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Abstract

In this study, we synthesized and characterized pyrochlore solid solutions, specifically
Bi, sNb; sZn,Cu,.,O,(with x values of 0, 0.2, 0.6, 0.8, and 1), for their potential use as catalysts in the
degradation of organic pollutants. These pyrochlore compositions were prepared using the solid-
solid reaction technique and thoroughly characterized through X-ray diffraction, scanning electron
microscopy,Fourier-transforminfrared and UV-vis spectroscopy. XRD analysis confirmed the
presence of a cubic pyrochlore structure with Fd3m symmetry. Notably, we observed a consistent
linear decrease in the lattice parameter as zinc concentration decreased, demonstrating the
successful incorporation of zinc into the pyrochlore lattice. SEM observations revealed dense
microstructures with limited intergranular porosity, indicative of structural integrity. Infrared
spectroscopic analysis identified vibrations associated with metal-oxygen bonds, further
confirming the pyrochlore nature of these compounds. Variations in absorption peak intensities
were correlated with the substitution fraction x, primarily attributed to the differing masses of
copper and zinc atoms. The energy band gap, determined via the Tauc-plot method, ranged from
2.72 eV (x = 0) to 3.35 eV (x = 1), consistently increasing. These findings underscore pyrochlore
materials' potential as catalysts for environmental remediation, particularly in degrading organic
pollutants.
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1. Introduction

Recent scientific research has been significantly focused on materials with the pyrochlore
structure, primarily due to their extraordinary diversity of properties [1]. These materials have
gained prominence across various fields, from solid-state batteries to superconductors [2, 3Jand

photocatalysis [4-6].

Pyrochlores are known for their characteristic cubic structure, denoted as A,B,0O,, adopting a
cubic crystal structure (Fd3m) having a lattice parameter 'a' of approximately 10 A [7]. Their
unique structure is composed of two types of cations, refered to as A and B. Remarkably,
pyrochlores are renowned for their ability to accommodate a wide range of cations with varying
valences (+3 and +4)(8],such as those from rare earth elements and transition metals.Examples of
such pyrochlores include Y,Ti,0,[9],Y,Mo,0,[10], Dy,Ti,O,[6, 11], La,Zr,0,[12, 13],
andBi,Ru,0,[14], among others.

Notably, pyrochlores can also be composed of three elements, namely A, B, and B', exhibiting
different valences and following the general structure (AB')(B'B)O,[15]. These compounds have
been engineered to enhance various physical properties, including their superconducting

behavior [16], metallic conductivity [17], and ionic conductivity[18].

The research undertaken by Caignaert Vincent et al. [19-21] has significantly contributed to the
enhancement of pyrochlore properties by means of precise compositional adjustments.
Employing the conventional solid-solid synthesis method, they adeptly engineered a diverse array
of pyrochlore variants by amalgamating polyvalent cations. These efforts led to significant
achievements, including substantial electrical conductivity in materials containing copper,
exemplified in Bi, sSb,Zn, CuO,[20],and the observation of Curie-Weiss paramagnetic
behavior. This paramagnetism featured a noteworthy Van Vleck contribution arising from the

Sm™ magnetic cation in Bi, s-xSm Sb, ;CuO,[19].

Furthermore, the research conducted by Benhadria Naceur et al. [22]and Abdelbaky Mohamed
et al. [23]underscored the significance of pyrochlore compounds and their diverse applications in

fields such as the photocatalytic properties in the environment[24].

In our research, we synthesized pyrochlores with the formula Bi, ;Nb, ;Zn Cu, O,, varying the
zinc content (x) at values of 0, 0.2, 0.6, 0.8, and 1. To ensure the quality and purity of the
synthesized products, we employed X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), and UV-visible spectroscopy to
examine optical properties. It's worth noting that our synthesis method was based on the solid-

state approach, and we carefully optimized our experimental conditions, drawing inspiration
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from prior research conducted by Hanene KORICHI[25], who used concentrations of 0, 0.25,
0.5, 0.75, and 1.

2. Experimental procedures

Pyrochlore Bi, sNb, sZn Cu, O, ceramics with 0 < x < 1 were synthesized using a solid-solid
process. Starting materials, which included Bi,O; (99.9%, Aldrich), Nb,O5 (99.5%, Stream
Chemicals), CuO (98%, Riedel-de Haen), and ZnO (99%, Biochem), were employed as the
initial components. Our synthesis protocol involved a stepwise procedure with notable variations

compared to the one utilized by Korichi Hanane[25].

In our method, the initial mixture was subjected to 2 hours of grinding, followed by the first
calcination at 700°C (ramped at 2°C/min) for 24 hours. Subsequently, another 2-hour grinding
cycle was performed, succeeded by calcinations at 800°C and 900°C, each under the same
heating rate and time frame. The resulting material was shaped by pressing at a pressure of 3000
kg/crnz, incorporating 5% polyvinyl, and underwent drying at 80°C. Finally, sintering was

carried out at 920°C for a duration of 12 hours.

In contrast, Korichi Hanane's approach featured a different temperature profile and durations.
Their initial mixture underwent grinding, followed by the initial calcination at 600°C (ramped at
2°C/min) for 24 hours. After an additional 2-hour grinding cycle, the material was subjected to
calcinations at 700°C, 850°C, and eventually reached a final temperature of 900°C for 6 hours.
The shaping process involved pressing at a pressure of 400 kgf/cm’. Subsequently, the material

underwent sintering at 920°C for an extended duration of 36 hours.

These variations in temperature profiles, calcination times, pressing pressures, and sintering
durations likely contributed to differences in the final properties of the synthesized materials

using the two protocols

The specimens were initially characterized using X-ray powder diffraction employing a
Panalytical X'pert Pro X-ray diffraction system. Data collection was carried out using CuKa
radiation through a step-scan method spanning the 20 range from 10° to 80°. The step size was

set at 0.016°, and each step had a duration of 0.5 seconds.

Microstructural analysis of the sintered samples was carried out using a scanning electron
microscope (JEOL JSM 6390). The densities of the sintered samples were determined through
the Archimedes method.

Fourier Transform Infrared spectroscopy (FTIR) of the samples was conducted using a
PerkinElmer FT-IR Spectrum spectrophotometer, covering the wavelength range of 400-1500

-1
cm .
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The optical properties of all the samples were determined at room temperature in the 200-800

nm region using a UV-VIS spectrometer (Perkin Elmer Lambda 25 UV).

The steps followed in this synthesis protocol are illustrated in Fig. 1.
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Fig. 1.Steps in Solid-State Preparation of Bi, ;Nb, ;Zn Cu, ,O,Pyrochlore Samples

3. Results and discussions

X-ray Diffraction (XRD) Analysis

3.1.

The substitution of copper with zinc led to the formation of a continuous solid solution of the

pyrochlore type, characterized by the chemical formula Bi, ;Nb, .Zn Cu, O,, where x = 0, 0.2,

0.6, 0.8, and 1. Throughout the synthesis process for the different compositions, noteworthy

color variations in the powder were observed, contingent on the temperature, as illustrated in

Fig. 2.
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Fig. 2.Color Variation of Synthesized Samples at 700°C, 800°C, and 900°C.

The XRD pattern obtained, as illustrated in Fig. 3(a), reveals clear diffraction peaks
corresponding to the cubic crystal structure of Bi, sNb, ;ZnO, (ICSD no. 00-054-0971) within
the Fd3m space group. Specifically, the diffraction peaks for the (111), (311), (222), (400),
(331), (511), (440), (622), (444), (800), and (622) planes of cubic Bil.5Nb1.5Zn0O7 were

observed at 20 angles of 14.51°, 28.04°, 29.31°, 33.97°, 37.13°, 44.61°, 48.79°, 57.94°,
60.78°,71.55° and 79.06°, respectively.

Fig. 3(b) offers an enlarged view of the XRD pattern within the angular range of (28.5°-30°),
focusing specifically on the most intense diffraction peak (222). Notably, this peak consistently
shifts toward lower angles (from29.40° t029.31°) with increasing x values, signifying the
progressive evolution of the lattice parameter within the cubic unit cell in the solid solution

Bi, ;Nb, sZn Cu, O,and the effective incorporation of the dopant into the pyrochlore matrix.

Table 1:The lattice parameters, volumes, crystallite and grain size for Bi, ;Nb, ;Zn Cu, O,

system, prepared by conventional solid state route.

Contents of Zn(%) 0 20 60 80 100
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a (A) 10.5422 10.5481 10.5501 10.511  10.5587

V (A% 1171.65 1173.61  1174.27 1174.62 1177.16

Scherrer  57.0067 109.6283 53.1112 52.7948 57.0126

(nm)
Crystallite and grain size SEM 10.27 10.76 8.84 2.80 2.82
(pm)
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Fig. 3. (a) XRD Patterns of Bi, ;Nb, ;Zn Cu, ,O,Ceramics Sintered at 920°C, with (b)
Enlarged View (28.5° to 30°) Showing (222) Peak Position Evolution

The lattice parameters and corresponding volumes for the different compositions were refined
using the Celref software (Table 1 and Fig. 4). The increase in lattice parameter is attributed to
the difference in the ionic radii of zinc (0.74 A) and copper (0.73 A), both having a coordination
number of VI[26, 27]. The substitution of copper with the larger zinc cation leads to an observed

increase in lattice parameter. Additionally, X-ray diffraction analysis provided information on the

average size of crystallites or coherence length, estimated using the Scherrer equation (L = KxA /

(B xcos(B)), where L represents the average crystallite size. Within the solid solution
Bi, sNb, sZn Cu, O, crystallite sizes were observed to vary between 110 and 52 nm (Table 1),
corresponding to an increase in zinc concentration. This reduction in crystallite size is frequently
correlated with enhanced crystallinity of the material, implying a more orderly structure as zinc is

integrated (27, 28].
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Fig. 4.Cell parameter and volume variation of the Bi, ;Nb, ;Zn Cu, O, ceramics sintered at

920°C (x = 0, 20, 60, 80 and 100%)
3.2.  Density Measurements

The powders of the solid solution Bi, sNb,:Zn Cu, O,doped with five different zinc
concentrations (x = 0, 0.2, 0.6, 0.8, and 1) were used to form pellets with a diameter of ®= 13

mm and a thickness of approximately ¢ = 1.5 mm. The results, including theoretical density,
experimental density, and densification ratio of the sintered pellets after heating at 920°C for 12

hours, are presented inTable 2.

Table 2: The theoretical density, experimental density, and densification ratio of the
Bi, ;Nb, ;Zn Cu, O, system sintered at 920°C.

Sintering Contents of Zn(%) Experimental Theoretical Densification
temperature density density ratio (%)
°C)

0 6.5087 7.1235 91.3694

20 6.5298 7.1157 91.1766
920 °C 60 6.7502 7.1200 94.8061

80 6.8297 7.1220 95.8958

100 6.3751 7.1101 89.6625

Notably, the composition doped with 80% zinc exhibited the highest density value, measuring
6.8297 g/cm?, which corresponds to approximately 95.8958% of the theoretical density. This
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increase in density indicates a reduction in the number and size of pores, resulting in a more
compact structure. Enhanced compactness can be attributed to the densification process during

sintering, where particles fuse and fill void spaces, resulting in a denser and more homogeneous
material[29, 30].

3.3.  Morphological Analysis via Scanning Electron Microscopy (SEM)

Fig. 5 (a- ) illustrate the grain size calculation curves conducted using « Image J » Software, and
the corresponding micrographs of each composition were obtained through scanning electron
microscopy (SEM). These analyses reveal that the compositions exhibit relatively larger grain
sizes compared to the crystallite sizes calculated by the Debye-Scherrer method, ranging from
10.27 pm to 2.82 pm, but these differences are correlated with experimental results and can be
attributed to various factors, including densification effects, crystalline growth, and thermal

treatment parameters [31].
3.4. Fourier Transform Infrared Spectroscopy (FTIR)

Fig. 5(f)presents the Infrared spectra of the Bi, ;Nb, ;Zn Cu, O,system. The observed vibrations
in this spectral range are primarily associated with the metal-oxygen bonds. Notably, these

spectra confirm the pyrochlore nature of the compounds within the system.

Variations in the relative intensity of specific bands are observed in response to changes in the
substitution fraction, x. For instance, the bands located around 561 and 574 cm™ can be assigned
to the polyhedron (Bi/[Zn Cu])O,0’,). These bands are situated within the region of stretching
vibrations of the A-O and A-O’ bonds in the polyhedron AO,O’,, as explained by Withers et al
(32].

It is noteworthy to mention that the absorption peaks at 1643 cm™ and 1372 cm™ can be
ascribed to atmospheric CO,, whereas the bands at approximately 3400 cm™ correspond to the

stretching vibration of hydroxide (O-H) groups resulting from the presence of moisture[33, 34].
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Fig.5. (a- ¢)SEM micrographs and the average grain sizes distribution with various

contents of Zn, and (f)FTIR spectra of Bi; ;Nb, ;Zn Cu, O, (x =0, 0.2, 0.6, 0.8 and 1)
3.5. UV-visible spectroscopy
UV-Visible spectroscopy, in conjunction with the Tauc Optical Characterization (TOC) plot,
serves as a widely adopted analytical technique for determining the bandgap energy in

semiconductor materials based on absorbance data[35]. The TOC plot, as depicted in Fig. 6(b),

is generated from absorbance data recorded in the wavelength range of 200 to 800 nm, as shown

in Fig. 6(a). The relationship between the material's absorbance (), incident photon energy

(hv), pre-exponential constant (A), bandgap energy (Eg), and an exponent (n) contingent upon

the absorption mechanism is described by the equation (1)[19]:
(0hV) "= A(hV - Eg) oo (1)

Typically, for an indirect transition, n = 1/2, while for a direct transition, n = 2.

By fitting a linear line to these data points, we can determine the bandgap energy, Eg, of the

material. Using the indirect transition with an exponent 'n' of 1/2, our findings indicate that the
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bandgap energy increases from 2.72 eV (x = 0) to 2.81 ¢V (x = 0.2), 2.91 eV (x = 0.6), 3.06 eV
(x = 0.8), and 3.35 ¢V (x = 1) with an increasing zinc doping concentration. These results are in

close agreement with the findings of Khiera, Zouaoui et al.[20].

Furthermore, our research reveals a significant correlation between the rising zinc doping
concentration and a reduction in grain size of the samples. Generally, as grain size decreases, the
quantum confinement effect leads to an increase in the bandgap energy, which aligns with our
experimental data[36]. This variation in the bandgap energy with grain size has noteworthy
implications for the optoclectronic and photocatalytic properties of these materials, rendering

them particularly suitable for specific environmental applications.

x=0 1,4 4
x=0,6 ]
x=0,8 N
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3 g
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[&]
C
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o)
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Fig. 6.(a) The UV—vis absorption (DRS) spectra and (b)Tauc plot ofBi, sNb, Zn Cu, O,
where x = 0, 0.2, 0.6, 0.8, and 1.

4. Conclusion

The objective of this study was to synthesize and characterize pyrochlore-type solid solutions
with the chemical formula Bi, ;Nb, ;Zn Cu, O, (x = 0, 0.2, 0.6, 0.8, and 1) using the solid-solid
synthesis method. X-ray diffraction analysis revealed that all selected compositions exhibited a
cubic structure with the Fd3m space group. Refinement of the lattice parameter "a" using Celref
software demonstrated a continuous increase with the percentage of zinc doping.The average

grain size, determined by the Scherrer method, ranged from 110 nm to 52 nm across different
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compositions. Density and porosity studies of samples sintered at 920°C showed that the
composition with 80% zinc doping achieved the highest density (6.8297 g/cm?®) and the lowest
porosity (4.1042%), indicating its superior properties.Infrared analysis (FTIR) conducted on
samples sintered at 920°C revealed the presence of characteristic metal-oxygen bond vibrations in
the range of 500 to 600 cm”, confirming the pyrochlore-type nature of the compounds.
Scanning Electron Microscopy (SEM) images displayed an agglomerated structure with irregular
distribution and uniform shapes.Furthermore, the optical bandgap, determined using the Tauc
method, exhibited a low value in the copper composition, progressively increasing with the

introduction of zinc. The bandgap values ranged from 2.72 ¢V to 3.35 ¢V.

These results demonstrate the successful synthesis and characterization of pyrochlore solid
solutions with tunable properties, suggesting their potential as catalysts for environmental

remediation.
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