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CHAPTER-I
INTRODUCTION AND LITERATURE SURVEY

1.1. Introduction

The escalating consumption of non-renewable energy resources viz. fossil fuels, coal,
and natural gas has led to the gradual depletion of such resources and is on the verge of
exhaustion. At the same time, these hydrocarbon-based energy resources contribute a
major role in environmental pollution and defy the principles of sustainable
development.! However, to meet the ever-growing energy demand, alternative clean,
safe, and renewable sources of energy such as solar energy, wind energy, tidal energy,
biomass, and geothermal energy are highly desirable?® and have become increasingly
more significant. In particular, solar energy is undoubtedly one of the most abundant
clean sources of energy with environmentally benign features.* In nature, solar energy
gets converted into chemical energy for sustaining various life processes via
photosynthesis wherein the existence of light-harvesting material also termed as
“photoactive material” plays a decisive role. These materials have an intrinsic capacity
to absorb light in the visible region and transform it into a suitable form for regulating
various life-sustaining processes.® This transformation of energy is a key inspiration for
the renaissance and the development of photovoltaics which has brought a paradigm
shift in this area. In the view of the overall advancement of the photovoltaics, the
designing and development of highly efficient photoactive materials are highly

appealing.

1.2. Overview of photoactive material in the solar cell

The decades of studies in photovoltaics resulted in the development of the solar cells of
different generations comprising of different photoactive materials. In the year 1954,
the seminal work by Chapin and his group® introduced the exploitation of solar energy
for the construction of the first generation solar cells by employing crystalline silicon-
based photoactive materials demonstrating the power conversion efficiency (PCE) of
4.5%. Inspired by this work, the second-generation solar cell was evolved constituting
thin film-based inorganic materials such as cadmium telluride and copper
indium(gallium) diselenide.® The transition of photovoltaics from first to the second
generation witnessed the improvement in the higher absorption of photons, spectral

sensitivity, and photoactivity of the photoactive material. Despite the success in the
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advancement of solar cells to some extent, the aforementioned strategies were not yet
efficient due to various drawbacks. These include (a) low efficiency of the first and
second generations photoactive materials under visible light (b) the high consumption
of energy by UV sources, (c) instability during constant use (d) expensive nature of
silicon, intrinsic toxicity of cadmium metal, scarcity of indium and low earth abundance
of tellurium and (e) harsh preparation conditions."8

Intending to address these issues, the inception of the new generation photoactive
material came in the forefront, also commonly known as third-generation photoactive
materials or new emerging technology.®° They are primarily based upon organic solar
cells,'*** dye-sensitized solar cells (DSSCs), ™" quantum dots (QDs),%
conjugated polymer®2t and perovskites.??2° Over the last decade, these new emerging
technologies focused mostly on improving efficiency, stability, and reproducibility.
Among various classes of third-generation photoactive materials, the colloidal organic-
inorganic or fully inorganic semiconductor nanocrystals (NCs) have exhibited
promising photophysical properties such as superior carrier mobilities, high optical
absorption coefficient, improved thermal stability, high luminescence efficiency and

lower exciton binding energy suitable for the study of photovoltaics.*

1.3. Colloidal semiconductor nanocrystal (NCs) or quantum dots (QDs)

Colloidal semiconductor NCs also known as QDs are tiny crystalline materials with
typical physical dimensions in the range of 1-10 nm exhibiting properties in between
the bulk and the molecular semiconductor.®* They have gained much recognition in the
past few years owing to their versatile tunable properties such as size,3% size-
distribution,® structure,® and compositional-dependent optoelectronic properties36-3
as well as their desirable applications in the field of solar cells,3*4° photo-catalysis,**
molecular and cellular imaging and light-emitting diodes.?®?"314144 The most
important feature of semiconductor QDs is the distinctive nature of their band structure
(direct or indirect) and a bandgap energy (Eg) which lies in between 0 <Eg< 3 eV and it
is this minimum energy which is required to excite an electron from the valence band
(VB) to the conduction band (CB). Therefore, it is inevitable to know the nature of band
structure of semiconductor NCs, such as the energy values of valence band maximum
(VBM, also known as highest occupied molecular orbital or HOMO), the conduction
band minimum (CBM, also called lowest unoccupied molecular orbital or LUMO) and

the band gap to come across the relationship between their structure and physical
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properties.*? In semiconductor NCs, an electron gets excited from HOMO to LUMO by
absorption of a photon of energy equal to or greater than Eq leaving behind a positively
charged called hole in the VBM. While applying the electric field the negatively
charged electron and the positively charged hole may get mobilized resulting in a
production of current but at their lowest state the electron and the hole get bound due
to electrostatic Coulomb force known as exciton. Furthermore, the relaxation of the
excited electron towards the VB leads to emission of photon, known as radiative
recombination. Depending on the material, exciton has finite size within the crystal
varying from 1-10 nm.3# If the size of the nanocrystal is smaller than the Bohr’s

exciton radius which is given by following equation:

_ 4lls€h?
nq?

[Where & = absolute permittivity of the vacuum, € = permittivity of the dielectric

constant of semiconductor, 4 = Zh—n h = Planck’s constant, # = reduced mass, g = charge

of an electron] shows a strong quantum confinement effect which is a major feature of
semiconductor NCs.3' Within this quantum confinement regime, nanocrystal will
display quantized energy level which is distinct from the continuous band of the bulk
counterparts mimicking a characteristic of discrete molecular semiconductor, as shown

in figure 1.1.
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Figure 1.1: Systematic representation of the energy levels in a bulk semiconductor, a
quantum dot, and a molecule.

The size-dependent optical and electronic properties of the QDs are directly associated
with the quantum confinement effects.*>*® These intriguing size-dependent
optoelectronic properties of materials within the quantum confinement regime have a

tremendous prospect for various optoelectronic applications. One of the interesting
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properties of these QDs is their tunable band-edge alignments which can be tailored to
a large extent simply by varying the physical size of the QDs without introducing any
changes in the chemical composition. The phenomenon of the quantum size effect
motivates the researchers to exploit the possibilities of tuning the optical and electrical
properties of QDs simply by monitoring the size and growth processes of QDs. As a
result, researchers can tune the luminescence of semiconductor QDs throughout the

ultraviolet, visible, near-infrared, and mid-spectral range.

1.4. General methods for the synthesis of colloidal semiconductor NCs

As far as the preparation of colloidal semiconductor QDs is concerned, it involves the
traditional colloidal-based hot injection (HI) method,**® room temperature ligand
assisted reprecipitation (LARP) method*® and heating-up methods.>*>2 Typically, the
precise control of the colloidal synthesis of QDs in terms of shape and size can be
accomplished by adjusting the nucleation and growth processes of QDs. These
processes in turn can be controlled by manipulating the reaction temperature,> nature
of capping ligands®*, and composition of precursors®, etc. For example, figure 1.2
showcases the size-controlled synthesis of the library of semiconductor NCs such as II-
VI (CdS, CdSe),323555-62 TI1-V (InP, InAs),**%¢ TV-VI (PbS, PbSe, PbTe),*3¢""* and
perovskites 22546 hased NCs as a function of temperature, composition, and presence
of capping ligands. Interestingly, the precise control was achieved at high temperature
in the presence of suitable stabilizing ligands such as oleic acid, alkylamine (e.g.,
oleylamine, OAm; hexadecylamine, HDA), alkylphosphines (e.g., trioctyl phosphine,
TOP), alkylphosphine oxide (e.g., trioctylphosphine oxide, TOPO), and as depicted in

figure 1.2.
300 °C, HDA-TOPO-TOP
Cd(CH3), + CgH;7)PSe > CdSe nanocrystals —«---eeeeeeee D
. 260 °C, TOP
InCl; + [(CH3)3Si1]5P InP nanocrystals —«-coooeeene (ID)
Pb(CH;COO), + (CgH,-);PSe 180 °C, OAc T T eme pa— )

(o)
Pb(CH;COO), + X, + Cs(oleate)__ 20 C’IOSICDEOAm CsPbX,

lead acetate cesium oleate cesium lead
halide nanocrystal

Figure 1.2: Syntheses of various size-controlled semiconductor QDs.
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1.5. Perovskites NCs as a versatile new generation photoactive material

Among various semiconductor QDs, the metal halide-based perovskites semiconductor
QDs (organic-inorganic or fully inorganic) has outperformed a broad range of
photoactive materials for future energy fulfilment with facile low-cost synthesis and
higher power conversion efficiency.®3%7? The word “perovskite” is generally termed
for the materials bearing resemblance to the crystal structure of calcium titanate
(CaTiOs3) which is expressed by AnBXn+2, where A represents an organic or inorganic
cation, B is a metal cation and X represents a halide anion viz. CI, Br-, and I-® as shown
in figure 1.3. It was discovered by German mineralogist Gustav Rose in 1839 in the

Ural mountain and named after the Russian Count, Lev A. Perovski.

Figure 1.3: Crystal structure of perovskite AnBXn+2.2

It is further classified into two categories depending upon the type of the cation A. If
the cation A is organic (e.g., methylammonium, MA or formamidinium, FA) and B an
inorganic (e.g., divalent lead, tin, or germanium), the perovskite is referred to as hybrid
organic-inorganic perovskites. In contrast, if the cation A is inorganic (e.g., monovalent
cesium or rubidium), the structure is termed as fully inorganic perovskites. Moreover,
the value of n in the general formula AnBXh+2 describes the perovskite’s structural
dimensionality of NCs. When n=1, (e.g., CsPbX3) the perovskite characterizes in the
three-dimensional (3D) form. Similarly, when n=4, (e.g., CssPbXg) the perovskites
structure becomes zero-dimensional (OD) in nature. Till date, the majority of research
has focused on the 3D NCs of the type ABX3 (e.g. CsPbX3), since this class of NCs

exhibit trap-free nature of surface defect.”*"® Using this material, in the year 2009,
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Kojima et al.”® demonstrating PCE of solar cell ~3.8% and has dramatically increased
to the current value of >25% in 2019 388085 as certified by the National Renewable
Energy Laboratory (NREL) and further making advancements towards the theoretical
limit. This ever-increasing PCE of perovskites QDs in photovoltaics is attributed to
their easy solution processing, suitable bandgap energy, excellent photoelectric
properties, lower exciton binding energy, high optical absorption coefficient, high
dielectric constant, long diffusion length and slow radiative recombination of
photoexcited charge carrier.22838-88 Fyrthermore, they have also been widely
employed in other optoelectronic applications such as light-emitting diodes

(LEDs),2" 545589 |ow-threshold lasers °* and photo-detectors.?%2

1.6. Motivation

As discussed above, the perovskites semiconductor QDs are a promising candidate for
photovoltaic and other optoelectronic applications due to their low processing cost,
tunable optical and electronic bandgap from near-infrared to the near ultraviolet range.
These fascinating optoelectronic properties of semiconductor QDs have opened up a
new avenue for their electrochemical studies. Since these studies would allow us to
understand the effect of size,?>2%% shape, and composition346** on band structures viz.
VBM, CBM, quasi-particle gap.***% To design and develop semiconductor QDs-
based devices, the knowledge of band-gap engineering of their electronic structure is
highly indispensable. Several instrumental methods such as photoemission
spectroscopy in the air (PESA),%*% scanning tunneling spectroscopy (STS),10%102
ultraviolet and X-ray photoelectron spectroscopy (UPS and XPS),'® and cyclic
voltammetry (CV),*360-104-106 offer an opportunity to evaluate the band structure (band-
gap energy as well as the band edge (VBM and CBM) positions and the trap states) of
the semiconductor NCs. Among those methods, CV has emerged an ideal tool to carry
out such investigation as it is easy to access and can perform electrochemical studies
directly from electroactive solution. Further, it also contributes to a better understanding
of chemical reaction occurring at the interface of semiconductor NCs. By performing
CV experiments in the year 2016, Nag et. al.?> was able to correlate the systematic
variation in band edge alignment of CsPbX3 NCs through anion exchange reaction
(effect of halide anions). However, as of now, the clear understanding of the effect of

size over the band edge alignment and optical transition across these edges without
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changing the composition of perovskites QDs have not been emphasized and the study
of electrochemical investigation in this direction is highly noteworthy.

Thus, the main aim of this thesis is to understand the effect of size and capping ligands
over a band edge position. Herein, we have prepared CsPbBrz QDs of varying sizes at
different temperatures following the three-precursor method ¢1°” with some modified
experimental condition using Cs:Pb:Br> in the ratio of 1:1:6. The formed CsPbBrz QDs
were characterized with the help of UV-visible spectroscopy, photoluminescence
spectroscopy, Fourier infrared spectroscopy (FTIR), powder X-ray diffractometer
(PXRD), X-ray photoelectron spectroscopy (XPS), and transmission electron
spectroscopy. The main focus of our project relies on the electrochemical investigation
of size-dependent CsPbBr3z QDs and their effect on band edges without changing the
halide composition at the various reaction temperature. Compared to other conventional
visible-light-emitting semiconductors QDs, CsPbBrz QDs withstand with a unique
promising photophysical property as mentioned above due to its high defect tolerant
properties. Such exceptional properties of perovskite NCs are strongly dependent on
the nature of band edges i.e., VBM and CBM. The correlation between the nature of
VBM and CBM and optical transition across these edges can be extensively studied by

performing CV experiments.

1.7. Aims and Objectives
The aims and objectives of the research are as follows:
e Preparations of colloidal semiconductor nanocrystals and its characterization
using conventional spectroscopic and analytical tool.
e Electrochemical investigation of nanocrystals and estimation of energy level using
cyclic voltammetry.
e Understanding the influence of particle size, and capping ligands on the energy
level of HOMO and LUMO of the nanocrystals.

e Use of the acquired knowledge of band edge for direct application.

1.8. Literature Review

The electrochemical properties of semiconductor QDs are directly dependent on their
band structures. A plethora of reports utilizing various electrochemical methods is well-

documented for understanding the band structures of semiconductor QDs. However, in
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this thesis, our focus is mostly on the electrochemical methods based on the CV for
evaluating the electrochemical properties of colloidal semiconductor QDs. Some of the

interesting and relevant work reported in the literature are presented here in detail.

In 2001, Haram et. al. demonstrated the direct relationship between the electrochemical
bandgap and the electronic spectra of tri-n-octylphosphine oxide (TOPO) capped
cadmium sulfide (CdS) QDs.%° They performed the electrochemical investigation in the
presence of N, N'-dimethylformamide (DMF) solvent and tetrahexylammonium
perchlorate (THAP) as the supporting electrolyte for the first time using CV under inert
conditions. The NCs exhibited the bandgap of 2.96 eV with an oxidation (anodic) and
reduction (cathodic) peaks at 0.80 V and -2.15 V respectively. They further concluded
that the redox reaction was irreversible. The electrochemical behaviour of different
sizes of CdS QDs was investigated and they observed the shifting of the band edge
position with respect to particle dimension which was in accordance with the optical
results (e.g., optical band-gap). Further, they concluded that the CdS QDs act as a multi-
electron donor and acceptor at a given potential.

In 2003, Sasaki et. al. revealed the band structure of self-assembled multilayer thin film
of titania nanosheet on a conductive indium tin oxide (ITO) substrate using the
electrochemical and photoelectrochemical technique.®* They performed the
electrochemical CV studies of titania nanosheet and anatase electrode in the non-
aqueous electrolyte and exposed that the titania nanosheet underwent
insertion/extraction of Li* ion due to the reduction/oxidation of Ti**/Ti*3. The titania
nanosheets were subjected to UV light irradiation (A < 320 nm) under the presence of
the positive potential (at around -1.27 V and above) to generate the photocurrent. From,
the detailed electrochemical investigation, the estimated band-edge energy, and the flat-

band potential values were noted at 3.84 eV and -1.27 + 0.05 V respectively.

In 2003, Nan et. al. reported the ionization potential (1.P), electron affinities (E.A), and
the bandgap in CdSe NCs with the help of CV.1% They performed the electrochemical
measurements by modifying the gold disk microelectrode of radius 400 um with a thin
film of monodispersed CdSe NCs having a diameter of ~3.73 nm at a scan rate of 20

mVs? under nitrogen atmosphere. They used dry acetonitrile as a solvent and 0.1 M
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tetrabutylammonium hexafluorophosphate (TBAPFg) as a supporting electrolyte for the
preparation of electrolyte solution. They noticed a prominent oxidation peak i.e., I.P at
around +1.4 V and reduction peak i.e., E.A at around -0.75 V. For estimating the values
of I.P and E.A, they used the following equation as shown below;

I.P = - (Eox + 4.14) eV

E.A=-(Erd + 4.14) eV
Where, Eox = onset oxidation potential; Ereq = Onset reduction potential. Furthermore,
they also prepared the CdSe NCs of varying sizes such as 3.23, 3.48, 3.73, and 3.80 nm
for investigating the effect of quantum confinement in their band edge energy level.
With the increase in the size of the NCs, a decrease in the bandgap energy value and

vice versa was noted.

In 2005, Pron et. al. investigated the comparative studies of electrochemical properties
of electrochemically inactive surface ligand such as TOPO-capped CdSe QDs with its
analogous QDs containing electrochemically active oligoaniline ligands.%! They
focused on TOPO-capped QDs of different sizes in the broad range of 3 to 6.5 nm
intending to amplify the effect of quantum confinement effect on electrochemical
properties (the relative position of the HOMO and LUMO levels). The examined
electrochemical data were in good agreement with absorption/emission spectroscopy
and theoretically studies. Further, for electrochemically active ligand exchange i.e.,
aniline tetramer, they noticed its profound influence on the band structure viz. HOMO
and LUMO which shifted towards higher and lower potentials respectively. This study
showed an interesting possibility of switching the electrochemically active ligand
between its conducting and non-conducting states and opened the opportunity to
address the electrical properties of individual semiconductors which were otherwise not

possible for TOPO-capped ligands.

In 2005, Gaponik et. al. synthesized thiol-caped CdTe NCs of various sizes and
demonstrated the correlation between the effect of size-dependent electrochemical
properties, optical properties, and their stability.®> They conducted the electrochemical
investigation in an aqueous buffer solution containing 0.1 M Na»SO4 and 0.02 M
Na2B4O7 (pH ~9.2) employing cyclic voltammetry. While investigating, they noticed a
distinct oxidation and reduction peaks in the voltammogram and the peak positions

varied as a function of the size of the NCs. The size-dependent oxidation and reduction
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of NCs resulted in the increase or decrease of the bandgap position owing to the
quantum confinement effect. The peak moved more towards negative potential due to
the decrease in the size of NCs. During the process of the NCs oxidation, the total
charge pass associated with a related peak was consistent with the photoluminescence
efficiency of CdTe NCs. These experimental observations led them to conclude that the
resulting peak was due to the oxidation of the Te-related surface trap. In contrast, with
the increase in the size of the NCs, the Te-related surface trap moved towards the lower

energies.

In 2005, Nan et. al. disclosed the defect states of semiconductor NCs by employing CV.
To understand the role of defect states in semiconductor NCs they prepared CdSe NCs
in the presence of TOPO.% They performed the electrochemical study of CdSe/TOPO
NCs in an inert atmospheric condition consisting of acetonitrile and 0.1 M TBAPFg in
the presence of ionic liquid, 1-dodecyl-3-methylimidazolium-bis-
(trifluoromethylsulfonamide) [Ci mim] [TfoN] with a scan rate of 20 mVs™. The
recorded voltammogram exhibited an additional oxidation and reduction peaks in
between valence band and conduction band which was attributed to the existence of the

defect states situated in between the bandgap of NCs.

In 2008, Haram et. al. used cyclic voltammetry to come across the electrochemical
determination of band structure parameters such as the conduction band edge, the
valance band edge, and the quasi-particle gap of diffusing CdSe QDs.** These
parameters changed as the function of particle size. Due to the poor dispersion
capability of QDs in many polar solvents, the electrochemical studies were performed
by modifying electrode with a thin film of QDs. Thomas Nann and co-workers'
carried out CV measurements of modified thin-film electrodes and compared the results
with values obtained from spectroscopic measurements (UV-visible absorption and PL
spectra). However, during CV measurements of this modified electrode, only the anodic
peak was estimated due to the degradation of QDs. To overcome the shortcoming of
the modified thin-film electrode, Haram and his co-worker carried out voltammetric
measurements in the dispersed medium. They chose TOPO-capped CdSe QD for this
purpose. CV measurements were carried out in the size range of 1.9 nm to 3.6 nm and
the results were correlated with theoretical calculations based on semi-empirical

pseudo-potential method (SEPM) and displayed strong correlation especially in the
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strong quantum confinement regime of QDs i.e., below 3 nm. Figure 1.4.(a) showed the
measured CV curves in the presence and absence of dispersed QDs in the DMSO-
toluene solution containing 100 mM of TBAP as a supporting electrolyte with a scan
rate of 100 mVs™. The potential difference between irreversible cathodic (C1) and
anodic peaks (Aq) as indicated at -1.56 V and 0.80 V vs NHE respectively were in
accordance with bandgap energy obtained from optical bandgap. Furthermore, the
separations between the irreversible cathodic and anodic peaks of different size of QDs
leads to a quasi-particle gap (g4ap%) Which were also found to be in good agreement
with the optical band gap as shown in figure 1.4. (b).
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Figure 1.4: (a) Representation of cyclic voltammogram in the presence (i) and absence
(ii) of TOPO-capped CdSe QDs dispersed in DMSO-toluene solution, and (b) the
comparative study of the effect of size over electrochemical and optical band gap.*?
In 2010, Yahaya et. al. described a technique to estimate the HOMO and LUMO of an
n-type polymer of [6,6]-phenyl C61-butyric acid 3-ethylthiophene ester (PCBE) and a
p-type polymer of poly (3-octyl-thiophene-2,5-diyl) (PsOT).!! Based on CV studies,
they reported the electrochemical bandgap of these materials to be around 1.83 eV (for
P30T, HOMO = 5.59 eV and LUMO = 3.76 eV) and 1.93 eV (for PCBE, HOMO =
5.87 eV and LUMO = 3.91 eV). These electrochemical data were found to be in
correlation with the optical band-gap values obtained from the optical absorption
spectroscopy. For the estimation of the energy level of HOMO and LUMO they
operated an empirical relation as shown below;

ELumo = [ Ered - Ex/2(ferrocene) + 4.8] €V.

Enomo = [ Eox - Evsa(ferrocene) + 4.8] €V.
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Having studied the electrochemical band structure of these materials, they further
exhibited their application in the construction of the solar cells comprising of P30T and

PCBE with an open-circuit voltage up to 750 mV.

Again, in the year 2011, Haram et. al. reported the effect of size quantization on the
band edge position of CdTe stabilized by oleic acid with the help of cyclic
voltammetry.1*2 They carried out the electrochemical investigation under inert
atmospheric condition by purging high purity argon gas in a DCM solution containing
tetra butyl ammonium perchlorate (TBAP) as a supporting electrolyte. All the
experiments were reported with a scan rate of 100 mVs™. They clearly demonstrated
the effect of size over the VBM (HOMO) and CBM (LUMO) and their corresponding
influence towards the UV-visible absorption and emission spectra as depicted in figure
1.5. They further correlated their simulated results with density functional theory (DFT)
as a function of size and the DFT results exhibited a good agreement with the values

obtained from UV-visible Spectroscopy
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Figure 1.5: Effect of size of CdTe QDs towards the (a) UV-visible absorption and
emission spectra and (b) their corresponding effect on the VBM and CBM as shown by
cyclic voltammogram curve.'*?

In 2013, Branzoi et. al. demonstrated the estimation of the energy level of HOMO and
LUMO and the bandgap between organic materials through cyclic voltammetry.® They
selected biodegradable organic semiconductors viz. indigo, cibalackrot, vat yellow 1,
and vat orange 3 for developing biodegradable photovoltaic devices. The energy levels
of HOMO and LUMO were estimated by employing ferrocene as an internal standard
reference. The values of the energy levels were estimated by using empirical equation
reported by Bredas et. al .1*3 as shown under;
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E (HOMO) = -e [EZPset + 4.4]

E (LUMO) = -e [EZS + 4.4]
Furthermore, the values of the optical band gap energy (Eg) were estimated using the
following relation, where, the Aonset represents the longest absorption wavelength.

Eg= 1242 / honset

They showed that the estimated energy level values obtained from electrochemical
studies were in good agreement with the bandgap estimated from optical absorption
spectroscopy. Besides, they also revealed that the indigo and cibalackrot displayed an

ability to carry both types of charges (positive and negative).

In 2013, Haram et.al. employed CV to understand the effect of graphene oxide (GO)
on the band edge position of NCs of CdTe. For this purpose, they carried out the
reduction of GO to give the reduced graphene oxide (r-GO)'* and prepared the
composite of CdTe with r-GO (r-GO-CdTe). The electrochemical measurement of
CdTe NCs and r-GO-CdTe composite were performed in a solution consisting of 0.1M
Na>SO4and 0.02 M Na:B4O7 (borate buffer of pH 9.53) on gold disk electrode. They
observed that the r-GO-CdTe composite displayed quasi-particle bandgap energy of
2.10 eV which was higher in comparison to CdTe NCs (1.93 eV) in the absence of r-
GO. Thus, they concluded that the tunability in the band edge position can be achieved
simply by introducing r-GO in the matrix of CdTe NCs.

In 2014, Liu et. al. prepared CdSe NCs to understand the electronic band structure and
their electrochemical properties.®* They explored the influence of the concentration of
the CdSe NCs on both solution-based and thin film-based electrochemical studies in
the presence of electrolyte solution consisting of 10 mL of acetonitrile and 0.1 M
TBAPFs at different scan rates of 10-30 mVs. On contrary to a weak electrochemical
signal in a solution-based system, a strong signal was noted in the case of a thin film-
based counterpart as shown in figure 1.6. (a). Next, they put their efforts in tracing the
impact of water in the electrolyte solution consisting of NCs which revealed that the
presence of water resulted in the generation of undesired peaks due to the degradation
of NCs as shown in figure 1.6.(b).
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Figure 1.6: (a) Results of CV experiments in solution-based and in thin film-based;
(b) Effect of water in the electrolyte solution and its significant effect towards
electrochemical signal.®*

Again, they examined the fate of electrochemical signals of NCs with respect to the

extent of washing and without washing. The proper washing of NCs led to a significant

improvement in the quality of the signal as compared to crude NCs (without washing)

as shown in figure 1.7. (a). The poor electrochemical signals in the case of crude CdSe

NCs were attributed to the presence of unreacted ligands. Also, they studied the effect

of thickness of CdSe NCs on the thin film-based as shown in figure.1.7. (b). Based on

the experimental results, they concluded that the NCs with an appropriate film on the

electrode displayed a clean and distinct electrochemical signal. However, the too thin

and thick film gave negative results (poor signals).
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Figure 1.7: Comparative effect on electrochemical signal displayed by NCs (a) effect
of various extent of washing (b) effect of thickness of film on the working electrode.®*
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Furthermore, they performed the CV experiments to evaluate the effect of the size of
CdSe NCs on their band edge energy levels and figured out that the onset potentials of
both cathodic and anodic peak were shifted towards more negative and positive
potential respectively with the decrease in the particle size. Lastly, they investigated the
influence of capping ligands on the band structure of CdSe NCs and noticed the

considerable change in the electrochemical bandgap as shown in the figure: 1.8. (a) and

(b).
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Figure 1.8: (a) Effect of different size of NCs on their respective band edge position,
(b) cyclic voltammogram of CdSe with different capping ligand such as pyridine (PY);
Stearic acid (SA); tetradecylphosphonic acid (TDPA) and oleyl amine (OLA)
respectively.®*

The presence of the pyridine (Py) and stearic acid (SA) coated NCs showed the lowest
(2.02 eV) and highest (2.35 eV) bandgap values respectively. Therefore, they concluded
that the size of NCs and the presence of various capping ligands on the surface of NCs

could efficiently modulate the band-gap of NCs to a large extent.

In 2016, Nag et. al. reported the electrochemical investigation of the colloidal
nanocrystal, predominantly, all inorganic cesium lead halide (CsPbX3, where X = Cl,
Brand 1) perovskites.?®> These NCs were first reported by Protesescu et al.!*® in the year
2015 and have been widely used in light-emitting diodes and other optoelectronic
devices. Such exceptional optoelectronic properties could be attributed to the nature of
valence band edge, conduction band edge, and optical transition across these edges. The
CV experiments were used to study the systematic variation of these band edges in the
solution phase at room temperature and ambient atmospheric conditions. The

electrochemical properties of CsPbBrs NCs were studied by dispersing them into a 1:4
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v/v acetonitrile and toluene solution in a 50 mM TBAP with a scan rate of 50 mVs™! as

shown in figure 1.9.
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Figure 1.9: (a) Cyclic voltammogram of CsPbBrz QDs dispersed in 50 mM TBAP 1:4
v/v acetonitrile and toluene solution.?

The peak potential difference between the point Al and C2 are 2.50 V which was very

close to the optical band-gap of 2.48 eV. This result led them to conclude that the A

(anodic peak) and C, (cathodic peak) were the points where the electron transfer

between the NCs and the electrode interface took place. The anion exchange reactions

were carried out by employing PbX; salts following the reported protocol*>!'7 to

investigate the effect of halide composition to achieve a systematic variation in the

optical band gap and electrochemical bandgap from blue to red without changing the

size of NCs as shown in figure 1.10.
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Figure 1.10: (a) Cyclic voltammogram curve of CsPbX3s NCs with different halide
composition; (b) UV-visible absorption and PL spectra of CsPbXs (X= ClI, Br and 1)
showing the tunable optical gap across the visible region.?
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They found that the optoelectronic properties of this material vary from CI to Br to |
with a significant shift in VBM by 0.80 eV whereas the shift in CBM is small by 0.19
eV. Based on these experimental results, they concluded that VBM played a vital role
in tuning the optical bandgap covering the entire visible region by systematic variation

of halide composition but the shift towards CBM with halide composition is small.

In 2017, Zakhidov et. al. reported the effect of various solvents on the electrochemical
properties of hybrid organic-inorganic perovskite films, especially, methylammonium
lead iodide perovskites.?® Several solvents such as isopropanol (IPA),
dimethylformamide (DMF), water, acetonitrile, toluene, hydrofluoroethers of type
7100 and 7300 (HFEs), and diethyl carbonate (DEC) were screened. Among them,
HFE-7100 (a mixture of isomers: methyl nonafluoroisobutyl ether and methyl
nonafluorobutyl ether) turned out to be the best solvent. The small amount of DEC (~3
volume %) along with bis (trifluoromethane) sulfonamide lithium (LiTFSI) salt were
added to enhance the conductivity of HFE electrolyte. The CV experiments were
performed by using coated-thin film (400 nm thick) of CH3NH3sPblz with indium tin
oxide (ITO) as a working electrode and lithium metal as a reference electrode with a
scan rate of 10 mVs. The anodic and cathodic current (IPA = 2.8 x 107 A and IPC =
1.5x 107 A) were noted at 4.96 V and 4.65 V respectively as shown in figure 1.11. The
observed redox peak was attributed to the oxidation of CH3sNH3zPbls/ITO but not due to
the redox reaction of ITO in the HFE electrolyte.

x0T T T T

L[ — 1m0 !
210" [ - ITO/CH,;NH,Pbl;

2 3 4 5 6
Potential vs. Li/Li* (V)

Figure 1.11: (a) Cyclic voltammogram of CH3sNH3Pbla/ITO and bare ITO represented
by the dotted line and solid line respectively.?
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In 2018, Janaky et. al. showcased the boundary conditions for the electrochemical
analysis of cesium lead bromide (CsPbBrs) and the hybrid organic-inorganic
methylammonium lead iodide (MAPbI3s) perovskites NCs.!® The stability window for
both CsPbBrs and MAPbI3s NCs at around -1.0 to +0.6 V and -0.65 to +0.55 V
respectively were reported. The CV study was performed under inert atmospheric
condition by modifying the working electrode with titanium oxide coated with a thin
film of fluorine-doped tin oxide (FTO) in an electrolyte solution consisting of DCM
solvent and TBAPFs as the supporting electrolyte. The thin film-based CsPbBrz NCs
and MAPDI3 NCs exhibited stability for up to 2 h and 1 h respectively in DCM solvent.
Various analytical techniques such as XRD, XPS, SEM-EDX were employed to analyse
the driving force for the generation of the observed redox peaks. The noticeable redox
signals were due to the oxidation and reduction of Pb to Pb*2 and vice-versa as shown

by the following plausible reactions.

Oxidation:
CsPbBrs-e© — PbBr2 + Cs* + 0.5 Br2
PbBr,-2¢¢ — Pb*?+Br;
Reduction:
CsPbBr; +2e¢ ——» Pb+Cs*+3Br

Figure 1.12: Plausible redox reaction of cesium lead bromide QDs during
electrochemical investigation.!®

In 2018, Garcia-Gutierrez et. al. synthesized lead sulfide (PbS) nanocrystal of varying
size-distribution in the presence of the different capping ligands such as oleic acid,
myristic acid, and hexanoic acid.? In this work, the authors demonstrated the influence
of the nature of capping ligands and quantum size effect of NCs on the relative positions
of band energy levels of NCs (HOMO and LUMO). The shift in the relative positions
of HOMO and LUMO of PbS NCs was attributed to the different atomistic arrangement
surface of NCs and phonon vibrations with the various capping ligand. They proposed
that the anodic oxidation signal was due to the dissolution of PbS nanocrystal whereas

the reduction signal was attributed to the cathodic reduction of Pb*? to Pb°.
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CHAPTER-1I
MATERIALS AND METHODS

2.1. Materials

The essential chemicals required for the synthesis of quantum dots are lead acetate
(Pb(OAC)2, (Sigma-Aldrich), molecular bromine (Brz, 99%, Rankem), oleic acid (OA,
technical grade, Sigma-Aldrich), 1-octadecene (ODE, technical grade, Sigma-Aldrich),
oleylamine (OAm, technical grade technical grade, Sigma-Aldrich), cesium carbonate
(Cs2C03, 99.9%, Sigma-Aldrich), dodecylamine (TCI, 97%), stearylamine (85%, TCI)
and ocetylamine (99.9%, Sigma-Aldrich) were purchased. The required solvents such
as toluene (99%, Finar), hexane (95%, Finar), acetonitrile (99.9%, Finar) ethanol (99%,
Merck.) were purchased. Chemical such as tetrabutyl ammonium bromide, sodium
perchlorate were purchased from Thomas Baker (99%) and Himedia (85-90%)
respectively. Alumina powder required for the polishing of electrodes were purchased
from TCI. All the solvents used for electrochemical studies were dried before use.

2.2.  Physical Methods

2.2.1. Colloidal Synthetic Methods

To synthesize semiconductor NCs a various reliable synthetic procedure has been
developed to obtain a high degree of optical properties such as tunable emission
wavelength, high photoluminescence quantum yield (PLQY), narrow full width at half
maximum and high defect tolerance as a function of control tunable shape and size.
Generally, the synthetic route for the preparation of colloidal nanocrystals according to
the state of reaction medium have been broadly classified into two categories viz. “top-
down” and “bottom-up’’ synthetic strategies.? Top-down strategy involves the
structuring and fragmentation of macroscopic solid either chemically or mechanically
whereas bottom-up involves the reaction of molecules and ions in gas or liquid-phase
both at room and high reaction temperatures.®>> But, due to the certain drawback of
precursor and instrumentations vapour-phase of bottom-up and solid-phase of top-down
synthetic approaches has been ruled out for the preparation of high degree phase purity
of NCs. In contrast, colloidal semiconductor NCs synthesized from liquid-phase

approach of bottom-up has been found to be an efficient route.>”’
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Depending upon the type of reaction media, the liquid-phase approach has been further
sub-divided into three main categories viz. (a) the organic-based approach,® (b)
aqueous-based approach®! and (c) the aqueous-organic based approach.!* However,
these methods under mild reaction temperature were unable to control the shape-size
and phase purity of NCs. To tailor a well uniformity in morphology of NCs, a non-
aqueous method has been proven to be the best strategic methodology in which it
involves Kinetic control over nucleation and growth processes by employing high
boiling organic solvents and ligands.'?® The various non-aqueous methods that have
been evolved during past few decades are hot-injection method, heat-up (non-injection)
method and the ligand-assisted reprecipitation method. The brief introduction about

these various non-aqueous methods have been discuss below.

2.2.1.1. Hot-Injection Method

The wet chemical colloidal synthesis offers a preparation of colloidal particles of a wide
range of organize shape and size with high degree of controllability and
reproducibility.!**® The colloidal synthetic methodology can be traced back to
pioneering work of Faraday on gold nanoparticles/colloid.'® Murray et al.X’ for the first
time popularized hot-injection method through the synthesis of cadmium chalcogenide
nanocrystal (figure 2.1). The method follows the swift injection of reactive precursors
into the hot solution of remaining precursors, ligands and high boiling solvent which
triggers monomer formation resulting into the rapid burst of nucleation.*>8° In doing
so, the solution temperature drops along with the rapid depletion of monomer
concentration due to nuclei formation resulting into the termination of nucleation
process. Subsequently, this allow to the growth of nanocrystal with no new formation
of nuclei and this happens only if the reactions get quenched in ice-bath when it is still
in size focusing regime.

The method is very much reliable for the preparation of monodisperse NCs and is based
on concepts developed by LaMer and Dinegar et. al.?® The method allows for synthesis
of colloidal NCs with narrow size distribution by attaining the temporal separation

between the nucleation and growth stages.
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Injection

Figure 2.1: Representation of hot injection method (a) Before injection of precursor;
(b) after injection of precursor.

The important factors that facilitate to control the size, size-distribution and shape of
colloidal semiconductor NCs synthesized by hot-injection methods are (1) the injection
temperature of the precursor, (2) the reactivity and concentration of precursor, (3) the
reaction time, (4) the ratio of capping ligand to precursors, and (5) the effect of
surfactant, solvent and pH, etc.2 The hot-injection method is particularly effective
because by varying the reaction temperature, concentration of ligands and reaction time
it offers the formation of NCs of various tunable size. Furthermore, the method is very
much feasible for the preparation of various type of NCs. Currently, the method is
widely applicable for synthesizing all inorganic cesium lead halide perovskite NCs with
high quality. In the year 2015, Protesescu et. al.?! for the first-time synthesized lead-
based perovskite NCs (CsPbX3 where X = ClI, Br, and I) with a typical hot-injection
method. It involves the rapid injection of Cs-oleate in an octadecene solution consisting
of lead halide, oleylamine and oleic acid at high temperature typically in the range of
140-200 °C. The CsPbX3 perovskite NCs synthesized through this method led to the
development of NCs that cover the entire visible spectral region with narrow emission
line width, high photoluminescence quantum yield as well as tunable band gap energy
by varying the size and composition.?>?* However, the method has certain drawback

as it failed to scale-up thus hindering the larger scale in industrial productions.
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2.2.1.2. Heat-Up Method

The heat-up based technique also known as the “non-injection method” is an alternative
method for the preparation of colloidal nanocrystals. The method involves the
participation of the precursors, stabilizing ligands and high boiling solvent into the
reaction vessel followed by controllable heating of reaction mixture from room
temperature to elevated temperature to induce the nucleation and growth of NCs
provided that precursors should have negligible reactivity at low temperature and
considerable reactivity at elevated temperature.?>2" In order to obtain a high quality of
nanocrystal a choice of precursors with suitable level of reactivity and heating rate is of
great importance during reaction scheme.?® In 2015, Van Embden et. al. % have
reported the role of precursors, ligands and the reaction heating condition on the
nucleation and growth of nanocrystals and hence the size distribution. In contrast to the
hot-injection approach heat-up method have provided a synthesis of colloidal

nanocrystals in large scale with batch-to-batch consistency and reproducibility.

2.2.1.3. Ligand-Assisted Reprecipitation Method

Ligand-assisted reprecipitation is a supersaturated recrystallisation process that has
been conveniently employed for producing supersaturated solution without the
protective atmospheric or heating condition. The process involved during the reaction
is very simple. It consists of desired ions dissolving in an appropriate solvent until an
equilibrium concentration is reached thereby attaining the reaction mixture to
nonequilibrium state of supersaturation.'? There are several approaches through which
supersaturated state can be attained viz. by evaporating the solvent, by varying the
reaction temperature, or by introducing the ion which has low solubility. Under such
circumstances, when the reaction mixture attained the equilibrium state a spontaneous
precipitation and crystallisation will observed. The method were found to be very much

feasible for the preparation of organic NCs along with the synthesis of polymer dots.3%:3!

The precise control of reaction temperature is very much crucial due to the injection of
precursor which tends to cause poor reproducibility as well as inhibiting large scale
industrial production in case of perovskite NCs, thus to overcome such an issue an
alternative low temperature synthesis method known as LARP is a promising strategy.?
It involves the mixing of precursor salt solution dissolved in a good polar solvent such

as dimethylsulfoxide (DMSO), dimethyl formamide (DMF) etc. and ligands into a non-
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polar solvent such as toluene, hexane etc. under vigorous stirring condition at room

temperature (figure 2.2).

Polar solvent
+ Metal halide salt
+ Organic ligands

Mixing
~ Perovskite
/ Nanocrystals

Figure 2.2: Representation of LARP synthetic approach.

The mixture of these solvent brings rapid supersaturation, which generate the
nucleation and growth of perovskite NCs. In general, the precursor salts involved in
LARP approaches are of MX, (where M represents metal such as Pb, Sn, etc.), CsX,
MAX and FAX type (where MA and FA represent methylammonium and
formamidinium respectively) X represents halide such as CI, Br and I). The method is
very much practicable for the scale-up production of metal halide perovskite NCs.33-3
For the first time Papavassiliou et. al.*® were able to synthesize hybrid organic-
inorganic lead halide based perovskite NCs by dissolving the mixture of MAPbX3,
(MA)(CH3CsH4CH2NH3)2Pb2X7 or (MA)(CsHaNH3)2PboX7 (where X = ClI, Br, 1) salts
in DMF thereby further mixing the solution in toluene. In the year 2015, for the first
time Zhang et al.*” applying LARP method synthesize organic-inorganic MAPbBr3
NCs by mixing the solution PbBr,, MABr salts in alkyl amine, carboxylic acid and
DMF with toluene at room temperature under vigorous stirring condition to form
colloidal NCs. For gram scale production of CsPbBrs QDs, Wei et. al.3? has developed
homogenous reaction process at room temperature under ambient condition by
dissolving all the precursor such as Pb*?, Cs* and Br in non-polar solvents (e.g., hexane,

toluene, dichloromethane, chloroform etc.). In addition, long-chain carboxylate acid
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such as butyric acid, octanoic acid or oleyl amine, hexanoic acid plays an important

role for synthesizing homogenous reaction mixture at room temperature.

Furthermore, the method is very much suitable for preparing lead-free and fully
inorganic perovskite NCs. In the year 2017, Li et. al.® synthesizes cesium bismuth
halide (Cs3Bi2Xg) perovskite NCs by mixing solution of CsX and BiXz precursor in a
polar solvent such as DMSO into 2-propanol as a non-polar solvent. Though the method
has potential to scale up the production of nanocrystal but to have precise control over
size and morphology is very much crucial, which can be instead easily carried out via

the hot-injection method.

2.2.2. Analytical Methods

The analysis of the synthesized materials was characterised with the help of various
analytical techniques. The working principles that have been involved in the different

techniques have been summarised below;

2.2.2.1. Spectrofluorometer-PL (Photoluminescence)

PL spectroscopy is a widely used analytical characterisation technique which is based
on study of fluorescence emission characteristics, quantum yield of materials and their
correlation with the concentration and internal electronic structure of the material. It is
a simple, contactless and non-destructive technique for characterization of fluorescent

quantum dots and dyes.>**4!

Generally, a high intensity light source is directed onto the sample which absorbs
photons resulting in excitation of electrons from a lower energy state (valence band/
HOMO) to higher energy state (conduction band/LUMO). After this initial photo-
excitation process the excited electrons revert back to the ground state level dissipating
the excess amount of energy (Fluorescence). The intensity, the line width and position
of the emitted light provide insights about the electronic as well as physical properties
of the material such as band gap, size of the colloidal nanocrystals, size distribution,

surface defects etc.
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During the photo-excitation process, the electrons of the material get excited within the
permissible excited state, meaning that an electron goes from ground singlet state to an
excited singlet state, by absorbing photon of equal or greater energy. Within the
femtosecond (typically 108 sec. after excitation) the material undergoes transition from
an upper electronically excited state to the equilibrium state by releasing an excess
energy which may involve the emission of light (a radiative process) or may not (a hon-

radiative process) as shown in figure 2.3.

c-ozooozzz--z--- excited states

4
konradiative relaxation

——¢—— conduction band

excitation photon
luminescence
photon

-«

valence band

iﬂf

electrons

Figure 2.3: Principle of photoluminescence spectroscopy (PL).

The difference between the excitation wavelength and the emission wavelength is

known as Stoke’s shift and is given by the following equation as shown below;

Stoke’s shift (cm™?) = 107 (- ——) ..eevovreenn, (i)

)\ex )\em

The PL spectrophotometer gives only characteristic properties of the low-lying energy
level of the system. With regards to the luminescence semiconductor system, generally
the radiative transition takes place from the conduction band to valence band and the
energy difference between these band is known as the band gap. The examination of
PL spectrum leads to the identification of specific defect or impurities present in the
semiconductor system as during the radiative transition in semiconductor it may also
involve localized defects or impurity levels. Furthermore, the magnitude of PL

spectrum allows us to determine their concentration. Thus, according to the analytical
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data of PL, we can conclude the type of band gap, impurities, defect levels and
crystalline quality of semiconducting material. From the peak intensity of PL spectra,
we can reveal the composition of materials and further with the help of PL, we can
investigate the internal interface of hetero-structure which cannot be determine with

that of general physical or electronic measurements.

PL is quite different from absorption spectrum as it is an embodiment of radiative
recombination and involve the transition of photon from excited state to the ground
state whereas absorption spectrum involves the excitation of photon from ground state
to excited state. The time period between the emission and absorption is very small. An
excitation spectrum is the relative efficiency of different wavelengths of exciting
radiation in causing fluorescence which looks very much similar to an absorption

spectrum and is independent of wavelength at which fluorescence is measured.

The fluorescence quantum yield (QY) is measured by taking the ratio of the number of
photons emitted to the number photons absorbed and is expressed by the following

equation;

QY _ Dphotonsenitted (11)

photonsapsorbed

The relative quantum yield (QYRr) of an unknown sample is determined by comparing
the known quantum vyield (QYs) of standard dye with that of the integrated

photoluminescence of the sample using the equation;

Is X AR Xn% (i)
Ta XA KI% e

QYs=QYr
Where | is the integrated PL intensity, A is the absorbance, and n is the refractive index.
Equation (iii) may be written as:

Is

- 2
QYs=QYrX £ X Z_Z ......... (iv)
AR

2.2.2.1.1. Experimental Set-Up

A spectrofluorometer is an analytical instrument used to determine and record both the
emission and excitation of fluorescence material. The instrument is capable to monitor
the variation of signal with time, temperature, concentration and other variable

accessories. The flow chart diagram of fluorescence spectrometer is show in figure 2.4.
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The experimental set up of spectrofluorometer consist of illuminator source,
monochromators, gratings, slits, shutters, sample compartment, detector and computer
control. For this project, unless otherwise stated, we have used HORIBA scientific
spectrophotometer (Model: PTI-QM 510) and the data were processed using FelixGX
4.9 version software. The dispersed sample in hexane solvent were excited at 400 nm
using a xenon lamp source coupled to a monochromator. For all the experiments the
excitation slits were set to 1.92 nm for entrance and 1.92 for the exit. For emission, slit
were set to 0.96 nm for entrance and 0.96 for the exit. The figure 2.4. shows the

instrument installed in our laboratory.

€)) (b)
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Figure 2.4: (a) Flow chart diagram of fluorescence spectrometer and (b) HORIBA

scientific spectrophotometer.

2.2.2.2. Powder X-ray Diffraction (P-XRD)

Powder X-ray diffraction (XRD) is one of the most prevailing nondestructive analytical
technique primarily employed for phase identification of a crystalline materials. It
provides information on crystal structure, phase, preferred crystal alignment and
various other properties such as grain size, crystallinity, crystal defect and strain.*?4
The sample should be finely grounded and homogenized in case of solid sample. For
colloids, the sample is prepared on a glass slide /sample holder by drop-casting a

concentrated solution of the colloidal materials.

Historically, in 1912 Max von Laue and his co-worker ** discovered that the crystalline

materials behave as a three-dimensional diffraction grating for X-ray since the
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wavelength of a X-ray beam is comparable to the spacing of planes in a crystal lattice.
X-rays produced in a cathode tube is filtered to generate monochromatic radiation
which is subsequently directed towards the sample. The diffraction patter is the result
of the constructive interference of monochromatic X-rays as predicted by Bragg’s

equation:
nA=2dnaSIiNG............. (1)

Where, n is an integer, A is the wavelength of the incident X-rays beams, dna is the
interplanar spacing between the neighbouring lattice plane with Miller indices hkl and
6 is the half angle between the incident and diffracted beams. The interplanar distance,
dnw with the precise Miller indices for cubic and orthorhombic systems are determined

using the following equations:

Cubic:
1 h? + k? +12 .
. = T e (1)
Orthorhombic:
1 h?2 k212
P 2tttz (111)

Where a, b, ¢ are unit cell parameters.

The law corelates the wavelength of electromagnetic radiation to the diffraction angle,
26 and the lattice spacing dnw in a crystalline material. Due to the random positioning
of the powder materials all the possible diffraction directions of the lattice will be
observed while scanning the sample at the range of 26. Consequently, a family of planes
generates a diffraction peak only at a specific angle, 26. Furthermore, the change of
diffraction peaks to d-spacing permits the identification of the materials as each material

has its own set of unique-d-spacings.
2.2.2.2.1. Experimental Set-Up

The instrument installed in our laboratory is PANalytical X’ Pert Pro diffractometer
using Cu Ka (A = 1.54 A) as the incident radiation (30 kV and 15 mA). All the

experiment was performed with a scan rate of 0.02 °s™%. Data collection and analysis
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was performed with Data Collector of version 3.0 C (3.0.3.188) and High Score Plus of
version 3.0C (3.0.3) respectively. X-ray diffractometer comprises of three basic
elements viz. an X-ray tube, a sample holder and an X-ray detector. The experimentally
obtained XRD signal were compared with the signal obtained after simulation or from
different sources so that the phase and purity of the materials can be determined. The
other techniques that can complement or cross-validate the results obtained in PXRD
are XAFS, HR-TEM, SAXS, etc.*®

& i

PANaty s

Figure 2.5: Panalytical X Pert Pro P-XRD instrument.

2.2.2.3. Fourier Transform Infrared Spectroscopy (FT-IR)

Infrared spectroscopy is an important technique used to determine the vibrational
frequency of functional groups associated with the molecules with characteristic
infrared absorption band which corresponds to the fundamental vibration of the
functional group.¢“ It is an easy technique to categorize the presence of certain
functional groups in a molecule. Analysis through infrared spectroscopy is primarily
based on the vibration of chemical bonds in the mid infrared region of electromagnetic
spectrum: ~ 4000 cm™ to ~ 200 cm™. It is further divided into two main region- the
region from 200-1600 cm* is known as finger print region and from 1600-4000 cm™ is
known as functional group region. The vibrational spectra of the molecule is determined

by following the Hooke’s law and is given by the following equation;*°
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Where © is a wave number in cm™, ¢ is the speed of light in cm sec?, k is the force
constant in dyne cm™ and p is the reduced mass of atoms.

When a molecule is irradiated with a beam of infrared radiation it will absorb those
radiation only which is equal to or greater than the molecular vibrational frequencies.
The absorbed frequencies of infrared radiation are measured by an infrared
spectrometer. The signal obtained by plotting the absorbed energy vs frequency is
known as infrared spectrum of the material. Each material has its own vibration,
yielding different infrared spectra as a result of which identification of material become
possible. Furthermore, it is possible to determine the type of various functional group
present in the materials through frequencies of the absorption.

For a linear molecule possessing N atoms, there are 3N-5 normal modes or fundamental
vibration motions of the molecule are possible and 3N-6 for non-linear molecules. A
normal mode of vibration is infrared active if there is a change in the dipole moment of
the molecules during vibration. In the mid-infrared region (4000-1000 cm™) two
commonly known vibrational modes of the molecules are observed viz. stretching and
bending. In stretching mode, vibration takes place along the bond resulting in the
change in bond-length whereas in the bending mode, vibration lead to the change in
bond angle (6-in plane and w-out of the plane). Furthermore, stretching mode is sub-
divided into two main types - symmetric and ant-symmetric stretching as demonstrated

in figure 2.6.

90 2
3

C

R
A
S
S
O

symmetric stretching anti-symmetric stretching

Figure 2.6: Representation of different mode of stretching vibration (a) symmetric
stretching and (b) anti-symmetric stretching.
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In symmetric stretching, two bonds will elongate and contract simultaneously at the
same time and require lower energy. But in case of anti-symmetric stretching mode,
one of the two atom moves towards the central atom while another atom moves away

from central atom and thus require higher energy.

Further, bending mode of vibration are also called deformation vibration and it is
classified into two types:

(a) In-plane Bending vibrations, and

(b) Out of plane Bending vibrations
(a) In-plane bending- This type of vibration lead to the change in bond angle and takes

place within the same plane. It is of two types.

e Scissoring in which bond angle decreases due to the movement of two atoms
simultaneously towards or away from the central atom.
e Rocking in which two bond moves in clockwise or anticlockwise direction

within the same plane maintaining bond angle.

(a) (b)

O
//’
‘.,
O

scissoring rocking

Figure 2.7: Different mode of in-plane bending (a) scissoring and (b) rocking.

(b) Out of plane bending- This type of bending vibration takes place out of the plane
of molecule. It is of two types.

e Wagging in which two atom moves in V direction to one side of the plane.
e Twisting in which one atom is moving above the plane and the other is below

the plane.
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Figure 2.8: Different mode of out of a plane bending (a) wagging and (b) twisting.

2.2.2.3.1. Experimental Set-Up

The instrument installed in our laboratory is Bruker ALPHA E, 200396
spectrophotometers as shown in figure 2.9.(a). The spectra were recorded between the
range of 600-4000 cm™* with a resolution of 4 cm™. The instrument consists of following
basic components such as light source, monochromator, sample holder and the detector
as shown systematically in figure 2.9.(b).

Both the liquid and solid state of sample can be studied in our set-up. Basically, the
light source used in this instrument is Globar filament or Nernst filament consisting of
red or white light which are used to heat for at least half an hour before analysis. The
produced light is incident over the sample on the silver layered mirror and will pass
toward the monochromator for generating equivalent energy of light with respect to the
experimental sample. Thin film of sample is introduced over ATR crystal surface and
then the detector will detect by sensing the heating effect. The detected signal is
digitised and sent to the computer where the Fourier transformation takes place to get

the IR spectrum.
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Figure 2.9: (a) Bruker Alpha FT-IR Spectrophotometer, and (b) Flowchart diagram of
FT-IR spectrophotometer.

2.2.2.4. Ultraviolet-Visible Spectroscopy
UV-Visible spectroscopy is employed to investigate the type of electronic transitions
present in the molecules as they absorb light in the UV and visible regions of the
electromagnetic spectrum. It is used for analysing solids, liquids and gases by
irradiating electromagnetic radiations in the far and near ultra-violet (UV), visible (Vis)
and near-infrared (NIR) region of the electromagnetic spectrum. The values of the
electromagnetic radiation wavelength for UV, Vis and NIR radiation are defined as
follows:05t

e UV radiation — 300 - 400 nm

e Vis. radiation — 400 - 765 nm

¢ NIR radiation — 765 - 3200 nm

Basically, spectroscopy is related to the interaction of electromagnetic radiations with
the matter. The absorption of UV or Vis radiation by the matter results in an increase
in the energy content of the atoms or molecules resulting in the transition among
electronic energy level hence it is also often known as electronic spectroscopy.

UV-Visible spectroscopy is based upon the principle of Beer-Lambert Law.>® It
corelates a linear relationship between the absorbance and the concentration of an
absorbing species. It states that when a beam of monochromatic light is passed through

a uniform solution of an absorbing substance, the rate of decrease of intensity of
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radiation with thickness of the absorbing solution is proportional to the incident
radiation as well as the concentration of the solution. It is expressed as;

A=log (lo/I)=e€cl ............. (1)
Where, A is the absorbance, lo intensity of the incident light upon sample cell, 1 is the
intensity of transmitted light, c is the molar concentration of the solute, | is the path
length of the sample cell in cm and e is the molar absorptivity or the molar extinction
coefficient of the substance.
Generally, the transition of electron takes place from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) by absorbing
photon of certain wavelength and energy which is equal to the energy required for
electron to get promoted to higher energy state. The resulting species is said to be in an
excited state. The theory revolving around this concept is that the wavelength at which
absorbance take place is equal to the energy difference between the HOMO and LUMO.
The energy of the transmitted light from the material afterwards is measured with the
help of photo detector and produces a distinct spectrum.
A various type of electronic transition will take place during interaction of
electromagnetic radiation with a molecule. Basically, there are three principal types of
molecular orbital viz.- sigma (o) orbitals, pi (z) orbitals and filled but nonbonding
orbitals (n) in which the molecule will contains valence electron in the ground state. In
the electronic transition, the excitation of electron will take place from one of the three
ground state (o, m or n) to one of the two excited state (¢*, or n*). This excitation of
electron will result into six possible transitions — c-0*; o-n*; n-n*; 1-6*; n-n*; n-o*.

The said electronic transitions is clearly depicted in figure 2.10.

o™ (anti-bonding)

. n* (anti-bonding)

n (non-bonding)

Energy
=]
3
T] *
]
n*
7
]
q*
Q
]
q*

7 (bonding)

o (bonding)

Figure 2.10: Electronic transition in UV-visible spectroscopy.
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From the figure 2.10. we can see that in each transitions the electron is excited from the
lower energy state (ground state) to the higher energy state (excited state) and for each
transition a definite amount of energy is required. Furthermore, larger the gap between
the energy levels greater the amount of energy is required to promote an electron to the
next higher energy levels. As a result, an electromagnetic radiation of higher frequency
is required thereby absorbing in shorter wavelength. An important mode of electronic
transitions is described below;

e o-6* - The transition of an electron from a bonding sigma orbital to an anti-
bonding sigma orbital is known as ¢ to o* transition. This type of transition
requires a larger amount of energy as the ¢ bond is very strong. Thus, this type
of transition includes shorter wavelength (< 150 nm) and usually fall outside the
range of UV-visible spectrophotometer (200-800 nm).

e z-m* - The transition of an electron from a bonding pi orbital to an anti-bonding
pi orbital is known as m-n* transition. Usually, these types of transition are seen
in compounds having one or more unsaturated group such as alkene, carbonyl,
nitrile, nitro etc. This type of transition requires lesser amount of energy as
compared to n to 6* transition.

e n-¢* - The transition of an electron from a non-bonding orbital to an anti-
bonding sigma orbital is designated as n-c* transition. This type of transition is
shown by molecules having lone pairs of electrons such as amine, saturated
alcohol, halides etc. It requires less amount of energy than o-6* transition.

e n-w* - The transition of an electron from a non-bonding orbital to an anti-
bonding orbital is known as n to ©* transition. Usually, the carbonyl compound
shows n to w* transition along with w-n* transition. The transition from n to n*
appears at longer wavelength as this type of transition requires least amount of
energy.

Colloidal quantum dots also absorb UV or Visible or near infrared light, resulting in the
generation of coulombically connected electron-hole pair known as excitons. The
absorption band width, position and pattern reflect the electronic structure of the
material such as optical band gap.
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2.2.2.4.1. Experimental Set-Up

The instrument used in our lab is Perkin ElImer Lambda 25 spectrophotometer as shown
in figure 2.11. (a). The data were collected using Lamda25 software. All the experiment
were conducted with a scan rate of 480 nm min. It consists of light source (UV and
vis.), monochromator (wavelength selector), sample holder, detector and recorder.

Figure 2.11. (b) shows a systematic set up of UV-visible spectrophotometer.

(b)

diffracting
grating

rotating disc .
':\, / g \ mirror
|
7 it sample
cuvette
detector

light source mitror and

computer

reference
cuvette

Figure 2.11 (a) Perkin ElImer Lambda25 UV-visible spectrophotometer. (b) Systematic
diagram of UV-visible spectroscopy.

UV-vis spectra are measured by preparing a very dilute solution of sample in a suitable
solvent. The solvent should be inert to the sample. Some of the commonly used solvents
are hexane, ethanol, water etc. Before investigation of the experiment background
correction is necessary by placing the suitable solvent for the experiment in a
transparent cell of 1 cm path length of quartz cuvette. After completing the background
correction both the sample solution and the previous reference solution is again placed
in a sample holder by setting the absorption wavelength from 800-200 nm. The various
source of radiation is used such as tungsten filament, a deuterium arc lamp which is
continuous over the ultraviolet region, and more recently light emitting diodes (LED)
and xenon arc lamp is used for the visible wavelengths. Photodiodes are used with the
monochromators in order to filter the light so that only a light of single wavelength is

detected by detector to record spectra.

2.2.2.5. Thermogravimetric Analyser (TGA)
It is simple analytical technique used to investigates the change in the mass of a
substance as a function of time or temperature in a controlled atmosphere.®?*® The

variation in weight is recorded when the sample is typically subjected to heating or
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cooling under controlled environmental programmed condition. When the change in
weight of a substance is recorded with respect to time than the said condition is termed
as “isothermal mode”. During the scanning mode, the weight loss is recorded as a
function of temperature. The choice of temperature is programmed according to the
type of information required about the substances. Furthermore, the type of atmosphere
used in the TGA experiments plays an important role as it can be reactive or inert that
flows over the sample in order to prevent oxidation or other uncertain reactions and exit
through an exhaust. Change in the atmospheric condition can be made during
experiment.

The principle involved in the TGA is that the loss of weight mass can be investigated
under the controlled atmospheric condition. Thus, it is mainly employed to understand
the thermal events such as decomposition, oxidation-reduction, absorption, adsorption,
desorption and sublimation. Beside this, it can be used for the determination of volatile
or gaseous lost product of substances such as nanomaterials, polymer, films, fibers,
paints and coatings. Furthermore, it can perform kinetics of chemical reactions under
various experimental conditions.>*

TGA comprises of microbalance, programmable temperature, controller, sample
holder, furnace and recorder. The microbalance is connected to the sensor so that a
small deviation of an order of 10° g from the null point can be determined.
Measurements were done by loading a sample in a pan composed of platinum or
aluminium or ceramics and get suspended towards the furnace where a highly
monitored heating environment is maintained. A plot of weight loss vs temperature is
referred to as the thermogravimetric curve (TGA curve) or derivative
thermogravimetric curve (DTG). At first the change in mass/weight vs time or
temperature is plotted. Secondly, the plot is performed with respect to the rate of change
in mass/weight vs time or temperature.®® The TGA curves helps to determine the
transparency of analytical sample along with their mode of transformation with respect
to the specified range of temperature. As many weight loss curves look very similar, so
a derivative weight loss curve can be implemented in order to find out the point at which

the weight loss is most apparent.

2.2.2.5.1. Experimental Set-Up
The instrument used for the analysis of sample in our lab is TA Instrument’s Q50

Analyser (figure 2.12) for thermogravimetry measurements.
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Figure 2.12: TA Instrument’s Q50 Analyser.

During the investigations, there is a controlled mechanism to regulate the system to heat
at the rate of 20 °C min up to 800 °C under inert atmospheric condition maintaining
the flow of N, gas at the rate of 60 mL min inside the heating furnace and 40 mL min-
1 inside the balance chamber. Two platinum pans were supported by a precision
balance, among them one of the pans were used as a reference and other one to hold the
sample. Finally, the recorded data were plotted and obtain in the form of both TG and
DTG curve.

2.2.2.6. Cyclic Voltammetry (CV)

Cyclic voltammetry is a very powerful tool and has become a significant and widely
used electroanalytical technique in many fields of chemistry. It is generally used for the
investigation and measurement of redox processes involving electron transfer reaction
of an electro active molecular species which are soluble in an appropriate solvents.>®>
It can provide important information about the reaction between the ions and surface
atoms of the electrodes for understanding the reaction intermediate that brings stability
to the reaction products.>® Furthermore, it provides a qualitative information about the
electrode reaction mechanism, charge transfer reaction between the electrolyte ions and
electron from the electrode surface, determination of energy of HOMO-LUMO levels,

to evaluate the ligand effects over the oxidation/reduction potential of the central metal
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ion in complexes and multi nuclear cluster and compound stability under experimental
conditions.>*%° As similar to other organic or inorganic molecules, semiconductor NCs
having unique intriguing tunable optoelectronic properties depend upon the size, so-
called quantum size effect and the composition. They have attracted significant interest
due to their influential effect towards the band edge position viz. the valence band edge
(h1) and the conduction band edge (e1) which can be further attributed to the anodic and

cathodic peak respectively in the cyclic voltammogram.

Current
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Eginal ——Cycle 1 —1 — Cycle2 — = e
>
I
E
2
&
Einitia B _ / ) ) > \/oltage
- . Initial potential Final potential
Switching potential | ./
- pa A
Time / S Epa I:pc

Figure 2.13: (a) Cyclic voltammetry potential triangular waveform; (b) representation
of cyclic voltammogram.

It has been routinely employed since decades due to its mild experimental procedure at
room temperature and at ambient atmospheric pressure 226184 Thus, it is a very useful
electroanalytical technique to understand the redox reaction which plays a very decisive
role for charge storage mechanism in the study of super capacitor.® It is
potentiodynamic electrochemical measurements that involves the linear and cyclic
variation of the applied potential between the working electrode and the reference
electrode within a potential window in both the forward and reverse direction. The
produced currents were measured between the working and the counter electrode. The
potential that is applied across this electrode can be consider as excitation signal and is
a linear potential scan with a triangular wave form as shown in figure 2.13.(a). A cyclic
voltammogram (figure 2.13. (b)) is a curve obtained by measuring the current at the
working electrode during the potential scan and generally two convention were
commonly employed to represent CV data viz. the US convention and the ITUPAC
convention as depicted in figure 2.14.%7
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Figure 2.14: Representation of cyclic voltammogram (a) US convention, and (b)
IUPAC convention.

For reversible redox reaction as shown below, the equilibrium is described by Nernst

equation;

It relates the potential of an electrochemical cell (E) to the standard potential of an

electroactive species (E®) and the relative activities of the oxidised and reduced analyte

at equilibrium.
E=E"+ T ln—Red .............. (i1)
RT Oxi
Or,E=E®+ —2303loggpy  -oooeo (iii)

Where, F 1s Faraday’s constant, R is the universal gas constant, T is the temperature, n
is the number of electrons.

The significant parameters of a cyclic voltammogram are the magnitude of peak current
(ipc & ipa) and peak potential (Epc & Epa) Of cathodic and anodic peaks respectively.
These parameters are labelled in the figure 2.13.(b). In an electrochemically reversible
couple system both the oxidised and reduced species will rapidly transfer an electron
with the working electrode. The half wave potential (E12) between the two peaks i.e.
anodic peak potential (Epa) and cathodic peak potential (Epc) for a reversible couple in

the voltammogram is given by;
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Furthermore, the separation between the two peaks of the voltammogram is given by;

If the system is electrochemically reversible, the peak-to-peak separation i.e. the
difference between the anodic peak potential and cathodic peak potentials, AEp is 57
mV at room temperature and the width at half max on the forward scan of the peak is
59 mv.%’

The number of electrons (n) transferred during the reversible couple can be determined

by the following equation;

AEp = Epa - Epc g %59 ............... (Vl)

For example, in the case of one electron reduction process of [Fe™ (CN)s]* to [Fe"
(CN)g]* the peak-to-peak separation was found to 0.059 V. The peak current, i, for a
reversible system is given by the equation known as Randles-Sevcik equation and this
equation helps to describe that how the peak current increase linearly with the square
root of the scan rate.>’*® Furthermore, the equation helps to determine the diffusion

coefficient of the analyte.

ip = 0.446nFAC ® (522) % ... (vii)

Where, A is the electrode surface area in cm?, v is the scan rate in V s, F is Faraday’s
constant, Do is the diffusion coefficient of oxidised analyte in cm? s, C %is the bulk
concentration of the analyte in mol cm™, R is the universal gas constant and T is the
temperature. The values of ipa and ipc should be identical for a reversible couple system

ie.;

2.2.2.6.1. Experimental Set-Up
The electrochemical investigation of the analyte was carried out on a solution using a
BASI INC, USA/EPSILON electrochemistry workstation. Basically, it is a three
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electrodes system consisting of a working electrode (e.g., platinum electrode, glassy
carbon electrode), a counter or auxiliary electrode (e.g., platinum wire) and a reference
electrode (e.qg., silver/silver chloride, calomel electrode). Herein we have used Pt disc
electrode, 1.6 mm diameter as a working electrode, Pt wire as a counter electrode and
Ag/AgCl as a reference electrode. All the experiment were carried out with a scan rate
of 50 mVs™.

e Working electrode (WE) — It is the electrode where the electrochemical event
of interest is takes place. It is composed of redox inert material in the potential
range of interest. It serves as surfaces on which the electrochemical event takes
place thus, it is imperative to have extremely clean well define surface area.

e Counter electrode (CE) — It is the electrode which complete the electrical
circuit during electrochemical investigation by passing the current from the
external circuit through the cell as it serves as a source or sink for electrons. It
has greater surface area than the working electrode.

e Reference electrode (RE) — It is the electrode used to determine the potential
of working electrode. It has a well-defined and stable equilibrium potential as

long as no current flows through it.

For electrochemical investigation the analyte was dispersed in a suitable solvent
consisting of a tetrabutyl ammonium perchlorate (TBAP) or tetra butyl ammonium
hexafluoro phosphate (TBAHFP) as a supporting electrolyte. Before investigation it is
necessary to sparge the electrolyte solution with an inert gas for half an hour in order
to remove dissolved oxygen as oxygen undergoes reversible one-electron reduction to
form the oxygen radical anion, O2* (superoxide).®*%” Now, the voltammetric
experiment were carried out by immersing the electrodes in a solution with varying
applied potential within the set potential window. Figure 2.15 shows the experimental

set up of cyclic voltammetry.
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Figure 2.15: (a) BASI Epsilon electrochemical analyser; (b) systematic representation
for an electrochemical CV experiment; (c) Pt electrode; (d) Pt wire and (e) Ag/AgCl
electrode.

2.2.2.7. Transmission Electron Microscopy (TEM)

Transmission electron microscopy is considered to be a best suited analytical technique
generally used for investigating the particle size, morphology, defects, crystallographic
structure and even composition of the material.®"° It delivers a chemical information
and images of nanoparticles at a level of atomic dimensions provided at specific
resolution. It is very much similar to that of a light microscope whereby an
electromagnetic wave is substituted by a beam of electrons, glass lenses by
electromagnetic lenses and images are viewed in a screen instead of an eyepiece. During
analysis an incident beam of electron is transmitted via an ultra-thin material thereby
interreacting with the materials forming an image by the elastic and inelastic scattering
of electron. The formed image is magnified and focused onto a fluorescent screen and
get detected by a sensor such as a CCD camera. It is found that the elastic scattering of
electron increases with the increase in atomic number and decrease with the increase in
the electron beam energy whereas in case of inelastic scattering the probability depends
upon the electronic structure of the element in the material. Both TEM and SEM

examine the size, degree of aggression and dispersion as well as the heterogeneity of
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the nanomaterials but in comparison to SEM, TEM has much more importance as it
provide better resolution in good quality and provision of information regarding
compound and element structure.

Unlike optical microscopy, electron microscopy has capability of imagining at a higher
resolution by the interference of elastic scattered electron owing to the small De Broglie
wavelength of electrons.”®"? Thus, it leads the instrument to determine the finest
micrographs about the internal lattice arrangement of the sample which is thousand
times smaller than the resolved object seen in the light microscope. When the electron
beam is exactly in the direction of the crystallographic orientations such micrographs
will be readily obtained provided the crystallographic orientation has lower Miller
indices. Furthermore, it provides a precise particle size of bright field images as well
as dark field images. The bright field image is formed by passing an electron without
diffraction on the thin film of sample but in case of dark field imaging mode, the
diffracted beam is used for imaging.

The unprecedented high resolution and accuracy, high contrast, and a remarkable range
of analytical capabilities have made TEM the leading technology. It is a powerful
technique that form major analysis in the field of material science, virology, cancer

research as well as pollution and semiconductor research.

2.2.2.7.1. Experimental Set-Up

The TEM images of as-synthesized QDs were taken in JEOL-JEM-2100 Plus electron
microscope. The high-resolution TEM (HRTEM) images were obtained using 200 kV
electron source. At first, the synthesized materials were washed and diluted in hexane
followed by drop-casting of nanocrystal solution on a carbon coated copper grid, the
grids were kept overnight in a vacuum desiccator. The lattice plane was obtained from
lattice fringes using Image J software for calculations. The figure 2.16 shows the
instrumental set up of TEM. TEM comprises of electron source to deliver electrons
which is made up of hairpin like tungsten wire, thermionic gun to shoot the electrons
from electron source, two condensers, electromagnetic lenses, electron beam,
fluorescent screen, sample stage, vacuum chamber and computer. During analysis,
TEM follows two methods for material observation viz. image mode and diffraction
mode. While investigating an image mode, the beam of electron is controlled by the
condenser lens and aperture before irradiating the specimen. The transmitted beam after

interacting with the specimen will be focused thereby enlarged by the objective and
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projector lens to form an image in the screen. In diffraction mode, illumination of
electron beam results into the diffraction of signal on the fluorescent screen arising from
the sample area. The signal formed after diffraction is equivalent to X-ray diffraction
signal. The grain size and the lattice defects are analysed by an image mode whereas

crystalline structure is examined by the diffraction mode.
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Figure 2.16: (a) Image of Transmission Electron Microscopy; (b) Systematic diagram
of TEM analyser.

2.2.2.8. X-ray Photoelectron Spectroscopy (XPS)

XPS is a powerful analytical technique extensively used for the analysis of the surface
of the materials. The method is effective for determination of oxidation state and
chemical environment of the element. The method is also known as Electron
Spectroscopy for Chemical Analysis (ESCA).”® In this technique, photoelectrons
excited by monochromatic X-ray radiation, hv penetrating deep into the sample surface
as a result of which electron get emitted from the lower energy X-rays evolving from
inner atomic energy level where it is bound to the atomic nucleus with binding energy

(BE). The emitted electron has measured kinetic energies as given by;%727475

KE=h0—BE-{s.0occvveennn.n. (i)

Where, hv is the energy of the photon, BE is the binding energy of the atomic orbital
from where the electron gets emitted and ¢s is the spectrometer work function.
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The energy spectrum of the emitted photoelectron is determined by high-resolution
electron spectrometer. The measured spectrum comprises of representative peaks which
corresponds to electronic energy level of the analysed sample. The electron on the
sample is characterised by their binding energies because each element possesses
unique set of BE, thus, XPS can be used to identify and determine the concentration of
the elemental composition of the sample at the surface. Furthermore, from the XPS data
we can also determine the empirical formula of samples of interest. Also, it has
capability to examine the chemical state of the investigated sample from their chemical
shift and helps to determine the chemical state of the material. The shift in signal arises
due the different chemical environment of the element in the compound, thus, oxidation

state of the sample, bonding in polymer can be analysed.

2.2.2.8.1. Experimental Set-Up

The schematic diagram of XPS is shown in figure 2.17. XPS spectra were collected
using Thermo-Scientific ESCALAB Xi* spectrometer with Al Ka (1486.7 eV) X-ray
source. For high resolution spectra constant analyser energy (CAE) of 50 eV was used
and for survey spectra (CAE) of 100 eV. It consists of an ultra-high vacuum (UHV)
chamber, an electron collection lenses, an electron energy analyser, an electron detector
system, a sample introduction chamber, sample mounts, a sample stage having ability
to heat or cool the sample and a set of stage manipulators.
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Figure 2.17: Systematic diagram of XPS analyser.
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It depends upon the photoelectric effect which leads to continuous loss of electron from

the surface of species into vacuum and enters the analyser slit of the spectrometer which

is capable of measuring electron current as a function of energy. The most prevalent

electron spectrometer for XPS is the hemispherical electron analyser with high energy

resolution. Electrons are detected using electron multipliers. The plot of intensity vs

energy gives XPS spectra.
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CHAPTER I

SYNTHESIS AND CHARACTERIZATION OF COLLOIDAL
CsPbBrs; QDs
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CHAPTER 11

SYNTHESIS AND CHARACTERIZATION OF COLLOIDAL CsPbBrs QDs

3.1. Preparation of colloidal CsPbBr3 perovskite QDs

The colloidal CsPbBr3 QDs were synthesized following the "three precursor method"
providing an individual tunning of the amount of all the three precursors viz. cesium
oleate (CsOl), lead acetate Pb(OAc)2, and molecular bromine (Brz). The method is
versatile for the synthesis of surface control and desired halide rich perovskite QDs.
Herein, we synthesized halide-rich passivated CsPbBr; QDs in the ratio of
Cs:Pb:Br~1:1:6 at high temperature. The reaction procedure for the synthesis of

precursor, CsOl and CsPbBrz QDs were illustrated below.

3.1.1. Synthesis of Cesium Oleate Precursor

\
(o)
O O Cs 1 Octadecene (ODE) me
NS

Cesmm Carbonate Oleic acid (OA) Cesium oleate

Cesium oleate was prepared by dissloving 0.81 g (2.5 mmol) of cesium carbonate
(Cs2C03) in 20 mL 1-octadecene (ODE) and 2.5 mL oleic acid (OA) in a 50 mL of two-
necked round bottom flask. The solution was degassed under vacuum at room
temperature for 30 min with constant stirring followed by degassing at 120 °C for
another 30 min in an oil bath under vacuum until the clear solution was obtained. The
formed transparent (CsOl) solution was kept in an inert atmospheric condition at 100
°C for future use.
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3.1.2. General Synthesis of CsPbBrs QDs

|

Oleylamine (OAm)
Pb(OAC)2 +1-ODE + OA + Br2 v o CSPbBr3
Ce-oleate

200 °C

In a 50 mL of three-necked round bottom flask, 0.13 g of Pb(OAc)2 (0.4 mmol) was
dissolved in 16 mL of 1-octadecene (ODE) followed by the addition of 0.8 mL of oleic
acid (OA) and 2 mL of oleyl amine (OAm). The solution mixture was mixed vigorously
to ensure the complete dissolution of Pb(OAC).. To this reaction mixture, 2.4 mmol of
molecular bromine was added (Warning: Br, was handled inside the fume hood as
bromine vapours is hazardous to health). After complete set-up, the reaction mixture
was degassed under vacuum at room temperature for half an hour followed by
degassing at 120 °C for another 30 min in an oil-bath for complete removal of dissolved
oxygen and water molecules present in the reaction mixture. The systematic
representation for the preparation of CsPbBrz QDs were shown in figure 3.1. (a) and
(b). Subsequently, the desired reaction temperature and time was maintained under inert
atmospheric condition. After attaining the appropriate reaction injection temperature
(200 °C), 0.8 mL of preheated cesium oleate solution synthesized in section 3.1.1 was
injected swiftly into an opaque reaction mixture and within a few seconds the reaction
mixture was quenched in an ice-water bath to obtained a small QDs of narrow size
distribution. Figure 3.1. (c) represents the colloidal dispersion of as-synthesized QDs in
hexane under the UV-lamp showing bright green luminescence.
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Figure 3.1: Experimental set-up for the preparation of CsPbBrz QDs (a) before
injection of Cs-oleate precursor, (b) after injection of Cs-oleate precursor, and (c)
colloidal dispersion of formed CsPbBrs QDs in hexane under UV-lamp.

The formed colloidal solution of CsPbBrs QDs was washed using dry toluene through
centrifugation at 5000 rpm for 10 min. After repeating the washing process twice, the
purified QDs was vacuumed for 1 h to obtain solid NCs. The digital photograph of
crushed powder form of hardened jelly mass of the QDs under ambient light and UV

lamp is demonstrated in the figure 3.2.

Figure 3.2: A representative image of purified CsPbBrs; QDs (a) under ambient and (b)
UV-lamp.
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3.2. Characterization

The synthesized CsPbBrs QDs were characterized using conventional tools such as
optical characterization (UV and PL), PXRD, FT-IR, XPS, TEM, TGA and CV.

3.2.1. Optical characterization

The absorption spectra of purified QDs were characterized using UV-visible absorption
spectroscopy. The sample was prepared in 1 cm path length quartz cuvette fitted with
an air-tight screw cap by dispersing minimum concentration of purified QDs in dry
hexane solvent. QDs shows a strong absorption maximum at around 505 nm. The
determination of the optical band-gap, of the as-synthesized QDs were carried out by
taking the onset absorption edge, which is the higher-energy state of an electron after

being excited by photon.! The optical band gap was found to be 2.45 eV.

Similarly, the same dispersed QDs was examined using steady-state PL
spectrofluorometer on excitation at 400 nm. QDs exhibit PL emission maximum at 517
nm with narrow full width half-maximum (FWHM) of 28 nm. The emission line width
and low FWHM confirm the narrow size distribution of QDs.?™ Figure 3.3. shows the
absorption and emission maximum spectra of as-prepared CsPbBr; QDs. The observed
absorption and emission spectra of QDs are very much consistence with the standard
halide rich CsPbBrs QDs.°

Absorbance
PL Intensity / a.u.

450 500 550 600
Wavelength / nm

Figure 3.3: UV-visible absorption and PL spectra (exited at 400 nm) of CsPbBr3
QDs in dry hexane.
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3.2.2. X-ray Diffraction (XRD)

The dispersed concentrate solution of purified QDs in dry hexane were drop-casted on
a clean and dry glass slide. The film on glass slide was run under the PANalytical X-
Ray diffractometer using Cu Ka (A= 1.54 A) as the incident radiation (40 kV and 30
mA). The obtained X-ray diffraction patterns of QDs shows strong and distinct peak at
(26) 15.33°, 21.62°, 30.75°, 34.43°, 37.85° and 43.96° that corresponded to
diffractions from the (100), (110), (200), (210), (211), and (220) crystal planes,
respectively. The obtained peaks were correlated with the JCPDS card no. 00-054-0752
and was noted that all the peaks get well match with cubic phase which is shown in

figure 3.4.

Intensity / a.u.

10 20 30 40 50
20 [ degree

Figure 3.4: Powder X-ray diffractogram of as prepared CsPbBrz QDs confirming the
cubic perovskite phase indicated as bars (JCPDS No. 00-054-0752).

Herein, we noted that there is slight shift in the 26 angle towards small angle direction
which may be attributed to ionic radius of bromine or due to the formation of an alloys
and the results were found to be consistence as reported by others.>*"8 It was noted that
the XRD pattern does not possess the peaks from either of the PbBr, and CsBr.2°
Furthermore, the highly crystalline and pure cubic phase of QDs without any defects
was attributed from the intense diffraction from the (200) plane at 30.75 and its
corresponding appearance with the secondary diffraction from the (100) plane at 15.33.4
A well definite line broadening of the XRD-peaks confirm that the prepared material
consists of particles in nanoscale range. The as-synthesized QDs shows long term

stability in ambient air for a period of 30 days as shown in figure 3.5.
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Intensity / a.u.

10 20 30 40 50 60
260/ degree

Figure 3.5: Powder X-ray diffractogram of as-synthesized QDs showing long term
stability in ambient air for a period of 30 days.

3.2.3. X-ray Photoelectron Spectroscopy (XPS)

The XPS spectra of purified QDs were recorded using Thermo-Scientific ESCALAB
Xi* spectrometer with Al Ko (1486.7 eV) X-ray source. For high resolution spectra
constant analyser energy (CAE) of 50 eV was used and 100 eV for survey spectra. The
analysis was performed by fabricating the purified QDs on a carbon coated silicon
wafers to minimize charging in a glovebox. The previous studies have reported that the
enhance phase stability of colloidal a-CsPbXs (X = CI, Br, and 1) is very much
influential towards surface chemistry.1®2 Thus, it was found that the exceptional air-
stability of colloidal QDs crystallizing in a cubic phase is dominantly due to the halide
salt passivation on the surface of NCs as depicted through XPS analyser. The XPS
spectra were corrected using the maximum of the C 1s signal at 284.8 eV as shown in
figure 3.5. (d) It is clear from the XPS survey (figure 3.6) that the Pb 4f core level
spectra of QDs display a prominent two peaks at 138.4 and 143.2 eV which corresponds
to the Pb 4f72 and Pb 4fs/; levels respectively. The observed binding energy values is
found to be slightly higher which corresponds to bromide rich surface passivation and
found to be consistent with the previously reported CsPbBrs QDs.*** Furthermore, Liu
et.al. describe the XPS spectra of N 1s core level confirming the presence of protonated
amine (NHs") group at 401.8 eV which is in good agreement with our observation
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(401.0 eV) as shown in figure 3.5.(e).*® Further investigation of the Cs 3d, Pb 4f, and
Br 3d peaks confirmed that the obtained CsPbBrz QDs surface is passivated by a
bromide ion rich concentration (Cs: Pb: Br~0.9:1:3.5). Thus, the long-term cubic phase
stability of CsPbBrs QDs is attributed to the concomitant passivation of bromide and
ammonium ions on the surface of the QDs.%

(@) (b)
Csqg Csaq a,, ‘g P

—~
(2
N
IS
g

Intensity / a.u.
Intensity / a.u.
Intensity / a.u.
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Figure 3.6: Characteristic binding energy peaks for the composition analysis of
CsPbBr3 QDs, (a) XPS analysis of as synthesized CsPbBrs QDs, (b) spectra of Cs 3d
core level shows peak at 723.2 eV, (c) spectra of Pb 4f core level shows peak at 138.4
eV and 143.2 eV corresponding to 4fs> and 4f7, levels, (d) spectra of C 1s core level
shows peak at 284.8 eV, (e) spectra of N 1s core level shows peak at 401.8 eV, and
spectra of Br 3d core level shows peak at 67.4 eV

3.2.4. Transmission electron microscopy (TEM)

The high-resolution TEM (HRTEM) image of the QDs were shown in figure 3.7.
indicates the high crystalline nature of the QDs exhibiting cubic morphology with an
average edge length of 9.4+0.4 nm. The exciton Bohr radius of CsPbBr; QDs is 7 nm*"8
and these shows that the as-synthesized QDs display in the moderate weak quantum
confinement regime.® From the TEM images we can further revealed the uniform size-
distribution of the QDs.
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Figure 3.7: TEM images of as-prepared CsPbBrs QDs.

3.2.5. Fourier Transform Infrared Spectroscopy (FT-IR)

The FT-IR spectra of purified QDs shows (figure 3.8) characteristic absorption peak at
1639 cm corresponds to the signature of protonated amine groups (—NH3").5% This
feature together with the XPS results confirms the presence of bounded oleyl
ammonium halide on the surface of NCs which in turn achieve long-term stability.112°
Furthermore, the additional peak at 1713 cm™ and 1534 cm is associated to the C=0
stretching (free acid) and the surface bound oleate anions (—COO-) respectively.™® The
prominent peak at 1466 cm™ is attributed to the bending vibration of C-H in CH2 group
which is described to be the integral part of the ligand.?!

1713 cm™
1639 cm™

Transmittance / %

1466 cm™

1800 1600 11400
Wavenumber / cm’

Figure 3.8: FT-IR spectra of CsPbPBrs; QDs.
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3.2.6. Thermogravimetric Analysis (TGA)

The TGA thermogram shown in figure 3.9 reveals that the QDs shows thermal
degradation at onset temperature 500 °C. Weight loss of 4.37% at around 216-300 °C
correspond to the loss of ligands present in the surface of QDs. Thus, we concluded that

the 4.37% of ligands were passivated on the surface of QDs.

105 0.35
100 0.30%,
o 95 0.25 ¢
(@)
=90 0.20 &
585 0.15 @
(D]
=80 0.10 3
75 0.05 g
70 0.00

200 300 400 500 600
Temperature / °C
Figure 3.9: Representation of TGA graph of CsPbBrs QDs.
The derivative thermogravimetry (DTG) describe the change in weight percent per
degree centigrade rise in temperature. The derivative curve (i.e., blue line) increases
smoothly at temperature 216 °C and gradually becomes flat at temperature 300 °C. The
peak at around 290 °C shows the decomposition of surface passivated ligands whereas
complete degradation at temperature above 550 °C, evident by sharp decrease of the

thermogram.
3.2.7. Cyclic voltammetry measurement (CV)

The electrochemical studies of semiconductor QDs were carried out by employing CV
to determine the electronic band structure viz. band gap energy, and band edge positions
i.e., the valence band and conduction band. Precise knowledge of band structure
parameters of semiconductor QDs is important for designing and developing QDs based

devises.

The prepared QDs were subjected to CV experiment by dispersing it into a less polar
solvents as it has tendency to degrade in other polar solvents and water.5222 We
prepared 10 mL of dry 1:4 CHsCN and toluene solution in the presence of TBAP [t-

BusN(Cl04)] (0.1 M) as a supporting electrolyte?® under inert atmospheric condition.?*
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Furthermore, the mixture of these solvent increases the dispersion ability of both QDs
and TBAP. All the mixture of solvent was purged with N2 for more than 20 min in order
to avoid the interference from dissolved oxygen as it would undergoes reduction to
form superoxide.??" The potential window was set from +2.0 V to -2.0 V with a scan
rate of 50 mVs™. The cyclic voltammogram of QDs were represented in figure 3.10.
(a). The obtained cyclic voltammogram were compared with the blank sample without
NCs. At first the potential is scan from 0 V towards more positive potential (anodic).
At +1.26 V, a distinct anodic peak is observed labelled as Az in the figure 3.10. (a).
From the point Ay it is seen that there is gradual increase in current while moving

towards more positive potential which may be due to the oxidation of QD.?®

(b)
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Figure 3.10: (a) Cyclic voltammograms of CsPbBrs QDs. The dotted line indicates the
cyclic voltammogram of electrolyte solution without NCs, and (b) Cyclic
voltammogram of ferrocene/ferrocenium redox couple used as an internal standard.

Further switching the potential towards more negative potential, a clear cathodic peak
is observed at -1.20 V labelled as C; in figure 3.10. (a). The potential obtained for both
the anodic and cathodic peak were converted to energies of HOMO and LUMO by
applying ferrocene/ferrocenium redox couple as an internal standard.?®>?® The

estimation can be done by applying the empirical relation;?%
Enomo = [(Eox - Eva(ferrocene)) + 4.8 eV] ...oooooiini. (1)
or ELumo = [(Ered - E1/2(ferrocene)) +4.38 eV] ............... (11)

Where Enomo = energy level of HOMO, Erumo = energy level of LUMO, Eox =
oxidation potential, Ereq = reduction potential, and E1/xerrocene) = half wave potential of

ferrocene/ferrocenium redox couple.
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The formal redox potential® of Fc/Fc* couple (reference) vs Ag/AgCl in 1:4 v/v mixture
of acetonitrile and toluene using 0.1 M TBAP as supporting electrolyte were measured
to be 0.47 V as show in figure 3.10. (b). The value can be used for the estimation of
Enomo and Eruwmo, thereby calculating the band gap of NCs following the general

formula;
Eg = Evomo - ELumo ............. (iii) where, Eg = band gap.

Based upon CV results, QDs shows Exomo = 5.56 €V, ELumo = 3.09 eV and Eg = 2.47
eV. Thus, the electrochemical band gap between the peak A1 (HOMO) and C1 (LUMO)
was found to be 2.47 eV which is very much in good agreement with the optical band
gap of 2.45 eV as shown in figure 3.3. Here the electron transfer between the electrode
interface and NCs take place from the peaks Az and Cy via the VBM and CBM of QDs
respectively.?® To understand the origin of additional peak at C> we performed CV
experiment of lead oleate and other ligands (figure 3.11) that have been used in
synthesizing CsPbBrs; QDs.

8.0x10°
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Oleic aci/

-5
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£ 4.0x10°
L -5
&= 3.0x10
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1.0x10 Lead oleate

15 10 _ 05 00 -05 -1.0 -15
Pot. / V vs Ag/AgCI

Figure 3.11: Cyclic voltammogram of oleylamine, oleic acid and lead oleate.

It is clear from the figure that the oleylamine and oleic acid does not possess any
prominent peak at the set-potential window whereas lead oleate shows peak at around
-0.47 V which is very much consistent to the potential at C (-0.39 V). Thus, the peak
near the potential at C as shown in figure 3.10. (a) may be attributed to unreacted lead

oleate.®
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3.3 Conclusion

Herein, we have successfully synthesized CsPbBrz QDs at 200 °C following the

previous report with some minor modification. The synthesized QDs were

characterized employing UV-visible spectroscopy, PL spectroscopy, PXRD, XPS,
TEM, FT-IR, CV, and TGA. The formed QDs at 200 °C were found to be stable with

cubic phase. The stability of QDs is due to the passivation of bromine rich concentration

and ligands on the surface of QDs as described through the FT-IR and XPS analysis.

The obtained electrochemical band gap (2.47 eV) from CV experiment were in good

agreement with the optical band gap (2.45 eV) obtained from UV-visible spectroscopy.
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CHAPTER 1V
TUNING BAND GAP IN COLLOIDAL CsPbBrs QDs

4.1. Introduction

The band gap tunability in colloidal CsPbBrs QDs is an important property and has far-
reaching implication in the field of optoelectronics. The tunability in CsPbBr; QDs can
be achieved either through change in composition of the materials or simply by tuning
the size of the QDs. The first section (4.2) of this chapter focuses on the synthesis of
colloidal CsPbBrs QDs where the size of the QDs are effectively tuned by changing the
reaction temperature.®* To our knowledge, electrochemical studies on different sized
CsPbBr3 QDs has not been reported, mainly because of the lack of methods to precisely
control the size of the NCs. However, the electrochemical studies on lead halide
perovskite containing different halides have been reported. In the second section (4.3),
we show a strong correlation between the electrochemical band and the optical band
gap of CsPbBrs NCs of different sizes. The third section (4.4) is focussed on the effect
of capping ligands on band edge alignment and optical properties of CsPbBrz QDs by
varying the different capping ligands viz. alkyl amine and carboxylic acid at elevated

temperature.

4.2. Synthesis of CsPbBrs QDs at different temperature and the role of reaction

temperature towards size and optical properties

In order to understand the role of temperature on the size and its subsequent influence
toward band edge, we synthesized CsPbBrs QDs at different temperature. The reaction
injection temperature plays a dynamic role during the process of synthesizing colloidal
CsPbBrs QDs.>® There are numerous reports wherein the optical properties of CsPbBr3
QDs were tuned by changing composition via halide exchange reaction.®~1% Herein, we
tuned the size of the QDs by changing the reaction temperature.®* The CsPbBrz QDs
were synthesized at four different temperatures 160, 170, 200, and 220 °C to obtain
different sized QDs (~7-16 nm) marked as QD1, QD2, QD3 and QD4 respectively.
Typically, cesium oleate precursor were injected into the hot reaction mixture
containing lead and halide precursors stabilised by oleyl amine and oleic acid. Figure

4.1. (a) and (b) shows the UV-visible absorption and photoluminescence (PL) spectra
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of CsPbBrs QDs synthesized at different temperatures. Increasing the size of NCs from
~7.2 £ 0.5 to ~15.7 = 0.7 (figure 4.2) led to a slight red-shift of the absorption and
emission maximum. Conversely, with the decrease in the size of NCs the wavelength
of absorption and emission maximum spectra shortens and move slightly towards the
blue end of the visible electromagnetic spectrum.® This characteristic property is
generally attributed to the size quantum confinement effect of CsPbBrs QDs.!1°
Furthermore, the distinct absorption signature and symmetrical and narrow emission

spectra (figure 4.1) indicate the narrow size distribution of the QDs.*®

(@)

(b) == 522 Nm

Absorbance

PL Intensity / norm.

450 500 550 600 480 500 520 540 560
Wavelength / nm Wavelength / nm

Figure 4.1: (a) UV-visible absorption and CsPbBrs QDs size-dependent optical band
gap. (b) Corresponding PL emission spectra. Excitation wavelength: 400 nm

Increasing the reaction temperature (160-220 °C), the size of the QDs increases and
vice-versa which is attributed to relative rate of nucleation and growth of nanocrystals
occurred at different reaction temperature.!’” The optical band gap calculated from the
absorption spectra (figure 4.2. a, ¢, e and g) were found to be decreases with increasing
temperature (increasing size). The optical band gap for CsPbBr; QDs synthesized at
160, 170, 200, and 220 °C were calculated to be 2.56, 2.51, 2.45. and 2.44 eV
respectively. The as-prepared CsPbBrs QDs were monodispersed as examined by
HRTEM image. With the increase in reaction temperature the edge length of CsPbBrs3
QDs gradually increases from ~7.2 £ 0.5 to ~15.7 £ 0.7 nm for the smallest and largest
nanocrystals respectively as demonstrated by TEM studies (figure 4.2. b, d, f and h)

which is in the moderate to weak quantum confinement regime. !
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Figure 4.2: UV-vis absorption and PL spectra (excited at 400 nm) of QD1, QD2, QD3,
and QD4 at (a)160 °C, (c¢) 170 °C, (e) 200 °C and (g) 220 °C and its corresponding TEM

images were represented by (b), (d), (f), and (h) respectively.
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4.3. Role of size towards band-edge alignment

Size-dependent optical properties of QDs have tremendous implication in their
application in optoelectronics.'®2! Due to the quantum confinement effect, VBM and
CBM of the QDs change with change in size.'® The exact position of VBM and CBM
of QDs is important for design of optoelectronic devices. The VBM and CBM energy
levels are typically determined using UV photoelectron spectroscopy.i®??2® The
alternative method is by using cyclic voltammetry (CV). However, CV technique is
more challenging due to instability of the QDs, the presence of insulating ligands on
the surface of the QDs, poor conductivity and lack of appropriate solvent/electrolyte
system for colloidal QDs. Furthermore, the absence of data on effect of size on
electrochemical band gap of cesium lead halide perovskite is attributed to lack of
synthetic methods to precisely control the size. The cyclic voltammogram of different
size of QDs are illustrated in the figure 4.3. (a)-(d).
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Figure 4.3: Cyclic voltammogram of as-synthesized CsPbBrs QDs at different
temperature (a) 160 °C (QD1), (b) 170 °C (QD2), (c) 200 °C (QD3), and (d) 220 °C
(QD4)

Figure 4.4. (a) and (b) show a systematic shift in VBM and CBM and their respective
band gap with the increase in the size of QDs. This is consistent with the “particle in a

box” model, Brus proposed to explain the dependence of redox potential on particle
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size for Q-CdS.?* VBM shifts towards less positive potential and the CBM shift towards

less negative potential and the reverse is true when size of the QDs in decreased. QD1

having smaller size exhibit large electrochemical band gap as compared to QD4 having

larger size. The comparative study of the energy levels (HOMO and LUMO) of

different size of QDs as extracted from their CV curve were presented in the tabular

form (Table 4.1). The energy level obtained from the electrochemical study (CV) is in

good agreement with optical data.
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Figure 4.4: (a) Comparative band edge alignment of different size of QDs, and (b) its
corresponding influence towards band edge position.

Table 4.1: UV, PL, electrochemical band gap, optical band gap and FWHM of as-

prepared different size of QDs.

Sample | T/ uv PL size Electrochemical | Optical | FWHM
°C |/nm | /nm /nm band gap bandgap | /nm
[ eV [ eV
QD1 160 | 483 509 7.2+0.5 2.81 2.56 26
QD2 170 | 494 513 8.3+0.3 2.68 2.51 25
QD3 200 | 505 517 9.4+0.4 2.47 2.45 28
QD4 220 | 507 522 15.7+0.7 2.31 2.44 25

4.4. Role of capping ligands towards band-edge alignment and optical properties

Another important aspect of our investigation is to understand the role of different

capping ligands over band-edge position and their corresponding influence on optical

properties.>1425-27 To elucidate the effect of capping ligands we chose different alkyl
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amine [such as oleylamine (OAm), stearylamine (SAm), and dodecylamine (DAm)]
and carboxylic acid [such as oleic acid (OA), stearic acid (SA) and myristic acid (MA)]
for the synthesis of CsPbBrz QDs following the same reaction procedure. In one series
of experiments, we have fixed the concentration of oleic acid thereby adding different
alkyl amine and all the reaction was performed at 170 °C. The reaction scheme for the

synthesis of QDs were shown in figure 4.5.
Scheme I: Synthesis of CsPbBrs QDs using various alkylamine.
Scheme I1: Synthesis of CsPbBrs QDs using various carboxylic acid.

(a) Oleylamine (a) Oleic acid 0

|

(b) Stearylamine /, \

NH, Reactive
precursor

(c) dodecylamine

OH

/| Metal precursor (b) Stearicacid

S eees!

(c) Myristic acid O
B i

Figure 4.5: Representation of preparation of CsPbBrs QDs with various capping
ligands.

The motive for the synthesis of CsPbBrs QDs with different ligands was to understand
the effect of ligands over band edge position. All the reaction were performed at
optimized reaction temperature at 170 °C. Above this temperature the precipitation of
nanocrystal will occurs with DA, SAm, MA, and SA. The formed QDs were
characterized using the UV-vis absorption and PL spectroscopy and is demonstrated in
the figure 4.6.
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Figure 4.6: UV-vis absorption and PL spectra (excited at 400 nm) of as-prepared
CsPbBrs QDs with (a) OAm, (b) DAm, (c) SAm, (d) OA, (e) MA, and (f) SA.

It was observed that by varying the chain length of alkyl amine the optical properties
of QDs can be tuned over the entire visible region. Herein, CsPbBrs QDs capped with
DAm (DAm having 12 carbon chain length) shows absorption/emission maximum
spectra towards the red end of the visible electromagnetic spectrum whereas OAm and
SAm capped QDs (OAmM/SAm having 18 carbon chain length) having similar chain
length shows absorption/emission maximum spectra towards the blue end of the visible

electromagnetic spectrum (figure 4.7). Thus, by varying the chain length of alkyl amine,

one can tune the optical properties of QDs.
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Figure 4.7: Tunable (a)UV-visible absorption, and (b)PL spectra of CsPbBrs QDs
(excited at 400 nm) that are coated with OAm, SAm, and DAm respectively.

Furthermore, to have precise knowledge about the effect of various alkylamines on the
band-edge position we have performed a CV experiment. Figure 4.8 (a) demonstrates
the cyclic voltammogram of different alkylamine. It was observed that with alkylamine
having a shorter chain length (DAm = 2.59 eV) the band edge position shift towards
less positive and negative potential as compared to alkylamine having a longer chain
length (OAm =2.68 eV and SAm = 3.07 eV). Thus, tuning of band gap is evident where
with the decrease in the chain length of the alkyl amine, the band-gap decrease and vice-

versa as shown in the figure 4.8.(b).
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%-4.0 O @ %
CstBr3 - DAm E_4_5 8 B %
w-5.0 (9N ™ 9N
CsPbBrg - OAm / 551 m n =
-6.0
20 15 L0 05 00 -05-10-15-20 09 OAM SAM DAM
Pot./ V vs Ag/AgCI Capping ligands

Figure 4.8: Representation of (a) cyclic voltammogram, and (b) tunable band-gap of
as-synthesized CsPbBrs QDs that are coated with OAm, SAm, and DAm respectively.

In another series of experiments, keeping all other condition same, we fixed the
concentration of oleylamine and varied carboxylic acid. We noted that by changing the

chain length of carboxylic acids such as myristic acid (MA - C16), oleic acid (OA -
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C18) and stearic acid (SA - C18) the band-edge position (figure 4.9.b) was found to be

2.53, 2.68, and 2.75 respectively.
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Figure 4.9: (a) UV-visible absorption spectra, (b) PL emission spectra (excited at 400
nm) (c) cyclic voltammogram, and (d) band-gap of as-synthesized CsPbBrz; QDs that
are coated with OA, SA, and MA respectively.

The comparative study of band-edge position, optical and electrochemical band-gap

values of different alkylamine and carboxylic acid were demonstrated in the tabular

form (Table 4.2). It is evident from the table 4.2 that by decreasing the chain length of

carboxylic acid the size of QDs increases resulting in the decrease in band gap position.

Thus, by decreasing the chain length of carboxylic acid we were able to tune the optical

and electrochemical band gap. Similar results were also obtained by Pan et.al., by

performing the reaction at high temperature (170 °C) where the size of CsPbBrs QDs

changes from 9.5 to 13 nm by decreasing the chain length of carboxylic acid.®
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Table 4.2: Comparative study of effect of ligands over band edge alignment:

494 513 134 567 134 299 268 251
507 517 145  5.78 162 271 307 244
511 520 1.36  5.69 123 310 259 242
494 513 134 567 134 299 268 251
504 517 142  5.75 133 300 275 246
509 519 131 564  -122 311 253 243

4.5. Conclusion

The colloidal CsPbBrs QDs of varying size were synthesized at different optimized
reaction temperature. The increase in temperature from 160 to 220 °C leads to increase
in the size of QDs as a result, we were able to tune the optical and electrochemical band
gap position. The obtained optical and electrochemical band gap position were found
to be in good agreement. Furthermore, we synthesized CsPbBrs QDs exploiting
different capping ligands and performed optical and electrochemical investigation in
order to understand the effect of capping ligand over band edge position. It was found
that with the increase in the chain length of carboxylic acid (or alkyl amine), the size of

the QDs decreases resulting in the increase in band gap.
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CHAPTER V

APPLICATION OF BAND GAP ENGINEERING OF COLLOIDAL CsPbBrs
QDs IN PHOTOCATALYSIS

5.1 Introduction

Lead halide perovskites (LHPs) nanocrystals have attracted a lot of attention in the last
few years owing to their potential application in photovoltaics and other optoelectronic
devices.' This novel class of materials exhibiting defect-free photoluminescence (PL)
with exceptional photophysical properties are equally favourable for photocatalysis.® In
Photocatalysis, the light absorption, charge separation, and transfer are pivotal for
activating organic substrate in photoredox catalysis.” Such reactions rely on the nature

of the band-edge position of catalyst with respect to the substrate.

5.2 Photocatalytic oxidative aromatization of Hantzsch ester using different sized
CsPbBr3 QDs.

To assess the applicability of as-prepared QDs in photocatalysis we performed
aromatization of Hantzsch ester i.e., diethyl 2,6-dimethyl-1,4-dihydropyridine-3,5-
dicarboxylate [1a, (1,4-DHP)] as the model substrate due to its synthetic accessibility.
Furthermore, it is a well known NAD(P)H-type model for redox processes based on
the dihydropyridine skeleton®1° and is widely used for curing cardiovascular diseases
and popularly known as calcium channel blockers in pharmacology.''? We examined
the photocatalytic efficiency of as-prepared four different sizes of QDs such as QD1,
QD2, QD3, and QD4 synthesized at 160, 170, 200, and 220 °C respectively (Cf. Chapter
IV ). In order to understand the catalytic efficiency of these QDs we performed the
kinetic studies of oxidative aromatization of 1,4-DHP. The Kkinetic studies was
performed by monitoring the progress of reaction using UV-visible absorption
spectroscopy. The characteristic peak of aromatized proudct is at 339 nm. Figure 5.1
shows the kinetic data of the experiments performed with different QDs and also control
experiments. The reaction was found to be pseudo-first order reaction and the rate of
the reaction was calculated by plotting In(C+/Co) with reaction time. In absence of
catalyst, the reaction is very slow (k = 0.037 ms™). Even after 5 h of reaction only trace

amount of proudct is detected. In presence of the catalyst QD1 (size: 7.25+0.5 nm) the
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rate is increased about 4-fold. Further increasing the size of the catalyst to 8.3£0.3 nm
(QD2) slight increase in the rate of the reaction from 0.124 ms™ to 0.163 ms™ was
observed which is surprising if we consider the surface area alone. Lower the surface
area, higher should be catalytic efficicency. Interestingly, the highest efficiency was
recorded for QD3 (Size: 9.4+0.4 nm ). Further increasing the size to 15.7+0.7 nm did
not increase the rate. The highest activity of QD3 is attributed to its photostability.®*3

« K =0.037 ms1
oK =0124ms1
AK=0.163ms1

+K=0.701ms™1
oK =0.165ms™1

0 1500 3000 4500 6000 7500
Time/S

Figure 5.1: Comparative photocatalytic efficiency of QD1, QD2, QD3, QD4, and
without catalyst (WC).

The photocatalytic study was performed in the presence of air at room temperature by
dissolving 1a in 3 mL of dichloromethane (DCM) 0.1 mg of QD catalyst was used for
the study. The reaction mixture was illuminated with a blue LED having a maximum
absorption wavelength of 461 nm with an illumination intensity of 0.363 m\W/cm? at a
distance of 10 cm apart. The formation of the product was monitored using the TLC
technique and was isolated using column chromatography (10% EtOAc/Hexane) with
a yield of 85%. The complete aromatization of the substrate was confirmed by
performing the *H/*C nuclear magnetic resonance (NMR) spectroscopy of the pure
isolated product. Next, to optimized the reaction condition we performed an
aromatization reaction in different solvents such as toluene, chloroform,
tetrahydrofuran (THF), ethyl acetate, 1,4-dioxane, and 1,2-dichloroethane (DCE)
having different polarity. The photocatalytic efficiency of QD3 was found to be
excellent when 1,2-dichloroethane (DCE) was used as a solvent with an isolated yield
of 95% (Table 5.1).
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Table 5.1: Oxidative aromatization of 1a in different solvent using QD3 as catalyst.

H_ H
EtO,C CO,Et EtO,C = CO,Et
| 0.1 mg QD3, Blue LED m
- N
N rt, open air N

H
1a 2a
Entry Catalysis Solvent Time (min) Yield %
1 QD3 DCM 120 85
2 QD3 DCE 50 95
3 QD3 CHCl, 90 80
4 QD3 Toluene 150 82
5 QD3 Ethyl acetate 60 86
6 QD3 1,4-dioxan 120 82
7 QD3 THF 90 84

Under the optimized reaction condition, catalyst (QD3) and solvent (DCE), the reaction
was further extended to the oxidative aromatization of other substrates (figure 5.2) such
aza-heterocycle such as 1,3,5-triaryl-pyrazoline, (1b) 1,2-DHP (1c), and 2-aryl-2,3-
dihydro benzothiazole (1d) to demonstrate the library of substrate scope. The method
worked well for poor hydrogen transfer (HAT) too. In all the cases, yields above 85%

were recorded.

Ph Ph
i H 0.1 mg QD3, Blue LED
(i) J:%—Ph g QD , ~ N-Ph
- N DCE, rt, 3.5 hr, open air P N
1b 2b, 92%
H\
. H N N
(if) c \ COLE! 0.1 mg QD3, Blue LED 7\ COEt
— DCE, rt, 3 hr, open air —
Et0,C EtO,C
1c 2¢, 89%
(iii) S\ H 0.1 mg QD3, Blue LED s
A : )—Ph
\ DCE, rt, 3 hr, open air N
H
1d 2d, 95%

Figure 5.2: Oxidative aromatization reaction of different aza-heterocycle, 1,3,5
triphenyl- 4,5- dihydro-1H-prrazole(1b), 4-Cl-Phenyl-1,2-DHP(1c) and 2-phenyl-2,3
dihydrobenzo [d] thiozole(1d)
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5.3. Mechanism

To understand the driving force of the reaction, the redox potential of the substrates (1a
-1d) were measured using cyclic voltammetry (CV). CV studies were performed by
dispersing the substrates in dry acetonitrile solvent using 0.1 M TBAP as a supporting
electrolyte. The electrochemical investigation was performed under inert atmospheric
condition using ferrocene/ferrocenium redox couple as an internal standard as shown
in figure 5.3.

4.0x10™
0.22 V

2.0x10™

o
)

-2.0x10™ / /

-4.0x10™

Current/ pA

-6.0x10™

y 061V
-8.0x10
1.0 08 06 04 02 0.0

Pot. / V vs Ag/AgCI

Figure 5.3: Cyclic voltammogram of ferrocene/ferrocenium (Fc/Fc*) redox couple
using TBAP (0.1 M) in acetonitrile, Eredox = 0.42 V vs Ag/AgCI.

The cyclic voltammogram of QD3 (figure 5.4.) shows the anodic peak (A1) at 1.20 V
and cathodic peak (C1) at -1.26 V. Furthermore, the cyclic voltammogram of model
substrate 1a (figure 5.4 b) shows anodic peak at 0.92 V. It was observed that the redox
potential value of model substrate (5.29 eV) lies above the VBM of QD3 inidicative of

the substrate being a potential hole acceptor.
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Figure 5.4: Cyclic voltammogram of (a) QD3 in 1:4 CH3CN and toluene with a scan
rate of 50 mVs?, and (b) model substrate 1a, in CH3CN with a scan rate of 50 mVs™.

The cyclic voltammogram of different azaheterocycle such as 1,2-DHP, 2-aryl-2,3-

dihydro benzothiazole, and 1,3,5-triaryl-pyrazoline is shown in figure 5.5 and the redox
potential value with respect to Ag/AgCl is shown in table 5.2.
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Figure 5.5: Cyclic voltammogram of different aza-heterocycle (a) 1,4-DHP, (b) 1,3,5
triphenyl-4,5-dihydro-1H-prrazole, (c) 4-Cl-Phenyl-1,2-DHP, and (d) 2-phenyl-2,3

dihydrobenzo [d] thiozole.
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Table 5.2: Redox potential value of different aza-heterocycle relative to Ag/AgCI.

Ph

H

Et0,C ! CO,Et H H o H N { @[SX“
Aza-Heterocycle ﬁ _ N-Ph D—co e
N N E0,C i
H 1,3,5-triphenyl-4,5 2-phenyl-2,3 dihydrobenzo
1,4-DHP-H -dihydro-1H-pyrazole 4-Cl-phenyl 1,2-DHP [d] thiazole
Redox Potential
vs Ag/AgCI (V) 092V 0.86V 082V 0.80V
Redox Potential
vs Ag/AgCl (eV) -5.29 eV -5.23eV -5.18 eV -5.17eV

The redox potential (V) value obtained from CV studies were converted to

HOMO/LUMO energy levels (eV) with respect to Fc/Fc* redox couple as an internal

standard (-4.8 eV to vacuum).!* It was noted that the redox potential (eV) value of all

the four class of aza-heterocycle lie well above the VBM of the QD3, thus acting as a

potential hole acceptor as demonstrated in figure 5.6. Upon absorption of light,

electron-hole pair is generated. Excited electron is transferred to dissolved oxygen

while the whole transfer takes place to substrates, as both processes are

thermodynamically downhill.

Figure 5.6: Redox potential of different aza-heterocycle compared with the VBM and
CBM of QD1. The blue bar represents the VBM of a substrate which is well above the
VBM of QD1 acting as a potential hole acceptor.
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In order to confirm the hole accepting tendency of the substrates, we performed Stern-
Volmer photoluminescence quenching experiments'®!® (figure 5.7.a) and the

quenching constant Ks, was calculated using the Stern-Volmer equation.®

Io/l =1+ st[Q] ................ (1)

where lp and | are the highest photoluminescence intensity in the absence and presence
of the quencher [Q]. The slope of [lo/l - 1] vs [Q] plot gives the value of the Stern-
Volmer quenching constant (Ksv). The photoluminescence quenching experiment of
CsPbBrz QDs was carried out with 4-Me DHP as a quencher. The Stern-VVolmer kinetics
study was performed by taking the total volume of 3 mL reaction mixture (2.4 mL of
toluene + 0.5 mL CsPbBrs QDs dispersed in 3 mL toluene + 0.1 mL of different
concentration of quencher) using a standard fluorometer set-up with an excitation
wavelength of 400 nm (figure 5.7.a). The linear correlation was obtained by plotting
the slope of [lo/l - 1] vs [Q] with Ky of 8.59 as represented in figure 5.7.b.

() (d) o5
0.18 = Blank Ksv=859M"
0.16 — 88; m 0.44R?=0.99
014 —003M] <03
§ 0.12 — 0.04 M =
£0.10 —005M] =02
=0.08 01
0.06
0.04 0.0
450 500 550 600 0.00 0.01 0.02 003 0.04 0.05
Wavelength / nm Concentration [Q]

Figure 5.7: Representation of photoluminescence quenching experiment of QD3 in
the presence of 4-Me-DHP (a), PL spectra of QD3 with the addition of different
concentrations of 4-Me-DHP. (b) Stern-Volmer plot, ks, = 8.59 ML,

5.4 Conclusion

The application of colloidal CsPbBrs QDs as photocatalyst in the oxidation
aromatization of different class of azaheterocycles were studied. The rate of the reaction
was dependent not only on the size (QD1 vs QD2) but more profoundly on the
photostability of the QDs. QD3 with highest stability was the most efficient catalyst.
The reactions were substantiated by corelating the redox potential of the organic
substrate with the VBM of QD3, determined using CV. VBM of QD3 lie lower than
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the redox potential of the substrates, thus allowing the hole transfer from excited QD to
the substrate. The hole transfer was further confirmed by Stern-Volmer

photoluminescence quenching experiment.

5.5. Spectral data of products
(a) Diethyl 2,6-dimethylpyridine-3,5-dicarboxylate (2a).

EtOZC/\(ﬁ/\CozEt Following the general procedure, CsPbBr3 perovskite QD (1 mg),
N/

1a (0.1 mmol) were dispersed in 3 mL DCE solvent in a 4 mL
2a cylindrical glass vial and were subjected to blue light irradiation
for 50 mins to complete the reaction and the pure aromatized product 2a (23.8 mg,
0.095 mmol) was obtain in 95% yield. *H NMR (400 MHz, CDCls) 68.64 (s, 1H), 4.37
(9, J = 7.16 Hz, 4H), 2.81 (s, 6H), 1.38 (t, J = 7.16 Hz, 6H); *C{*H} NMR (100 MHz,

CDCls) 6165.8, 162.1, 140.8, 123.0, 61.3, 24.8, 14.2

(b) 1,3,5-Triphenyl-1H-pyrazole (2b).

Ph Following the general procedure, CsPbBrs perovskite QD (1 mg),
f<N_Ph 1b (0.1 mmol) were dispersed in 3 mL DCE solvent in a 4 mL
\N/

Ph cylindrical glass vial and were subjected to blue light irradiation for

2b 3.5 h to complete the reaction and the pure aromatized product, 2b

(27.2 mg, 0.092 mmol) was obtain in 92% yield. *H NMR (400 MHz, CDCls) ¢ 8.00
(d, J = 7.52 Hz, 2H), 7.51-7.35 (m, 13H), 6.89 (s, 1H); 3C{*H} NMR (100 MHz,
CDCIs) 6152.0, 144.4, 140.1, 133.0, 130.6, 128.9, 128.8, 128.7, 128.5, 128.3, 128.0,
127.5,125.8, 125.3, 105.2.
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(c) Diethyl 2-(4-chlorophenyl)-4,6-dimethylpyridine-3,5-dicarboxylate (2c).

Cl Following the general procedure, CsPbBrs perovskite QD (1 mg), 1c

(0.1 mmol) were dispersed in 3 mL DCE solvent in a 4 mL

cylindrical glass vial and were subjected to blue light irradiation for

EtO-C SN 3 h to complete the reaction and the pure aromatized product, 2c
| = (32.2 mg, 0.089 mmol) was obtain in 89% yield. *H NMR (400 MHz,
20‘:02'5" CDClz) 67.50 (d, J = 8.40 Hz, 2H), 7.38-7.35 (m, 2H), 4.42 (q, J =
7.08 Hz, 2H), 4.12 (g, J = 7.08 Hz, 2H), 2.58 (s, 3H), 2.33 (s, 3H),

1.38 (t, J = 7.04 Hz, 3H), 1.03 (t, J = 7.20 Hz, 3H); BC{*H} NMR (100 MHz, CDCls)
0 168.34, 168.30, 155.5, 155.1, 143.1, 138.2, 135.2, 129.8, 128.8, 128.7, 127.3, 61.9,

61.8, 23.2,17.0, 14.3, 13.8.

(d) 2-Phenylbenzo[d]thiazole (2d).

©is>_ Following the general procedure, CsPbBrs perovskite QD (1 mg), 1d

»—Ph

N (0.1 mmol) were dispersed in 3 mL DCE solvent in a4 mL cylindrical
2d glass vial and were subjected to blue light irradiation for 3 h to

complete the reaction and the pure aromatized product, 2d (20.0 mg, 0.095 mmol) was
obtain in 95% yield. *H NMR (400 MHz, CDCls) 6 8.13-8.09 (m, 3H), 7.92 (d, J =
7.88 Hz, 1H), 7.52-7.50 (m, 4H), 7.42-7.39 (m, 1H); 3C{*H} NMR (100 MHz, CDCl5)
0168.1, 154.2, 135.0, 133.6, 131.0, 129.0, 127.5, 126.3, 125.2, 123.2, 121.6.
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5.6. Copies of NMR spectra of the product

(1). Diethyl 2,6-dimethylpyridine-3,5-dicarboxylate (2a).
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Figure 5.8: *H NMR of 2a (400 MHz, CDCls).
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Figure 5.9: 3C{*H} NMR of 2a (100 MHz, CDCl5)
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(2). 1,3,5-Triphenyl-1H-pyrazole (2b).
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Figure 5.10: *H NMR of 2b (400 MHz, CDCls).
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Figure 5.11: *C{*H} NMR of 2b (100 MHz, CDCls).
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(3) Diethyl 2-(4-chlorophenyl)-4,6-dimethylpyridine-3,5-dicarboxylate (2c).

pECR EAVARH T W
N
a 7\ CO,Et
Et0,C
2c
e
£3 g g 24 14
10 9 8 7 6 5 4 3 2 1 0
Figure 5.12: *H NMR of 2¢ (400 MHz, CDCls).
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Figure 5.13: 3C{*H} NMR of 2c (100 MHz, CDCls).
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(4). 2-Phenylbenzo[d]thiazole (2d).
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Figure 5.14: *H NMR of 2d (400 MHz, CDCls).
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Figure 5.15: ¥C{*H} NMR of 2d (100 MHz, CDCls).
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CHAPTER VI
CONCLUSION

6.1. Summary and future perspective

The colloidal lead halide perovskite has gained much recognition in the past few years
owing to its remarkable optoelectronic properties with power conversion efficiency
more than 25%. These materials have shown to be an ideal candidate for solar cells,
light-emitting diodes, photodetectors, and lasers. Essentially, their tunable opto-
electronic properties are strongly dependent on the nature of electronic band structure
such as band edge position (valence band and conduction band) and band gap energy.
Therefore, to design and develop semiconductor NCs-based devices, the knowledge of
band-gap engineering of their electronic structure is highly indispensable. Thus,
electrochemical investigation of semiconductor NCs would be a powerful tool to

understand the band edge position.

As of now, the clear understanding of the effect of size over the band edge alignment
and optical transition across these edges without changing the composition of
perovskites QDs have not been emphasized and the study of electrochemical
investigation in this direction is highly noteworthy. We prepared CsPbBr; QDs at
different injection temperature following the hot injection method. The reaction
temperature plays a decisive role on optical properties and is attributed to the packing
of capping ligands on the surface of QDs. The formed QDs were characterised using
UV-visible absorption spectroscopy, PL spectroscopy, PXRD, TEM, XPS and FT-IR.
It was observed that with the rise of reaction injection temperature from 160 to 220 °C
the size of QDs increases from 7.2 to 15.7 nm whereas the optical band gap decreases
from 2.56 to 2.44 eV (Cf Chapter IV sec. 4.3). The average particle sizes were 7.2 nm
in 160 °C, 8.3 nm in 170 °C, 9.4 nm in 200 °C, and 15.7 nm in 220 °C, respectively.
Furthermore, the electrochemical investigation of as-synthesized QDs were
investigated by using cyclic voltammetry. It was noted that with the increase in the size
of QDs the band gap decreases from 2.8 to 2.3 eV. This systematic shift in the optical
and electrochemical band gap with respect to size is attribute to the size quantum

confinement effect and has been observed previously. Thus, by varying the reaction
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injection temperature we were able to tune the size and band gap (optical and

electrochemical) of QDs.

Furthermore, we synthesized CsPbBrz QDs with various alkylamine (such as OAm-
C18, SAm-C18, and DAm-C12) and carboxylic acid (such as OA-C18, SA-C18, and
MA-C16) in order to understand the influence of capping ligands over optical and
electrochemical properties. It was observed that by increasing the chain length of
carboxylic acid and alkylamine the optical and electrochemical band gap increases.
With carboxylic acid the optical band gap increases from 2.43 to 2.51 eV and
electrochemical band gap increases from 2.53 to 2.68 eV, whereas with alkylamine the
optical band gap increases from 2.42 to 2.51 eV and electrochemical band gap increases
from 2.59 to 2.68 eV.

Also, we exploited CsPbBrz QDs as a photocatalyst in promoting oxidative
aromatization, using different class of aza-heterocycle. We studied the photocatalytic
efficiency of as-synthesized different size of CsPbBrz QDs. In order to examine the
photocatalytic efficiency, we performed kinetic study using 1,4-DHP and the study was
carried out by monitoring the progress of reaction using UV-visible absorption
spectroscopy. The QD3 (~9.4 nm) with highest stability was the most efficient catalyst
as compared to other size of QDs. The photocatalytic efficiency of QD3 was examined
using 1,4-DHP with different solvents in presence of air at room temperature and found
to be excellent when 1,2-dichloroethane was used with an isolated yield of 95%. The
photocatalytic reactions were carried out by correlating the redox potential of the
organic substrate with the VBM of QD3, determined using CV. It was observed that
the redox potential of the substrates lies well above the VBM of the QDs, thus allowing
the hole transfer from excited QDs to the substrate. The hole transfer was further

confirmed by performing Stern-Volmer photoluminescence quenching experiment.

Since CsPbBrs QDs are versatile material for both optical and electrical purposes, there
is still a plenty of room for further improvement towards the enhancement of tunable

properties, stability and wide range of applicability.
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