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Resumen

En el presente trabajo se investigo el efecto del dopaje con cationes de Cay Sr en
las propiedades estructurales y fotocataliticas del BiFeOs (BFO). Se prepararon
series de polvos de BFO dopado a diferentes concentraciones de Ca y Sr (Bii-
xAxFeOs, x = 0,10.05, 0.10, 0.15; A = Ca, Sr) por medio del método Pechini
modificado. Los ‘resultados de XRD revelaron la formacion de la estructura
romboédrica (R3c) en-todos los materiales sintetizados, asi como la incorporacién
de los iones de Ca?* and_ 8r?* en la estructural de BFO. El tamafio promedio del
cristalito en las nanoparticulas de BFO se calculé usando la ecuaciéon de Scherrer;
los tamarios de cristalito resultaron dentro del rango de 23 — 55 nm. Ademas, El
porcentaje de fases en los compuestos se determiné por medio del refinamiento
Rietveld. Los resultados de SEM mostraron cambios en el tamafio de grano de las
muestras, lo cual fue atribuido al.aumento de vacancias de oxigeno. Los resultados
de la espectroscopia UV-Vis mostrarontna disminucion gradual en los valores de
banda prohibida conforme la cancentracion de dopante aumentaba. El analisis
superficial por XPS reveld los picos caractéristicos de bismuto y hierro en los
compuestos de BiFeQOs, asi como los pi€os de Ca’y-Sr en las muestras dopadas. La
actividad fotocatalitica de los fotocatalizadores de"B€aFO y BSrFO se evaluo por
medio de la degradacion de azul de metileno y 4-clefofenol. Se observé que la
actividad fotocatalitica se vio afectada por la concentraciéon de dopante. Las
muestras de BCaFO y BSrFO mostraron una mayor respuesta comparadas con la
muestra de BiFeOs sin dopar, esto debido a que la sustitucion_eon iones alcalinos
optimizé tanto la absorcion de luz visible como la efectiva separacién de electrones
y huecos en las muestras dopadas de BFO. Finalmente, se observé que las
vacancias de oxigeno en la superficie, inducidas por el dopaje con/Ca y Sr,
inhibieron la recombinacién de pares electron-hueco, lo cual propici6 la‘efectiva

transferencia de transportadores de carga fotogenerados hacia la superficie’




Abstract

In this work, the effect of Ca and Sr doping on the structural and photocatalytic
propertiestofBiFeOs (BFO) was investigated. A series of Ca and Sr doped BFO
nanoparticles. containing different dopant contents (Bi1.xAxFeOs, x = 0, 0.05, 0.10,
0.15; A = Ca, Sr) were prepared by a modified Pechini method. XRD results revealed
the formation of rhombohedral structure (R3c) in all the compounds, as well as the
successful incorporationof Ca?* and Sr?* ions into the BFO structure. The average
crystallite sizes of BFO nanoparticles were calculated by Scherrer equation revealing
sizes in the range of 23_-_55 nm. Due to small traces of secondary phases, as
orthorhombic and/or tetragonal,. were observed in the doped compounds, the
percentages of phases were ‘determined by Rietveld refinement. SEM results
showed changes in the grain size ofl the samples attributed to the promotion of
oxygen vacancies. UV-Vis spectroscopy results showed a gradual decrement of the
band gap values when the dopant€oncentration increased. The surface analysis by
XPS technique revealed the characteristic peaks of Fe and Bi in the BiFeOs
compound, among the peaks of Ca and Sr in the doped samples. The photocatalytic
activity of BCaFQO and BSrFO photocatalysts was.evaluated by the degradation of
methylene blue and 4-chlorophenol. The_photocatalytic activity was found to be
enhanced by the doping content. The BCaFO and BSrFQ samples showed higher
photocatalytic activity compared to the undoped BiFeOs+sSample, attributed to the
enhanced visible light absorption and the successful separation of photogenerated
electrons and holes in the doped samples. Additionally, ‘the” surface oxygen
vacancies, induced by Ca and Sr doping, inhibited the recombination of electron-
holes, which could promote the relocation of photogenerated charge“cartiers to the
surface.
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Chapter 1: Introduction




1.1,General introduction

The intensive industrial development has caused an important environmental
pollution”[1]: This issue has been a major concern for ecosystems and human health
attracting the\global consideration for its solution. Consequently, several organic
pollutants, such as textile dyes, pesticides and insecticides, have been detected in

the aquatic environment [2].

In this sense, dyes, widely used in the textile and printing industries [3], have caused
water pollution due to ‘their discharge into the environment, chemical stability,
complex molecular structure’and synthetic origin; thus they are difficult to treat [4].
Similarly, pesticides have been employed extensively in agricultural practices to
control weeds (herbicides), inSeets (insecticides) or fungi (fungicides) and to
increase crop yields [5]. In general, these compounds are applied in higher quantities
than those required, are toxic and prevalent in the environment; subsequently, there
is a need to remove them [6].

Advanced Oxidation Processes (AOPs) have emerged as alternative techniques for
treatment of hazardous pollutants [7]7 AOPs are_based on the in situ production of
highly reactive hydroxyl radicals (+OH) that non-selectively react with most organics,

being able to degrade even highly recalcitrant compounds [8].

Photocatalysis (as an AOP) has attracted much attention‘on the environmental
pollution control, due to its prominent features, such as high efficiency, low energy
consumption, mild reaction condijlions, wide application and*minimal secondary
pollution [9]. In addition, the visible light active photocatalysts are rion-toxic, relatively
inexpensive, have high surface area and broad absorption spectra ranging from UV
to visible region [10,11]. However, there are a few research gaps identifiéd in the
application of photocatalysis, such as low quantum efficiency due to inefficiént Visible
light harvesting, design of suitable photoreactor, recovery, reuse, scale-up, etc. [12].

In recent years, scientific reports on the synthesis and characterization of BiFeOs

(BFO), with a rhombohedral distorted perovskite, as a promising photocatalyst for




the/degradation of many organic pollutants have increased significantly, which can
be attributed to its narrow band gap and excellent chemical stability [13—16].
Howevers”“many strategies have been developed to enhance the photocatalytic
efficiency of BEO by modifying its properties as size and morphology of its particles,
cation doping,.and coupling with other semiconductors [17-20].

In this work, BitxAdFeQs (A= Ca?, Sr?*; x= 0.05, 0.1, 0.15) compounds were
synthesized by the Pechini method. The as-prepared materials were characterized
by X-Ray Diffraction (XRD)s Rietveld Refinement, Scanning Electron Microscopy
(SEM), UV-Vis spectroscopy“and X-Ray photoelectron Spectroscopy (XPS). The
photocatalytic activity was evaluated in the degradation of methylene blue and 4-
chlorophenol under visible lightiirradiation.




1.2 Motivation and problem statement

Among the many investigated photocatalyst materials in the past decades, BiFeOs
remains “ag’a candidate for potential applications in solar cells, solar fuels, and
environmental ¢leaning applications [18,21]. Its narrow band gap of ~2.2 eV allows
the material to'use,a large portion of visible light [22,23]. However, it suffers greatly

in:
- Fast electron-hole pair recombination
- Presence of secondaryphases

The successful incorporation of-depant elements in the BFO material has released
new challenges to improve its phetocatalytic activity [24]. Usually, a small quantity
of dopant can inhibit the recombination rate of photo-generated charge carriers
which helps in enhancing the_photocatalytic activity of photocatalyst [25]. But the
choice of a suitable dopant remains challenging [26]. If the amount of dopant
exceeds to critical value then it may,behave“as: recombination centers for photo-
generated charge carriers, which can reduce the“photocatalytic performance [27].

It is known that synthesizing single phase perovskite BFO ceramics is still a
challenge to achieve [28]. During synthésis processy“some unwanted impurity
phases such as BizsEeOsg, Bi2FesOs and Bi203 are produeed along with pure BFO
[29,30]. The main reasons attributed to the appearance*of impurities are the
evaporation of Bi component during the preparation process”due to the low
decomposition temperature of bismuth salts, and the altered chemieal valence of Fe
ion in an oxygen-deficient atmosphere [31,32].

Several steps and strategies have been applied to increase the photocatalytic
efficiency of BFO nanoparticles, as the modification of its structure by intfoducing
elements as dopants [20,25]. In this thesis, undoped BiFeOs and doped-BiFeQ3z with
alkaline cations (Ca?*, Sr?*) photocatalyst have been designed and prepared to
report the issues of light absorption and charge carrier dynamics.




Theeffect of synthesis method of the material has been studied in terms of nano
size andyabsence of secondary phases, which are believed to be favorable for
photocatalytic applications [33]. A suitable Pechini method was selected for
synthetizing BEO nanopowders with size distribution and uniform morphology.

The photocatalyticy properties of undoped and doped BFO materials have been
investigated for the~degradation of various organic pollutants under visible light
[21,24,26]. All prepatéd photocatalysts were tested under the reaction of
photodegradation of organic-pollutants such as methylene blue and 4-chlorophenol.

To summarize, the aim of the pfesent thesis was to design, synthesize, characterize,
and test undoped and doped-BiFeOs with alkaline cations (Ca?*, Sr?*) photocatalysts
with the approach of optimizing their performance through understandings of the

mechanisms for enhanced photocatalytic activity.




1.3 Dissertation organization

The thesis is divided into five chapters. First chapter explains the motivation of this
research” along with the problem statement of the study. The second chapter
presents a detailed literature review on the area under study. The reported works in
literature related to the degradation of organic compounds, the main process of
photocatalysis, the” BiFeOs introduced as photocatalyst, along the method of
synthesis and doping” effects are discussed. In the third chapter, the method of
synthesis of all BFO samples is explained. This chapter also illustrates all the
characterization technigues carried out for analysis of their properties in the present
investigation. The fourth and fifth chapters present the results of the characterization
technigues, as well, the photoCatalytic response of the compounds, respectively.
Finally, the conclusions of this work are presented.




Chapter 2: Review of the Development of doped
BiFeO; for the Degradation of Organic Pollutants




2.1 Degradation of organic pollutants

Nowadays, the growing human population has posed several challenges to the
global economy, particularly in terms of energy security and environmental
conservation’\Global economy depends mainly on non-renewable and finite fossil
fuels [34]. As a result, industries need to look for alternative strategies to make their
production costs competitive and environment friendly [35]. Besides energy supply,
water pollution by organic compounds arising from these industrial, agricultural and

urban human activitiessis-also a challenge to solve [36].

The common classes of compounds that occur in polluted water are solvents, dyes,
dioxins, dibenzofurans, pesticides, polychlorinated biphenyls, chlorophenols,
asbestos, arsenic, and heavy métals [37]. These compounds are persistent owing
to their resistance to conventional chemical, biological and photolytic processes of
degradation [38]. Owing to theirtoxicity, organic pollutants released into the aquatic
ecosystem can cause various énvironmental problems and harm human health.
They can be carcinogenic, teratogenic, mutagenic and interfere with the endocrine
system [39].

Synthetic dyes are a necessity in various’significant’industries such as the leather,
paper as well as textile industries for its color-giving properties [40]. Daily, once dyes
have served their purpose, huge volume of them are discarded without further care
into water bodies [41]. Therefore, textile wastewater treatment is a big challenge
because it contains organic dyes which cause multiple and multi-scale damage to
the receiving environment [42].

Dyes are often difficult to decompose in water as they have composite, molecular
structures that cause them to be more stable toward light and resistant.to their
degradation [43]. Textile wastewater effluents can be treated using~several
physicochemical methods. These physicochemical processes inherit seyveral

drawbacks such as expensive, limited application and sludge handling [44].




Thotgh biological processes are attractive cost effective and environmental friendly,
but miefoorganisms require additional carbon source for their growth to treat colored
wastewatér, and are also slow, require expensive equipment, and can lead to
secondary polution [45].

Among dyes, pesticide pollution has been also recognized as an important global

issue with scientiSts=and environmental agencies tackling the problem with the
development of more-biocompatible pesticides which aim to minimize the side
effects on the non-target'species. However, even low levels of these compounds in
effluents may result in toxicity, with increased risk due to bio-accumulation and
potential long term chronicteffects [46]. Consequently, these types of effluents
cannot be discharged directly into'the environment [47].

The presence of phenols, which structure comprises an aromatic ring containing
one or more hydroxyl substitdents [48], in ecosystems is associated with the
production and degradation of sfany pesticides [49]. However, the structure of a
pesticide molecule determines “its/ physieochemical properties and inherent
biodegradation [50].

Phenol and derivatives are usually obtained from~petroleum or coal tar [51].
Because of their extensive use in chemical, petrochémical and pharmaceutical
industries, the removal of phenols from wastewater by means of an effective and
economical method is essential for the safe discharge of efflaents into natural water
streams [52]. Besides, they are generally toxic, mutagenic‘and carcinogenic for

aquatic and human life, and cause serious problems in the ecosystéms [53].

The physicochemical properties of pollutants determine their behavior updn entering
the water. Some relevant general and physical properties are summarizedin Table
1, including the CAS number, density and solubility in water of methylene blue and
4-chlorophenol. Physical, chemical and biological technologies or combinatiop-of
them, have been investigated to remove these organic compounds from wastewater
[54].




Table 1. Physicochemical properties of methylene blue and 4-chlorophenol.

Chemical name Cas no. Density Solubility in water Ref.
(g cm™) (L)

Methylene blue 61-73-4 1.757 43.6 [55]

4-chlaréphenol 106-48-9 1.31 271 [56]

Methylene blue, also kAown as methylthioninium (MB), with the chemical formula
C16H18N3SCI (Figure ‘1)vand water solubility 43.6 g L, is not especially toxic in
comparison to other dyessbut it can cause some mental and physical disorders in
large dosage (>7.0 mg kg)[57]. Recently, it has been demonstrated that advanced
oxidation processes (AOPs)” possess many advantages and results in highly
efficiency in the treatment of effluents containing MB. Removing MB from agueous

solution by various AOPs has beentintensively investigated in the literature.

cr

Figure 1. Skeletal formula of methylene blue.

Toxic organic compounds can be effectively oxidized by a simple~electrochemical
method, demonstrating that this method may be viable in degradation of a large
group of dyes widely present in textile wastewater. The electrochemical oxidation of
MB in aqueous solution has been studied by galvanostatic electrolySis using
Pt/MnO: electrode as anode in presence of <0.1 mol L' of sodium sulfate. After 120
min operated at pH 8, it was obtained higher than 90% of MB removal ‘with_a
decrease of slightly over 70% of COD [58].




A novel. nanocoated electrode was used on the sonoelectrochemical catalytic
oxidatiomof MB wastewater. Since, nano-scale electrodes generate more hydroxyl
radicals than non-nano-scale electrodes do, the treatment process was enhanced
by ultrasotund~Under optimum operating conditions, it resulted in a 92% removal
efficiency [59].

Another important AQP, the conventional heterogeneous Fenton process holds
great promise in the-tfreatment of non-biodegradable organic pollutants by the
generation of relatively fion-selective, strong oxidative hydroxyl radicals (+OH) by
activating H202 with Fe?*. It"has been reported that paper mill sludge-derived
heterogeneous catalyst (PMS-Fe-380) was tested for the degradation of MB. Under
optimum conditions, 81% mineralization was achieved within 90 min, suggesting a

promising and environmentally friendlyy method [60].

To improve this method, photedegradation_of MB was evaluated under ultraviolet
(UV) light irradiation in presence of H202/using novel hybrid nanostructures of a-
Fe20s anchored to graphene oxide nanosheet (a-Fe203@GO) at pH 3. High
efficiencies of MB degradation were“achieved (around 96-100%). The results
showed that the possible degradation'meghanism of MB involved the rupture of

phenyl ring due to the highly effective attack of reactive’oxygen species [61].

Since ozone is a strong oxidant, ozonation is shown as”a.very effective AOP in
decolorizing dyes present in wastewater to provide a solution to the environmental
problem. The effect of ozone concentration with modeled and experimental data was
evaluated for MB removal from aqueous solution in a continuous reactor. The results
showed that increasing the inlet 0zone gaseous concentration increased the rate of

MB removal, assuming that MB removal by ozone is in the fast-kinetic'regime [62].

The ozonation of MB in combination with UV light was reported. The results showed
a complete decolorization of MB. Even though, neither the combination of ozonation
with the UV irradiation nor increasing the pH value from 5 to 11 have shown

synergistic effect on the decolorization efficiency of MB, a significant improvement

in the mineralization efficiency was observed by exposure to the UV light [63]




Angther. important organic pollutant compound is 4-chlorophenol (4-CP), with
chemieahformula CICeH4(OH) (Figure 2) and water solubility 27.1 g L', which is
known te” exhibit chronic toxic effects, including potential carcinogenicity and
mutagenic agctivity, and also believed to affect the central nervous system, causing
nausea and convulsions [64].

OH

Cl

Figure 2. Skeletal formula of 4-chlorophenol.

Recently, the electrochemical degradation ©f 4-CP in chloride-rich wastewater was
studied. A titanium cathode in combination with a-coated anode (Ti/RuQOz2-1rO2) was
used. The indirect oxidation resulted(in‘the fast“degradation of 4-chlorophenol
throughout polychlorinated intermediates.{(2,4-dichlorophenol and 2,4,6-trichloro-
phenol). During prolonged treatment, these reaction intefmediates are also further
degraded [65].

Moreover, PH/TiO2 nanotubes have been prepared using an anodization oxidation
method by applying voltage and further treated under UV light irradiation. Results
showed that only 60% 4-CP was eliminated at the Pt electrode; however, the UV
treated electrode exhibited a superior electrocatalytic activity (over 90%), toward the
oxidation of 4CP. Attributing this improved activity to the enhanced donor density,

conductivity, and high overpotential for oxygen evolution under UV irradiation/[66].

Similarly, bimetallic zerovalent iron-silver nanoparticles (NZVI-Ag) immobilized in
alginate beads have been synthesized and successfully tested on 4-CP

dechlorination and complete degradation upon further Fenton oxidation by Hz202




addition. after 30 min of reaction. The combined treatment allowed complete
dechlorination and TOC removal at room temperature and initial pH= 3 [67].

In recent years, polyoxometalates have attracted attention for the Fenton (or Fenton-
like) oxidation process. In 2015, an iron-containing silicotungstate (Fe''"AspSiW) was
employed as a héterogeneous catalyst for Fenton oxidizing 4-CP. The Fe''AspSiW
catalyst showed high-activity for oxidation of 4-CP by H20:2 in a range from acidic to
near neutral pH under irradiated conditions. The enhanced degradation of 4-CP
under irradiation was attributed to the synergistic effect of Fenton-like catalysis of

ferric iron and photocatalysis.of anions present in Fe''AspSiW [68].

The catalytic ozonation on traditienal MgO was substantially enhanced for removing
4-CP by preparing three sheet-like MgO materials. It is well known that the direction
to tailor catalytic activity might change by.selectively exposing a crystal facet. Results
showed that the pseudo first-order reaction.constant of 4-CP removal in ozonation
catalyzed by the three sheet-like'MgQ was from 3.1 to 4.8 higher than in the single
ozonation. It indicates that the catalytic activity significantly depends on the crystal
facet besides the surface area [69].

Likewise, the catalytic properties of ultra=small B-Fe@QH nanorods in ozonation of
4-CP has been reported. The removal efficiency of 4-CPwas substantially enhanced
achieving 99% in the presence of B-FeOOH/ozone comparéed.to 67% in ozone alone
after 40 min. The catalytic properties of the material during"ezonation process were
found to be evident at lower initial pH of 3.5, attributed to the heterogeneous surface
breakdown of Oz by B-FeOOH [70].

Since the chemical technologies have been found to produce secondaryypollutants
and prove to be expensive [71], the photocatalytic degradation is presented as an
environmental friendly and low cost method, which may include tomplete
mineralization, solution to the lack of waste disposal problem and applicability-at
normal temperature and pressure conditions [72].




2.2 Photocatalysis

Photocatalyst reactions (Figure 3) [73] begin when the catalyst absorbs
electromagnetic radiation (hv) with energy equal to or greater than its band gap. A
crucial step s the formation of electron and hole (e /h*) pairs which require the
promotion of elecirons from the valence band (VB) to the conduction band (CB) [74,
75]. Simultaneously, e /h* undergo recombination, which reduces quantum yield.
This recombination.rate is affected by many factors related to photocatalyst
structures and surface'medification [76].
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Figure 3. Primary processes in semiconductor photocatalysis.

For key reactions involved in photocatalytic oxidation, see Table'2 [77]. Equation 1
(photoexcitation) explains the semiconductor (where MOx is| a/metallic oxide)
activation by Iiﬁ(hv) [78]. The formed HOQO* (Equation 5) can lead tothe formation
of H202 and HO®. Through this way, the recombination of electron-hole gets
effectively inhibited and the lifetime of positive holes is prolonged. Thegeherated
radicals (mainly including HO* and O2*) in solution are very efficient non-selective
oxidizers, which result in the oxidation and eventual mineralization of o?ﬁmic
compounds [79].




Table 2. The reactions involved in the photocatalytic oxidation process for the degradation of
organic pollutants.

Reactions

Photoexcitation: MOx + hv — h* + &
Oxidation of hydroxyl: OH- + h* — «OH
Oxygen ionosorption: Oz + e — Oz

m
2
=
0

lonization ef watér: H.O — OH~ + H*
Protonation of superoxide: O»~ + H* — HOO»
Electron scavenger. HOO-+ e —HOO"
Formation of H202! HOO .+ H* — H:0:
Formation of «OH: Hz0z + e#— *OH + OH"
Pollutant + *OH — degradation products

O W ~N O O ke W N =

o

Pollutant + h*— oxidation produets
Pollutant + e~ — reduction produets 11

The photocatalytic oxidation of some arganic species often proceeds via adsorption
of the contaminant on the surface of the catalyst, followed by direct subtraction of
the contaminant’s electrons by positively charged holes. Another possible oxidation
occurs with *OH radicals, which“are_generated from the water of the aqueous
environment. Even though both reactions may proceed simultaneously, the leading

mechanism will depend on the physicochemical properties of the contaminant [80].

If these e/h* pairs are not scavenged rapidly after phoaexcitation, they combine
within picoseconds and neutralize, a phenomenon kfown as recombination.
Recombination gives rise to dissipation of energy and hence results in reduction of
quantum efficiency. This phenomenon may take place either onithe surface or in the
bulk of the catalyst due to several reasons attributing to defects in the erystal [81].

Several semiconductors (e.g., TiOz, BiO, ZnO, Alz0s, Sn02,SiOz, In203;WQOs, ZnS,
Fe20s, CdS, SrTiO2, WO2, g-Fe203 etc.) have emerged as good phototatalyst for
wastewater treatment [82]. érious techniques have been employed to make, the
catalysts be able to absorb a photon in the visible light region and have ‘a/ow
electron-hole recombination rate. To name a few, all of the following techniques,




such as.doping, non-metals doping, coupling with others semiconductor, co-doping
and surface modification via organic materials have been attempted [83].

It is well known that the effectiveness of TiO2 as a photocatalyst owns to its crystal
phase, particle/size, specific area, pore structure, chemical stability, low cost and
non-toxicity [84]. Moreover, its wide band gap energy (ca. 3.0 eV for rutile and 3.2

eV for anatase) means that only 5% of the solar spectrum can be used [85].

Activated under UV “irradiation TiOz has been used as photocatalyst for the
degradation of MB. Results showed that the degradation efficiency increased with
increasing the pH of the solution and decreasing the initial dye concentration. Even
thought, increasing the catalystdoading up to 1 g L'' showed an improvement in the
degradation efficiency, this detefiorated with a further increase in the catalyst
loading. A complete decolorization.of 10 ppm MB solution was achieved in the
solution at pH 7 with a catalystloading of 1.g L™ [86].

Moreover, the photocatalytic activity of ternary. nanocomposites based on titanium
dioxide, ferric oxide, and reduced graphene oxide (rGO-Fes0s-TiO2) has been
evaluated under the degradation of MB. About 94%-0f the dye was degraded from
the wastewater. The enhancement of this ternary syStem in the photocatalytic activity
was attributed to the efficient separation of charge carriéers from TiOz to rGO under
light and the initiation of photo-Fenton reaction due to the.ihcorporated FesO4 [87].

Another work showed a hybrid system integrating a series of unitprocesses such as

a conventional TiOz photocatalytic reactor as well as microwave and UV radiation.
The decomposition rate of 4-CP was calculated with respect to the pH, hydrogen
peroxide level, and oxygen gas injection. Results showed a significant~Cooperation
effect was also observed in the combined processes. Four intermediates were
reported to be generated through hydroxylation and dechlorination in the proposed
photocatalytic pathway [88].

As an effort to improve their ability to absorb visible light and photocatalytic

performance, Nd**-doped TiOz2 nanoparticles were synthesized. The complete




degradation of 4-CP was reached within 60 min under visible light, implying that
doped~hanocomposites would be very useful for treating wastewater by sunlight
through the AOP’s [89].

On the othervhand, bismuth-based compounds have taken much attention in
photocatalysis due,to its distinctive electronic structure. Particularly, B-Bi2Os is a
potential candidate .as, a visible-light driven photocatalyst owing to its narrow band
gap of 2.85 eV [90]. The orbital hybridization between Bi 6s and O 2p in Bi20O3 allows
the photogenerated holesi.to move on the valence band, which obstructs the

recombination of photogenerated e/h* pairs to a certain degree [91].

Bi203 on the Mg/Al layered double)hydroxide was prepared and modified with Pd(Il)
(Pd(Il)-BizOs/RLDH). The as-prepated Pd(Il)-Bi20s/RLDH exhibited an efficient
photocatalytic activity for the degradation of MB under visible light irradiation,
attributed to its narrow band gap of 2:19 eV. Consequently to the increment of Pd
content, the Pd particles agglomeration increased, the photocatalyst surface area

was reduced and the efficiency decreased [92].

Following with the degradation of MB, @ Bi2Os/gCaN+ photocatalyst was prepared
and evaluated. The results showed that the'photoéxeited e in the CB of BizO3 and
photogenerated h* in the VB of g-CsN4 combined quicklyy so the photoexcited e in
the CB of g-CsN4 and h* in the VB of Bi2Os participate in.rédox reactions. Hence, it
exhibited a rate constant of MB photocatalytic degradation~about 3.4 times higher
than g-CsNa under visible light illumination [93].

Additionally, modified Bi=03/g-CaN4 composites were evaluated by degradation of 4-
CP under visible light irradiation. The results agreed that the Bi2Oas/g-CsN4
composites showed higher photocatalytic activity than Bi2Os and )g-CsNs,
respectively. Also, this enhancement could be attributed to the suitablé’band
positions between Bi2Oz and g-CsNa, which leads to a low photogenerated e/htpairs
recombination [94].




Among _these, Fez20s, has demonstrated to be another promising candidate for
photogatalytic applications due to its narrow band gap of about 2.2 eV. It can absorb
light up 10600 nm collecting up to 40% of the solar spectrum energy. Also, Fez203 is
stable in most-aqueous solutions (pH >3) [10]. Since the faster recombination rate
of photogenerated charge limits its application, different approaches such as
morphological controlled synthesis, doping and compositing process have been
applied to improve its photocatalytic performance [95].

Materials based on FesOz~and activated carbons (Fe-ACs) were evaluated by
degradation of MB under AV illumination. The effects of Fe content were
investigated, reaching a photodegradation up to 26% within 120 min of reaction. The
results shown that the increase-of the Fe content, the absent of hydrogen peroxide
in operation, the low Fe filtering nearneutral pH, and the formation of no sludge
affected significantly the photodegradation rate constants of the Fe-AC samples [96].

Recent studies indicate that Fez0O3 is a good candidate to couple with SnO2 to
compose heterojunction structures for photecatalytic degradation of pollutants. To
improve its photocatalytic activity, a novel Fe203/SnOz nanobelt was fabricated. The
results showed that the MB degradation, rate “constant on the Fe203/SnO: is
approximately 12 times to that of Fe20as. This could be attributed to the direct charge
transfer pathway of the well-formed heterojunction structure of Fe203/SnO2 and the

high surface area of the uniform nanobelts [97].

In2017, nanostructured Fez20s thin films were deposited onto fluorine doped tin oxide
coated glass substrates. Even though optical study showed a variation on the band
gap energy of FezOs films from 2.19 to 2.35 eV, the synthesized Fe203 catalyst was
used for the degradation of 4-CP, which reached 50% under sunlight_illumination
after 240 min [98].




2.3BiFeOs as photocatalyst

A perovskite, structure is any compound that has the same crystallographic structure
as the peravskite mineral (CaTiOs) and generic formula ABXs (Figure 4) [99]. Ideally,
the perovskite structure can be illustrated as cubic, where A and B are cations of
different size and. X is the anion (usually oxygen), which bonds to both. A is a
monovalent, divalent, or trivalent metal and B a pentavalent, tetravalent, or trivalent
element, respectively{100].

(a)

N
\

Figure 4. Schematic of ABO; perovskite structure; a) lattice and b)-polyhedrons.

There are two geometrical packings to visualize the perovskite structure, as a three-
dimensional framework of BOs octahedra, and as a cubi¢/ closed-packed
arrangement of A and O ions, with the B ions filling the interstitial positions [101].

ﬁe B atom has 6-fold coordination number and the A atom has 12-fold Coordination
number; the A site cation is slightly larger than B cation. Atom A is found atthe cube
corner position and B is at the body center while oxygen atoms are at face-céntered
positions but O is the oxygen ion has the ratio of 1:1:3 [102].




In moOst cases, perovskites have a distorted type of cubic structure. These distortions
are incredibly large and complicated [103]. The possibility of preparing
multicomponent perovskites by either partial substitution of metal cations in A or B
sites or inserting metal oxides into a layered structure allows researchers to explore
and modulate the crystal structures and the related physicochemical and catalytic

properties of the.perovskite oxides [104,105].

According to the literature, the main mechanisms of distortion can be classified into
five types: (1) distogtion 6f the BXe octahedron; (2) off-center displacement of the B
cations in the BXs; (3) tilting ofthe octahedra, which is typically caused by an A cation
since it is too small to be located at the cuboctahedral site; (4) assembling of more
than one kind of cation, A or B,.or' more than one kind of vacancy; and (5) ordering
of more than one kind of anion or va€ancy. These properties are significant in many
applications that use perovskite materials [106].

In the past few decades, a wide_range ,of perovskite photocatalysts have been
developed for water splitting and erganic polidtant degradation under UV or visible
light irradiation [107]. These representative examples and brief experimental results
on them are summarized according to theirstructures, which can be classified into
five groups: ABOs-type, AA’'BO3s, ABB'Os, AB(ON)s-type, and AA'BB'Os-type [105].

It is well known that the ABOs-type perovskite bismuth ferrite (BiFeOs; BFO) (Figure
5) [108] exhibits high ferroelectric and magnetic properties-at room temperature as
well as very high ferroelectric Curie point and G-type antifefrromagnetic Neel
temperature [109]. Hence, the main applications of BFO perovskites concern
magnetic disk drives, magnetic memories, magnetic hybrid technology, magnetic
sensors, microelectronics and telecommunication applications.»[140,111].
Nevertheless, researchers have found that BFO can be used also in photocatalysis

for the degradation of organic pollutants present in wastewater.




Figure 5. Structures of BiFeOs. (a) The cubic perovskite unit cell. (b) Two pseudo-cubic cells
with cation shifts and octahedra rotations-(c).the rhombohedral cell. (d) The highly distorted
tetragonal-like phase of BFO.

The lattice parameters of the BFQO are shown in.Table 3. The unit cell of bismuth iron
oxide can also be described in hexagohalframe of reference with lattice parameters
a, b = 5.58A and ¢ = 13.90A. B** and F&® haveboth six-fold coordination, in which
Bi®* ions occupy the cubic-octahedral’ positions” and Fe3* ions in octahedral
coordination [112, 113]. BFO is reported to possess a distorted perovskite structure
with space group R3c at room temperature in a rhombohedral system with a
moderate room-temperature band gap near or in the visible range, which is
considerably lower than most other ABOs perovskites [114,115].

BFO as a semiconductor perovskite with optical band gap of ~2.2 eV has significant
potential for the photoinduced water oxidation [116]. .The band bendihg of BFO
particles especially in heterogeneous structures affects the separation of
photoexcited electron-hole entities in the space charge region. Thus, the narrow
band gap and low recombination of charge carriers in BFO are key parameters that
play a substantial role in photoactivity [117].




Table 3. Structures parameters of BiFeOs.

Structure parameters Values

Space group R3c (n° 161)

Cell parameters a=b=55870 A
c=13.8898 A
a=p=290°
y =90°

It is known that the partiele morphology plays an important role on the photocatalytic
performance of BFO. However, it is important to mention that in most cases the
kinetics of phase formationmakes difficult to obtain BFO particles with single
crystalline phase, nanoscale size and favorable morphology [118]. Therefore,
synthesizing single crystalline _BFO nanoparticles with favorable morphology
remains as a challenge to achieve.

In order to obtain a comparativeé’morphology between the conventional and more
complex methods, the solid state reaction, co-precipitation, sol-gel, ultrasound,
hydrothermal and Pechini methods‘have been studied during the last few decades
for the preparation of perovskite oxides {1 19].

2.3.1 Methods of synthesis

Several methods, such as hydrothermal, sol gel, and solid-state reaction have been
employed to synthesize polycrystalline perovskite materials. Wsually, the precursors
are simple binary oxides or salts altered at a relatively high temperatures [120]. The
method of synthesis selected should be fitted to the desired propetties of the material
in the final application.

Hydrothermal synthesis is one of the most promising method for the fabrication of
nanostructures with high crystallinity, high purity, and narrow patrticle size'distribution
at low temperature [121]. It has been shown that the concentration of reagents,, the
reaction temperature, the reaction time and the surfactants are important factorsTin

influencing the structural growth of the products [122].




Single crystalline BFO nanoparticles with different particle morphology and size
could steadily be obtained by modified hydrothermal method. The as-prepared BFO
particlesawere mainly in a square or rectangle-like morphology. The results showed
that BFO naneparticles synthesized at 200 °C for 3 h with spherical shape have a
small particle~size and low band gap of ~1.97 eV, leading to a higher
photodegradation of:methylene orange (MO) under visible light irradiation [123].

In contrast, te sol-gel‘process is based on the hydrolysis and condensation of
molecular precursors, pérformed under mild conditions. There are two chemical
ways to form the solid phase aétwork: the metal-organic route, using metal alkoxides
in organic solvents and the inofganic route, using metal salts (chlorides, nitrates,
sulfides, etc.) in aqueous solutighs.[124]. The sol-gel process begins usually with
the alcoholic solution of a metal alkéxide precursor. The condensation of hydroxyl
groups, produced by the hydrolysis ®©fmetal alkoxides, form a three-dimensional
network. The two simultan€ous-reactions produce alcohol and water as sub-

products. The process ends with the)formation of a metal oxide network [125].

This method has several advantages~over other itechniques. It produces uniform
sizes, well-distributed components, and-~high purity in the final powder. The
physicochemical properties of the BFO particles strangly depend on the hydrolysis
and drying steps [126]. It is reported that using metal nitrates and polyethylene glycol
as surfactant and dispersant, are crucial to obtain single-phase BFO particles with a
perovskite structure and sizes ranging from 80 to 120 nm. lt+was found that the
precursor concentration and the annealing temperature have significant influences
on the impurity, particle size and band gap (~2.1 eV) of BFO powders. The
synthesized samples exhibited efficient photocatalytic degradation on visible-light of
MO as well [127].

Moreover, BFO perovskites have been synthesized at 600 to 800 °C of cal€ination
by this process, obtaining nanoparticles with a crystallite size of 60—-70 nm.(The
obtained perovskite catalysts exhibited high stability and efficient catalytic activity'in
heterogeneous Fenton-like oxidation of phenol at neutral conditions [128].




Nevertheless, impurity, particle size and agglomeration are challenges that must be
solved-for the synthesis of BFO by those methods. And the effects of synthetic
parameters such as temperature and precursor concentration on the product remain
still not clear and the surface state of the product is not supported.

The Pechini procéss (Figure 6) results as a modified sol-gel method, where the metal
salts are dissolved in,a mixture of citric acid and ethylene glycol (EG) to form a
solution containing metal—citrate chelate complexes. This solution is heated to
produce a polyester network-containing the metallic ions homogeneously distributed.
Finally, the material is calcinated to combust the organic matrix and form the metal
oxide product at adequate temperatures [129].
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Figure 6. Schematic of the Pechini process to obtain metal/organic gels.

Recently, single-phase BFO nanoparticles have been successfully synthesized with
average size ~64 nm by using formic acid as a chelating agent and EG as a
polymerizing agent through a modified Pechini process. In this process the formic
acid acts as a buffer enabling the slow hydrolysis while EG coordinates with metal
cations to form polymeric complexes and prevent their mobilization. This
immobilization remains as a key step in forming single-phase BFO perovskite, 'since
it can reduce segregations of specific metals and maintain stoichiometry ‘during
calcination [28].




2.3:2 Doping

Recent works have proved that modifying the A-site Bi** ions with rare-earth ions or
divalent ions can lead the improvement on the properties of BFO compounds. Firstly,
the amount of\partial substitution at the A sites in BFO has a strong influence on the

mation of péroyskite phase, especially in the case of substitution by bivalence or
tetravalence ions_if the partial substitution at the A sites is too high, there will be
other oxides formed,and the expected perovskite structure cannot be obtained. In
contrast, if the partial substitution at the A sites is too low, the raising effect could not
success [130].

Since a few A-site compatible rare earths ions such as La, Gd and Nd have
considerably higher bond enthalpies-with oxygen than the Bi—O bond, they are often
added to BFO in order to minimize carrier donating/trapping vacancies via stabilizing
the oxygen in the lattice. Hencej compensation of vacancy carriers generated via
doping can lead to a relatively leSs free catrier densities BFO [131].

La doped BFO powders have been-prepared.by microwave hydrothermal method
and a microwave route. The results Showed a.transformation at the sharp single
peak (2 6 =32°) of BFO when La content was increased. The distortion of the crystal
structure of BFO ceramics by the introduction of La“could lead to the formation of
more short-range charge carriers. In addition, a relation between the increment of
magnetization and La contents was observed, which cauld be ascribed to two
aspects: the fact that La possessing magnetic property and thelintroduction of La
could change the polarization of the samples [132].

Another example is the substitution with magnetic Gd3* ions to improve the structural
properties of BFO. The structural analysis revealed the presence of rhombohedral
structure in undoped and 5% Gd doped BFO ceramics. Even though the coexistence
of two phases was confirmed indicating the phase transition from rhombohedral to
orthorhombic at doping higher than 10%; a suppression of impurity peaks ‘was
observed showing the successful incorporation of Gd3* ions in the BFO crystal
structure [133]. In contrast, single-phase Nd doping BFO nanopowders synthesized




by sol-gel method showed a structure transition from rhombohedral to triclinic and
finally_to-tetragonal structure to become microwave absorbing materials with high

performarice [134].

In the last decades, most of the investigations of A-site alkaline ions doping have
been focused on the effects and influences on the structural properties of BFO. For
example, Ca substitution was confirmed to change the local distortion and strain on
the R3c and P4mm “ce-existing phases which is reflected in physical properties of
the system. The mechanismrbased on electronic conduction as a consequence of
instinctively produced oxygenvacancies acting as donor of impurities to compensate
Ca acceptors and maintain a.steady Fe3* valence state suggested a novel platform
for highly efficient ferroelectric applications [135].

Some other studies have indicated that'successfully synthesized by sol-gel method
Sr-doped BFO nanoparticles~have presented rhombohedral structure. Results
revealed the formation of highly agglomerated nanoparticles with reduced size,
which tend to grow into well-developed nanoparticles with increasing the calcination
temperature. Owing to the oxygen vaeancies created due to the charge imbalance
and enhanced lattice strain of heterovalent Sr-doping, the magnetization was
enhanced. The formation of oxygen vacancies by Sr-doping in the lattice reduced
dielectric constant which decreased while particle size revealed better obstruction of

charge carriers [136].

On the other hand, Ba doping has not showed any evidence of structural transition
with doping up to 20% Ba?* ions. Therefore, results have revealed'an improvement
in the magnetic properties of the BFO nanoparticles. The basis of this increase in
the magnetization suggested the presence of Fe?* or Fe** states dué.to structural
changes caused by the Fe-O-Fe bond angle and defects [137].

To date, metal ion doping has been regarded also as an efficient method to improve
the photocatalytic activity of BFO. In 2017, Sm-doped BFO nanoparticles were
prepared by a sol-gel method and evaluated for MO photodegradation. Results
demonstrated that the band gap of the prepared BFO nanoparticles significantly




decreased when increasing Sm doping concentration. This optimal photocatalytic
performance of the Sm-doped BFO photocatalyst was ascribed to the increased
optical absarption as well as the efficient migration and separation of photogenerated
electron-holepairs derived from Sm dopant trapping level in BFO [24].

Likewise, high-purity Y-doped BFO nanoparticles were successfully fabricated by a
facile green route” The synthesized samples exhibited a rhombohedral perovskite
structure with a particle size in the range of 80 — 90 nm. Also, a diminution of band
gap energy from 2.07 10"2105 eV as the concentration of Y dopant increased was
observed. The obtained produtts were evaluated on the photocatalytic degradation
of MB under direct sunlight There was a remarkable improvement in the
photocatalytic activity attributed.to.the strong absorption of visible light and the

effective separation of photoinducedej/h+* pair [138].

The effective Sr?* doping influences have been also evaluated on the photocatalytic
properties of BFO for the degradation of MB. The best and optical photocatalyst was
confirmed by its weak photoluminesgence intensity. In addition, the photocatalytic
property of Sr-doped nanofibers was” much higher (up to 85% of degradation
achieved) than that of nanoparticles with-the same’constituent attributed to their

unigue one-dimension fibrous structure [139].

There are more degradation-resistant compounds in industrial wastewater than
organic dyes, such as phenolic compounds. Subsequently, to remove phenol in
industrial wastewater, La-doped BFO photocatalysts synthesized’by a facile sol-gel
method were evaluated under simulated sunlight irradiation. The.introduction of La
effectively suppressed the generation of an impurity phase as reported before. A
degradation rate of 96% was reached after 180 min of reaction. The 15% La-doped
BFO photocatalyst exhibited the best activity and good recycling stability. The
existence of *OH radicals as primary active species by adding different scavengers

during the photodegradation of phenol was confirmed [140]

Recently, Pd-doped BFO composites were effectively prepared by hydrothermal
method. The Pd-BFO composites showed much higher photocatalysis performance




(~99% of degradation achieved) than the undoped BFO under direct sunlight for
phenalafter 240 min of reaction. The improved photocatalytic performance was
ascribed.to the creation of heterojunction among the metallic Pd and BFO, which led
to the generated *OH radicals participate in the degradation of phenolic compounds.
Besides, the photocatalytic process proved to be more economical by using Pd-BFO
as a photocatalyst [141]

Since the stability of'the crystalline phase by promising Pechini method of synthesis
has been confirmed and doping with Ca®* and Sr?* cations for the photocatalytic
degradation of phenols has not been reported yet, the main approach of the present
work is doping perovskite-type BFO with cations, as well as evaluating their catalytic
activity on photocatalysis.




Chapter 3: Synthesis and Characterization of the

Materials: Methods and Techniques




3.1/Synthesis of Bi1xAxFeOs

The following reagents were used for the synthesis without additional purification:
bismuth(lll)/nitrate pentahydrate (Bi(NO3s)s:5H20) (Sigma-Aldrich, 98.0%), iron(lll)
nitrate nonahydrate (Fe(NOs)s:9H20) (Sigma-Aldrich, 98.0%), calcium nitrate
tetrahydrate (Ca(NOs)2-4H20) (Sigma-Aldrich, 99.9%), strontium nitrate (Sr(NOs)z)
(Sigma-Aldrich, 99:9%), ethylene glycol (EG) (C2HsOz2) (Sigma-Aldrich, 99.8%) and
citric acid (CsHsO7) {Sigma-Aldrich, 99.5%).

Bi1xCaxFeOs and Bi1xSrxFeOs (for 0<x<0.15) powders were synthesized by a
modified Pechini method. A”schematic diagram (Figure 7) shows the successive
stages for the synthesis of BFO particles. In order to prepare the initial solutions,
stoichiometric quantities of Bi, Fe,-and dopant cations (Ca*?, Sr*?) precursors were
separately dissolved in the presence ‘of a complexing agent (EG) (1:16 %mol) and a
volume of citric acid (1:4 mol%) under'magnetic stirring at room temperature (25 °C).

Once the solutions were preparedthey were.mixed to initialize the polyesterification.
Prepared sols were kept at 90 °C to.evaporate‘the solvents and to accomplish the
polyesterification, brown foamy-like” viscous'.gels were obtained. Then, the
temperature was raised up to 350 °C for 1/ at a heating rate of 3 °C min™' to eliminate
the water residuals and dry the gels until they turned into.dry resins. After, these dry
resins were homogenized and milled to obtain powders. To start the pyrolysis
process and to get rid of the organic part, calcination was carried out at 600 °C for 1
h at a heating rate of 3 °C min™' to obtain crystallized undoped~-and doped BFO
nanoparticles.

Finally, the obtained powders Bii.xCaxFeOs and Bii-xSxFeOs containing a
concentration of x=0<x<0.15 were named BFO, BCaF0O-05, BCaFO-10;BCaFO-15,
BSrFO-05, BSrFO-10 and BSrFO-15, respectively.
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3.2 Catalyst characterization

The synthesized powders were characterized by the following physicochemical
technigues/ A brief description of each technique carried out is presented in the

Annexes segction.

3.2.1 X-Ray Diffraction (XRD)

The X-Ray Diffraction”technique commonly provides information about structure

e, crystalline phases; average crystal size, crystallinity, and crystal defects. XRD
peaks are produced by constructive interference of a monochromatic beam of X-rays
scattered at specific angles-from each set of lattice planes in a sample. The
distribution of atoms within the Jattice determines the peak intensity.

Crystal structure and phase were eéxamined by using XRD technique on a (Bruker
D2 Phaser, coupled with Lynxeye detector) diffractometer. Incident X-ray radiation
was CuKai (A = 1.5406 A) and CuKoa:z (K= 1.5444 A), respectively. The scanned 26
range was 20° - 80°. The step size/for data collection was 0.02° with a collection
time 2 s at each step.

3.2.2 Rietveld Refinement

The experimental step-scanned values can’be fitted t6_calculated values by a least-
squares refinement. The Rietveld method operates with" a whole pattern fitting
algorithm where all profiles for each phase are considered as known, and an
available model for each crystal structure. Using all reflections in a-pattern minimizes
the ambiguity in derived weight fractions and the effects of preferred orientation,

primary extinction, and nonlinear detection systems.

Crystal structure and cell parameters were fitted using Rietveld analysis o TOPAS
software version 5.0. In the present approach the Rietveld refinement was carried
out on to collect information about unit cell parameters, atom positions, as well.as.to

determine the phase composition of the samples.




3.2:.8 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is a technigue commonly used for observing
and analyzing the microstructure and morphology of catalysts. The sample is
irradiated with a finely focused electron beam systematically scanned across the
surface of the‘specimen, resulting in a wide range of signals that reveal information

about the samplé including morphology and chemical composition.

Microstructures of aséprepared sample powders were inspected under a scanning
electron microscope Jeol model JSM-6010LA+ operated at 20 kV.

3.2.4 UV-Vis Diffuse Reflectance Spectroscopy (DRS)

UV-Visible (UV-Vis) spectroscopy is.a useful technique for the determination of the
absorption properties of materials. ‘\Particularly, in the case of semiconductors,
measurements of diffuse reflectanceallow to estimate the band gap energy value.
This parameter determines theflight energy that may be used to activate the solid
catalyst. Additionally, the information provided_ by the diffused reflectance technique
is about the electronic properties of @ materidl and.the coordination and oxidation

state of transition metals cations.

To study the optical properties and to calculate the band gap of as-prepared
samples, the UV-Vis diffuse reflectance spectra (DRS) were recorded using a UV—
Vis spectrophotometer (Shimadzu UV-2600) with an integrating sphere assembly in
200—-800 nm region.

3.2.5 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique that is
based on energy spectrum measurements of photoelectrons emitted from-amaterial
surface under irradiation with a monochromatic soft X-ray radiation. This téchnique
typically provides information on the qualitative and quantitative elemental

composition and on the electronic state of each element in the sample surface.




Surface.conditions of the samples were analyzed by XPS (PHI 5800 ESCA system
(Physieat, Electronics) using monochromatic Al Ka radiation (1486 eV)). Spectra
were recorded for the selected samples as representative. The XPS data was
simulated ‘and-fitted using the Xpspeak41 software. The Bi, Fe, Ca and Sr surface
concentrations-and their ratios were calculated from the measured intensities of the
Bi(4f), Fe(2p), Ca(2p) and Sr(3d) signals, using tabulated sensitivity factors and
assuming a constant cofmposition of the topmost few layers.




3.3/Probe degradations

The catalytic performance of the prepared photocatalysts was evaluated by the
photodegradation of methylene blue and 4-chlorophenol in aqueous solution (30 and
30 ppm respectively). The photocatalytic experiments were carried out into a 250 mL
vessel photoreactor. The reaction was directly exposed to natural sunlight irradiation.
During the reaction, the cooling water was replaced to keep a constant room
temperature. In a typical photocatalytic reaction, 100 mg photocatalyst was added
into a 200 mL agqueous-selution with air ventilation and magnetic stirring. Before the
reaction start, the catalyst was:placed into darkness for 30 min to reach adsorption
equilibrium. Then, the suspension was irradiated for 180 min. During the
photocatalytic reaction, a sampling was taken at 0, 20, 40, 60, 80, 100, 120, 140,
160 and 180 min.

The contaminant concentration was measured by a UV-Vis spectrophotometer using
UV-Vis spectrophotometer (Shithadzu UV-2600) at the wavelength of 291 nm and
280 nm for methylene blue and ‘4-chlorophenol, respectively. The contaminant
degradation (D) was calculated by Eguaifon 12.

D =22t % 100% 12
Ao

where Ay is the absorbance of the contaminant solution"before the exposure under
solar irradiation, and A: was after irradiation. A blank test.of contaminant solution
irradiated without any catalyst was also performed for compariSon.




Chapter 4: Characterizations of Bii.xAxFeOs: Results

and.Discussion




4.1 X-Ray Diffraction (XRD)

The XRD'pattern of undoped BFO sample calcinated at 600 °C for 1 h is shown in
Figure 871t€an be noticed that single-phase BFO was successfully obtained without
any secondary)phases or impurities and all observed diffraction peaks match well
with the powder diffraction file card (JCPDS No. 86-1518 [33]). Although it is well-
known that singlé phase BFO is quite difficult to prepare, the magnified XRD pattern
in the range between’~31° and 33° at 20 (Figure 8b) confirms the formation of the
rhombohedral R3c, which-could indicate that the method followed in this work was
favorable for its synthesis. Consequently, it can be concluded that no structural
transition from rhombohedralto orthorhombic or to other phases occurred.
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Figure 8. a) XRD patterns for as-prepared BFO NPs; b) patterns of the main‘/peak between 31°
and 33° in BFO samples.

The XRD patterns of BCaFO compounds are shown in Figure 9. The resulisiindicate
the formation of rhombohedral lattice with R3c space group, as in the undoped BFO
sample. However, some extra peaks were detected ~26° - 29° at 26 for the BCaFO-
05 and BCaFO-10 samples, which matched with BizFesOo (marked with *), according
to the JCPDS No. 20-0836 [142] diffraction file card. It can be noticed that these




small peaks disappeared in the BCaO-15 sample, but some minor traces of the Bi2O3
phase(JEPDS No. 78-1793 [14 3], marked with +) were formed.

The (104) and (110) peaks are the main reflections of the BiFeOs phase Figure 9b
shows that these peaks merged into a single (110) peak with the dopant increasing.
Since the ionic radius of Ca2* (1.03 A) is smaller than that of Bi®* (1.17 A), the Ca
substitution also decreased the lattice distance and thus the unit cell, which can be
seen as a shift of the-diffraction peaks to larger angles [144,145]. It can be also
noticed that no additional peak related to CaO was observed.
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Figure 9. a) XRD patterns for BCaF0-05, BCaFO10 and BCaFO-15 NPs; b) pattems of the main
peak between 31° and 33° in Ca doped BFO samples.

The XRD patterns of the BSrFO compounds are shown in Figure 10. The successful
formation of the BFO structure (JCPDS No. 86-1518) was confirmed_for all the
BSrFO samples. Some extra peaks were also detected ~26° - 29° at 20, related to
Bi2Fe4Og (JCPDS No. 20-0836, marked with *).

Similar to the BCaFO samples, the (104) and (110) main peaks of BFO phase also
merged into a single peak (Figure 10b) suggesting the successful incorporation/of
the dopant ion in the crystal structure; however, the peaks shifted slightly to the left




duerto the ionic radius of Sr2+ (1.18 A) under the coordination number 6 is almost the
same than that of Bi3+ (1.17 A) [146].
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Figure 10. a) XRD patterns for BSrF0O-05, BSrFO10.and BSrFO-15 NPs; b) patterns of the main
peak between 31° and 33° in Sr doped'BFO samples.

Among the high volatility of Bi at high temperaturés:during calcination process, the
electrons form the 6s orbitals of Bi** tend to hybridize with 2s and 2p orbitals of
oxygen to form a space-filling localized lobe, which might'push away its neighboring
atoms causing a structural distortion and the formation of secondary phases
[147,148]. Hence, it can be inferred that Ca2* or Sr2* ion substitution can stabilize
the oxygen octahedron due to the charge compensation by the cation valance state
[146,149]. From the present XRD results, this suppression of the/Bi volatility and
successful stabilization can be correlated to the decrease of the secohdary phases

when the ion dopant concentration increased.

To date, the amount of secondary phases for the synthesized compoundsuin this
work is smaller as compared to works reported in the literature [ 136, 139], confirming
the promising of the Pechini method. This could be attributed to the fact that in‘this
method of synthesis, citric acid was used to coordinate metal ions (from the metal

nitrate solutions) and ethylene glycol was used as a solvent to facilitate the




polymerization process, resulting in the formation of a homogeneous polymer
network “with metal ions uniformly distributed throughout the organic matrix
[150,151F

The average crystallite size (L) of all samples was calculated according to Scherrer's
formula (Equation 13) [152]:

0894
Pos@

13

here A is the characteristic X-ray wavelength equal to 0.15406 nm, g is full width at
half maxima (FWHM in radians) and 6 is the angle of diffraction (in radians). The
calculated average crystallite size walues for BFO, BCaFO and BSrFO powders are
summarized in Table 4.

Table 4. Average crystallite size for BFO, BCaFO and BSrFO powders.

Samples BFO BCaFO<05.BCaFO-10" BCaFO-15 BSrFO-05 BSrFO-10 BSrFO-15
Average crystallite 54.6 242 23.7 30.8 26.9 24.8 26.0
size (nm)

The calculated average crystallite size was‘found to'be ~54 nm for undoped BFO,
which confirms that the crystal size is in the nanometricfange. As it can be seen, the
average crystallite size decreases in replacing Bi with”any of the two divalent
substituents due to the change in ionic size, which causes a‘reduction in the unit cell
volume; however, it increases when the dopant concentration”reaches 15 mol%
attributed to internal stresses, such as chemical pressure and lattice mismatch. This
can be also correlated to the propensity of the crystal structure to suffer phase
transformation from rhombohedral to orthorhombic structure with cations.substitution
[153, 154].




4.2 Rietveld Refinement

The Rietveld method uses aleast squares approach to refine a theoretical line profile
until it matches the measured profile. Rietveld refinement of XRD patterns was

initially perfofmed using the space group R3c for all the samples.

Figure 11 shows ther measured, simulated and difference profiles resulted of the
Rietveld refinementfor.the undoped BFO sample. It can be noticed that the observed
and calculated profiles successfully matched with the rhombohedral phase with R3c
space group.

BiFeO,

BiFeO, 100%

Intensity (a. u)

20 (degrees)

— Observed —= Observed — calculated
— Calculated I'Bragg reflections

Figure 11. Rietveld refinement of the XRD patterns of undoped BFQ sample. The differences
between observed (red circles) and calculated (blue line) spectra are plotted (grey line). Bragg
reflections are indicated by ticks.

The lattice constants (a=b and c), cell volume (V) and refinement'parameters for the
undoped BFO sample are presented in Table 5. The relatively small R-values of
refinements (Rp, Rwp and Rexp) and goodness of fitting (GOF) suggest'that all the
main rhombohedral R3c phase peaks can be refined with good confideneg factors
between the simulated and measured values of XRD patterns, which confirm‘the
presence of one single crystal phase in well agreement with previous reports
[155,156].




Table 5. Refinement parameters of BFO sample.
Sample Space group a (A) b (A) c(A) V (A3)

BFO R3c (100 %) 5.5775 55775 13.8616 373.44199

Conventional Rietveld R-factors

Rp Rwp Rexp GOF

5.47 6.96 5.95 1.17

The Rietveld refinementyresults of the BCaFO samples are illustrated in Figure 12
and the quantification” of phases is summarized in Table 6. For the BCaFO-05
sample, the rhombohedral phase accounts of about 90%, and the orthorhombic
phase represents the remainingscontribution of about 10%. On the other hand, the
contribution of the orthorhombic_phase decreases to 7% for the BCaFO-10 sample.
For the BCaFO-15 sample, the tetragonal phase was best-fit with contribution
reached only less than 1%. The obtained values of GOF (GOF=Rwp/Rexp) (< 3.32)
are in a good agreement with/these reported in the literature; hence, it can be

concluded that a successful refinement was.achieved [135,145].

Usually, the reflections might be ‘partially or”completely overlapped, resulting
challenging and unusual to estimate the volume conténts of individual phases in this
type of compounds [157]. However, the quantitative éstimation of phases could help
to attribute properly the photocatalytic response to the'BFO, phase.

Table 6. Refinement parameters of BCaF0-05, BCaF0-10 and BCaF0O-15 samples.
Phases (%)

Sample BiFeO; BizFe;0s Bi>03
Rr  "Rwp ‘Rexp GOF
(Rhombohedral) (Orthorhombic) (Tetragonal)

BCaFO-05 90 10 3.84 541 ¢n86 2.93
BCaFO-10 93 7 4.24 6.06 182 )3.32
BCaFO-15 99.52 0.48 3.87 5.38 1.82°.2.96
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Figure 12. Rietveld refinement of the XRD patterns of a) BCaF0-05, b) BCaFO-10, and c)
BCaFO0-15 samples. The differences between observed (red circles) and calculated (blue line)
spectra are plotted (grey line). Bragg reflections are indicated by ticks.

Figure 13 shows the Rietveld refinement results for the BSrFO samples and ‘the
quantification of phases is summarized in Table 7. For the BSrFO-05 sample|, the
rhombohedral phase dominates with about 87.6%, and the orthorhombic phase
represents the remaining ~12.4%. In contrast, the contribution of the orthorhombic




phase decreases to 2.3% and 2.8%, for BSrFO-10 and BSrFO-15, respectively. the
obtainedvalues of GOF (< 3.96) are in a good agreement with those reported in the
literaturey’hence, it can be concluded that a successful refinement was achieved
[136,146].

As discussed previously, the differences between the ionic radius of the dopant and
of Bi might mismatchyin the lattice causing a structural distortion. With equivalent
substituted concentration, the smaller dopant ion will cause larger lattice distortion,
as in the case of Ca substitution), which is attributed to a chemical-like pressure
effect caused by the smaller.radio of the dopant ions [147]. On the other hand, the
percentage of a secondary phase with increasing the Sr content as the ionic radius
of Sr?* and Bi** are almost the same.

Table 7. Refinement parameters of BSrFO-05, BSrFO-10 and BSrFO-15 samples.
Phases (%)

Sample BiFeO; BizFe;0, Ry  Ruwp Rexx GOF
(Rhombohedral) “/(Orthorhombic)

BSrFO-05 87.6 124 505 7.34 186 3.96
BSrFO-10 97.7 2.3 421 592 180 3.29
BSrFO-15 97.2 2.8 3.84 541 1.80 3.00
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Figure 13. Rietveld refinement of the XRD patterns of a) BSrF0O-05, b) BSrFO-10, and c) BSrFO-
15 samples. The differences between observed (red circles) and calculated (blue line) spectra
are plotted (grey line). Bragg reflections are indicated by ticks.




4.3@;ning Electron Microscopy (SEM)

SEM @ used to investigate the morphology of the prepared samples. Figure 14
shows tlf(ﬁm images and the EDS analysis of undoped BFO sample. Figures 14a
and 14b display aggregated of grains with irregular shapes and agglomerated
particles. This/gg be attributed to the formation of a liquid phase during the

synthesis proce a;ding a rapid/discontinuous grain growth [158].

Figure 14d shows th@mposiﬁonal analysis (EDS spectrum) of the typical BFO
compound. The elemen@ﬁaks of Bi, Fe, and O were confirmed; no other elements
were detected in the undogeﬂ’ O sample.

F

iy

Intensity (a. u.)
1
IH
4

Figure 14. SEM images and EDS spectrum of undoped BFO. ( O‘




Figure-15, shows the SEM images of BCaFO samples with different content of Ca.
Some effects on the morphology of the doped BFO samples with irregular shapes
and sizes were observed due to the introduction of Ca dopants. The observed
changes in the-porosity can be explained by the occupation of certain evaporated A-
site by alkaline ions:-and the substitution of Ca atoms in place of Bi atoms having
smaller ionic radius [149]. Figure 16 shows the compositional analysis (EDS
spectrum) of the BCaFEOsamples, where the characteristics peaks of Bi, Ca, Fe, and
O are shown. This analysis confirmed the expected amount of the present elements
and the successful Ca doping.in the prepared BCaFO samples.

Figure 17 shows the SEM images‘of BSrFO samples with different Sr content. From
the micrographs of BSrO samples; ho significant influence of Sr doping on the
morphology, shape and grain size wasobserved, but a slight increase of the porosity
can be noticed; the latter couldiberattributéd to the synthesis procedure and to the
Sr doping [159]. Additionally, Figure 18 'shows the compositional analysis (EDS
spectrum) of the BSrFO samples. Fhe-intensity of the characteristic peaks of Bi, Sr,
Fe, and O confirmed the expected amount of‘these elements in the doped BFO

structure.

he doping effect with Ca and Sr on the BiFeOs structure‘slightly modified the grain
growth of the particles (as the doping content was increased), considering that grain
growth depends upon the concentration of oxygen vacancies, and diffusion rate of
the ions. [160]. The oxygen vacancies would not only come from the volatilization of
Bi, but also came from the fluctuation of Fe ions valence state [161], further
discussed in the XPS results section. Consequently, the content of Ca ornSr ions on
the A-site substitution influences the average size and homogeneity of the“grains.




Figure 15. SEM images of a) and b) BCaF0-05; c) and d) BCa-FO-10; e) and f) BCaFO-15

samples.
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Figure 16. SEM images of a) BCaFO-05; c) BCaFO-10; and e) BCaFO-15. EDS spectra @)

BCaF0-05; d) BCaF0-10; and f) BCaFO-15 samples.
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Figure 17. SEM images of a) and b) BSrF0-05; c) and d) BSr-FO-10; e) and f) BSrFO-15.
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Figure 18. SEM images of a) BSrFO-05; c) BSrFO-10; and e) BSrFO-15. EDS spectra (h)
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4.4 UV-Vis Diffuse Reflectance Spectroscopy (DRS)

The band gap of the samples was estimated by Diffuse reflectance spectroscopy
using Eduation 14 [162].

ahv = A(E, ~ hoy" 14

where a is the absorption coefficient, hv is the incident photon energy, A is the

absorption constant;”Eg'is band gap and n is a constant having value - for direct
band gap and 2 for indirectiband gap.

Figure 19 shows the Taucplot’(ahv)? vs photon energy to calculate the band gap of
the undoped BFO sample. The linear portion of Tauc plot was extrapolated to a = 0,
so the estimated band gap value“is'2.24 eV (Table 8). According to the literature,
this value corresponds to the energy. difference between top of the valence band (O
2p) and bottom of the conductiefi band (Fe 3d) of BFO [163].
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Figure 19. Tauc plot (ahv)? vs Eg of BFO.




Figure 20 shows the Tauc plot (ahv)? vs photon energy of the BCaFO samples. A
decrement in the characteristic absorption spectra can be observed with increasing
the Ca content. Previous studies have confirmed that a decrement in band gap may
be attributed to.the electronic transitions involving charge transfer from valence band
O 2p states to eonduction band Fe 3d states [164,165]. Thus, the obtained band gab
values can suggest-an enhancement in the visible light adsorption of the BCaFO

samples.

As it is also known, Ea doping in BFO lattice may lead defects such as oxygen
vacancies. These vacanciessCan generate impurity levels in the forbidden band,
which results in the shift in_the donor level above the original valence band.
Meanwhile with increasing Ca'content, the Ca acceptor band is introduced in the

forbidden band, which causes the narrowing of band gap [166].
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Figure 20. Tauc plot (ahv)? vs Eg of BFO-Ca (0<x<0.15).




Forgthe BSrFO samples (Figure 21), the band gap decreased with increasing the Sr
content; however, a direct function of the band gap variation and Sr concentration
cannot be'suggested. The calculations resulted narrower than undoped BFO band
gap, although-wider than the values obtained when it was doped with Ca, which are
comparable with previous reports [167]. It has been reported that this decrease in
the band gap may be ascribed to the orientation of oxygen octahedral, changes in
the crystal structure and decrease of the contribution of a secondary phase present
in the compound [168,169].

Similar to the Ca cations, Sr/Cations may form defects on the electronic structure
and oxygen vacancies to compensate the required charge in the BFO lattice. In order
to neutralize the charge produced due to the mechanism of charge compensation,

doping acceptor Sr2* ions in BFO would generate oxygen vacancies [170].

- <1 BSIFO-05
; —+# BSrFO-10
= ——BSIFO-15
,; -
L
S
2.0 2.2 2.4 26 2.8

Band gap (eV)

Figure 21. Tauc plot (ahv)? vs Eg of BFO-Sr (0<x<0.15).

The direct band gap values have been estimated for BFO, BCaFO and BSrRO
powders, respectively, using the slope of the linear portion. They are summarized in




Tahle 8, resulting narrower than 2.24 eV of visible light energy. In agreement with
the XRD results and previous reports, the bandgap energy also depends upon the
particles~Size. The reduction in optical band-gap energy with increasing dopant
concentration-may also cause enhancement of surface area, contraction of the unit
cell volume and reduction in average crystallite size. This trend of reduction in Eg
with decreasing'crystallite size could be ascribed to the competing effects of micro-
strain, columbic interagtions, and oxygen defects [171]. However, an increase of the
crystallite size and decrease of the Eg can be observed for the substitution with 15
mol% dopant, this should,be describe by other effects related to the internal chemical
pressure and the presence-0f secondary phases [154].

Table 8. Band gap values for the BFO; BCaFO and BSrFO samples.
Samples BFO BCaF0-05 BCaF0,10, BCaFO-15 BSIFO-05 BSrFO-10 BSrFO-15

Eg(eV) 2.24 215 2.14 2.13 2.20 2.19 2.16

Although the synthesized powders ,should .exhibit the ability of photocatalytic
degradation under visible-light irradiation, other<parameters may also affect its
performance of the optimal photocatalyst on the degradation of organic pollutants.




4.5X-Ray Photoelectron Spectroscopy (XPS)

Since“Fe/valence is sensitive to oxygen vacancies, XPS is used to investigate the
Fe composition of BFO samples and to clarify the type of traps present. All signals
were referenced to C 1s peak at 284.7 eV, arising from adventitious carbon. Different

Gaussian functions were applied to unfold overlapping peaks.

Binding energy of core:level electrons for constituent elements Bi, Fe and O is shown
in Figure 22. The Bi 4f state typically involves two peaks centered at 159 eV and 164
eV, assignable to Bi 4f7i2.and Bi 4fs;2 states of Bi** species, respectively [172]. This
confirms that bismuth iong_ afe.in the trivalent oxidation state. No zero valent Bi nor
high oxidation state of Bi (e.g.-Bi°*)-.was observed here.

The Fe 2p core-level spectrum contains two main peaks, which correspond to the
Fe 2p12 and Fe 2pae states. Satelliteqpeaks are also observed, which are thought to
be characteristic of Fe oxidation..The Fe-2ps2z peak was well fitted by two peaks,
corresponding to the Fe3* and Fe2*-statesat 710.9 and 709.5 eV, respectively
[173,174]. This demonstrates that-the.BFO sample is a mixed valence system of

3+ and Fe?*, and that the ratio of theSe-states is.about 1:2. Fe2* possibly originates
@zm the charge compensation of oxygehaganciesyWhich is common in perovskite
oxides, in agreement with previous reports {175].

The O 1s core levels are divided into the low binding energy peaks and the high
binding energy peaks. The asymmetric peak of the O anion at BE = 531.5 eV proves
that oxygen vacancies are present in the BFO.

It is known that oxygen vacancy can form a defect-induced impurity.band between
the conduction band and valence band [166]. Therefore, doping Ca?*_ or Sr*
acceptor ions in BFO would generate oxygen vacancy to neutralize the charge
produced due to the mechanism of charge compensation.
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Figure 22. a) XPS wide-scan spectra of thesprepared undoped BFO sample; b) Bi 4f peaks; c)
Fe 2p peaks; d) XPS O 1s peaks.

Figure 23 hows the XPS spectra of “the BCaFO=10 sample, selected as
representative. The Ca 2p state typically involves two peaks centered at 346.8 eV
and 350.4 eV, assignable to Ca 2pi2 and Ca 2ps2 states of Ca?* species,
respectively. No zero valent Ca was observed here.

The present results also confirm ge coexistence of chemical states Fe3* and Fe®*
ions. With the incorporation of Ca, Fe 2pa2 and Fe 2p12 peaks as well as the satellite
peaks shifted to lower binding energy, implying that the contents of Fe?* and its

associated oxygen vacancies increase with the Ca doping [176].

Comparing the ratio of fitted O 1s peak areas, the concentration ratio of oxygen
vacancies and O decreased, indicating that the amount of oxygen vacancies
increased with the incorporation of Ca2* ions. It is reported that the origin of oxygen




vacancy.could be attributed to doping Ca?* at A-site and the redox reaction between
Fe* andFe?* on the surface of the particles for charge neutralization [177,178].
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Figure 23. a) XPS wide-scan spectra of the BCaF0O-10 sample;'b) Ca 2p peaks; c) Fe 2p peaks;
d) XPS O 1s peaks.

Figure 24 gwows the XPS spectra of the BSrFO-10 sample, selected as
representative. The Sr 3d state typically involves two peaks centered at 132.6 eV
and 134.3 eV, assignable to Sr 3ds2 and Sr 3dsi2 states of Sr?* species, respectively.
No changes in the binding energy of Bi nor any signal of metallic Sr were observed
here, which may indicate that Sr?* should have successfully substituted some of Bi
ions in the BFO lattice.

The results also confirmed that the oxidation states of Fe3* and Fe2* co-exist. In this

case, the binding energy of Fe?* and Fe3* cations slightly increased after Sr doping.
Among the compensation of oxygen vacancies, this slight change may be attributed




to tHe changes in the Fe-O bond, due to the lattice distortion caused by the
incorperation of similar ionic radius in the structure, as discussed in the XRD results

section [#79].

e two O 1s peaks could be ascribed to the lattice oxygen and surface chemisorbed
oxygen, arising, ffom_the oxygen-metal bonds and surface chemisorbed species
(such as O, Oz“and 0?), respectively. These absorbed species are generally

associated with the fofmation of oxygen vacancies in perovskite oxides [180]

Therefore, this behavior’may indicate an increase of oxygen vacancies with the

incorporation of Sr2* ions to maintain the electrical neutrality of the system.
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Figure 24. a) XPS wide-scan spectra of the BSrFO-10 sample; b) Sr 3d peaks; c) Fe 2p peaks;
d) XPS O 1s peaks.




Chapter 5: Photocatalytic Activity of B1.xAxFeO;




5.1 Methylene blue photocatalytic degradation

As it is known, BFO can be considered a photocatalyst for degradation of organic
pollutants in water due to its narrow band gap (2.2 - 2.8 eV) and excellent chemical
stability [21]/In)this sense, the photocatalytic performances of BCaFO-05, BCaFO-
10 and BCaFO-15.were evaluated towards the degradation of methylene blue (MB)
under natural sunlight irradiation. Also, the photocatalytic activity of undoped BFO
was investigated to'be compared for all the cases.

Figure 25 shows the MB_photocatalytic degradation as a function of light irradiation
time. The photocatalytic MB-degradation percentages are 28.4%, 37.2% and 31.5%
under natural sunlight irradiation -after 180 min, for BCaFO-05, BCaFO-10 and
BCaFO-15, respectively. Compared, with the photocatalytic performance of BFO,
which degradation rate reached about'28%, the catalyst with 10 mol% of Ca doping
showed the highest degradation-efficiency.

Generally, the photocatalytic activity-of-a semitonductor material is related to surface
area, visible light absorption and separation/transporting rates of photogenerated
e/h* [14]. In the present work, the increased-photocatalytic activity could be
attributed to the optical properties enhanced with_doping of 10 mol% Ca, in
agreement to the optical and XPS results, which-may reduce the e’/h* pair
recombination in the MB photodegradation [181].

On the other hand, the optical results may suggest an optimal visible light absorption
for the BCaFO-15 sample; however, it can be seen a decrease.of its degradation
rate, which could be related to the increase on the crystal size caused by the lattice
distortion.
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Figure 25. Photocatalytic degradation of MB as a function of the irradiation time under visible
light for the BCaF0-05, BCaFO-10 and BCaFO-15 samples.

The graphical evaluation of the degradation rate, by the plots of In(Co/C) versus the
sunlight exposure time, is presented in Figure 26+ Here, the linear fitting curves
indicate that the photocatalytic reaction followed pseudo-first-order reaction kinetics,
following the Langmuir-Hinshelwood’s model, which equation is (Equation 15) [182]:

& = kt 15
C

where Cpand C are the organic pollutant initial concentration (mg L") and at different

irradiation time f, respectively, and k is the pseudo-first-order rate constant of
photodegradation. The calculated reaction rate constant (k) values were 1.85x10°3,
2.59x10? and 2.1x10® min™" for the BCaFO-05, BCaFO-10 and BCaFO-15-samples,
respectively. From these results, an optimum doping concentration of Ca?* jons in

BFO nanoparticles for photocatalytic performances could be suggested for 10 mol%.
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Figure 26. Kinetic curves for the photocatalytic'degradation of MB under sunlight irradiation
using BCaF0-05, BCaF0-10 and BCaF0-15 samples.

Figure 27 shows the photocatalytic' degradation.of MB as a function of sunlight
exposure time for BSrFO samples. 30.6% of MB was decomposed after 3 h under
natural sunlight using the BSrFO-05 sample. Compared with the undoped BFO, the
BSrFO-10 exhibited a low activity for the MB photedegradation of only 14.4%.
Among all the BSrFO photocatalysts, the BSrFO-15 sample exhibited a higher

activity, and about 27.6% of MB was decomposed.

It can be noticed that the photocatalytic performances of ‘obtained BSrFO
photocatalyst were significantly influenced by the Sr doping concentration. With the
increase of the Sr doping concentration from 5% to 10%, the degradation,efficiency
of the BSrFO photocatalysts firstincreased and then decreased. When the Sk doping
concentration was 15%, the catalyst increased the degradation efficiency, which was
about 2 times than that of BSrFO-10.




1.0
0.9+
0.84
=}
Q
&)
0.7+
—a— BFO
0.6+ —e— BSrFO-05
—4— BSrFO-10
—¥— BSrFO-15
05~ r——T—1—T T T
0 30 60 90 120 150 180

Time (min)

Figure 27. Photocatalytic degradation of MB as a function of the irradiation time under visible
light for the BSrF0-05, BSrFO-10 and'BSrFO-15 samples.

From Figure 28, the calculated reaction, rate ‘constant (k) values were 2.0x103,
8.7x104 and 1.8x10°3 min"! for the BSrFO-05, BSrFO-10 and BSrFO-15 samples,
respectively. The reaction rate of the BSrFO samplés increased first and then
decreased with increasing the concentration of Sr ions,/showing a similar behavior
to the undoped BFO.

In this case the photocatalytic activity could be significantly influenced by the Sr?*
doping concentration. Even though the optical and morphological defects derived
from Sr+2 dopants would facilitate the separation of photogenerated e /h* pairs and
enhance the photocatalytic activity, the discrepancy might be attributed to'the excess
of the Sr?* dopant acting as a recombination center in BFO, thus the photeactivity
results to be inhibited [24].
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Figure 28. Kinetic curves for the photocatalytic degradation of MB under sunlight irradiation
using BSrFO-05, BSrFO-10 and BSrFQ-15 samples.

In summary, photocatalytic activity was feund to be influenced by the cation dopant,
resulting the highest with 10% Ca?* dopifng and the lowest with 10% Sr*? doping.
The enhancement of the photocatalytic activity could’be attributed to the oxygen
vacancies derived from the defects on the structure, as discussed on the XRD, XPS
and optical results. On the other hand, the observed inhibition of the photocatalytic
activity could be correlated to the morphological results; however, to confirm the
validity of such proposal, further characterization would be required, thus we suggest
continuing the investigation of this inhibition in the future.




5.2 4-chlorophenol photocatalytic degradation

To further analyze, the photocatalytic performances of BCaFO-05, BCaFO-10 and
BCaFO-15/were investigated towards the degradation of 4-chlorophenol (4CP)
under natural'sunlight irradiation. As well, the photocatalytic activity of undoped BFO
was investigated 1@ be compared for all the cases.

Figure 29 shows theg'4CP photocatalytic activity as a function of light irradiation time.
After 180 min of sunlight irradiation, 7.78%, 7.28% and 14.8% of 4CP degradation
were observed for BCaFQ-05, BCaFO-10 and BCaFO-15, respectively. The highest
degradation efficiency was.observed when the Ca doping concentration was 15%.
The enhanced photocatalytic-activity could be attributed to the improved structural
and optical properties with the stbstitution of Ca ions.

It can be noticed that the BCaFO-05 and BFCaFO-10 showed an inferior
photocatalytic activity, even<in’_cemparison with undoped BFO. This could be
explained by the inductive effect of-the substituent group at the para position of the
4CP. The chloride group gives stability.to the molecule so, the ring opening is more
difficult and the reaction rate is slow [183], Additionally, 4CP molecule displays pKa
values ranging from 9 to 10. Considering that the solutions prepared have a pH value
close to neutral, this molecule will presentno electrical.charges; therefore, will not
interact with the photocatalyst surface in a significant manner [184].
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Figure 29. Photocatalytic degradation’of 4CP as a function of the irradiation time under visible
light for the BCaFO-05, BCaFO-10 and BCaFO-15 samples.

The graphical plots of In(Co/C) versusthe.sunlight.exposure time of the degradation
rate are presented in Figure 30. The calCulated reaction rate constant (k) values
were 4.5x103, 4.2x10° and 8.9x10° min-1 for the#BCaFO-05, BCaFO-10 and
BCaFO-15 samples, respectively. Since the reaction rate constant for BCaFO-15
was found to be about 2 times than that of the other samples,\a positive effect on the
doping concentration of Ca?* ions in BFO nanoparticles for photocatalytic

performances could be suggested.
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Figure 30. Kinetic curves for the photocatalytic degradation of 4CP under sunlight irradiation
using BCaFQ-05, BCaF0O-10 and BCaF0-15 samples

Figure 31 shows the 4CP photocatalytic activity ‘as.a function of light irradiation time.
After 180 min of light irradiation, the photoCatalytic 4CP degradation of 5.4%, 15.7%
and 15.62% were observed for BSrFO-05, BSrFO-10-and BSrFO-15, respectively. It
can be observed that the highest degradation efficiency was showed by the BSrFO-
10 and BSrFO-15 samples.

In a similar manner to the BCaFO-05 sample, the BSrFO-05sample showed low
photocatalytic activity, which suggests that the molecule poorly“interacts with the
photocatalyst, as discussed before. On the other hand, the highest photocatalytic
activity of the BSrFO-10 and BSrFO-15 could be ascribed to their narrow band gap.
As it is known, when the band gap decreases compared to that of pure BEQ\lower
incident photon energy in the form of visible light produces the e/h* pairs, which
increases the production of hydroxyl radicals (*OH) at the surface of the catalyst
[185]. Thus, these radicals take part in the photocatalytic process for the

decomposition of the 4CP molecule.
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Figure 31. Photocatalytic degradation’of 4CP as a function of the irradiation time under visible
light for the BSrF0-05, BSrFO-10 and'BSrFO-15 samples.

The plots of In(Co/C) versus the sunlight, exposure time elaborating the graphical
evaluation of the rate of the degradation/process are presented in Figure 32. The
calculated reaction rate constant (k) values were 3:4x103, 9.5x10° and 9.4x103
min-1 for the BSrFO-05, BSrFO-10 and BSrFO-15 samplés, respectively. The results
clearly demonstrated the BSrFO-10 and BSrFO-15 samples, with the doping content
being equal to 10% and 15%, respectively, exhibited the highést photodegradation
efficiency, which was about 3 times higher than that of BSrFO-05.

From the results, the doping content suggests a key role in achieving.the higher
photocatalytic activity of the doped BFO samples; if the amount of dopani€xceeds
to critical value then it may behave as recombination centers for photo-generated

charge carriers, which can reduce the photocatalytic performance [27].
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Figure 32. Kinetic curves for the photocatalytic degradation of 4CP under sunlight irradiation
using BSrF0-05, BSrFO-10 and BSrFO+<15-samples!

According to the literature, there are seme reasons to increase the photocatalytic
degradation of organic pollutants, such as dyes or bénzenes, with alkaline ion doping
on the BFO structure. First, ﬁ

distortion with the existence of oxygen vacancies. The substitution with alkaline

the perovskite structdres are flexible and allow a

elements such as Ca?* or Sr?* ions at the trivalent Bi-site”in BFO, can easily affect
the amount of oxygen vacancies, as an effect of charge compensation, which can
lead the inhibition of the recombination of photo-induced e+h* _pairs during the
photocatalytic reaction process [186]. The latter can be observed from the
photocatalytic activity for the BCaFO-10 and BSrFO-10 samples correlated with the
combined structural, optical and XPS results. Since the morphological properties
could be another key factor for improving the photocatalytic activity under light
irradiation, to further analysis, additional characterizations such as surface area,

would be needed.




Conclusions

The Pechini-method demonstrated to be efficient for the synthesis of undoped and
doped-BFO catalyst, it allowed the formation of rhombohedral crystalline phase. The
successful substitution of Ca* and Sr?* ions by Bi** in the BFO structure and a
reduction of the crystallite size were confirmed. The XRD and Rietveld refinement
results also showed the presence of small traces of secondary phases, this is likely
due to the facile volatilization of bismuth during the synthesis process. Changes in
the grain size and in the hand gap value were induced by increasing the dopant
concentration. The incorporation of dopant ions in the doped-BFO increased the
amount of oxygen vacancies, which could improve the photocatalytic activity of the
catalysts on the degradation of MB and 4CP up to 37% and 16%, respectively. The
highest photocatalytic efficiency for4MB degradation was achieved by the BCaFO-
10 sample. In contrast, the highest photecatalytic efficiency for 4CP degradation was
given by the BSrFO-10 sample. Thereforesalkaline ion doped-BFO demonstrated to
be suitable for the degradation of<organic pollutants as MB and 4CP using visible
light.
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Annexes

About the characterization techniques




A 1/X-Ray Diffraction (XRD)

The XRD methods are based on the ability of crystals to diffract X-rays in a
charactetistic manner allowing a precise study of the structure of crystalline phases.
Recorded diffraction patterns contain additive contributions of several micro- and
macrostructural features of a sample. Based on the peak intensity, information about
crystal structure (atomic positions, temperature factor, or occupancy) as well as
texture and quantitative_ phase analyses can be obtained. The peak shape gives
information about sample, broadening contributions (microstrains and crystallite
size). In the field of materials.science and engineering, several applications were
developed to become state of the art techniques, qualitative and quantitative phase

analyses and investigations of crystallographic textures.

X-rays are high-energy electromagnetic waves with a wavelength between 103 and
10" nm. The generation of X-raysis generally achieved using sealed tubes or rotating
anodes. Sealed tubes and rotatinganodes,which are used in laboratory equipment,
both produce X-rays by the same’ principle~ Electrons generated by heating a
tungsten filament in a vacuum are accelerated'through a high potential field and then
directed to a target which then emits X4rays.

he incident electrons induce two effects leading to the'generation of X-rays: the first
is the deceleration of the electrons leading to the emission’of X-ray photons with a
broad continuous distribution of wavelength. The second js the ionization of the
impinged atoms by ejecting electrons from the inner shells. The difference between
the electron energies of the inner shell and of the incoming electron is emitted in the
form of photons, with a characteristic energy depending on the initial_.and final shell
position of the electrons and on the material. The characteristic radiation requires
minimum excitation potential of the electrons to be emitted, which depends on the

target material.

The radiation coming out of a sealed tube or a rotating anode is therefore a
superimposition of a continuous spectrum and of characteristic radiations. In
general, XRD methods only use the characteristic radiation with the highest intensity,




the Ka radiation, and remove most of the remaining radiation by using appropriate
filters of monochromators.

When X-ray-photons reach matter, several types of interactions can take place

ading to different absorption and scattering effects. An elastic scattering, also
called Rayleigh {scattering, occurs between the photons and the electrons
surrounding the atomic_nuclei. In this case, the energy of the scattered wave is
unchanged, and it retains its phase relationship to the incident wave. Consequently,
the X-ray photons impinging-on all atoms of an irradiated volume are scattered in all
directions. However, due to the periodic nature of a crystalline structure, constructive
or destructive scattered radiation will result, leading to characteristic diffraction

phenomena which can be studiedto investigate the crystal structure of materials.

The principle of the methods is based on the XRD by periodic atomic planes and the
angle or energy-resolved detéction” of the diffracted signal. The geometrical
interpretation of the XRD phenamenaon (constructive interferences) has been given

by W.L. Bragg. The determination'of Bragg's-awis given in Equation 16.

nA = desinﬁ 16

where nis the order of diffraction, A is the wavelength’of the incident beam in nm,

dh is the lattice spacing in nm and 6 is the angle of the“diffracted beam in degree.
In a polycrystalline, untextured material with fine grains, diffraction occurs for each
lattice plane and direction that satisfies the Bragg’s law in the”Case of constructive
interferences. This results in the occurrence of diffraction coneS\appearing in the
form of so-called Debye rings or diffraction rings if detected by a plane.detector. The
total intensity diffracted by a considered unit cell is described by the surnmation of
the intensity scattered from the individual atoms. The diffracted intensiti€s W) are
directly proportional to the square of the crystallographic structure factor Fhkjwhich
is a complex quantity.

According to the crystal symmetry, different extinctions of interferences will occur;
leading to different diffraction patterns. For example, in the case of body-centered




lattices, diffraction occurs if the condition h + k + | = 2n is satisfied, while in face-
centeredhlattices, the condition h + k, k + I, h + | = 2n must be satisfied. The total
diffracted-intensity for a lattice plan family (/i) depends on several factors. These
terms are combined to obtain an expression describing the total intensity at any 26
position. In general, diffraction data are represented as intensity distribution as a
function of the 28'angle.

After background subtraction, the maximum peak intensity /nax can be defined as

well as the integrated intensity /i, (area under the peak). The peak position can be
determined by several methods (center of gravity, fit of different mathematical
function, etc.). The peak width can be generally characterized either by the full width
at half maximum (FWHM) corresponding to the peak breadth at half of the maximum
intensity, or by the integral breadth’(IB), which corresponds to the width of a
rectangle of the same maximal and integrated intensity as the considered peak.

Different lattice planes are in diffracting conditions, and varying intensities of the
diffracted signal occur according“10 /the crystal’structure of the present phases.
Consequently, each phase produces a charactéristic diffraction pattern that allows
its identification. Moreover, when several.phases are present in a system, the
characteristic patterns of all phases are superimposed and the intensity of the
diffraction peaks of the phases are respectively proportional to their amounts.

% order to identify the present phases, a comparison of the present diffraction peaks
with known data from a database must be performed. The main.available database
is provided by the International Center for Diffraction Data (ICDD)‘and is based on
different scientific sources (http://www.icdd.com/). For each documented phase,

lattice structure, space group, lattice parameters, and the corresponding position,
intensity and indexation (Miller's indices) of diffraction peaks are available. The
databases are now available electronically and can be integrated in the software
packages of most of the providers of diffraction equipment.

After the measurement of the diffraction pattern, a data treatment can be required in
order to achieve reliable results. In general, the background must be subtracted from




the/measured pattern. Further pattern treatment, such as mathematical removal of
Kaz radiation or smoothing operations, might be indicated.

First, the ghemical elements which should be considered for the possible phases
have to be selected. For this the knowledge about the chemical composition of the
analyzed samplelis gequired and therefore at least a qualitative element analysis
should be available . All elements which are not present can then be discarded, while
available elements can be marked as “mandatory” or as “possibly present” for the
considered phases. The’'measured peak data are automatically compared with the
entries of the database that-Afulfill the criterion, which results in a list of possible
phases. For each phase, quality'marks giving information about the quality and the
reliability of the data are specified'and should be considered in order to evaluate the
results. For every proposed phasey“theoretical peak positions and the associated
theoretical intensity are shown superimposed to the measured pattern.

The final selection of the present phases can therefore only be performed by the
user on the base of the proposed results andof his knowledge about the investigated
sample and the measurement conditions. In anfideal case, all measured diffraction

peaks should be assigned to a phase [187}:




A.2/Rietveld Refinement

By thiS method the whole measured pattern is refined with a calculated pattern
considering’several structural, microstructural, and experimental parameters. The

refinement ig"performed by minimization of the function S given in Equation 17.
S =Y, ulyobs % ycalc|? 17

In this equation, y,obsthe measured and yicalc te calculated intensities at each 26
position iand u;, a weightifig factor taken from the experimental error margins, which
are assumed to be proportiopal to the square root of the count rate yobs following
Poisson counting statistics. The+calculation of yicalc at each position iis a function
of instrumental contribution, reflections of all present phases, backgrounds, etc.

All factors depending on each phase“of the analyzed sample which are taken into
account for the refinement arg-as follows: position of all atoms in the elementary
lattice; temperature factor; occupation factor; space group of the lattice; lattice
parameters; texture; crystallite size; microstrdins; and phase contents. Moreover,
several instrumental parameters are.also conSidered in order to separate the

contribution of instrument and sample.

All geometrical features of the instrument are described by functions that are
convoluted to each other. By correct calculation of the instrumental function,
ntribution of sample properties to the diffraction pattem,€an be analyzed. The
instrumental function can also be measured by using a standard without sample
broadening. In general, the standard SRM660a (LaBs) is used, as the large
crystallites of about 2 mm do not lead to a significant broadening of thé peaks.

At the end of a refinement, it is necessary to check whether the results arejreliable
and whether they meet certain standard criteria. The overall best criterion for the
refinement is difference plots between observed and calculated data. When large
discrepancies are present, the different parameters considering for the refinement
must be checked. The calculated criterion Residuals weighted profile (Rwp) gives a
reliable information about the fit quality. Thereby, the smallest Rwp value represents




the best.refinement. It is calculated as shown in Equation 18. The parameter Rexp
(Equation, 19) represents the minimum expected Rwp depending on the number of
experimental points (N) and the number of refined parameters (Q). The ratio of both
parameters gives the goodness of fit (GOF), which can also be used as a criterion
of the refinement-quality (Equation 20).

_ |Eiwi(yiobs—ygeaic)?
Rwp = \/ Ziui(yiobs)? 18
= ’L
Rexp = Ziui(yiobs)? 19
Rexp

With this method, complex multiphase materials can be analyzed in order to
determine the respective phase contents. Also, it can be used for the evaluation of
crystallographic texture, crystallite size, strains and microstrains. However, in order
to get reliable results, precise information aboutthe crystal structure of the present

phases, including the atom coordinates within the lattice, is required.

Rfith this powerful method, very complex.multiphaSe‘materials can be investigated
and quantitative analysis can be performed. However; the method must be used
carefully as many parameters can be refined without phySical meaning that would
lead to good refinements but erroneous results. Therefore] parameter constraints
and control are mandatory for such analyses.




A.3/Scanning Electron Microscopy (SEM)

Electron_microscopy technique is one of the available techniques that allows the
imaging ©f the surface of specimen. This technique utilizes the interaction between
the electrong’with the specimen for the generation of topological images. With higher
magnification than, the light microscope, the electron microscopy has allowed to
observe matter at finer detail, past the capabilities of the naked human eye.

Different electron detéctar picks up the corresponding electron for the generation of

the morphological images.” The electron source is one of the most important
components in SEM. Although conventional emitter is reliable and cheap, it falls
short in the image production=On.the other hand, by detecting the X-ray emitted by
the sample, the elemental compasition of the specimen can be calculated. This is
the working principle of energy dispersive X-ray spectroscopy (EDS). The electron
microscopies are essential for the identification of surface conditions, morphological
detection, elemental distribution"and compaosition, layer density, and others.

SEM is an electron microscope thatuses a focused beam of electrons that react with

e sample to produce a topological image and.relative composition. Upon contact
with the sample, the focused beam of ele¢tron will produce secondary electrons
(SEs), backscattered electrons, and characteristic X-ray,avhich is then detected with
respective detectors and finally displayed on the monitor. The main components in
a typical SEM include the electron source, column which €ontains electromagnetic
lenses, electron detector, sample chamber, and the computerdisplay.

SEM image formation is mainly correlated with the detection of sighals received from
the interactions between electron signals and the scanned samples. Generally, there
are two type of interactions that can occur, namely elastic and inelastic interactions.
In the inelastic interaction, low-energy SEs are emitted from the samples, after
bombarded by the primary beam electrons (transfer of energy to the atomyin the
sample). On the other hand, elastic interaction is due to the deflection of primary
electron upon contact with samples atomic nucleus or electrons of comparable

energy.




The'deflection of the scattered electrons is at an angle of more than 90 degrees are
called.back scattered electrons (BSE) and can be utilized for sample imaging. SE
mode is.thes most common type of signal used for SEM image processing. As the
incident electrens have relatively low energy, detection can only be achieved to a

w nanometers of the sample surface. Thus, SE is relatively accurate to produce
the topological contrast of the sample such as surface texture and roughness. It is
worth to note that anly the SEs that reach the detector will be producing the image,
and obstructed SEs ‘will produce dark contrast for the image. Additionally, low
voltage electron in the primary beam will most probably produce the SEs from the
utmost surface of the samplesthus accurately portraying the detailed topographic
information of the sample.

BSE mode of scanning mostly involvésithe detection of indecent electron with energy
higher than 50 eV. The elastic collision-of the electron with a higher than 90 degrees
directional change will resultinalmost-half'of the electrons bouncing back to the
direction of is origin and retaining“most of its initial energy. Higher atomic number
elements will deflect more electrons-due to high number of positive ions on its

cleus. BSE yield is defined as percentage of reflected electrons produced by the
sample. BSE electrons carry a significantinformation regarding the structures under
the surface of the samples.

For a flat sample, BSE mode would produce a relatively different topological image
than the SE mode. In the formation of the images via BSE, the electrons must travel
in a straight path from the specimen for it to be detected. ﬁwe image generation of
SE mode is dependent on the surface topography, meanwhile in BSE mode, the
atomic number of elements on the surface of the samples will contribute to the
contrast in the image, thus allowing distinction in the boundary between different

elements.

The electron source is usually either tungsten filament or solid-state crystal.(The
tungsten electron filament is the most common types of electron source mainly due

to its low price point, high reliability, and suitability for low magnification imaging and




X-ray microanalysis. It is shaped like an inverted “V” and heated resistively to
irradiaté electrons. The diameter of the filament is about 100 mm. The tungsten
electron source (the cathode) is usually accompanied with a Wehnelt cylinder and
an anode. High voltage source will be supplied to the tungsten and the Wehnelt

linder at a-range of 0.1e30 kV. Wehnelt cylinder will function to induce the
occurrence of the'ele¢tron beam, whereas the anode accelerates the electron beam
after leaving the thermionic source. Due to the thermionic emission of the heated
tungsten, the electronwill spread to a wide trajectory from the source. Nevertheless,
the Wehnelt cylinder willproduce a focusing force to the electron beam.

The current supplied determines‘the value of electron emission. At the most effective
emission point (saturation point),the filament will emit the highest amount of electron
with the lowest possible current. If higher current is applied to the filament, negligible
difference in amount of electron_emission is observed. The occurrence of a false
peak is different from one filaméntto anethier. The false peak is most probably due
to the filament geometries during/héating. If'the filament is set to work at the false
peak, longer lifetime is achieved but-atthe expanse of low electron beam stability. If

e filament is subjected to a higher current than-the.saturation point, the lifetime will
reduce significantly. The working life of the filament can also be influenced by the
working environment in the SEM.

The solid-state crystal usually consists of lanthanum hexaboride (LaBs) or cerium
hexaboride (CeBs). It has higher brightness output compared to the tungsten
flament and possesses longer life hours than the tungsten filament,due to its lower
work function. In other terms, the solid-state crystal can produce a higher rate of
emission than the tungsten filament with equivalent current supplied. The\solid-state

ystal is mounted on a support which is usually graphite or rhenium. The support
must not be reactive with the solid-state crystal and be able to heat up the solid:state
crystal until it can emit the electron beams. In addition to its low work functian, the
solid-state crystal has much lower effective emission area than the tungsten filament
and be able to produce high-resolution SEM images.
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Thersolid-state crystal electron source can be easily fitted into a conventional SEM
with atdngsten filament. Nevertheless, the hexaboride crystal needs a high vacuum

chamber0 avoid contamination at elevated temperature.

EDS is involved,in the detection of elemental composition of substance by using
SEM. EDS can detect elements that possess the atomic number of higher than boron
and these elements.ean be detected at concentration of least 0.1%. The application
of EDS includes material evaluation and identification, contamination identification,
spot detection analysis of regions up to 10 cm in diameter, quality control screening,
and others.

Upon collision with the electron-béam in typical SEM, the samples interact with the
beam and produce characteristic X-rays. Due to the principle that none of the
elements have the same X-ray emission spectrum, they can be differentiated and
measured for its concentrationn the sample. The X-ray is the result of the primary
beam of electron interaction with"the nucleus.of the sample atom. Primary electron
beam will excite the electron in the hucleus of am atom, ejecting it from the nucleus
and creating an electron hole. An electron from thelouter shell (higher energy) of the
atom will replace the missing ejected elegtron and releases the superfluous X-ray.
The emitted X-ray consists of X-ray continuum (generated by the deceleration of
electron) and characteristic X-ray (generated resulting ofshigher shell electron filling

the electron hole in the nucleus shell).

g-ray continuum is not paramount for the identification of elements in the sample
and need to be identified to differentiate them. The intensity of the X-ray continuum
is contributed by the factors such as probe current, accelerating voltage supplied,
and the atomic number of the sample. On the other hand, the characteristic X-ray
will be recorded by the energy dispersive spectrometer for the measurement.of the
elemental composition in the specimen [188].




A.4/UV-Vis Diffuse Reflectance Spectroscopy (DRS)

UV-Visible (UV-Vis) spectroscopy is a useful technique for the determination of the
absorption /properties of materials. Particularly, in the case of semiconductors,
measurements Jof diffuse reflectance allow to estimate the bandgap energy value.

is parameter is-critical in the field of photocatalysis since it determines the light
energy to be uséd“to activate the semiconducting solids. As far as catalysts are
concerned, the diffused reflectance technique provides information on the electronic
properties of a solid and-—in the presence of transition metals cations—on the
coordination and oxidation state of metal.

UV and Vis radiations are part of the electromagnetic spectrum. The study of the
interactions of the electromagneticradiation with the matter (spectroscopy) allows to
gain relevant knowledge on the materials of interest, such as the absorption,

transmission, and reflectivity properties.

Absorbance spectroscopy, or spectrophotometry, is the quantitative determination
of the amount of light absorbed or-transmitted-by a given material as a function of
wavelengths. This gives information about.the electronic transitions happening in the
studied material. In the case of isolated atorns only.€lectronic transitions can occur,
while, in the case of molecules, rotational and “vibrational motions are also
generated.

When light reaches matter an interaction occurs and, depending,on the structure of
the materials and on the wavelength of the light, different phenomena can be

observed: photon absorption, scattering, reflection, or refraction.

The various components in which the incident light is split after the interaction with
the sample are represented by Equation 21:

ly=Ay +T+R+S 21

where A is the absorbance (A« = 1 — 104), T is the transmitted light, R is the

reflected light, and S is the scattered light.
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Additionally, the fraction of the transmitted light can be calculated by the Beer-
Lambertlaw (Equation 22), which states that the ratio between the fraction of the
light measured after interaction with the sample (l) and the incident intensity (l0)
depends on_the path length of light through the sample () and on the material
properties (kX is'the attenuation coefficient, a typical constant of the medium crossed
by the light and 'depends on the wavelength A):

Lkl = 22

Io

The ratio I/lp is defined as.tfansmittance (T), whereas absorbance (A) can be

calculated from the opposite'of.the natural logarithm of T, the expression assumes

the following form (Equation 23);

A=kl =ecl =—In— 23
]

where ¢ is the molar absorptivity.coefficientof the material and c is the concentration

of the absorbing species. From the'Beer-Lambert law, it can be deduced that the

amount of light absorbed by a medium.is independent of the intensity of the incident
light.

F‘\ the case of semiconducting solids, UV-Vis spectroseopy allows to calculate the
optical band gap (Eg), namely the minimum energy that“must be supplied to an
electron to promote it from the top of the valence band to the bottom the conduction
band (CB) and the electronic processes occurring in the material after the interaction
with the light. The Eg value determination is the first key step when,dealing with
semiconductors to be used in all technologies involving the conversion®of solar to
chemical or electric energy.

When a monochromatic light impinges the surface of a powder, a part is absorbed,
a part is reflected, and a part is scattered, and after various reflections it caneturn
to the surface. The diffuse reflected light becomes weaker, with respect to“the
incoming one, if it is partially absorbed by the material. The total reflected light,
measured with respect to a non-absorbing material (BaSOa, KBr, KCI, MgO) is used,
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after some elaborations, to determine the Eg value. Moreover, the occurrence of d-d
transitions, exciton binding energies, phonon absorptions and emissions, excitations
to or from“coelor centers and/or defect bands can result in a difficult interpretation of

UV-Vis diffuse-reflectance spectra.

The electronic transitions that occur within a material as a result of energy supply (in
this case in the form-of light energy) are of two types: direct and indirect. Direct
transition is described, as interaction between two particles (an electron and a
photon) where only photons.excite electrons, whereas indirect transition is described
as a three-particle interaction{photon, electron, and phonon) requiring, at the same
time, vibrations and energy transition from the crystal lattice (phonons). A phonon is
defined as a unit of vibrational energy that rises from the oscillation of atoms within
a crystalline lattice. The lattice vibration, due to the atoms’ thermal energy, generates
mechanical waves. A packet of thesetwaves can move inside the crystal with a fixed
energy and momentum, the wavesean beireated as particles, named phonons. Just
as a photon is a quantum of electromagnetig’energy or light, a phonon is a quantum
of vibrational mechanical energy.

From the shape of the DRS it is possible to-distinguish the different transition types

by mathematical elaborations based on the_ Tauc Equaiion 14:
ahv = A(E; — hv)" 14

where a is the absorption coefficient, h is the Planck’s constant, v is the light
frequency, A is the absorption constant, Eg is the band-gap energy,'/and nis related

the type of electronic transitions. The exponent value is ¥ for a diregt'allowed and
3/2 for a direct forbidden transition, 2 for an indirect allowed, and 3 for, an indirect
forbidden transition. From the graph obtained by plotting (ahv)™" versus!hv it is
possible to calculate the bandgap energy by extrapolating the straight line to\(@hv) 1/n
=0 axis (Tauc plot).

The coefficient a can be acquired from the diffuse reflectance spectrum by the
Kubelka-Munk function, provided that this function is able to properly describe the

104




diffuse reflectance phenomena in a solid. When light of determinate energy is
absorbed, by a material, the measurement of the diffuse reflected light at different
wavelengths originates the so-called diffuse reflectance spectrum. By considering
an infinitely thick sample, the intensity of the diffuse reflectance spectrum can be
expressed by the'Kubelka-Munk Equation (Equation 24):

F(R,) = 5= =% 24

where the reflectance of an“infinitely” thick sample (R-) represents the ratio of the

intensity of light reflected from’a sample to the intensity of reflection from a standard
sample, a is the absorption_coefficient, and S is the scattering coefficient. By
introducing the coefficients a and"S; both the absorption and scattering phenomena
are taken into consideration in Eguation 24. If the absorption coefficient in not
dependent on wavelength, then F(R-)is proportional to the absorption coefficient a,
and this latter can be substituted-in*Equation 25:

[F(Rayhv]*™ = A(hv — E) 25

Ey plotting [F(R-)hv]*" versus hv it is passible to calculate the band-gap energy of a
material by drawing a tangent line to the peint of inflection of the curve: the hv value
at the point of intersection of the tangent line with the horizontal axis is the Eg value.
The unit for hv is eV (electron volts), and its relationship t6 the wavelength A (nm) is
hv =1239.7/A [189].
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A.6/X-Ray Photolectron Spectroscopy (XPS)

X-ray “photoglectron spectroscopy (XPS) is a surface analysis technique that is
based on energy spectrum measurements of photoelectrons emitted from a material
surface undet.tradiation with a monochromatic soft X-ray radiation. XPS is routinely

ed for a qualitative and/or quantitative analysis of surface elemental compositions
and a chemical of an electronic state analysis of each elementin the sample surface.
A significant feature.of the XPS analysis is that the technique is one of the ultimate
surface-sensitive methods-for analyzing the elements that are present within 1 — 10
nm of the sample surface.

First physical basics involved-in-the photoelectron emission can be described as
when a material surface is irradiated,with a photon with an energy of hv, where his
Planck’s constant and vis the frequengy of the radiation, the photon energy is totally
absorbed by an electron that is.bound in either core levels or valence levels of an
atom in a molecule or solid with"a.binding emergy of BE, leading to ionization and the
emission of the bound electron out\of the atom with an energy of hv — BE through

the photoelectric effect. Hence, the photoemitted-electron is called a photoelectron.

ﬂain components of the XPS system for the photoeléctron measurements include a
source of monochromatic X-ray radiation beam, a sample stage with a set of stage
manipulator and a sample introduction-transfer mechanism, an electron energy
analyzer with an electron collection lens and electron optics, an electron detector
system, and mu-metal magnetic field shielding, which are all equipped in an ultrahigh
vacuum (UHV) chamber with UHV pumps. In the commonly‘\employed X-ray
sources, monochromatic X- rays are usually produced by diffracting and.focusing a
nonmonochromatic Ka X-ray radiation emitted from an electron bombarded thin
metal anode (usually Mg or Al), which gives rise to MgKa radiation with a'photon
energy of 1253.6 eV and AlKa radiation with a photon energy of 1486:6.¢eV.
Photoelectrons, which are emitted from the sample surface through the photoeleetric
effect, are collected into the electron energy analyzer.
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The“kinetic energy of the photoelectron measured with the energy analyzer is
determined as follows. Here, it is noted that the Fermi levels at the sample surface
and the electron energy analyzer are kept at a common level because the sample
surface and the electron energy analyzer are electrically connected to each other
and thus both of the objects are in thermal equilibrium. Therefore, the kinetic energy
of the photoelectrons’ measured with the electron analyzer (Ey) can be determined

using Equation 26:
E, =hv—BE — ¢ 26

where Ej is the kinetic energy of the photoelectron as measured with the electron
energy analyzer, BE is the binding energy of the photoelectron emitted from one
orbital within the atom as normalized. to the common Fermi level, hv is the photon
energy of the X-ray radiation being used, and @ is the work function of the electron
energy analyzer as normalizedto the common Fermi level. The energy spectrum of
photoelectrons measured with an XPS system reflects the electronic structures of
the atoms because each element produces~a_characteristic set of XPS peaks at
characteristic binding energy values. Therefore /thé elements that are presentin the

sample surface can be directly identified by-the characteristic set of XPS peaks.

Depentﬁwce of binding energy for electrons in core levels (K, L, and M shells) is
shown as a function of the atomic number Z of elements. The binding energy
generally increases with increasing atomic number Z of elements, being roughly
proportional to the square of the atomic number. The characteristic combinations of
the binding energies, which are unique to each element, provide significant
advantage of XPS analysis for direct identification of elements, in which
discrimination of elements can be easily performed even for neighbor._elements in

the periodic table.

Furthermore, the exact binding energy of the photoelectron depends not only en.the
orbital level from which the photoelectron is emitted but also on the local chemical
state of the atom, which gives rise to small shifts in the XPS peak positions in the
spectrum, being so-called chemical shifts. The small changes in the binding energy
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occur due to Coulomb interactions between the photoemitted electron and the ion
core thatyis rearranged by the chemical bonding with the neighbor atoms and/or
molecules” in the solid. Therefore, information about the chemical states for the
specific elements of interest can be analyzed by observation of the chemical shifts.

In routine analysis'by XPS, two kinds of spectrum survey modes are usually taken

in scanning the kinetie.energy by properly setting the energy width and the resolution
for measurements; (1), wide-scan survey spectrum (wide energy width and low-
energy resolution; mainly employed for qualitative analysis of elements) and (2)
narrow-scan survey spectrum (narrow energy width and high-energy resolution;
mainly employed for quantitative’ analysis of elemental composition and for analysis
of chemical state identification) {190].

108




Structural, optical and photocatalytic properties of Bi1-
XAxFeO3 (A = Ca, Sr) synthesized by Pechini method

ORIGINALITY REPORT

20y

SIMILARITY INDEX

PRIMARY SOURCES

E. Sa.laya—Geronlmo, D. S Garai—ZaIeta, G.Jaco_me— 373 words — 4%
Acatitla, E. Huerta-Garcia et al. " Structural, optical

and photocatalytic properties of Sr doped and Ca doped

compounds prepared by Pechini method ", Journal of Chemical
Technology & Biotechnology, 2022

Crossref

i 0
M. Abd Mutalib, M.A. Rahman, M.H.D. Othman, AF. ;a0\ 4 )0
Ismail, J. Jaafar. "Scanning Electron Microscopy
(SEM) and Energy-Dispersive X-Ray (EDX) Spectroscopy",
Elsevier BV, 2017

Crossref

n _ H H . 0
J. Epp. "X-ray diffraction (XRD) techniques for 559 words — 3 /0

materials characterization", Elsevier BV, 2016

Crossref

" N M 0
Charact'erlfatlon Methods for Nanostructure 409 words — 2 /0
ofMaterials", Elsevier BV, 2018

Crossref

Sedgt Yurdakal, C‘orrao.lo Garlisi, Le\{ent (")z”can, 358 words — 2%
Marianna Bellardita, Giovanni Palmisano.
(Photo)catalyst Characterization Techniques", Elsevier BV, 2019

Crossref

i 0
ﬁgﬁf};'”fo 203 words — 1 /0



. 0
moscow.sci-hub.se 108 words — 1 /O

Internet

. . T 0
I_.eena V: Bora, Rajubhai K. Mewada.. V|S|ble/solar98 words — < ’I /0
light active photocatalysts for organic effluent

treatment: Fundamentals, mechanisms and parametric

review", Renewable and Sustainable Energy Reviews, 2017

Crossref

Sefiu Adekunle Bello, Funsho Olaltan'Kolawole, 60 words — < 'I %
Stephen Idowu Durowaye, Sunday Wilson

Balogun et al. "Recent developments in techniques and

technologies for analytical, spectroscopic, structural, and

morphological characterization of modern materials of

advanced applications", Elsevier BV, 2024

Crossref

Chaltanya sarangapanl, N.N. Mlsra, VI’adlmlr 59 words — < 1 /0
Milosavljevic, Paula Bourke, Finbarr O'Regan, P.J.

Cullen. "Pesticide degradation in water using atmospheric air

cold plasma", Journal of Water Process Engineering, 2016

Crossref

. : 0
spectrum.library.concordia.ca 52 words — < ’] /0

Internet

i 0
Hamidah Abdullah, Md. Maksuc'llur Rahman Khan, , o < 1 )0
Huei Ruey Ong, Zahira Yaakob. "Modified TiO 2
photocatalyst for CO 2 photocatalytic reduction: An overview",

Journal of CO2 Utilization, 2017

Crossref

Juladong Xiao, Yongbing Xie, Hongbin Cao. 47 words — < 1 )0
Organic pollutants removal in wastewater by
heterogeneous photocatalytic ozonation", Chemosphere, 2015

Crossref



Md I\/Iomrudglm, Baurzhan II.yassov, Xiao Zhao, 47 words — < 1 %
Eric Smith, Timur Serikov, Niyazbek Ibrayeyv,

Ramazan Asmatulu, Nurxat Nuraje. "Recent progress on

perovskite materials in photovoltaic and water splitting

applications", Materials Today Energy, 2018

Crossref

. . . 0
Eman Al?dul Rahm.an Asswey.. Perovskite 46 words — < 1 /0
synthesis, properties and their related
biochemical and industrial application”, Saudi Pharmaceutical
Journal, 2019

Crossref

o . . . Ty ()
Qilei Yaqg, Guilong Liu, Yuan Liu. "Perovskite 44 words — < 1 /0
Type Oxides as the Catalyst Precursors for
Preparing Supported Metallic Nanocatalysts: A Review",

Industrial & Engineering Chemistry Research, 2017

Crossref

Seojln.Kl, Ki-Joon Jeon, Young-Kwon Park, 42 words — < 1 %
Sangmin Jeong, Heon Lee, Sang-Chul Jung.

"Improving removal of 4-chlorophenol using a TiO 2

photocatalytic system with microwave and ultraviolet

radiation", Catalysis Today, 2017

Crossref

'I'-|ad|s Sepahvand, Shahram Sharifnia. 35 words — < 1 )0
Photocatalytic overall water splitting by Z-

scheme g-C3N4/BiFeO3 heterojunction”, International Journal

of Hydrogen Energy, 2019

Crossref

jjsrset.com 35 words — < 1 %

Internet



EXCLUDE QUOTES ON EXCLUDE SOURCES OFF
EXCLUDE BIBLIOGRAPHY ON EXCLUDE MATCHES <35 WORDS



