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Abstract: In this work, we report the preparation and characterization of Gd,O3/SnO./Fe;O3
nanocomposites using the sol-gel method. The as-prepared nanomaterials were characterized using
powder X-ray diffraction (PXRD), scanning electron microscopy (SEM), UV-visible spectroscopy, and
diffuse reflectance spectra (DRS) techniques. The XRD pattern reveals the average crystallite size of
the as-prepared Gd»03/SnO2/Fe.O3 nanocomposites is 21.9 nm. Further, the SEM analysis of the as-
prepared sample shows planar and rod-like irregularly shaped nanoparticles, and the small ball-like
particles were decorated on the surface of the samples, which confirms that the three different samples
were present and mixed throughout the sample, further confirming that there exist three different
materials in the sample. Furthermore, the dielectric properties, AC electrical studies, and impedance
analysis of the individual components (Fe;Os, Gd.Os;, SnO;) and the nanocomposite
(Sn0,/Gd,03/Fe;03) were examined by dielectric studies. The results revealed that the grain boundaries
were more resistive than those of grains due to disordered atomic arrangements near the grain
boundaries, enhancing electron scattering and increasing resistivity. The composite of
Sn0,/Gd,0s/Fe;,O3 demonstrated a superior dielectric function compared to the separate materials,
indicating its potential for energy harvesting applications. The photocatalytic Investigations of the
Sn0,/Gd,0s/Fe203 composite's capacity to break down methylene blue (MB) dye under light exposure
was assessed to determine its photocatalytic activity.
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1. Introduction

The rising energy demand and accompanying environmental problems have stimulated
considerable interest in developing technologies harnessing renewable energy sources. Among
these, solar energy stands out as a promising path for efficient energy conversion, with
hydrogen production emerging as a pivotal application. Sunlight is a potent energy source, as
photovoltaics and photocatalysis have converted solar energy to electric energy and chemical
reactions [1,2]. The photovoltaics have accelerated electricity generation by speeding up
electron movement within solar cells. Solar farms represent a significant stride towards
reducing dependence on fossil fuels while boosting energy security. Moreover, solar power
holds immense potential for decarbonizing industries and mitigating energy costs, particularly
in mining sectors that often rely on diesel generators in remote regions. Like vice, the
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photocatalytic materials observe the sunlight and undergo the advanced oxidation process for
wastewater degradation.

Numerous strategies have been developed to overcome the drawbacks, such as bandgap
engineering, through heterostructure construction. A detailed study in this avenue has revealed
that the proper energy band alignments across two semiconductors’ interfaces can effectively
improve charge separation by crippling the photogenerated electron-hole pairs’ recombination.
Various approaches have been examined to enhance the photocatalytic activity of materials.
Some of these approaches include doping, surface modification, the production of composites,
and heterostructure assembly. Amongst heterostructure designs, one has attracted much
attention because of its capacity to facilitate the combing of several phases, ultimately resulting
in improved catalytic activities. In heterostructures, the interaction between different metals
makes charge transfer easier, ultimately increasing the catalytic process's effectiveness [3,4].

The heterostructure, photo, and electrocatalyst demonstrate that the synergistic
interaction of multiple metals boosts charge transfer and enhances catalytic activity. Wang
employed CoMo LDH as a template after dissolution regeneration, followed by annealing and
salinization to create MoSe2/Coo.85-Se heterostructures with outstanding electrocatalytic
activity. Zhon used stainless steel mesh as a substrate to load NiCo LDH, followed by
subsequent hydrothermal treatment, to successfully produce a CoSe/NisSes heterostructure that
exposed more active sites, lowered charge transfer resistance, and performed well in
electrocatalytic hydrolysis [5]. Hashem et al. investigated the single-phase structures of SnO2
and ZnO, and the significance of oxygen vacancies improved the efficiency. Similarly, bi-metal
oxide heterostructures such as NiO/TiO2, FezSes/Fe203, and TiO2/MO (Co30a, Fe203, FesOs,
and CuO) are also proven excellent candidates for the electro and photocatalytic applications
[6].

Iron oxide (Fe203) is a transition metal oxide with varying stoichiometric and
crystalline structures, including wurtzite (FeO), hematite (a Fe203), maghematite (v Fe203),
and magnetite (FesOs). Hematite (Fe20s) is the most stable form of iron oxide at ambient
temperatures. Fe20s is one of the most appealing materials for PEC (photoelectrochemical) due
to its favorable band gap (2.1 eV), high stability in aqueous solution, non-toxicity, and
abundant availability. The SnO2 is another essential material because it and structures with
varied morphologies interact to generate inherent defects and contribute to defect-induced
ferromagnetism. SnO2 has attracted much attention due to its large surface area, which allows
for efficient catalytic reactions. SnOz2, in particular, has various distinguishing characteristics
that set it apart from other materials.

First and foremost, SnO2 is an environmentally friendly, non-toxic substitute for other
dangerous elements. Second, the SnO2 application involves photocatalysis sensing energy
conversion optical and electrical properties, such as high surface area and vital stability
broadband gap (3.6 eV). Gd20s is a rare earth oxide and an exciting compound in numerous
applications such as microelectronics, optoelectronics, and optical devices due to its intriguing
electronic configuration (Gd; [Xe] 4f7 5d1 6s Half-filled 4f and partly filled 5d orbitals) and
high refractive index, presenting Gd20s as a valuable optical substance. Its high relative
permittivity, high resistivity, and enormous gap are attractive for high-technology applications.

The binary heterostructures of the Fe203/SnO2, Ce02/SnO2, NiO/SnOz, Fe203/ Fe30s,
Fe203/Zn0O, CdS/ Fe20s3, CdS/Gd203, CuO/ Gd203, CuO/TizCz, Bi203/SiO2, ZnSe/SnO
Fe203/Gd203 has proven their enhanced performance through the rapid separation and slow
recombination of photoinduced electron-hole pairs. A mechanism is presented to explain the
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increased visible-light photocatalytic activity. In recent time times, there have been several
reports on ternary metal oxides heterostructure fabrications such as NiFe204/BiV0O4/Bi2M0oOs,
MgsV20s/Zn3V20s, Au/ZnO/rGO, Pt/BaTiO3, NiO/M0S2/BiVO4, Fe203 / Fe304/CdS, Gd203/
Fe20s/ CoO, ZnO/MnO2/ Gd203 and the quaternary BiOCI/gCN/Fes04/Cu20 heterojunction
have shown 99.5 % degradation of selected contaminant in 1 h and 92 % removal of
contaminant under sunlight radiation of 2 h [7].

Based on the above facts, in this work, we design and synthesize the ternary a-
Fe203/Gd203/SnO2  heterostructure composite by sol-gel method and investigate their
structural, morphological, electrical, electrochemical, conductivity, and magnetic properties
for multifunctional applications.

2. Materials and Methods

2.1. Materials and methods.

Reagent-grade chemicals Fe(NO3)s x 9H20 [Avra; 98% purity; M.W 404 g/mol, SnCl:
[Rankem; 95%purity; M.W 225.65 g/mol], Gd20s, [CDH; 99.9% purity; M.W 362.50 g/mol]
Citric acid and HNOs were used throughout the synthesis without further purification. The
phase purity of the material was analyzed using a Powder X-ray diffractometer (Bruker). The
surface morphology was investigated using a Zeiss scanning electron microscope (Japan).
Electrical conductance was measured on a Glassco conductivity meter having a cell with cell
constant 1. Dye degradation studies were carried out using a photocatalytic reactor (REMI,
India). Absorption studies were performed using a UV-visible spectrophotometer (UV-3200
Lab India, India).

2.2. Synthesis of Fe;O3 nanoparticles.

The Fe20s nanoparticles were prepared using the sol-gel technique. The calculated
amount of Fe(NO3)s x 9H20 (4.04 g) was added to the distilled water to make 0.1 M solution,
and then 50 mL of 0.5 mol/L citric acid solution was added. The pH 6 of the solution was
maintained using liquid ammonia (20 %). The above resulting solution turns into a pale yellow
solution. This was then stirred continuously using a magnetic stirrer at 60°C until it became a
transparent gel. The gel thus obtained was dried in the heating mantle at 120°C for 1 hour,
which led to the formation of lightweight porous materials. This was further calcinated at
800°C for 8 hours for a fine, homogenous, dense powder.

2.3. Synthesis of SnO nanoparticles.

The SnO:2 particles were prepared using the sol-gel method. The calculated amount
(5.088g) of SnClz2 is dissolved in concentrated HNOs (15 mL), followed by adding 50 mL of
0.5 mol/L citric acid solution. Then, the same conditions were followed as in the above case.

2.4. Synthesis of Gd»Os,

The Gd20s3 particles were prepared using the sol-gel method. The calculated amount
(0.946 g) of Gd203 was converted to Gd2(NOs)s by adding concentrated HNOs, followed by
the addition of 50 mL of 0.5 mol/L citric acid solution. Then, the same conditions were
followed as in the above case.
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2.5. Synthesis of Fe,03/Gd,0s/ SnO; heterostructure nanocomposites.

All the metal oxide nanoparticles obtained above were mixed with ethanol and stirred
well for one hour to obtain a homogenous mixture. Thus, the obtained material was dried at
300°C, yielding the final product of Gd203/SnO2/Fe203 heterostructure nanocomposites.

3. Results and Discussion

3.1. X-ray diffraction analyses.

Figure 1 shows the XRD pattern of the as-prepared SnO2/Gd20s/Fe203 composite,
which is compared with the experimentally obtained individual nanomaterials, SnOz, Gd20s,
and Fe20s. All three individual material patterns match the composite PXRD patterns, which
confirms that the three phases are present in the composites. No other additional peaks were
identified, which reveals that the samples do not have any other impurities or phases.

Intensity (a.u)

* * SIl02
" 1 ST
4 # GdyO3
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Figure 1. Powder X-ray diffraction patterns of the SnO./Gd,03/Fe,O3 nanocomposites compared with the
individual SnO,, Gd,03, and Fe,0O3; hanomaterials.

The average crystalline sizes (D) of all PXRD (SnO2, Gd20s, and Fe20s and

composites) were estimated using the Scherrer equation [1]:
0.914

crystalline size (D) =

Bhii

1)

cos @

Where 0.9 is the shape factor, A, Bnk, and 0 being the wavelength of the x-rays used,
full-width half maximum (FWHM), and diffracting angle, respectively. The estimated
crystalline sizes of the samples are listed in Table 1.

Table 1. Particle size of the SnO,/ Gd,O3/Fe,O3 hanocomposites.

https://materials.international/

Pos. [20] FWHM left [20] Size (nm)
26.8354 0.3149 27.138
28.6442 0.3936 21.797
33.1984 0.4723 18.366
35.2735 0.4723 18.468
40.9274 0.4723 18.786
42.7103 0.9446 9.449
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Pos. [20] FWHM left [20] Size (nm)
47.5907 0.3936 23.093
49.5290 0.4723 19.384
52.0243 0.3149 29.375
56.3792 0.3936 23.963
64.1006 0.3149 31.148
Average crystallite size 21.906

3.2. UV-visible spectroscopy.

The UV-Vis—NIR diffuse reflectance spectra (DRS) of Fe2Os material were obtained
in the range of 200—800 nm (Figure 2a). A strong band observed between 700 and 750 nm is
attributed to the charge transfer band (CTB), which is a band that moves from the O% ligand
to the Metal in the host lattice. The optical bandgap energy is generally determined from
measured diffuse reflectance spectra, which can be transformed into the corresponding
absorption spectra by applying Kubelka—Munk equation and Tauc plot (Figure 2b) [8-11].
Although the K-M plot and the Tauc plot both evaluate the interaction between light and
materials, the K-M plot is superior when it comes to materials that are opaque or scatter light
and homogenous samples. When compared to Tauc plots, K-M plots are less susceptible to the
effects of scattering and provide a more comprehensive picture since they consider both the

effects of absorption and

scattering. Because of this, K-M is a more suitable option for

comprehending the entire light interaction in samples of this kind (Figure 2c) [12].

504
_ 40 .
N3 o2
¥ Z
£ 304 -
< 204 ~ 17
(=1
10
200.0 400.0 600.0 800.0 15 20 )5
wavelength Energy (hv)
(@) (b)
150 4
?;100 -
£
3
ey
50
0 - — r .
1.5 2.0 2.5 3.0
Energy (hv)
(©

Figure 2. (a) DRS spectrum at room temperature; (b) Kubelka-Munk direct bandgap; (c) indirect bandgap of
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3.3. Morphological studies.

The scanning electron microscopy (SEM) images of the SnO2/Gd20s/Fe203
nanocomposites are shown in Figure 3. The sample shows planar and rod-like irregularly
shaped nanoparticles, and the small ball-like particles were decorated on the surface of the
samples, which confirms that the three different samples were present and mixed throughout
the sample. The calculated size of the material ranges between 9 and 31 nm, which is in good
agreement with the X-ray diffraction results.

EMT = 2000 &V Gignel A = InLens Date 18 Feb 2024
WD = 4 9mm Mag= 2600KX

EMT=2000kV Signal A= InLens. Date 18 Feb 2024
WO = 4.9 mm Mog= 8000KX

Figure 3. SEM images of as-prepared SnO,/Gd,0s/Fe,03 nanocomposites.

3.4. Conductivity studies.
3.4.1. Impedance analysis.

Figures 4(a-c) show the real, imaginary, and Nyquist plots of the Fe203, Gd203, SnOz2,
and Sn0O2/Gd203/Fe203 samples. It is observed that the decrease in real (Z’) and imaginary (Z”)
parts of impedance with respect to the frequency increases. As in the tan 6 case, different
conduction mechanisms are involved in the wide range of the frequency range. As previously
stated [13], numerous oxide materials consist of polar molecules or ionic defects. These dipoles
attempt to orient themselves in accordance with the direction of the electric field. At lower
frequencies, the dipoles experience an extended time of reorienting themselves or trapping the
charge, which obstructs the movement of electric current and results in increased resistance,
including both the real and imaginary components. At elevated frequencies, the dipoles
experience less reorientation capability, resulting in diminished obstruction to current flow, a
decline in impedance, and enhanced conduction due to the hopping of electrons between the
localized ions.

Additionally, the grain and the grain boundaries affect the polycrystalline materials. In
high-frequency regions, both Z’ and Z” become independent of frequency. The composite
materials show less impedance than the Fe203, which becomes flat at a high frequency [14].
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A Nyquist plot displays the imaginary component of impedance (Z") on the y-axis and
the real component (Z') on the x-axis across a range of frequencies. The impedance of oxide
composites often exhibits a drop in its real and imaginary components as the frequency
increases. This behavior can be attributed to factors such as dielectric relaxation and capacitive
reactance, as previously explained. This leads to the formation of a curve that is either semi-
circular or elliptical on the Nyquist plot. Figure 4(c) shows the elliptical nature of responses,
which leads to the observation of the presence of multiple relaxation processes. According to
the heterogeneous two-layered model, polycrystalline materials are composed of grains
separated by grain boundaries. Grain boundaries are more resistive than grains due to
disordered atomic arrangements near the grain boundaries, which enhance electron scattering
and result in increased resistivity. It is reported that the electrical properties of ferrites are
controlled mainly by grain boundaries. It is well known that the larger the crystallite size, the
lesser the number of grain boundaries and vice versa [15].
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Figure 4. Frequency dependent Impedance (a) real part; (b) imaginary part; (c) Nyquist plots of the Fe,Os,
Gd203,Sn0O; and SnO2/Gd205/Fe,03 nanocomposites.

3.4.2. AC conductivity.

The AC conductivity of the as-prepared nanocomposites was determined by measuring
the dielectric properties of the materials (Figure 5). The increased conductivity associated with
the higher frequencies can be ascribed to charge carriers that are confined to certain regions.
When the frequency is low, the conductivity spectrum may be extrapolated to obtain the dc
conductivity (odc), which is caused by the charge carriers' long-range translational motion. At
higher frequencies, the dc conductivity (oac (w) exhibits dispersion and increases, which
follows Jonscher's power law [16]. This power law, also referred to as universal power law, is
employed to characterize the materials' electrical conductivity (o) varies with frequency. Using
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the Jonscher's power law fit, we calculated the conductivity according to the relation given

below in equation 2:
Sac= Sd.ctA®® 2
Where Sac represents the Ac conductivity, Sd.c represents the material's conductivity
when a constant electric field is applied. Aw® refers to the frequency-dependent behavior of the

conductivity.
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Figure 5. (a) Frequency-dependent conductivity; (b) Jonscher power law fitting of the Gd,O3SnO./Fe;03
nanocomposites.

The calculated sa.c, A, and s values are 2.25743E-8, 1.58544E-12, and 0.79294. The oac
increase in frequency results in enhanced conductivity, indicating that the frequency facilitates
the hopping of the charge carriers between Fe?* ions [17].

3.5. Photocatalytic studies.

The as-prepared nanocomposites were assessed for their photocatalytic activity by
degrading methylene blue (MB) dye. Photodegradation studies were carried out under 150W
tungsten halogen lamps as the light source. At different intervals (0, 15, 30, 45, 60, and 75
minutes), portions of the solution containing MB dye and as-prepared nanocomposites were
taken and centrifuged at 5000 rotations per minute for 5 minutes. The resulting solutions were
further analyzed using a UV-visible spectrophotometer to examine the photocatalytic process
further. It is evident from Figure 6 that the degradation has occurred in a time-dependent
manner. At the 60" minute, the absorption showed significant photocatalytic dye degradation
[18]. Further, no degradation was observed after this time.
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Figure 6. (a) Time-dependent absorption spectrum of methylene blue dye in the presence of as-prepared
Gd203Sn0O2/Fe203 nanocomposites; (b) Decrement of MB dye concentration against time.
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4. Conclusion

To sum up, pure samples of Fe203, Gd203, SnO2, and a composite material combining
Sn02/Gd203/Fe203 were successfully synthesized and thoroughly investigated for their
structural, morphological, optical, and conductivity properties, with potential applications in
photodegradation. X-ray diffraction analysis confirmed the crystalline structure and phases
present in each constituent material of the composite. The average crystallite size of the
nanoparticles was 21.9 nm. The semiconductor characteristics of the composite were
determined by analyzing its optical band gap through UV-visible spectroscopy, employing the
Kubelka-Munk method. SEM analysis showed the existence of flat and rod-shaped
nanoparticles with uneven shapes, as well as small spherical particles. This suggests that the
composite sample has a mixture of three different materials. The AC electrical studies and
impedance analysis of the individual components (Fe203, Gd203, SnO2) and the composite
(Sn0O2/Gd203/Fe203) were examined, which demonstrated that the composite of
Sn02/Gd20s/Fe203 exhibits superior dielectric function in comparison to the individual
materials, indicating its potential for use in energy harvesting applications. The photocatalytic
investigations of as-prepared SnO2/Gd203/Fe20s composites’ capacity to break down
methylene blue (MB) dye under light exposure were assessed to determine its photocatalytic
activity. The results revealed that the as-prepared nanocomposites showed significant
efficiency in degrading the dye.
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