phases, which were recently reported as 2.25 ¢V and 3.7 €V, [42, 45]
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To assess the photocatalytic capability of the BZT nanomaterial, its efficiency in breaking down

Rhodamine-B (Rh-B) pollutants was evaluated. Rhodamine-B, with a peak absorption
wavelength of 554 nm in aqueous environments, was chosen as the model pollutant. The finely
powdered BZT compound was allowed to reach desorption/adsorption equilibrium during a
30-minute period of darkness before commencing the photocatalytic experiment.

Figure 6(a) illustrates the degradation profiles of Rhodamine-B during exposure to solar
irradiation. Remarkably, BZT emerges as an effective catalyst, leading to a substantial 67%
reduction in the concentration of Rhodamine-B after a 180-minute irradiation period.
Moreover, the assessment of photodegradation kinetics for various organic molecules typically
follows a first-order reaction pattern, consistent with the Langmuir-Hinshelwood kinetic
model, especially at lower concentrations[13].

Thus, equation (2) is expressed as:

V = -dC/dt = kapp. x C (2)

Where:

V: Rate of photocatalytic degradation (mg.I"'.min™")

kapp.: Apparent degradation rate constant (min™?)

C: Concentration of Rhodamine-B dye in the solution (mg.I™")

t: Duration of irradiation (min)

Integrating equation (2), considering C = Cy when t = 0, results in the subsequent equation(3):
Ln (Cy/Ct) = kapp. x t (3)

A linear regression analysis of Ln (Ct/CO0) against t (Fig. 6(b)) yielded a regression coefficient
of 0.98 and a kinetic constant of 0.00277 min™!.

Particularly noteworthy is the presence of extremely reactive ‘OH radicals, which emerge near
the catalyst's surface. Triggered by the presence of water and atmospheric oxygen, these radicals
initiate the partial or complete breakdown of numerous organic compounds through the
cleavage of chemical bonds. Due to their transient nature, these radicals exhibit limited

diffusion away from the active surface[46, 47].
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Fig. 7. (a) UV-Vis spectra, and (b) First order kinetic curve for Rhodamine-B (Rh-B)

degradation under sunlight irradiation using BZT nanocatalyst
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. Conclusion

In this study, a novel Zn** doped seven-layer Aurivillius phase, designated as BZT
(Bis75Zn025117057), was synthesized using the molten salt method. The XRD spectrum analysis
confirmed the orthorhombic structure of BZT, while infrared spectroscopy provided
complementary evidence of its phase stability, revealing distinct bands associated with Ti—-O-
Ti linkage vibrations. SEM micrographs unveiled a plate-like grain morphology, measuring
2.223 pm in length and 0.178 pm in thickness. Remarkably, the calculated optical bandgap of
the calcined BZT nanomaterial was found to be 2.05 ¢V, demonstrating a lower value than that
reported for orthorhombically distorted layer-Aurivillius phases. Photocatalytic assessment
highlighted BZT"s effectiveness in degrading Rhodamine-B pollutants, achieving a substantial
67% reduction in concentration after 180 minutes of sunlight irradiation, and exhibiting
congruence with first-order reaction kinetics, as indicated by the estimated rate constant (kapp)
of 0.00277 min-1. These findings underscore the promising potential of BZT as a

photocatalytic agent for environmental remediation purposes.
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