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General Introduction

Water pollution represents one of the most world’s pressing issues, which could be
attributed to the accelerated demand for textiles, plastics, printing, paper industry, and cosmetics;
approximately 14 billion pounds of plastics, 706 million gallons of oil, 300 - 400 metric tons of
waste that contains heavy metals and toxic sludge are dropped into the ocean every year [1]. Based
on the UN World Water Development Report, between 2.2 and 3.2 billion people, which
corresponds to 32 - 46% of the world population, lived under water stress in 2010 [2]. According
to the World Health Organization, about 1 million people and 395,000 children under the age of
five are estimated to die each year from diseases related to poor sanitation, hygiene, or unsafe water
[3]. Around 80% of the global wastewater is released to the environment without treatment [4],
where 17 - 20% of the water pollution is contributed by dyeing [4,5]. Organic dyes with a stable
and complicated polyaromatic structure, are resistant to environmental conditions and non-
biodegradable [6]. Methylene Blue (MB) is considered one of the most aromatic basic dyes used
in the textile industry, including coloring silk, wool, cotton, and paper [7], where large amounts of
MB dye are released into natural water sources. Above certain concentrations, MB dye is
considered toxic and carcinogenic which presents a potential threat to the environment and human
health [7]. Therefore, a lot of efforts are afforded to develop suitable wastewater treatment
methods, such as photo-Fenton treatment, oxidation, catalytic peroxymonosulfate activation,
ozonation, electrochemical oxidation, and combined methods. Among the various wastewater
treatment methods, adsorption and photocatalysis are considered advantageous methods for several
organic pollutants’ removal due to their low costs, high efficiency, ease of application, and
environmental friendliness. Adsorption is a surface phenomenon where the adsorbent is
accumulated on the adsorbent surface while photocatalysis is known as a light-activated reaction
involving a semiconductor photocatalyst. The combination of adsorption and photocatalysis
processes is a one-step treatment that can increase the removal efficiency [8,9].

Mixed oxides with the ABOs perovskite-type structure have attracted considerable attention
for use as gas sensors, photocatalytic systems, solid oxide fuel cells, and magnetic devices [10-12]
due to their high thermal stability, non-toxicity, excellent electronic, optical, and magnetic
properties [13,14]. Among the ABO3s perovskite family, lanthanum ferrite LaFeOs is one of the
most promising photocatalytic materials that could be attributed to its structural stability and
narrow band gap of 2.1 - 2.6 eV [15,16]. G-type antiferromagnetic LaFeOs perovskite with

orthorhombic structure is known to show different characteristics depending on synthetic
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conditions. Anajafi et al. have investigated the influence of the synthetic method, microwave-
thermal treatment, hydrothermal, and sol-gel methods, on the different LaFeOs properties: the
morphology of the synthesized samples is affected by the considered method and small band gap
values were obtained for hydrothermal method [17]. Singh et al. [18] have studied the effect of
temperature on the physical properties of the LaFeOz powder; their results revealed that the
crystallite size of the prepared samples increases with an increase in calcination temperature, which
is accompanied by a decrease in the specific surface area. The moment of an anti-ferromagnetic
particle was also found to increase with decreasing particle size. Hongfang et al. showed that the
LaFeOs nanoparticles, prepared through the sol-gel method and calcined by vacuum microwave
calcination, exhibit high photocatalytic performance for the degradation of methylene orange (MO)
and methylene blue (MB) compared to those calcined by conventional calcination [19]. Kamal et
al. investigated the effect of the citric acid-to-metal ratio on the crystallinity, band gap, and particle
size, where the molar ratio varied from 2 to 16. The results showed that smaller particle size was
found at high citric acid ratios; also, the crystallinity and band gap of the prepared samples are
affected by the citric acid ratio [15].

Despite the several works and studies reported on the LaFeO3 perovskite, the effect of
precursors on its physicochemical properties and its catalytic and photocatalytic performance have
not yet been explored, which will be the subject of the present manuscript. The manuscript is
composed of six chapters. The first chapter provides a literature review of the different topics
considered in the thesis: an overview of the organic dyes including the dye considered during the
realization of this thesis, the water treatment methods where the adsorption and photocatalytic
processes are highlighted. The perovskite structure, magnetic properties, and electronic structures

of LaFeOz are also addressed in this chapter.

The second chapter describes the experimental process “sol-gel” used to elaborate the
LaFeOs powders, including its principle, basic reactions in the sol-gel procedure, and the main
factors influencing this process. Additionally, it provides a brief presentation of the different

techniques considered to characterize the physicochemical properties of the synthesized powders.

In the third chapter, we provide an introduction to basic molecular quantum mechanics.
Subsequently, we delve into a comprehensive presentation of density functional theory (DFT),

starting from the Hohenberg-Kohn theorem and extending to the plane-wave pseudopotential
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approach. The concluding section of this chapter is dedicated to discussing the DFT codes utilized
in the course of this thesis.

Chapter Four outlines the synthesis procedure of LaFeO3z nanoparticles, followed by a
detailed examination of their various properties, including crystallinity, specific surface area,
morphology, porosity, optical properties, and functional groups.

Chapter Five is divided into two main sections. Initially, we extensively discuss the
adsorption of methylene blue on the LaFeO3s surface. We fit the kinetics of adsorption to pseudo-
first and second-order models, as well as the Elovich model, and analyze the adsorption mechanism
using the intraparticle diffusion model. Furthermore, we study the adsorption isotherm through the
Langmuir and Freundlich models, followed by a thermodynamic adsorption analysis. The second
part of this chapter focuses on the photocatalytic study of LaFeO3 nanoparticles, where we fit the
kinetics of methylene blue photodegradation to the pseudo-first-order rate equation.

The first section of the final chapter examines the structural and electronic properties of G-
type antiferromagnetic LaFeOs and surface optimization. In the subsequent section, we investigate
methylene blue adsorption on (121) and (100) surfaces, presenting the adsorption properties such
as adsorption energy, adsorbent-adsorbate distance, and estimated interactions involved during the

adsorption process.
Aim and Objectives

The objective of this research was twofold: firstly, to synthesize a mixed oxide with the
formulation LaFeOs adopting the perovskite structure using the sol-gel method for photocatalytic
applications. Two salt precursors, namely nitrate salts and chloride salts, were utilized in the
elaboration of this perovskite. The impact of these salt precursors on the thermal behavior,
morphology, surface area, structural and optical properties, as well as adsorption and photocatalytic
activities, will be comprehensively examined. The adsorption and photocatalytic activities of the
synthesized LaFeOz perovskites were evaluated through the degradation of methylene blue (MB)
dye. Moreover, this thesis seeks to conduct an in-depth analysis of both bulk and surface properties
of the LaFeOs perovskite using the CASTEP and Dmol?® packages within the framework of density
functional theory. Additionally, the adsorption of MB on the LaFeOg3 surface will be investigated.
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Chapter I:
Literature Review

Mixed oxides are considered one of the most attractive class of compounds. Regarding their
structural properties, they could be divided into different categories. Among mixed oxides,
perovskite-type structure has been a subject of constant attention since the 1970s due to their
multitude of structures and properties.

This chapter provides a literature review of the different topics considered in the thesis. The
first section of this chapter is an overview of the organic dyes including the dye considered during
the realization of this thesis, the second section is dedicated to the water treatment methods where
the adsorption and photocatalytic processes are highlighted. The last part is devoted to the
perovskite structure with an emphasis on the LaFeOsstructure: crystalline, magnetic, and electronic
structures in addition to the surface studies of LaFeOs.



Literature Review

1.1 Organic Dyes

Among the large list of organic pollutants, organic dyes represent one of the most popular
water pollutants. Dyes are largely utilized in many industrial fields such as; textiles, fabric,
cosmetics, pharmaceutical and food industries, pulp and paper, and printing. These organic dyes
are mostly carbon-based, generally, they have a stronger and more stable molecular configuration
than inorganic colorants [1,2]. Generally, dyes are applied to substrates to give them permanent
color, therefore, their properties are improved to give a high resistance to light, sweat, water,
microbial attack and oxidizing agents [3]. Most of these synthetic dyes are non-biodegradable,
toxic and carcinogenic either to humans or living organisms in the aquatic environment [3]. Dyes
are classified into cationic, anionic and nonionic dyes [4]. Anionic dyes depend on a negative ion
where most of them form a covalent bond [4]. Anionic dyes include direct, acid and reactive dyes
with common characteristics; water-solubilizing and ionic substituents [4,5]. Cationic dyes are also
known as basic dyes where they carry a positive charge in their molecule. This type of dye is highly
visible with high brilliance and intensity of color [4]. Nonionic dyes are known as dispersed dyes

due to their non-ionization in an aqueous medium [5].

Methylene blue with the chemical formula C16H18N3CIS is one of the most aromatic basic
dyes used in the textile industry. The structure of methylene blue (MB) is illustrated in Figure I.1.
Itis a solid, odorless, dark blue-green color in powder and blue color when dissolved in water with
a molecular weight of 319.85 g mol™ [3].

Figure 1.1: The structure of MB dye molecule.

According to the literature [3,4], MB has large benefits as well as harmful effects, part of which

are summarized in Figure 1.2.
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Figure 1.2: Application and uses and the harmful effects of the MB dye.

1.2 Wastewater Treatment Methods

Water has always represented an important natural resource of the earth and an essential
tool for the existence of all living beings. According to the World Health Organization, in 2020, 2
billion people used drinking water sources containing fecal contaminants [6]. To solve this
problem, the application of a suitable water treatment program is needed. Wastewater treatment
methods are divided into two main groups physical/chemical and biological methods [7]. Among
the physicochemical processes, adsorption and photocatalysis are commonly used for wastewater
treatments.
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1.2.1 Adsorption

Adsorption is defined as the grouping together of molecules on the surface of an adsorbate
i.e., liquid or solid, this grouping results from the attractive forces between molecules [8]. The
adsorption process, which typically occurs at solid-solid, gas-solid, or liquid-solid interfaces,
results in the formation of an adsorbent layer on the surface of the adsorbate, as shown in Figure
I.3. Adsorption is known as one of the most effective methods for removing organic pollutants due
to its high efficiency, simple operation and low costs. However, adsorption is still restricted by the
limited capacity of the adsorbate, slow kinetics, and high energy requirement for adsorbent
regeneration.

multilayer
adsorption

|___—> Adsorbate

——> Active sites

Interface Monolayer
adsorption

Figure 1.3: Schematic diagram of the adsorption process [9].

Adsorption could be affected by different factors including [8]:

e The physicochemical characteristics of the adsorbate, such as; the chemical composition,
molecule size and its molecular polarity as well as the concentration in the liquid phase and
pH of the solution.

e The physicochemical characteristics of the adsorbent, such as; the specific surface area and
pore size as well as the chemical composition.

e The contact time between the adsorbate and adsorbent in addition to the temperature of the

system.
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1.2.1.1 Types of Adsorption

Based on the nature of interaction forces between the adsorbent and adsorbate, adsorption

Is classified into two types; physisorption and chemisorption.
e Physisorption

In such a physisorption process, the adsorbate molecules are attached to the adsorbent
surface by relatively weak interactions, such as VVan Der Walls forces, polarity and dipole-dipole
interactions [10,11]. Because of these weak forces, physisorption is a multilayer reversible process
that does not require activation energy with a fast adsorption and desorption rate. The number of
layers is proportional to the concentration of the adsorbed species, i.e., higher concentrations lead
to the formation of more layers [8]. Physisorption is a physical treatment method that does not
change the target substance’s, adsorbate, chemical structure and biological composition [12]. The
endpoint of a physisorption process is reached when the concentration of the adsorbing species

reaches its saturation value [11].
e Chemisorption

Chemisorption is a monolayer process that occurs when strong interactions, due to the
exchange of electrons, occur between the adsorbate and the solid surface, these interactions could
be either covalent or ionic bond formation. When the adsorbate and solution come into contact, the
surface of the adsorbent attracts the dye molecules via the functional groups as a result of the
attractive forces at the solid surface [8]. Chemisorbed spices are irreversibly bound to the surface
of the adsorbent [12]. The final stage of the chemisorption process is reached when all the active
sites on the solid surface are occupied by the adsorbed molecules [12]. This process requires high
activation energy above 10 kcal/mol which usually results in the formation of a chemical bond with
a strength of 25-100kcal [12].

1.2.2 Photocatalysis

Photocatalysis is defined as a photochemical reaction that takes place under light irradiation
in the presence of a photocatalyst [13]. The word photocatalysis is a combination of two words
“photo” and “catalysis”, where the word “photo” refers to light while “catalysis™ is the process of

enhancing the rate of a chemical reaction in the presence of a catalyst [13]. The distinction between
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conventional catalysis and photocatalysis stands in the usage of light instead of heat for the
activation of the catalyst. Photocatalysis employs semiconductors as a photocatalyst which are

typically made of metal oxides/ sulfides, oxysulfides or oxynitrides [14].
1.2.2.1 Photocatalysis Mechanism

The photocatalytic process is manifested when the photocatalyst absorbs light of an energy
greater than or equal to its band gap Eg which results in the excitation of the electron (e”) from the
valence band (VB) to the conduction band (CB) leaving a hole (h*) behind. It is noted that these
electron-hole pairs may recombine due to the electrostatic force of interaction, resulting in the
conversion of the input energy into heat or radiation light [15] as equation (I.1) shows. These charge
carriers are then transferred into the surface of the photocatalyst, which in turn in the case of
aqueous solutions, react with oxygen, water and hydroxyl molecules to generate highly active
radicals as explained by equations (1.2-1.4) [16]. These free radicals are capable of reducing or

oxidizing the pollutant adsorbed on the surface of the photocatalyst.

h* + e~ > heat (1.1)
e”+0, -0, (1.2)
h* + H,0 > OH* + h* (1.3)
h* + OH™ - OH' (1.4)

As it is known, the holes h* contain high oxidation power with redox potential ranging from +1 to
+3.5V [16] can directly attack the pollutant into reactive intermediates. The hole photocatalytic

process is depicted in Figure 1.4.
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B (0}
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0;*/ OH* + pollutant —»CO2 + H20 +...
Charge
recombination
COz + Hz20 +... ht+ OH*
PSP
VB
Pollutant

H.0

Figure 1.4: Schematic illustration of the principle of photocatalysis.
Photocatalysis could be affected by several factors such as [17]:

e The photocatalytic material: the particle size and shape, morphology, specific surface
area, band gap and the presence of impurities are the main critical factors that may
influence the process.

e The wavelength and intensity of the source light.

e The pH and temperature of the solution.

e The initial quantity and concentration of the dye.

1.2.2.2 Types of Photocatalysis

Photocatalysis can be homogeneous or heterogeneous, depending on the type of catalyst
and reacting spices. In a homogeneous photocatalytic process, the reactants exist in the same phase
as the photocatalyst where the distribution is uniform [18]. For this type of reaction, each catalytic
entity acts as an active site, the reason that makes this process more active and selective compared
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to heterogenous photocatalysis [17]. However, the synthesis of a homogeneous photocatalytic
system is normally costly because of the complexity of the structure, where the separation is
difficult, and the utilization of expensive precursors.

In heterogeneous photocatalysis, the reactants and photocatalysts exist in different phases
[18]. This type of photocatalytic reaction is the most frequently used due to the easy separation of

the photocatalyst material after application.

1.3 Perovskite Type Oxide

Perovskites are mixed oxides with the typical chemical formula of ABO3, where site A is
occupied by a rare earth or alkaline-earth element and B by a transition metal. Three-dimensional
perovskites consist of network corner sharing BOs octahedral, where the A atoms with a
coordination number of 12 are characterized by a large radius compared to the 6-coordinated B
atoms [19]. The beauty of this structure is manifested by the presence of a large number of cations
with different oxidation numbers, ex: AT*B%*03, A>'B*' 03 and A%*B* 03 [19,20]. Controlling the
A- and -B cations either by changing the size of the cation or the oxidation state, the properties of
the ABOs perovskite can be varied to fit the desired application [21].

Ideal perovskites are known to show a cubic structure Pm-3m as shown in Figure 1.5.a
where the A cation is situated on the vertex, the B occupies the body center position and the O is
at the face center [20]. The extended network structure connected by the corner-shared octahedra
BOg is illustrated in Figure 1.5.b, it can be seen that the B-O-B angles are 180°. The ionic radii have

the following relationship:
A+ 19 =V2(rp +15) (1.1)

Where r,, 15 and r,, are the ionic radii of the A, B and O atoms, respectively.

14



Literature Review

Figure 1.5: (a) The ideal perovskite structure and (b) the extended network structure connected

by the corner-sharing BOs octahedra [22].
1.3.1 Structure Distortion

The stability of a perovskite structure is of primary importance. The Goldschmidt tolerance

factor (t) is a geometrical consideration that helps to predict the preferentially formed perovskite
ra+rp

Trmtre) [23]. Generally, for most of the perovskite structures, t ranges

structure, where t =

between 0.78 and 1.05 [24]. When t =1, the ideal cubic perovskite geometry is expected. For a
perovskite structure, the distortion and stability are dependent on the tolerance factor, a small defect
in the lattice can decrease the symmetry of the system [23,25]. Therefore, cubic, orthorhombic,
rhombohedral, monoclinic, triclinic and tetragonal perovskites are all known [26]. For large size A
atoms and small size B ones, t > 1 where the B atoms have a larger room to move [27], otherwise,

for t < 1, the B cations are found to have a large size.

The deviation from an ideal cubic structure into a distorted structure could be attributed to
one of the following three mechanisms: ion displacement, distortion of the octahedra or tilting of
the octahedra [28]. The first two mechanisms are caused by the electronic instabilities of the cations
where the Jahn-Teller and ferroelectric displacements are examples of octahedral distortions. The
third type of distortion may be found in an orthorhombic or rhombohedral compound [26], tilting
of the octahedron occurs when the ionic radii of the A cations are too small to occupy fully the

available volume. Table 1.1 represents the different distortions in an ABO3 perovskite structure.
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Table 1.1: Different distortions in an ABO3 perovskite structure [26,29].

ABO3 ra(A)  rs(A)

perovskite

ro(A) Tolerance

Distortion

SrTiOs 1.44  0.605
BaTiOs 1.61 | 0.605

CaTiOs 1.34 | 0.605

GdFeOs | 1.053 @ 0.63

1.3.2 LaFeOs Perovskite
1.3.2.1 Crystal Structure

LaFeOgs perovskite crystallizes in an orthorhombic structure (Pnma space group, 62), where
the Fe®" cations are octahedral coordinated (FeOs) with a tolerance factor that ranges between 0.906
and 0.9546 [30,31]. The structure of LaFeOs changes from orthorhombic Pnma to the
rhombohedral R3c structure at 1280 K depending on thermal history and stoichiometry with a
further phase transition from rhombohedral to cubic Pm3m at 2140 K [32]. Table 1.2 presents the
atomic positions while Figure 1.6 illustrates the LaFeOs cell. As Figure 1.6 depicts, the octahedron

in the orthorhombic LaFeOs structure is irregular exhibiting two dissimilar oxygen sites O1 and

(tetragonal)

No distortion (cubic)

(Orthorhombic)

factor (t)
1.40 1.001
1.40 1.061
1.40 0.966
1.40 0.8

The ferroelectric displacement of titanium

Tilt in BOe octahedra (the coordination of
the A-site changed from 12 to 8)

Jahn-Teller distortion (orthorhombic)

02.
Table 1.2: Atomic coordinates of the LaFeOz orthorhombic structure [33].
Element Site Wyckoff X y z
position

La Lal 4c 0.02493 0.25 0.99615

Fe Fel 4b 0 0 0.5

@) o1 4c 0.48288 0.25 0.08164
02 8d 0.28163 0.46142 0.71871
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Figure 1.6: Crystal structure of the LaFeOs unit cell showing the tilting of the octahedra [34].

In such a perovskite cubic structure, the A atom is surrounded by 12 equidistance oxygen atoms
while the B atom is situated at the center of an undistorted oxygen octahedron. Which is not the
case in an orthorhombic one. The 12 A-O distances vary over a large range [35]. The La-O bond
lengths vary from 2.585 to 2.793 A according to Capone et al. [36], while the average Fe-O and
0-0 bond lengths are 2.006 and 2.837 A, respectively [35]. The Fe-O-Fe bond angle is 156° which
is considered to be the largest bond angle in the ferrite perovskite systems [37]. The Fe-O-Fe bond
in an ideal perovskite is 180° [34], thus, a significant distortion in the FeOs octahedra could be seen
with b/a=1.002 A, this distortion could be attributed to the displaced oxygen and rare earth ions

from their cubic position [38,39].
1.3.2.2 Magnetic and Electronic Structure

Perovskite compounds exist in different magnetic ordering (ferromagnetic, A, C and G
antiferromagnetic spin ordering) as illustrated in Figure 1.7. In LaFeOs perovskite, the 3d electron
configuration influences the magnetic ordering of transition metal ions through super-exchange
interactions between Fe*" ions in the Fe**—0?>—Fe** bond angle [40]. These interactions cause lattice
distortions due to the strong local electric field generated [33]. Consequently, this leads to the

formation of an antiferromagnetic arrangement within the material.
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(d)

Figure 1.7: (a) Ferromagnetic (FM), antiferromagnetic (AFM) (b) A- type, (c) C- type, (d) G-
type configurations [41].

LaFeOzis known as a G-type antiferromagnetic perovskite with a Néel temperature of 735 K which
is considered to be the highest in the orthoferrites system [8,14] as shown in Figure 1.8. The Fe
magnetic moment is 4.23 pp with a total magnetic moment of 0 pz[42]. As depicted in Figure 1.8,
the strong antiferromagnetic coupling interactions are influenced by differences in A-site
occupancies, resulting from decreasing the ionic radii, unit cell’s contractions, deviation of the Fe-
O-Fe bond angels and increased covalent bond character with rising the atomic number along the
lanthanide series [43]. Therefore, as the A-O bond becomes more covalent, the Fe-O bonds tend to
be more ionic. Thus, with increasing the ionicity of the Fe-O bonds, the Fe3*-0%—Fe®" super-

exchange interactions decrease which leads to low Tn temperatures [43].

il
X T RUK:

i !
600

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y

700

Ty (K)
—@

Figure 1.8: Variation of the Néel temperature Tn with rare earth ion R for RFeOs [44].
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The LaFeOz3 perovskite shows a p-type semiconducting behavior with a band gap of 2.1 -
2.6 eV [45,46]. Figure 1.9 depicts the electronic band structure and partial density of state (PDOS)
of the LaFeOs which exhibits a spin degenerate structure where both spin up and spin downs are

equal. The valence energy states are mainly contributed by the Fe -3d and O -2p electrons.

r X M A Z r-8 0 8
Figure 1.9: The band structures and partial density of states for LaFeOs [47].
1.3.2.3 Surface Studies on LaFeOs

An important consideration during an adsorption study is its surface structure. The most
commonly studied surfaces are (010), (111) and (110) as illustrated in Figure 1.10.

LaFe0,(010) LaFeO,(111) LaFeO4(110)

Figure 1.10: The optimized structures of the (010), (111) and (110) surfaces of LaFeO3 in side
views [48].
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The (010) LaFeOs surface is characterized by two termination surface types, Fe-O
terminated surface and La-O terminated surface. Mudi Wu et al. studied the properties of these two
different terminations [49]. The results show that the formation energy of the surface oxygen
vacancies of the Fe-O bond terminations is lower than that of the La-O bond termination. Which
means that the Fe-O bonds are weaker and easier to break. Therefore, it is easier to form more

oxygen vacancies which makes the LaFeOs much more suitable for catalytic applications.

Most studies about the (010) surface indicate the reduction of the surface band gap
compared to the bulk one, which means that the transfer of electrons becomes more easier on the
surface [50, 51]. Lihui Sun et al. show that the adsorption of NO on (010) LaFeOs surface is more
favorable on the Fe site with Fe-NO configuration which was the same case for the adsorption of
O2 where the adsorbed O2 on Fe ion was more stable than that on La or O sites [52,53]. In another
paper, Lihui Sun et al. [54] also demonstrate that the adsorption of the CO molecule favors the Fe-
O configuration where the CO here acts as a donor and loses energy for the (010) surface. They
concluded that the Fe-d and CO-p orbits dominate the bond of the adsorbed CO and Fe site. Xing
Liu et al. [50] show that the O ion surface dominates the adsorption of methanol on the same
surface, where the adsorbed Ho-+ on O ion is the most stable configuration regarding the other H

atoms and carbon atoms configuration.

Haonan Pei et al. [55] studied the removal of mercury using the LaFeOs, La>O3 and Fe203
metal oxides through experimental and theoretical investigations. They demonstrate that the
LaFeOs shows the best removal efficiency. (121), (101) and (010) LaFeOs surfaces were chosen
for the mercury removal study. The highest adsorption energy was achieved for the (101) surface.
The results indicate that Hg-O and Hg-Fe bonding is covalent. This makes the LaFeOs perovskite

a promising adsorbent for Hg removal.
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Experimental Techniques

Chapter I1I:
Experimental Techniques

The present chapter is divided into two sections, the first one is dedicated to the sol-gel process.
The basic reactions during a sol-gel process are described in detail followed by a comprehensive
explanation of the factors influencing this process. The second section deals with the different
techniques used to study the structure, thermal stability, surface morphology and optical properties
of the synthesized materials including X-ray diffraction spectroscopy (XRD), thermogravimetric
analysis (TGA), Scanning electron microscopy (SEM), Brunauer-Emmett-Teller analysis (BET),
Fourier transform infrared spectroscopy (FTIR) and UV-Visible spectroscopy (UV-Vis).
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11.1 Sol-Gel Process

Sol-gel process, also known as inorganic polymerization [1], was first introduced by
Ebelman in 1845 [2]. It is a process commonly used for synthesizing highly homogenous
nanomaterials which consists of forming a new phase through hydrolysis and condensation of a
liquid [2]. Basically, at the macroscopic scale, it seems to be a very simple process which is not the
case at the microscopic scale involving three states of matter: liquid, colloid and solid [1]. Sol-gel
technique provides various advantages starting from controlling the microstructure and surface
properties during synthesizing and low temperature of reaction to the high purity level and better

homogeneity of the final product [3,4].
1.1.1 Basic Reactions in the Sol-Gel Process

Sol-gel process is illustrated in Figure I1.1. Three steps could be distinguished during a so-

gel process:

i.  Preparation of the sol: a sol is defined as a colloidal suspension made of nanometer-sized
solid particles (~1-1000nm) in a liquid solution [1]. Within these nanometer-sized particles,
only Van Der Waals attractions and surface charges exist (such as Coulomb repulsive
forces), and gravitational forces are neglected [1]. During this process, sol is prepared
through hydrolysis of an alkoxide or inorganic salt precursors. Generally, water (aqueous
sol-gel method) or organic solvents (nonaqueous sol-gel method) are used as solvent
mediums. In the case of water medium and alkoxide precursor [-M-OR] the hydrolysis step
is given with the following formula [5];

—M — OR + H,0 - —MOH + ROH (11.1)
Where M and R represent the metal and alkyl groups, respectively.

ii.  Gelation of the sol: at this stage, the sol is solidified through polycondensation into a gel-
forming 3D network structure. This chemical reaction occurs at the surface of the colloids
where the hydrolyzed molecules are linked together with metal-oxo-metal or metal-
hydroxy-metal bonds [1,2]. The condensation reaction is represented by the following
equations [5];

Olation —~M —-O0H+R—-0OM—— —-M — OH — M — + H,0 (11.2)

Oxalation -M-0OH+R-0M—-——->-M-0—-M-— +ROH (1.3)
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Two competitive mechanisms are involved during polycondensation. Olation occurs when
a hydroxyl bridge (-OH-) is formed between two metal centers while oxalation is
manifested in the case of an oxo bridge (-O-) [1].

ii.  Removal of the solvent: the gel here is transformed into a dense solid through the drying
process leading to a liquid phase removal [2]. The drying process depends on the required
network of the gel. At ambient pressure and low temperatures, xerogel is obtained,
otherwise (i.e., drying under supercritical conditions) aerogel with low density and high

surface area is obtained [2,6].

Metal
alkoxide
solution

Homogeneous Hydrolysis
solution

Final product

O OB Supercritical Gel
O O 2 .
(SO0 dryin

ctg.st“

Aerogel

Figure 11.1: Schematic diagram representing the various steps of the Sol-gel process.

Generally, sol-gel reactions require a thermal treatment of the M-OH surface group through

calcination [3,6].
1.1.2 Factors Influencing Sol-Gel Process

During each step of the sol-gel method, multiple physical and chemical factors could affect

the final structure of the synthesized product. These factors are the following:

i.  Nature of the solvent: the addition of the solvent during a sol-gel process is necessary either
to enhance mixing or to increase the contact between the molecules [7-9]. Forming of

highly condensed spices could be obtained by lowering the energy of the intermediates
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during the condensation reaction which could be gained with the aid of the solvent [9].
Therefore, the type and polarity of the solvent can affect the sol-gel process.

The amount and rate of water: adjusting the water ratio is a key to control hydrolysis.
Generally, a large content of water leads to a faster hydrolysis reaction [8,10]. In some
cases, the condensation of a small amount of the metal precursor occurs before the complete
hydrolysis, which leads to the formation of particles with bigger sizes [10].

Role of the precursor: generally, metal alkoxides or metal inorganic salts represent the most
commonly used classes of precursors. Depending on the used precursor, hydrolysis and
condensation reaction characteristics can vary [10]. The choice of the precursor depends on
several things, including the electron-donating property where several studies demonstrated
that faster hydrolysis occurs when the organic group is more electron donor which helps in
decreasing the metal-oxygen (M-O) bond strength [10]. Besides, the electronegativity
between the metal and oxygen could affect the M-O bond which has a direct influence on
the hydrolysis and condensation steps. Moreover, the viscosity and volatility of the
precursor can affect the suitability of the precursor for a sol-gel process [7].

Reaction temperature: it is well known that raising the temperature increases the mobility
of atoms, molecules, and particles, resulting in increasing the kinetic energy of the system.
Therefore, increasing the temperature can shorten the formation time of the gel but on
another hand, it could lead to higher agglomeration of the particles [10]. Several works
reported that raising the temperature from room temperature to sub-ambient temperatures
results in higher particle sizes and short gel time [10].

The pH: the pH of the solution has a clear effect on the hydrolysis and condensation
processes. The hydrolysis rate is found to be higher under acidic conditions compared to
the condensation rate resulting in weakly branched gel formation. Otherwise, under basic
conditions, a highly branched gel is formed where the condensation rate is found to be
greater than the hydrolysis rate [5].

11.2 Characterization Techniques

During the realization of this work, several characterization techniques were used:

X-ray Diffraction spectroscopy (XRD)
Thermogravimetric Analysis (TGA)
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e Scanning Electron Microscopy (SEM)

e Brunauer-Emmett-Teller analysis (BET)

e Fourier Transform Infrared spectroscopy (FTIR)
e UV-Visible spectroscopy (UV-Vis)

11.2.1 X-ray Diffraction (XRD)

XRD analysis is one of the most widely used techniques for the determination of the
crystalline phase and structural properties (lattice parameters, crystallite size, residual stress,
texture, and peak density...) [11]. This non-destructive technique consists of generating an X-ray
beam using a cathode ray tube (T), filtering it to produce monochromatic radiation and then
concentrating it in a single ray which will be then directed to the crystal (C), as illustrated in Figure
I1.2., the diffracted rays from the crystal are then collected through the detector (D). Generally, the
0 - 20 geometry is adapted, where 6 and 26 represents the rotation angle of the sample and detector,

respectively.

Figure 11.2: A simplified Schematic diagram of an X-ray diffractometer system [12].

As illustrated in Figure 11.3, the diffracted rays are detected only if the constructive diffractions
satisfy the Bragg low [11]:

ni = ZdhleinQ (“4)
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Where n is the order of diffraction (1,2,3, ...), A(nm) is the wavelength of the incident X-ray,
dnii(nm) submits to the distance between the diffracting plans and 6 is the angle between the

incident beam and the crystal.

Figure 11.3: Illustration of the Bragg law diffraction by crystal planes [13].

The calculation of the crystallite size (D) and lattice strain (g), could be obtained using the

Debye-Scherrer and Williamson-Hall equations, respectively [12]:

091

= (11.5)
£ = ang (11.6)

Where f refers to the full width at half-maximum (FWHM) of the peak.

In this work, structural characterizations were carried out using the X-ray diffraction (XRD)
technique for 20 between 10 and 80° via an X'Pert diffractometer (PANalytical) using Cu Kq;
radiation (A = 1.54 A) operating at tube voltage and current of 40 kV and 40 mA, respectively. This

characterization was carried out at the Nuclear Research Center of Birine in Djelfa.
11.2.2 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is considered to determine the thermal stability of such
a compound by measuring its weight changes with temperature change under a controlled
atmosphere such as argon (Ar) or nitrogen (N2) to avoid any diverse reaction or oxidation [11].
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During a TGA, several information could be obtained such as phase transition, moister and solvent
loss, the decomposition of the biomass, pyrolysis and decarboxylation [14]. A typical TG
instrument is illustrated in Figure 11.4. The sample is placed on a pan inside a furnace and then
heated under a controlled environment. Changes in the required properties are monitored by a
transducer while the change of mass is restrained through a balance and the measurements are
collected and displayed as TG curves where the mass/percent mass is plotted against temperature
[14,15].
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Figure 11.4: Thermogravimetric instrument [15].

The first derivative of the thermogravimetric analysis (DTG) illustrates the ratio of the
change in mass of the sample as a function of temperature. Typically, this method does not provide
any additional information than those of TGA, otherwise, it provides information about the

temperature at which the greatest mass loss occurs [15].

Thermogravimetric analysis (TGA) of the synthesized samples was performed using an
SDT Q600 instrument at the Emergent Materials Research Unit (EMRU) at the university of Ferhat
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Abbas Setif-1. A powder mass of 10 mg was placed onto a platinum pan and heated up from

ambient temperature to 1000°C at a scan rate of 10°C/min under nitrogen purge (100 mL/min).

11.2.3 Scanning Electron Microscopy (SEM)

Scanning electron microscopy is a characterization technique used for the visualization and
imaging of the morphology and micro or nanostructure of nanomaterials. An SEM instrument
consists of three major parts: an electron column, a sample chamber, and an electronic control

system as shown in Figure 11.5.
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Figure 11.5: Schematic representation of a scanning electron microscope [15].
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Starting from the electron gun, an emitted electron beam with an accelerated voltage of 0.1-30 keV
is focused and shaped through a series of electromagnetic lenses on the surface of the sample that
was maintained under vacuum to prevent the electrons from being scattered or absorbed by air.
During the interaction of the electron beam with the electrons of the sample’s surface, electrons
are released in the form of the signal as illustrated in the in-set image in Figure 11.5 [16]. Depending
on the desired type of information, different modes of SEM exist according to the type of electrons
detected.

Energy dispersive X-ray spectroscopy (EDX, EDS, or XEDS) helps to study the elemental
composition besides the chemical characterization of a sample. Qualitative and quantitative
analyses could be performed through EDX analysis where the elements present in the sample and
their relative abundance are determined. An electron beam with an energy of 10-20 keV bombards
the surface of the sample, therefore, X-rays are emitted and examined through an energy-dispersive
detector [11]. Generally, EDS could be coupled with scanning or transmission electron microscope
(SEM / TEM).

The powder morphologies were viewed with a scanning electron microscope (SEM), model
“JEOL JSM-7001F”, at an accelerating voltage of 15 kV. A few mg of each sample were deposited
on aconductive carbon wafer far away from the electron gun with 8 mm. The elemental
composition was analyzed by an energy-dispersive X-ray (EDX) spectrometer associated with the
SEM instrument, at an accelerating voltage of 15 kV. This characterization was performed at the
Dosing, Analysis and Characterization with High Resolution (DAC-hr) laboratory at the University
of Ferhat Abbas Sétif-1.

11.2.4 Brunauer-Emmett-Teller Analysis (BET)

The Brunauer- Emmett-Teller method is widely used to calculate the specific surface area
of solid samples. During a BET analysis, the surface area is determined through the determination
of the physical adsorption, at the boiling temperature, of a non-polar gas (generally N2) under a
high vacuum environment [17,18]. By performing the adsorption at different pressures and using
the BET equation (Eq I1.7), it is possible to determine the amount of adsorbed gas required to form

a monolayer [18]
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P/po 1 P/pO(CBET—l)
V(- P/p ) VmCBET VmCBET

(I1.7)

With: P/Po: relative pressure
V: volume of the adsorbed gas molecules
Vm: the monolayer volume

Ceger: the BET constant

By plotting the against P/P , the volume of the monolayer is determined by Eq (11.8),

P/)

(( BET—

)) and intercept (

through the determination of the slope ) of the resulting linear plot

[19].

1

Vy=—— (11.8)

slope+intercept

The specific surface area (Sget) could be then calculated using Eq (11.9) [19]

_ VmNaam (11.9)

S =
BET VM

Where Na is the Avogadro number, am and vm represent the cross-section area and the molar

volume of one nitrogen molecule, respectively, while ms is the mass of the substrate or adsorbent.

In this work, the Brunauer- Emmett-Teller (BET) surface area measurements were carried
out by N2 physisorption using an ASAP micrometrics 2010, where the samples were outgassed at

300 °C. this characterization was performed at the Nuclear Research of Draria (CRND) in Algiers.
11.2.5 Fourier Transform Infrared spectroscopy (FTIR)

The Fourier transform infrared spectroscopy is considered one of the most widely used
vibrational spectroscopy. This technique is based on the identification of the chemical bonds
present in the studied molecule where each vibration produces a characteristic vibrational peak that
corresponds to a specific functional group [20,21]. In such a typical FTIR instrument as shown in

Figure 11.6, an infrared IR split beam is emitted from the light source and passed through a series
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of moving mirrors in order to generate a light interference between the split beams by changing the
optical path length [15]. The process is continuous until all wavelengths are generated. When the
IR radiations pass through the sample, sample molecules absorb light with specific wavelengths
according to their chemical properties due to the interaction between those radiations and the
vibration of the chemical bonds of the sample [15,17]. Those selected radiations are then detected
and generated as an electrical signal to give the final spectrum where the intensity of the vibrations
given as a percentage (%) of transmittance is plotted against the frequency of light.
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Figure 11.6: Schematic illustration of the Fourier transform infrared spectrometer [11].

The PerkinElmer Spectrum™3 FT-IR spectrometer at the faculty of science, university of
Ferhat Abbas Sétif-1 was used to record the transmission spectra of the powders to identify the
functional groups present. The FTIR spectroscopy analysis was performed at room temperature in

the range of 4000-400 cm using KBr pellets.
11.2.6 UV-Visible Spectroscopy

Ultraviolet-visible spectroscopy (UV-Vis) represents one of the characterization techniques
that study the optical properties through the absorption, reflection, or transmission of UV-visible
light by the molecule. It is considered a non-destructive technique that provides quantitative
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information about different types of organic, inorganic and biological materials [22]. Figure I1.7
illustrates a representative schema of a UV-Vis spectrometer, a light beam in @ wavelength range
of 200 — 800 nm passed through a monochromator that splits the light into individual wavelengths
which are then passed by the sample, the passed light is detected and recorded. During the
interaction of the emitted light and the molecules, absorption of light, electrons from occupied
molecular orbitals are excited to unoccupied or singularly occupied molecular orbitals [4,22].
These transitions with a characteristics peak give information about the different spices present in
the molecules, the number of spices, and their orientation [23,24]. Therefore, different molecules

absorb different radiation with a specific wavelength giving rise to different UV-Vis spectra.
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Figure 11.7: Schema of a UV-Vis spectrometer [22].

The absorbance of a sample is known to be proportional to the intensity of the light beam, where
an increase in the electronic beam guarantees an increase in the absorbance. The amount of
absorbed light (A) is related to the elemental concentration (C in mol L) of the sample in solution

given by the Bee-Lambert law:
A=¢lC (11.10)

Where ¢ and | represent the molar absorption coefficient (L mol* cm™) and the path length (cm),

respectively.
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The band gap energy Eg of the molecules could be also estimated through the UV-Vis

analysis, by using the Tauc formula given by:

ahv = A(hv — Eg)" (1.12)

Where a represents the absorption coefficient, hv corresponds to the incident photon energy while
n depends on the transition process (1/2 allowed direct, 1/2 allowed forbidden, 2/3 forbidden direct
and 1/3 forbidden indirect transitions) [24]. The extrapolation of the (ahv)*" versus hv plot along

the straight-line portion at y=0 reveals the value of the energy band gap of the material.

In the present work, the absorption spectra measurements of LaFeOs powders were carried
out on a UviLine 9400 spectrophotometer in a wavelength range of 300-800 nm. This

characterization was performed at the faculty of science, university of Ferhat Abbas Sétif-1.
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Chapter 111
Theoretical Methods

Modeling methods based on quantum theory represent a powerful tool for studying
materials and their properties. The complication of the many-body systems is replaced by an
equivalent single electrons problem. Density functional theory is then successfully introduced to
the determination of different material properties. The first section of this chapter is an introduction
to basic molecular quantum mechanics. Then, a presentation of the density functional theory (DFT)
is provided starting from the Hohenberg-Kohn theorem to the plane-wave pseudopotential

approach. The last section is dedicated to the DFT codes used during the realization of this thesis.
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I11.1 The Schrodinger Equation

The description of any quantum system (atom, molecules...) passed through the resolution

of the Schrodinger equation [1]:
HWi(rl, rz, ...TN, Rl' Rz, "'RM) = qul'(rl,rz, ...TN, RI!RZ' ...RM), (“Il)

where H represents the Hamiltonian operator, ¥ (r, R) is the wavefunction, r and R are the electron
and nuclei positions respectively and E is the total energy.

The Hamiltonian operator for a system of N electron and M nuclei of charge Z is given as [1]:

1 1 Z ZyZ
A= = BI VE = STV — Z S0 22 4 B0 B + S T (11.2)

~

A=T,+T,+V_p+V._.+V,_, (111.3)

with T, and T, are the electrons and nucleus kinetic energy operators, respectively. ¥,_,, ¥,_,, and
V,_, are the electron-electron, nucleus-nucleus and electron-nucleus interaction operators,
respectively.
The prediction of the structure and properties of such material requires the resolution of the
Schrodinger equation which is quite complicated, thus, the introduction of some approximations is
necessary. The first approximation adopted is known as the Born-Oppenheimer approximation [1].
This approximation raises on the assumption that the nuclei move much slower than the
electron which is justified by the much greater velocities behavior of the electrons compared to the
heavier nuclei [2]. Therefore, the nuclei are considered to be fixed with zero kinetic energy and a

constant nucleus-nucleus potential energy [2]

llusystem = Telectrons (T, R) l’Unuclei (R) (I I -4)

Thus, the Hamiltonian is then written as [1]:

A~ A~

N 1 7 R
A= =B V= B T 4 T i = T Ve + Ve (111.5)

with 7, = =3V, Z%zlf—i’; represents the interaction with the external potential.

The Schrodinger equation (111.3) still cannot be solved for complicated systems even with fixed

positions of the nuclei, for this reason, additional approximations are necessary.
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I11.2 Hartree-Fock Approximation
Hartree-Fock theory consists of considering that there is no interaction between the electrons
of the system, i.e. the movement of the electron is considered uncorrelated [3]. Thus, the

wavefunction V¥ is approximated with a product of all N electrons wavefunctions [4],

Y(xq, X2, -, X3) = P1 ()P (x) ... Py (%) (111.6)

However, taking the electron spin into account by the separation of electrons that have the same
spin, each wavefunction is replaced with a spin-orbital function ¢;, therefore, introducing the anti-
symmetry principle [5]. Fock illustrates the multi-electronic wavefunction as a determinant of
single-particle states called the Slater determinant [6]:

©1(x1) . @1(xn)

Vur (X1, X3 . Xy) = I (111.6)

‘PN.("x1) PN (xN)
Pr(1)

, spin up and spin down.
o1 39) 91(r) spin up and ¢,(r) sp

with ¢(x) = p(rs) = (

The introduction of the anti-symmetry of the wavefunction leads to the reduction of the Coulomb
energy of the electronic system. Thus, the Hartree-Fock formulation introduces the exchange term
into the Schrodinger equation which makes it solvable with an overestimation of the energy
attributed to the neglection of the correlation term [7]. Accurate solutions require a flexible
description of the wavefunction, consequently, an alternative method has been developed: Density

Functional Theory DFT, taking into account the correlation between electrons.

111.3 Density Functional Theory

Instead of using wave functions of N electrons with 3N coordinates, density functional theory
assumes that the electron density p(r), which is a function of 3 spatial coordinates (X, y, z), is the
fundamental variable to describe the state of a system with N particles [8]. Therefore, a direct
relationship between the total energy of the system and its density E = E[p(r)] is constructed,
where p(r) is given by [8]

p(r) =N [ .. [lY(xy, x5, ..., xy|?ds dxy ...dxy (111.7)

p(r) represents the probability of finding an electron of arbitrary spin within volume element dr.
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111.3.1 Hohenberg-Kohn Theorem

In 1964, a major step into the quantitative modeling of the electronic structure was

established known as the Hohenberg and Kohn theorems. The two theorems are the following [5]:

e The external potential is a functional of the electron density within an arbitrary additive

Hohenberg—Kohn
constant. n(r) v(r) + Constant

e The true electron density corresponds to the full solution of the Schrddinger equation is the

one minimizing the energy of the overall functional. E[py] = minE|p]

The formulation of the Hohenberg and Kohn theorems is based on the assumption that the electron
density of the ground state, p(r), cannot be governed by two different external potentials Vext(r),
and hence all properties. Thus, the total energy is written as [5] :

E[p(M)] = Furlp(M] + [ p(r)Ver (Ndr (11.8)

with Fulp(r)] = Tlp(r)] + Ec_[p(1)] (11.9)

T[p(r)] submits to the total kinetic energy, E[p(r)] is the electron-electron interaction energy, while
Fyk [p(r)] is the Hohenberg-Kohn functional.

However, it is still not possible to determine the ground state energy of a system since we do not
know the exact term of F[p(r)].

111.3.2 The Kohn-Sham Method

In 1965, Kohn and Sham put in work the HK theorem with the suggestion of the Kohn-Sham
equation [1]. The idea was to replace the interacting N-particle problem with an auxiliary system
of N non-interacting particles. Kohn and Sham reformulated the Schrddinger equation by

introducing an effective potential given as the following [1]:

=2 V2 4+ Vep s (0] 00(1) = e100:() (111.10)
with Vosr(1) = Vore + Viy + Vo () (111.12)
Where @, () submits to the nongenerated single-electron wavefunction known as Kohn-Sham

orbitals with p(r) = YN, 1@ (1)|?, Vex[p(r)] is the interaction with the external potential, Vi
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represents the Hartree potential with V,; = aE:p[?r(; Uy :rl) drjand Vx[p(r)] is the exchange-
12
. . . OExe
correlation potential defined by V.. = 30

Kohn and Sham suggested that the kinetic energy of the auxiliary system could be determined using
the kinetic energy of the real system [5], N-particle interacting, as a function of the ground state
density, with T # Trea. The method consists of considering that the kinetic energy of the system
contains two parts, Ts and T¢, T[p] = Ts[p] + T.[p]; where Ts represents the kinetic energy of the

non-interacting system and T is the correlation kinetic energy, with [5]:

Tlp(™)] = = 2% (@il V2| 0) (111.12)
Therefore, the total energy functional can be written as follows,

Exs = Tslp] + J[p(M] + [ p(r)Vexe (r)dr + Exc[p(1)] (11.13)

JIp(r)] (Hartree energy) is the classical Coulomb self-repulsion term with J =

% [f Mdrldrz representing the p(r) self-interaction energy and Exc[p(r)] is the exchange-

r12

correlation energy.

More accurate energy Eks[p(r)] values require exact exchange-correlation Exc[p(r)] functional,
thus it must be approximated.

111.3.3 Exchange-Correlation Functional

The idea behind the exchange-correlation term is that it covers the non-classic kinetic and
electrostatic terms resulting from the difference between the real T[p(r)] and non-interacting
Ts[p(r)] kinetic energy, and the self-interaction corrections as well as the Colombian exchange and

correlation effects, respectively [3,9]. The exchange-correlation energy is given as following [3,9]:

Exclp(] = [Tlp()] = Ts[p()]] + [Eeelp(M)] = J[p(1)]] (11.14)

The main usual approximations of the exchange-correlation energy are cited in the next section.
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111.3.3.1 The Local Density Approximation (LDA)

The first and most standard approximation is known as the Local Density Approximation
LDA. It is based on the assumption that the exchange-correlation functional in an inhomogeneous
system could be approximated as an integral over a local function of the homogeneous charge
density given by [10]:

EA[p(M)] = [ p()eye” [p(r)]dr (11.15)

Where exc[p(r)] represents the XC energy per electron of the uniform electron gas of density p(r).

It is written as a sum of exchange and correlation terms [10],

e p)] = ™ [p)] + ™ [p()] (111.16)

1/3
3 3p(r)) _while there

The &, [p(r)] term was calculated by Dirac and Slater [3] as &, [p(r)] = — Z( -

is no analytical expression to calculate the .[p(r)] correlation terms. However, it has been

estimated using Monte Carlo calculations.

For the case of parallel and antiparallel spins, the Exs[p(r)] energy is a functional of the electron
spin densities known as Local Spin Density Approximation LSDA [11]

p(r) = pr(r) + py(r) (111.17)
EEA[p(r)] = [ exe p{)](p1(r), pu(1)}dr (111.18)

The accuracy of the LDA approximation can be clearly seen in the crystalline, atomic and small
molecular interacting systems [12] when the electron density shows a low spatial variation which
is not always the case. Therefore, alternative exchange-correlation functional approximations have

been developed.

111.3.3.2 Generalized Gradient Approximation (GGA)

In fact, the idea of taking the electron density p(r) at a particular point r to calculate the XC
energy gives less accurate results when considering the systems as inhomogeneous. GGA comes
up with the assumption that the &,[p(r)] energy is a function of both electron density p(r)

supplemented with its gradient Vp(r)[3]:

EgZ4p(M)] = [ egé4[p(r), Vp(r)]dr (111.19)
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The GGA is a semi-local approximation by introducing a non-local term - gradient of the density
Vp(r) - into the XC functional energy. In order to determine the &.[p(r)] and e.[p(1)]
contributions, many GGA functionals have been proposed; PW91, PB and PBE are the most
common ones [1,4].

Alternatively, GGA functionals are combined with the Hartree-Fock exchange energy
EHF approximation constituting the class of hybrid functionals that are widely used in chemical

applications [1]. The most commonly used functionals are B3LYP and PBEO.

111.3.4 DFT+U
111.3.4.1 Hubbard Parameter

One of the most well-known cases of DFT failure involves highly correlated systems
comprising compounds containing rare earth elements or d and f transition metal oxides. In fact,
d/f electrons are considered to be localized at metal ions where the Coulomb correlation between
these d/f electrons prevents them from forming an incompletely filled d/f band. This strong
coulomb energy cannot be treated correctly using conventional DFT calculations [13]. As a
solution, the electronic interactions are divided into localized (called on-site interactions) and
delocalized states, where each state is treated with an appropriate functional known as the DFT+U
approach [14,15], the Hamiltonian and total energy are then written as follows [14]:

H=HDFT+HU (“IZO)

E[p(1)] = Eppr[p(r)] + Ey[p(r)] (1n.21)

where, Hprr is the DFT Hamiltonian based on total electron density, Hy is the Hamiltonian
resulting from the Hubbard correction corresponding to the coulomb and exchange interactions

between electrons localized on the same atom with similar angular momentum.
The DFT+U energy correction is given by [16]

Eylp(M)] = Epuplp(r)] — Eqc[p(1)] (1n.22)

with Enuw[p(r)] representing the on-site interactions and Eqc[p(r)] is a double containing term
representing the correction of the fact that the on-site interactions are included in both Eprr[p(r)]
and Enw[p(r)]. DFT+U approach showed more accurate results specifically for band structure

calculation for a variety of transition metal oxides as well as the rare earth compound [17,18].
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111.3.4.2 Spin Polarization

Spin-polarized DFT was introduced to model systems containing unpaired electrons. In such
a system, if the numbers of spin-up and spin-down electron states are different where the same
spatial orbital is no longer shared, spin polarization may occur. This case is clearly remarkable
when the electrons are strongly localized, which means the presence of magnetism. The majority
of spin-polarized systems can be studied using the collinear-spin approximation. Consequently, a
set of spin-polarized KS equations is then obtained, one for each spin [19,20]. The total energy of

the system is then written as [19,20]

E[p(M)ap(@)p] = Ts[p(Ma p(Mg] + I[oM) e 0 g| + Exc[p(M) e p(r)g] +

[v&:p(T)dr + fvfxtp(r)ﬁdr (111.23)

Where p(r) g = X% nglei(r)|? and p(r)g = Zﬁvﬁna|<piﬁ(r)|2 are the electron spin-up and

spin-down functional densities [6], respectively.

The KS approach then implies solving N=N,+ Ng one-electron equations [21]
1 1
=372 + V)] 010 (1) = 21apia(r) and [~ 372 + V5 ()| 01 (1) = cippip(r)  (111.24)

where the normalization constraints are (¢, |¢;,) = 1 and (@;g|@ip) = 1.

111.3.5 Self-Consistent Procedure

A variety of methods have been developed to obtain an approximate solution of the Kohn-
Sham equation. The most known one is the self-consistent field approximation (SCF). This
technique consists of starting with an initial guess for the overall electron density. Using this
density, the effective potential is then determined followed by solving the KS equation. A new
electron density is then calculated, if this new electron density does not match with the first one
then a second iteration is requested where the two densities are mixed and considered as a new

starting electron density. The simplest mixing scheme is the linear mixing [19]:

pint = (1 — a)ply + aplue (111.25)
Where a is the mixing parameter and i refers to the iteration number.
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The iterative process is stopped once the input and output densities satisfy certain accuracy criteria

leading to a self-consistent solution. The process is illustrated in Figure I11.1.

Pin <

l

Determination of the effective

potential Ves(r)

l

Resolution of the KS equation

l Pin and poy density mixing
Determination of corresponding KS i

orbitals and energies ¢, (r). £(r)

l

Output electron density Pout

l

Convergence

Yes l

Egs. p(r). {@i, &}

No

Figure I111.1: Diagram of the self-consistent resolution of the Kohn-Sham equation.

111.3.6 Plane Waves Approach
The solution of the Schrddinger equation must satisfy a fundamental property known as
Block’s theorem [22], which states that the wave function should be written as the product of a

plane wave with a function uj(r) [22]
@;(r) = uj(r)e* (111.26)

Where ¢;(r) is the wave function, uj(r) is a periodic function in space with u; () = u;(R + 1),
k and R are the wave vector and translator vector, respectively.
Since the electronic wavefunction of a set of k-points that are very close is the same, it is

possible to represent the electronic wave functions over a region of k space by the wave functions
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at a single k-point [8,23]. Thus, each KS wave function is a sum of plane waves and the periodic
function, which means that for each value of k, a solution for the KS equation is found. Due to the
periodicity of the system, the number of electron orbitals treated are limited into a primitive cell -
Brillouin Zone- with dk® volume where k<kmax With associated cut-off energy of Ecut—ofr =

2 2
AKmax” \yhich is the energy that controls the number of plane waves used in the calculation process,

Mme
the plan waves with energy above Ec.t are not considered. The k-point set is chosen based on the
Monkhorst-Pack scheme, where the general rule is then that the number of points chosen along
each axis of the reciprocal space should be in inverse proportion to the dimensions of the unit cell

in real space [4]. The accuracy of the results improves with dense k-mesh.
111.3.7 Pseudopotential Concept

For solids and molecules, electrons are distinguished according to their contribution to the
chemical bonding and physical properties of the materials into valence electrons and core electrons.
The core electrons are those considered to be strongly localized around the nucleus, thus, a large
number of plane waves and very high energy cutoff are needed to expand these tightly bound core
orbitals and the large oscillations of the wave function near the nucleus which means an extremely
large plane-wave basis set would be required to solve the KS equation. Therefore, the core electrons

are considered to be fixed.

The pseudopotential approximation raises on the fact of using an effective interaction,
pseudopotential to replace the strong ionic potential [24]. The valence wavefunctions oscillate
rapidly in the core region, thus, the PP is constructed so that its scattering properties or phase shifts
for the pseudo-wave functions are identical to the scattering properties of the ion and the core
electrons for the valence wave functions [4,19]. As well as, the pseudopotential matches the true
potential outside a given radius, designated the core radius, rc [4,19];

r>re WPP(r) = W(r) (111.27)
VPP(r) = V(r) (111.28)

where WPP(r) and P(r) are the ground state pseudo- and all-electron wavefunctions, respectively.

VPP(r) and V(r) are the pseudo- and all-electron potentials, respectively.
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The ionic potential, valence wavefunction besides to the corresponding pseudopotential and pseudo
wavefunction are illustrated schematically in Figure 111.2. The pseudo wavefunction is constructed

in such a way that it has no radial nodes in the core region.

Figure 111.2: Schematic illustration of the replacement of the all-
electron wavefunction and core potential by a pseudo-

wavefunction and pseudopotential [24].

111.3.7.1 Norm Conserving Pseudopotential

The concept of the norm-conserving pseudopotential is based on the adjustment of the
pseudopotential to ensure that the integrals of the squared amplitudes of the real and the pseudo
wave functions inside the core regions are identical which guarantees the equality of the wave

function and pseudo wave function outside the core region [8,19]:
PP (r) = ¥(r) ifr>re (111.29)
Jo€dr|WPP (r)|2r? = [ dr|W(r)|*r? ifr<re (111.30)

Besides, there is another condition imposed on the PP is that the pseudo-energy-eigenvalues

(eF'?) should match the true valence eigenvalues (&) [19]:
P =gy (111.31)

| represents the angular momentum and n denotes the principal quantum number.

The norm-conserving pseudopotentials are known as hard PP, i.e., the pseudopotentials require
high cutoff energies. Methods for constructing norm-conserving pseudopotentials were basically
developed by Hamann et al. and first applied by Bachelet, Hamann and Schliter (BHS) who

tabulated accurate pseudopotentials for all the elements of the periodic table [24].
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111.3.7.2 Ultrasoft Pseudopotential

The norm-conserving condition, inside the core, is the main factor responsible for the
hardness of the PP. VVanderbilt comes out with the proposition that the pseudo-wave functions are
considered to be equal to the all-electron wavefunctions outside r¢, but inside r. the pseudo-
wavefunctions are considered to be as soft as possible omitting the norm-conserving condition. For
this loss, some complications are introduced. The pseudo-wave functions are not necessarily
normalized inside r, besides, it could lead to wrong density charge values where the density is not
determined by calculating ), ¢*¢ as with norm-conserving PP. However, the ultrasoft PP are
constructed for use in large scale calculations, especially first-row elements and elements with
shallow d-shells, when the cost of the calculation is much more important than that of generating
pseudopotentials [19].

I11.4. DFT Programs
111.4.1 Cambridge Sequential Total Energy Package Code (CASTEP)

Quantum mechanical calculations of the bulk LaFeO3 perovskite were performed using the
CASTEP code. This code is part of the Material Studio modeling software environment developed
by Payne in 1986 [25,26]. CASTEP uses the density functional theory to solve the Schrédinger
equation through the plane-wave pseudo-potential (PW-PP) method. This code is widely used to
explore the properties of systems with periodic boundary conditions such as semiconductors,
metals, ceramics and minerals. The electronic wave-functions are expanded in a plane wave basis
sets defined based on periodic boundary conditions (PBC) and Bloch’s theorem. The ion-electron
potential is described through the norm-conserving or ultrasoft pseudopotentials. The combination
of pseudopotentials and plane waves basis sets makes it extremely easy to calculate the forces on

the atoms which allows an efficient optimization of the ionic configurations.

111.4.2 Dmol® Code

Surface properties were investigated using the Dmol® package from the material studio
software. Dmol® code employs the DFT to simulate different properties of solids, molecules and
surfaces and also predict chemical processes. Dmol® is used on a broad range of systems including
molecular structures, organic and inorganic molecules, surfaces of solids and especially for large
systems with over 500 atoms [27]. This package is widely used because of its highly accurate
results at the same time with low computational costs. The atomic basis functions in Dmol® are
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carried out by solving the Schrodinger equation for an isolated atom. Numerical orbitals are used
for the basis function where each function corresponds to an atomic orbital (AO). As a
consequence, the use of these atomic orbitals improves the molecular polarizabilities description
and minimizes the basis set superposition effects [28]. Both all-electron and pseudo-potential
calculations can be performed using Dmol®. The core electrons are treated in different ways; DFT
semi-local pseudo-potentials (DSPP) or the Effective Core Potentials (ECP), which is more
conventional, can be used. Using Dmol?, the charge density is fitted to multipolar densities attached

to the atoms; atomic-centered partial densities.
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Chapter IV:

Synthesis and Characterization of
LaFeOs Perovskite

The first part of this chapter presents the experimental procedure for the synthesis of
LaFeOs nanoparticles by the sol-gel method. These powders were developed from two different
precursors, nitrate and chloride salts. The second part of this chapter highlights the results and
discussion of the different properties of the two types of powders, including crystallinity, specific

surface area, morphology, porosity, optical properties and functional groups.
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IV.1 Experimental Procedure
IV.1.1 Chemicals

Chemicals used for the synthesis of LaFeOs nanoparticles are listed in Table 1V.1. All

chemicals were used without any further purification.

Table 1V.1: The chemicals used in this study, their formula, purity and source.

Name of the chemical Source

Lanthanum nitrate hexahydrate La(NOz)3:6H20, 99.9% Sigma-Aldrich, USA
Lanthanum chloride hexahydrate LaClsz-7H20, 64.5-70% Sigma-Aldrich, USA
Iron nitrate nonahydrate Fe(NOz3)3-9H20, 98% Prolabo, France

Iron chloride hexahydrate FeClsz-7H20

Citric acid CsHgO7:7H20, 99.5% Georgia, USA
Methanol CH3OH, 100% VWR chemicals, EC

IVV.1.2 Synthesis of LaFeO3 Based on Nitrate Salts

Lanthanum ferrite nanoparticles were synthesized using nitrate salts where 2.15 g of
lanthanum nitrate and 2.02 g of ferrite nitrate with a molar ratio of 1:1 were dissolved separately
in 25 mL of methanol. The two solutions are mixed once the salts are completely dissolved,
followed by the addition of 2.08g of citric acid dissolved in 31 mL of methanol with respect to the
nLa + nFe = 2nCA law. The mixture was magnetically stirred to obtain a homogenous solution.
The resulting sol was heated at 80°C under magnetic stirring for 4h to ensure the complete
evaporation of the solvent and the formation of the gel. The drying of the gel was performed at
100°C for 2h. The solid dry gel was then grounded to obtain a powder. The powder was calcined
at 600°C and 800°C for 5h and named NLF1 and NLF2, respectively. The whole process is

schematically represented in Figure VI.1.
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600°C

Figure 1V.1: Schematic representation of the LaFeO3 synthesis using nitrate salts.

I1VV.1.3 Synthesis of LaFeOs based on chloride salts

To synthesize the LaFeOs powders via chloride salts, 1.86 g of lanthanum chloride and
1.25 g of iron chloride were separately dissolved in 25 mL of methanol under magnetic stirring and
once the salts were completely dissolved, the two obtained homogeneous solutions were mixed.
After that, solution of citric acid dissolved in 31 mL of methanol with a molar ratio of 1:1:2 was
added to the mixture. The resulting solution was heated at 80°C for 10h under magnetic stirring
until the sol was completely transformed into a dark brown gel. This gel was dried by heating at
100°C for 4h and then grounded to obtain the powder. The synthesized powder was calcined at
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three temperatures 600, 800 and 1000°C, denoted as CLF1, CLF2 and CLF3, respectively. The

synthesis procedure is summarized in Figure 1V.2.

Heated at 100°C for 4h

1000°C

Figure 1V.2: schematic representation of the LaFeOs synthesis using chloride salts.

{
(=)

800°C

IV.2 Results and Discussion
IV.2.1 Thermal Analysis (TGA and DTG)

The TGA and its first derivative DTG of the synthesized powders using nitrate and chloride
salts are illustrated in Figure IV.3. According to Figure 1V.3.a, the thermal decomposition and the
final formation of the perovskite phase of the sample synthesized using chloride salts indicate
weight loss within four steps. A first weight loss of 1.79 % occurred from room temperature to

59



Synthesis and Characterization of LaFeO3s Perovskite

180°C which may be due to water loss. Weight loss of 1.07 %, accompanied by a peak at 340°C,
is related to the vaporization of volatile organic matter. At around 670°C, a minor weight gain of
0.22% is detected, which could be attributed to the oxidation of the powder, this oxidation is the
result of the removed moisture during the first stage of the decomposition process. The mass gain
of the sample indicates that there is a formation of an oxy-complex solid due to the adsorption and
absorption of oxygen on powder after moisture removal from their pores [1]. The final stage is
characterized by a major weight loss of about 9.5% starting directly after the powder oxidation,
connected to the large peak centered at 900°C, and is representative of the final stage of the powder
decomposition and the formation of the perovskite LaFeOs phase. This result is in good agreement
with that reported by Koferstein et al. [2].
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Figure IV.3: TGA and DTG curves for LaFeOs powders: (a) powder prepared by chloride salts
and (b) powder prepared by nitrate salts.

The TG and DTG diagrams, obtained for the powder synthesized with nitrate salts, are
presented in Figure 1VV.3.b. It can be seen that the thermal decomposition of this powder occurred
through six stages. The first stage, from room temperature to 120°C, is characterized by a weight
loss of ~9 %, where the maximum weight loss occurs at 90°C, and could be attributed to the
dehydration process, i.e. removal of water from the powder. During the second stage, in the
temperature range 135 - 562°C, the weight loss can be separated into four steps characterized by
the corresponding DTG peaks at 150, 180, 220, and 375°C. The major weight loss of ~45 %
between 135 and 280°C originated from the vaporization of volatile organic matter. The mass loss

of 14% in the temperature range 280 - 562°C results from the removal of reaction products and the
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beginning of LaFeOs phase formation. The small DTG peak appearing at 820 °C characterized by
a weight loss of 11 % is linked to the final crystallization of the LaFeO3 perovskite phase.

IV.2.2 X-ray Diffraction Analysis

The XRD patterns of the powder synthesized using the two considered routes and calcined
at different temperatures are illustrated in Figures 1V.4 and 1V.5. Starting from the powder prepared
by chloride precursor, the first sample CLF1 calcined at 600°C (Figure 1V.4.a) shows the total
absence of any characteristic peaks of the LaFeOs phase. Except for the peak presented at 20 = 36°,
which was assigned to the Fe>O3 phase (JCPDS-98-020-1101), all the other diffracted peaks were
assigned to the LaOCI phase (JCPDS-00-008-0477). The XRD spectrum of the powder calcined at
800°C (sample CLF2) reveals also the presence of typical peaks of the LaOCI phase and the
appearance of seven low-intensity peaks of the LaFeOz perovskite phase at 20 =23.3°, 32.9°, 40.4°,
46.7°, 58°, 67.96° and 77.20° which correspond to the diffracted planes (101), (121), (220), (202),
(321), (242) and (402), respectively (JCPDS-98-015-3536). This result agrees well with that

reported by Hessien and Mersal [3].
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Figure 1V.4: X-ray diffraction patterns of LaFeO3 powders: (a) CLF1, (b) CLF2, and (c) CLF3.

Raising the calcination temperature to 1000 °C (CLF3 sample) leads to the total disappearance of

the LaOCI phase and the complete formation of the pure LaFeOs perovskite phase (see Figure
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IV.4.c). All diffracted peaks were assigned to the orthorhombic structure (JCPDS-98-015-3536) of
the LaFeOs (space group Pnma, #62).

Figure IV.5 depicts the XRD patterns of the powders prepared by nitrate precursors.
Dissimilarly to the powders prepared using chloride precursors (CLF1 and CLF2 samples), the
XRD pattern recorded for those synthesized using nitrate precursors, NLF1 calcined at 600°C
(Figure 1V.5.a) and NLF2 calcined at 800°C (Figure 1V.5.b), display the formation of the pure
LaFeOs perovskite phase. For both samples, all the diffracted peaks correspond to those of the
orthorhombic structure (Pnma #62) of LaFeOs3 according to JCPDS-98-015-3536 file. A similar
result was reported by Jia et al. [4]. The above results demonstrate clearly the important effect of

precursor type and annealing temperature on the formation of LaFeOs perovskite and its

crystallinity quality.
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Figure 1V.5: X-ray diffraction patterns of LaFeO3z powders: (a) NLF1 and (b) NLF2.

The three samples NLF1, NLF2 and CLF3, for which the pure perovskite phase was

formed, were selected for the rest of the study.
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For an orthorhombic structure, the lattice parameters were calculated using the following equation
[5]
1

dpp = Tz 2 2
Nrarar

Where a, b and c represent the lattice parameters, h, k and | are the Miller indices, dna is the

(IV.1)

interplanar distance.

The crystallite size and microstrain of the three samples have been calculated using Eq (11.5) and
Eq (11.6). The variation of the lattice parameters, crystallite size and the microstrain with precursor

and calcination temperature is depicted in Table IV.2.

Table 1V.2: Variation of the lattice parameters, crystallite size and microstrain with

precursor and calcination temperatures.

Parameter NLF1 NLF2 CLF3 Reference
a (A) 5.54 5.55 5.57 5.56

b (A) 7.81 7.83 7.86 7.85

¢ (A) 5.52 5.549 5.53 5.551

V (A3 238.84 241.14 242.12 242.28

D (nm) 52 55 86

g 0.0018 0.0012 0.0008

The obtained lattice parameters are in good agreement with the previously reported ones [6].
Besides, the values of the lattice parameters and volume were increased with increasing the
calcination temperature, as well as, when changing the precursor from chloride to nitrate.
Regarding the estimated values of the average crystallite size, one can see that the crystallite size
increases in the same sequence of increasing annealing temperature, i.e., NLF1 (600°C) — NLF2
(800°C) — CLF3 (1000°C). In addition, the results of the microstrain calculations of the selected
samples show that high crystallite size values correspond to small microstrain. These results are in
agreement with the well-known relation between the volume of single crystal (and therefore the
volume of crystallite) and the applied temperature (V o T). Besides the effect of temperature, the
large difference between the particle size of NLF samples and CLF3 can be attributed to the type

of precursor used. The use of different precursors introduces different anions like (CI, NO*) which
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could affect the grain size (crystallinity) of the final compounds, as demonstrated in many previous
studies [7 - 9].

1V.2.3 BET Analysis

The results of the BET analysis demonstrated that the values of the surface area for the three
samples are equal to 11.56, 8.90 and 5.94 m?/g for NLF1, NLF2 and CLF3, respectively. These
values are in agreement with those given by Parida et al. [10]. The obtained values are consistent
with the well-known relationship between crystallite size and surface area: smaller crystallites
contain a higher density of surface atoms or molecules, leading to greater surface area per unit mass
or volume. The divergence of the values of the specific surface area for the three samples is
attributed to the difference in the calcination temperatures as well as the considered precursor for

each sample.

1VV.2.4 Powders Morphology and Composition

Figure 1V.6 illustrates the SEM micrographs of the NLF1, NLF2, CLF2 and CLF3 samples.
These images highlight the effect of the used precursor-type on the morphology of the prepared
LaFeOs nanoparticles where the morphology of CLF powders differs significantly from those of
NLF. As outlined in Figure 1V.6.a, the morphology of the CLF2 sample exhibits small-sized
particles forming tightly knit compact agglomerates. The white spots observed on the SEM image
could be attributed to chlorine components. The SEM image of the CLF3 sample, shown in Figure
IV.6.b, describes the significant effect of increasing annealing temperature on the surface
morphology of the sample; where nanopores with nanometric size (~10 nm) are formed and
distributed over the structure of the grains. These nanopores are the result of chlorine (CI)
liberation from the powder which was confirmed by the corresponding EDX spectra in Figure
IV.7.a and 7.b. At high resolutions, the inset in Figure 1V.6.b, the structure revealed large grains

well-defined with a nanoporous rice shape.

64



Synthesis and Characterization of LaFeOs Perovskite

Figure IV.6: SEM images of the (a) CLF2, (b) CLF3, (c) NLF1 and (d) NLF2 samples.

As displayed in Figure IV.6.c and 6.d, a very different surface morphology of the NLF1 and
NLF2 could be obviously seen compared to that of the CLF2 and CLF3 samples. The porous
morphology of the NLF1 sample is clearly noticeable as illustrated in Figure IV.6.c. The
micrographs of the NLF2 powder depicted in Figure 1V.6.d illustrate a structure morphology that
consists of large crumbly grains with flattened surfaces. At high resolution, exposed by the inset
image of Figures 1V.6.c and 6.d, multiple cavities of variable dimensions in the range of 5 - 20 um
are detected, these cavities are surrounded by porous walls where the pore size range between 1- 5
um. The release of NOx, CO2 and H2O gases by the combustion reactions of the used nitrate salts
and citric acid could be attributed as the main reason for these created cavities [11].
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The elemental composition of the LaFeOs samples was investigated through the energy
dispersive X-ray spectroscopy (EDX) and the relative elemental concentrations of the La, Fe, O
and Cl elements are depicted in Figure 1V.7. The EDX spectrum of the CLF2 sample is shown in
Figure 1V.7.a, the presence of an important amount of chlorine of about 12% is demonstrated,
which could be attributed to the incomplete burning of Cl during the combustion reaction of
chloride salts. Otherwise, the obtained results for CLF3 shown in Figure IV.7.b revealed the
disappearance of the chlorine from the LaFeOs matrix. In contrast, the EDX spectrum of NLF2,

plotted in Figure 1V.7.c, indicates the absence of any impurities.
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Figure IV.7: EDX spectra of the (a) CLF2, (b) CLF3 and (c) NLF2.
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The catalytic and photocatalytic performance of a material can be significantly influenced by
the porosity of the studied material. Porosity can also affect the particle surface area, accessibility
of active sites and mass transfer of reactants and products. High porosity could be an indication of
a high surface area or a low surface area with a large number of pores, results in more sites for
photocatalytic reactions and increases the photocatalyst absorption of light by scattering and
trapping more incident light, thus leading to an increase in the number of electron-holes generated
pairs, which is a critical factor in photocatalytic reactions. The porosity of the LaFeOs samples, in

percentage, is calculated using equation (1V.2) [12-14]:

P(%) = (1 - P—) x 100, (IV.2)

d
Ptn
where Py refers to the theoretical density and Py is the bulk density.

The Archimedes method was used to determine the bulk density of the selected samples while the
theoretical density was calculated using the following formula [12-14]:

ZM

in which; Z represents the number of formula units per unit-cell (equal to 4 for the LaFeO3

orthorhombic structure), M is the atomic mass (g), N is the Avogadro number and V is the lattice

volume in (cm?).

The calculated values of theoretical density, bulk density and porosity are summarized in Table
IV.3. It is easily remarkable that the porosity increases in the sequence of increasing crystallite
size: NLF1 — NLF2 — CLF3.

Table 1V.3: Calculated XRD density, bulk density and porosity of the NLF1, NLF2 and
CLF3 samples.

Sample XRD density (g.cm3) | Bulk density (g.cm3) Porosity P (%)
NLF1 6.69 5.00 25.19
NLF2 6.65 4.70 29.24
CLF3 6.40 3.82 40.21
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I1VV.2.5 Optical Properties

The UV-Vis absorption spectra of LaFeO3 nanoparticles are exposed in Figure 1V.8. All three
samples NLF1, NLF2, and CLF3 exhibit strong absorption bands around wavelengths of 360 nm
and 470 nm in the UV and visible light region, respectively. These absorption bands are in
accordance with those reported by Phokha et al. [15]. The values of the optical band gap of the
three selected samples were calculated using Tauc’s relation given by Eq (11.11). The LaFeOs
orthorhombic perovskite is considered to have a direct band gap semiconductor [16], therefore, the

n value was selected as 1/2.
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Figure 1V.8: UV-Vis absorbance spectra of the prepared samples.

Figure 1V.9 illustrates the plots of (a/v)? versus hv of the three samples. The optical band
gap of the NLF1, NLF2 and CLF3 was found to be equal to 2.25, 2.27 and 2.19 eV, respectively.
The relatively low CLF3 band gap compared to that of NLF1 and NLF2 can be attributed to the
high crystallite size of the powder prepared by the chloride precursor. These band gap values are
consistent with those reported in previous studies [17 - 19].
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Figure I1VV.9: The Tauc plots of the NLF1, NLF2 and CLF3 samples.

IV.2.6 FTIR Spectroscopy

Figure 1V.10 illustrates the results of the FTIR analysis of the NLF1, NLF2 and CLF3
samples. The spectra of the three samples look very similar, thus, we can say that the effect of the
precursor on the chemical bonds and vibrational modes is considered negligible. The spectra reveal
a strong absorption band at 560 cm™, which is attributed to the stretching vibration Fe-O
characteristic of FeOs octahedra in perovskite (v mode) [20]. It is noticeable that this characteristic
Fe-O peak improves and becomes sharper with the increase of the calcination temperature, which
indicates the development of the perovskite phase formation. The band that appears at 700 cm™
results from the bending vibrations of the La-O bonds [16,21]. The La-O peak also becomes
sharper, indicating the improvement of crystallinity of LaFeOs with increasing calcination
temperature. The small peak at around 1016 cm™ is assigned to the vibration of the CO32. The
bonds observed at 1500-1700 cm™* originated from the stretching vibrations of the carboxylic group
C=0 and C-O-C whereas the peak at 2355 cm™ could be attributed to the symmetric and
asymmetric stretching vibrations of the carboxyl root [16,22]. The slight peak at 2905 cm™
corresponds to the C-H vibrations resulting from the low amount of residual citric acid. The large
band at around 3450 cm™ is assigned to the combination of the H-O bending mode of both water
molecules and the hydroxyl group [16,21].
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Figure IV.10: FTIR spectra of the NLF1, NLF2 and CLF3 samples.
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Chapter V:

Adsorption and Photocatalytic
Activities

The prepared LaFeO3 powders were used as catalysts and photocatalysts for the degradation
of the methylene blue dye. The first part of this chapter is devoted to the adsorption activity of the
synthesized powders. The kinetic, isotherm, and thermodynamic adsorption studies were discussed
in detail. The second part is dedicated to outlining the photocatalytic activity of the powders, where
the obtained results were fitted to the first-order kinetic model. A proposed reaction mechanism
was also investigated. The influence of the used precursor on the adsorption and photocatalytic

activities was highlighted.
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V.1 Experimental Procedure
V.1.1 Methylene Blue Preparation

Methylene blue dye was chosen to test the effectiveness of the prepared LaFeOs samples
for adsorption and photocatalytic applications. A solution of 15 mg.L™? of methylene blue was
prepared by dissolving 15 mg of methylene blue powder in 1 L of deionized water. This solution
was diluted to the required concentrations during the elaboration of the MB calibration curve. The
absorption measurements were performed at a maximum wavelength of 660 nm. A standard

calibration curve of MB is illustrated in Figure V.1.
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Figure V.1: Standard calibration curve of MB solution.

V.1.2 Determination of the Optimum Adsorbent Mass

The optimum adsorbent mass was obtained by varying the mass of the NLF2 and CLF3
samples from 5 to 80 mg. At ambient temperature, a fixed amount of the adsorbent (5, 15, 20, 40,
60, and 80 mg) was added to 100 mL of methylene blue with a concentration of 4.43 mg.L™ and
pH of 6.47. The mixture was kept under magnetic stirring for 2h.
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V.1.3 Point of Zero Charge (pHpzc)

In a given aqueous solution, the pH at a point of zero charge (pHpzc) is described as the pH
at which the net charge of the particle’s surface is equal to zero [1], where the contribution of
anions is equal to that of the cations. The determination of the PZC value is quite important and
could help to assume the possible interactions between the adsorbent and the chemical spices of
the adsorbate in the solution. The pHpzc of our samples was determined by adding separately 20
mg of NLF2 and CLF3 powders to 100 mL of MB solution with pH adjusted between 3 and 11
using hydrochloric acid (HCI) and sodium hydroxide (NaOH). After 24h, the final pH of each
sample was measured. Then we drew the graph (pHi versus pHs) and determined the pHp. value
from the intersection between the initial pH and the final pH. The pH measurements of the different

solutions were carried out using HI 2211 pH/ORP Meter by HANNA instruments.

V.1.4 Influence of the Contact Time

The influence of the contact time on the potential of the NLF1, NLF2 and CLF3 catalysts
during the adsorption of MB dye was investigated by mixing, at room temperature, 20 mg of the
catalyst with 100 mL of methylene blue solution with an initial concentration of 4.43 mg.L™* and
pH 12 under magnetic stirring at constant stirring speed of 200 rpm. Each sample was centrifuged
at 3000 rpm for 15 min and then the concentration of MB was analyzed by a UV-vis spectrometer.

The dye removal percentage R (%) and the adsorption capacity ge (mg.g™) were determined

using the following equations [2,3];

R(%) = C"C;C x 100 (V.1)
0
(Co—Ce)V

qe = Om ) (V-Z)

where Co and C. are the initial and equilibrium concentrations of MB (in mg.L™?), respectively. m

(9) is the adsorbent mass and V (L) is the volume of the used solution.

V.1.5 Adsorption Kinetics

To study the adsorption Kinetics, the obtained data about MB molecules adsorption on
LaFeOs surface were fitted to the pseudo-first-order (PFO), pseudo-second-order (PSO), Elovich,
and intraparticle diffusion kinetic models. The corresponding mathematical equations of these four
kinetic models are given in Table V.1 [2,3].
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Table V.1: Linear equations of the pseudo-first-order “PFO”, pseudo-second-order “PSO”,

Elovich, and intraparticle diffusion models.

Kinetics models Linear form Equations

Parameters

PFO Ln (ge = q) = —ky - t + Ing,
PSO t__1 + ! t
q: kz : CIeZ de
Elovich q _l.lnﬁ.a+l-lnt
t ,8 ,8

Intraparticle
diffusion

qe = kig - t°° + Cyg

V.1.6 Adsorption Isotherm

de (mg.gl): Adsorption capacity at
equilibrium,

gt (mg.g™): Capacity at time t (min).

ki (min™): Rate constant

k2 (g.mgL.min1): Rate constant.

o (mg.gt.minh): Initial adsorption

B (g.mg): Desorption rate constant.

kia (mol.g*min’2): Rate factor constant.
Cia(mg.gl):  Intraparticle  diffusion
constant.

The adsorption isotherm of Methylene Blue (MB) on LaFeOs surfaces was studied at 297K

by adding 20 mg of LaFeOs powder to 100 mL of MB solution of several initial concentrations
(3.289, 6.619, 11.564 and 19.419 mg.L™). The pH of the solution was adjusted to 12. The dye
concentrations before and after adsorption were measured using a UV-visible spectrometer at 660

nm. The obtained adsorption results were fitted to the well-known models; Langmuir and

Freundlich models. The Langmuir isotherm model assumes monolayer adsorption with

homogenous adsorption sites in terms of energy where the energetic properties of the adsorption

sites are equivalent. Unlike the Langmuir isotherm, the Freundlich empirical model can be used

for multilayer adsorption on heterogeneous sites. This model assumes that the adsorption heat

distribution and affinities toward the heterogeneous surface are not uniform. The equations of both

considered isotherm models are given in Table 1.2 [4].

Table V.2: Mathematical formula of Langmuir and Freundlich models.

Isotherm model = Linear equation

Parameters description

C, 1
dm KL

Langmuir Ce

de qm

Freundlich
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1
Log(q.) = LogK; + ELogCe

Ce: Concentration of adsorbate at equilibrium
(mg.L™D).

Ky: Langmuir isotherm constant (L.mg™).

m: Maximum adsorption capacity (mg.g™).

0e: Adsorption capacity at equilibrium (mg.g™).

Kr: Freundlich isotherm constant.
n: Adsorption intensity.
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V.1.7 Adsorption Thermodynamics

The thermodynamics of MB adsorption on LaFeO3 nanoparticles was studied for solution
temperatures of 298, 308, 318 and 328K and MB concentration of 4.43 mg.L ™. The thermodynamic
parameters, including the standard Gibbs free energy (AG®), enthalpy (AH®), and entropy (AS°)
were calculated using the equations (V.3) and (V.4) [4]:

AG® = AH® —T - AS® (V.3)
_ A AR°
InKq = =—— =, (V.4)

where R is the gas constant (8.314 J.mol.K™), Kq is the thermodynamic equilibrium constant and

T(K) is the absolute temperature.

The thermodynamic equilibrium constant, Kg, is determined using Eq (V.5) [2]

Kg=% (V.5)

Ce

V.1.8 Photocatalytic Study

The photodegradation tests of MB pigment by LaFeOs nanoparticles were performed by
dispersing 20 mg of catalyst powder in 100 mL of MB solution at a pH of 12 and using a 120 W
tungsten lamp as a source of visible light irradiation. Before starting the photodegradation
experiment, the mixture (catalytic powder + MB solution) was kept in the dark at room temperature
for 30 min under magnetic stirring to ensure the adsorption/desorption equilibrium. The
photocatalytic experiment was carried out at room temperature using continuous circulation of cold
water. At equal time intervals, samples were centrifuged at 3000 rpm for 15 min and analyzed with
a UV-visible spectrometer.
The kinetics of MB photodegradation by LaFeOs nanoparticles were fitted to the pseudo-first-order

rate equation given as follows [5]:

In (i) = —kgpp X (V.6)

Co

where C represents the dye concentration at time t, Co is the initial dye concentration, and Kapp IS

the first-order rate constant.
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V.2 Results and Discussion
V.2.1 Determination of the Optimum Adsorbent Mass

The variation of adsorption capacity as a function of the LaFeO3s samples is illustrated in
Figure V.2. From this Figure, it can be seen that the adsorption rate increases rapidly with
increasing catalyst mass, which can be attributed to the existence of additional adsorption sites thus
allowing the adsorption of more MB molecules on the catalyst surface, and therefore the adsorption
efficiency improved. It is found that the adsorption saturation is reached for 20 mg of LaFeO3
powder. This optimal mass of LaFeOs powder was considered in all the adsorption and

photocatalytic experiments.
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Figure V.2: Adsorbent mass effect on the adsorption capacity of the NLF2 and CLF3 samples
(MB concentration is 4.43 mg.L* at pH of 6.47).

V.2.2 pHpzc Determination

Figure V.3 displays the pH; versus pHs plots for the NLF2 and CLF3 samples. The value of
PHpzc is found to be equal to 6.78 for NLF2 and 6.33 for CLF3. Note here that the surface of the
LaFeOs powders is negatively charged for pH > pHezc, which could be attributed to the dominance
of the hydroxyl group OH". The presence of OH" can provide a strong interaction of the catalyst
surface with the MB™ cation, which promotes the adsorption of the dye. Otherwise, if pH is lower

than pHezc, the surface of the adsorbent becomes negatively charged, which prevents the attraction
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between the pollutant and the catalyst surface containing oxygenated functional groups (C-O, C=0,
and O-H) thus leading to low adsorption [5].

12

—=— CLF3
] —e—NLF2

104 — PHinitia=PHfina

PHfinal

N

2 ' 4 ' GIS ' il3 ' :I.IO ' 12
PHinitial

Figure V.3: The pHpc of the NLF2 and CLF3 samples using 20 mg of the catalyst, 100 mL of
4.43 mg.Lt MB solution at pH of 12.

V.2.3 Effect of Contact Time

The evolution of the capacity of samples NLF1, NLF2 and CLF3 to adsorb MB molecules in
a contact time interval of 0 to 60 min is illustrated in Figure V.4.a. A rapid increase in adsorption
capacity is observed during the first 30 minutes of contact time for the three considered samples,
then the variation becomes moderate. The reason for this rapid increase in the adsorption capacity
between 0-30 min of the contact time is that all the adsorbent sites are vacant, where there is a
significant difference in solute concentration between the adsorbent surface and the bulk solution
that leads to high mass transfer onto the adsorbent surface. The adsorption process reaches
saturation after 30 min of contact time. Figure V.4.b depicts the dye removal efficiency as a
function of contact time for the three considered samples, where the inset highlights the values
reached within 60 min of contact time. The maximum adsorption efficiency R (%) is reached after
60 min of contact time, approximately 42.3, 45.7, and 47.8% for NLF1, NLF2, and CLF3,
respectively. The removal efficiency of MB dye increases in the same order as the porosity of the
powder.
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Figure V.4: (a) Effect of contact time on the adsorption of MB on NLF1, NLF2 and CLF3

samples and (b) adsorption efficiency.

V.2.4 Adsorption Kinetics

The importance of the adsorption kinetics study lies in determining the efficiency of the

adsorption process as well as identifying the type of adsorption mechanism involved. As previously

mentioned, four kinetic models are considered to model the adsorption kinetics. The adsorption
kinetic plots of the NLF1, NLF2, and CLF3 samples are displayed in Figure V.5.
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Figure V.5: (a) Pseudo-first-order, (b) pseudo-second-order (c) Elovich and (d) intraparticle
diffusion models for the adsorption of MB on NLF1, NLF2 and CLF3 powders.

From the plots illustrated in Figure V.5 and the numerical data given in Table V.3, it can be
seen that the pseudo-second-order model fits the experimental results better than the pseudo-first-
order model, giving the highest correlation coefficient R? (equal to 0.99977, 0.9999 and 0.99943
for NLF1, NLF2, and CLF3, respectively). The pseudo-second-order kinetic model revealed a
superlative fit to the experimental data. In addition, the experimental values of the adsorption
capacity (e = 8.135, 8.834, and 9.213 mg.g* for NLF1, NLF2, and CLF3, respectively) agree well
with those obtained from the PSO model (8.351, 8.947 and 9.465 mg.g™* for NLF1, NLF2, and
CLF3, respectively). Therefore, from the above results, it can be concluded that the adsorption of
MB on LaFeOs samples follows the pseudo-second-order model, which means that the adsorption
capacity is proportional to the number of active sites located on the surface of the LaFeOz adsorbent
[3]. The high adsorption capacity of the CLF3 sample compared to that of NLF1 and NLF2 can be
attributed to its special surface morphology and higher porosity.

On the other hand, the Elovich model is widely used to describe the chemical adsorption
process and is more appropriate for systems with heterogeneous adsorbing surfaces [6].
Considering the low values of R? and the non-linearity of the Elovich plots, we can note that this
model does not agree well with our experimental results and therefore the adsorption of MB is not

completely dominated by the chemisorption process.
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Table 3: The estimated kinetic parameters of the MB dye adsorption on NLF1, NLF2, and
CLF3 samples.

Kinetics model Parameters
NLF1 NLF2 CLF3
PFO R?=0.93888 R?=0.94567 R?=0.95751
k1=0.13961 k1=0.16791 k1=0.16832
0e=3.73079 0e=3.8921 0e=6.14581
PSO R2=0.99977 R2=0.9999 R?=0.99943
k2=0.0912 k,=0.1323 k2=0.0721
0.=8.3514 0.=8.9469 0e=9.4652
Elovich R?=0.88524 R2=0.9436 R?=0.94203
0=336.7014 0=41450.2938 0=893.6741
=1.1744 B=1.6921 B=1.15501
Intraparticle R1%= 0.9889 R1%=0.99212 R1°=0.94365
diffusion kiq1=0.72938 ki11=0.62713 kiqt1=1.05309
Ciq1=5.61502 Cig1=6.05948 Ciq1=3.95268
R2?= 0.54248 R2?=0.9161 R2?=0.86343
Kig2=0.05914 Kig2=0.01383 Kig2=0.01364
Ciq2=8.75754 Cig2=8.70188 Ciq2=8.02622

Figure V.5.d illustrates the intraparticle diffusion kinetic model, which is represented by the
relation between q: and t%° and is considered to highlight the type of diffusion mechanism occurring
during the adsorption process. The plots in Figure V.5.d exhibit two types of linearity, signifying
two successive stages of diffusion during the adsorption process. The first stage, considered the
fastest, indicates the adsorption or mass transfer of MB molecules onto the external surface of the
adsorbent (external diffusion). In the second step, a slow and progressive intraparticle diffusion
occurs where the adsorbed molecules diffuse into the internal pores of the catalyst [7]. This
indicates that the adsorption process is not limited to the surface of the catalyst but also reaches
deeper levels when adsorbing MB molecules in LaFeO3z powders. The adsorption takes place at
different adsorption rates, where Kiq1 is greater than kig2, which can be explained by the resistance
to diffusion leading to the decrease of the rate constant. We can therefore say that the adsorption is
predominantly due to the porous structure and the existence of nanopores dispersed over the whole
of the catalyst surface, signifying that porous diffusion was involved in the adsorption of MB on
CLF3 powder. In conclusion, based on the four considered models, the adsorption process of MB
molecules on LaFeOs nanoparticles depends more on the vacant active sites and the intraparticle

diffusion.
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V.2.5 Adsorption Isotherms

The study of adsorption isotherm provides information about the adsorption system and
process, the surface properties of the adsorbent, and also the way the adsorbate is adsorbed on the
adsorbent surface could be interpreted through this study [8,9]. The isotherm plots and
corresponding parameters for MB adsorption on the LaFeO3z surface are displayed in Figure V.6
and Table V.4, respectively.
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Figure V.6: Linear isotherms of the NLF1, NLF2 and CLF3 samples: (a) Langmuir and (b)

Freundlich.

According to the plots of Figure V.6 together with the collected data in Table V.4, one can deduce
that the adsorption process follows the Freundlich isotherm due to the high values of the correlation
coefficient (0.99223, 0.99799, and 0.99391 for the NLF1, NLF2 and CLF3 samples, respectively).
Therefore, this is an indicating that the adsorption of MB molecules on LaFeOs occurred in a
multilayer. The estimated values of the adsorption intensity, n, are 1.2908, 1.187, and 2.2702 for
the NLF1, NLF2, and CLF3, respectively, which is greater than unit, proposing favorable
adsorption [10]. The heterogeneity of the adsorbent surface, according to the Freundlich model, is
defined by the value of n; where larger values of n refer to more heterogenous systems [11,12].
The obtained values of n suggest that the surfaces are slightly heterogeneous which is consistent

with the non-suitability of the Elovich model.

84



Adsorption and Photocatalytic Activities

Table V.4: Isotherm parameters for the adsorption of MB on the LaFeOs surface.

Isotherm model Parameters
NLF1 NLF2 CLF3
LangmUir Qmax: 62112 Qmax:931966 Qmax: 21901
KL=0.0367 K.=0.0318 KL=0.1767
R?=0.77991 R°=0.90627 R°=0.97228
Freundlich n=1.2908 n=1.1873 n=2.2702
K= 2.7562 K= 3.2136 K= 4.8227
R°=0.99243 R2=0.99799 R?=0.99391

V.2.6 Adsorption Thermodynamics

The values of the thermodynamic parameters (AH®, AS°, and AG®), corresponding to the
MB adsorption on LaFeOs samples, are listed in Table V.5. AH® and AS® were estimated from the
slope and intercept of the plot 1/T versus In(Kq), respectively (see Figure V.7), while AG° was

calculated using Eq (V.3).
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Figure V.7: Graph of 1/T versus In(K) in the adsorption of MB using NLF1, NLF2 and CLF3
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The negative values of AG® (as shown in Table V.5) indicate that the adsorption of MB on
LaFeOs is spontaneous. In addition, the increase of AG® with increasing temperature suggests that
the adsorption process is more favorable at low temperatures. The AH® values (equal to -13.893, -
20.036, and -20.228 kJ.mol* for the NLF1, NLF2, and CLF3 samples, respectively) reveal the
exothermic and physical nature of the adsorption process. Moreover, the small negative values of
the entropy (AS° equal to -0.0357, -0.0551, and -0.0547 kJ.mol™* for the NLF1, NLF2, and CLF3
samples, respectively) indicate a diminution in the randomness/ or irregularity at the solid/solution
interface where there is no significant change in the internal structure of the adsorbent during the
adsorption process [13,14].

Table V.5: Thermodynamic parameter values of MB adsorption on NLF1, NLF2, and
CLF3 samples.

Sample | AH° (kJ/mol) AG® (kJ/mol) AS° (kJ/mol)
298 (K) 308 (K) 318 (K) 328(K)

NLF1 -13.893 -3.267 -2.910 -2.554 -2.197 -0.0357

NLF -20.036 -3.606 -3.055 -2.504 -1.952 -0.0551

CLF3 -20.228 -3.930 -3.383 -2.836 -2.289 -0.0547

V.2.7 Photocatalytic Activity Study

The absorbance spectra of the NLF1, NLF2 and CLF3 samples were measured for several
selected irradiation times between 0 — 40 min in order to study their efficiency for the
photodegradation of MB dye under visible light irradiation. Figure V.8 illustrates the obtained
results. The evolution of the MB degradation spectra with time of the three selected samples
demonstrates the high dependence of the photocatalytic efficiency of LaFeO3z powders on their
preparation route, i.e. precursor choice. After 40 min of the photodegradation experiment, the
efficiency of the MB solution discoloration reaches 85.0, 89.2 and 100% in the presence of NLF1,
NLF2 and CLF3 powders, respectively (see Figure V.8.d). It was detected that the initial intense
blue color of the MB solution gradually disappears and the solution becomes colorless after 40
min, particularly for the case of CLF3 (see the inset in Figure V.10).
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Figure V.8: Absorbance spectra of MB solution for several time irradiation by visible light in
the presence of LaFeOs; powders: (a) CLF3, (b) NLF2, (c) NLF1. Panel (d) represents the
degradation efficiency of MB in the presence of the LaFeOs; powder.

The CLF3 sample exhibits a high photocatalytic performance compared to the NLF1 and NLF2
samples, which can be mainly attributed to the nanopores that already ensured adsorption in the
dark by acting as traps for MB molecules and also to the relatively small band gap ~2.19 eV, which
provides a high number of photogenerated electrons under visible light irradiation. Table V.6
demonstrates the strong photocatalytic activity of the as-synthesized samples, NLF1, NLF2 and
CLF3, compared to that of other photocatalysts reported in previous studies [15-18].
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Table 4: The obtained removal efficiency of MB dye using LaFeO3 powder, compared to

those obtained previously using other catalysts.

Catalyst Dye concentration Irradiation Contact | Removal
type time (%)
Present work | 20mg of CLF3, 4.43 mg.L1,100mL | 120W lamp 40 min | 100
20mg of NLF1, 4.43 mg.L,100mL 84.98
20mg of NLF2, 4.43 mg.L*,100mL 89.21
LaFeO3/CeO, | 15mg, 10°mol.L %, 15mL 500 W Xe lamp | 150min | 95.9
[16]
LaFeOs 0.1g, 5mg/L, 50mL High-pressure | 120min | 59.79
ribbon-like fluorescent Hg
nanofibers [17] lamp (125 W)
Cu-doped 20mg, 10ppm, 100mL Visible light 90 min | 954
V205 [15]
Mc—Co304 10mg, 10 mg/L, 100mL Natural 300 min | 88
[18] sunlight
irradiation

The plots of C/Co and In(C/Co) against irradiation time for the considered samples are
depicted in Figure V.9. The modeling of the photocatalytic results of the three samples were all in
accordance with the first-order kinetic equation which is validated by the R? values (0.99395,
0.98191 and 0.97479 for NLF1, NLF2 and CLF3, respectively). The kapp values were determined
by fitting the In(C/Co) vs t data to equation (V.6) and they are equal to 0.05757, 0.07005 and
0.16041 min~* for NLF1, NLF2 and CLF3, respectively. The CLF3 sample shows the highest rate,
approximately more than twice that of NLF1 and NLF2. This result can be attributed to numerous
factors, including; (i) the relatively low band gap of 2.19 eV which provides a larger number of
photogenerated electrons under visible light irradiation [18,20], (ii) the high porosity of the CLF3
sample provides more sites for photocatalytic reactions, (iii) the porous structure ensures a high
scattering and trapping of the incident light photons, which can consequently result in raising the
generation of electron-hole pairs that is the essential factor in photocatalytic reactions, and (iv) the

good crystallinity that prevents the rapid recombination of electrons and holes [19,20].
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Figure V.9: (a) The photo-degradation activity of LaFeO3 nanoparticles, (b) first-order

kinetics of NLF1, NLF2 and CLF3 catalysts.

Figure V.10 illustrates the proposed photodegradation process of methylene blue dye in the

presence of LaFeOz photocatalyst. Upon the visible light irradiation of LaFeOs powder, electrons
(e") are released from the valence band (VB) to the conduction band (CB), leaving holes (h*) in the
VB (Eq. V.6) [5,16]. The generated e and h* are then transferred to the surface of the photocatalyst.

Electrons in the CB react with dissolved oxygen molecules O, forming superoxide anion radicals

(0?) (Eq. V.7), while h* ions react with H,O to form the hydroxyl radicals «OH (Eq. V.8) [5]. The

produced radical species (*O?~ and *OH) favor the conversion of MB molecules into non-toxic
products (Eq. V.9), such as CO,, H.0, SO4*" and NH*". Due to the high oxidation potentials of the
holes (h*), they can directly attack the MB dye and degrade it [21], which permits the direct

oxidation of the dye (Eg. V.9). Therefore, the MB dye solution converts into a colorless solution

due to the degradation of the aromatic rings.

LaFeO, +hv — LaFeO,(e" +h")
O, +LaFeO,(e”) > O,
H,O+LaFeO,(h") - OH+ + H*

MB+OHs.,O;, h" — CO, +H,O + nontoxic products
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Figure V.10: Possible photocatalytic mechanism of MB degradation under visible light

irradiation in the presence of the LaFeO3 nanoparticles.
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Chapter VI:

DFT Calculation of LaFeO3s Properties
and MB Adsorption

The present chapter outlines the details of the methodology used to investigate the bulk and
surface properties of LaFeOsand the obtained results. The first section involves a brief description
of the computational details. The second section is devoted to the presentation and the discussion
of the obtained results concerning the structural and electronic properties of the bulk LaFeO3 and
surface calculations. The MB adsorption on (121) and (100) surfaces was investigated in the last
section of the chapter, where a discussion of the adsorption properties, including the adsorption
energy, the adsorbent-adsorbate distance, and the estimated interactions involved during the
adsorption process are presented.

%94



DFT calculation of LaFeOs properties and MB adsorption

V1.1 Computational Details

V1.1.1 Computational Method for Bulk LaFeOs

All bulk calculations were performed using the CASTEP code in the Material Studio
package. Spin-polarized calculations were performed using OTFG ultra soft pseudopotential via
the conjugated gradient approximation GGA. The Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional was used. A cutoff energy of 700 eV with Monkhorst-Pack k-points of 7x7x5
(corresponding to 123 k-points in the Irreducible Brillouin Zone (IBZ)) were considered. For the
density of state (DOS) calculations, Monkhorst-Pack k-points of 8x8x6 were used. The equilibrium
geometries were obtained by minimizing the total energy and internal forces using the Broyden—
Fletcher—Goldfarb—Shanno (BFGS) algorithm. For all calculations, the G-type antiferromagnetic
(G-AFM) configuration, illustrated in Figure V1.1, was chosen based on previous results
demonstrating that G-AFM is the most energetically stable structure [1-3]. The strong electron
correlation of iron atoms was treated using the Hubbard U correction through GGA+U calculation
with U = 4.5 eV for all the Fe -3d orbitals. The value of Hubbard term was chosen taking into
account the previously reported band gap of LaFeOs, ranging between 2.1 and 2.6 eV [4-6], also,
this value was consistent with previously used one that provides similar bandgap values [7-9]. The
Hubbard correction was not taken into consideration for the La -5d electrons because they are deep
in the La atoms besides the small influence of these states on the band gap. The considered valence
electron configurations are 5s® 5p® 5d* 6s? for La, 3p® 3d® 4s® for Fe, and 2s® 2p* for O atom.
Accuracy in determining the equilibrium geometries was ensured by the consideration of the
tolerance on the total energy of 10° eV/atom, maximum force of 0.03 eV/A and maximum ion

displacement less than 0.001 A and a maximum stress amplitude is 0.05 GPa.
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Figure VI.1: Spin directions of Fe atoms for the G-type antiferromagnetic configuration of
LaFeOs (La: blue, Fe: purple, O: red).

V1.1.2 Computational Method for LaFeOs Surface

The surface properties calculations were performed within spin-polarized generalized
gradient approximation within the Perdew-Burke-Ernzerhof (PBE) functional [10] as implemented
within the Dmol® package [11]. An all-electron core treatment and double numerical plus d-
functions (DND) basis set [12] were employed to extend the atomic wave function with a medium
global cutoff energy. Using the standard Monkhorst-Pack special grids, the integration of the
Brillouin zone was carried out with 1 x 1 x 1 k-points (at G-point). The tolerance on the total
energy, displacement, and maximum force was set as 2x10° Ha, 0.005 A and 0.004 Ha/A,
respectively.

In the present study, we have selected two LaFeOs surfaces: (100) surface with LaFeO
terminations and (121) surface, which is the preferred orientation for the explored compound. After
the cleaving of the 3D lattice of LaFeOz across the chosen plans, a supercell of (2x2x1) was
constructed. The vacuum was set to 20 A to prevent the interaction between the atoms of the surface
and those laying in the first plane of the second lattice along the Z-axis. Four planes have been
considered with 160 atoms, the bottom two layers were fixed and the surface two atomic layers

were left free for relaxation.
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The adsorption energy (Eads) of methylene blue (MB) on the LaFeOs3 surface was calculated

using the following equation [18];

Eads = Eadsorbate—surface - (Esurface + Eadsorbate) (V|-2)

where Eadsorbate+surface 1S the total energy of the MB molecule adsorbed on the considered surface,
Esurface IS the total surface energy before adsorption, and Eadsorbate i the total energy of the MB

molecule.
V1.2 Results and Discussion

IVV.2.1 Structural Properties

The orthorhombic structure (SG Pnma; # 62) of the perovskite LaFeOs is illustrated in
Figure VI.2.a. The unit cell of LaFeO3 contains four formulas (20 atoms) and can be defined as a
distorted FeOs corner-sharing network where each one of the four La atoms occupies the gaps
between the octahedra as shown in Figure VI1.2.b. In Table VI.1, we gathered the optimized
equilibrium values of lattice parameters, volume, bond length, and bond angles using both GGA
and GGA+U methods-

Figure V1.2: (a) A side and (b) onto view of the LaFeOs3 unit cell crystal structure.

From Table V1.1, one can observe that the values of the structural parameters obtained within
GGA+U agree well with those reported in previous studies. However, GGA+U is known to
overestimate the lattice parameters (and thus the unit cell volume) [9,13,14], which is the case
compared with the obtained experimental results in Chapter 4.
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Table VI.1: Calculated structural parameters of the LaFeO3 orthorhombic structure using

GGA and GGA+U, compared to those reported in previous studies.

Our work References

GGA GGA+U
a (A) 5.493 5.629 5.611% 5.6431°, 5.551¢
b (A) 5.422 5.696 5.689%,5.5772°, 5.639°
¢ (A) 7.716 7.989 7.970%,7.9146° 7.918°
V (A3 229.81 256.15 247.85°
Fe— 0O (A) 1.952 2.042 2.041°
Fe— 0O (A) 1.953 2.048 2.03°
Fe— 0O (A) 1.959 2.057 2.034°
Fe—-O-Fe 162.426 155.041 155.36% 154.03"
Fe—O-Fe 162.436 155.413 155.44°

*[1],°[2] and °[9]

Calculated bond length and angles reveal the non-perfect Fe-O octahedra. The results indicate that
the use of GGA+U results (with a deviation of 0.71% and 0.11% for the bond length and angles,
respectively) in more reliable results compared to that of the GGA method where a deviation of
3.94% for the bond length and 4.33% for the bond angles were obtained.

V1.2.2 Electronic and Magnetic Properties

The calculated electronic band structures of the G-AFM orthorhombic LaFeOs using GGA
and spin-polarized GGA+U methods are presented in Figure VI1.3. The LaFeOz perovskite shows
a metallic behavior when using only GGA approximation as depicted in Figure V1.3.a. Regarding
Figure V1.3.b, the distribution of majority and minority spin channels are similar and both of them
show a semiconducting behavior with a band gap value of 2.27 eV. This band gap value is in good
agreement with the present measured one (2.19 - 2.27 eV) and with the values reported in previous
experimental and theoretical studies [7,9,15]. According to Figure V1.3.b, the maximum of the
valence band and the minimum of the conduction band are both located at the Q point indicating a

direct band gap semiconductor which is in accordance with the obtained experimental values.
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Figure V1.3: Calculated band structure obtained using the (a) GGA and (b) GGA+U methods.

Figure IV 4 illustrates the total spin-dependent density of states of the ferrite lanthanum perovskite.

It can be seen that the total density of states appears symmetrical for both spin-up and spin-down

states, which justifies the spin degeneracy of the electronic states as observed in the band structure.

This similarity means that the net magnetic moment per cell is zero.
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Figure V1.4: Total density of states for both spin-up and spin-down states.
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To highlight the individual contribution of each orbital on the density of states, the total and partial
densities of states of the La, Fe, and O atoms were calculated and shown in Figure VI1.5. The part
of the valence band located between -8 eV and -6 eV mainly originates from the localized Fe-3d
electrons with a minor contribution of the O -2p electrons. The upper region of the valence band,
-6 - 0 eV, comes essentially from O -2p states with a small contribution of the La -5d, and Fe -3d
states. The lowest part of the conduction band, located in the energy window 1.9 - 3.9 eV, is formed
principally by the Fe -3d states with a relatively small contribution of O -2p. The second part,
between 4 —8 eV, is due basically to La -5d states with insignificant contributions from other states.
The slight shift of the valence band from the Fermi level indicates that LaFeO3z is a p-type

semiconductor.
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Figure V1.5: Total and partial density of states of the LaFeOs, La, Fe and O orbitals,

respectively.

The total and individual magnetic moments of the orthorhombic LaFeOs compound are
illustrated in Table VI.2. The individual magnetic moment of both La and O atoms is equal to zero
while itis 4.11 poB for the Fe one, this value is in accordance with previously reported ones [14,16].

Due to the antiparallel of each atom to its neighbor, the contribution of each two Fe atoms cancels
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out each other which results in zero magnetization. The pg total of LaFeOs perovskite is 0 uB,

indicating its antiferromagnetism nature.

Table VI1.2: Calculated total and individual atomic magnetic moments (ug in poB) of
orthorhombic LaFeOs

Compound Total La Fe O
LaFeOs 0 0 411 0
Other works 4.07 [11], 4.14 [13]

The chemical bonding of the considered compound was explored through the charge
density maps and Mulliken population analysis given in Figure V1.6 and Table V1.3, respectively.
The electronic charge density distributions across the (001) and (110) plans, depicted in Figure

V1.6, reveal an overlap between the states of Fe and O atoms, indicating the presence of covalent
bonding.

- B.000e-1 Bt
(a) (b
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- 0.000
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Figure V1.6: Electron charge density along the (a) (001) and (b) (110) plans.

From Table V1.3, it can be seen that the charge transferred from the La atom to the O atoms is
twice that transferred from the Fe atom to the O atom. This is an indication that the La-O bond is
more ionic, while Fe-O is more covalent. This result is also confirmed by the value of the bond
population. Note that our results are consistent with those reported by Yongjun et al. [17].
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Table V1.3: Charge transfer and bond population obtained from Mullikan population
analysis for LaFeO:s.

lon La Fe O Bond Population
Total 4.72 5.64 3.40 Fe—0O 0.31
Charge (e) 1.57 0.83 -0.8 La-O 0.26

V1.2.3 Surface Optimization

Figure IV.7 illustrates the optimized structure of the clean (121) LaFeOsz surface. In general,
the LaFeOs surfaces present at least two types of possible terminations; i.e. lanthanum termination
and iron termination. This is not the case for the (121) surface, where this surface presents only
one termination that contains both La and Fe atoms with the formulation LaFeO which was
previously confirmed by Blanck et al. [18]. After surface optimization, the La and Fe atoms move
upward while those of O move downward which indicates an enrichment of lanthanum and iron
on the (121) LaFeO3 surface.

(a)

Figure 1V.7: (a) Side and (b) onto view of the (121) LaFeOs surface.

The optimized structure of the clean (100) LaFeOs surface is presented in Figure 1V.8, from which
one can observe an alternance of the LaFeO an -O — O — layers.
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@) (b)

Figure 1V.8: (a) Side and (b) onto view of the (100) LaFeOs surface.

V1.2.4 Optimization of the adsorbate

The optimized geometry of the methylene blue dye with the molecular formal C16H1sN3CIS
is shown in Figure 1V.9. The calculated bond lengths of the C— N, C—-H, C-C, and C — S bonds
are reported in Table V1.4 compared to the experimental values. Our results agree well with the

experimental ones.

Figure V1.9: Optimized equilibrium geometry of Methylene Blue dye molecule.
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Table V1.4: Calculated bond lengths of the methylene blue compared to the experimental

values.
Bond Calculated bond length (A) Experimental bond length (A) [19]
C-H 1.081-1.111 0.77-1.12
C-N 1.323-1.474 1.331-1.465
C-C 1.392 —1.484 1.341 —1.445
C-S 1.812 -1.823 1.721-1.728

V1.2.5 Methylene Blue Adsorption on LaFeOs Surface

The optimized structures of the adsorption configuration are shown in Figures VI1.10 and
VI.11. Table V1.5 reports the adsorption properties of MB on the (121) and (100) LaFeO3 surfaces.
Due to the high computational costs, the parallel position of methylene blue was chosen based on
previous studies that show good adsorption results when the MB dye molecules are oriented
parallel to the adsorbent surface [20-22]. As can be seen from Table V1.5, the adsorption of MB on
the (100) LaFeOs exhibits the highest adsorption energy (-1.21 eV) compared to that of the (121)
surface (-1.15 eV). The negative values of adsorption energy suggest thermodynamically preferred
exothermic adsorption [23], which is consistent with the obtained experimental results (see Chapter
5). As depicted in Figure VI1.10 and Table V1.5, the shortest atomic distance of LaFeO3-MB is that
of the H — O bond (equal to 2.706 A), therefore indicating that the MB molecule tends to be
adsorbed on the O sites of the (121) LaFeO3 surface.
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(b)

Figure V1.10: The configuration of MB molecular adsorption on LaFeOs (121) surface (a) onto

view and (b) side view.

The length of the H - Fe bond is 2.6 A, shorter than H - La (2.691 A) and H - O (2.751 A) (see
Figure VI1.11). This indicates that the Fe sites dominate the MB adsorption process on the (100)
LaFeOs surface. According to the literature, both Fe and O sites are found to be favorable for the

adsorption of different molecules, such as ethanol, Oz, NO and H, on the LaFeQOs surface [24-27].

(b)

J
Q%é 1..'_é:600

Figure VI1.11: The configuration of MB molecular adsorption on (100) LaFeOs surface (a) onto

view and (b) side view.
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For both configurations, the bonds were hard to form due to the long equilibrium distance between
the MB atoms and the LaFeOs surface atoms. Generally, the molecule—surface distance is 2 A for
a chemisorption process and 3 A for physisorption [28]. Although relatively high values of the Eags
are obtained, the absence of any bond formation could be an indication of a physisorption process
[29] that was already confirmed by the experimental values in Chapter 5. The values range of these
distances and the adsorption energies suggest that the adsorption of MB on the LaFeO3 surface

occurs due to a weak hydrogen bonding and Van Der Wals interactions [30].

Table VI1.5: Properties of the adsorption of MB on the (121) and (100) LaFeO3 surfaces.

d(H - La) (A) d(H - Fe) (A) d(H-0) (A Eads (eV)
(121) 3.007 2.882 2.706 -1.15
(100) 2.601 2.600 2.751 -1.21
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LaFeOs nanoparticles were successfully synthesized through the sol-gel method. Two
different powders were prepared using two different precursors, nitrate and chloride salts. Through
TG, DTG, XRD, BET, SEM, EDX, and UV-Vis analyses, the significant effect of the used
precursor on the thermal behavior, surface area, morphology, structural and optical properties as
well as the catalytic and photocatalytic performance was highlighted in detail. TG and DTG
analysis revealed the formation of the perovskite phase at 900°C and 600°C for the powder
prepared using chloride and nitrate salts, respectively. Both powders crystallize in the orthorhombic
perovskite structure (Pnma, 62) with crystallite between 42.51 and 86.26 nm. The surface area of
the LaFeOz nanoparticles obtained from BET analysis, are found to be equal to 11.56, 8.90, and
5.94 m?/g for the NLF1, NLF2, and CLF3 samples, respectively. Using chloride precursors, the
samples show a nanoporous morphology originating from the release of chlorine from the LaFeO3
matrix. The use of nitrate salts leads to the formation of cavities 20 um in diameter, surrounded by
microporous walls 5 um in diameter. The EDX measurements revealed the presence of chlorine in
the powders calcined at 600 and 900 °C and its disappearance with the rise of temperature to 1000
°C. The porosity of the three prepared samples is equal to 25.19, 29.24, and 40.21% for the NLF1,
NLF2, and CLF3, respectively. The estimated band gap of the three samples, from the absorbance
spectra, is about 2.25, 2.27, and 2.19 eV for NLF1, NLF2, and CLF3, respectively.

The adsorption capacity of methylene blue on the LaFeOs surface was equal to 8.135, 8.834,
and 9.213 mg.g* with an adsorption efficiency of 42.3, 45.7 and 47.8 % for NLF1, NLF2 and CLF3
samples, respectively. The adsorption kinetic study revealed that the experimental data are well
fitted to the pseudo-second-order kinetic model, with a correlation coefficient of R? = 0.99977,
0.9999, and 0.99943 for NLF1, NLF2, and CLF3, respectively, while the intraparticle diffusion
models showed that the adsorption may occur in two steps where external adsorption onto the
LaFeOs surface is followed by intraparticle diffusion. The isotherm study shows that the Freundlich
model describes well the adsorption process indicating a favorable and multilayer adsorption where
the LaFeOz powder presents a slightly heterogenous surface. The thermodynamic adsorption study
demonstrates the spontaneous, favorable, and exothermic adsorption process. Moreover, the (-
13.893 — -20.228 kJ.mol™?) range values correspond to physical interactions, generally Van Der

Walls, electrostatic or hydrogen bonding.

The photocatalytic tests revealed that the CLF3 sample exhibits the highest
photodegradation capacity (100%) in a contact time of 40 min. The high photocatalytic efficiency
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of the MB dye removal using LaFeO3s powder shows the potential value of using this mixed oxide
as a dye removal for several technological and environmental applications.

Density functional theory (DFT) was used to investigate the fundamental ground state
properties, i.e. structural, electronic, and magnetic properties of the studied material, and also to
understand the adsorption properties of methylene blue on the (100) and (121) LaFeO3s surfaces.
Structural data, including lattice parameters, bond angles, and bond lengths are consistent with the
previously experimental and theoretical ones. The calculated band structure using a Hubbard
parameter of 4.5 eV gave a direct band gap of 2.27 eV, which agrees well with the measured values.
The DOS calculations revealed that the Fe -3d and O -2p, mainly dominate the valence bands states
while the conduction bands are mainly contributed by the La -5d and Fe -3d states. According to
the electronic density maps and Mulliken population analysis, a covalence bonding could be
remarkable between the Fe and O atoms. Moreover, the calculated individual and total magnetic
moments were found to be 4.11 and 0 WoB indicating the antiferromagnetic nature of the LaFeOs
perovskite. All the theoretical results are consistent with the experimentally obtained ones.

The study of the adsorption of MB on the (100) and (121) surfaces of LaFeO3 showed that
the (100) LaFeOz3 surface has the highest adsorption energy of -1.21 eV compared to that of the
(121) surface (equal to -1.15 eV); the adsorption turns out to be exothermic for both surfaces. The
smallest adsorption distance between the adsorbent and adsorbate is equal to 2.706 A for the (121)
surface and 2.6 A for the (100) surface, while the dominant site for the adsorption of MB on the
(121) and (100) surface was estimated to be O and Fe site, respectively. For both configurations,
the bonds are hard to form due to the long equilibrium distance between the MB atoms and the
LaFeOs surface atoms. According to the adsorption energies and distances, the adsorption of MB
on the LaFeOs surface occurs due to the hydrogen bonding and VVan Der Wals interactions, which

is already confirmed by the experimental adsorption results.
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Abstract

In this study, LaFeOs; powders with crucial catalytic and photocatalytic performance were
successfully prepared through the sol-gel method using chloride and nitrate salts. The influence of the used
precursor on the crystallinity, morphology, specific surface area, and optical properties was investigated.
TGA and XRD patterns confirmed the formation of the LaFeO3 orthorhombic perovskite phase (Pnma, #62).
SEM images highlighted a significant effect of the precursor type on the surface morphology of the
synthesized nanoparticles. The obtained band gap varies between 2.19 - 2.27 eV. The kinetic and isotherm
adsorption studies revealed that the adsorption of MB molecules on LaFeO3 nanoparticles fitted well with
the pseudo-second-order and Freundlich models. Moreover, the thermodynamic study demonstrated that the
adsorption of MB on the LaFeOs; samples is spontaneous, exothermic, and more favorable at low
temperatures while the magnitude of enthalpy changes energies suggested a physisorption. Hence, LaFeOs
samples prepared with chloride salts are expected to show high photodegradation efficiency of MB dye. In
addition, our study was completed by the theoretical investigation, using DFT within GGA+U, of the Bulk
and surface properties of LaFeOs. A perfect agreement is found between the experimental results and the
theoretical ones.

Keywords: LaFeOs, Nanopores, Adsorption, Photocatalysis, Kinetic models, DFT

Résumé

Dans cette étude, des poudres de LaFeO3 présentant des performances catalytiques et
photocatalytiques cruciales ont été préparées avec succes par la méthode sol-gel en utilisant des
sels de chlorure et de nitrate. L'influence du précurseur sur la cristallinité, la morphologie, la surface
spécifique et les propriétés optiques a été étudi¢e. L’ATG et la DRX ont confirmé la formation de
la phase pérovskite orthorhombique LaFeOs (Pnma, #62). Les images MEB ont mis en évidence
un effet significatif de type précurseur sur la morphologie de surface des nanoparticules
synthétisées. La bande interdite obtenue varie entre 2.19 et 2.27 eV. L’étude de la cinétique
d'adsorption et 1’étude isotherme ont révélé que l'adsorption des molécules de MB sur les
nanoparticules de LaFeOs correspondait bien au modéle de pseudo-second ordre et de Freundlich.
De plus, I’é¢tude thermodynamique a démontré que 1’adsorption du MB sur les échantillons de
LaFeO3 est spontanée, exothermique et plus favorable a basse température, tandis que les valeurs
de I’enthalpie suggérent une physisorption. Par conséquent, les échantillons de LaFeO3s préparés
avec des sels de chlorure devraient présenter une efficacité de photodégradation élevée du colorant
MB. De plus, notre étude a été complétée par I’investigation théorique, en utilisant DFT avec
GGA+U, des propriétés du massif et de surface de LaFeOs. Un accord parfait est trouvé entre les
résultats expérimentaux et les résultats théoriques.

Mots clés : LaFeOs, Nanopores, Adsorption, Photocatalyse, modéles cinétiques, DFT
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