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Chapter 1

1.1 Introduction to Perovskite Materials

In the 215t century, material chemistry plays an inevitable role in every aspect
of human life and civilization. Interest and applications of material chemistry have
been growing, and many new branches of this chemistry have been evolving to
provide important materials that are simple, efficient, and eco-friendly. Perovskite
chemistry is one of the emerging research fields in material chemistry. Though it is
primarily known for promising light-harvesting materials, and highly versatile
semiconductor sources since the 19th century, these materials are highly relevant to
its many applications in concurrent time too. The term perovskite was generally used
to designate a special group of crystals that have a distinct orthorhombic, cubic-
shaped structure. They have a crystal structure like the naturally occurring mineral
CaTiOs. They are comprised of the chemical formula ABXs (A*2, B*4, X-2), where A and
B are cations and X are anions that bond with both cations [1]. The perovskites
featured an impressive array of unique physical properties such as a high absorption
coefficient, tuneable bandgap, longer carrier diffusion length, and have gained much
attention for their usefulness in light-emitting diodes (LED), photodetectors,
catalysis, sensors, fuel cell, etc [2-15]. Because of their specific characteristics,
perovskite materials offer a combined property of both organic and inorganic

semiconductors.

1.1.1 Brief review of the history of perovskites

Though hybrid perovskite materials are more popular than other types and it
has been widely explored in recent times, the very first perovskite material (Calcium
Titanate, CaTiO3) was rationalized in the 19t century. German mineralogist Gustav
Rose discovered CaTiOs in the Ural Mountains, located in Russia in the year 1839
[16]. Later, the word perovskite was used to describe the materials having the same
crystal structure as we noticed in CaTiO3 (Figure 1.1a). Perovskite materials are
found abundantly in nature. Among them, another most abundant perovskite
material is magnesium silicate perovskite (MgSiO3) [17]. In the early research phase
of perovskite chemistry, oxide-based perovskites were mostly discovered. In 1958,
the first halide-based perovskites Cesium Lead Halide (CsPbX3) was revealed (Figure
1.1b). In the year 1970, another halide perovskite Methylammonium halide

perovskite was discovered. The importance of halide-based perovskite is quite
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remarkable due to their improved electrical and optical properties than early-
developed oxide-based perovskites. Later, in 2009, Kojima and co-workers
pioneered the first organometal halide perovskites and the research group applied it
as a visible photosensitizer in the dye-sensitized solar cell [18]. The same group is
known for the first application of perovskite material as a perovskite-sensitized solar
cell. As research on solar cell chemistry is another important field, significant
research has been carried out to boost the current conversion efficiencies by
improving the processing methods and stability of the halide perovskites [19]. In
2014, the first nanocrystal perovskite material CHs3NH3PbBrs was realized by Julia
and co-workers (Figure 1.1c) [20]. The current research trends with perovskite
materials are focused on its wide range of applications, and synthetic methods to

improve their stability.

Figure 1.1 Crystal structure of perovskites(a) CaTiOs, (b) CsPbXs3, and (c)
CH3NH3PbBr3

1.1.2 Perovskite Crystal Structure and Tolerance Factor

The perovskite lattice structure is comprised of the chemical formula ABX3, with A
and B being cations and X being halide. In an ideal cubic crystal structure, the B cation
is surrounded by six halogen atoms forming a BXe octahedral framework, whereas
the cation A occupies 12-fold co-ordinated holes with BXs octahedra occupying
corners and thereby, forms a 3-Dimensional structure (Figure 1.2) [21]. In the ideal
cubic perovskite lattice, cation A occupies the cube centre with position (0, 0, 0),
cation B occupies the body centre with position (1/2, 1/2, 1/2) and anion X occupies
the face-cantered with position (1/2, 1/2, 0). In 1920, Goldsmith introduced the
tolerance factor as one of the basic parameters to characterize perovskite materials

[22]. The tolerance factor of the crystal is the association between the ionic radii of
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the cations and structural geometry. It was calculated by using the following equation
[1]:

Tolerance factor (t) = % . [1]
B X

In this equation, ra defines radius of cation A, rsis radius of cation B and rx is radius
of the halide ion. In the case of an ideal cubic lattice of perovskite structure, the value
of the tolerance factor is generally equal to 1. The deviation of t from 1 to a higher or
lower value leads to some structural distortions from cubic to rhombohedral,
orthorhombic, triclinic, or monoclinic crystal structures, etc [22,23]. Therefore, it is
clearly understood that distortions reduce the crystal symmetry by retaining
chemical formula. As effect of these distortions can able to reduce the coordination

of an A cation from 12 to 8.

Figure 1.2 Crystal structure of ABX3 perovskites

1.2 Classification of perovskite crystals
In general, the perovskite family is classified based on their compositions (Figure
1.3). Due to the structural flexibility of the perovskite crystal ABXs, the crystal
structure of perovskite can accommodate a wide range of cations with different
oxidation states. Therefore, there are many possibilities for substitutions in the
cationic position of the perovskite. Traditionally, based on the nature of the anionic
component the perovskite compounds are classified into two categories:

i) Inorganic Oxide perovskite,

ii) Halide perovskite.
Further, halide perovskite is classified into two different types based on its

components. The two types are:
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a) Inorganic halide perovskite,

b) Organic-inorganic halide perovskite.

1.2.1 Oxide-based Perovskite material: The structural formula for oxide-based
perovskites is ABOs. In this crystal structure, larger cation A occupies with 12-fold
coordination and the smaller cation B occupies with 6-fold coordination. Some
layered or defective structures also exist in the family of perovskite oxide-based
materials. For example, double perovskite structures A2B2Xs+s [24,25] and
Ruddlesden-Popper-series An+1BnX3n+1[26]. The various physiochemical properties
such as magnetic, electric, and optical properties can be achieved by the
incorporation of different cations in the A and B sites. This type of oxide-based
perovskites generally comprises large band gaps and therefore, based on that they
exhibit a wide range of electronic and magnetic properties [27]. Oxide-perovskite

materials for example Ca3CuzTisO12 [28], and LaMnOs [29] were used as a

l Perovskite

photocatalyst and capacitors.

Halide-based

Perovskite (ABX, Inorganic Oxide-based

Type) X=Cl, Br, |

Perovskite (ABO, Type)

Organic-Inorganic Inorganic Halide
Halide Perovskite Perovskite
a) CsPbX e.g., CaTiO; BaTiO,,
(a) CH;NH,PbX, (a) 3 CayCu,Ti,0,,
{b) CH;NH,SnX, (b)(Cs),,Rb,PbX;
(c) CH;NH,MnX, {c) (Cs),, K,PbX;,

Figure 1.3 Classification of perovskite materials

1.2.2 Halide-based Perovskite materials: The advantage of using halide-based
perovskite material is simple and low-cost preparative method, and has excellent
properties like their high light absorption, and high charge carrier mobilities [30,31].
The tunability of band gaps of the halide perovskite can be obtained by changing the
halide ions or replacing the Pb2+ cation with another cation such as Sn2+ [32].

Moreover, this type of perovskite is easily stabilized when the tolerance factor ranges
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between 0.76 to 1.13 [33]. In the present research era, halide-based perovskites have
much potential to show interesting applications because of their intriguing

properties such as high quantum yield, high light absorption abilities, etc.

1.2.2.1 Inorganic halide PerovsKite: In inorganic halide perovskite materials,
the cationic part A is commonly alkali metals such as Cs*, Li*, K*, etc. [32] and
the B site possesses cation-like Pb2+, Sn2* or Ge2*, etc [34]. In general, inorganic
halide perovskites are more stable than organic-inorganic halide perovskites.
They have much potential to be explored as inefficient and commercial devices.
Compared to organic-inorganic halide perovskites, the inorganic halide
perovskites are more stable against heat. It is studied that methylamine gas
(MA) sublimes at 80 °C from the perovskite MAPbI3 whereas inorganic halide
perovskite is processed at 250-300 °C with enhanced crystallinity [35,36].

1.2.2.2 Organic-Inorganic halide Perovskite: In this perovskite, the cationic
site A is the organicammonium cation, and the B site is the divalent cation (Pb2*
Sn2+, Mn?*, Cd2+, etc) [37,38]. The first organic inorganic halide hybrid
perovskite, MAPbI3s was discovered by Weber in 1978 [40]. This class of
perovskites possesses a band gap tuning, strong optical absorption, high charge
carrier mobilities, etc. [38]. However, their instabilities against photo, humidity,
and temperature inhibit them to extend their applications in large-scale
commercialization. In presence of humidity, the organic cations escape from

the cage of Pb-X in the perovskite structure [39].

1.3 Classification based on Stoichiometric Aspects
Based on cationic vacancies, the perovskites can be classified into the following

classifications (Figure 1.4):

1.3.1 Tetragonal Perovskites: BaTiO3 is an example of tetragonal perovskites,
where the TiOs octahedra are somehow distorted in the perovskite lattice [41].
Examples of other tetragonal perovskites are SrTiOs3 [42], CsPbBr3 [43], AgTaO0s3 [44],
etc. Due to the presence of distortion, most of them are tetragonal only at high
temperatures. So, it is very difficult to study their crystallographic properties at

normal temperatures [44].
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1.3.2 Rhombohedral Perovskites: In cubic perovskite, small deformation from
cubic cells leads to rhombohedral perovskites. The deformation of the rhombohedral
angle is either a little less than 90° or less than 60°. Examples of rhombohedral
perovskites are LaAlOs or LaCoOs etc. This type of perovskite occupies an interesting

domain in material chemistry due to its ferroelectric properties [45].

1.3.3 Orthorhombic Perovskites: In an ideal cubic perovskite (ABOs3), the cation A
is surrounded by 12 equidistant neighbouring oxygen ions. However, in the case of
orthorhombic perovskites, the twelve A-O bonds have four long A-O bond distances
and eight short A-O bond distances. In the lattice, the octahedra are rotated or tilted
to fill the extra space of the A site [46]. Examples of this type are GdFeOs, LaRuOs,
CaRuOs3, etc.

1.3.4 Monoclinic and Triclinic Perovskites: Examples of perovskite having
monoclinic unit cells are CsPbls, BiFeOs, PbSn03, etc. and triclinic unit cell perovskites
are BiScOs, BiMnOs3 [47-51], etc. They are also known as pseudo cubic unit cell

perovskites.

1.3.5 Polymorphism in Perovskites: A great number of oxide-based perovskites
and halide-based perovskites undergo polymorphism, and in that process, the
structural transitions of the material occur. Metal halide perovskites undergo
polymorphic transitions from higher symmetry cubic structures to lower symmetry
tetragonal and orthorhombic structures with changing temperature and pressure
[52]. However, these phase changes are reversible. All polymorphism perovskites
can be called as pseudo cubic perovskites [53]. Examples of this class are FASnlIs,

NaBiTiOs, etc [54].

1.3.6 Defect Perovskites: In an ideal crystal lattice of perovskites ABX3/ABOs3, the A
cation locates with 12-fold coordination around BXs octahedra. All the atoms are in
equilibrium positions without any distortions in ideal perovskite. However, in the
real scenario, the crystal coordination is not perfect as expected. The cationic,
halide/oxide deficiency defects can arise in perovskite materials and create some
non-radiative recombination [55]. In the oxide-based perovskite, like, sodium
bismuth titanate (NaBiTiOs), there is an increase of oxide-ion conductivity with the

formation of defects in the perovskite lattice [56]. Similarly, in the case of pseudo-

| 1.6 |



Chapter 1

cubic perovskite like calcium copper titanate (CaCusTi4012) too, after the creation of
defects in the system, the material exhibits better photocatalytic properties [57].
Moreover, perovskite LaFeOs with the introduction of calcium (Ca) dopant and

oxygen vacancies, the resultant perovskite shows enhanced electrical conductivity

[58].

1.3.7 Anti-Perovskites: A perovskite-type structure is found in some semiconductor
materials with the structural formula X3AB. In this case, A and B are anions and X is
a cation. In material chemistry, this type of perovskite demonstrates its importance
in material chemistry owing to its peculiar properties of charge-discharge capacity,
photoluminescence, and ferroelectricity. Examples are CasPN, Sr3Sn0O, CasAsN, etc

[59].

Classification of Perovskites based on stoichiometric aspects

[ 1
—1 Anti
Tetragonal Monoclinic and . Defect nti
. Polymorphism . i
Perovskites Rf';‘;:’;t:’l::i‘:::al Orthorhombic Triclinic Perovskites Perovskites Perovskites
Ex: CsPbBr, Perovskites Perovskites Ex: FASNI Ex: Ex: CasPN
Ex: LaCa0, Ex: LaCuO, Ex: ' : Ca;Cu,Ti,0,,
CsPbl,,BiScO,

Figure 1.4 Classification based on stoichiometric ratios

1.4 General Properties of Perovskite Materials
The oxide and halide-based perovskites feature several interesting properties like
magnetic, conductivity, fluorescence, and catalytic. In this section, a brief note of

those benign properties of perovskites is mentioned.

1.4.1 Magnetic properties: The studies of the magnetic properties of perovskite
materials bring a new dimension to its applicability. The oxide-based perovskites
demonstrate significant magnetic properties due to their strong electron-electron
interactions of 3d electrons [60]. Structural flexibilities are common in perovskite
structures. The cation B can be replaced with another cation with a suitable oxidation
state including main group d-block elements and f-block elements of the periodic
table. The double perovskite A2B’'B”X3 shows a good magnetic property because of
the presence of paramagnetic cations in the cation site of the crystal structure.

Moreover, ferromagnetic, ferrimagnetic, and antiferromagnetic properties are also
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commonly observed in perovskite compounds. The ferromagnetic properties arise
due to the parallel orientation of magnetic moments resulting in higher magnetic
moments, whereas the antiferromagnetic properties exhibit due to the opposite
orientation of magnetic moments [61]. The magnetic properties of perovskites can
be varied from paramagnetic to anti-ferromagnetic of different temperatures [62].
Some examples of perovskite with excellent magnetic properties are BiFeOs, ErCrOs,

etc [62,63].

1.4.2 Electrical properties: Perovskite materials exhibit a range of electrical
behaviour ranging from metallic conductors to insulators. Due to the electrical
resistivity of the perovskite materials, they can be used as dielectric materials. These
materials possess ambipolar charge carrier transport properties and thereby, longer
carrier lifetimes. The halide-based perovskite material (MAPBI3) exhibits more than
1puM diffusion length and lifetimes characterized by more than hundreds of
nanoseconds [64]. In addition, they have high-charge carrier collection and transport
properties. The non-radioactive recombination processes are less in halide-based
perovskites. Due to these interesting electrical properties, the materials serve as an

efficient electron transport layer in optoelectronic devices.

1.4.3 Optical properties: Perovskite chemistry, a hot topic in concurrent research
studies is not only due to their achievement in solar cells, but also their application
as light-emitting diodes [65,66] or detectors [67,68]. They have very specific
properties like high light absorption coefficient and easily tuneable band gap. In
general, major types of perovskites are observed in the cubic, tetragonal, or
orthorhombic structure. But in the crystal structure of ABXs3, if the size of cation A
reduces, then symmetry changes from tetragonal to cubic [69]. These kinds of
symmetry differences contribute to inducing some variations in the band gaps. The
band gap for unperturbed CsPbls perovskite is 1.67 eV. With the increase in the size
of cation A (for example from Cs* to MA* or FA*), the band gap of the perturbed
perovskite gradually decreases. Similarly, the band gap can also be modified by
replacing B cations in ABX3. Moreover, with the alternation of halide (X) in the
perovskite crystal structure, a noticeable change in band gaps is observed. The
optical properties of low-dimensional (2D) (nanowire or Quantum dots) are different

from the high-dimensional (3D) crystal structure (Figure 1.5). Analogously, 2D
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perovskites or quantum perovskites show variable absorption and luminescence
properties. In addition, the 2D perovskites are more photostable than the 3D
perovskites [70]. In the current trend, the 2D/3D hybrid perovskites are highly
applicable as it provides the most desirable optoelectronic properties with improved

stabilities [71].
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Figure 1.5 Schematic illustration of the 2D /3D perovskites

Moreover, the halide-based perovskites exhibit noticeable optical properties of a
wide-colour spectrum with the scope of adjustment for different ranges of colours
(from ultraviolet to near-infrared) (Figure 1.6). This basis, with modification of the
composition of A cation and X anion, makes them applicable for the application as
liquid crystal displays (LCD). The emission spectra of a colloidal dispersion of the
perovskite CsPbX3 (where, X = Cl, Br, I, or mixed halide) can be altered over the
spectral visible region by adjusting the halide ions [72]. In addition, the quantum
confinement effects give a new way to tune the emission properties of halide-based
perovskites, which is an important property for light-emitting applications [72]. The
luminescence intensity of perovskite is a temperature-dependent property. In
CsPbX3 nanocrystals, the intensity gradually quenches with the increment of

temperature from 293 Kto 373 K[72].
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Figure 1.6 a) Emission spectra of CsPbX3 colloidal solution in toluene upon excitation
at 365 nm (Aex = 400 nm for all, but 350 nm for CsPbCl3); b) digital photographs of
the respective dispersions upon irradiation with a UV lamp (A = 365 nm)
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1.5 Preparative methods of Perovskite Materials

1.5.1 Synthesis of Perovskite metal-oxides

Perovskite metal oxides are employed in various applications for their extraordinary
chemical and physical properties. Different synthetic routes of oxides-based

perovskites are described below (Figure 1.7).

Syntheticroute of Oxide-based Perovskites

1. Soft-Template method

2. Hard- Template method

3. Colloidal Crystal Template
method

4. Electro-spinning method

5. Hydrothermal method

Figure 1.7 Schematic representation of the preparative methods for oxide-based

perovskite materials

1.5.1.1 Soft-template method: In the soft-template method, a charged surfactant or
a block co-polymer is used, and later the template is removed through the calcination
process [73]. However, the method has some issues with the heterogeneity of the
cations which leads to the formation of some secondary phases. In a recent
development, some chelating agents (urea, citric acid) are used during the
preparation of oxide-based perovskites. Formation of homogeneous precursor
solutions is occurred due to the addition of these chelating agents, which makes this
method better for cation dispersion. Lee and co-workers reported the synthesis of
perovskite Lao.sSro.2Cr0s-s (6 indicates oxygen deficiency) using this technique using
solvent (ethylene glycol, 2- Methoxy ethanol) and using chelating ligand (citric acid,

ethylene diamine tetra acetic acid) [74].

| 1.10 |



Chapter 1

1.5.1.2 Hard-template method: In this method to load the metal, mesoporous
silica/carbon is used as a template where the template can be further removed
through the calcination or acid and alkaline etching processes [75]. Due to the
interaction of metal precursors with silica, the removal process of the template is
very difficult sometimes. Another problem is that the size of the perovskites is too
big for the mesoporous silica. The solution to this issue is the surface
functionalization of silica to enhance the impregnation due to the interaction of
functional groups with the metal precursors [76]. For example, LaB1-xB’x03( B, B’ =
Mn, Co, Fe, Ni) was synthesized using citric acid as a chelating agent into the metal

nitrate with mesoporous silica [77].

1.5.1.3 Colloidal-Crystal template method: The perovskite materials can be
synthesized through the colloidal synthesis method. In this method, some organic
polymer poly methyl methacrylate (PMMA) [78], and polystyrene (PS) [79] are used.
The synthesized perovskites possess sizes ranging from nanometres to micrometres.
During the post-synthesis of perovskite materials, the 3D templates are removed by
the calcination process at high temperatures. Through this method, the perovskites
are prepared with an ordered nano-porous structure. For example, Zhao and co-
workers prepared oxide-based perovskite LaCoxFe1xO3 by this method using a
chelating agent (polyethylene glycol) and some surfactant (citric acid) [80]. This

method has some drawbacks like higher time-consuming and high-cost.

1.5.1.4 Electrospinning method: The electrospinning method is another synthetic
route to obtain the perovskites with the shape of nanofibers. In this method, a high-
voltage electric field is used with an electrostatically driven polymer fluid. The
method has applications as the synthesized perovskites are good choices for sensors,
catalysis, or optoelectronic devices. During the preparation step, metal nitrates or
polymers are used as precursor solutions and the addition of polymer is crucial. Shim
and co-workers mentioned the preparatory method of LaCoO3s using this method and
later, the material was used in the reduction and evolution of oxygen in rechargeable

Zn-air batteries [81].

1.5.1.5 Hydrothermal method: The perovskites prepared through the
hydrothermal method have some advantages as this method provides an easy

preparative method, high yield, good crystallinity, and low consumption energy [82].
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Many oxide-based titanate perovskites like SrTiOs, CaTiOs, etc. can be prepared

through this method [83].

1.5.2 Synthesis of Metal-Halide Perovskite

Among the different types of perovskites, metal-halide perovskites (MHPs) represent
many new prospects for a research study that ultimately provide potential
applications in a wide variety of fields. Different preparative methods of (MHPs) are

discussed below (Figure 1.8).

Synthetic route of Halide-based Perovskites

{ 1. Hydrothermal- synthesis method

{ 2. Solvothermal method

{ 3. Green syntheticroute

( 4. Colloidal synthesis method

Figure 1.8 Schematic representation of the Preparative methods for halide-based
perovskite materials

1.5.2.1 Hydrothermal method: Hydrothermal method is one of the easiest methods
to synthesize MHPs. The perovskites prepared using this method deliver the
characteristics of high crystallinity. The condition for the reaction for this method is
mild under a specific solvent system and the reaction condition does not require high
temperature. Therefore, the energy consumption during this preparation method is
comparatively low than the other methods. For example, Xia and co-workers
synthesized CH3NH3Pbls and CH3NH3PbBrs perovskites in an autoclave at 150 °C
using the hydrothermal method, and the material was applied to Li-ion batteries [84].

The perovskites act as a photoelectrode in the Li-ion batteries which can able to
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harvest solar energy in the batteries resulting the better current and capacitance

values.

1.5.2.2 Solvothermal method: In the solvothermal method, the precursor and the
non-aqueous solvents are mixed and kept in a stainless autoclave for a certain period.
The obtained product in this method has advantages such as high crystallinity,
uniform morphology, etc. Chen and co-workers prepared CsPbBr3 perovskites using
the solvothermal method. The product has a high quantum yield (80%) with a
narrow full-width half maximum (FWHM) (12-30 nm). Subsequently, the research
group used the synthesized perovskites in the light-emitting diodes (LED) [85].

1.5.2.3 Greener Synthetic Route for Metal-Halide Perovskite

1.5.2.3.1 Ultra-sound assisted synthesis method: An ultrasound-assisted method
was reported using CH3NHsl and Pblz as a precursor and the solvent used was

isopropanol. The prepared perovskites had a size range of 10-40 nm [86].

1.5.2.3.2 Microwave-assisted synthesis method: In a two-step synthesis process,
it is difficult to control the nucleation and crystallization of perovskites. The
crystallization process depends on parameters such as humidity, solvent, etc.
However, using a thermal annealing process, it is possible to control the properties
of the materials. Among other reported methods, the microwave-assisted method is
one of the most useful methods. The microwave-assisted method requires a material
with appropriate ionic conductivity and dipolar polarization. MAPbI3 perovskites
were prepared by applying this method with precursors MAI/Pblz and solvent
DMF/DMSO [87-88].

1.5.2.3.3 Mechano-synthesis process: This process is an environmental-benign
approach where easily accessible mortar and pestle are required. However, different
types of milling processes are used in concurrent periods. Stoumpos and co-workers
reported the synthesis of halide perovskites, MAPbI3 using the mechano-synthesis
method [89].

1.5.2.3.4 Colloidal synthesis method: Among the many synthetic routes for metal-
halide perovskites, the colloidal synthesis method is one of the most reliable
methods. The synthesized perovskites using this method provide better stability,

higher quantum yield, and high crystallinity. This method can be classified into the
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top-down approach or bottom-up approach [90]. In the top-down approach, the
perovskites are prepared through fragmentation either mechanically or chemically.
On the other hand, the bottom-up approach starts with either gas phase or liquid
phase reactions. The liquid phase reaction is further classified into the hot-injection
method and ligand-assisted reprecipitation method. The hot-injection method
requires higher temperature system and an inert environment. In the case of the
ligand-assisted reprecipitation method, the desired ions reach a state of equilibrium
first, and later, they are precipitated by moving the solution into a state of
supersaturation [90]. Huo and workers prepared perovskites through a colloidal

synthesis method with different sizes ranging from nanotubes to nanowires [91].

1.6 Applications in diverse areas
As mentioned in the above discussion, due to their outstanding properties, these
materials have been studied widely in various fields. The important and highly

explored applications of perovskites are discussed below (Figure 1.9).
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Figure 1.9 Some applications of perovskite-based materials

1.6.1 Solar cell chemistry: Since 2009, perovskite-based solar cells (PSC) disclosed
a breakthrough in the solar cell family and become active members. A schematic
diagram is shown (Figure 1.10). In the beginning phase, the perovskite materials
were applied as a light sensitizer in a dye-sensitized solar cell [18]. In 2011, Park and
co-workers, fabricated a perovskite solar cell where TiO2 acts as an electron
transport layer and documented an efficiency of 6.5% [92]. It was reported that

perovskite solar cells have better light absorption capacity than dye-sensitized solar
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cells. Later in 2011, Gratzel and Seok discovered other perovskite solar cells where
the efficiency was 12% [93]. After these initial studies, the importance of perovskite
in the solar cell have tremendously investigated and many research groups are
working to employ a higher efficiency in perovskite solar cells.

To date, the highest efficiency achieved with the perovskite-based solar cell is
25.2% [94]. Although this material has provided significant advantages, the main
drawback of perovskite solar cells is their instability. During the humid condition, the
material degrades easily and thereby, making the whole process ineffective. The
solar cell is fabricated through the conventional (n-i-p) configuration or the inverted

configuration (p-i-n) (n-i-p: FTO/ETL/Perovskite/HTL/Ag).

Compact TiO,
FTO

Figure 1.10 Device structure of a perovskite solar cell

1.6.2 Light-emitting diodes: Metal Halide Perovskites (MHPs) are known as a light
emitter because of their advancement in high photoluminescence quantum yield
(80%), high external quantum efficiency (8%) and current efficiency of 43 cd Al
[95,96] (Figure 1.11). In addition, perovskites have the characteristics of narrow
emission, high charge-carrier mobility, colour tunability, etc. However, the intrinsic
instability of halide-based perovskites has been identified as a major drawback. In
that context, increasing the stability of Perovskite-based light-emitting diodes
(PeLED) need further investigation. Replacing the A-site cation with metal Cs* or FA*
is one of the strategies to improve the stability of MHPs. And, suppression of ion
migration with additives or blocking layers (ethylene diamine, polyethyleneimine)

was reported as an improvement of the stability in PeLED [97].
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Figure 1.11 Device structure of a Perovskite Light-emitting diode (PeLED).

1.6.3 Perovskite as a Photodetector: As discussed in the early section, halide-based
perovskites are known for their significant absorption coefficient, tunable band gap,
and long charge carrier diffusion length with high charge mobilities. Due to these
specific properties, perovskite-based materials are utilized in broad photodetector
applications. Moreover, unlike inorganic substrate Si and Ga, perovskite materials
can be fabricated on a flexible substrate which makes them behave as a remarkable
photodetector (Figure 1.12). Based on their architecture, the photodetector can be
classified into the photovoltaic type and photoconductive type. The photoconductive
type detectors are based on the perception of increased electrical conductivity
through charge carriers after exposure to light. However, photovoltaic-type
detectors can be able to operate even at low temperatures by using light-sensitive

materials [98].
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Figure 1.12 Device structure of perovskite-based photodetector with their
respective current-voltage characteristics

1.6.4 Perovskite as a supercapacitor: Considering the high-power density,
compositional oxygen vacancy, long life cycle, and highly reversible redox capability,
the oxide-based perovskites are widely applied in the application of supercapacitors

(Figure 1.13). In the crystal structure of perovskite, the replacement of B metal with

| 1.16 |



Chapter 1

another metal or non-metal can boost its performance as a supercapacitor due to the

creation of oxygen vacancies [99].
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Figure 1.13 Mechanism of oxygen intercalation of the oxide-based perovskites and

their respective voltammogram plot [100]

1.6.5 Perovskite as sensors: A sensor device is used to detect the changes in the
physical environment upon interaction with the analyte and convert the
corresponding changes into readable and reliable signals [101]. Generally, a sensor
can be classified into chemical sensors, biosensors, neuromorphic sensors, and
metal-oxide-semiconductor sensors. A chemical sensor is composed of two
functional units: receptor and transducer. The receptor part interacts with a
particular analyte and the transducer part converts the respective physiological and
chemical changes into some analytical signals [102]. A biosensor is an analytical
device that interacts with biological components such as enzymes, cell receptors,

tissue, nucleic acids, antibodies, etc [103]. Neuromorphic sensors are used to detect
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Figure 1.14 Schematic representation of perovskite as sensors
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biological neural entities [104]. Several metal-oxide semiconductors (TiOz, ZnO, etc.)
sensors have been utilized to detect analytes [105,106].

The outstanding optical and electrical properties, and flexible structural
changes make perovskites a promising candidate for different types of sensing

applications (Figure 1.14).

1.6.5.1 Perovskites as an optical sensor: The major disadvantages of organic dye-
based sensors are their self-quenching properties, pH dependency, etc. An
alternating method for senor probes against organic-dye-based probe is perovskite-
based optical sensors. In perovskite-based sensors, when an analyte binds the
surface of the perovskite, it causes quenching of its luminescence properties. The
interaction mechanisms have been rationalized as Forster resonance energy transfer
(FRET), photoinduced electron transfer (PET), recombination, etc. in various studies
(Figure 1.15) [12,13]. Generally, in a perovskite crystal structure, the defect states
are present in the middle of the valence band and conduction band [107]. The higher
quantum yield and the presence of defect states boost perovskite materials as an

optical sensor and their application as a probe to detect various analytes.

| Mechanism qf Optical sensing |

| Cation exchange | | Anion exchange | |E1ectr0ntransfer| | FRET |

Figure 1.15 Schematic diagram of the mechanism of perovskite as an optical sensor

1.6.5.1.i Cation exchange: When a perovskite compound reacts with an analyte, its
cation binds with the B-site of the fluorophores creating some changes to its optical
properties (Figure 1.16). Aamir and co-workers synthesized a perovskite material of
CsCuCls [108]. This perovskite showed a turn-off fluorescence sensor towards metal
ions Ag* and Hg*. Also, it displayed a turn-on response towards Pb2+. Another hybrid
perovskite CH3NH3PbBrs was applied as a colorimetric fluorescence sensing
platform to detect Hg?* [109]. The sensor probe detected cations with a lower

detection limit of 0.124 nM (24.87 ppt). Some of the sensing process involves the
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replacement of the Pb2* ions by Hg?* ions leading to quenching of the fluorescence

peak.
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Figure 1.16 Metal cation exchange mechanism

1.6.5.1.ii Anion exchange: In the inorganic perovskite CsPbBrs, their emission
wavelength can be altered by exchanging the halide ion (Figure 1.17). Park and co-
workers reported a CsPbBrs combined with cellulose as a colorimetric sensing probe
for the detection of chlorine ions. The designed sensor can detect the analyte with a
limit of detection of 4.11 nM [110]. Similarly, Dutt and co-workers also prepared
CsPbBrs and used it as an optical sensor through an anion exchange mechanism. The
resultant perovskite CsPbBrs«Clx can detect Cl- ions in an aqueous medium. In their
report, there was a specific colour change with the gradual addition of Cl- ion under

UV illumination [111].
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Figure 1.17 Anion exchange mechanism

1.6.5.1.iii Electron transfer mechanism: In perovskite lattice, the arrangement of
the valence band of donor and conduction band of acceptor moieties can come with
the same alignment. Due to this phenomenon, perovskite materials are compatible
with electron transfer between the sensing probe and the analyte. Consequently,

some significant changes occur in the physical and chemical properties of the
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materials, and the resultant fluctuations help in the detection of analyte (Figure
1.18). In this mechanism, CsPbBrs perovskites are considered a promising material
for sensing applications. The colloidal solution of perovskite was used to detect Cu?+
in a non-polar solvent [112]. In the reported perovskite crystal structure, the valence
band maxima were dominated by Br- and the conduction band minima were
contributed by Pb2+. With the gradual addition of Cu2* ion, there is the creation of a
new state near the valence band maxima of the perovskite crystal structure. Upon
excitation, the hole is occupied by this new state. As a result, a non-radiative
recombination pathway is responsible for the quenching of the luminescence peak.
Ding and co-workers synthesized an eco-friendly non-lead perovskite Cs3BizBro.
Later, they doped the synthesized perovskite with Eu3* [113]. The new composition
Cs3Bi2Bro: Eu was applied to detect Cu?* through the electron transfer mechanism.
Another example of an electron transfer mechanism was reported by Huang and co-
workers [114]. They fabricated a molecularly imprinted polymer (MIP) with CsPbBr3

and applied the material in the detection of omethoate.
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Figure 1.18 Electron transfer mechanism

1.6.5.1.iv Fluorescence resonance electron transfer mechanism (FRET): It is a
non-radiative recombination mechanism. During the FRET mechanism, a spectral
overlapping takes place between the PL emission spectra of the fluorophore with the
UV-Vis absorbance spectra of the acceptor within a distance of 10-100 A. In this
mechanism, the excited donor transfers their energy to an acceptor molecule through
the non-radiative process (Figure 1.19). The process depends on the distance
between the fluorophore and the analyte. Huang and co-workers synthesized

NH3(CH2)10NH3)PbBr4 perovskite and utilized the synthesized material as a sensing
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probe for the detection of Hg2* and Rhodamine blue (RhB) [115]. They explained the
process that the emission peak of the perovskite overlapped with the absorption

spectra of RhB. The calculated distance between the perovskite and RhB was found

as 10.37 A.
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Figure 1.19 FRET mechanism

1.6.5.2 As a colorimetric sensor: Among different types of sensors, the colorimetric
sensor is widely recognized due to their benefits like an easily accessible, low-cost,
and fast response. With the presence of external stimuli, the colorimetric sensor
changes its colour and helps to detect analytes (Figure 1.20). Xu and co-workers
reported that when the perovskite CHsNH3PbBrs encountered humidity, a gradual
colour change occurred from green to red [116]. The H-bonding interaction between
the perovskite and humidity leads to some changes in the crystal structure and this

change helps in quenching its emission peak.

Humidity increases

Figure 1.20 Photograph showing the different colours of perovskite CHsNH3PbBr3

upon exposure to humidity

1.6.5.3 As an electrochemical sensor: Electrochemical sensing platform is another
method that delivers a convenient and low-cost detection method to detect the many
analytes. It has been widely applied in biomedical and environmental applications.
In general, the electrochemical sensing system comprises of three essential parts. A
receptor binds with the respective analyte, the specific sample, and then, the
transducer part to convert the changes into some readable electrical signal. To report

the signals, it has many variables such as voltage, electrochemical impedance, power
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output, current, etc [117]. During the detection section, anodic stripping
voltammetry (ASV) is commonly used. At first, the analyte is deposited on the
electrode where oxidation takes place [118]. The oxide-based perovskite materials
where the A site is occupied by alkaline earth metal and B-site is occupied by the
transition metals generally show an excellent electrochemical property which is

further applied in the catalytic or detection process.

1.6.5.3.i Lanthanide-based perovskite oxide as an electrochemical sensor:
Akbari and co-workers developed graphene oxide and LaMnOs modified glassy
carbon electrode [119]. The electrode was further applied in the detection of catechol
and hydroquinone using voltametric techniques. In another report, Suvina et al.
designed lanthanum cobalt nitrate (LCO)/ hydrotalcite nanotubes (HNT) for the
detection of flutamide via the electron transfer mechanism. The electrode achieved a
limit of detection of 0.002 uM and sensitivity of 0.7571 pA uM-1 cm2 [120].

1.6.5.3.ii Strontium-based perovskite oxide as an electrochemical sensor:
Mutthukuty et al. synthesized strontium stannate (SrSnOs3) and later, prepared
SrSn03-modified glassy carbon as an electrode toward the electrochemical sensing
of the anti-inflammatory drug mesalamine (Figure 1.21) [121]. In that report, the

lower detection limit was claimed as 0.002 uM.
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Figure 1.21 SrSn03 modified glassy carbon for detection of mesalamine

Apart from the detection of antibiotics or drug molecules, perovskite materials have
been explored for the detection of various gases such as Hz, H:S, etc.

electrochemically [122,123].
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Therefore, from the above discussion, it can be understood that perovskite has great
potential as a candidate for sensing purposes. This versatile material provides many
scopes to detect temperature, humidity, gas, solvents, metal ions, biomolecules,

various explosives, and antibiotics (Figure 1.22).
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Figure 1.22 Perovskite as a senor towards different analytes

1.6.6 Perovskite as a photocatalyst: A photocatalyst involved with light-induced
routes often participates in oxidation-reduction reactions [124]. These redox
reactions include water-splitting, toxic-dye degradation, CO2 reduction, N2 fixation,
etc. In general, the photocatalyst can be classified into three divisions- homogeneous,
heterogeneous, and semiconductor. In a homogeneous photocatalyst, the catalyst
and the reactant are in the same physical state. On the other hand, in the case of a
heterogeneous catalyst, both the reactant and product are in different physical states.
However, the semiconductor photocatalyst is excited by the adsorb photon with an
energy greater than their band-gap energy, and the generation of electrons and holes
is rationalized. The excitons help in the degradation of the studied pollutants and in
addition, it is responsible for catalyzing various reactions [124]. The above content

can summarise in the following equation:
Photocatalyst + hv = Photocatalyst* + e~ (conduction band) + h* (valence band) ...(2)

In the energy level of the semiconductor, the upper band is known as the conduction
band and the lower band is known as the valence band (Figure 1.23). During the

transition of excitons, if the two levels are in the same vector, then the transition is
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known as direct transition. And, if they are in a different vector, then they are known

as indirect transition.
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Figure 1.23 Transition in semiconductor; (a) Direct transition, and (b) Indirect
transition

Acting as a photocatalyst, the photocatalytic activity of perovskite can be divided into
three approaches such as band-gap engineering, suppression of electron-hole pair
recombination, and defect engineering. To vary and improve the band gap of the
material, the studied techniques are changing its morphology, and creating
semiconductor composites. Their photocatalytic applications can be classified into
(a) photocatalytic degradation of pollutants, (b) water splitting and hydrogen
evaluation, (c) COz reduction, (d) Nz fixation, and (e) organic transformation (Figure
1.24).
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Figure 1.24 Perovskite as a photocatalyst towards different redox reactions

1.6.6.1 Pollutant degradation: With the rapid growth in urbanization and

industrialization, the disposal of pollutants is one of the alarming problems and it has
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been causing significant damage to our environment. Moreover, many harmful
diseases can be seen in humans and becoming a threat to mankind. Degradation of
these pollutants is therefore a major concern. With the help of many photocatalysts,
it has been possible to degrade those pollutants into some non-harmful molecules.
After the generation of excitons in the perovskite materials, they react with the
adsorbed species followed by enabling to degrade the toxic molecules into smaller
fragments (Figure 1.25). Wang et al. synthesized the perovskite Bas4Ti3z012 with a
band gap of 3.08 eV and applied the material as a photocatalyst for the degradation
of methyl-orange dye. In their report, it was found that the photocatalytic
performance was enhanced by increasing the annealing temperature [125]. Reitz and
co-workers synthesized bismuth ferrite (BiFeOs) in thin film form using
poly(ethylene-co-butylene)-block-poly (ethylene oxide) d-block copolymer and the
band gap found was 2.9 eV. In that report, the film was applied in the
photodegradation of rhodamine blue (RhB) [126]. Like oxide-based perovskites,
many metal halide perovskites also have impressive applications for the
photodegradation of organic contaminants. In 2019, Morcoso and co-workers
published a report on CsPbBr3 quantum dot and used the material in the
photodegradation of mercapto-benzothiazole (MBT) [127]. Similarly, Pareez et al.
reported CsSnBrs as a photocatalyst in the photodegradation of crystal violet [128].
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Figure 1.25 Degradation of pollutants by perovskite photocatalyst

1.6.6.2 CO:2 photoreduction: Global warming is a concerning issue; here the

increasing level of CO2 is one of the major contributors. One solution to this problem
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is converting CO:z levels into valuable products. Similar to the plant respiratory
process, a suitable photocatalyst might be designed to facilitate CO2 conversion into
some valuable products. In that context, the perovskite photocatalyst is a good
candidate for CO:z photoreduction. In the photoreduction mechanism, the
photocatalyst initially adsorbs CO2, and then, adsorbed light which generates charges
on the surface of the photocatalyst (Figure 1.26). The excitons finally help to catalyze
the subsequent reactions. End of the reactions, the formed products can be desorbed
from the surface of the catalyst. Hou et al. synthesized CsPbBrs and showed the
excellent application of the material in the photoreduction of CO2 to products such as
methane, syngas ( CO, CHs, H2 )[129]. With the yield rate 20.9 umol/g. Similarly, Kang
et al. reported the photocatalytic reduction of CO2 by Au-Cu supported on
SrTiO3/TiO2. In their discussion, the composite produced a heterojunction that
subsequently separates their electrons and holes and thus, exhibited better

photocatalytic activity.
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Figure 1.26 Photoreduction of CO2

1.6.6.3 N: fixation: Perovskite materials have been also used in the oxidation and
reduction of N2 fixation. After the generation of electrons and protons by the
photocatalyst, N2 molecules reduce to NH3. The N2 molecules react with electrons in
the conduction band and the adsorbed water, whereas the holes in the valence band
produce H20. Finally, the formed NH3 molecules desorb from the surface of the
catalyst. The oxide-based perovskite BaTiOs effectively converted N2 into NH3 with
ayield rate of 1.93 mgL-1h-1 [131]. Similarly, Song et al. reported LazTiOs perovskite
for N2 fixation with a yield rate of 158.13 umol.g-th-1 [132].
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1.6.6.4 H:20 splitting and H: evaluation: H: evaluation by heterogeneous
photocatalysis by using solar energy is a promising way to generate Hz gas. The opto-
electronic properties of perovskite have also been studied to generate Hz gas. In this
domain, Quesada et al. developed a method to develop a stable photocathode for the
generation of Hz gas in water where they used CHsNH3PbI3 perovskite encapsulated
by InBiSn alloy [133]. Similarly, the oxide-based perovskite (Ndi-xCoxFeO3) was used

in the photocatalytic and photoelectrochemical water-splitting reactions [134].

1.6.6.5 Photocatalytic organic-transformation reaction: With the advancement
in the photocatalytic processes, many semiconductor materials have been used as a
photocatalyst and they are used for organic transformation reactions. Since
perovskite materials possess unique and efficient light-absorbing properties, thus
perovskites are too effective photocatalysts in organic-transformation reactions. In
this context, Wu et al. used CsPbBr3 perovskites in the reaction of thiol coupling to
disulfide conversion and they achieved a yield of 98% [135]. Similarly, CsPbls
perovskite quantum dots are efficiently used for photocatalytic photopolymerization

of 3,4-ethylene-dioxythiophene with a conversion of 32.6% [136].

1.7 Objectives

The perovskite material has been emerged as a promising material for the
applications of various opto-electronic devices. However, the degradation under
humid conditions is the major drawback of halide-based perovskite. Research has
been carried out to improve the stability of halide-based perovskites and to obtain
stable perovskite for various applications. The perfect passivation of ligands make
perovskite effective towards its applications. The stabilities of halide-based
perovskites were improved through the passivation of ligands. Owing to the
outstanding luminescence properties of the lead halide perovskite, the halide-based
material perovskite is applied as a fluorescence sensor towards solvents and
biomolecules. Also, the photocatalytic properties of oxide-based perovskite calcium
copper titanate and its application towards dye-degradation of Rhodamine -Blue dye.
The objectives of the research work are highlighted below:

» Synthesis of halide and oxide-based perovskites (CsPbBrs & Ca3Cu2Ti4+012) in

the bulk and as well as nanoparticles.
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>

Characterization of the as-synthesized materials using different analytical
tools, such as UV-visible Absorbance Spectroscopy, Fourier Transforms
Infrared  Spectroscopy, Fluorescence spectroscopy, Time-resolved
Photoluminescence Spectroscopy, X-ray Diffraction, X-ray photoelectron
spectroscopy, Transmission Electron Microscopy, and Scanning Electron
Microscopy, etc.

To optimize the suitable condition to use synthesized perovskite (CsPbBr3) as
an effective optical sensor towards different analytes biomolecules such as
uric acid, cholesterol and laboratory used solvents such as alcohols .
Exploration of the photocatalytic performance of the perovskite towards

degrading dye.

1.8 Plan of Research-work

To achieve the objectives, the following plan of work will be adopted:

R/
A X4

Synthesis of different passivated and non-passivated perovskites metal halide

perovskite Cesium Lead Bromide (CsPbBr3) using one-pot synthesis route.

Synthesis of oxide-based perovskite Calcium Copper Titanate (Ca3Cu2Tis012)

and its compositions using citrate precursor method.

Characterization of as-synthesized materials using different analytical tools,
such as UV-visible Absorbance Spectroscopy, Fourier Transforms Infrared
Spectroscopy, Fluorescence spectroscopy, Time-resolved Photoluminescence
Spectroscopy, X-ray Diffraction, X-ray photoelectron spectroscopy,

Transmission Electron Microscopy, and Scanning Electron Microscopy, etc.

Study the stability of the synthesized metal halide perovskites under different

conditions.

Optimization of the suitable condition to using synthesized perovskite

(CsPbBr3) as an effective optical sensor towards different analytes.

Evaluation of the sensing performance for the sensor probe through different
analytical tools Stern-Volmer plot, Time-resolved photoluminescence spectra,

etc.

Validation of the sensing performance for practical applications.

| 1.28 |



Chapter 1

R/
L X4

R/
L X4

Exploration of the photocatalytic performance of the oxide-based perovskite
calcium copper titanate towards degrading dye using a 20-watt white LED

light.

Calculation of defect density of the compositions using the deconvoluted

method of the respective luminescence spectra.
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