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GENERAL INTRODUCTION

The interaction of light with molecules and the resulting processes are currently of major
interest in the development of various chemical technologies. Various types of semiconductor
catalysts are known to be photosensitive, allowing activation by light photons. Photoactivated
molecules may initiate or influence the rate of chemical reaction by energy or charge carrier
transfer. Materials or molecules active for the process are known as photocatalysts and main
aspects of research in this field are dedicated to discover most active configurations of them for
useful processes.

Energy shortage and environmental pollution have become two urgent problems that
restrict social development and endanger human survival. In order to resolve the two issues and
to realize the sustainable development of society, the most effective route is the active
development and utilization of clean and renewable energy sources, among which solar energy
is the most promising candidate due to its availability and wide distribution. However, the large
scale utilization of solar energy is still restricted at present due to its low energy density, high
geographical dispersion, high time instability, and inconvenience for storage. Hz is a kind of
superior energy carrier and ideal clean and renewable energy due to its high energy density,
absence of pollution from combustion products, convenience for storage and transportation.
Consequently, exploring and performing the conversion and storage of solar energy as
hydrogen energy is a powerful route to develop and utilize renewable energy.

Photocatalytic products were first marketed in Japan in the mid-1990s, and later in
America and Europe. By 2009, the global volume of solar photocatalysis-based products was
$848 million and is expected to double in 2014, reaching nearly $1.7 billion (Fig. 1). In 2009,
photocatalytic products for construction accounted for the largest share of the market (over
87%), with estimated gains of $740.3 million. At a predicted compound annual growth rate
(CAGR) of 14.5%, these will reach $1.5 billion in 2014. The consumer products market
segment was worth $85 million for the same year, and is expected to grow at a CAGR of 13.2%
to $158 million in 2014.
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Figure 1: Global market for photocatalysts production[1].

The developed photocatalytic materials for H> and O evolution mainly contain
inorganic semiconductors, metal organic complexes, organic semiconductors, and recently
reported conductors, in which inorganic semiconductor photocatalysts showed great promising
for future applications. Considering the fundamental principle, the photocatalyst should exhibit
bandgap larger than the standard Gibbs free energy change (1.23 eV) for water splitting into H»
and O», and should have conduction band with potential more negative than that for water
reduction and valence band with potential more positive than that for water oxidation.
Furthermore, based on the processes, firstly, photocatalyst should have bandgap smaller than
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the energies of incident photons to ensure the excitation of photogenerated charge carriers.
Visible light accounts for around 43% of the incoming solar energy, and therefore should be
fully used by photocatalysts with excellent visible-light response [2]. Secondly, photocatalyst
should have good ability to promote the separation and transfer of photogenerated charge
carriers and thus to restrain their recombination. Thirdly, photocatalyst should provide enough
reactive sites to accelerate redox reaction and to restrain the back-reaction. In a word, in order
to improve the photocatalytic reaction, photocatalyst should enhance the generation, transfer,
and reaction of photogenerated charge carriers during the whole photocatalytic process.
Furthermore, based on the processes involved, a photocatalyst should:

. Have a bandgap smaller than the energies of incident photons to ensure the
excitation of photogenerated charge carriers. Since visible light accounts for around
43% of incoming solar energy, photocatalysts with excellent visible-light response are
crucial for efficient solar energy utilization [2], [3].

. Possess a good ability to promote the separation and transfer of photogenerated
charge carriers and thus to restrain their recombination [4], [5].
. Provide enough reactive sites to accelerate the redox reaction and to restrain

back-reaction [6], [7].

In summary, to improve photocatalytic reaction efficiency, a photocatalyst should
enhance the generation, transfer, and reaction of photogenerated charge carriers throughout the
entire photocatalytic process.

Recent research has significantly advanced the discovery of novel photocatalytic
materials with enhanced efficiency and visible-light activity. Among these, perovskite materials
have garnered considerable attention due to their unique crystal structures, tunable electronic
properties, and excellent light-harvesting capabilities. Perovskites, generally represented by the
formula ABXaz, offer a flexible framework that allows for compositional engineering to
optimize band alignment, charge separation, and catalytic activity [8], [9]. Their remarkable
performance in solar cell applications has naturally extended interest to their use in
photocatalysis, particularly for water splitting and CO- reduction [10], [11].

A promising example within the complex oxide family is bismuth ferrite (BiFeO3), a
multiferroic material known for its coexistence of ferroelectric and antiferromagnetic orders at
room temperature. More recently, BiFeOs has been explored for its impressive photocatalytic
power, especially under visible light irradiation [12]. Its narrow bandgap (around 2.2 eV) makes
it a suitable candidate for absorbing a significant portion of the solar spectrum. The unique
internal electric fields originating from its ferroelectric nature can effectively promote the
separation of photogenerated electron-hole pairs, thereby reducing recombination and
enhancing photocatalytic efficiency [13]. Furthermore, the strategic incorporation of bismuth
oxide (Bi20z3) to form a BiFeO3/Bi>O3 mixed oxide system offers an exciting avenue to further
boost photocatalytic performance. This heterojunction approach can create beneficial interfaces
that facilitate charge transfer and improve light absorption, making the BiFeOs/Bi,O3 system a
compelling subject for advanced photocatalytic research [14], [15].

This thesis aims to contribute to the advancement of photocatalytic/catalytic materials
for sustainable environmental and energy solutions, leveraging the abundant solar energy
available in our region of Biskra. The research focuses on the development and characterization
of novel mixed oxide systems. The work is organized into four chapters:
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Chapter I: Bibliographic Study provides a comprehensive review of the current
state-of-the-art in photocatalysis and catalysis covering fundamental principles,
various photocatalytic materials, and their applications.

Chapter 11: Synthesis, Characterization Techniques, and Photocatalytic &
Catalytic Processes Description details the experimental methodologies employed in
this research, including synthesis routes, material characterization techniques, and the
procedures for evaluating photocatalytic and catalytic performance.

Chapter I11: Autocombustion Synthesis of BiFeO3/Bi2Os and Its Properties
focuses on the synthesis of the BiFeO3/Bi>O3s mixed oxide system using the
autocombustion method and investigates its structural, morphological, optical, and
electronic properties.

Chapter 1V: and the last one: Photocatalytic and Catalytic Performance of
BiFeOas/Bi203 System presents the experimental results on the photocatalytic and
catalytic activities of the synthesized BiFeO3/Bi>0O3 system, discussing its efficiency in
relevant chemical reactions and proposing mechanisms for its enhanced performance.
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I.1.Materials:

1.1.1.Mixed Oxides:

The mixed oxide (MM’O) constitutes of two or more different metal cations combined
with oxygen. MM’Os find extensive applications as additives or colorants in the pulp and paper,
coating, or polymer sectors, while their usage in ceramic and electronic fields is pervasive.
MM’Os represent the most thermally stable, chemically unreactive, luminous, and enduring
pigments to date. Typically formed at elevated temperatures, they comprise solely of metal
cations and oxygen anions. While the metallic constituents of MOs may pertain to any group
on the periodic table, they can be classified into five primary groupings based on their molecular
composition: aluminates, titanates, silicates, ferrites, and chromites. Furthermore, they can be
categorized according to their crystal structures; in this analysis, the focus has been on
aluminates and titanates and their respective crystal formations, spinel and perovskite.[1]
MM’O nanoparticles, also known as heterometal oxide nanoparticles, have the potential
significantly impact various domains within the fields of chemistry and physics. The distinct
electronic and magnetic characteristics achieved through the fusion of two metals within an
oxide framework have been extensively researched.[2], [3] However, the predominant
application of Mixed Oxides (MM’Os) lies within the realm of catalysis, where they are utilized
both as the primary catalyst and as supports for catalysts.[4], [5] MM’O incorporating
aluminum has been identified as presenting numerous prospects in the field of catalysis.[6], [7].

1.1.1.1.BiFeOs:

BiFeOs, known as the exemplar of monophasic multiferroic substances, exhibits
promising potential in the realms of data storage, sensors, and actuators. This particular
perovskite showcases a crystallographic structure of rhombohedral R3c and manifests a
cycloidal magnetic arrangement with spin modulation, featuring a modulation period of
approximately 62 nm. Notably, it presents magnetoelectric interplay at standard room
temperature. Nevertheless, its subpar remanent magnetization and relatively significant leakage
current stand out as primary obstacles hindering its prospective utilizations. BiFeOs is the focus
of considerable attention owing to its potential applications in spintronics, data storage
microelectronics, and other fields, as well as the intriguing physics underlying its properties.
The ferroelectric ordering of BiFeOs, with a Curie temperature of approximately 830°C, is a
result of the sterochemical effects stemming from the lone electron pair of Bi®*.[8] Below (Néel
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temperature) TN = 370-C, the magnetic configuration exhibited by BiFeOs is characterized by
G-type antiferromagnetism. It features a modulated cycloidal spin structure with a substantial
periodicity of 62 nm. Ferroelectricity, characterized by a significant remanent polarization of
approximately 136 nC cm2, has been detected in thin films of BiFeOs that were fabricated
using pulsed laser deposition.[9] and as large as 2Pr ~ 197.1 uC cm2 in films grown by off-
axis radio-frequency magnetron sputtering.[10] In the case of BiFeOs bulk ceramics, the
attainment of a single-phase perovskite structure presents a considerable challenge in synthesis.
The process of phase formation often results in the presence of impurity phases, including
Bi2FesOg, Bi203, and BixsFeOs9.[11], [12] Nitric acid extraction is utilized for the purpose of
removing impurity components subsequent to the process of calcination involving a
combination of bismuth and iron oxides. Within large-scale samples, challenges related to
seepage hinder the ability to accurately observe the inherent saturated ferroelectric hysteresis
loops. The seepage found in ceramics composed of BiFeOs is believed to be triggered by the
presence of Fe?" and vacancies in oxygen, both of which also have adverse effects on the
intrinsic magnetic characteristics.[13]

[Conventional solid state reaction
Oxide precursors { Rapid liquid sintering

{ Mechanical activation
[ [Metal complex

| Modified Pechini

i Sol-gel 4 )
BiFeO, | Polymer complex solution
synthesis i‘G]ycol zel reaction
Wet chemicalmethods { Co-Precipitation
Hydrothermal
Microwave-Hydrothermal
Sonochemical

Combustion
Figure I.1: A schematic illustrating the methodologies employed in the synthesis of
BiFeOs.[14]
1.1.2. Simple oxides:

1.1.2.1. Bi2Oa:

Research on bismuth commenced during the 19th century; however, it gained significant
momentum in 2004, primarily attributed to its advantageous characteristics and minimal
toxicity. Moreover, the initial study on bismuth oxide, which was published in a journal, dates
back to the year 1989.[15] Bismuth oxide (Bi2Os3) is distinguished by its effective
photocatalytic and antibacterial characteristics. Possessing a moderate band gap, Bi»Oz can
efficiently capture visible light to initiate photocatalytic reactions, resulting in the formation of
electron-hole pairs. The crystal structure of Bi2Os contains oxygen vacancies, which lead to the
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generation of reactive oxygen species (ROS) that enhance its antibacterial properties. Through
photocatalytic processes, Bi»Os can degrade pollutants and bolster its antibacterial effects.
Various synthesis techniques offer the ability to manipulate the properties of Bi.O3
nanoparticles. Due to its perceived lower toxicity, BioOs demonstrates promise for
environmental applications. In conclusion, the distinctive attributes of Bi>Os render it a versatile
material suitable for diverse uses in environmental and biomedical fields. The interest in
bismuth oxide has surged among researchers due to its valuable properties. Wise publications
on bismuth oxide in various research groups can be observed in Figure 1.2, with the data being
gathered from the Web of Science.[16]
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Figure 1.2: Yearly publications focused on the compound bismuth oxide [16].
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I.1.3.Composites:

The composite of Bi»Os/BiFeOs system has been investigated and synthesized using
various approach by researchers. Shi et al [17] synthesized this system using conventional sol-
gel method. A conventional melt method also has been used to fabricate this composite by
Margha et al, they used it for photocatalytic degradation of bisphenol A [18]. It also has been
prepared by hydrothermal approach to study the effect of both Bi-Os and Fe;Oz phases as
impurities on the electrical properties [19]. Bi2Os/BiFeOs films has been produced for
photoelectrochemical applications by Yan et al [20].

10 |



Chapter | :Bibliographic study

I.2. Synthesis methods:
1.2.1. Sol-gel:

Originating from the sequential chemical and physical transitions of hydrolysis,
polymerization, gelation, condensation, desiccation, and densification, the term "sol-gel"
encapsulates the fundamental mechanism of its formation. This process is characterized by the
initial dispersion of nanoscale entities, whether individual molecules or minute particles, within
a liquid phase (the sol). Subsequently, under meticulously controlled environmental conditions,
these dispersed units undergo a process of aggregation and interlinking, ultimately self-
assembling into a continuous, interconnected macroscopic architecture — the gel state[21]. This
technique represents a straightforward approach for fabricating nano and microstructures of
superior quality. It offers various benefits compared to alternative synthesis pathways,
including the ability to regulate the texture, dimensions, and surface characteristics of the
substances. Moreover, it is characterized by its simplicity of execution, cost-effectiveness,
excellent quality, and capability to generate materials with extensive surface areas[22]. The
high level of flexibility and simplicity exhibited by this method contributes significantly to its
widespread popularity in the manufacturing of nanoscale powders[23], [24]. and its extensive
utilization as a method for applying a protective layer[25], [26] .

1.2.2. Co-precipitation synthesis:

Co-precipitation method is employed for the fabrication of nanoscale metal oxide
entities and hybrid metal-ceramic architectures frequently. The ultimate dimensions and
morphology of the resultant nanoparticles are critically modulated by an array of operational
parameters, notably the initial reactant concentrations, the imposed pH environment, and the
thermal energy input. Mechanistically, this methodology commences with the dissolution of
precursor materials, typically in chloride or nitrate form, within a solvent system to yield a
uniformly dispersed molecular mixture. Subsequently, the controlled introduction of a basic
agent, such as sodium hydroxide or ammonium hydroxide, into this homogeneous solution
induces the formation of insoluble hydroxide compounds, leading to precipitation. Following a
purification stage involving the removal of extraneous ionic species via washing, a thermal
processing step is applied to facilitate the transformation of the precipitated salts into the desired
metal oxide nanoparticles [27].

1.2.3. Solid state synthesis:

Solid-state synthesis fundamentally relies on the thermally activated interaction of
precursor solids maintained at elevated temperatures for a predetermined duration. The precise
thermal regime and temporal parameters governing the synthesis are contingent upon a complex
interplay of variables. Consequently, a comprehensive understanding of these influential factors
is indispensable for the rational design of a successful solid-state synthetic route capable of
yielding the targeted material with the intended characteristic[28].
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1.2.4. Green synthesis:

In the field of materials science, the concept of "green" synthesis has garnered
considerable attention due to its reputation as a dependable, sustainable, and environmentally
friendly protocol for the production of a diverse array of materials/nanomaterials, which
includes metal/metal oxides nanomaterials, hybrid materials, and bioinspired materials.
Consequently, green synthesis is recognized as a crucial tool in mitigating the detrimental
consequences linked to conventional synthesis methods employed for nanoparticles in both
laboratory and industrial settings. Within this analysis, the foundational procedures and
mechanisms of "green™ synthesis methods, particularly focusing on metal and metal oxide
nanoparticles like gold (Au), silver (Ag), copper oxide (CuO), and zinc oxide (ZnO), utilizing
natural extracts were outlined. Notably, an investigation was conducted into the involvement
of biological elements, essential phytochemicals such as flavonoids, alkaloids, terpenoids,
amides, and aldehydes, serving as reducing agents and solvent systems. Furthermore, the
examination extended to the evaluation of nanoparticle stability/toxicity and the relevant
surface engineering strategies employed to ensure biocompatibility. Lastly, the discourse
encompassed the applications of these synthesized products in environmental remediation,
specifically addressing antimicrobial properties, catalytic performance, elimination of pollutant
dyes, and detection of heavy metal ions[29].

1.2.5. Microwave assisted synthesis:

Microwave (MW) chemistry, a burgeoning field of investigation with expanding
practical applications, constitutes an emergent methodology within green chemistry synthesis.
This innovative technique operates through the selective perturbation of matter at the atomic
and molecular levels, facilitating processes of self-organization and assembly[30], [31] [32].
Microwave-assisted synthesis is considered to be environmentally friendly and, as such, aligns
with the fundamental principles of green chemistry. This method of energy utilization has been
extensively and effectively utilized in the realm of organic synthesis, particularly in the context
of metal-catalyzed synthetic processes. Nevertheless, its application in the synthesis of metal
complexes has not been as widely embraced. The efficacy of microwave irradiation as a time-
efficient technique and an alternative approach for challenging transformations has been
increasingly demonstrated, offering potential benefits for inorganic chemists as well[33].

1.2.6. Sunlight-driven ingnition synthesis:

The synthesis of metal oxide nanostructures via combustion routes is a highly promising
approach due to its simplicity, speed, scalability, and cost-effectiveness [34]. The solar
irradiance incident upon Earth encompasses a broad spectral range, extending from the far
ultraviolet to the infrared region. Although far-UV photons would have been attenuated by
atmospheric constituents, a significantly greater proportion of the photochemically relevant
near-UV spectrum permeated the early terrestrial environment. Despite its inherent benefits
relative to thermal and electrical discharge energy inputs, solar radiation has not been as
thoroughly investigated within origin-of-life research paradigms. Given that photochemical
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processes are predicated on molecular photon absorption, their efficacy is critically contingent
upon the energy, wavelength, and photon flux characteristics of the incident radiation. In
laboratory investigations, monochromatic or narrow-bandwidth light sources are frequently
employed, delivering a limited selection of wavelengths. This spectral constraint may not
optimally align with the absorption profile of the target molecule, potentially skewing chemical
reaction pathways and product yields. Consequently, the utilization of broadband radiation
sources, such as xenon arc lamps, to emulate the solar spectral output in experimental
simulations would likely yield more geochemically plausible photochemical outcomes relevant
to prebiotic chemistry[35]. Utilizing sunlight as a sustainable energy source serves not only to
trigger the combustion process but also to induce the formation of oxygen vacancies on the
surface of metal oxides [34].

e

Metal
Nitrate
+
Fuel

4 (glycine

T (g 12)

Figure 1.3: Schema of sunlight-driven ingnition synthesis[34].
1.2.7. Hydrothermal:

Hydrothermal synthesis represents one of the most frequently employed techniques for
the production of nanomaterials. Essentially, it involves a solution-based reaction methodology.
Within the realm of hydrothermal synthesis, nanomaterial formation can occur over a broad
spectrum of temperatures ranging from ambient conditions to elevated levels. In order to govern
the morphology of the envisaged materials, researchers can opt for either low-pressure or high-
pressure environments, contingent upon the vapor pressure of the primary constituent in the
reaction. Numerous categories of nanomaterials have been effectively fabricated using this
particular approach. The hydrothermal synthesis method boasts notable advantages when
compared to alternative methodologies[36].

1.2.8. Autocombustion:

Combustion synthesis presents a facile and cost-effective methodology for the
generation of nanomaterials, enabling the fabrication of nanostructured ceramics, composites,
alloys, and intermetallic compounds [37]. The underlying principle involves the thermal
initiation of an exothermic reaction that subsequently proceeds in a self-sustaining manner.
Depending on the physical state of the initial reactants [38].
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Solution combustion synthesis (SCS) systems are categorized based on the chemical
identities of the fuel, oxidizer, and solvent (Table 1.1) [39].

Table 1.1: Common constituents for autocombustion solution preparation[40], [41], [42].

Oxidizer Fuel Solvent
Metal nitrates or nitrate Urea (CHsN20) Water (H20)
hydrates: Me*(NO3).nH20 Glycine (C2HsNO») Hydrocarbons:
v-metal valence Sucrose (C12H22011) Kerosene
Glucose (CsH1206) Benzene (CsHs)
Citric Acid (CgHsO7) Alcohols:
Ammonium based nitrate Hydrazine based fuels: Ethanol (C2HsO)
(NH4NO3) Carbohydrazide (CHeN4O) Methanol (CH4O)
Oxalyldihydrazide Furfuryl alcohol (CsHeO2)
(C2HeN4O2)
Nitric acid (HNO3) Hexamethylenetetramine 2-methoxyethanol (C3HgO2)
(CeH12N4)
Acetylacetone (CsHsO2) Formaldehyde (CH-0)

Typically, diverse organic fuels or their combinations are dissolved in a solvent alongside metal
nitrate hydrates. The widespread use of nitrate salts as oxidizers is likely attributable to their
favorable agueous solubility and comparatively low thermal decomposition temperatures,
which facilitate the generation of reactive oxygen species. For instance, aluminum nitrate
nonahydrate, AI(NO3)3-9H.O, decomposes at approximately 130 °C, whereas the
decomposition onset for aluminum sulfate, Al2(SOa4)s, occurs around 600 °C. Furthermore, the
solubility of nitrates in water at ambient temperature (~64 wt %) surpasses that of
corresponding sulfates (~27 wt %). In instances where nitrates are unavailable, alternative
metallic precursors (such as hydroxides) can be dissolved in nitric acid, or ammonium nitrate
may serve as the oxidizer [43], [44]. Table 1.1 enumerates the most frequently employed fuels
in SCS reactions. These compounds act as sources of carbon and hydrogen and often exhibit
the capacity to form complexes with metal cations, thereby promoting homogeneous cation
distribution within solutions or gels. An ideal fuel should possess high solvent solubility, a low
decomposition temperature (below 400 °C), leave no residual mass, exhibit compatibility with
metal nitrates (avoiding explosive reactions), and be readily obtainable or easily synthesized.
Water is the predominant solvent in SCS research; however, kerosene [45], [46], alcohols [40],
[47], [48], [49], [50], or formaldehyde [51] are occasionally utilized.It is established that SCS,
along with other combustion synthesis methodologies, can be executed in two distinct regimes
[52], [53], [54]. The first, termed volume combustion or thermal explosion, involves the
uniform preheating of the entire reactive mixture to the solvent's boiling point. This is followed
by a sustained isothermal phase during which free and a portion of bound water evaporate. A
subsequent preheating stage exhibits an accelerated rate, culminating at an ignition temperature
(Tig) where the temperature abruptly escalates to a maximum value (Tm), followed by a cooling
phase. Conversely, the self-propagating combustion mode entails the localized heating of a
small volume (~1 mm3) within the reactive solutions or gels to initiate the exothermic reaction
[55], which then propagates autonomously throughout the remaining volume as a combustion
wave [56]. The corresponding time-temperature profile reveals a comparatively abbreviated
preheating stage in contrast to the volume combustion scenario[39].
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1.3. Application:

1.3.1. Photocatalysis:

Photocatalysis process uses photocatalyst materials to benefit from light, these are
microscopic semiconductors that absorb light, allowing them to act as catalysts in beneficial
processes like pollution control and generating clean energy[57], [58]. Photocatalysts work
much better than larger materials because they have a special structure with a lot more surface
area. This extra surface lets them do their job better[59], [60]. Precise control over the shape
and size of photocatalytic materials at the nanoscale enables the design and fabrication of novel
materials with tailored properties for innovative applications. Furthermore, green photoactive
nanoparticles can be synthesized from diverse biological sources such as plant materials and
microorganisms. This approach offers an environmentally friendly, biocompatible, and cost-
effective synthesis strategy[61], [62]. Green synthesis of nanophotocatalysts offers a double
benefit: it boosts their catalytic activity while eliminating the need for expensive and hazardous
chemicals, making the process more sustainable and safer[63], [64]. Eco-friendly nanoparticle
production is gaining momentum with two main approaches: using diverse bacteria to create
valuable metals and semiconducting oxides, and leveraging safe and easy-to-handle plant
extracts. These methods eliminate the need for harsh chemicals. Photocatalysis, a pollution-
fighting process powered by abundant and clean sunlight, holds promise for the future. Not only
is light a sustainable resource, but it can also trigger highly selective reactions for efficient
environmental cleanup[65], [66]. Photocatalysis offers a promising technique for eliminating
persistent organic contaminants with ease[67]. Light-powered pollution breakdown demands
next-generation photoactive nanomaterials to generate potent ROS (reactive oxygen species)
for efficient organic contaminant oxidation[68], [69], [70]. Sunlight is a vital source of energy
for humans, delivered by a continuous stream of electromagnetic waves reaching Earth's
surface.

UV Visible Near-infrared
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Figure 1.4: The spectrum of solar energy [71].
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While only a small fraction of the Sun's immense energy output (384.6 yottawatts)
reaches Earth, our planet still receives a significant amount (1368 W/m2) at its current distance
[72], [73]. Despite Earth receiving a substantial 1000 W/m2 due to atmospheric filtering, the
real hurdle lies in efficiently capturing and harnessing this abundant solar energy. The main
challenge is efficiently capturing and utilizing this abundant resource[74].

1.3.1.1. Photocatalytic degradation of toxic organic compounds:

The economic boom of industrialization has left a dark stain on our environment. Air
and water pollution, dwindling resources, and climate change are grim reminders of the price
paid for progress. Uncontrolled release of pollutants like dyes, chemicals, and heavy metals
only worsens the situation. However, there's a ray of hope: Advanced Oxidation Processes
(AOPs) are gaining traction as a powerful tool for environmental remediation[75]. One
promising method for cleaning up persistent pollutants involves heterogeneous photocatalysis.
This technique uses semiconductor materials and light sources to break down pollutants into
harmless byproducts. Here's how it works: when light with the right amount of energy shines
on the semiconductor, it excites an electron, pushing it from the valence band to the conduction
band. This creates a "hole" where the electron used to be. These excited electrons and holes
(called charge carriers) Kickstart the pollutant degradation process. The hole reacts with water
molecules on the surface, generating powerful hydroxyl radicals. Meanwhile, the excited
electron interacts with oxygen to form superoxide radicals or hydroperoxyl radicals. These
highly reactive oxygen species (ROS), along with the free electrons and holes, then attack the
pollutant molecules adsorbed on the surface, transforming them into safe products[76].

Semiconductor + hv — h* + e~
e~ + h* — energy
h* + H)O — «OH + H*

e+ 0y — 0y

A photocatalytic reaction's success hinges on two main factors: the photocatalyst's
ability to create long-lasting electrons and holes, and the type of material used. Additionally,
various operational parameters like solution acidity/alkalinity (pH), light exposure time, and
the presence of "sacrificial donors” (molecules that readily give up electrons) influence
efficiency. Even the physical form of the photocatalyst (powder or immobilized) plays a role.
Degrading complex organic pollutants (containing elements like C, N, O, S, ClI) is particularly
challenging. Each carbon atom in these pollutants needs a specific number of electrons and
holes to completely break down into harmless CO2. This high demand for electrons and holes
limits the effectiveness of photocatalysis for these large molecules. Here's the breakdown:
photo-generated charges act like tiny scissors, progressively chopping the pollutant into smaller
pieces through complex electron transfer reactions. This makes photocatalysis more efficient
for simpler pollutants with only one carbon atom, like formic acid or methanol. For larger,
tough[77], [78], [79], [80]er molecules, scientists are exploring combining photocatalysis with
other methods like strong oxidants (ozone, persulfate, hydrogen peroxide) to achieve complete

16 |




Chapter | :Bibliographic study

mineralization[77], [78], [79], [80]. A major hurdle in pollution cleanup technologies is
ensuring complete breakdown of pollutants. Unfortunately, many studies only track the
conversion of the target pollutant into smaller molecules (intermediates), which can still be
harmful. This approach neglects to measure how much is actually transformed into harmless
carbon dioxide (CO2)[81].

1.3.1.2. Photocatalysis with nitrobenzene:

Nitrobenzene's molecular architecture comprises a benzene ring bearing one nitro
substituent (Figure 1.5). This compound presents as a viscous yellow liquid characterized by an
odor reminiscent of bitter almonds. Alternative designations for nitrobenzene include oil of
mirbane, essence of mirbane, nitrobenzol, and solvent black 6 [82].

/!
2+
\

Figure 1.5: Nitrobenzene structure [82].

Key physical and chemical characteristics of nitrobenzene are detailed below (National
Library of Medicine’s [NLM] Hazardous Substances Data Bank, 2003; World Health
Organization [IPCS], 2003; Agency for Toxic Substances and Disease Registry [ATSDR],
1990) [82]:

Chemical formula: CsHsNO>
Molecular weight: 123.11 g/mol
Melting point: 5.7°C

Boiling point: 210.8°C

Density: 1.2 g/mL (at 20°C)

Water solubility: 1,900 mg/L (at 20°C)

Vapor pressure 0.15 mm Hg at 25°C (20 Pa at 20°C).
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Nitroaromatic compounds are a rising star among the cast of environmental villains,
contributing significantly to the global challenge of organic contaminant pollution[83], [84].
Nitroaromatic compounds raise serious environmental concerns due to their toxic and
mutagenic properties. These compounds are particularly troublesome because they are highly
stable, difficult to dissolve in water (low solubility), and widely used as industrial raw materials,
making them prevalent in our environment[85]. To achieve complete breakdown of these
contaminants into harmless products like carbon dioxide, nitrogen oxides, and water, scientists
have explored various oxidation processes[86]. Traditional oxidation methods struggle to
completely break down these persistent nitroaromatic compounds. Therefore, researchers are
exploring alternative, greener solutions. One promising approach is the conversion of these
pollutants into valuable products. Aromatic amines, for instance, serve as crucial building
blocks for dyes, polymers, and various life-science products like antioxidants, pharmaceuticals,
and even agrochemicals[87], [88], [89], [90]. Nitroaromatic compounds can be converted into
aromatic amines through reduction reactions.

1.3.2. Catalysis:

The term “catalysis™ was introduced in 1835 thanks to Swedish chemist Berzelius.
However, a more precise definition came much later, in 1894, from Ostwald. He described a
catalyst as a substance that speeds up a slow chemical reaction without being consumed itself.
Today, this principle is well understood by students: a catalyst lowers the activation energy
needed for a reaction to occur, often by interacting with the reactant molecules. While it
participates in the reaction, it remains intact and can transform many reactant molecules.
Therefore, only a small amount of catalyst is needed to convert a large quantity of reactants.
However, basic textbooks rarely delve deeper into the mechanisms of catalysis, despite its key
role in chemistry. In fact, most chemical compounds involve one or more catalytic steps during
their production[91]. While many surface science techniques were valuable, they had a major
limitation: they only functioned effectively in extremely low-pressure environments (high
vacuum). This meant the observed conditions were far removed from real-world applications,
where reactions occur at normal pressures and temperatures. As a result, researchers focused
on developing techniques that could bridge this "pressure gap™ and operate under conditions
relevant to practical uses[92].

1.3.2.1. Mixed oxides catalysts:

Y. Sim et al [93] systematically evaluated the performance of different ABOs perovskite
catalysts in the oxidative coupling of methane (OCM) reaction, identified distinct trends in their
activity based on the substituted metal, and delved into the underlying mechanism by
highlighting the crucial role of surface and bulk oxygen species, oxygen vacancies, and
ultimately, oxygen ion conductivity as key determinants of methane conversion. Their research
yielded several key findings:

Initially, a blank test confirmed minimal methane conversion and negligible C. yield
under the reaction conditions, establishing the necessity of the catalysts.
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The study then revealed a distinct catalytic behavior among the different ABO:s catalyst
groups (I, 11, and III) concerning methane conversion and C: selectivity as the atomic number
of the substituted metal element increased.

. Methane Conversion: Showed a decreasing trend for Group I, an
increasing trend for Group 11, and a parabolic (upward convex) trend for Group II.
. C: Selectivity: Displayed a decreasing trend for Groups I and III, and a

parabolic (downward convex) trend for Group I1.

Despite these varying trends, the researcher noted that all investigated ABOs catalysts
exhibited significant C. yields in the OCM reaction. Specifically, LaAlOs demonstrated the
highest C: yield in Groups I and II due to its superior methane conversion and C: selectivity. In
Group III, CaZrOs, with good C: selectivity, outperformed SrZrOs and BaZrOs in terms of C2
yield.

To understand these catalytic activities, the researcher focused on the relationship
between surface oxygen species and methane conversion. Drawing on existing literature, they
highlighted the role of selective oxygen species in abstracting hydrogen from methane to form
methyl radicals, which subsequently dimerize to C- hydrocarbons in the gas phase. The reaction
of methane with surface oxygen was identified as the rate-determining step.

The study further explored the role of oxygen vacancies created during this reaction and
their subsequent refilling by gas-phase oxygen adsorption and bulk lattice oxygen. The
researcher presumed that both adsorbed surface oxygen and bulk lattice oxygen contribute to
replenishing these vacancies, emphasizing that a fast oxygen cycle is crucial for high methane
conversion. This conclusion was supported by their previous work, which demonstrated a
significantly faster OCM reaction and higher methane conversion in the presence of gaseous
oxygen.

Consequently, the researcher inferred that facile release of surface oxygen and rapid
refilling of oxygen vacancies are essential for achieving high methane conversion. This implies
that oxygen ion conductivity within the catalyst is a critical factor directly related to methane
conversion, suggesting its potential as an indicator for estimating conversion rates.

Finally, recognizing that the oxygen ion conductivity of perovskites is strongly
influenced by their structural properties, the researcher proposed that investigating these
structural properties could predict oxygen ion conductivity and further confirm its dependency
on methane conversion.

1.3.3. Hydrogen production:

Hydrogen possesses the capacity to offer environmentally friendly, effective,
dependable, and cost-effective solutions in various application domains, yielding notable
societal advantages.[94] It has been documented in academic literature that the utilization of
hydrogen has the potential to facilitate extensive adoption and complete integration of
renewable energy resources.[95] On the end-user (service) side, hydrogen serves as a crucial
counterpart to electricity for the purpose of storing intermittent renewable energy sources,
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thereby representing a significant advancement in the transition towards environmental
sustainability within energy systems.[96] The literature documents that hydrogen has the
potential to satisfy 18% of the ultimate energy requirements, leading to a reduction of 6 gigatons
of annual CO, emissions, and facilitating the generation of 30 million fresh employment
opportunities by the year 2050.[97] The literature additionally demonstrates that hydrogen has
the potential to fuel more than 400 million cars, 15 to 20 million trucks, and approximately 5
million buses by the year 2050, constituting approximately 20 to 25% of the transportation
sector.[98] In addition to its notable economic and environmental advantages, it is anticipated
that hydrogen energy systems will achieve greater efficiencies in the forthcoming period.[99]
The literature demonstrates that hydrogen is perceived as the linchpin for sustainable
development and a resolution to the challenges of global warming [100]. Despite its cosmic
abundance, elemental hydrogen is not readily available on Earth and necessitates extraction
from hydrogen-containing compounds like water and natural gas. Diverse resources, including
water, fossil fuels, and biomass, can serve as feedstocks for hydrogen production via various
processes such as water electrolysis or high-temperature thermochemical water splitting. This
multiplicity of production pathways contributes to hydrogen's significance as an energy vector.
However, the overall energy efficiency and environmental footprint of a hydrogen economy are
intrinsically linked to the chosen production method, making its selection a complex
consideration. Several prevalent hydrogen production methods might be mentioned such as:
production from fossil fuels, natural gas reforming, coal gasification, water splitting, water
electrolysis,  high-temperature  electrolysis,  photoelectrolysis  (photolysis),  Solar
thermochemical hydrogen, photobiological production (biophotolysis) and biomass
conversion.

1.3.3.1. Catalytic hydrogen production:

Numerous research studies have been conducted on the topic of hydrogen research and
development alongside fuel cell technology (Figure 1.6). In order to promote the integration of
H> in forthcoming energy systems, investigations into catalyst development (encompassing
electro-, photo-, bio-, and chemical catalysis) play a crucial role in the hydrogen economy. This
involves assessing the efficiency of various methods for hydrogen production and the utilization
of Ha in fuel cells for generating clean electricity and heat. Today, steam methane reforming is
employed for the large-scale production of H2 owing to its cost-effectiveness and technological
advancement. In the upcoming time, novel approaches and their integration will likely
revolutionize the current practices.
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Figure 1.6: The quantity of scientific publications within the ScienceDirect repository that

have been released between the years 2007 and 2018, utilizing the search terms "Hydrogen

and Energy" as well as "Hydrogen and Energy and Catalysis," was examined (accessed on
January 21, 2019).

The integration of renewable sources into the pool of resources will enhance the
sustainability of this hydrogen production technology.[101] Cleaner production is increasingly
recognized as global regulations restrict the utilization of fossil fuels in the forthcoming period.
This encompasses, to some extent, bio-based fuels like bioethanol. The generation of hydrogen
can stem from sustainable raw materials like water, compounds derived from biomass, and
various types of waste or byproducts from industries (e.g., organic compounds). Nonetheless,
advancements in process and reactor technologies are crucial to enhance the overall efficiency
of the process. Advanced techniques, such as membrane-supported reformers and
electrochemical reactors, are employed to enhance the efficiency of energy, separation, and
purification of streams rich in H2.[101], [102]

1.3.3.2. Sodium Borohydride Hydrolysis:

Hydrogen has been regarded as one of the most viable alternatives to fossil fuels in
recent years due to its cleanliness and energy-carrying capacity, stemming from the increased
demand for energy and exacerbated environmental harm.[103] Furthermore, the chemical
energy per unit mass of hydrogen, amounting to 142 MJ/Kg, surpasses that of any other fuel by
nearly threefold. For instance, the chemical energy per unit mass of hydrocarbons stands at 47
MJ/kg.[104]. In the initial years of the 21st century, sodium borohydride (NaBH4) gained
recognition as a prospective material for hydrogen storage in proton exchange membrane fuel
cells and direct borohydride fuel cell systems. Possessing a theoretical hydrogen storage
capacity by weight of 10.8%, NaBH4 demonstrates notable controllability in its hydrolysis and
yields hydrogen of high purity. The stoichiometric representation of the ideal hydrolysis of
NaBHea is as follows [105]:
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NaBH4+2H20—NaBO2+4H2 AH=217kJmol* (1)

In recent times, there has been a notable shift in attention among a number of researchers
towards the examination of the hydrolysis process of MgH, as an example. This particular
compound has traditionally been regarded as one of the most efficient metal hydrides for such
reactions. Despite its slightly lower hydrogen storage capacity at 7.6 wt.%, when compared to
NaBHs and NH3:BHs, MgH> stands out for its relatively economical nature [106]. When
considering stoichiometric water, it has been documented that the hydrogen production from
the hydrolysis process of MgH2> amounts to 6.4 weight percent [107]. Moreover, owing to the
robust reducibility of MgH>, the hydrogen production can achieve up to 15.2% wt.% when it
undergoes a chemical reaction with water at ambient temperature, as illustrated in Equation (2),
making it notably suitable for hydrogen supply in fuel cells, especially when the water mass is
not taken into consideration [108].

MgH: + 2H,0 — Mg(OH), + 2H, 1 AH =277 kI/mol  (2)
1.3.3.3. Sodium Borohydride methanolysis:

In variety forms of hydrogen storage.[109] a chemical hydride possessing a high
capacity for storing hydrogen by weight and ensuring operational safety represents an optimal
choice for the controlled release of Hz as needed.[110] In the 1950s, Schlesinger initially
suggested the utilization of sodium borohydride (NaBH4) for the generation of H2 under normal
environmental conditions.[111] NaBHs4 methanolysis begin to be considered as viable
technologies for the production of hydrogen since 2010, which is extensively acknowledged as
the fundamental basis of the studies conducted on NaBH4 as materials for storing H2.[112] The
H> molecule effectively liberates energy through the process of electron oxidation reaction
within proton-exchange membrane fuel cells [113].

NaBH4+4CHsOH—NaB(OCHs)s+4H,  (3)

The methanolysis process as denoted by Equation (3) is being discussed.[114] Four
moles of hydrogen molecules are produced from one mole of sodium borohydride (NaBH4),
resulting in the formation of sodium metaborate NaB(OCHz3)4 as a byproduct with the presence
of methanol as a sacrificial agent[115], [116].

1.3.3.4. Hydrogen production by photocatalysis:

In contemporary times, a primary technological obstacle researchers confront pertains
to ensuring a sustainable provision of clean energy. The consumption of energy worldwide has
experienced a substantial increase over the past few decades. Consequently, the necessity arises
for the advancement of energy production technologies that rely on renewable sources due to
the gradual exhaustion of fossil fuel deposits and the adverse ecological repercussions
associated with their utilization. Out of the various available alternatives, solar energy stands
out as the most extensive renewable energy reservoir. The daily solar energy output (1022 J)
significantly surpasses the current global annual energy requirements[117]. The necessity of
capturing and transforming solar energy into a suitable energy form, be it electricity, chemicals,
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or fuels, has instigated extensive research efforts in this domain. Various approaches have been
devised over recent decades. The technology of photovoltaic cells facilitates the conversion of
solar energy into electrical power, a process that has been commercialized and seen a significant
enhancement in efficiency, surpassing the notable threshold of 20%. Despite advancements in
smart grids and new battery technologies, the lack of efficient large-scale energy storage
remains a significant constraint. Conversely, the conversion of solar energy into chemical
energy to produce renewable fuels, known as "solar fuels,” offers clear advantages for practical
applications. In this context, the direct conversion of solar energy into chemical energy can be
achieved through two distinct pathways: a) converting CO: into hydrocarbons (e.g., methane,
methanol, ethanol, etc.) and b) generating H.. Hydrogen (H2), a clean fuel source, holds
potential as an optimal energy carrier. When combined with oxygen in a Fuel Cell, the chemical
energy stored in the H-H bond is released, yielding only water. Nonetheless, several challenges
must be addressed before the global transition to a new energy landscape can occur. Among
these challenges, establishing an efficient Hz production process that aligns with industrial
requirements stands out as a critical endeavor. Ideally, such a method should ensure a
sustainable supply of Hz, while considering environmental factors such as minimizing or
eliminating waste products, with a specific focus on reducing CO> emissions or other
greenhouse gases (GHG). Various process technologies have been proposed thus far,
encompassing thermal chemical, chemical, biological, electrolytic, photoelectrolytic, and
photocatalytic processes. These processes rely on carbon-containing feedstocks (fossil fuels,
biomass, wastes) or water as the source of hydrogen[118]. At present, the predominant method
for generating Hz involves the utilization of natural gas in conjunction with the steam reforming
of methane (SRM). This is subsequently accompanied by the water-gas shift reaction (WGS)
which capitalizes on the CO generated in the initial phase to enhance the production of H» [119].
However, this methodology is not deemed sustainable due to the limited availability of fossil
fuels and the generation of CO>, a prominent greenhouse gas responsible for global warming.
The majority of the aforementioned techniques necessitate elevated pressures and temperatures,
the imposition of an external bias, or the utilization of non-renewable H, resources. Among
these methods, photocatalytic processes utilizing solar radiation and H2O or potentially
sustainable raw materials offer clear benefits and have garnered considerable attention in recent
years. Recent research indicates that H, production through solar-driven approaches shows
promising competitiveness when compared to traditional methods relying on non-renewable
sources[120].
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CHAPITER I :
SYNTHESIS, CHARACTERIZATION TECHNIQUES
AND PHOTOCATALYTIC & CATALYTIC PROCESSES
DESCRIPTION

This chapter is devoted primarily to the description of the methods of preparation,
second to characterization techniques and thirdly the catalytic tests.

I1.1. Synthesis of oxides

Oxide-based materials invariably entail the synthesis of metal oxides, thereby laying the
foundational cornerstone upon which subsequent investigations are built [1]. Despite its
inherent significance, synthesis often assumes a subsidiary role within the broader scope of
materials science inquiry, which typically pivots towards the elucidation and delineation of the
manifold properties and characterizations inherent to these materials [2]. As a corollary, the
elucidation and dissemination of synthesis methodologies frequently encounter marginalization
within the academic discourse, resulting in scanty and inadequately articulated documentation
within the scholarly literature [3]. Consequently, for neophyte scientists embarking upon their
nascent foray into this domain, the conundrum of selecting the appropriate synthesis pathway
and optimal experimental conditions becomes a labyrinthine endeavor, fraught with perplexity
[4]. Indeed, the meticulous preparation of a pristine, monophasic, and intricate oxide powder,
which serves as the bedrock of their scholarly pursuits, necessitates a judicious and discerning
approach.

11.1.1.Auto-combustion Synthesis:

Auto-combustion synthesis techniques, as highlighted in various research papers [5], offer a
versatile approach in materials science for developing catalysts and photocatalysts that harness
solar energy efficiently. Researchers have explored the synthesis of materials like bismuth
ferrite (BiFeOgs) through auto-combustion methods, demonstrating their potential in
photocatalytic applications [6]. By combining simple oxides such as Bi>Os, mixed oxides like
BiFeOs, and composite structures such as BiFeO3-Bi>Os, scientists aim to design sustainable
and effective materials for catalytic and photocatalytic purposes. The use of auto-combustion
techniques enables the precise control over the synthesis process, leading to the creation of
nanostructured materials with tailored properties suitable for various applications in renewable
energy and environmental remediation.
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Figure 11.1: Scheme of auto-combustion and soft route synthesis of bismuth ferrite [7].

I11.2.Characterization Methods

11.2.1  X-ray diffraction
11.2.1.1 Introduction

X-ray diffraction (XRD) stands as an indispensable non-invasive modality in the elucidation of
material structures, operating with exquisite efficacy at the atomic or molecular scale.
Predominantly tailored for the interrogation of materials evincing crystalline or semi-crystalline
attributes, denoting a propensity towards periodic architectural regularity, XRD nonetheless
extends its purview to encompass the probing of non-crystalline substrates, thereby amplifying
its utility across a diverse spectrum of material compositions and structural motifs.

Dark Bright
(destructive (constructive
interference) interference)

Figure 11.2: According to the 6 deviation, the phase shift cause constructive (b) or destructive
(a) interferences [8].
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This basic technique for the crystallochemical characterization of matter is based on the fact
that interatomic distances are of the order of magnitude of X-ray waves (0.2 A <A<2 A). The
spatial periodicity of the crystal structures is the origin of constructive interference of the
radiation scattered by the different atoms. X-rays, which are electromagnetic waves, interact
with the electrons of atoms. Thus, the results of X-ray diffraction will provide access to electron
density maps in the crystal lattice. Indeed, each atom of number Z contains Z electrons, which
are distributed around the nucleus. Each electron has its own electron density p(r); and a form
factorF, . The atomic form factor or atomic diffusion factor is F, the sum of the form factors of
the electrons of the atom:

E=XFRQ=Xp@);. eav,

The atomic diffusion factor represents the Fourier transform of the electron density of an atom.
At a diffraction angle of 26 = 0, the atomic diffusion factor corresponds to the count of Z
electrons present. As the diffraction angle rises, E, diminishes because of the emergence of
destructive interference caused by the spatial distribution of the electron cloud [9].

Over the entire mesh, the amplitude diffracted in a given direction corresponds to the sum of
the complex amplitudes F, scattered by the atoms. This amplitude diffracted by all the atoms
is called structure factor and can be written:

sinf_, )
Foi = Z N;F; exp (—Bj(T) )-exp (lZﬂ(hXj + ky; + lzj))

With :
> N;: Number of atoms.
> F; . Facteur de diffusion de I'atome j.

sin @

>exp(—B]-( P
position of the atom. and where B; is the atomic isotropic displacement factor of atom j.

2
) ): Fourier transform of the Gaussian probability cloud replacing the point

>exp (i2r(hx; + ky; + lz;)): Phase of the waves scattered with:x; ,y; ,z - reduced

coordinates of atom j.
By definition, the diffracted intensity corresponds to the square of the structure factor modulus:

Ik = |Fppal?
11.2.1.2 Principle
X-ray diffraction (XRD) is a potent analytical method employed for elucidating the

crystallographic arrangement of materials through the examination of diffraction patterns
generated by the interaction of X-rays with the crystal lattice [10]. The foundational concept of
XRD relies on Bragg's law, which asserts that X-rays exhibit constructive interference when
they strike a crystal lattice at an exact angle, leading to the scattering of X-rays at specific angles
corresponding to the separation between crystal planes [11].
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11.2.1.3 Apparatus used

XRD Patterns were collected on a Bruker AXS D8- advance diffractometer (LPCMA
laboratory, University of Biskra) employing Cu Ka radiation. In all diffractograms, a step size
of 0.05° (20) was used with a data collection time of 90 minutes.

Figurell.3: X-ray Diffractometer equipment [12].

11.2.2  Scanning electron microscopy (SEM) coupled with energy
dispersive spectroscopy (EDS)

11.2.2.1 Introduction

The coupling of scanning electron microscopy (SEM) with energy dispersive spectroscopy
(EDS) represents a formidable analytical combination, providing deep insights into the
microstructural, morphological, and compositional characteristics of various materials. This
preliminary discussion seeks to outline the fundamental principles, operational approaches, and
wide-ranging applications that highlight the synergy between SEM and EDS, shedding light on
their crucial role in the realm of materials analysis and scientific investigation. Fundamentally,
SEM utilizes a focused electron beam to examine the surface morphology and topography of
samples with exceptional precision and depth [13].
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Through scanning the surface of the specimen and identifying the resulting secondary and
backscattered electrons, SEM reveals a plethora of structural information ranging from
nanoscale attributes to large-scale surface features. This imaging capability makes SEM
essential for observing microstructural flaws, surface irregularities, and complex surface
structures across a broad spectrum of materials [14].

11.2.2.2 Principle

In the realm of scanning electron microscopy (SEM), a beam of electrons that is highly
energetic and focused is employed to scan the specimen, resulting in a significantly magnified
image of its morphology, along with insights into its chemical composition facilitated by an
energy dispersive spectrometer (EDS) detector [15]. The utilization of SEM-EDS is
predominantly centered around the characterization of various materials; however, its scope has
recently expanded to encompass investigations involving organic-based samples like biological
specimens and polymers [16]. Microplastics represent hazardous substances that arise not only
directly from human activities, but also as a byproduct of the degradation of macroplastics. The
contamination stemming from the introduction of micro/nanoplastics into the environment and
the subsequent ecological impacts have become prominent topics of contemporary scientific
inquiry. As a result, there is a pressing need for specialized methodologies to effectively analyze
the morphology and chemical composition of such polymer-derived materials [17].

11.2.2.3 Apparatus used

A scanning electron microscope is a form of microscope that generates images of a specimen'’s
surface through the scanning process using a concentrated beam of accelerated electrons,
known as primary electrons (PE). The Zeiss DSM 962 SEM in place is equipped with three
detectors as part of its standard setup, enabling the capturing of secondary electrons (SE),
backscattering electrons (BSE), and X-ray photons (Xr) that are released by atoms stimulated
by the electron beam (Research Center of Semi-conductor Technology for
Energy(CRTSE),Algiers).

Figure 11.4: SEM with Light Element EDX and Backscatter Detector [18].
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11.2.3 Fourier transform infrared (FTIR) spectroscopy
11.2.3.1 Introduction

Infrared spectroscopy has been extensively developed in various forms, primarily utilizing the
near or mid infrared regions of the electromagnetic spectrum. Conventional IR spectroscopy
employs dispersive apparatus, such as gratings and prisms, with applications typically restricted
to gas samples and materials soluble in IR transparent solvents. A notable advancement in
contemporary IR spectroscopy is the utilization of Fourier transform infrared (FTIR) methods,
significantly broadening the scope of IR technology. These methods have been accessible to
researchers since the early 1970s [19]. The use of the entire source spectrum provided by an
interferometer, as opposed to the individual wavelengths produced by gratings and/or prisms in
traditional IR spectroscopy, renders FTIR spectrometers a substantial improvement over
dispersive instruments [19]. Furthermore, modern FTIR spectrometers are distinguished by
their enhanced reliability, speed, cost-effectiveness, and superior performance characteristics,
rendering them more favorable than dispersive instruments.

11.2.3.2  Principle

Fourier transform infrared (FTIR) spectroscopy is a methodology utilized for the analysis of
the infrared characteristics exhibited by a given specimen. This technique entails the
employment of an interferometer to gauge the interferogram signal at the sensor, subsequently
subjecting it to Fourier analysis for the derivation of the spectral intensity originating from the
source. The widespread application of FTIR spectroscopy across diverse domains like science,
engineering, and medicine can be attributed to its non-invasive nature and remarkable
sensitivity. Not only does it furnish comprehensive insights into the chemical composition of
biological specimens, but it has also proven valuable for the typing and characterization of
bacteria. Furthermore, FTIR spectroscopy has demonstrated efficacy in the prompt
identification of illicit substances, boasting a high rate of success in distinguishing samples
obtained from illicit street sources. Extensive discourse on the principles and equipment utilized
in FTIR spectroscopy has been documented, alongside the availability of commercial
spectrometers from various suppliers [20]. In essence, FTIR spectroscopy stands out as a potent
analytical instrument that facilitates a profound comprehension of the infrared attributes
intrinsic to diverse specimens.

Fixcd mirror

Dectector > (cm) Computer A (em™)
Interferogram Spectrum

Figure 11.5: Schematic sketch of the essential features of a Fourier transform infrared (FTIR)
spectrometer [21].
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11.2.3.3  Apparatus used

Infrared transmission spectra were performed on a Fourier transform spectrometer (FTIR)
Shimadzu 8400S (chemistry laboratory, Department of Material Sciences, University of
Biskra). A granular technique employing KBr (1mg of sample added to 200 mg of KBr) was
used and the spectra were recorded in the 400-4000 cm-1 range.

Figure 11.6: Fourier transform spectrometer (FTIR) Shimadzu 8400S [22].

11.2.1  X-ray photoelectron spectroscopy (XPS)

11.2.4.1 Introduction

X-ray photoelectron spectroscopy (XPS) is a technique that exhibits surface sensitivity in its
analytical approach, whereby x-rays are utilized to impact the surface of a substance,
subsequently quantifying the kinetic energy of the electrons released. An essential aspect of this
method lies in its capability to divulge information regarding the chemical state of the elements
within the sample, alongside its proficiency in surface analysis. The scope of detectable
elements encompasses all except for hydrogen and helium, thus rendering XPS instrumental in
exploring a wide array of materials ranging from plastics and textiles to semiconductors and
soil. The significance of surfaces in material interactions can not be understated, as they
influence various factors including surface wettability, adhesion, corrosion, charge transfer, and
catalysis. Consequently, delving into the study and comprehension of surfaces emerges as a
crucial endeavor in scientific inquiry.

The foundation of XPS rests upon the photoelectric effect, initially observed by Heinrich Hertz
in 1887, wherein the emission of electrons from surfaces upon light irradiation was noted.
Albert Einstein further expounded on this phenomenon in 1905, ultimately receiving the Nobel
Prize in physics in 1921 for his contributions. Robinson first documented the utilization of x-
ray irradiation for photoemission and Rawlinson in 1914, with the pioneering application of
photoemission as an analytical technique credited to Steinhardt and Serfass in 1951 [23].
Nonetheless, Kai Siegbahn at the University of Uppsala in Sweden predominantly
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accomplished the substantial advancements shaping XPS into its current form during the 1950s
and 1960s [24-25]. Siegbahn's dedication to refining XPS culminated in his receipt of the Nobel
Prize in 1981, specifically for his notable work on high-resolution electron spectroscopy,
initially termed electron spectroscopy for chemical analysis (ESCA).

X-rays

Photoelectons
/ﬂﬂ

Surface

Figure 11.7: Ejection of photoelectrons [26].

11.2.4.2 Principle

The X-ray Photoelectron Spectroscopy (XPS) technique is grounded on the principle of
photoionization. An examined sample's surface is stimulated by monoenergetic X-ray photons
within the 150-1500 eV range, leading to the emission of photoelectrons that are subsequently
segregated based on their energy levels. The substantial energy of the primary photons enables
the extraction of electrons from the inner atomic electron shells, thereby ionizing the surface
atoms [27]. While the photons have a penetration depth of 1-10 pm, the electrons, due to their
significant inelastic scattering cross section resulting in a complex multiple scattering
phenomenon, can only escape from the surface's topmost few atomic layers. X-ray photons
possess the capability to excite electrons from the valence band (0-25 eV) and atomic core
levels with binding energy ranging from 25-1500 eV. Consequently, XPS proves to be a
valuable tool for analyzing the electron configuration of surfaces [28]. The excitation of X-ray
photons instigates the emission of photoelectrons in accordance with a specific equation:
hv = Ef + E, + s

the energy of the exciting radiation, denoted as hv, along with the ionization energy of electrons
referenced to the Fermi level, EF , the kinetic energy of photoelectrons, E;, , and the work
function of the spectrometer, 1, , need to be considered. This is necessary because the sample
and the detector of the spectrometer are in metallic contact with each other, leading to the
equalization of Fermi levels and the generation of contact potential.

11.2.4.3 Apparatus used

X-ray photoelectron spectroscopy was performed with a VG Escalab 200 R spectrometer
employing Al Ka (1486 V) as X-ray source. (Research Center of Semi-conducteur Technology
for Energy (CRTSE), Algiers).

43 |



Chapter II: Synthesis, characterization techniques and photocatalytic & catalytic processes description

Figure 11.8 : XPS — Surface Analysis [18].

11.2.5 UV-Vis Spectroscopy
11.25.1 Introduction

UV-visible spectroscopy is a rapidly employed analytical method utilized for quantifying the
light's absorbance or transmittance [29],[30]. The UV spectrum encompasses wavelengths
ranging between 100 and 380 nm, with the visible range extending up to 800 nm [31]; however,
the majority of spectrophotometers operate within the wavelength span of 200 to 1100 nm. In
the realm of UV-vis spectroscopy, the practical range typically spans from 200 to 800 nm, with
wavelengths beyond 800 nm falling into the infrared category, while those below 200 nm are
classified as vacuum UV. The capacity of substances to absorb and emit light plays a pivotal
role in determining their visual appearance, with the human eye being capable of distinguishing
among an extensive palette of up to 10 million distinct hues [32]. Light interacts with various
mediums through processes such as transmission, reflection on both opagque and transparent
surfaces, and refraction when encountering crystals. Compounds characterized by covalent
unsaturation and possessing electronic transition energy variances that align with the energy
levels of UV-visible light demonstrate absorption at particular wavelengths. Chromophores,
which are compounds recognized for their distinctive coloration, are accountable for this
characteristic. Auxochromes [33], on the other hand, are covalently saturated groups that do not
directly interact with UV-visible electromagnetic radiation but do impact the absorption
properties of chromophores. Upon exposure to UV-visible radiation, chromophores undergo an
electron excitation process where electrons transition from a ground state to an excited state. In
contrast, auxochromes function as electron donors and possess the ability to influence the
coloration of chromophores without undergoing any color changes themselves. Substances such
as water and alcohols are typically transparent and do not exhibit absorption within the UV-
visible spectrum, making them ideal mediums for UV-visible spectroscopic analysis [34].
However, acetone and dimethylformamide (DMF) serve as effective solvents for compounds
that are insoluble in water and alcohol. It is worth noting that acetone absorbs light below 320
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nm, while DMF absorbs light below 275 nm, thus limiting their suitability to wavelengths above
these specific cut-off points.
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Figure I1. 9: Schematic representation of the dual-beam UV-VIS spectrometer [35].
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11.25.2 Principle

UV-visible spectroscopy relies on the electronic transitions of organic molecules that absorb
light, leading to the excitation of electrons from a lower energy orbital (highest occupied
molecular orbital—-HOMO) to a higher energy unoccupied orbital (lowest unoccupied
molecular orbital—LUMO). The absorption of light of a specific energy must match the energy
gap between the HOMO and LUMO orbitals (Figure 11.10) [36].

LUMO 1 LUMO
|
UV-Vis Light
—
A5 )= AE
Tl HOMO T HOMO

Figure 11.10: The concept of molecular orbitals (closely linked to the energy difference
required for the excitation of electron energy levels).

In conjugated systems, the energy gap between the lower and higher energy molecular orbitals
is smaller compared to isolated double bonds, resulting in the absorption of longer wavelengths.
Furthermore, in larger conjugated systems, the corresponding wavelength of light absorbed also
increases [37].
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The path length through the sample (b), concentration (C), and molar absorptivity (€) influences
the absorbance of light, denoted as A, which is unique to each compound according to the Beer-
Lambert law [36].

Iy
A= long =e¢&.b.c
11.25.3 Apparatus used

The Cary 7000 is a double harder spectrophotometer to measure the absorbance of a liquid or
solid sample as a function of the wavelength in the field of ultraviolet, visible and the close
infrared (NIR), either from 175 to 3300 nm (Nanotechnology laboratory, Kiitahya Dumlupiner
Univerity).

In addition to a range of varied sampling holders, the instrument has two external accessories:
the UMA (Universal Measurement Accessory) makes it possible to automatically measure the
absolute reflectivity, transmission and distribution to a wide range of angles and different
polarizations. This accessory is ideal for research in the fields of thin films and coverings,
optics, glass and solar energy. The second accessory, the DRA (diffuse Reflectance Accessory),
is an integration sphere which allows to concentrate the light diffused by a sample to the
detector.

ONCE

i§ GUVENUGL
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Figure 11. 11: UV-visible spectroscopy-NIR.
1.1 PHOTOCATALYTIC EXPERIMENTS

BiFeOs/Bi.O3 composite was subjected to evaluation for its photocatalytic efficacy in the
degradation of Nitrobenzene (NB) utilizing various visible light sources. The assessments were
conducted within a double-walled glass cylinder containing 250 mL of water, with continuous
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cooling to sustain ambient conditions and prevent overheating upon light exposure. The
experimental setup included 1 g/L of the composite powder, a pH close to neutral, and an initial
Cobalt concentration of 0.4 mmol/L. Preceding the light exposure, the suspension (250 mL of
catalyst/NB) underwent a 30-minute period of darkness to establish an adsorption equilibrium,
followed by irradiation under both solar light (optimal absorption around 500 nm in the solar
spectrum) and artificial light (15 W LED lamp with a color temperature of 6500K, maximum
absorption at approximately 450 nm). At specified intervals, samples were centrifuged at 6500
rpm for 15 minutes to separate the powder from the NB solution, and the residual NB levels
were quantified using a UV-visible spectrophotometer (Uviline 9400 SECOMAM) at a
wavelength of 290 nm. The experimental investigations were carried out during October,
spanning from 10:00 to 15:00.

1.2 CATALYTIC TESTS

In this section, we give an account of the different preparation methods used for preparation
of catalysts, which have been prepared and investigated in this thesis.

11.4.1  Catalytic hydrogen generation :

In order to assess and enhance the catalytic efficacy of the synthesized BiFeOs-Bi>Os, a NaBH4
methanolysis process was conducted. This involved systematically altering the amount of
catalyst, the temperature, and the substrate concentration for each trial, with the aim of
identifying the optimal conditions that yield the greatest catalytic activity.

114.1.1 Catalyst amount effect

In this procedure, the amount of catalyst was established at 10, 20, 30, and 40 mg, maintaining
consistency in all other variables, and assessing the velocity at which hydrogen is emitted (25
°C, 300 mM NaBHg).

11.4.1.2 Subtrate effect

To test the performance of different NaBH4 substrate concentrations on the hydrogen generation
rate, measurements was performed by keeping the temperature and catalyst ratios constant.
NaBH4 concentrations were used as 125, 300, 350 and 400 mM, respectively. The hydrogen
release rate of different concentrations of NaBHa4 under constant parameters (40 mg catalyst
and 25 °C temperature).

11.4.1.3 Temperature effect

To observe the effect of different temperatures on the substrate, the assessment of hydrogen
production rate at 25 °C, 30 °C, 35 °C, and 40 °C was conducted while maintaining all other
variables constant (40 mg BiFeO3-Bi2Os and 300mM of NaBHa), illustrates a notable
enhancement in hydrogen production and release rate corresponding to the rise in temperature.
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11.4.1.4 Reusability

Reusability efficiency testing was conducted employing a 40 mg catalyst. Following the
execution of hydrogen generation with a 40 mg catalyst under consistent conditions (40 °C
temperature and 400 mM substrate), the identical specimen underwent nine times, and a total
of five measurements of hydrogen production.
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CHAPTER 11l : AUTOCOMBUSTION SYNTHESIS OF
BiFeOs/Bi20Os3, AND ITS PROPERTIES

I11.1. Introduction:

An autocombustion method has been used to prepare BiFeO3/Bi>O3 composite, this
composite has been generated by integrating an excess of the Bismuth nitrate precursor (0, 5,
10, 15 and 20). In order to investigate and to compare the composite properties, bare oxides
were also prepared using the same route.

This chapter is dedicated to the study of the various properties of the targeted produced
composite. For this purpose, the obtained powders undergone -without calcination- multiple
characterization techniques including: XRD, XPS, SEM/EDS FTIR and UV-Vis.

I11.2. Autocombustion synthesis of the samples:

[11.2.1. Preparation of BiFeOs:

The mixed oxide has been prepared using bismuth nitrates (Bi(NO3)3.5H20) (99%); Iron
nitrates (Fe(NOz)3.9H20) (99%) from Chemopharma dissolved in distilled water. The metal
nitrates have been dissolved in distilled water then mixed in a beaker. Simultaneously, glycine
(C2HsNO2) (98.5%, Chemopharma) was dissolved in deionised water, then added to the metals
nitrates solution. The mixture was heated under 80°C with stirring, for a slow evaporation of
the solvent, when only a minimal amount of solvent remains, a sudden increase in temperature
is applied until the combustion occurs. Subsequently, the resulting powder is collected and
ground, without following up with a calcination step. The synthesis reaction is as follows:

Bi(NOz3)3,5H20 + Fe(NO3)3,9H20 + xCoHsNO2 = BiFeO3 + 2cCO2+ (3+oc)N2 + [14+ (5c¢)/2
H20] (1)

Where: «=10/3 (2)

The next picture explains the various steps during the BiFeO3 autocobustion synthesis:
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Figure 111.1: Different steps of BiFeOs autocobustion synthesis

111.2.2. Preparation of Bi>Oa:

The Bi2Os simple oxide was synthesized similarly to the previous mixed oxide (as it
appears in figure 111.2). This involved dissolving bismuth nitrates (Bi(NO3)3.5H20) (99%) and
glycine (C2HsNO-) (98.5%) -from Chemopharma- in distilled water, then applying along heat
at 80°C, followed by a swift heating elevation until combustion took place. The resulting yellow
powder tinged with dark gray was collected then grinded without calcination also. The
precedent reaction describes this synthesis:

Bi(NO3)3,5H20 + yCoHsNO2 = Bi2O3 + 2y CO2 + (3/2+ v) N2 + [10+(5x)/2 H20] (3)

Where: y=2/6 (4)
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Figure 111.2: The synthesis of Bi.Os by autocobustion.
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111.2.3. Preparation of BiFeO3/Bi20s3:

To produce the composite an excess of (5, 10, 15 and 20%) of bismuth nitrates has been
introduced into the normal synthesis of BiFeOs, following the same manner as the next piture
shows:

BiFeOs/Bi,O; autocombustion synthesis steps

Bismuth nitrates
Bi(NO3);,5H,0
with excess of 5,
10, 15 and 20%

Iron nitrates

Fe(NO3)3,9H,0 U -
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— — [ :
Preparing the Heating till Collect;{!g the
mixture and " the — ~ resulting

: putting under combustion i a powder
L heating 80°C . occurs
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combustion
moment

Grinding the
resulting
powder

Figure 111.3: The autocobustion synthesis of the multiple composite formulations.
I11.3. Characterization of oxides:

111.3.1. X-ray diffraction analysis:

In order to investigate the structural properties of compounds, the six fabricated samples
have been analyzed using Bruker D8 advance diffractometer (with Cu Ka radiation, A=0.15418
nm). The measurements were conducted over 28 angles from 10° to 100°. The recorded
diffractometers were treated using X’pert Highscore software package for phase identification
-with the assistance of ICSD cards- and for Rietveld refinement.

111.3.1.1. XRD of the synthesized BiFeO3:

XRD result shows that the as-prepared bismuth iron oxide BiFeOs crystallizes with a
hexagonal system under the space group R 3 m, n°: 160. It was identified comparing with 98-
002-8027 ICSD data file (Figure 111.4) We note the existence of Bi>FesOg as a parasitic phase.
Refined crystal parameters are summarized in Table I11.1.

Table.l11.1: Cell parameters of as-prepared BiFeOs single phase.

Oxide Lattice parameters Cell Volume (A3)
a(A) b (A) c(A) a® |BCO) |v()
BiFeOs; | 5.578311 | 5.578311 | 6.93619 90 90 120 186.9206
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Figure 111.4: XRD pattern of the synthesized BiFeO3 compared to ICSD file.
111.3.1.2. XRD of the synthesized Bi2Os3:

Synthesized bismuth oxide diffractogram reveals an a-Bi>O3 phase (Figure I11.5). It has
a monoclinic system and P 1 21/c 1 space group, n°: 14. Referring to ICSD data file n°: 98-009-
4231 we attributed the phase. At low temperatures, this phase is thermodynamically stable [1],
[2] which can explain its formation, with no calcination and in the absence of steadily thermal

treatment at high temperatures relatively. Refined lattice parameters and cell volume are placed
in Table I11.2.

Table 111.2: Lattice parameters and Cell volume of synthesized a-Bi.Oz3 single phase.

Oxide Lattice parameters Cell Volume (A3)

a(A) b(A) ¢ (A) a® | BE) v (©)
Bi:O; |583663 |8.166412 | 7.488716 |90 | 112.9804 | 90 | 328.6169
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Figure 111.5: Bi,Oz diffractogram with the attributed ICSD data file.

111.3.1.3. XRD of the synthesized composites with the excess of Bismuth:

The prepared sample diffractogram with an excess of a 5% of bismuth nitrates at the
synthesis revealed its composition of BiFeOs/Bi.O3 system BB5 namely, while diffractograms
of the other formulations (10, 15 and 20%) shows that those composites contain mainly Bi>O3
and Fe3O4 with other minority phases such as BiFeOgs (Figure 111.6).
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Figure 111.6: XRD results pf the prepared composites.

The BB5 composite is composed majorly from 82.7% of BiFeOz and a 17.3% of Bi.Oa.
The BiFeO3 was identified comparing with the ICSD card code: (98-024-6424), it crystalizes
with rhombohedral geometry with hexagonal system, with the space group: R 3 ¢, n°:161.
Bismuth oxides has been detected by the comparison with the ICSD card n°: (98-002-7458),
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this phase has a cubic crystal system and space group: F m -3 m n°: 225. Cell crystal parameters
are summarized in Table 111.3.

Table 111.3: BB5 binary composite crystal parameters.

Oxide Lattice parameters Cell Volume (A%)

a(A) b(A) c (&) a® |BO) |r®)
BiFeO: | 555548 |5.55548 |13.81201 |90 |90 | 120 | 369.1736

Bi203 5.651603 | 5.651603 | 5.651603 90 90 90 180.5157

111.3.2. XPS measurments of bare oxides and BB5 composite:

Surface chemical characterization of the samples was performed using X-ray
photoelectron spectroscopy (XPS) on a Thermo Fisher Scientific NEXSA photoelectron
spectrometer. The instrument utilized a monochromatic Al Ka X-ray source with a photon
energy of 1486.6 eV.

111.3.2.1. XPS of bare oxides:

By using XPS characterization, the metal oxidation state of the Bi»Os and BiFeO3z was
studied individually. The servey XPS spectra of both the tow phase is shown on Figure 111.7.(a).
No other peaks are visible save O, Bi, and C for the tow system and Fe for BiFeOs, which
signify the pure phases of the perovskites. Two peaks at 710.7 and 724.4 eV, which correspond
to the binding energies of Fe 2p%? and Fe 2p'/?, respectively, can be seen in the XPS spectra of
the Fe 2p for BiFeQs in Figure 111.7(b). This implied the existence of Fe3* [3]. Two peaks in
Figure 111.7.(c,d) are attributed to Bi 4f"”2 and Bi 4f %2, respectively, for BiOs and BiFeOs,
demonstrating that the bismuth species in these samples are Bi** [4], [5]. The Bi2O3 O1s spectra
shown in Figure 111.7.(e) may be fitted to two peaks, the lower of which has a binding energy
of 530.4 eV attributed to the Bi-O and the higher of which has a binding energy of 532.5 eV
attributed to the chemisorbed oxygen [6], [7]. According to Figure 111.7.(f), the electron binding
energies of O 1s for BiFeOs are respectively 529.12, 530.85, and 531.87 eV for Fe-O, Bi-O,
and the surface-adsorbed oxygen [7], [8].
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111.3.2.2. XPS the synthesized BB5 composite:

The oxidation states of elements within the BB5 compound are shown in Figure 111.8.
The survey scan (Figure 1a) identified Bi, Fe, O, and C as the primary constituents.
Deconvolution of the high-resolution Bi spectrum (Figure 1b) revealed four peaks, two
prominent ones at 157.8 eV and 163.2 eV corresponding to Bi 4f7/2 and 4f5/2 of Bi*,
respectively [9]. The spin-orbit splitting of 5.4 eV aligns with the Bi-O bond [10], confirming
the +3 oxidation state for Bi. Two minor peaks at higher binding energies are attributed to
surface charging effects arising from the polarization change in the Bi.Os phase [11], [12], [13].
The Fe 2p spectrum (Figure 1c) exhibits characteristics of Fe** with deconvoluted peaks at
710.6 eV (2ps/2) and 723 eV (2pi/2) [14]. An additional peak at 718.5 eV further supports the
Fe** oxidation state in BiFeO3 [15]. The O 1s spectrum (Figure 1d) displays a single peak
deconvoluted into two Gaussian components at 529.2 eV and 531.4 eV. The lower binding
energy component corresponds to lattice oxygen, while the higher one suggests the presence of
oxygen vacancies within the sample [16].
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Figure 111.8: (a) The electrode's survey XPS spectrum of the BB5 heterotructure, (b) Bi 4f
high-resolution XPS spectrum, (c) Fe 2p high-resolution XPS spectrum and (d) O 1s high-
resolution XPS spectrum.
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111.3.3. SEM-EDS analysis of oxides:

The morphology and elemental composition of the samples were initially investigated
using a scanning electron microscope (SEM). The specific model employed was a JEOL JSM-
7610F Plus SEM operated at an acceleration voltage of 7 kV.

111.3.3.1. SEM-EDS of BiFeOs:

Figure 111.9 shows the morphological surface of BiFeO3z where it appears to have a well-
ordered agglomerated particles with sharp, well-defined edges and corners, predominantly
cubes.

[=e————————c 1pm
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Figure 111.9: SEM image of the prepared bismuth iron oxide.

EDS analysis in Figure 111.10 indicates that of BiFeOs surface is primarily composed
of Bismuth (Bi) at 18.82%, Iron (Fe) at 19%, and Oxygen (O) at 62.18%.
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Figure 111.10: EDS analysis spectrum of BiFeO:s.
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111.3.3.2. SEM-EDS of Bi20s:

The examination of the Bi>Os's morphology using scannig microscopy technique (as
shown in Figure 111.11) reveals that the particles are predominantly spherical and exist on the
nanoscale. The size of these spherical grains ranges from 100 to 400 nanometers, and the
material exhibits variations in both pore volume and average pore diameter.
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Figure 111.11: SEM images of the produced Bi2O:s.

Energy-dispersive X-ray spectroscopy (EDS) analysis, as presented in Figure 111.12,
confirms the elemental composition of the BioOz sample. The data reveals the presence of Bi
and O atoms, with guantitative results indicating 39.53% Bi and 60.47% O. This elemental
composition aligns closely with the stoichiometric ratio expected for Bi>Os (Bi:O = 2:3).

o (b)
El
s
2
3
S
£

u
T T T T T
0 2 4 6 8 10

Energy (KeV)

Figure 111.12: The Bi2O3’s EDS analysis result.
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111.3.3.3. SEM-EDS of BB5 composite:

Figure 111.13 presents scanning electron microscopy (SEM) images of the BiFeO3/Bi>O3
composite, revealing the morphology of the constituent phases. The micrographs depict
randomly distributed, spherical Bi>O3 particles deposited on the surface of the BiFeO3 matrix
with a porous surface texture. This observation suggests a heterogeneous nanostructure within
the composite.

1m
X 10,000 7.0xvV

Figure 111.13: SEM analysis of BiFeOs/Bi,O3 composite morphology.

EDS analysis, presented in Figure I11.14, provides a quantitative assessment of the
elemental composition within the BiFeO3/Bi203 composite. The data confirms the presence of
all expected elements: Bi (36.6%), Fe (13.6%), and O (49.8%). This composition aligns well
with the combined stoichiometry of BiFeOs and Bi2Os, indicating the successful incorporation
of both phases within the composite. Notably, the detection of Fe alongside Bi and O confirms
the presence of the BiFeOs phase, complementing the information obtained for Bi2Os.
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Figure 111.14: EDS elemental composition of BiFeOs/Bi.Os Composite.
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111.3.4. Fourier Transform Infra-Red spectroscopy analysis:

Functional group analysis of the prepared oxides was performed using Fourier
Transform Infrared (FTIR) spectroscopy on a Shimadzu spectrometer (FTIR-8900). The
analysis employed a wavenumber range of 400-4000 cm™ to identify the functional groups
present in the samples.

Figure 111.14 presents the Fourier Transform Infrared (FTIR) spectra of BiFeO3, Bi»Oz, and
the BiFeO3/Bi203 composite. The analysis, performed in the wavenumber range of 400-4000
cm, allows for the identification of functional groups present within these materials. where
characteristic vibrations of various functional groups are typically observed.

Metal-Oxygen Bonds:

Bi-O vibrations: The spectra exhibit a peak around 490 cm™, attributed to the stretching
vibrations of the Bi-O bond within the BOg octahedral units of Bi>Oz [17]. An additional band
near 715 cm™ is assigned to both Bi-O bond vibrations in tetrahedral units of Bi»Os and
deformation vibrations between these units (BO3-O-BOs) [17].

Fe-O vibrations: In the BiFeOs and BiFeOs-Bi.O3 composite spectra, a peak at approximately
550 cm™ corresponds to the vibrational modes of Fe-O bonds within the FeOg octahedra [18].

Water Adsorbate:

A broad band observed around 3100-3400 cm™! is indicative of the O-H stretching vibration in
water molecules adsorbed on the material's surface. This is further supported by the presence
of a deformation band around 1600 cm™!, assigned to the O-H bending vibration in water [19].

Other Functional Groups:

The peak at approximately 1390 cm™ can be attributed to the asymmetric stretching mode of
the NOz~ ion [19].

Two bands observed around 1120 and 1150 cm™! are likely associated with the C-O stretching
vibrations arising from glycine residues.
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Figure 111.15: Comparison of Bi,Os3, BiFeOs, and BiFeO3/Bi>O3 composite using FTIR
spectroscopy.

111.3.5. UV-Visible measurements:

To investigate the light absorption properties and to determine the optical band gap
energies of Bi,Os, BiFeO3z, and BiFeOs/Bi>O3 powders, UV-vis absorbance spectroscopy was
employed. The analysis was performed using a Lambda 750 PerkinElmer UV-Vis
spectrophotometer across a wavelength range of 200-1000 nm to acquire the absorbance data
and evaluate the optical characteristics of the materials. To achieve absorbance measurements,
each compound powder was sonicated in an amount of distilled water for 60 minutes at ambient
temperature, with a sonication frequency of 55 kHz (using KUDQOS Ultrasonicator). This
permits effective dispersion of the powder particles throughout the solution.

The optical band gap (Eg) of the synthesized materials was determined by analyzing
their light absorption behavior using Tauc's method. This approach involves plotting a specific
function of the absorption coefficient (o) versus photon energy (hv). The band gap energy
corresponds to the point where the extrapolated linear portion of the curve intersects the x-axis
(hv = 0). The mathematical expression for Tauc's plot is provided below [20]:

(ahv)" = A x (hv - Ey) (111.1)

the absorption coefficient (o) represents the material's ability to absorb light at a specific
wavelength. In the context of semiconductors, the relationship between a and hv depends on
the type of electronic transition involved. For direct transitions, where the electron directly
jumps from the valence band to the conduction band, the exponent n in Tauc's equation typically
equals 1/2. Conversely, for indirect transitions involving a phonon (lattice vibration) assisting
the electron jump, the value of n becomes 2. A is a constant factor that incorporates various
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material properties and assumptions made in the derivation of the equation. This constant
typically cannot be directly determined from the absorption data alone. However, by plotting
(ohv)" versus ho for different values of n, the plot that exhibits a linear portion in the appropriate
energy range allows for the extrapolation of the linear region to the x-axis (hv = 0). The intercept

point on the x-axis provides the estimated value of the band gap energy (Eg) [21], [22], [23],
[24].

111.3.5.1. Optical band gap of BiFeOa:

The BiFeOs sample exhibited an optical band gap of approximately 2.95 eV, as evident
from the Tauc’s plot presented in Figure I11.15:

e BiFeO
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Figure 111.16: Tauc’s Plot of BiFeOs.
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111.3.5.2. Optical band gap of Bi.Os:

Figure II1.16 illustrates the Tauc’s plot for Bi2Os, indicating an optical band gap of 2.89
eVv.
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Figure 111.17: Band gap estimation of Bi2O:s.
111.3.5.3. Optical band gap of BiFeO3/Bi.Os:

As shown in Figure 111.18, the BiFeOs/Bi»O3 band equals to 2.27 eV.

20

@ BiFeO,4/Bi,04

15

| BiFeO,-Bi,O,: Eg=2.27eV

(ahv)* (eV cm™)

()]
1

hv (eV)

Figure 111.18: Determination of BiFeO3/Bi2.Os the optical band gap using Tauc's method.
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111.3.5.4.

Comparison between optical band gap of the three compounds:

The observed trend in the optical band gap energies (Eg) of Bi»Oz (2.89 eV), BiFeO3
(2.95 eV), and the Bi>03/Bi>03 composite (2.27 eV) (Table 111.4) can be attributed to several

factors:

Synergistic Effect and Defect Formation: When Bi>Os and BiFeOs are combined in
the composite, their interfacial contact can lead to the formation of new electronic
states at the interface [25]. These interfacial states can act as intermediate energy
levels, facilitating the transition of electrons from the valence band to the conduction
band. This can result in a narrowing of the band gap compared to the individual
components [26].
Cation Intermixing and Strain: During the synthesis of the composite, there might
be some intermixing of Bi** and Fe** cations at the atomic level. This intermixing
can introduce lattice strain and modify the electronic band structure of the
composite. The strain can cause bond length variations, influencing the energy
levels and potentially leading to a band gap reduction [27].
Quantum Confinement Effect: If the Bi.O3 phase in the composite exists as isolated
nanoparticles or quantum dots within the BiFeOs matrix, quantum confinement
effects might come into play. In smaller particles, the allowed energy levels for
electrons become more discrete, leading to a potential increase in the band gap.
However, in this case, the opposite trend is observed, suggesting the dominance of
other factors like interfacial interaction or defect formation [28].
Oxygen Vacancies: The presence of oxygen vacancies in the composite can
introduce additional electronic states within the band gap. These vacancies can act
as electron traps, potentially facilitating transitions and lowering the overall band
gap energy compared to the individual components [29].

Table 111.4: Optical band gap of the synthesized oxides.

Oxide Optical band gap (eV)

BiFeO3 2.95

Bi2O3 2.89
BiFeOs/Bi>03 2.27

111.4. Conclusion:

This chapter focused on the successful synthesis and characterization of BiFeOs, Bi2O3,
and BiFeOs/Bi.O3 composites with varying Bi excess (0-20%) using bismuth nitrate as a
precursor. The 5% excess Bi sample was identified as the composite material due to its unique
characteristics.
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A comprehensive characterization approach using XRD, XPS, FTIR, SEM-EDS, and
UV-vis spectroscopy provided valuable insights into the structural, morphological, and optical
properties of the synthesized materials. Notably, the BiFeO3/Bi.O3 composite exhibited a lower
band gap energy compared to the pure BiFeOs and Bi2Os. This decrease suggests the potential
for enhanced photocatalytic activity under visible light irradiation. Additionally, the composite
displayed a more porous morphology, which could offer increased surface area and improved
mass transfer during catalytic processes.

These findings lay the foundation for further exploration of the BiFeOs/Bi2O3
composite's potential applications in photocatalysis and other areas. The next chapter will
investigate its performance in these applications, building upon the characterization results
obtained in this chapter.
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CHAPTER IV: PHOTOCATALYTIC AND CATALYTIC
PERFORMANCE OF BiFeOs/Bi2O3 SYSTEM

IVV.1. Introduction :

This chapter investigates the use of the autocombustion synthesized BiFeO3/Bi20s as
a photocatalyst compared to bare oxides. Nitroaromatic compounds, such as nitrobenzene
(NB), are a class of environmental pollutants frequently encountered in industrial
wastewater. Their presence poses a significant threat due to their toxicity and persistence.
We proposed an approach utilizes a photocatalyst material to activate the degradation of
nitrobenzene by varying light source (visible light of a lamp and sunlight). Furthermore, the
compounds have been employed for catalytic activity testing by using sodium borohydride
(NaBHa4) and methanol (CH3sOH) for hydrogen generation. This in-situ hydrogen production
provides an additional advantage by offering a clean and renewable energy source. The
choice of the applications is justified by offering a dual benefit: environmental cleanup and
renewable energy production.

IV.2. Photocatalytic tests:

Nitrobenzene degradation experiments were conducted to evaluate the photocatalytic
activity of the material. A 1 mg/mL suspension of the photocatalyst was prepared in a 250
mL beaker with an aqueous solution of nitrobenzene (initial concentration = 0.4 mmol/L).
The mixture was stirred in the dark for 30 minutes to allow for the physical adsorption of
nitrobenzene onto the photocatalyst surface. Subsequently, the suspension was irradiated
with visible light from a 15 W lamp and sunlight irradiation. The degradation of nitrobenzene
was monitored by measuring the UV-visible absorbance at Amax = 290 nm every 30 minutes.

IV.2.1. Photocatalytic efficiency of BiFeO3:
1V.2.1.1. Under lamp illumination:

BiFeOs demonstrated impressive photocatalytic activity, achieving a remarkable
95% degradation of nitrobenzene under lamp irradiation (Figure IV.1) in 5 hours.
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Figure IV.1: Nitrobenzene degradation by BiFeOzunder lamp irradiation.

1VV.2.1.2. Under sunlight irradiation:

Using sunlight as the light source, BiFeOs effectively degraded 93.7% of the initial
nitrobenzene concentration within 3 hours of irradiation (Figure 1V.2).
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Figure 1V.2: Nitrobenzene degradation using BiFeOs and sunlight.
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1V.2.2. Photocatalytic efficiency of Bi2O3:

1VV.2.2.1. Under lamp illumination:

Bi203 successfully degraded 86.5% of the nitrobenzene within 4 hours under lamp
irradiation (Figure 1V.3).
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Wave Lenght (nm)

Figure 1V.3: Photocatalytic degradation of Nitrobenzene by Bi>Ozunder visible lamp light.

I1VV.2.2.2. Under sunlight irradiation:

Sunlight irradiation facilitated Bi»Oz in achieving a significant 80% reduction in
nitrobenzene concentration within 3 hours (Figure.lV.4).

77 |



Chapter 1V: Photocatalytic and catalytic performance of BiFeQO3/Bi2O3 system

0.8 I
1 - —— 30 min
0.7 4 | — 60 min
) — 90 min
0-6 1 —— 120 min
0.5 150 min
] 180 min

Absorbance
o
w
1

T T T T T T
200 300 400 500 600 700 800
Wave length (nm)

Figure 1V.4: Efficiency of Bi-Ozas photocatalyst for NB degradation with sunlight.
IVV.2.3. Photocatalytic efficiency of BiFeOs/ Bi2Os:

1VV.2.3.1. Under lamp illumination:

Compared to other potential photocatalysts, BiFeOs/Bi-Oz exhibited superior
performance under lamp irradiation, achieving a 100% degradation rate for nitrobenzene

within 4 hours (Figure 1V.5)

0.7 .

Absorbance

A,,,J=290 nm

3(I)0 4(I)0 5(I)O 6(I)0 7(I)0 8(I)0
Wave Length (nm)
Figure 1V.5: Time-dependent degradation NB with BiFeO3/Bi>Os under lamp irradiation.

1VV.2.3.2. Under sunlight irradiation:

BiFeOs/Bi»03 achieved a 100% sunlight-induced degradation of nitrobenzene within
just 3 hours, as the best result (Figure 1V.6).
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Figure 1V.6: Photodegradation of NB mediated by BiFeOs/Bi>Oz (sunlight).

1V.2.4. Photocatalytic efficiency comparison:

The observed trend in nitrobenzene degradation efficiency, with the BiFeO3/Bi>O3
composite achieving 100% removal compared to 80-95% for the bare oxides (300- 180
minutes) can be attributed to the formation of a heterojunction at the interface between
BiFeOs and Bi>O3 in the composite can promote efficient charge separation upon light
excitation. This reduces electron-hole recombination, leading to a higher concentration of
reactive species (e.g., hydroxyl radicals) available for nitrobenzene degradation[1][2].
Sunlight typically delivers a higher light intensity compared to the lamp source. Higher light
intensity generally leads to a greater number of photons absorbed by the photocatalyst,
resulting in a faster reaction rate[3].

Table 1V.1: Photocatalytic results of the synthesized oxides.

The oxide Degradation rate (%) Degradation time (min)
Lamp light Sunlight Lamp light Sunlight
BiFeOs 95 93.7 300 180
Bi203 86.5 80 240 180
BiFeO3/Bi20s3 100 100 240 180

1V.2.5. Kinetic study of NB degradation:

Kinetic studies were conducted to evaluate the reaction rate and mechanism of
nitrobenzene degradation over the BiFeOs/Bi20s composite under light irradiation
compared to tow materials. The degradation process typically follows a first-order reaction
model, as described by Equation 1V.1:
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Co
2= Kapp t (IV.1)

Figures 1V.7 and IV.8 depict the relationship between In(Co/C) and the reaction
duration (irradiation time) for the degradation process under lamp light and sunlight
respectively.
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Figure 1V.7: In(Co/C) plot versus under the irradiation time with lamp.
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Figure 1V.8: The relationship between In(Co/C) and the reaction duration under sunlight
irradiation.
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Experiments revealed that the BiFeOs/Bi.O3 composite degrades nitrobenzene (NB)
faster than pure BiFeOz and Bi>O3 under both sunlight and artificial light (LED lamp). Figure
IV.9 summarizes the measured degradation rate constants (NB destruction rates) for each
material.

Under solar illumination, the NB degradation rate constants were 0.0113 min™ and
0.0060 min' for BiFeOs and Bi>Oz3, respectively. These values were 0.0061 min' and
0.0090 min' when using the LED lamp.

In comparison, the BiFeOs/Bi>.O3 composite exhibited rate constants of 0.0173 min™!
and 0.0102 min" under sunlight and LED lamp, respectively.
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: LED lamp
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0.012
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Figure 1V.9: The reaction rate Kqpp 0f NB degradation.

These results indicate that the BiFeOs/Bi>O3 composite degrades NB up to 1.53 times
faster than BiFeOs and 2.88 times faster than Bi>Oz under sunlight. Under the LED lamp, a
similar enhancement is observed with degradation rates 1.67 and 1.13 times higher than
BiFeOs and Bi»Og, respectively.

The improved photocatalytic activity of the BiFeO3/BiOs composite can be
attributed to the synergistic interaction between BiFeOs and Bi2Os. This interaction
promotes electron mobility and reduces their recombination with holes, thus limiting
efficiency loss [4]. Additionally, the composite design allows for visible light absorption
across a wider range of wavelengths due to a "redshift" in the absorption band [5]. In
summary, the BiFeOs/Bi.O3 composite exhibits better photocatalytic performance due to
more efficient separation of charges at the interface and synergistic effects between BiFeO3
and Bi20s.
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IV.2.6. Mineralization measurements of the NB photodegradation:

To confirm complete mineralization of nitrobenzene (NB), Total Organic Carbon
(TOC) analysis was employed (using a Shimadzu 500 TOC analyzer) under similar
conditions for all photocatalysts (BiFeOs, Bi.Oz, and BiFeO3/Bi.0z). As shown in Figure
V.10, the BiFeO3/Bi203 composite achieved the highest level of mineralization after 240
minutes of exposure to either sunlight or LED light. Under sunlight, the composite achieved
100% mineralization, while BiFeO3 and Bi203 reached 88.25% and 78%, respectively.
Similarly, under LED light, the composite achieved 100% mineralization, compared to
86.5% and 82% for BiFeO3 and Bi203, respectively. These results highlight the superior
performance of the BiFeO3/Bi203 composite in completely degrading NB.
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Figure 1V.10: Mineralization rate of the NB.

IVV.2.7. Unveiling the elimination mechanism:

To understand the roles of different reactive species involved in the degradation
process, researchers conducted trapping experiments. They used specific chemicals to target
and "trap" individual reactive species, like hydroxyl radicals (*OH), electrons (¢7), and
oxygen radicals (+O?). These chemicals included ammonium oxalate (Merck) (h* trapping),
silver nitrate (Merck) (e trapping), benzoquinone (Merck) (+O? trapping), and 2-propanol
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(2-PrOH) (Merck) (*OH scavenging) (Figure IV.11) [6], [7]. The results revealed that while
all trapping agents except 2-propanol reduced the photocatalytic efficiency, 2-propanol
significantly lowered the degradation rate to around 10% under both sunlight and LED light.
This suggests that hydroxyl radicals (*OH) play a crucial role in the degradation of NB [8].

™™™ solar

LED lamp

100 +

80

- B

40

Removal rate (%)

20
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Without AgNO3 AO 2-PrOH BQ

Figure 1V.11: Effect of scavengers on the photocatalytic activity of BiFeO3/Bi>O3 for
nitrobenzene degradation.

BiFeOs/Bi>03 composite play a crucial role in facilitating nitrobenzene degradation.
When exposed to light (hv), BiFeOz gets excited, creating electron accumulations in Bi2Os.
These accumulated electrons then reduce adsorbed nitrobenzene on the photocatalyst surface
to aniline [9]. On the other hand, light also generates holes (h*) within BiFeOs. While these
holes can oxidize water molecules (H20) and hydroxyl ions (OH") to produce beneficial

hydroxyl radicals (*OH), their ability to do so can be hindered by the presence of methanol
during oxidation.

BiFeO3 + hv —————>e p+ hip (IV.2)
Ox+ecg — *°0; (IV.3)
OH + h'OH+——— H* (1V.4)
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H"+'0; ——» "OHH (IV.5)
2°0H ————>H,0; (IV.6)
2H0+2e~ — » Hp+20H" (IV.7)
NB+hv ——»'NB (IV.8)
‘NB+ (*03, h*,"OH,e) ———>CO;+ H;0 (IV.9)

Therefore, BiFeOs/Bi.O3z composites are particularly effective for nitrobenzene

degradation under visible light because they offer two key functionalities:

o Electron transfer: Electrons from BiFeOs accumulate in Bi2Os,
facilitating the reduction of nitrobenzene to aniline.

o Hydroxyl radical generation: BiFeOzs can still generate *OH radicals
through oxidation of water using some of the photogenerated holes, although their
activity might be affected by the presence of methanol.

The provided chemical reactions (Equations V.2 to 1V.9) further illustrate the
processes involved in the photocatalytic degradation of nitrobenzene using BiFeO3/Bi20Os3
composites.

I1V.2.8. Recyclability of BiFeOs/Bi.O3 composite:

High photoactivity and reusability are essential qualities for photocatalysts to be
practical for real-world use [10], [11]. To assess the reusability of the BiFeO3/Bi,O3
photocatalyst we developed, we conducted five consecutive degradation cycles under
identical conditions. While the photocatalytic efficiency showed a slight decrease, reaching
around 95.1% and 93.9% after the 5th cycle under sunlight and LED irradiation, respectively
(Figure 1V.12), the decline was minimal (Figure 1V.13). This small drop in performance can

likely be explained by a minor loss of catalyst mass during use [12].

84 |



Chapter 1V: Photocatalytic and catalytic performance of BiFeO3/Bi>O3 system

100 T —— 9% "

80

60

40

Removal rate (%)

20

0 J } f
1 2 3 4 5

Number of cycles

Figure 1V.12: Reusability of BiFeO3/Bi,Oz for nitrobenzene degradation with LED lamp.
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Figure 1V.13: Recyclability of BiFeOs/Bi.Os for nitrobenzene degradation under sunlight
irradiation.

These results are promising because they demonstrate that BiFeOs/Bi>Os maintains
its effectiveness throughout multiple uses. This reusability makes BiFeO3/Bi,Oz a
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convenient and practical photocatalyst for degrading organic pollutants, paving the way for

its potential application in water treatment technologies.

IV.3. Catalytic tests:

Catalytic tests using sodium borohydride in a methanol solution (4 ml) for hydrogen
production has been conducted under N2 gas varying between oxides, the catalyst amount,
the substrate amount, temperature and the durability of the catalyst finally has been checked.

IV.3.1. Oxide amount efficiency for the catalytic reaction:

The composite has been used first to determine the optimal catalyst amount for
hydrogen production through NaBH4 methanolysis, the conditions of the reaction T=25°C,
300 mM of NaBHa. The hydrogen evolution results revealed that the optimal catalyst amount
is 40 mg (Figure 1V.14) where the catalyst did not give stable catalytic reaction with inferior
quantities.
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Figure 1V.14: The effect of the oxide amount on hydrogen evolution.
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1V.3.2. Catalytic efficiency between oxides:

BiFeOs, Bi»Os and BiFeOs/Bi.O3 composite has been used for sodium borohydride
methanolysis using 40 mg of catalyst, 300mM of NaBH4, T=25°C in 4 ml of the solution
(methanol). The composite gave extremely higher hydrogen evolution compared to bare
oxides.
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Figure 1V.15: Hydrogen evolution of the three oxides.

IV.3.3. The substrate effect on hydrogen evolution:

To investigate the effect of sodium borohydride on the catalytic reaction of hydrogen
production 125 mM, 300 mM, 350 mM and 400 mM of this material has been used with
BiFeO3/Bi»03 composite in ambient temperature 25°C. The catalyst showed an increasing

performance with the increasing of the substrate amount (Figure 1V.16)
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Figure 1V.16: Substrate role in sodium borohydride methanolysis.

IV.3.4. The effect of temperature on the catalytic reaction:

It is well known that temperature is an influential factor in catalytic reactions, for that
issue the reaction has been performed in 25, 30, 35 and 40°C using 40 mg of BiFeO3/Bi,03
and 300 mM of NaBHa. The rise in temperature led to an increase of the reaction evolution.
(Figure 1V.17).
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Figure IV.17: Temperature rise for improved hydrogen evolution.

IVV.3.5. Reusability of the BiFeO3/Bi,O3 catalyst:

The check the durability of the prepared composite, 5 runs of catalytic reaction has
been achieved in optimum conditions (Mcatalyst=40Mg, NnaeH4=400 MM and T=40°C). The

catalyst showed a capability of 5 runs with a decreasing of only 7.7% (Figure 1V.18).

89 |



Chapter 1V: Photocatalytic and catalytic performance of BiFeO3/Bi>O3 system

120

™™ BiFe0,/Bi,0,

100 +

7.7%

80

60

40

Hydrogen evolution (mL)

20+

T T T T T
1st 2nd 3rd 4th 5th
Cycles

Figure 1V.18: Reusability of the BiFeOs/Bi.O3 catalyst.

IV.4. Conclusion:

This chapter investigated the potential of BiFeOs, Bi.O3z, and their composite
(BiFeOz3/Bi203) for two significant applications:

e Photocatalytic degradation of nitrobenzene (NB): The research revealed
that the BiFeOs/Bi>Os composite exhibited superior performance compared
to the individual oxides. Under visible light irradiation, the composite
achieved near-complete NB removal, demonstrating exceptional potential for
purifying organic contaminants from water. This enhanced activity can be
attributed to a synergistic interaction between BiFeOs and Bi>O3, promoting
efficient separation and transfer of photogenerated charges.

e Catalytic hydrogen generation through sodium borohydride (NaBHJ)
methanolysis: The BiFeOs/Bi.Oz composite displayed significantly higher
hydrogen evolution rates compared to BiFeOs and Bi»Os. This can be
explained by factors such as increased surface area with active sites and
potentially broader light absorption in the composite.

Overall, the findings highlight the promise of BiFeOs/Bi.O3 composites as efficient

and reusable photocatalysts for environmental remediation and clean energy production.
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Their ability to degrade organic pollutants and generate hydrogen gas positions them as
potential candidates for sustainable water treatment and alternative fuel sources. Further

research can optimize the design and properties of these composites to achieve even greater
efficiency and explore their potential for real-world applications.
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General conclusion

GENERAL CONCLUSION

This thesis comprehensively explored the synthesis, characterization, and potential
applications of BiFeOs, Bi2Os, and crucially, BiFeOs/Bi.Oz composites with varying Bi
excesses. Chapter 1 established a solid foundation by providing a thorough review of relevant
literature on photocatalysis, hydrogen generation, and related materials. Chapter 2 then delved
into the detailed procedures for synthesizing these materials, followed by a comprehensive
description of the characterization techniques employed. These techniques, including XRD,
XPS, FTIR, SEM-EDS, and UV-vis spectroscopy, provided valuable insights into the
structural, morphological, and optical properties of the synthesized materials.

The key finding of this thesis lies in the superior performance of the BiFeOs/Bi2O3
composite compared to its individual components. UV-Vis measurements revealed that the
composite possesses a lower band gap energy, potentially leading to enhanced photocatalytic
activity under visible light. Additionally, its porous morphology suggests a larger surface area,
which can be beneficial for catalytic processes.

Building upon the characterization results, further chapters likely investigated the
applications of these materials in photocatalysis and hydrogen generation through sodium
borohydride methanolysis. The research most likely demonstrated the remarkable ability of the
BiFeOs/Bi»0O3 composite to degrade organic pollutants like nitrobenzene and generate hydrogen
gas at significantly higher rates compared to BiFeO3 and Bi>O3 alone.

This thesis successfully demonstrates the potential of BiFeO3/Bi>Os composites as
efficient and reusable photocatalysts and hydrogen generation catalysts. Their ability to address
environmental concerns through organic pollutant degradation and clean energy production
aligns with the pursuit of sustainable solutions. The knowledge gained from this work paves
the way for further research to optimize the design and properties of these composites and
explore their potential for real-world applications, contributing to advancements in
environmental remediation and clean energy technologies.
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XRD ICSD card of BiFeOs single phase :

Name and formula

Reference code: 98-002-8027
Compound name: Bismuth Iron(lll) Oxide
Common name: Bismuth Iron(lll) Oxide
Chemical formula: Bi;Fe 05

Crystallographic parameters

Crystal system: Hexagonal
Space group: R3m
Space group number: 160

a (A): 5.5737
b (R): 5.5737
c (R): 6.9339
Alpha (°): 90.0000
Beta (°): 90.0000
Gamma (°): 120.0000
Calculated density (g/cm~3): 8.35
Volume of cell (10~6 pm~3): 186.55

Z: 1.00
RIR: 9.11

Subfiles and quality

Subfiles: User Inorganic

Quiality: User From Structure (=)

Comments

Creation Date: 1/1/1980

Modification Date: 2/1/2009

Original ICSD space group: R3MR

Hexagonal setting: 5.574, 6.933. X-ray diffraction from single crystal
Structure type: FeBiO3. Temperature factors available

The structure has been assigned a PDF number (experimental powder diffraction data): 20-169
The structure has been assigned a PDF number (calculated powder diffraction data):  01-074-2016
Structure type: FeBiO3

Recording date: 1/1/1980
Modification date: 2/1/2009
ANX formula: ABX3

Z: 1
Calculated density: 8.35

R value: 0.2
Pearson code: hR5
Wyckoff code: b a2
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PDF code: 00-020-0169

Structure TIDY: TRANS a-b,b-c,a+b+c

“X7Y,~Z

origin 0 0.95000

Structure TIDY: REMARK Transformed from rhombohedral cell.

Publication title: X-ray diffraction study of the atomic structure of ferromagnetic Bi Fe O3
ICSD collection code: 28027

Structure: FeBiO3

Chemical Name: Bismuth Iron(III) Oxide
Second Chemical Formula: Bi Fe O3

References
Structure: Zhdanov, G.S.;Venevtsev, Yu.N.;Tomashpol'skii, Yu.Ya.
(Tomashpolskii, Yu.Ya.), Soviet Physics, Crystallography (=
Kristallografiya), 12, 209 - 213, (1967)
Peak list
No. h k 1 d [A] 2Theta[deg] I [%]
1 1 0 1 3.96157 22.424 66.9
2 0 1 2 2.81589 31.752 99.3
3 1 1 0 2.78685 32.092 100.0
4 0 0 3 2.31130 38.935 12.2
5 0 2 1 2.27935 39.504 35.6
6 2 0 2 1.98079 45.770 52.3
7 1 1 3 1.77906 51.314 26.2
8 2 1 1 1.76437 51.773 16.8
9 1 0 4 1.63146 56.348 15.7
10 1 2 2 1.61452 56.993 34.8
11 0 3 0 1.60899 57.207 9.2
12 0 2 4 1.40794 66.338 11.4
13 2 2 0 1.39342 67.120 16.2
14 0 1 5 1.33286 70.610 7.6
15 0 3 3 1.32053 71.370 5.1
16 1 3 1 1.31448 71.749 6.3
17 2 1 4 1.25667 75.609 13.2
18 3 1 2 1.24888 76.164 14.6
19 2 0 5 1.20242 79.677 4.4
20 2 2 3 1.19334 80.407 8.0
21 4 0 1 1.18887 80.771 3.8
22 0 0 6 1.15565 83.603 1.1
23 0 4 2 1.13968 85.047 7.1
24 1 2 5 1.10404 88.487 7.8
25 3 2 1 1.09352 89.565 3.5
Structure
No. Name Elem. X Y Z Biso sof Wyck.
1 o1l ¢) 0.49300 0.50700 0.05700 0.5000 1.0000 9b
2 FE1 Fe 0.00000 0.00000 0.55000 0.5000 1.0000 3a
3 BI1 Bi 0.00000 0.00000 0.00000 0.5000 1.0000 3a
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Stick Pattern
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XRD ICSD card of Bi2Oz single phase :

Name and formula
Reference code:

Compound name:
Common name:

Chemical formula:

98-009-4231

Bismuth Oxide - Alpha
Bismuth Oxide - Alpha

BiyO3

Crystallographic parameters

Crystal system:
Space group:
Space group humber:

a (A):

b (A):

c (R):

Alpha (°):
Beta (°):
Gamma (°):

Calculated density (g/cm”3):

Monoclinic
P121/c1
14

5.8920
8.1770
7.5290
90.0000
112.8300
90.0000

90
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Volume of cell (10~6 pm~3):

Z:

RIR:

Subfiles and quality

Subfiles:
Quiality:

Comments

Creation Date:
Modification Date:

Original ICSD space group:
Structure type:

Temperature in Kelvin:

The structure has been assigned a PDF number (calculated powder diffraction data):

Structure type:
Recording date:
ANX formula:

Zz

Calculated density:

R value:

Pearson code:
Wyckoff code:

334.32
4.00

User Inorganic
User From Structure (=)

10/1/2003

12/30/1899

P121/C1

Bi203. Temperature factors available
660. Rietveld profile refinement applied

Neutron diffraction (powder)
Bi203

10/1/2003

A2X3

4

9.26

0.0264

mP20

e5

Structure TIDY: TRANS Origin 00 1/2
Publication title: Structural studies of alpha-(Bi2 O3) by neutron powder diffraction

ICSD collection code: 94231

Structure: Bi203
Chemical Name: Bismuth Oxide - Alpha
Second Chemical Formula: Bi2 O3

01-070-8245.

References
Structure: Orlov, V.G.;Rundlof, H.;Tellgren, R.;Ivanov, S.A., Powder
Diffraction, 16, 227 - 230, (2001)
Peak list
No. h k 1 d [A] 2Thetal[deg] I [%]
1 1 0 0 5.43042 16.310 0.0
2 0 1 -1 5.29083 16.743 1.0
3 1 1 0 4.52372 19.608 1.4
4 1 1 -1 4.51566 19.644 3.6
5 0 2 0 4.08850 21.720 2.7
6 1 0 -2 3.63230 24.487 13.0
7 0 2 -1 3.52255 25.263 0.5
8 0 0 2 3.46959 25.655 30.6
9 1 1 1 3.32914 26.757 21.3
10 1 1 -2 3.31952 26.836 27.9
11 1 2 0 3.26627 27.282 100.0
12 1 2 -1 3.26323 27.308 54.5
13 0 1 -2 3.19396 27.912 17.9
14 2 1 -1 2.77159 32.273 5.2
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198 2 4 3 1.20789 79.244 0.2
199 1 4 4 1.20573 79.414 0.1
200 2 4 -5 1.20544 79.438 0.1
201 1 4 -5 1.20436 79.523 4.5
202 3 1 3 1.20178 79.728 1.9
203 2 2 4 1.20169 79.735 1.8
Structure
No. Name Elem. X Y Z Biso sof Wyck.
1 01 0 0.26890 0.02760 0.01210 1.2800 1.0000 de
2 02 0 0.23560 0.44850 0.12710 1.5500 1.0000 de
3 03 o) 0.77790 0.30220 0.20710 1.5300 1.0000 de
4 BI1 Bi 0.03810 0.04280 0.27690 1.2600 1.0000 de
5 BI2 Bi 0.52380 0.31480 0.36310 1.1700 1.0000 de
Stick Pattern
Intensity [%)]
100 , :
Ref. Pattem: Bismuth Ciide - Alpha, 98-009-4231
50
o1 ‘ I || |\ |.u[ |.‘. | I[.
J e IR ERARERRRE N
20 30 40 20 &0 70 80

Position [*2Theta] [ Copper (Cul)

XRD ICSD card of BiFeOs and Bi»Oz phases in the composite :

Name and formula

Reference code: 98-024-6424
Compound name: Bismuth Ferrate(ll)
Common name: Bismuth Ferrate(ll)
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Chemical formula:

Annex

Bi;Fe;0;

Crystallographic parameters

Crystal system:
Space group:
Space group number:

a (A):

b (A):

c (R):
Alpha (°):
Beta (°):
Gamma (°):

Calculated density (g/cm~3):
Volume of cell (10°6 pm~3):

Z:

RIR:

Subfiles and quality

Subfiles:
Quiality:

Comments

Creation Date:
Modification Date:
Original ICSD space group:

Structure type:

Structure type:
Recording date:
ANX formula:
Z:
Calculated density:
Pearson code:
Wyckoff code:

Structure TIDY: TRANS a-b,b-c,a+b+c

Hexagonal
R3c
161

5.4992
5.4992
13.4732
90.0000
90.0000
120.0000

352.86

User Inorganic
User From Structure (=)

8/1/2009

12/30/1899

R3CR. At least one temperature factor missing in the paper.. No R
value given in the paper.

LiNbO3. Structure calculated theoretically DFT ab initio calculation
with VASP program using PAW formalism. Standard deviation
missing in cell constants

LiNbO3

8/1/2009

ABX3

2

8.83

hR10

b a2

-X,-y,-z  origin 00 .77200

Structure TIDY: REMARK Transformed from rhombohedral cell.
Publication title: First principles study of the multiferroics Bi Fe O3, Bi2 Fe Cr 06, and Bi Cr O3:

ICSD collection code: 246424

Structure: LiINbO3

Structure, polarization, and magnetic ordering temperature

Chemical Name: Bismuth Ferrate(III)
Second Chemical Formula: Bi (Fe O3)
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References
Structure: Spaldin, N.A.;Ederer, C.;Baettig, P., Physical Review, Serie 3. B -
Condensed Matter (18,1978-), 72, 0, (2005)
Peak list
No. h k 1 d [A] 2Thetal[deg] I [%]
1 0 1 2 3.88881 22.850 74.1
2 1 0 4 2.75000 32.533 100.0
3 1 1 3 2.34501 38.354 2.2
4 0 0 6 2.24553 40.124 6.8
5 2 0 2 2.245009 40.132 27.0
6 0 2 4 1.94440 46.677 42.1
7 2 1 1 1.78418 51.156 0.4
8 1 1 6 1.73923 52.578 26.5
9 1 2 2 1.73903 52.584 17.1
10 0 1 8 1.58779 58.043 17.3
11 2 1 4 1.58756 58.052 37.8
12 1 2 5 1.49679 61.946 0.2
13 2 0 8 1.37500 68.142 8.4
14 2 2 0 1.37480 68.153 12.2
15 1 1 9 1.31478 71.730 0.2
16 2 1 7 1.31470 71.735 0.1
17 1 3 1 1.31456 71.744 0.3
18 1 0 10 1.29644 72.906 6.4
19 0 3 6 1.29627 72.918 4.1
20 3 1 2 1.29618 72.923 6.0
21 1 2 8 1.22980 77.564 13.2
22 1 3 4 1.22969 77.572 14.2
23 3 1 5 1.18604 81.004 0.2
24 0 2 10 1.17263 82.128 3.4
25 2 2 6 1.17250 82.138 6.2
26 0 4 2 1.17244 82.144 2.6
27 0 0 12 1.12277 86.640 0.9
28 4 0 4 1.12255 86.661 5.4
Structure
No. Name Elem. X Y 7 Biso sof Wyck.
1 0l 0 0.07533 0.32467 0.11067 0.5000 1.0000 18b
2 FE1 Fe 0.00000 0.00000 0.00000 0.5000 1.0000 b6a
3 BI1 Bi 0.00000 0.00000 0.22800 0.5000 1.0000 ba
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Stick Pattern

Intensity [%]
100

20

Ref, Pattem: Bismuth Ferate(lll], 38-024-6424

Name and formula
Reference code:

Compound name:
Common name:

Chemical formula:

Position [*2Theta] [ Copper (Cul)

98-002-7458

Bismuth Oxide - Delta, Ht
Bismuth Oxide - Delta, Ht

Bi,O;

Crystallographic parameters

Crystal system:
Space group:
Space group nhumber:

a (A):

b (A):

c (A):

Alpha (°):
Beta (°):
Gamma (°):

Calculated density (g/cm~3):

Measured density (g/cm”3):

Volume of cell (10°6 pm~3):

Z:

RIR:

Cubic

Fm-3m

225

5.
5.
5.
90.
90.
90.

8

8.
181.

23

6650
6650
6650
0000
0000
0000

.51

68
80

.00

.42
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Subfiles and quality

Subfiles: User Inorganic

Quality: User From Structure (=)

Comments

Creation Date: 9/25/1986

Modification Date: 2/1/2010

Original ICSD space group: FM3-M

AE: Bi: 06; O: Bi4; defect fluorite type. Stable above 1003 K (2nd ref.,

Tomaszewski), on cooling down to 923 K, from 923 to 773 K: P4-b2.
At RT stable are the isomorphs Bi2 O3 * 1/6Si 02: 5.542 and Bi2 O3
* 1/2W 03: 5.589. At least one temperature factor missing in the
paper.. X-ray diffraction from single crystal. Structure type : defect-
CaF2. Temperature in Kelvin: 1023. Structure determined from
projections. The structure has been assigned a PDF number
(experimental powder diffraction data): 27-52. The structure has
been assigned a PDF number (calculated powder diffraction data):
01-074-1633. Structure type: defect-CaF2. Recording date:
9/25/1986. Madification date: 2/1/2010. ANX formula: A2X3. Z: 2.
Authors density: 8.68. Calculated density: 8.51. R value: 0.019.
Pearson code: cF10. Wyckoff code: c a. PDF code: 00-027-0052

Publication title: Die Kristallstruktur der Hochtemperaturmodifikation von Wismut(III)-oxid (delta-Bi2
03)

ICSD collection code: 27458

Structure: defect-CaF2

Chemical Name: Bismuth Oxide - Delta, Ht

Second Chemical Formula: Bi2 O3

References
Structure: Schroeder, H.;Gattow, G., Phase Transition, 38, 127 - 220, (1992)
Peak list
No. h k 1 d [A] 2Thetal[deg] I [%]
1 1 1 1 3.27069 27.244 100.0
2 0 0 2 2.83250 31.561 38.6
3 0 2 2 2.00288 45.237 46.8
4 1 1 3 1.70806 53.613 44.9
5 2 2 2 1.63534 56.203 10.4
0 0 0 4 1.41625 65.899 7.0
7 1 3 3 1.29964 72.698 17.3
8 0 2 4 1.26673 74.904 13.2
9 2 2 4 1.15636 83.540 13.9
10 1 1 5 1.09023 89.910 10.0
Structure
No. Name Elem. X Y Z Biso sof Wyck.
1 01l 0 0.25000 0.25000 0.25000 0.5000 0.7500 8c
2 BI1 Bi 0.00000 0.00000 0.00000 0.5000 1.0000 4a
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Stick Pattern

Intensity [%]
100

Ref, Pattem: Bismuth Ciide - Delta Ht, 98-002-7458

20

Position [*2Theta] [ Copper (Cul)
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Résumé

Cette thése explore les composite BiFeOs/Bi-O3 comme solution potentielle pour
I'assainissement de I'environnement et la production d'énergie propre. Il détaille la synthése
de BiFeOs, Bi2O3 et de composites BiFeOs/Bi.O3 avec des excés de Bi variables par
autocombustion, suivie d'une caractérisation complete par diffraction des rayons X (DRX),
spectroscopie de photoélectrons X (XPS), spectroscopie infrarouge a transformée de
Fourier (FTIR), microscopie électronique a balayage couplée a la spectroscopie d'énergie
dispersive aux rayons X (SEM-EDS) et spectroscopie UV-visible. La caractérisation révéle
notamment une bande interdite plus faible et une morphologie poreuse pour le composite
BiFeOs/Bi2O3 par rapport aux oxydes individuels, ce qui démontrent la performance
supérieure du composite dans la dégradation photocatalytique des polluants organiques et
la production d'hydrogéne par méthanolisation au borohydrure de sodium. Dans I'ensemble,
ce travail souligne la promesse des composites BiFeOs/BiO3z en tant que catalyseurs
efficaces et réutilisables, ouvrant la voie a un avenir plus durable.

Abstract

This thesis investigates BiFeO3/Bi,Oz composites as a potential solution for environmental
remediation and clean energy generation. It details the autocombustion synthesis of BiFeOs,
Bi»03, and BiFeO3/Bi,O3 composites with varying Bi excesses, followed by comprehensive
characterization using X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy coupled
with energy-dispersive X-ray spectroscopy (SEM-EDS), and UV-visible spectroscopy.
Notably, the characterization reveals a lower band gap and porous morphology for the
BiFeOs/Bi,Os composite compared to the individual oxides. Which demonstrate the
composite's superior performance in both photocatalytic degradation of organic pollutants
and hydrogen gas generation through sodium borohydride methanolysis. Overall, this work
highlights the promise of BiFeOs/Bi,O3 composites as efficient and reusable catalysts,
paving the way for a more sustainable future.



