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Chapter - 1
Introduction

Generation of solar energy using wide spectrum responsive photocatalyst is a
foremost “green solution™ to assemble the fast increase in energy demands of an enhancing

global population. The most frequently used materials for photocatalytic water splitting are
the transition metal oxides with band-gaps (>3.0 eV) are too high to used as efficient
photocatalysts under visible light irradiation. In order to overcome this difficulty, a large
number of steps have been taken to reduce their band- gap to increase their visible response,
mainly through doping like nitrogen, sulfur. The other way is, through coupling with visible
light responsive molecular catalysts or dyes. The search for stable, efficient, low cost
photocatalysts for the slow four electron process of oxidation of water is regarded to be a
major barrier for the introduction of large-scale water spitting devices. Recombination of
electron-hole pairs is another limiting factor over efficiency.

However a vital solution is the use of a photoelectrochemical (PEC) cell, wherein an
external voltage can efficiently separate the photo-generated charge carriers. Perovskite
bismuth ferrite (BiFeOs i.e. BFO) has a direct band-gap of ~ 2.2 eV and is a potential
multifunctional material that also exhibits multiferroic nature and photocatalytic properties.
The BFO has been demonstrated to be a promising oxygen evolution photocatalyst having
high efficiencies under both UV- and visible light irradiation.

To build up clean and renewable energy from sunlightis projected to meet the critical
necessities for societal sustainable development.We are mainly focuses on reactions that
might be useful for maintaining our environment, which includes hydrogen production,
carbon dioxide reduction and to reduce the various destructive pollutants. The total amount
of solar energy impinging on the earth’s surface in year is about 3x10** J. By considering the
increasing demand of energy and to control global warming, it is important to search an
efficient conversion of solar energy into other useful forms is one of the most important
challenges for future research and technology development. To design a system for the
purpose of converting solar energy into chemical or electricity, two criterions must be use.
The first is absorption of solar illumination by some chemical substance,which leads to the
creation of electrons and holes. The second one is the effective separation of these electron-
hole pairs with little energetic loss before they recombine with other holes or electrons. The
efficient use of solar energy could improve many energy and environmental issues. One of
the efficient ways is to use hydrogen as an energy or energy carrier, since its utilization

process does not produce destructive pollutants or green house gases, particularly when the




fuel cell is used as a hydrogen energy converter. However, a wide use of hydrogen as a new

energy source is still facing lot of problems, namely the lack of naturally available diatomic
H: and the absence of efficient hydrogen storage technology. Formation of H; from water
splitting reaction by using solar encrgy as the primary cnergy source is promising way
because it may provide a solution for the environmental degradation. Photoelectrochemical
(PEC) water splitting technology is of meticulous concern, which converts light energy into
chemical and electrical energies. Overall power conversion efficiency in PEC cells is
restricted due to light absorption and fast carrier combination.

The use of water splitting for the production of hydrogen is largely used since, the
Fujishima et al, discovered that the n-type TiO; photo electrochemical (PEC) electrode can
split water to produce hydrogen by irradiation of sunlight. However much work has been
carried out on different types of semiconductors such as Zn0, Fe:03 and WOs3, as photo
catalysts to produce H, from water splitting. Among different types of photo catalysts
mentioned above, TiO» can be mostly investigated material for photo catalytic hydrogen
generation from water splitting due to its easy availability and good chemical stability. In
recent years, perovskite bismuth ferrite (BiFeOs, often denoted as BFO) has been considered
as a promising, well known multiferroic material which shows simultaneously magnetic and
electric ordering. Recently, bismuth ferrites have been attracted a great of interest for water
spliting and considered as a promising visible light driven photocatalyst for degradation of
destructive pollutants, due to its narrow band gap (~2.2 eV) which makes them to allow
visible light photo catalytic activity.

e Fundamental theory of photocatalytic water splitting

Many researchers have been extensively working on the fundamentals of
photocatalysis and its application in the production of hydrogen fuel, due to its crucial
necessity in solving global energy and environmental issues associated with fossil fuel.
Therefore, tremendous efforts have been devoted to develop stable and -efficient
semiconductor-based photocatalytic materials that can absorb visible light and split water at
the same time. To achieve an efficient water splitting reaction, there are many requirements
to be considered when choosing the appropriate semiconductor photocatalyst material. The
band gap of any semiconductor used for water splitting must be less than 3.0 eV (~420 nm)
and greater than 1.23 eV corresponding to water splitting potential. It is worth mentioning
that even semiconductors with optimized band gap can produce low efficient hydrogen due to
many factors such as: 1) quick electron-hole recombination on the surface of the

semiconductor or in the bulk which leads to low quantum efficiency of photocatalysis




2) quick back reaction of oxygen and hydrogen, and
3) semiconductor is unable to utilize the visible light region.

To overcome these barriers, loading noble metal on the semiconductor can solve the
electron-hole recombination problem. Likewise,adding sacrificial reagents such as alkaline
sodium presulphate, sodium sulfite, and many others into the reaction could improve
quantum efficiency and reduce charge recombination. Solar energy, the most abundant and
clean energy source which can provide massive power to meet the energy demand needed for
our future. Along with the lots of solar energy methods, solar-to-hydrogen conversion is
known to be a promising process where clean fuel is produced and transported with zero
emission. The research and development of solar hydrogen fuel is of great interest, therefore
many laboratories like National Renewable Energy Laboratory has been extensively working
on hydrogen production from renewable energy source.

The PEC water splitting processes take place with several steps as follows (Fig 1)
1. Absorption of solar radiation by the photoelectrode, followed by charge carrier generation
as a result of photoexcitation of electrons in the valence band of photoelectrode;
2. Separation and transport of charge carriers to the electrode surface by the internal or
external bias applied through the circuit;
3. Oxidation of water at the anode by the photoexcited holes. Simultaneously, transport of H"
ions from the anode to the cathode, and transpmtt of the photoexcited electrons to the cathode
through an external circuit, followed by the reduction of H" ions into hydrogen gas at the
cathode by the photoexcited electrons. As a result of the series of steps in the PEC water
splitting, the solar energy can be converted into the hydrogen gas as the chemical fuel. The
bottleneck for the realization of efficient and practical water splitting systems lies on the way
to (1) effective charge carrier generation and separation, and
(2) rapid water redox kinetics. The overall process is represented in Figure 1 with the PEC

water splitting system consists of the photoanode and the metal counterpart as the cathode.
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Fig 1: PEC water splitting system

Photoelectrochemical (PEC) water splitting using semiconductor—based photocatalyst
is considered one of the many routes used for hydrogen fuel production. In particular, PEC
water splitting is a process in which solar energy is converted into chemical energy using
solar light (i.e sunlight) and water only to produce clean H: fuel and briefly described as
follows. When a semiconductor photocatalyst is irradiated by sun light, it absorbs the photons
with energy greater than the band gap (Ey).

Next, the electrons are excited to the conduction band leaving the holes in the valence
band. These photo generated charge carriers separate and migrate to the surface of the
photocatalyst and used as reducing and oxidizing agents to produce Hz and O respectively.
In order to maintain an efficient water splitting process, the bandgap of the semiconductors
should be larger than the water electrolysis potential of 1.23 eV and less than 3.0 eV to
harvest visible light and possess proper band structure. Moreover, the conduction band must
be lower than (0 V vs. RHE), and the valence band must be higher than (1.23 eV vs. RHE).
For the semiconductor to act as photocatalyst for water splitting, it must follow certain
requirements. First, the semiconductor must have a sufficiently narrow bandgap to harness

visible light of the solar spectrum. Second,the ability to reduce charge recombination during

the reaction. Third, maintaining high efficiency of charge separation.




Based on the above conditions, semiconductor-based materials act as promising
photocatalysis used to overcome the three barriers including charge recombination, poor
charge separation, and large band gap. Therefore, BiFeOs; was chosen as semiconductor-
based photocatalytic material to gain more understanding of the photocatalytic activity of
perovskite metal oxides materials and their applications in photoelectrochemical water
splitting. As it is known for its narrow bandgap (~2.0 eV) comparingto other transition metal
oxide semiconductors, also its ability to absorb light in the visible light region of the solar
spectrum. Therefore, this study was carried out to develop and synthesize perovskite BiFeO3
thin film photocatalyst for solar hydrogen generation. Also to provide more understanding of
BiFeO; matenial, its optical characteristics 4and the photocatalytic activity in PEC water
spliting. We were able to fabricate BFO thin film/ nanoparticles using sol-gel method and
test the photoelectrochemical performance of this material.

Of all energy sources provided in the industries, solar energy has been proven to be
the most reliable and clean energy source. The ultimate goal of our research is to find a stable
semiconductor material with optimum band gap used as photocatalyst to generate hydrogen
fuel via photoelectrochemical water splitting. In the present study, the synthesis of BiFeO;
and its photoelectrochemical water splitting properties will be investigated. This work will
gain fundamental understanding of suitability of perovskite BFO and their composite for
water splitting. The knowledge obtained will promote the application of BiFeOsbased thin

films/ nanoparticles in solar-to-hydrogen conversion.
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CHAPTER-II
REVIEW OF LITERATURE

Photoelectrochemical water splitting is an efficient way to generate valuable
hydrogen by using solar light and water. Using solar energy to generate clean and efficient
hydrogen through photoelectrochemical (PEC) water splitting will make a momentous
contribution towards mankind’s goal of reducing GHG emissions worldwide [1-3]. In 1972
Fujishima and Honda verified PEC water splitting by TiO,, which has attracted worldwide
interest since it provides an ecofriendly approach to convert solar energy into fuels (4]. Since
then remarkable efforts have been taken on developing high performance semiconductors for
PEC water splitting. Although many semiconductor materials have been investigate during
the past several decades, there isstill no material to fulfill all the requirements in terms of
efficiencyand stability. Therefore, the looking at suitable materials withstrong visible light
absorption, good electrical conductivity, longminority charge carrier diffusion lengths and
high stability to acceleratethe generation of solar H, and O2 by splitting water stillremains
open.

The strategies for increasing the hydrogen evolution can be categorized into two
streams (a) increasing active sites and (b) improving electrical conductivity. To proceed the
overall water splitting in a more direct and smooth manner the exposure and accessibility of
active sites, vectorial electron transport capability, and release of gaseous products should be
enhanced [4-1]. Increasing the active site can be obtained by plasma treatments and by
reducing the layer thickness. This helps in revealing more active sites by edge exposure and
by creating more defecting sites. Development in electrical conductivity or charge
transportation kinetics can be attained through straining the basal plane and by doping.
Another trending strategy for improving the rate of hydrogen energy is multisite catalysis.
Hydrogen evolution reaction (HER) is a multistage reaction process in which the first step is
so much longer and this affectsthe evolution rate of hydrogen. This limitation can be
overcome with the help of multisite catalysis. In this process, the density of reduction or
oxidizing species accumulated on the reactive site for determines the rate laws for the
photoelectrochemical reaction.

2.1) Role of nanomaterials in PEC water splitting

Nanoscale sizes are comparable to carrier scattering lengths, considerably reducing

the scattering rate and rising carrier collection efficiency. Nanomaterials have strong

absorption coefficients due to an increase of oscillator strength, thus enabling high
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conversion efficiency. The band gap of nanomaterials (QD) can be adjusted to absorb in a

particular wavelength by varying size and, in principle, cover the whole solar spectrum. By

adding external impurity, the electronic band structure can be controlled, Bottom-up

approach of synthesis, uses smaller components to produce larger and more complex

structures which are able to allow scalable synthesis of single crystal nanostructures on

flexible substrates under mild conditions, leading to light weight and low cost,

Nanoparticles are the building block for photocatalyst since their mass and charge
transfer is vapid and they exhibit increased light absorption and reduced light scattering. The
nanoparticles can be coated on the electrode or can be dispersed in reaction medium (water)
which shows enhanced photocatalytic activities. The enhancement in water splitting
efficiency was observed at the semiconductor/electrolyte interface, where the metal
nanoparticles were localized. This is due to the minority charge transport to the electrolyte
from the electrode [5]. In an investigation, CdS nanoparticles was prepared with uniform size
ranges and experimentally proven its improved photocatalytic activities as compared to bulk
CdS [6].

2.2. Photoelectrode materials
2.2.1 Material requirements

The most important aspect for PEC water splitting, as mentioned in the introduction,
is the choice of a suitable photoanode and/or photocathode material. An ideal water splitting
photoanode and/or photocathode requires semiconductor materials that possess the following
characteristics: (i) Suitable band-gap energy and band positions. Natural sunlight consists of
5% UV (300400 nm), 43% visible (400— 700 nm), and 52% infrared radiation (700-2500
nm). Therefore, appreciable light absorption in the visible region is required to increase
efficiency, and this in turn depends on the band-gap of the semiconductor. As the proton
reduction potential is located at 0 V vs. NHE and the O2/H20 potential at 1.23 V vs. NHE
(pH = 0), the theoretical minimum band-gap for water splitting requires incident photons with
a minimum energy of 1.23 eV, which corresponds to a wavelength of light of B1100 nm.
However, when considering the thermodynamic energy losses (0.3-0.4 eV) occurring during
charge carrier transportation and the overpotential requirement for acceptable surface reaction
kinetics (0.4-0.6 e¢V), a minimum band-gap of B1.8 eV is required, corresponding to light
absorption at ca. 700 nm,

The upper limit on the band-gap energy is 3.2 eV, because of the rapid drop in
sunlight intensity below 390 nm according to the solar spectrum. Therefore, for a single

semiconductor photoelectrode, a band-gap energy between 1.9 eV and 3.2 eV is desirable to
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obtain sizable photovoltages. Theoretically, a band-gap of ca. 2.0 eV is preferred for optimal
sunlight utilization, in addition to the thermodynamic band position requirements.13
However, in practice, it has hardly been achieved because the expected photovoltage can
seldom be met. Without high photovoltages (41.61 V), even the highest current density will
not solve the problem of unbiased water splitting and thus external bias or tandem devices are
needed to provide the extra voltage to split water.

For other materials, such as metal sulfides, the PDIs can be different and therefore the

pH dependence is more complicated]4 (a diagram showing this can be found in the overall,
the band positions of most semiconductors, in particular oxides, show the same pH
dependence as represented by the Nernst equation, whereas the band positions are fixed with
respect to the water redox potentials. Hence, the relative difference between the band
positions of an oxide photocatalyst and the water redox potential is pH independent.
(1) Efficient charge carrier separation and transportation in the semiconductor. Fast charge
recombination is a major factor contributing to low STH efficiencies, and thus a strategy to
promote efficient charge carrier separation and transport is required, which depends both on
the intrinsic properties (hole and electron mobility) and on the extrinsic properties
(crystallinity, nanostructure) of the material. (111) Strong catalytic activity and stability.
Suitably rapid surface reaction kinetics can avoid surface charge accumulation, which would
otherwise lead to electron—hole recombination.

Photocorrosion is a major problem for many candidate water splitting
semiconductors, in particular metal sulfides, and occurs when the photogenerated
holes/electrons do not oxidise/reduce water but instead decompose the photocatalyst itself.
These photocorrosion reactions depend upon the relative positions of the semiconductor band
edges and the respective decomposition potentials. Anodic photocorrosion can occur if the
anodic decomposition potential (Epd) is above the valence band potential of the
semiconductor. Conversely, cathodic photocorrosion can occur if the cathodic decomposition
potential (End) is below the conduction band of the semiconductor. Metal oxides, such as
BiVO4 and ZnO, or metal sulphides, such as MoS; and CdS, can easily undergo anodic
photocorrosion depending on the pH of the electrolyte, since the actual values of the
decomposition potentials depend upon the pH value. However, common photoanode
materials such as TiOz and Fe;03, even though their anodic deposition potential is above the
valance band potential, are thermodynamically stable because of their very slow

decomposition reaction kinetics. In addition, the photoelectrode materials should be lowcost
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and composed of earth-abundant elements for practical applications. This is crucial toward
justifying the argument for an economical scale-up of solar-to-fuel devices.
2.2.2) Titanium dioxide (TiO2)

Ti0; is the most extensively used material for water splitting and hydrogen generation
studies. Bulk TiO is having bandgap of 3.03 ¢V-3.18 eV which leads to poor efficiency in
the solar light absorption although its stability and low cost makes them potentially
applicable in water splitting. TiO» nanotube is the better alternative among TiO,
nanomaterials. In bulk TiO; more rapidly electron-hole recombination occurs and this leads
to low quantum efficiency. In order to diminish this phenomenon, materials with small band
gaps were decorated along with TiOa.

An substitute for decorating TiO; with a material, black TiO» nanoparticles were
developed, which shows more efficient photocatalytic activities [6]. The size and shape of
nanoscale TiO; can have a major impact on the conversion efficiency.Recently,for improving
the efficiency of light absorption and hydrogen generation rate nanostructured TiO> has major
role. On comparing TiO; nanorod and nanowire, nanowire are efficient than nanorods [7,8].
It was observed that, there is an increased cell performance with increase in annealing
temperature. This is due to development of crystalline structure which enhances the charge
transport.

2.2.3) Zinc Oxide (Zn0O)

ZnO nanomaterials have been extensively used in water splitting [8]. It possess an
energy bandgap ~3.3 eV and optoelectronic properties similar to those of TiO». The
photocatalytic efficiency of ZnO is low due to its weak visible light absorption and low
photocatalytic quantum efficiency. Besides this, ZnO having the band gap energy of 3.37 eV

and having high exciton binding energy of 60 meV at room temperature. They are having
enormously high electron mobility, chemically stable and highly transparent. Hydrogen
production is depending on the several factors like the morphology, electrolyte interactions
and defect density. To optimize the generation, nanostructure should modify their
fundamental properties through the deposition techniques and annealing.
2.3) Bismuth based semiconductors for PEC water splitting

Metal oxide-based semiconductors are broadly used to constructphotoelectrode for
PEC researches. However, the most stable oxidessuch as TiO2[S5,6], ZnO[7,8], and SnO2[9]
are widebandgapsemiconductors with only ultra-violet (UV) light(<420 nm) absorption. At
the utmost only 4% of solar energy canbe used for PEC water splitting [10]. In order to make

use of plentiful visiblelight spectrum, small bandgap materials, such as WOs[11,12]and
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Fe203[13-15] have been studied, but the quick recombinationof photo-generated charge
carriers in WOs, low electrical conductivityand short hole diffusion lengths of Fe;O3; have
restricted theirPEC performance to a great extent.

To address the associated shortcomings,numerous alteration stratcgics have been
recognized.Nevertheless, it is still challenging to attain a remarkable efficiencywith the
above-mentioned materials. Recently bismuth (Bi)-basedsemiconductors have aroused broad
interest because of theirbrilliant electronic structure. The valence band of Bi-basedmaterials
15 composed of hybrid O 2p orbitals and Bi 6s orbitals. The Bi 6s orbitals result in a narrow
bandgap and accelerate themobility of photo-generated charges of Bi-based semiconductors
[16]. The most widely studied Bi-based semiconductors includeoxyhalides, BiOX (X = Cl, Br
and I); oxides of the aurivillius phasesuch as Bi;WOsg and BiaMo0Qs, and other mixed metal
oxidesincluding BiVOs, BiFeOs, Bi;03, and CuBi,Os. Among all of these, most of these

materialsare visible light responsive with bandgaps less than 3.0 eV(Fig. 1).
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Fig 1: Band edge positions of Bi-based semiconductor photoelectrodes.

Further the visible light absorption capacity of photoelectrodes can be improved by
using different modification methods [17]. The inherent optoelectronic properties of different
Bi-based semiconductors,such as the band edge position, crystal structure, etc.,will have
some determinable power on the performance ofwater splitting. For example, the negative
conductive band edgeof CuBi204 semiconductor will result in the positive onset
potentialduring PEC water splitting. The absorption edge listed in Table lreveals the

approximate visible light absorption capacity of Bi-basedphotoelectrodes.
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Bi-based photoelectrodes Absorption edge (nm) Ref.
CuBi,04 =700 [24)

BiFeO, -600 R8s
BixFesO -600 [26]
BiVO, -520 [27]
BiWOq -450 (28]
Bi:MoOg -450 [29]
BiOl -615 [30]
BiOCI -350 [31]
BiOBr -475 [32]

Table 1:Absorption edge of different Bi-based photoelectrodes.

Inherently advantaged Bi-based materials can lead to importantdevelopment in solar
water splitting when combined withvarious modification strategies. Over the past years,
researchershave developed and combined state-of-the-art strategies toimprove the efficiency
of Bi-based photoelectrodes for solar watersplitting. Recently, some review papers have
discussed aboutBiVO4 as a promising photoanode material [18-23]. There stilllacks a
comprehensive review in regard of other Bi-based photoelectrodesincluding CuBi»Os,
BiFeOs, Bi2FesOy, Bi2-WOs, Biz- MoOsand BiOX (X = I, CI, Br). Herein, the progression
associated withBi-based photoelectrodes (CuBi204, BiFeOs, Bix-FesOo, BiVOs, Bi-WOQg,
Bi>-MoOsand BiOX) regarding variation approachesemployed, their functionality, current
challenges and the futureresearch scope for PEC water splitting is reviewed briefly.

2.3.1) Copper bismuth oxide (CuBi204)

Copper bismuth oxide (CuBi204) is an intrinsic p-type semiconductor, which is likely
to absorb major portion of visiblelight from the solar spectrum due to its suitable
bandgap,ranging from 1.6 eV to 1.8 eV. Under the standard illumination ofAM 1.5G
illumination, the theoretical photocurrent density of this material can be over 19.7 mA ¢cm™
[39-42]. In addition to this, the conductionband (CB) of CuBi2O4 is located at a more
negative potentialthan the reduction potential of H'/Hz, allowing sufficientdriving force for
solar Ha production [33-36]. Berglund et al. have made-up CuBi:O4 photocathode with
forwardgradient diffusion assisted spray pyrolysis method. In thepresence of hydrogen
peroxide (H202), it achieved photocurrentdensities of 2.0 mA cm? and 2.5 mA cm?at 0.6 V

vs. RHE [34,37]. Without any electron forager, a photocurrent densityof 0.6 mA cm2at 0.6 V
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Vs RHE was achieved by doping CuBi2Oaphotocathode with Ag dopant and loading Pt as co-
catalyst [38)].

Notable progress has been reported on the performance of CuBi204 photocathode in
recent years. For instance, Yang et al. [39] showed that modifying CuBi;04 by semi-sealed
post annealingtreatment can attain a photocurrent density of 0.7 mA cm™at0.25 V vs. RHE.
Li et al. [40] made-up of CuBi,O4 photoelectrode as an group like nanotexture, which shows
a photocurrent densityas high as 1.55 mA cm™2at 0.5 V vs. RHE and an onset potentialup to
1.0 V vs. RHE in alkaline solution (1M NaOH). With an speciallypositive photocurrent onset
above 1.0 V vs. RHE, CuBi,Osphotoelectrode has the potential to drive unaided water
splitingby combining with a suitable n-type photoanode [41]. Nevertheless, the photocurrent
densities reported to date is a long way from thetheoretical value [39,40]. One of the possible
reasonsfor poor PEC performance is the ineffective charge separationand transfer [40].

To address the above issue, CuBi,Oswas used to form a typell heterojunction with
CuO as shown in Fig. 2a and b. The formationof heterojunction provided supplementary
dniving force to acceleratethe charge separation and transfer. Therefore, a record
photocurrentdensity of 1.87 mA cm? at 0.6 V vs. SHE was obtained in0.1 M NaOH. Due to
the striking onset potential of 1.12 V vs.SHE, the heterostructured CuBi1204/CuO
photocathode has been arranged in parallel with CoPi/BiVO4 photoanode to realize

anunbiased water splitting system (Fig. 2 c and d) [30].

(a) B8iOl formation Cu precursor loading on BiOl surface

CuBi,0,./Cu0 heterostructure farmation

Cu precursor ' = £ e
deposition

_ v o : Calcinutiﬁn

(b)

03 06 09 12 15
Parallel configuration E/V vs SHE

Fig 2: (a) Schematic procedures of CuBi204/CuO electrode fabrication. (b) HRTEM image
of the CuBi>04/CuO photoelectrode. (c) Schematic illustration of the parallelilluminated dual

photoelectrode system. (d) j-E response of the anodized CuBi204/CuO photocathode (blue
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solid line), BiVO, (red dashed line) and Co-Pi/BiVOyq (blue dashed line) photoanodes.
Reproduced from Ref [30] with permission from the Royal Society of Chemistry.
2.4) Bismuth ferrite
Bismuth ferrite shows ferromagnetism, ferroelectricity and ferroelasticity which make
them good materials for applicationsin modern electronic devices and information storage
(42,43].The most observed practical phases for bismuth ferrites are BiFeO;, BizFes-0o,
BizsFeOs9, BisFe:072 and BixFe;039. The PEC water splittinghas been observed only in

BiFeOs and BiFe4Oy phases and the detailsrelated to these materials are discussed in the
following section.

2.4.1. BiFeO3

BiFeOs is a usual perovskite material, which exhibits ferroelectricand magnetic
polarization properties [44,45]. It has rhombohedral crystal structure with space group R3c,
where the cube-octahedral andoctahedral positions are occupied by larger Bi;* ions and

mediumsized Fes" ions, respectively (Fig.3).

.. /Em]

Fig 3: Crystal structure of BiFeO;

BiFeO; is a direct bandgap semiconductor, which can absorbvisible light up to 750
nm [46]. However, it is very difficult and challenging toform thin film of pure phase BiFeOs
as impurity phases of Fe;03,Bi203, BixFesOsare commonly present[47]. For example,
parasiticiron oxides phases (a-type Fe2O3 or y-type Fe203) have beendetected while BiFeO;
thin film was grown via pulsed lased deposition(PLD) method [48]. Moniz et al. [49] used
ligand-matchedsolid organometallic precursors [Fe(OtBu)s], and [Bi(OtBu)s] togrow phase
pure and high-quality BiFeOs thin films by low-pressureCVD (LPCVD) method. To assess
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the performance of as synthesized BiFeOs photoanodes, PEC measurements for water
oxidation werecarried out,

The resultant high photocatalytic activity(0.35 mA cm? at 1.23 V vs, RHE) was

reasoned to the internalpolarization of BiFeOs, which improved the charge separation

efficiency.Furthermore, nickel borate (Ni-B) oxygen evolution catalyst(OEC) were loaded

via photo-assisted electrodeposition. Itcan increase the oxygen production by decreasing the
over potentialfor water oxidation on BiFeOs photoelectrode. The formation of oxygen
vacancies has been working tomodify BiFcO; photoclectrode [31]. Formation of oxygen
vacancyis a well-known defect engineering strategy for changing the opticalproperties and
clectronic band structures of metal oxide semiconductors.Oxygen vacancies were induced n
BiFeOsphotoelectrode by sintering the BiFeO3 nanoparticles in hydrogenatmosphere. The
hydrogen treatment improved the light absorption ability in visible region and the separation
of photo-generatedelectron-hole pairs in oxygen deficient BiFeOs photoelectrode.

The optimized BiFeO; photoelectrode showed over three timeshigher photocurrent
densities compared to the bare BiFeOsphotoelectrode. The charge carrier density of BiFeOs
photoelectrodcsigniﬁcantly increased after hydrogen treatment, leadingto improved
conductivity and reduced the electron-hole pairrecombination rate. The recombination of
electrons and holescan also be concealed by tuning the electronic structure ofBiFeOs by
combining it with other perovskite oxides such asSrTiO3[50,51]. When SrTiOs is included
with BiFeO3, the minimum energy state of CB is raised and an exponential tail of trap states
fromhybridized Ti 3d and Fe 3d orbitals appears near the CB.

BiFeOs3 photoelectrode is likely to offer special advantagesover conventional
semiconductor materials because of itsferroelectric and ferromagnetic properties. Lei et al.
[52] employedpoling bias to develop its polarization property and realized bothoxidation and
reduction reaction using only BiFeOs as both a photoanodeand a photocathode depending on
the alignment of the field. Furthermore, BiFeOs plays bi-functional role when coupledwith an
efficient BiVO4[53]. This material worked as passivationcoating and increased the stability of
BiVO4/BiFeOs significantly.Furthermore, the photocurrent density increased by 4.4 times
compared to bare BiVO4 because of proficient charge separationby BiFeOs passivation layer.
Efficient charge separation was initiated by applying positive poling to enhance self-
polarization. The self-polarization enhanced the depletion layer width by upwardband
banding and ensured efficient charge separation. On the contrary,PEC performance decreased

after applying negative polingbecause of the narrowed depletion layer. The polarization
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fordownward and upward band bending provides opportunities touse this single material to
realize unassisted water splitting [54].
2.4.2) BizFe4Oy

As compared to BiFeOs, BisFesOo has received relatively modestattention in PEC
water splitting although it has excellent chemicalstability, nontoxicity as well as magnetic
and dielectric properties.BisFesOs has shown competence in photocatalytic degradation of
organic pollutants in presence of visible light irradiation due to its narrowbandgap ranging
from 1.9¢Vito2.1eV [55,56]. Research workon the essential properties of BizFe4O9 for solar
water splitting isgreatly slowed down by the difficulty in the controllable synthesis ofpure
phase Biz2FesOy film [57]. Involvement of high temperature treatment, utilizationof volatile
organic solvents and harsh reaction conditions may cause co-existence of BiFeO; and
BiasFeOso phases [58]. Briscoeet al. [57] prepare phase pure BirFesOy to understand its
characteristicsand evaluated its potential as photoanode for PEC watersplitting.

However, the as-prepared photoanode shows very poor visible light harvesting ability
and negligible photocurrentdensity of 0.05 mA c¢cm™ at 1.23 V vs. RHE. The injection hole
barrier at the surface of BisFes4Oy electrode initiated the electron hole recombination and led
to low photocurrent density. Compared to the first report, the photocurrent density of
Bi,FesOgphotoanodes significantly improved to 0.61 mA cm™at 1.23 V vs. RHE under
visible light irradiation when bulk and surface modification methods were applied [32].
Oxygen vacancies were produced by nitrogen treatment (BFO-N) to modify the electrical
conductivity and carrier concentration of BizFesO9. The enhanced carrier concentration
benefitted the charge separation. The charge injection obstruction was reduced by removing
the surface trap states via acid treatment (HCI-BFO-N), whereas CoPi co-catalysts were
loaded to promote the surface reaction kinetics. As a newly added photoanode material,
Bi,FesOodeserves the attention to be modified using innovative modification strategies
including nanostructuring, doping, defect engineering, constructing heterojunction and
optimization in co-catalyst loading to reveal its full potential for PEC water splitting.
2.4.3) Bismuth Vanadate (BiVO4)

There are many excellent review papers focusing onBiVOa, here we do not mean to

discuss in details the research initiatives. In its place, we have summarized the most effective

modificationstrategies, their functionality and the resultant photocurrents. The ability to

produce visible light (bandgap 2.4 eV), appropriatevalence band edge (2.6 ¢V vs. RHE) and

stability in a wide range ofaqueous media (pH 3-11) make this material attractive as a

photoanode [59, 60]. Modification strategics involved such as creating nanostructure
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(nanocone) [61], nanoporous [62], nanosheets [63]), doping (Mo [64],W [65]) and producing
heterojunction [66] have been confirmed to efficiently increase the performance of BiVOa.
The photocurrent density has exceeded 90%(6.72 mA cm?) of the theoretical maximum (7.5
mA cm™ basedon the bandgap of 2.4 ¢V bandgap) by forming a core - shellheterojunction of
B1VO4/WOj3 nanorods (NRs) and further applyingCoPi co-catalysts[67].

Coated BiVOy photoelectrodewith amorphous TiOz also resulted in high photocurrent
densitythrough improved solar utilization and charge separation andtransport [68]. Another
important strategy to enhance charge separationand transfer efficiencies is to grow
preferential facet orientedBiVO4 photoelectrode [33,68]. For example, Zheng et al.achieved
16 times higher photocurrent density using a preferentially[0 0 1] oriented BiVOaas
compared to arandomly oriented BiVO4[69]. Lately, creating oxygen vacanciesas intrinsic
defects in BiVO4 has gained popularity because oxygenvacancies can increase the charge
carrier density and supportcharge separation in the bulk. For next-generationBiVOa based
photoanodes is expected to design by using combination of multiple strategies where
molybdenum (Mo) doped BiVOswas combined with boron (B) doped C3Nasto form
heterojunctionfor efficient charge separation. The doped Mo can reducethe interfacial energy
loss whereas the B doping in C3N4 could manage the work function and finally the NiFeOx
OEC layer depositedNiFeOx/B-C3N/Mo-BiVO4 photoanode exhibited highest PECwater
splitting performance with a moderately low bias voltage [70].

2.4.4) Bismuth tungstate (BizWOs)

Bismuth tungstate (Bi2WOe) is essentially rich with many different physical and
chemical properties including dielectric susceptibility, ferroelectric piezoelectricity and
catalytic activity [71,72].The bandgap of this material lies in the range of 2.7-2.8 eV and
hasbeen broadly used in photocatalytic degradation of different dyes[34]. Recently, Bi2WOs

has been considered as a potential candidate forCO; reduction [73,74] and PEC water

splitting [34,75]. Similarto BiFeOs, this material is particularly interesting for PEC water
splitting since it can be used as photoanode and photocathode for OER andHER, respectively
by switching the charge transfer direction dueto its ferroelectric polarization characteristic.

In Fig.3, it shows the mechanism to activate the bi-functionalBizWOs photoelectrode
for PEC water splitting induced by chargeddomain walls and in-plane polarization [76]. Upon

light illumination on heterostructured SrRuO3/Bi2WOs photo electrode, the photo-generated

charge carriers separate at different in-plaindomains because of internal polarization and

gather in the chargedomain wall via polarization screening. The presence of negativecharges
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, ing the charge carrierdynamics in BixWOg[77]. The electron
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preferred growth arising from a CB limited to planes in material Reproduced from Ref. [78]
with permission from the American ChemicalSociety.

2.4.5. Bismuth molybdate (BizMo0Os)

BizMoOg belongs to aurivillius oxide family and having a layeredstructure where
MoOs octahedra are sandwiched between[Bi0;]2' layers. The reported bandgap of
BizMoOgis ~ 2.7 ¢V, which falls nearly in the visible region. Ithas shown attractive
photocatalytic activity for degradation oforganic pollutants and dyes [35]. Kudo et al. [80]
firstdemonstrated its capability as O, evolving photocatalyst anddiscovered that the corer-
sharing unit of MoOg octahedra provideda channel for photo-generated charge carriers to
travel easily andcontribute to photocatalytic performance, like to WO3 photocatalysts.Lei et
al. [82] constructed BizMoOs photoanodes with verticallyaligned nanowall but the
photocurrent is still low showing tolow charge separation efficiency and severe bulk
recombination. The extra driving force was provided to progress the chargeseparation by
combining BizMoOg photoanodes with WO;3[82],Ti02[83], Bi2M0209 and g-C3Ns4 (Fig. 4 (a,
b) and the modifiedphotoanodes exhibit relatively better performance as compared to as

prepared BizMoOg photoanodes.

Fig 4: (a) Schematic of heterostructure of TiO2/BiaMo0Og¢ and proposed mechanism for PEC

water oxidation (b) Schematic of energy band structure of Bi2MoOg/g-C3N4 and charge

transport mechanism.

2.5) Stability of Bi-based photoelectrodes

Permanence of pholoc]cctrodcs is critically important for the PECsystem to be

g sion system. Manycapable semiconductor candidates
accepted as dependable energy conversion syste ycap

with excellent light harvestingcapability have poor stability, which limits their utility to be
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S

used as photoelectrode j
in PEC system. For example, CuBi;O4 has gained interest in recent

years because of its speci iti
pecially positiveonset potential but the copper-based oxides usually are

slowed downby corrosion due to reduction of Cu?* to Cu*
Recent effort ‘ :
S have been noticed 1o enhance the stability of CuBi2O4

hotocathodes.Jin et LS _
P OREaR el (79] applied Pas protective layer by spin coating on heterostructure of

i‘;i‘:i:::fZ;f’(;':i“;;:e;:izril ;O:Eatt;t withthe e‘l.cctrolytc. The P2s protective layer protect
1€ composite photocathode prolonged to5000 s. The
highest stability of CuBi,04 photoelectrode withoutany protection layer is observed to be 5 h.
The photoelectrodes were formed by depositing Bi;03 and CuO layers sequentially by PLD
and followed by RTP.Iron based oxides consisted of earth abundant elements aremore
resistant to corrosion. For BiFeQj; based photoelectrode(BFO75-STO25/Pt), the photocurrent
is remain constant for at least 12 hoursunder continuous irradiation at 0 V vs. RHE in
phosphate  solution(pH 12) [67]. Ni-B/BiFeO:; photoelectrode found to be stable
underoperating conditions for over 3 h for both oxygen and hydrogenevolution [65].

Both as prepared and modified (bulk and surface engineered)Bi>FesOy photoanodes
have been reported to retain 90%photocurrent for more than 4 hours under
illumination.Among all the Bi-based photoelectrodes, BiVOs photoanode hasachieve
enormously long-term stability to date. For instance,Domen et al. [79] exhibited stability of
more than 1000 h forPEC water splitting at a low potential of 0.4 V vs. RHE using
vigorousMo-doped BiVOs photoanode. The photocorrosion was decreased by improving the
intrinsic stability of Mo-doped BiVOs photo anode via high temperature treatment. Fe-
incorporated Ni-based OEC byin-situ regeneration also played important role to attain the
which can be of great use in increasing the photo stability of other photo

excellentstability,

electrodes for PEC water splitting.In addition to the modification of photoelectrode itself, the

stability can also be enhanced by modifying the electrolyte composition.

The dissolution of V> from the BiVOs lattice is accountable for anodic photo
corrosion of BiVOs. The use of V¥

method to suppress the anodic photocorro

saturated electrolytewas verified to be an effective
sion of BiVOs photoanode and stability
iVO4/FeOOH/NiOOH photoanode

ofapproximately 500 hours has been achieved by B

h changing the electrolyte composition. Wang et al. [81] also applied electrolyte

throug
ions (0.1 M FeSO4) in 1 M borate buffer electrolyteto

composition changeby adding Fe?
of plasma-etched NiOOH/BiVO4 photoanode, primary to a notable

suppress instability |
Other Bi-based photoelectrodes such as Bi2WOs, BiaMoOs,

oxygen evolution for >200 h.

BiOLBiOCI and BiOBr are still coming out for the application of PEC water splitting. Much
l ]
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Chapter-1y
Materials and Methoqs

The starting material .
| | S for the Synthesis of BFO are bismuth nitr;
Bi(NO3)3.5H20 and ferric nitrate honahydrate Fe(NO )31.9H,0 (‘ o e
1)3.9H;

Ltd), ethylene glycol (Thomas baer, Mumbaj AL it Lok Cliede Py

bove solution and h 5 S
a cated at ~ 90°C under the stable magnetic stirring till all fluid gets
evaporated out from the solution.

Subsequent
quently, the produced brown powder was annealedin ambient temperature at

s [ | .
heating rate of 5'C min™ and kept at (600°C, for different time interval like 2 hr, 4 hrand 6 h
to obtain well crystalline BFOnanoparticles. The synthesized BFOnanoparticles were
RIS o5 model 600 Miniflex Rigaku to confirm the phase of the sample. The

morphology of sample was examined by SEM model Nova Nano SEM-NPEP303.
3.1) Sol-Gel Method

'; Sol gel process steps:
i) Homogeneous solution

In the sol gel process we aim to produce homogeneous solution of precursors and
alcohols. For doing this, first the solvent (usually containing water, alcohol and organic

solvents) and the precursor are mixed in container to obtain a homogeneous solution. To

obtain a homogeneous solution, a mixture of two solvents with specific concentrations is

often used to completely dissolve the precursors. For example, some organic metallic

i It, it is soluble directly in water
Soes i 1 i wever in case of metal salt,
solution is dissolve in water. HO | . o
dd ire an organic solvent. In general alkoxide precursors are more widely
and does not require

used.

ii)  Sol Formation ution, it should be converted to tuberculosis. This
- neous solution,
Once forming a homoge ition means that break
he hydrolysis reaction. The term decomposition
i I e -eaction in which, the
phase is formed during the reaction in which,
ds into simpler ones [1-3]. In general _
down of complex compoun e e 10 presence of water s known as
o simpler

int
molecules are broken down 1 s
ow chart of steps

hydrolysis. Fig 1 below shows the fl

Ived in the sol gel process.

31




BI(NO3)3.5H20 +Ethylene Glycol

Stirr for 15 min

Add FC(NO3)3, 9 HZO

Stirr for 60 min at 90 °C

Reddish Brown coloured solution

b A

Drying + Washing with deionized water

Fig 1: Flow chart of reaction method

This includes the formation of homogeneous solution, the formation of sol, the
conversion of sol into gel and the removal of solvent from the gel (drying). Hydrolysis

reaction is initiated by adding some water 0 the reaction medium. Due to hydrolysis

reaction, the metal oxide particles come together and formed fine and solid particles

dispersed in the solvent [4-9]. In 2 real solution, the solute is dispersed uniformly in the

s an atom molecule, or ion, and the particle size does not exceed 1 nm. If the
2

solvent a
f the solvent is greater than 100 nm, the particles gradually settle to form a

re [10-14]. If the parti
ttered throughout the mi
of very fine particles (less

particle size O
cle size varies between 1 and 100 nanometers, they

suspension mixtu
xture, which 1s called colloid.

usually remain sca _
than 100 nm) dispersed in the solvent phase

Sol consists
and are, in fact, 2 solution or more precisely a colloidal mixture [15-18]. Thus, according to
the above explanations, 2 comprehensive definition of tuberculosis can be given; themost
important thing to say about a good quality TB is that the resulting TB must be prepared in
such a way that it can be stable for months and not settled. In other words, the particle size
must be small enough that the Brownian motion of the particles overcomes the force of
gravity and prevents them from settling. In this way, the resulting mixture remains
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homogeneous for a long time. If TB has such characteristics, it can be hoped that a
homogeneous, pure, and high-yield product will be produced [19-24].
iii) Gel Formation

In order to form a gel, it is sufficient to stimulate the solution in some way, so that the
dispersed fine particles (each containing several molecular or atomic units of the
corresponding precursors) begin to collect. By creating physical and chemical interactions
between suspended particles and those dispersed in the tuberculosis solution, units of tens of
thousands of molecules line up together to form an infinitely large three-dimensional
molecule that occupies the entire volume of the reaction vessel. As mentioned, wet gel
production requires stimulation of the tuberculosis solution. This stimulation can be done
using a suitable reagent (pure water or water with NaCl and NaOH).

In fact, the sol-to-gel conversion phase, controlled by reactions called condensation, is
an inorganic polymerization reaction whose end product is an oxide network containing
MOM metal oxide clusters [25-29]. The compaction reaction is exactly the opposite of the
hydrolysis reaction. In the hydrolysis reaction, large molecules are converted into simpler
components by consuming water, but in the compaction reaction two simple molecules
combine to form a more complex molecule. As the molecules combine in the compaction
reaction, a small molecule such as water is released. A compaction reaction is possible when
two hydroxides (or one hydroxide + one metal alkoxide) (M-OR + HO-M) combine to form a
metal oxide (MO-M) [30-33].

Therefore, the gel produced will be soluble and in order to complete the sol-gel

process and achieve a dry gel, the solvent must be separated using some methods. Produced

gels have different types depending
various properties and applications [34,35].
Application of the Nanomaterials Prepared by Sol-Gel Method

on the solvent used or the drying method and show

(i) Synthesis at low temperature
(ii) Preparation of high purity products

(iii) Very high production efficiency
(iv) Production of optical components with complex shapes.
3.2) Characterization Techniques

3.2.1) X-ray diffraction technique

XRD is one of the most primary and widely used techniques to determine the crystal

I i [ I h atoms i[hill ll‘lC n]a[erial l.[
When a beam Of X-rays interacts wit (8] w
strucmare Of the matcrlal. y a

diffracted. The diffraction takes place in certain specific dircction exactly similar as that
gets diffracted.
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of light diffracted from grating. T}
- The diffry

Ction p;
N pattern of gyl b
Max von Laue, in 19 . =
: 12, di
» discovered
th

gratings for X-rays since the
w

to determi
ne crystal structyre of th
€ materj
, clectron can help us

avelen pobe as
2th of inciden X-rays st dichtion

is compar '
mparable with interplaner

denti _ . -rays. Thes :
ntification of solid phase. Fig 2 sh © patterns can be used as *fingerprints” f
OWS components of the X-ray diff; s’ for the
= iffraction system. The X-

ray diffractometer mainly cons;
Sists
of four components a X-ray tube (source) ft
rce) for producing X-

rays, the sample hold
er to hold the sa
_ m
and Goniometer. ple, an X-ray detector for detecting diffracted X
-rays

ic diagram of X-ray diffraction system.

f X-ray is incident on crystalline material part of it 1s

Fig 2: Schemat

When a monochromatic beam 0
o constructive as well as destructiveinterference

diffracted. The diffracted X-1ays gives rise t
e occurs when the wave

periodic gives const!

5 are out of phase. Those atoms which are

The destructive interferenc
-uctive interference.

arranged in crystal are regular and

So that
2dsin@=n T R 1

n A ~d; so cannot be used for visible light. The

an occur only whe
tted against th

ak from the ¢y

Bragg reflection €
0. Bragg's law states the

diffracted intensities are PIO

condition for sharp diffraction p¢

e detector angle 2

stal. As crystallite dimension is reduced and
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e

enter in the nanoscale the peaks get broaden, To det
. ‘e

. . mine the crystallite size. wi
diffraction peak can be use and this e e ystallite size, width of the

determined by using Scherer’s formula
k.A

e —

Beosh i 2

Where, “t” 1s thickness of the cpvst. e
® ¢ crystal, k is a constant which depends on crystallite shape, for

spherical particle, k ~ 0.9 and f§ is the full width at half maximum (FWHM) of highest

intensity peak.

3.2.2) Fourier Transform Infra Reg Spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy is a method used for characterizing

the organic and morganic compounds. The FTIR spectrum provides the information about the

presence of functional groups close to molecular structures. In most of the compounds it can

also be used for confirmation of the phase on the basis of molecular vibrations. For example,

in ferrites, the phase confirmation was done on the basis of presence or absenceof octahedral
and tetrahedral molecular vibrations. For the probable use of magnetic nanoparticles in
biomedical applications they must be coated with organic or inorganic materials which are
also biocompatible.

The FTIR also helps to know the attachment of coating material on the surface of the
core. The FTIR works on the principle of the Michelson interferometer which is shown in
figure 3. The interferometer consists of a beam splitter, a fixed mirror, and a mirror which is
moving back and forth, very precisely. The beam splitter 1s made up of a special type of

material that transmits half of the radiation striking on it and reflects the other half. Radiation

from the source strikes the beam splitter and separates into two beams. The first beam is

transmitted through the beam splitter to the moving
fixed mirror. The fixed and moving mirrors reflect the radiation back
e fixe :

mirror and the second one is reflected off

the beam splitter to th
to the beam splitter. Again, half of

G ass
at the beam splitter, resulting in one beam p

this reflected radiation is transmitted and half is reflected

ing to the detector and the second back to the

source.

[

Fig 3: FTIR Spectrometer
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3.2.3) Electron Microscopy

As reduci ' i '
ucing the size of a material under investigation it is very difficult to res

a need of advanced characterization of materials with

olve the

physical parameters so as to make

spatial resolution, to obtain deep understanding of the materials structure. To triumph over
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The Auger electrons
are -
5 T . ' also produced from top of the surface, The emitted electrons can be
etected by using various detectors,

—

Signals emitted from the surface

Electron

Secondary electron Backscattered electron

Continuous X-ray Characteristic X-ray

Cathode

luminescen Auger electron

_| Sample

Fig 4: Inetraction of electron with the sample
1) Scanning Electron Microscopy(SEM)

Scanning electron microscope is a type of electron microscopy that can be used to
images a sample by scanning it with a high energy beam of electrons in a raster scan
pattern. The beam of electrons interact with atoms of the sample and producing signals
which contain information about the surface morphology of the sample, composition and
other properties . Characteristics that can be viewed on SEM:

1) Topography: It is associated to the surface features of an object or “how it looks”, its
texture. 2) Morphology: Basically morphology refers to the external appearance of the
sample like shape and size of the particles that making up the sample.

3) Composition: It is associated to the elements and compounds that the object is
composed of and their relative concentration.

4) Crystallographic arrangement: It provides the information about how the atoms are

arranged inside thesample. Construction of SEM is shown in fig 5 below. The major

parts of the SEM are as follows
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Electron Gun

Electron Beam

Anode
Condenser Lens
Secondary
Electron Detector e e
Secondary
Electrons Sample/Stage

Fig 5: Scanning electron microscope
i) Electron Gun:

It can be used for the production of electron beam. In SEM mostly thermionic
emission gun (TEG) is used. The electrons are emitted by means of thermionic emission
from a filament (cathode) which is made up of a thin tungsten wire (about 0.1lmm) by
heating at high temperature. The ejected electrons are gathered as an electron beam which
flows into the metal plate i.e anode by applying a positive voltage. Sometimes special type
of electrode known as Wehnelt electrode is placed between cathode and anode. By applying
a negative potential to this electrode, the speed of electron can be adjusted.

ii) Condenser Lens/electromagnetic Lens:

For obtaining a quality image an electron beam should be very fine. This can be
obtained by placing a lens below the electron gun which enables to adjust the diameter of the
electron beam. The role of condenser lens is formation of fine electron beam.

iii) Objective lens:
To obtain a good image the focusing of the electron beam to a particular spot is so

important and this can be achieved with the help of objective lens. Scanning coils: Scanning

coils are the sets of plates around the electron beam. Deflection of electron beam takes place

by varying the potential between them. If the plates arc attached to a scan generator, the

beam is able to scan lines across the sample.

iv) Specimen stage: ’ ; ;
Tl imen stage supports the sample. It can perform horizontal (X,Yaxis) and
1e specl

sl lents (Z-axis) o that tilting and rotation of the specimen occurs. We can use
vertical moven "
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m—— =

any of the movement accord; :
o ding purpose. The horizontal movement is used for the selecti
P - | or the selection
of th hile the vertical movement s to change the resolution of i
. mage.
v) Secondary electron detector: u

l i SE:L g l.mage 15 formed by using two types of clectrons one is secondary
e e‘ct-rons an .other 1s back scattered electrons. The secondary electrons are formed by
striking the highly energetic clectron beam on the sample atoms. The electrons from the
beam collides with the electrons from the sample atom, it will knock it out of its shell. This
electron is known as secondary electron and they are weak in energy. If these electrons are
close enough to the sample surface they can be collected to form a SEM image. To detect
secondary electrons Everhart-Thornley detector is used.

v) Operating system:

The output signals from secondary electron detector are amplified and then
transferred to the display unit. Scanning on the display unit is synchronized with the help of
electron probe scan that depends on the number of secondary electrons which appears on the
monitor screen on the display unit thus forming a SEM image. The electron optical system
and specimen chamber must be keptata high vacuum of 10°-10* Pa.

3.2.4) Photo activity and degradation mechanism of BiFeO3
Since 2007, BFO has been largely studied due to its outstanding photoactivity.Up to

the present time it showed remarkable photo activity for the typical organic pollutants

d dation. For agueous media reactions, numerous organic pollutants such asmethylene
egra :

blue (MB) rhodamine B (RhB), methyl orange (MO), have been utilized as model
ue )

taminants Nevertheless, there is a limitedreport in the literature for gaseous phase
contaminants.

i In those pholocal_alylic processes, frequent experimental factors were partook
reactions.

Juding nanostructure, surface area andloading of photocatalyst, kinds of organic pollutant,
includin

pollutant concentration and light source. Hence, a direct comparison of the

initial
hotocatalytic experiments fromlaboratory to laboratory is difficult.
p 8]
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Fig 6: Basic mechanism of photocatalysis

The mechanism of photocatalysis is described in Egs. (I-V), when the incoming light
strike on target semiconductor (havingenergy greater or equal to band-gap), then electron
and holepair is created and they travel towards the photocatalyst’ssurface and redox
reactions takes place with the compounds that are bound on the surface of catalyst [35,36].
The water moleculesget oxidized by the holes from valence band to produce hydroxyl
radicals andthen generated electrons in the conduction band reduced the dissolved oxygen

inwater to produce Oz .

Photocatalyst + hv = e—+h+ ................ (D
HoO # EE=0H B oot (I
Oate—3D8 11 ee b smansuassnriwinams (I10)

The hydroxyl and Oz ions cause the redox reactions ofthe dye molecules and create smaller

compounds and thiscause dye de-colorization. The superoxide anion radicals areproduced
which reacts with Hions and produce more OH'radicals [37].

OH + dye — dye(oxidation) .........ccooeererrereemerees (V)
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Chapter-1v
Results and Discussion
1. Structural Analysis

1.1) X-ray Diffraction Technique (XRD)

The XRD pattern of ag Synthesized BFO nanoparticles annealed for 2 hr, 4 hr, and 6 hr

3

thombohedral structure having R3m Space group (JCPDS No 74-2016). The lattice

determined and which are a = b = 3.962 A It is

1203, BizFe40y, BizsFeO4 and BissFe4057 are
repeatedly obtained during synthesis of BiFe0, especially in the bulk form [1].

The peaks representing BiFeO; are found in all the samples. However, as the annealing
time is increased to 6 hr, the strong peaks characteristic of BiFeOs3 are obtained and the peak
observed at 20 =22° due to the presence of secondary phase is reduced substantially.
However, the intensity of the diffraction peaks of BFO samples becomes sharper and the
impurity peaks gets reduced with increasing annealing time.

parameters of BFQO nanoparticles were also
well-known that other phases including B
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Fig 1: XRD
ig 1: pattern of as synthesized BFO nanoparticles annealed at different temperature.

1.2) FTIR Spectroscopy (FT-IR)

Transmittance (%)

Transmittance(%)

200 2000 1500 1000 00
Wavenumber (cm™) Wavenumber(cm-1)

-l
a

BFCL- 6 br

g
| _—

231739

:

P

:

(17%6.39)
(1685.94)

Transmittance(%)
o 2 § -

E“ 2 @
Transmittance(%)

e
2
L

1
(1440.88)  (1218.26)

T v T v T v T e T Y T

2000 1500 1000 500 2000 1500 lm'oe T s
Wavenumber(cm™) Wavenumber(cm )

Fig 2: FTIR spectra of assynthesized and annealed BFO

To understand the stretching and vibrational properties of BFO nanoparticles FTIR
spectrum is measured, as shown in fig.2. The absorption peak at 564.34 cm™ and 426.91 cm™
in the graph of bare BFO are assigned to the Fe-O stretching vibration and the bending
vibration mode along Fe-O axis respectively. These two peaks are the characteristics of
octahedral FeOes in the perovskite compounds that reveals the existence of BFO phase [2].
The infra red absorption band located at 812.31 cm™ in the BFO- 4 hr sample are due to

NO;! vibrations [3].
2) Morphological Properties

2.1) Scanning Electron Microscopy (SEM)

Scanning electron microscopy was used to study the morphology and dimension of
c
; in Fig. 3, the morphological and dimensional changes in BFO
articles. As shown in Fig. 3,
BFO nanopartic

gly depend on annealing temperature. From fig.3, it was observed that, BFO
ders stron

pow
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powder exhibit nearly spherical microstructure. It was also observed that, the particles were

in agglomerated form with non uniform distribution.

"BFO-6 hr

"BFO-8hr

e =

Fig 3: SEM and EDS spectra of BFO nanopariicie annealed at 600 °C for 6 hr and 8 hr

3) Photocatalytic activity of BFO
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Fig 4: Photocatalytic activity of BFO nanoparticles annealed at 600 °C for 2 hr

The photocatalytic activity of BiFeOs nanoparticles were studied via photocatalytic

degradation of methylene blue (MB) dye in an aqueous solution under visible light
e

jrradiation.
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The rapid decrease of MB

g&/L and catalyst loading of 0.1 g/L.
absorption at the wavelength of 663 nm indicates breakdown of

MB. The photo degradation of MB for BFO as a photocatalyst under visible light irradiation
by the C/Co ratio graph is shown in Fig. 4 above. The initial concentration was Co and C
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Fig 5: C-V measurements of BFO annealed for 2 hr and 4 hr at different scan rate

Voltage (V)

Fig 5 showed the electrochemical behavior of BFO annealed at constant temperature

600 °C in a typical conventional three electrode cell setup wherein BFO coated electrode

was functionalized as a working electrode Pt wire as a counterelectrode, Ag/AgCl as

areference electrode, and 1M NaOH aqueous solution as an electrolyte. Fig § displayed CV

curves of BFO annealed at 2 hr and 4 hr at different scan rates, such as

25,50,75,100,125,150,175 and 200 mV/s.

From the above graphs it was observed that, the current for the sample annealed for 2

hr is 0.20 mA and that for the 4 hr is 0.35 mA scanned at 200 mV/s [5]. It was observed that,

the current increases with the annealing temperature which may be due to presence of

conduction electrons.Also we calculate the specific capacitance of the BFQ. The diffusion
capacitance of BFO annealed for 2 hr is 360 nF and that of the BFO annealed at 4 hr is 530

nF.
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Chapter-V
Summary and Conclusions

In summary we synthesize the Bil'eOs nanoparticles anncaled at constant temperature
600 °C for 2 hr, 4 hr, 6 hr and 8 hr respectively by sol-gel method which is a fast and
cconomic method with a high production rate. The synthesized nanoparticles can be used as a
catalyst for electrochemical water splitting. It was observed that, anncaling time shown
obvious influence on structural, morphological, photocatalytic and electro catalytic activity
of the sample.

The XRD patterns revealed that all the prepared BFO nanoparticles were crystalline
and crystallinity increased with anncaling time. SEM micrographs shown that
inhomogeneous distribution of BFO nanoparticles which are in agglomerated form and had
nearly spherical morphology with average particle size nearly 60 um. The degradation
efficiency of pollutant in the presence of BFO was anticipated through calculation of band
position and a number of experiments. The produced hydroxyl radicals from the photo
generated electron hole pairs through chain reactions were the major reactive species, and
finally resulted in proficient pollutant degradation. However the electro catalytic activity of
BFO catalyst was limited due to their poor charge separation efficiency and unfavorable
surface kinetics.
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