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Preface 

 

SCOPE of THE THESIS:  

Inorganic perovskite nanocrystals (PNCs) represent a rapidly advancing class of 

photoluminescent nanomaterials with significant potential in optoelectronic applications such 

as solar cells, light-emitting diodes (LEDs), and photodetectors. In particular, perovskite-based 

tandem solar cells (PSCs) have emerged as a transformative technology poised to outperform 

conventional silicon-based solar cells, achieving power conversion efficiencies (PCEs) 

exceeding 30%. The appeal of PNCs lies in their abundant elemental composition, exceptional 

defect tolerance, and long carrier diffusion lengths, which collectively enhance their 

performance in energy conversion, harvesting, and photocatalytic systems. 

Structurally, the general formula ABX₃ of perovskites facilitates tunable optoelectronic 

properties: the A- and B-sites can accommodate various metal ions to modulate crystal 

structure and suppress non-radiative recombination, while the labile nature of the halide X-ion 

enables rapid halide exchange, allowing precise band gap engineering across the visible 

spectrum. Despite these advantages, a major limitation remains—their sensitivity to 

environmental conditions, which hinders real-world application. The scope of the thesis is to 

address the ambient stability issue through methodology development and thereafter deepen 

our understanding on energy harvesting properties of perovskite nanocrystals. The following 

questions have been selected to answer in this thesis are- 

(i) How does hydrophilic-hydrophobic balance impact dimensional engineering 

of halide perovskite crystals? 

(ii) Is it possible to synergize the defect tolerance with ambient stability of 

perovskite nanocrystals ? 

(iii) Why does a facet of perovskite nanocrystal dictate the energy transfer 

dynamics of light-harvesting complex ? 

(iv) How to resolve energy-transfer couple electron-transfer in PNC-based light 

harvesting system? 
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This chapter presents a comprehensive literature review of various types of perovskites, 

highlighting their historical development and key physical properties. It systematically 

explores emerging synthetic strategies, encompassing both top-down and bottom-up 

approaches, along with detailed discussions on purification methodologies. The photophysical 

dynamics of perovskite nanocrystals, particularly in the presence of different acceptor 

molecules, are examined using advanced spectroscopic techniques including steady-state 

fluorescence, time-correlated single-photon counting (TCSPC), and femtosecond transient 

absorption spectroscopy. Furthermore, the chapter explores the tunability of band gaps via ion 

exchange, and addresses critical issues related to ambient stability and toxicity through 

encapsulation techniques and metal ion doping. Finally, the diverse applications of perovskite 

materials are discussed, spanning solar cells, light-emitting diodes (LEDs), photodetectors, 

energy harvesting systems, as well as photocatalytic processes such as CO2 reduction and 

water splitting. 

 

1.1. Introduction: 

In the pursuit of sustainable energy solutions, the advancement of highly efficient materials is 

pivotal to transitioning toward a resilient and renewable energy future. Over the years, 

fluorescent quantum dots have garnered significant interest in various domains, including 

energy conversion, catalysis, and energy harvesting.1–3 However, their limited power 

conversion efficiencies, along with suboptimal absorption and emission coefficients, have 

posed substantial limitations to their broader application in high-performance optoelectronic 

devices. Consequently, the search for alternative materials with superior optical and electronic 

properties has intensified. Among the emerging candidates, metal halide perovskites have come 

out as transformative materials. With a general chemical formula of ABX3—where A is a 

monovalent cation (e.g., methylammonium, formamidinium, or cesium), B is a divalent metal 

cation (commonly lead or tin), and X is a halide anion (Cl, Br, or I) — these materials exhibit 

a unique combination of properties that have revolutionized the field of optoelectronics4–8. 

Historically, the perovskite structure was first identified in the mineral calcium titanate 

(CaTiO3) in the 19th century by Gustav Rose, who named it after the Russian mineralogist Lev 
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Perovski. However, it was not until the early 21st century that organic-inorganic hybrid metal 

halide perovskites gained widespread attention for photovoltaic applications.  

 
Figure 1.1: Important timeline of the perovskite research evolution. This includes the 

discovery of mineral perovskite (CaTiO3) by Gustav Rose (1839); First synthesis of halide 

perovskite (CsPbX3) and crystal structure determination by Horace L. Wells (1892); IBM USA 

first used the perovskite based light emitting device (1994); Miyasaka's group was the first to 

employ hybrid organic-inorganic halide perovskites (HOIPs) in photovoltaic devices, 

specifically as a visible-light sensitizer exhibiting PCE of 3.8% (2009); after that Grätzel’s 

group showed that solid-state mesoscopic heterojunction solar cells employing  methyl 

ammonium lead iodide (CH3NH3)PbI3 nanocrystal as light harvesters with efficiency 

exceeding 9% (2012); furthermore yang et al. fabricated FAPbI3-based PSCs with maximum 

power conversion efficiency greater than 20% (2015); perovskite silicon tandem solar cell 

achieved PCE over 26 % (2018); perovskite nanocrystals used as an efficient photocatalyst for 

the reduction of CO2 to some value added products and water splitting to produce H2 and O2 

(2019-2024); By now perovskite based solar cells achieved PCE over 30% (2025). 

 

In 2009, Miyasaka and coworkers reported the use of methylammonium lead halide (MAPbX3, 

where X = I or Br) as a light-harvesting material, achieving a power conversion efficiency 

(PCE) of 3.8%.9 A major breakthrough came in 2012, when Snaith and colleagues 

demonstrated solid-state perovskite solar cells using a hole transport layer, achieving a 

dramatic improvement in both efficiency and stability.10 Since then, the field has experienced 

exponential growth. By 2023, certified efficiencies of perovskite solar cells (PSCs) exceeded 

26%. Parallel to the advancement in photovoltaics, perovskites were also investigated for 
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photocatalytic applications in the early 2020, such as artificial photosynthesis, CO₂ reduction, 

and water splitting, due to their strong light absorption, tunable band positions, and long carrier 

lifetimes. 11–14  

Beyond their photovoltaic and photocatalytic application, researchers began exploring low-

dimensional and nanostructured perovskites. The development of quantum-confined 

nanocrystals (NCs), including 0D (e.g., Cs4PbX6), 1D (nanowires and nanorods), and 2D 

(Ruddlesden–Popper phase) materials, enabled fine-tuning of optical and electronic properties. 

Metal halide perovskite nanocrystals can be broadly classified into several categories based on 

their dimensionality and composition. 

3D perovskite: 3D perovskite nanocrystals, characterized by their ABX3 (X = Cl, Br, or I) 

crystal structure where A is an organic or inorganic cation, B a divalent metal ion (e.g., MAPbI3 

CsPbBr3), have emerged as a transformative class of semiconductor materials due to their 

exceptional optoelectronic properties. These nanostructures exhibit high photoluminescence 

quantum yields (PLQYs), low exciton binding energy, high charge carrier diffusion length, 

narrow emission linewidths, and compositionally tunable bandgaps, enabling precise control 

over light emission across the visible and near-infrared spectra.12–14 However, challenges such 

as instability under moisture, heat, and prolonged illumination hinder their commercialization. 

Recent advancements in surface ligand engineering, inorganic shell encapsulation, and lead-

free alternatives (e.g., Sn2⁺, Bi3⁺-based perovskites) aim to address these limitations while 

retaining their optoelectronic performance.15,16 Additionally, their solution-processability and 

compatibility with flexible substrates position them as a positive candidates for next-generation 

optoelectronic and photovoltaic technologies, though long-term stability and toxicity concerns 

necessitate further interdisciplinary research.17,18 
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2D layered perovskites: The structural design of two-dimensional (2D) metal-halide 

perovskite nanoplatelets originates from the Ruddlesden–Popper (R–P) phase, a family of 

layered perovskite materials characterized by alternating organic and inorganic layers.19,20 

During the 1990s, it was observed that incorporating larger organic cations—such as 

butylammonium (BA)—in place of the conventional small A-site cations like 

methylammonium (MA), formamidinium (FA), or cesium (Cs) facilitated the formation of 

these layered structures.21–23 The introduction of bulky organic spacers disrupts the three-

dimensional connectivity of the perovskite framework, resulting in the separation of inorganic 

[BX6]
-4 octahedra into individual sheets.24 This leads to the creation of quantum well-like 

structures with pronounced quantum and dielectric confinement effects. These 2D perovskite 

nanoplatelets not only exhibit improved environmental stability—owing to the protective 

hydrophobic nature of the organic layers—but also allow precise control over their optical and 

electronic properties by varying the number of inorganic layers (denoted by the n value).25–27 

As a result, they have attracted considerable attention for use in optoelectronic applications 

such as light-emitting diodes, photodetectors, and solar cells, where both stability and bandgap 

tunability are essential performance criteria.28–31 

1D perovskites: One-dimensional (1D) nanostructured metal halide perovskites (MHPs), 

including nanowires (NWs) and nanorods (NRs) with diameters ranging from 1 to 100 nm and 

lengths extending to several hundred nanometers or even micrometers, have emerged as 

promising materials for a variety of photonic and optoelectronic applications. Their enhanced 

performance arises from several intrinsic advantages over their three-dimensional (3D) 

counterparts, such as extended charge-carrier diffusion lengths and lifetimes, high surface-to-

volume ratios, increased charge confinement, and pronounced anisotropic geometries.32,33 

Stranks et al. reported charge diffusion lengths of approximately 100 nm in 3D MAPbI3 and 

exceeding 1 μm in mixed-halide MAPbI3-xClx systems.34 Notably, single-crystalline MAPbI3 
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NWs exhibit significantly longer carrier diffusion lengths, up to 21 μm, while MAPb(I1-xBrx)3 

NW arrays demonstrate values as high as 41 ± 3 µm.35,36 These substantial enhancements in 

diffusion length are primarily attributed to the markedly prolonged charge-carrier lifetimes in 

1D MHPs, thereby positioning them as superior candidates for high-performance 

optoelectronic devices. 

0D perovskites: The emergence of "zero-dimensional" (0D) perovskite materials, particularly 

Cs4PbX6 (where X = Cl, Br, or I), as reported in 2016–2017, marked a significant turning point 

in the study of perovskite nanocrystals.37,38 These discoveries spurred extensive research into 

the synthesis and application of Cs4PbX6 colloidal nanocrystals (NCs) in optoelectronic 

devices. When compared to their three-dimensional (3D) counterparts, CsPbX3, 0D Cs4PbX6 

NCs exhibit superior thermal and optical stability, most notably in their ability to maintain high 

photoluminescence quantum yields (PLQYs) for green emission in the solid state.39 

Structurally, Cs4PbX6 differs markedly from 3D perovskites. Instead of the extended corner-

sharing network of [PbX6]
4⁻ octahedra seen in CsPbX3, the 0D variant consists of isolated 

[PbX6]
4⁻ octahedra surrounded by Cs⁺ cations, fully spatially decoupled in all three 

dimensions.40,41 This structural dimensionality reduction gives rise to strong quantum 

confinement effects, resulting in molecule-like electronic behaviour. Therefore, Cs4PbX6 

exhibits a wider bandgap, improved exciton binding energy, low charge carrier mobility, and 

diminished electrical conductivity relative to its 3D analogues. In addition to these intrinsic 

electronic characteristics, 0D Cs4PbX6 perovskites display intriguing photophysical properties, 

including small polaron absorption and broadband ultraviolet (UV) emission. These features 

make them attractive for a range of light-emitting and sensing applications.40,42,43 
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Figure 1.2: [A] Schematic representation of halide perovskite materials with different 

dimensionalities ranging from 3D to 0D.44 Adapted from ref 44. Copyright 2022 Opto-

Electronic Science [B] Schematic representation of perovskite materials with different degrees 

of confinement.45 Adapted from ref 45. Copyright 2018 American Chemical Society. 

 

Overall, these materials are characterized by exceptional features such as high absorption 

coefficients, tunable bandgaps across the visible spectrum, long charge carrier diffusion 

lengths, low exciton binding energies, and intrinsic defect tolerance. Such properties not only 

make them formidable contenders in solar photovoltaics but also potentiate their application in 

light-emitting diodes (LEDs), photodetectors, lasers, and even photocatalytic systems for 

energy conversion and artificial photosynthesis.46–53 

Along with all the exceptional properties, one of the most compelling attributes of perovskite 

materials is their exceptional ability to mediate both energy transfer and electron transfer 

processes, which are critical for a wide range of optoelectronic and photocatalytic 

applications.54–57 Owing to their high absorption cross-section and long exciton diffusion 

lengths, perovskites can efficiently harvest photon energy and transport excitons or free charge 

carriers over long distances without significant recombination losses.50,52 This makes them 

ideal for facilitating Förster resonance energy transfer (FRET) in hybrid systems, where energy 

is non-radiatively transferred from perovskite donors to adjacent acceptor species such as 
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organic dyes, quantum dots, or catalytic molecules.58–60 Similarly, Dexter-type energy transfer, 

which involves direct overlap of wavefunctions and requires short-range interaction, is also 

possible due to the delocalized nature of electronic states in perovskite nanocrystals.61,62 

In terms of electron transfer, perovskites exhibit rapid charge injection and extraction 

properties, with well-aligned conduction and valence band edges that can be tuned through 

compositional engineering.63 This enables efficient electron donation or acceptance in 

heterojunctions with semiconductors, metals, and molecular catalysts. Such properties are vital 

for the design of photoelectrochemical cells, solar fuels production, and sensitized devices, 

where the seamless transfer of photoexcited electrons or holes is required for high 

performance.64,65 Furthermore, the strong light–matter interaction in perovskite materials 

promotes multi-exciton generation and hot-carrier dynamics, offering additional pathways for 

enhancing energy conversion efficiency. Collectively, these energy and electron transfer 

mechanisms underscore the multifunctional nature of perovskites and their suitability as active 

components in next-generation energy systems. In particular, the use of perovskites in 

photocatalytic processes, such as water splitting and carbon dioxide reduction to valuable 

chemicals like methane (CH4), methanol (CH3OH), and formic acid (HCOOH)—demonstrates 

their capacity to mimic and enhance natural photosynthetic pathways.66–70 This positions them 

as promising materials for solar to chemical energy conversion, contributing significantly to 

the growth of a carbon-neutral energy economy. 

Despite their remarkable potential, perovskite materials continue to face critical challenges that 

hinder their commercial viability. Their susceptibility to degradation under ambient 

conditions—including exposure to moisture,71,72 thermal stress,73,74 and ultraviolet 

radiation75,76—remains a major concern. Moreover, the widespread use of lead-based 

perovskites raises environmental and health-related issues, prompting efforts to develop lead-

free alternatives such as tin- or bismuth-based compounds.77–80 Instabilities arising from phase 
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transitions and poor crystallinity further compromise device performance. Addressing these 

challenges necessitates an interdisciplinary approach that combines insights from chemistry, 

materials science, and engineering. Advanced synthetic strategies to control nucleation and 

crystallization, development of phase-pure nanocrystals, and implementation of effective 

encapsulation techniques are crucial to enhancing long-term material stability. 

This thesis aims to investigate the structural and optoelectronic properties of perovskite 

materials with a particular emphasis on enhancing ambient stability through experimental 

approaches. Furthermore, it explores the material’s potential in energy transfer and harvesting 

systems, drawing inspiration from natural photosynthesis to establish pathways for sustainable 

energy technologies. 

1.2. Emerging Synthetic Methods: 

Over the past few decades, a lot of methods have been proposed for the synthesis of metal 

halide perovskites (MHPs). These synthetic routes are generally classified as “bottom-up 

method” or “top-down method”. The ability to synthesize these MHPs with high quality and 

control over their various size, shape, and chemical composition has drawn huge attention. In 

this course I have elaborated some of the main techniques for the synthesis of MHPs. 

A Bottom-up Method: 

Depending on the type of synthesis, MHPs can typically be produced in three different ways 

using this method. These are (1) reprecipitation method (2) heat-up, and (3) in-situ synthesis. 

Among these methods hot injection method and ligand ligand-assisted reprecipitation method 

are used very often. 



10 
 

 

Figure 1.3: Different Synthetic methods for the preparation of Perovskite Nanocrystals. 

Methods under bottom-up categories are hot-injection method, Ligand assisted re-precipitation 

method (LARP), Solvothermal technique, Ultrasonic sound assisted synthesis, and Microwave 

sound assisted method. On the other hand, the Top-down method encompasses the mechanical 

grinding technique, Ball milling method, Thermal evaporation technique, and Laser Ablation 

approach respectively. 

 

1.2.1 Hot Injection Method 

Colloidal CsPbX3 (X = Cl, Br, I) nanocrystals (NCs) have been synthesized via a hot-injection 

(HI) method, wherein Cs-oleate is swiftly injected into a hot solution (140–200 °C) containing 

PbX2 salts dissolved in a nonpolar solvent such as octadecene (ODE), in the presence of 

carboxylic acids and primary amines.49 The PbX2 salts serve as a dual source of Pb2+ and halide 

ions (X⁻). It has been observed that maintaining a 1:1 molar ratio of amines to acids facilitates 

the formation of monodisperse NCs, with size tunability achieved by adjusting the reaction 

temperature. Furthermore, mixed-halide perovskite NCs can be readily prepared by modulating 

the ratios of different lead halide salts (e.g., PbCl2/PbBr2 or PbBr2/PbI2), allowing precise 

control over the photoluminescence (PL) emission across the full visible spectrum (410–

700 nm), either through halide composition tuning or NC size variation. The HI method has 

also been extended to organic-inorganic hybrid systems such as MAPbX3 (X = Br, I) NCs, by 

substituting Cs-oleate with a methylamine solution. MAPbBr3 and MAPbI3 NCs were 

successfully synthesized through careful adjustment of the relative concentrations of 



11 
 

oleylamine (OLA) and oleic acid (OA) capping ligands.81 In addition, the HI protocol has been 

adapted for the synthesis of perovskite-related lead halide phases. For instance, Cs4PbX6 (X = 

Cl, Br, I) NCs were obtained under Cs+ and OLA-rich conditions, distinct from the 

stoichiometry used for CsPbBr3 NCs, yielding monodisperse particles with size tunability from 

9 to 25 nm.82 Moreover, CsPb2Br5 NCs have been reported by several groups using octylamine 

and OA as surfactants in PbBr2-rich reaction mixtures,83 further demonstrating the versatility 

of the HI approach in producing various perovskite and perovskite-derived nanostructures. 

1.2.2 Ligand Assisted Reprecipitation (LARP): 

LARP technique is a very simple and scalable method for the synthesis of finest-quality 

perovskite NCs with tunable optical properties. In this method, lead halides or organic halides 

like methylammonium and formamidinium salts are dissolved in a polar solvent like DMF and 

DMSO, then at room temperature this precursor solution is rapidly added to a solvent (such as 

acetone, toluene, hexane) where the solubility of the substance is very low.84–86 Now in 

presence of capping ligands which controls the nucleation and growth of the NCs and prevent 

the nanocrystal from aggregation the precipitation occurs. In 2012 Papavassiliou et al. first 

reports the LARP syntheses of hybrid organic−inorganic lead halide based perovskite NCs 

where they synthesized MAPbX3, by solubilising (MA)-(CH3C6H4CH2NH3)2Pb2X7, or 

(MA)(C4H9NH3)2Pb2X7 (X = Br, Cl or I) salts in DMF (or acetonitrile) and dropped the 

corresponding solutions in toluene (or in a mixture of toluene and PMMA).87 Huang et al. 

demonstrate that the size of the MAPbBr3 can be adjusted by changing the temperature at which 

the LARP technique is operated..88 This LARP method has also been stretched out to synthesise 

all inorganic PNCs, but it remains far behind than that of the hot-injection technique in 

controlling the shape of the NCs. 
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1.2.3 Solvent-Mediated Synthesis / Solvothermal Techniques: 

It is a versatile method that depends on controlling the nucleation and growth of the NCs 

through solvent interaction. In this technique precursors (lead halides, organic halide salts) are 

dissolved in an appropriate solvent like DMF or DMSO. This solution mixture is then put 

through a controlled heating process either in a typical setup or within an autoclave for 

solvothermal synthesis.89 The reaction kinetics, morphology of the NCs and the solubility of 

the precursor depends on the choice of the solvent. Additionally, use of capping ligands like 

oleic acid, oleylamine helps the formation of high quality NCs with tunable size and excellent 

optical properties. Solvent mediated synthesis is particularly profitable for producing uniform 

perovskite NCs which is extensively used for the application in solar cells, photodetectors, 

lasers and LEDs. 

1.2.4 Ultrasound-Assisted Synthesis: 

Ultrasound–assisted method is an innovative and efficient process to synthesize perovskite 

nanocrystals. This method uses high-frequency ultrasonic sound, which promotes rapid 

nucleation and growth of the nanocrystals. Due to the use of high-frequency waves, this process 

enhances the dispersion of precursor, reduces reaction time, and cuts down the need for high 

temperature, making it an environment-friendly and energy-efficient process. Kesari and 

Athawale employed ultrasonic irradiation to synthesize MAPbI3 nanowires in isopropyl 

alcohol.90 Similarly, Gedanken et al. reported the sonochemical synthesis of MAPbI3 

nanocrystals in isopropyl alcohol.91 In addition to that, it provides precise control over the size, 

morphology and crystallinity of the nanocrystals, which is essential for the customisation of 

their applications in photovoltaics, optoelectronic devices, and LEDs. This technique is widely 

accepted due to its scalable and simple nature to produce high-quality NCs with improved 

stability and performance. 
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1.2.5 Microwave-Assisted Synthesis: 

For the fabrication of perovskite nanocrystal with excellent opto-electronic properties, 

microwave assisted technique is also an energy efficient method. In this method microwave 

irradiation is used to provide uniform heating promoting controlled nucleation and growth of 

the nanocrystals.92 This technique significantly reduces the duration of synthesis and 

consumption of energy compared to the conventional methods used for perovskite synthesis, 

while confirming high purity and reproducibility. By monitoring the microwave power, 

reaction time, and the concentration of the precursor one can control the size, shape, and 

crystallinity. Furthermore, this method reduces the use of hazardous chemicals and solvents 

making it an eco-friendly technique. Komarneni group initially reported the microwave 

hydrothermal synthesis of BiFeO3 which crystalize at 467 K for 2 hours,93 then Joshi et al. 

demonstrated a simple technique to synthesize single crystalline BiFeO3 nanocubes for 

photoelectrode and photocatalytic applications.94 Zhang et al. reported a rapid and efficient 

microwave-assisted process to produce CsPbX3 NCs with controllable morphology and high 

quality.95 

1.2.6 Template Based synthesis: 

The template-assisted method offers a simple and effective approach to synthesize 

monodisperse perovskite nanocrystals (PNCs) by guiding crystallization within nanostructured 

templates, eliminating the need for capping ligands. Yamauchi et al. utilized mesoporous silica 

templates to grow MAPbBrxIx-3 nanocrystals, with pore size directly controlling the particle 

dimensions. This enabled modulation of optical properties via the quantum confinement 

effect.96 Kaltenbrunner et al. further employed nanoporous alumina and silicon thin films as 

templates to produce PNCs without stabilizers or organic solvents.97 Thereafter, Li et al. 

developed a solid-state confined growth strategy using mesoporous Al2O3 at elevated 

temperatures to synthesize highly emissive CsPbBr3 nanocrystals. These NCs demonstrated 
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excellent optical performance, including a photoluminescence quantum yield (PLQY) of 70%, 

narrow emission linewidth (FWHM = 25 nm), and enhanced thermal stability.98 Notably, this 

method avoids the use of expensive and toxic organic solvents, offering an environmentally 

friendly and scalable alternative for high-quality PNC production. This template-assisted 

approach thus provides precise size control, improved stability, and reduced environmental 

impact—key advantages for advancing PNC applications in optoelectronics. 

1.2.7 Sol-Gel Technique: 

The sol-gel Pechini method is the most useful and advantageous method due to its simplicity, 

cost effectiveness and versatility in synthesizing perovskite materials. This technique involves 

hydrolysis and condensation of organic or inorganic precursor in solution. Leading to the 

formation of sol and progressively converted into a gel-like network. By adjusting the reaction 

parameters like precursor concentration, pH, temperature, and the reaction time, this method 

offers precise tunning of the material morphology and the optical properties.99,100 This sol-gel 

approach is widely used because it allows excellent control over the material structure as well 

as the purity and homogeneity, and requires lower synthetic temperature compared to the other 

solid state synthetic method. Initially Shlapa et al. synthesized very homogeneous La1-

xSrxMnO3.nanocrystal with a very narrow particle size distribution between 30-35 nm.101 

Zhang et al. demonstrated a large variety of rare earth doped La4Ti3O12 perovskite like structure 

which shows up and down conversion like emissive nature upon UV and NIR excitation.102 

Through a modified Pechini method Lima et al. showed the preparation of red emitting Eu+3 

doped LaAlO3 and a green emitting Tb+3 doped LaAlO3.
103

 

B Top-Down Method: 

In this approach bulk materials are generally converted into nano-sized particle In Top-down 

method MHPs are mainly synthesized in three different ways depending on the nature of 

synthesis. These are (1) Ball milling (2) Thermal evaporation, (3) Laser ablation and. Despite 
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of their simple synthetic route this technique faces some challenges in controlling the proper 

particle size and morphology. 

1.2.8 Wet Ball Milling: 

Wet ball milling is the easiest top-down process for the synthesis of perovskite nanocrystals. 

Here bulk perovskite precursors are ground in a solvent filled container having stell balls. The 

high energy collision between the milling balls and the bulk materials is responsible for the 

synthesise of nano sized perovskite crystals,104,105 while the solvents (toluene, or hexane) and 

surfactants (oleyl amine or oleic acid) prevents the agglomeration and stabilizes the formed 

nanoparticles. This method avoids the use of high temperature and complex synthetic route 

thereby offering scalability and simplicity than other bottom-up approaches.105,106 However, 

controlling the size and shape of the nanocrystals and the structural defects generated by the 

extensive mechanical grinding is a big disadvantage of this process. Protesescu et al in 2018 

synthesized colloidal CsPbBr3 using wet ball milling method.107 Furthermore, Mukasyan et al. 

in 2022 specifically synthesized methylammonium lead halide perovskite nanocrystal through 

wet ball milling technique.108 

1.2.9 Thermal Evaporation: 

Thermal evaporation is a vacuum assisted technique where heat is used to vaporise the 

precursor materials (metal halides or organic-inorganic salts) and subsequently condense onto 

a cooled surface. By altering the chamber pressure, temperature, and substrate evaporation rate 

isolated perovskite nanoparticles can be formed. This method does not require solvents or 

capping ligands and thereby advantageous for the synthesis of uniform and large size 

perovskite solar cells and LEDs.109,110 This method has some demerits too like in presence of 

high temperature organic compounds could get degraded in case of hybrid perovskite synthesis 

and therefore increases the amount of impurity, and difficulties to achieve monodisperse 

nanoparticles. In 1997, Era et al. used a dual-source thermal evaporation approach to 
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successfully create 2-phenylethylammonium lead iodide and methylammonium lead iodide 

(MAPbI3) thin films on quartz substrates.,111 demonstrating one of the first instances of halide 

perovskite co-evaporation. Device application was only reported in 2013 when Liu and co-

workers achieved over 15% PCE on PSCs based on thermally evaporated MAPbI3 thin films.112 

In 2024 Wang et al. synthesized MHPs and their analogue through thermal evaporation 

method.113 

1.2.10 Laser Ablation: 

Because of its simplicity and little chemical requirements, laser ablation is an efficient top-

down method for producing perovskite nanocrystals. With this technique, a bulk perovskite 

target, such as lead halide perovskites (like CsPbBr3), is exposed to a high-intensity pulsed 

laser, immerged in a liquid, or placed in a controlled gaseous atmosphere. A plasma of 

vaporised particles is produced once the material is ablation by the laser energy, and these 

particles rapidly condense into nanocrystals. Laser wavelength, pulse duration, energy density, 

and ambient conditions are important factors that precisely control nanocrystal size, 

crystallinity, and photoluminescence characteristics.114,115 In 2022 Liang et al. demonstrated 

patterning of CsPbBr3 Perovskite Films using lamination-assisted femtosecond laser ablation 

technique.116 Laser ablation has potential for usage in solar cells, LEDs, and photodetectors 

applications where high-quality nanocrystals are crucial due to its scalability and 

environmental adaptability.  
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1.3. Purification Techniques. 

The crude perovskite nanocrystal obtained from different synthetic methods contains different 

sized particles, unreacted precursor and ligands. Thus, it should be well purified to remove the 

large size particles along with the unreacted products to have a monodisperse perovskite 

nanocrystal solution. Most of the common purification techniques that are generally used to 

separate perovskite nanocrystals are centrifugation-based purification, solvent washing, size 

selective precipitation, gel permeation chromatography, dialysis etc.117–120 

centrifugation-based purification process is the most commonly used separation technique 

where nanoparticles are centrifuged at a high rotation rate (10,000 to 15,000 rpm) to get rid of 

the agglomeration and unreacted surfactants and precursors. In the solvent washing technique, 

perovskite nanocrystals have been repeatedly washed with a variety of selective solvents, 

including hexane and toluene, to dissolve and remove impurities while preserving the 

nanocrystal surface. Here solvent like methyl acetate and ethyl acetate are used to remove the 

excess capping ligands (such as oleic acid, oleyl amine).118,121,122 In order to promote size 

selective separation, a poor solvent, such as acetone, is gradually added to the nanocrystal 

solution. This causes the larger particles to precipitate while the smaller particles stay in the 

supernatant. To obtain a monodisperse nanocrystal colloidal solution, this technique requires 

meticulous solvent ratio optimisation. Another efficient technique for separating the high-

quality nanocrystal solution is gel permeation chromatography, which uses a column to 

separate the nanocrystals from aggregated materials at a specific flow rate. This technique can 

also be used to interchange ligands on a column to produce high-purity nanocrystals with 

improved stability.117 The dialysis process involves sealing the nanoparticles in a 

semipermeable membrane and submerging them in a solvent bath. Pure nanoparticles are 

trapped inside the membrane while tiny contaminants like ions and ligands diffuse to the 

outside, but this process takes time and is only possible on a small scale.123  
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1.4. Stability of Perovskite Nanocrystal:  

Lead halide perovskites (LHPs) possess remarkable optoelectronic characteristics, yet their 

ionic nature imparts a pronounced sensitivity to polar environments.11 In particular, exposure 

to polar solvents or aqueous media often results in the rapid deterioration of their optical 

properties, detachment of surface-stabilizing ligands (especially in nanocrystalline forms), and 

in some cases, complete structural collapse. Even moderate moisture levels can induce 

degradation, thereby significantly hindering their practical deployment in real-world 

applications. This vulnerability is primarily attributed to the intrinsically low formation energy 

of LHPs, which renders them highly susceptible to extrinsic environmental stimuli such as 

light, oxygen, and thermal fluctuations. Among these, environmental stress is widely 

recognized as a principal factor compromising both the operational stability and longevity of 

LHP-based materials.76,124–129 

1.4.1. Origin of instability in lead halide perovskite crystal structure:  

Structural instability: The A-site cations in halide perovskites occupy 12-fold coordinated 

sites located within the interstitial voids formed by eight surrounding PbX6 octahedra. As such, 

the incorporation of A-site cations is constrained by the geometric limitations of the three-

dimensional PbX6 framework.127,130,131 If the A cation is excessively large, it cannot be 

accommodated within the available interstitial space, leading to lattice distortion or phase 

instability. Conversely, if the A cation is too small, it may fail to adequately fill the cavity, 

thereby compromising the structural cohesion and potentially resulting in the collapse of the 

three-dimensional perovskite structure. Hence, the ionic radius of the A-site cation plays a 

critical role in stabilizing the perovskite lattice. Goldschmidt tolerance factor, t is used to 

determine the structural stability and the distortion in perovskite nanocrystal. The Goldschmidt 

tolerance factor is expressed as the following equation (equation 1.1).132 
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𝑡 =
(𝑟𝐴+𝑟𝑋)

√2(𝑟𝐵+𝑟𝑋)
    (1.1) 

where rA, rB and rX correspond to the radius of the component A, B, and X, respectively. In 

general, perovskite materials retain three-dimensional structural connectivity when the 

Goldschmidt tolerance factor (t) falls within the approximate range of 0.813 to 1.107. Recent 

studies suggest that a more optimal range of 0.9 ≤ t ≤ 1.0 is associated with the formation of 

ideal cubic perovskite structures, reflecting minimal octahedral distortion.133,134 In contrast, 

when the tolerance factor lies between 0.71 and 0.9, the increased mismatch in ionic radii leads 

to distortions of the PbX6 octahedra, favouring the emergence of lower-symmetry phases such 

as orthorhombic or rhombohedral structures. If the tolerance factor falls outside this range, the 

structural requirements for maintaining a stable 3D octahedral framework are not satisfied, 

often resulting in its collapse and the formation of lower-dimensional phases.131,135 

Effect of environmental factors: Environmental stability remains a critical challenge for 

practical applications of Perovskite nanocrystals (NCs), particularly those based on lead halide 

compositions such as CsPbX3. These nanocrystals are highly sensitive to external stimuli such 

as moisture, oxygen, heat, and ultraviolet (UV) irradiation.127–129,136 Exposure to ambient 

humidity often results in rapid degradation due to the hygroscopic nature of the halide 

components and the dynamic ionic lattice, in presence of moisture the nanocrystal decomposes 

as per the reaction mechanism, CsPbBr3 + H2O → PbBr2 + CsBr + H2O which facilitates 

hydrolysis and the formation of non-luminescent byproducts.137 Similarly, thermal stress can 

induce phase transitions and lead to the decomposition of the perovskite structure into lead 

halides. Photo-induced degradation, particularly under UV illumination, is driven by the 

generation of halide vacancies, generating surface trap states, and phase segregation to adjacent 

nanoparticle, accelerating non-radiative recombination and structural instability.125–129 
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Interface induced instability: Due to their ionic composition, lead halide perovskites (LHPs) 

exhibit surface interactions that are largely governed by ionic forces. In a study, Roo119 et al. 

first explored the surface dynamics of CsPbBr₃ perovskite nanocrystals (PNCs) using 1H NMR 

spectroscopy. They discovered that the ligands typically used for surface passivation oleic acid 

(OA) and oleylamine (OLA) are not firmly attached to the nanocrystal surface. In the absence 

of OLA, surface stabilization is primarily achieved through the formation of oleylammonium 

bromide from protonated OA. When both OA and OLA are present, the protonated OLA 

enhances OA’s incorporation into the ligand shell, reinforcing surface stabilization through 

oleylammonium bromide. To further characterize the dynamic behavior of surface ligands, 

diffusion-ordered NMR spectroscopy (DOSY) was employed to measure the diffusion 

coefficient (D). The diffusion coefficient (D) is defined as the following equation (equation 

1.2). 

𝐷 =  
𝑘𝐵𝑇

𝑓
     (1.2) 

The relatively small D values indicate rapid ligand exchange between the bound and unbound 

states, reflecting the weak and dynamic nature of ligand attachment.138,139 This inherent 

instability at the nanocrystal–ligand interface renders CsPbX3 nanocrystal particularly 

vulnerable to ligand desorption during purification procedures. The use of polar solvents, in 

particular, often results in substantial ligand loss, which can compromise the optical properties, 

colloidal stability, and, in some cases, the structural integrity of the nanocrystals. 

1.4.2. Approach towards improving the stability of lead halide perovskite nanocrystal:  

Improving the stability of perovskite nanocrystals (PNCs) has become a central focus in 

advancing their practical applications. Strategies to enhance their stability primarily involve 

surface passivation, ligand engineering, and compositional tuning. Surface passivation with 

robust and strongly binding ligands helps to prevent degradation caused by moisture, oxygen, 
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and heat.140–148 Together, these approaches aim to mitigate the intrinsic instability of PNCs 

while preserving or enhancing their optoelectronic properties. 

Compositional engineering: Compositional modifications, such as doping with metal ions or 

partially substituting halides, have also been effective in enhancing resistance to environmental 

stressors. Metal ion doping to the perovskite host lattice not only improves the ambient stability 

but also helps in augmenting the opto-electronic properties of the perovskite nanocrystals. 

A-site doping: Modifying the A-site cation in perovskite nanocrystals (PNCs) with appropriate 

metal ions has proven to be an effective approach for enhancing both stability and 

optoelectronic performance. Substituting the smaller methylammonium (MA⁺) with larger 

formamidinium (FA⁺) or cesium (Cs⁺) ions improves the structural compatibility within the 

perovskite lattice, thereby boosting thermal and environmental stability.146,147 Etgar et al.149 

demonstrated that doping CsPbX3 with rubidium (Rb⁺) to form RbxCs1-xPbX3 quantum dots 

results in tunable fluorescence without significant structural disruption. These Rb/Cs mixed-

halide PNCs showed improved long-term stability, evidenced by a slight redshift in absorption 

over time, while the chloride analogues were less stable. Similarly, the incorporation of 

potassium (K⁺) ions into CsPbBr3 PNCs substantially improved their resistance to 

photodegradation and environmental factors. This stability enhancement is linked to the 

formation of a K-rich surface phase that effectively inhibits halide ion migration and minimizes 

non-radiative recombination.150,151 Overall, these studies emphasize the potential of A-site 

cation engineering, particularly through the inclusion of Rb⁺ and K⁺ ions, as a powerful strategy 

to enhance the durability and optical quality of perovskite nanomaterials. 

B-site doping: Zhu et al.152 reported that the substitution of A-site cations has a limited 

influence on the environmental stability and band-edge carrier dynamics of lead halide 

perovskites (LHPs), as demonstrated through comparative studies of CsPbBr3, FAPbBr3, and 
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MAPbBr3 single crystals. In contrast, B-site doping has long been acknowledged as a 

successful method for tuning the optoelectronic characteristics and enhancing the structural 

robustness of LHPs.152–156 

Among various dopants, Mn2+ has attracted considerable attention. Chen et al.157 demonstrated 

that Mn2+-doped CsPbBr3 nanocrystals (PNCs) exhibited improved photoluminescence (PL) 

stability, retaining ~60% of their initial PL intensity after 120 days of air exposure, compared 

to only 30 days for undoped PQDs. Deng et al.158 synthesized environmentally stable CsSnBr3 

hollow nanocages using stannous 2-ethylhexanoate at elevated temperatures. Sun et al.159 

achieved near-unity PL quantum yields in violet-emitting CsPbClXBr1-X PNCs via Ni2+ doping, 

which enhanced local lattice ordering and defect passivation. Meng et al.160 reported the 

stabilization of blue-emitting PNCs through Al3+ doping. Furthermore, Song et al.161 

introduced rare-earth (RE) ions (e.g., Dy3+, Eu3+, Ce3+, Sm3+, Yb3+, Tb3+, Er3+) in CsPbCl3 

PNCs, resulting in broadband emissions from the visible to near-infrared regions with enhanced 

PL efficiency and stability. 

Encapsulation strategy: 

The encapsulation of perovskite nanocrystals has appeared as a critical approach to address 

their inherent instability under ambient conditions, including exposure to moisture, oxygen, 

thermal stress, and ultraviolet radiation. Embedding nanocrystals within protective matrices, 

such as polymers, silica frameworks, inorganic shells, and metal-organic frameworks, 

establishes a physical barrier that effectively mitigates environmental degradation 

pathways.162–165 This methodology not only preserves the optoelectronic and structural 

properties of perovskite nanocrystals but also substantially enhances their operational stability, 

thereby facilitating their practical deployment in optoelectronic devices. For example, Snaith 

et al.144 incorporated MAPbX3 nanocrystals into polystyrene (PS) and polymethyl methacrylate 
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(PMMA) beads, resulting in improved ambient stability. Similarly, Kuo et al.166 encapsulated 

CsPbX3 perovskite nanocrystals (PNCs) within stretchable poly(styrene-butadiene-styrene) 

(SBS) fibers via an electrospinning technique, producing waterproof, multicolor-converting 

membranes for light-emitting diode (LED) applications. Chen and colleagues fabricated 

uniform CsPbX3/polyacrylonitrile (PAN) nanofibers through electrospinning, where the 

hydrophobic nature of PAN conferred enhanced resistance to humidity.167 Furthermore, Zhong 

et al.163 reported the synthesis of MAPbBr₃/polyvinylidene fluoride (PVDF) composite films, 

where strong interactions between the –NH3⁺ groups of MAPbBr3 and the –CF2– groups of 

PVDF led to an increase in photoluminescence quantum yield (PLQY). In addition to these 

polymers, materials such as polyvinylpyrrolidone (PVP), cellulose acetate (CA), polyvinyl 

chloride (PVC), and polydimethylsiloxane (PDMS) have also been employed to protect 

perovskite nanocrystals from environmental degradation. 

 

Figure 1.4 Schematic diagram summarizing the instability of PNCs and the corresponding 

solutions. Adapted from ref 134. Copyright 2019 Royal Society of Chemistry. 
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Despite the advantages of polymer-based encapsulation, particularly in moisture resistance, its 

limited thermal stability remains a significant limitation for high-temperature applications. 

Elevated temperatures often induce degradation of the polymer matrix alongside the 

detachment of organic ligands from the surface of PNCs, resulting in irreversible quenching of 

photoluminescence. In contrast, inorganic matrices exhibit superior mechanical strength and 

thermal resilience, making them highly suitable for enhancing the long-term stability of PNCs. 

For instance, Liu et al.138 successfully incorporated pre-synthesized CsPbBr3 PNCs into 

mesoporous silica (SiO2) spheres with pore sizes ranging from 12 to 15 nm, achieving 

composites with enhanced thermal stability and photostability, which retained their optical 

properties after 40 days of ambient air exposure. Additionally, Zeng and co-workers 

demonstrated that, beyond conventional silica coatings, anchoring PNCs onto silica surfaces 

could further improve their environmental stability.168 Other inorganic matrices, such as 

mesoporous Al2O3, TiO2, ZnS, and CdS shells, have also been utilized effectively to safeguard 

perovskite nanocrystals against degradation.169–171 

1.5. Metal Ion Doping in Perovskite Nanocrystals 

1.5.1. Types of Metal Ion Doping in Perovskite Nanocrystals 

Metal ion doping in halide perovskite nanocrystals involves deliberate substitution of lattice 

ions at the A-site (monovalent cation), B-site (divalent metal), or X-site (halide), which enables 

targeted tuning of optoelectronic properties, crystal phase behaviour, and environmental 

stability. A-site doping often utilizes ionic species such as Rb⁺, K⁺, or mixed cationic systems 

(e.g., MA⁺/FA⁺/Cs⁺) to adjust the Goldschmidt tolerance factor and stabilize the 3D ABX₃ 

perovskite structure. For instance, mixing FA⁺ and Cs⁺ at the A-site (FA1-xCsxPbBr3) enables 

better structural rigidity and red-shifted photoluminescence with increasing FA⁺ content due to 

lattice expansion.172 
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B-site doping is perhaps the most consequential, as it directly influences the conduction and 

valence band edges. Common dopants include Ni+2, Mn+2, Sn+2 Zn+2, Cu+2,153,155,157–159 , and 

Co+2. These are introduced via isovalent or heterovalent substitution at the Pb+2 site. For 

example, Mn+2-doped CsPbX₃ nanocrystals (CsPb1-xMnxX3) display dual emission due to 

energy transfer between host and dopant states.157 Partial replacement of Pb²⁺ with Sn²⁺ or Zn²⁺ 

also reduces toxicity while retaining the desirable optical properties of the parent perovskite 

158,172 

X-site doping refers to halide substitution—typically Cl⁻, Br⁻, or I⁻—to modulate band gaps 

and emission colors across the visible spectrum. For example, by tuning the halide ratio in 

CsPb(Br1-xIₓ)3, one can achieve emission shifts from green to red, though phase segregation 

remains a challenge in mixed-halide systems. 

1.5.2. Property Enhancement Achieved through Doping 

Doping has emerged as a key strategy to overcome several limitations inherent in pristine 

perovskite nanocrystals, particularly related to instability and toxicity. A-site cation 

engineering (e.g., FA⁺/Cs⁺ mixing) enhances phase stability by balancing lattice strain and 

minimizing phase transitions to non-perovskite δ-phases. For example, FA1-xCsₓPbI3 

nanocrystals exhibit significantly improved photostability and retain their near-IR emission 

under ambient conditions for extended periods.172 

B-site doping with divalent or heterovalent cations not only reduces Pb content but also 

enhances thermal and photochemical stability. Sn+2 or Zn+2 substitution at the Pb-site has 

shown to increase the formation energy of the perovskite phase and suppress ion migration and 

degradation.158 However, care must be taken, as certain dopants (e.g., Ge+2, Sn+2) may oxidize 

easily, negatively affecting device performance. 
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Optoelectronic properties also benefit from doping-induced improvements in carrier dynamics. 

Dopants can passivate nonradiative recombination centers, extend exciton lifetime, and 

enhance charge extraction efficiency. For example, Mn+2 doping in CsPbCl3 enhances PL 

lifetime and creates spin-polarized excitonic emission, offering advantages in spintronic 

applications. Additionally, doping is a promising strategy to achieve defect-tolerant band 

structures, maintain high PLQY, and stabilize perovskites without requiring complex surface 

passivation strategies.173 

1.5.3. Applications of Metal-Ion-Doped Perovskite Nanocrystals 

The improved properties achieved through doping make perovskite nanocrystals suitable for a 

wide range of applications. In light-emitting diodes (LEDs), doped perovskites offer narrow, 

high-brightness emission with enhanced thermal and operational stability. For instance, Mn+2-

doped CsPbCl₃ nanocrystals have been used in color-tunable LEDs with suppressed blinking 

and high efficiency. 

In photovoltaics, doping enables energy band alignment, phase stabilization, and defect 

passivation, contributing to enhanced power conversion efficiency (PCE) and reduced 

hysteresis. Mixed-cation and mixed-halide perovskites have shown remarkable improvements 

in moisture and thermal stability, which is crucial for long-term device operation.8,10 

Doped perovskites are also increasingly applied in photodetectors due to their enhanced light 

sensitivity and wavelength selectivity. In photocatalysis, doping introduces active sites for 

redox reactions, improves charge separation, and enables visible-light-driven processes like 

CO2 reduction and water splitting.64,66 Moreover, doped perovskites have found use in 

biomedical imaging, chemical sensing, and anti-counterfeiting due to their bright, tunable 

luminescence and functional surface chemistry. 
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1.6. Properties of Perovskite Materials. 

1.6.1. Linear absorption and fluorescence properties 

Metal halide perovskite (MHP) is a potential material for low-cost optoelectronic devices 

because of its exceptional optical and electrical properties. These characteristics include a 

narrow bandwidth, high absorption coefficient, high PLQY, tunable photoluminescence across 

the visible spectrum and beyond, and defect tolerance.12–14 Lead-based MHPs have a p-type 

electrical conduction band, which is made up of σ-antibonding between the np orbital of the 

halide (where n =3 to 5 for Cl to I) and the 6p orbital of lead.174,175 The valence band exhibits 

a partial s-type feature since it consists of halide np orbitals and Pb 6s. The band's colour is 

determined by its orbital properties; I 5p, Pb 6p, and Pb 6s orbitals are represented by green, 

red, and blue, respectively. As the valence band of MHPs has the dominant contribution from 

the halide p orbitals, the position of the valence band becomes extremely sensitive towards the 

selection of halide ions. The band gap can be readily controlled by changing the halide ions 

from I-1 to Br-1 to Cl-1. By altering the I and Br ion compositions, Noh et al.176 showed optical 

band gap tuning in mixed-halide MAPb(I1-xBrx)3 perovskite nanocrystal. Furthermore, 

Kumawat et al. used the Sommerfeld model to compute the band gap in MAPb(Br1−xClx)3 while 

taking the excitonic contribution at the band-edge into account. It is important to keep in mind 

that, although the A-site cations such as Cs, FA, or MA do not directly contribute to the 

electrical band gap, but can influence the crystal structure through Pb-X-Pb rotation and 

thereby modify the band gap.177–179 Furthermore, surface modification and the quantum 

confinement effect also have a significant impact on tuning the optical characteristics of these 

MHP nanocrystals. 
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Scheme 1.1: Absolute energy level positions of lead-based halide perovskites. Arrows indicate 

the shift in energy levels upon atom substitution.180 

 

 

1.6.2. High charge carrier diffusion length: 

The performance of perovskite materials in a variety of optoelectronic devices is greatly 

improved by their renowned high charge carrier mobility.34,181,182 The high charge carrier 

mobility observed in perovskite materials, particularly in hybrid organic-inorganic lead halide 

perovskites, originates from their unique crystallographic and electronic properties.181 A 

fundamental contributor is the favourable band structure, in which both the conduction and 

valence bands are highly dispersive due to strong orbital overlap between the B-site metal 

cation (e.g., Pb+2) and the halide anions (X⁻), resulting in low effective masses for both 

electrons and holes shown by Motta et al., in 2015.183 This facilitates rapid charge transport 

with reduced scattering. Additionally, the soft and polar lattice of perovskites allows for 

dynamic screening of charged defects, meaning that local lattice distortions can adapt to and 

stabilize charge carriers, thereby minimizing recombination and trap-assisted scattering. 



29 
 

Another key factor is the relatively weak electron–phonon coupling in these materials, in 2016 

Herz et al, this weak electron–phonon coupling limits energy losses due to lattice vibrations 

and maintains high mobility even at room temperature.184 Moreover, the presence of strong 

spin–orbit coupling (SOC) in lead-based perovskites further modifies the band structure by 

splitting energy levels, effectively reducing non-radiative recombination and enhancing carrier 

transport (Brivio et al., 2014). Additionally, the perovskite structure exhibits tolerance to point 

defects, as many do not introduce deep energy levels in the bandgap, allowing for long carrier 

lifetimes and diffusion lengths (Yin et al., 2014). These characteristics allow perovskite-based 

devices to achieve high power conversion efficiencies, rivalling or even surpassing those of 

traditional semiconductor materials. 

1.6.3. Photophysical dynamics of perovskite nanocrystal: 

Perovskite nanocrystals (NCs) exhibit a range of excited-state processes that critically 

influence their optoelectronic properties. Upon photoexcitation, carrier dynamics span from 

femtoseconds to microseconds, governed by processes such as hot carrier cooling, exciton 

formation, carrier trapping, and radiative or non-radiative recombination.184,185 Immediately 

after photon absorption, hot carriers with excess energy relax rapidly (<1 ps) to band-edge 

states through phonon scattering. Depending on confinement effects, either free carriers or 

bound excitons may form, influencing charge transport and separation. Carrier trapping at 

surface or defect sites occurs on a 1–10 ps timescale, often leading to non-radiative 

recombination and reduced luminescence efficiency. Under high excitation fluence, Auger 

recombination—where energy from electron-hole recombination is transferred to a third 

carrier—dominates, typically within 10–100 ps. Radiative recombination of band-edge 

carriers, responsible for photoluminescence (PL), occurs over 1–100 ns. Delayed emission, 

observed over 100 ns to microseconds, is attributed to trap states or biexcitonic recombination. 
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Scheme 1.2: Schematic representation of the excited-state processes happening upon 

photoexcitation of perovskite nanocrystals.186 Adapted from ref 186. Copyright 2017 American 

Chemical Society. 

 

 

Table 1.1: A concise summary of these excited-state processes and their characteristic 

timescales. 
Phenomenon Timescale Process type Functional relevence 

Hot carrier cooling <100 fs – 1 ps Phonon-mediated 

relaxation 

Limits hot carrier 

harvesting 

Exciton 

formation/dissociation 
<1 ps 

Carrier correlation Affects charge separation 

and transport 

 

Carrier trapping 
1–10 ps 

Surface/defect 

interaction 

Leads to non-radiative 

recombination 

Auger recombination 10–100 ps Multicarrier non-

radiative loss 

Decreases PL at high 

excitation densities 

Radiative 

recombination 

1–100 ns Band-edge emission Enables light emission in 

LEDs and lasers 

 

Delayed emission 

 

100 ns – µs 

Trap- or 

multiexciton-

mediated 

Reveals trap state 

occupation and dynamics 

 

Energy transfer 

 

10–1000 ps 

FRET/Dexter 

mechanism 

Enables hybrid photonic 

or catalytic systems 

 

Charge transfer 

 

100 fs – 10 ps 

Electron/hole 

extraction 

Critical in photovoltaics 

and photocatalysis 

 

Energy and charge transfer processes are also vital: Förster or Dexter energy transfer (10–1000 

ps) facilitates exciton migration in hybrid systems, while ultrafast charge transfer (100 fs–10 

ps) to acceptor materials dictate device functions such as photovoltaics and photocatalysis.184–

187 These dynamics are highly sensitive to crystal composition, size, and surface chemistry. 
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Techniques like transient absorption spectroscopy and time-correlated single-photon counting 

(TCSPC) provide valuable insights into these phenomena, enabling the design of perovskite 

NCs with tailored properties for light-emitting, harvesting, and catalytic applications. 

 

1.6.4. Defect tolerance of perovskite nanocrystal: 

The disordered distribution of uncoordinated atoms and ions on the surfaces of nanocrystals 

(NCs) often leads to the formation of surface defects, which can act as non-radiative 

recombination centers for charge carriers. These defects significantly influence the 

photoelectric properties of NCs by quenching photoluminescence and reducing charge carrier 

lifetimes. However, lead halide perovskite NCs are known for their exceptional defect 

tolerance. Owing to the low formation energies of intrinsic point defects, they predominantly 

form shallow trap states rather than deep-level traps that strongly hinder optoelectronic 

performance.188–190 Importantly, antisite defects, which typically introduce deep states in other 

semiconductors, are energetically unfavourable in perovskite lattices. Through theoretical 

modelling, Brinck et al.191 demonstrated that even the removal of surface ligands has only a 

minimal effect on the electronic structure of perovskite NCs. This behaviour is attributed to the 

material’s structural resilience and defect tolerance, allowing perovskite NCs to retain high 

photoluminescence quantum yield (PLQY) despite incomplete surface passivation. 

1.6.5. Light-harvesting ability of perovskite nanocrystal: 

Perovskite materials exhibit exceptional light-harvesting properties, which are integral to their 

outstanding performance in a wide array of solar energy conversion optoelectronic 

applications, including solar cells, light-emitting diodes (LEDs), lasers, and photodetectors.192–

194 These capabilities are primarily driven by highly efficient energy transfer mechanisms, 

wherein photoexcited energy is relayed from perovskite nanocrystals to nearby acceptor 

molecules. The two principal pathways facilitating this transfer are Förster resonance energy 
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transfer (FRET) and Dexter energy transfer (DET). FRET is a long-range, non-radiative 

dipole–dipole interaction, typically effective over distances of 10–12 nm, and its efficiency is 

critically dependent on the spectral overlap between donor emission and acceptor 

absorption.195–197 In contrast, DET is a short-range mechanism, operative over 1–2 nm, 

requiring direct orbital overlap between the donor and acceptor species.197,198 In addition to 

spatial and spectral factors, the spin state of the excitons also plays a critical role in the energy 

transfer dynamics. Both singlet and triplet energy transfer processes can occur, governed by 

the nature of the donor–acceptor system and the perovskite matrix.  In a notable study, DuBose 

et al. (2021) demonstrated that modulation of the spectral overlap integral J(λ) via chloride ion 

exchange in CsPbBr₃ nanocrystals allows precise control over both the rate and efficiency of 

singlet energy transfer to Rhodamine B.199 Their findings indicated that increased chloride 

content enhances the contribution of the DET pathway relative to FRET as upon Cl-alloying 

the spectral overlap gradually decreases. Furthermore, subsequent investigations have 

underscored the importance of donor–acceptor separation in modulating FRET efficiency, 

suggesting that nanoscale spatial tuning is a viable strategy for optimizing energy transfer in 

perovskite-based assemblies. 

Triplet energy transfer (TET) refers to the process by which the triplet excited state of an 

acceptor molecule is populated via energy transfer. The direct excitation of a chromophore into 

its triplet excited state is a spin-forbidden process due to the requirement for a change in spin 

multiplicity. However, triplet states can be accessed indirectly through processes such as 

intersystem crossing (ISC) from the singlet excited state or singlet fission in suitable molecular 

systems.200–205 An alternative and increasingly explored strategy involves the use of 

semiconductor nanocrystals as sensitizers to facilitate direct triplet state population in 

molecular acceptors via triplet energy transfer. In this approach, photoexcitation of the 

nanocrystal generates an exciton that can transfer energy to a molecular acceptor. For this 
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energy transfer to be thermodynamically favourable, the nanocrystal's band gap must be lower 

in energy than the singlet excited state of the acceptor, yet higher than its triplet state energy. 

Under these conditions, the nanocrystal can selectively sensitize the triplet state of the acceptor 

without populating the singlet state. This method offers significant advantages, as triplet 

excited states generally exhibit extended lifetimes compared to singlet states, enhancing their 

utility in applications such as photochemical catalysis, photon up conversion, and 

photodynamic therapy. A recent study by Chemmangat et al.206 revealed that increasing the 

Mn+2 doping concentration in a CsPb(Cl0.7Br0.3)3 host lattice significantly enhances the triplet 

character of energy transfer. This observation suggests that compositional engineering of the 

perovskite matrix can be employed to manipulate spin-dependent pathways and thereby tailor 

the photophysical behaviour of hybrid systems. 

 
 

Scheme 1.3: [a] FÖRSTER and [b] DEXTER energy transfer mechanism. [c] electron transfer 

mechanism. Black arrows indicate excitation, relaxation and electron exchange during the 

energy and electron transfer process, respectively.207 Adapted from ref 203. Copyright 2015 

Royal Society of Chemistry. 
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In 2020, Luo et al. (2020) reported a two-step Dexter-type triplet energy transfer mechanism 

from CsPbBr3 nanocrystals to surface-bound tetracene carboxylic acid ligands. In a follow-up 

study, the same group demonstrated that quantum confinement within the nanocrystals 

markedly improves TET efficiency, emphasizing the influence of nanocrystal size on transfer 

dynamics.208 More recently, the development of low-dimensional and two-dimensional (2D) 

halide perovskites has emerged as a promising semiconductor material for the efficient 

sensitization of molecular triplet states.  

 

 

1.6.6. Charge transfer dynamics in perovskite nanocrystal: 

Perovskite nanocrystals (NCs) have garnered significant attention as efficient interfacial 

electron transfer agents due to their exceptional optoelectronic properties, tunable band 

structures, and high surface-area-to-volume ratios. These features position them as ideal 

candidates for facilitating charge transfer processes in hybrid systems such as 

photoelectrochemical cells, photocatalysts, and heterojunction-based optoelectronic 

devices.209,210 Upon photoexcitation, perovskite NCs generate tightly bound electron–hole 

pairs (excitons) that are spatially confined within the nanocrystal, leading to a dynamic 

competition between interfacial charge transfer and radiative or nonradiative recombination. 

As a result, the kinetics of electron or hole transfer across the semiconductor interface become 

critically important in dictating the overall efficiency of these systems. 

To enhance the efficiency of selective charge transfer, particularly for reductive applications 

requiring electron accumulation, sacrificial agents are typically introduced to quench one type 

of carrier—most commonly, holes. Commonly used sacrificial hole scavengers include 

solvents like ethanol and ethyl acetate or molecular donors such as triethanolamine (TEOA) 

and ascorbic acid, which help suppress hole-mediated recombination and facilitate sustained 
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electron flow.211 In addition to these strategies, a wide range of redox-active probes—such as 

methyl viologen (MV+2), ferrocene/ferrocenium couples, semiconductor heterojunctions, and 

metallic nanoclusters—have been employed to monitor and study the kinetics of interfacial 

electron transfer from perovskite NCs.212,213 

Importantly, these materials are also capable of efficient hole transfer, underscoring their dual 

functionality in redox processes. Notably, in 2020, De et al.214 demonstrated selective hole 

transfer from CsPbBr₃ nanocrystals to surface-anchored 4-mercaptophenol, emphasizing the 

role of specific molecular functionalization in directing charge separation pathways. The ability 

to control both electron and hole transfer at the nanoscale through interface engineering and 

ligand design opens up new opportunities for developing highly efficient photocatalytic and 

energy conversion systems based on perovskite nanocrystals. 

Another critical factor influencing the efficiency of interfacial charge transfer in perovskite 

nanocrystals lies in their surface chemistry. Native surface ligands, typically introduced during 

colloidal synthesis to maintain nanocrystal stability and dispersibility, often serve as insulating 

barriers that hinder the diffusion and proper orientation of electron-accepting molecules at the 

nanocrystal surface. Consequently, effective charge transfer strongly depends on the molecular 

interactions between the semiconductor interface and the redox-active species.215–217 

Functional groups such as carboxylates and thiocyanates present on electron acceptors have 

been shown to bind preferentially to under-coordinated lead or halide sites on CsPbBr3 

nanocrystals, thereby facilitating close contact and favourable alignment for electron injection 

or extraction. These groups also play a critical role in passivating surface trap states, thereby 

enhancing photochemical stability and electronic coupling. In 2020, Prof. Kamat’s research 

group demonstrated the profound influence of ligand binding mode and geometry on interfacial 

electron transfer. Their findings revealed that tightly bound ligands, such as 

didodecyldimethylammonium bromide (DDAB), create a physical barrier that limits the 
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approach of electron acceptor molecules to the nanocrystal surface, thereby hindering electron 

transfer efficiency. Conversely, CsPbBr3 nanocrystals capped with more labile ligands, such as 

oleic acid (OA) and oleylamine (OAm), allow greater surface accessibility and facilitate more 

effective electron transfer at the interface.218 The interplay between surface ligand engineering 

and charge-transfer kinetics continues to be a pivotal area of research in optimizing perovskite-

based photocatalytic and optoelectronic systems.  

 

Scheme 1.4: Electron and Hole transfer mechanism from perovskite nanocrystal to the nearby 

acceptor molecule.219 Adapted from ref 214. Copyright 2022 American Chemical Society. 

 

 

1.6.7. Superfluorescence and superradiance of perovskite nanocrystals: 

Perovskite nanocrystal (PNC) superlattices have emerged as promising systems for 

understanding the superradiance and superfluorescence—collective quantum emission 

phenomena driven by coherent excitonic interactions. Superfluorescence (SF) arises when an 

initially incoherent population of excitonic dipoles spontaneously establishes phase coherence, 

culminating in a delayed, intense pulse of coherent radiation. This collective emission is 

mediated by the spontaneous emergence of a macroscopic dipole moment within the system.220 

Conversely, superradiance proposed by Dicke in 1954 typically involves coherent excitation 

of dipoles into a common excited state via an external laser source, followed by rapid, 
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directional emission as the dipoles decay in phase.221 The ordered, high-density arrangement 

of nanocrystals in PNC superlattices fosters strong interparticle dipole–dipole interactions and 

electronic coupling, enabling the formation of minibands and significantly enhancing radiative 

recombination while suppressing nonradiative pathways.222,223 These features render 

perovskite superlattices an ideal medium for cooperative emission effects. Moreover, by 

tailoring the nanocrystal composition, interparticle spacing, and superlattice symmetry, the 

emission dynamics and coherence properties can be precisely tuned. Such control opens up 

new avenues for engineering quantum photonic devices, including on-demand coherent light 

sources, single-photon emitters, and components for quantum communication and computation 

platforms 224–226 

1.6.8. Ensemble to single particle journey of perovskite nanocrystal: 

Over the years, advancements in the synthesis of perovskite nanomaterials have significantly 

enhanced control over size uniformity and reproducibility, enabling detailed investigations into 

their quantum-confined optical properties. These improvements have facilitated single-particle 

studies of perovskite quantum dots (PQDs) or nanocrystals (PNCs), uncovering phenomena 

typically unclear in ensemble measurements, such as photoluminescence blinking, single-

photon emission, exciton fine-structure splitting, and the quantum-confined Stark effect.227,228 

In the single-particle regime, quantum confinement induces discrete energy levels, allowing 

direct observation of quantum phenomena like single photon emission and quantum 

entanglement. These effects are not only of fundamental interest but also critical for the 

development of quantum photonic technologies. Moreover, the self-assembly of PNCs into 

superlattices introduces collective quantum optical behaviours, including superfluorescence, 

driven by strong interparticle coupling and coherent excitonic interactions. These cooperative 

phenomena expand the functional potential of perovskite-based materials, making them 

attractive candidates for advanced optoelectronic applications such as quantum light sources, 
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high-resolution imaging systems, and low-threshold lasers. A comprehensive understanding of 

both ensemble-averaged and single-particle emission characteristics is essential for the rational 

design of perovskite materials for specific high-performance applications, spanning from 

efficient light-emitting diodes to next-generation quantum devices. Continuous investigation 

of these quantum optical properties is expected to accelerate innovation in perovskite 

optoelectronics, paving the way for next-generation technologies. 

 

1.7. Applications of Perovskite Materials. 

Perovskite materials have drawn immense interest over the past decade due to their 

extraordinary optoelectronic properties, compositional versatility, and cost-effective 

processability. Originally investigated in the context of oxide-based ceramics, the perovskite 

class now encompasses a broad range of hybrid organic–inorganic and fully inorganic halide 

perovskites, which have demonstrated promising potential across a variety of application 

domains. The multifunctional nature of perovskite materials, arising from their tunable band 

gaps, high absorption coefficients, long carrier diffusion lengths, and facile solution 

processability, underpins their utility in an expanding array of technological applications.12–14 

1.7.1. Photovoltaics (Solar Cells). 

Perovskite nanocrystals (PNCs) have emerged as a transformative material in photovoltaic 

technology, leveraging their unique nanoscale properties to advance solar cell applications. 

These nanocrystals exhibit quantum confinement effects, enabling precise tuning of their 

bandgap by adjusting their size and composition. Since the first report of a perovskite-based 

solar cell (PSC) in 2009 by Miyasaka group with a power conversion efficiency (PCE) of just 

3.8%,9 the field has witnessed a meteoric rise, with state-of-the-art devices now exceeding 26% 

efficiency in experimental setups.229,230 Unlike bulk perovskites, PNCs can be synthesized via 
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low-cost, solution-processable methods, facilitating their integration into flexible, lightweight, 

and semi-transparent solar devices through techniques like spin-coating or inkjet printing. 

Their high absorption coefficients permit ultrathin, efficient active layers, reducing material 

usage while maintaining performance. Additionally, PNCs are promising for tandem solar 

cells, where they complement silicon or CIGS layers by capturing high-energy photons, 

potentially pushing PCEs beyond 30%. However, challenges persist in stability and toxicity; 

PNCs are susceptible to moisture, heat, and UV degradation, and lead content raises 

environmental concerns.127–129 Recent advances address these via surface ligand engineering, 

encapsulation, and lead substitution with elements like tin or germanium. Furthermore, defect 

passivation and improved charge transport mechanisms mitigate recombination losses, 

enhancing durability.15,17,231,232 As research progresses in nanostructural optimization and eco-

friendly formulations, perovskite nanocrystals hold immense potential to drive scalable, high-

efficiency, and low-cost renewable energy solutions, marking a pivotal shift in solar technology 

innovation. 

1.7.2. Light-Emitting Devices (LEDs). 

Perovskite nanocrystals (PNCs) have revolutionized light-emitting diode (LED) technology 

due to their exceptional optoelectronic properties, including high photoluminescence quantum 

yield (PLQY), narrow emission linewidths, and tunable bandgaps across the visible 

spectrum.233 By adjusting the composition (e.g., halide mixing in CsPbX3, where X = Cl, Br, 

I) and nanocrystal size, PNCs can emit precise, saturated colours spanning deep blue to near 

infrared, making them ideal for high-performance displays and lighting.11,234,235 Their solution-

processability enables low-cost fabrication of ultrathin, flexible LED devices via techniques 

such as spin-coating, inkjet printing, or blade-coating, aligning with next-generation 

applications in wearable electronics and rollable screens. In display technologies, PNC-based 

LEDs (PeLEDs) outperform conventional quantum dots and organic LEDs (OLEDs) in colour 
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purity and brightness, with recent red and green PeLEDs achieving external quantum 

efficiencies (EQEs) exceeding 20%,236,237 rivalling commercial standards. For white-light 

illumination, PNCs can serve as down-conversion phosphors in blue LED chips, offering 

tunable correlated colour temperatures (CCTs) and high luminous efficacy. Additionally, their 

defect-tolerant nature and rapid radiative recombination rates minimize non-radiative 

losses.188,189 Emerging applications include electrically driven single-photon sources for 

quantum communication and bio-integrated optoelectronics for medical imaging. As efforts in 

defect passivation, charge transport layer optimization, and scalable manufacturing intensify, 

perovskite nanocrystals are poised to redefine energy-efficient, vibrant, and adaptable lighting 

and display systems.219,234,235 

1.7.3. Catalysis and Electrochemical Applications. 

Perovskite nanocrystals (PNCs), particularly those based on halide compositions such as 

CsPbX3 (X = Cl⁻, Br⁻, I⁻), have recently emerged as promising materials for catalysis and 

electrochemical applications,66,238,239 owing to their tunable surface chemistry, high surface-to-

volume ratios, and favourable charge transport characteristics. While much attention has been 

directed toward their optoelectronic properties, the potential of PNCs in facilitating redox 

reactions and interfacial charge transfer processes has opened new frontiers in energy 

conversion and storage technologies. In photocatalysis, the strong light absorption and efficient 

generation of photoexcited charge carriers render these materials highly active for driving 

processes such as the photoreduction of CO2,
66 photocatalytic water splitting,64 and degradation 

of organic pollutants.240 The composition-dependent band alignment of PNCs can be finely 

tuned to match the redox potentials required for these reactions, enabling tailored catalytic 

behaviour. Furthermore, surface passivation strategies and ligand engineering play a critical 

role in enhancing their catalytic activity by modulating charge transfer kinetics and minimizing 

recombination losses. Beyond photocatalysis, perovskite NCs are increasingly explored as 
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active materials in electrochemical devices, including batteries, fuel cells, and 

supercapacitors.241–243 In particular, hybrid organic–inorganic and all-inorganic perovskite NCs 

have shown promise as electrode materials and ion conductors in lithium-ion and sodium-ion 

batteries due to their favourable ion mobility and electrochemical stability.244 Moreover, the 

defect-rich surfaces and tunable ion vacancy concentrations in these nanostructures enable 

efficient catalysis in oxygen evolution (OER) and hydrogen evolution (HER) reactions, key 

steps in water electrolysis.245–247 Despite these advantages, the long-term operational stability 

of PNCs under electrochemical conditions remains a significant challenge, primarily due to 

their sensitivity to moisture, oxygen, and thermal stress. Ongoing research is focused on 

developing robust encapsulation strategies, surface modifications, and heterostructure 

composites to mitigate degradation while preserving or enhancing catalytic performance. As 

these challenges are progressively addressed, perovskite nanocrystals are expected to play an 

increasingly central role in catalysis and electrochemical energy technologies. 

1.7.4. Photodetectors and Imaging Devices. 

Perovskite nanocrystals (NCs), particularly all-inorganic variants such as CsPbX3 (X = Cl⁻, 

Br⁻, I⁻), have emerged as highly promising materials for next-generation photodetectors and 

imaging devices due to their exceptional optoelectronic properties, including high absorption 

coefficients, tunable band gaps, narrow emission linewidths, and high photoluminescence 

quantum yields.12–14,233 These nanocrystals exhibit fast photoresponse, low dark current, and 

high responsivity across a broad spectral range from ultraviolet to near-infrared, making them 

ideal candidates for photodetection applications. One of the critical advantages of perovskite 

NCs lies in their size- and composition-dependent tunability, which allows precise control over 

their spectral response and enables the fabrication of wavelength-selective detectors.239 

Furthermore, their solution processability and compatibility with flexible substrates support the 

development of low-cost, large-area, and mechanically robust imaging sensors. In imaging 
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applications, the high spatial resolution and sensitivity of perovskite NC-based photodetectors 

are particularly beneficial for biomedical imaging, low-light surveillance. Additionally, 

perovskite NCs have been integrated into photodiode and photoconductor architectures, 

achieving notable performance metrics such as high external quantum efficiency (EQE) and 

detectivity values comparable to or exceeding those of conventional semiconductor materials 

like silicon or InGaAs.237 Moreover, their potential in multispectral and colour imaging systems 

is being actively explored by leveraging mixed-halide compositions and heterostructures to 

achieve pixel-level spectral resolution. As research continues to overcome challenges related 

to long-term operational stability, environmental sensitivity, and toxicity, perovskite 

nanocrystals are poised to revolutionize the landscape of photodetector and imaging device 

technologies, offering high-performance, low-cost, and versatile alternatives to traditional 

materials. 

1.7.5. Lasers and Optical Amplifiers. 

Perovskite nanocrystals (PNCs) have shown promise for high-performance laser applications 

from the initial demonstration of stimulated emission and lasing in colloidal perovskite 

quantum dots. These materials offer a compelling combination of features from both colloidal 

semiconductor NCs and halide perovskites, such as solution-based fabrication, adjustable band 

gaps, strong light absorption, and minimal non-radiative losses.12–14,233 Halide perovskite NCs 

are generally classified into two types: organic–inorganic hybrid perovskites (OIHPs) and 

inorganic halide perovskite NCs (IHPNs). While OIHPs incorporate organic components that 

can degrade under ambient conditions, IHPNs are more robust, showing enhanced resistance 

to moisture and oxygen. Both types, however, have proven to be highly effective in achieving 

optical gain and have been utilized across a range of laser technologies. These include random 

lasing systems,248 distributed feedback (DFB) lasers,249 vertical-cavity surface-emitting lasers 
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(VCSELs),250 and advanced laser arrays capable of multicolour and high-resolution 

output.251,252 

1.8. Scope of the Thesis. 

With their exceptional optoelectronic characteristics, perovskite nanocrystals (PNCs) 

have garnered considerable attention as next-generation materials for advanced energy and 

photonic technologies. Their applications span a broad spectrum, including high-efficiency 

solar cells, light-emitting diodes (LEDs), and photodetectors. Notably, perovskite-based 

tandem solar cells (PSCs) have emerged as a disruptive alternative to conventional silicon 

photovoltaics, achieving power conversion efficiencies (PCEs) beyond 30%. The widespread 

appeal of PNCs arises from their composition of abundant elements, remarkable tolerance to 

structural defects, and long carrier diffusion lengths—features that collectively enhance their 

capabilities in light harvesting, charge transport, and photocatalysis. 

Despite their remarkable potential, perovskite materials suffer from key limitations that hinder 

commercial viability, including degradation under moisture, heat, and UV exposure. Their lead 

content raises environmental concerns, prompting interest in tin- and bismuth-based 

alternatives. Additionally, phase instability and poor crystallinity further compromise device 

performance and reproducibility. 

This thesis aims to address the pressing issue of ambient instability in inorganic perovskite 

nanocrystals (PNCs) while advancing the fundamental understanding of their energy 

harvesting capabilities. By integrating polymer-directed synthesis, facet engineering, and 

strategic metal ion doping, the research explores the underlying structure–property 

relationships that govern the stability and optoelectronic behaviour of these materials. 

Particular attention is given to the role of surface chemistry and crystallographic facets in 

influencing energy and electron transfer processes within PNC-based light-harvesting 
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assemblies. In this context, the following research questions have been selected to guide the 

investigation: (i) How does the hydrophilic–hydrophobic balance impact the dimensional 

engineering of halide perovskite crystals? (ii) Is it possible to synergize the defect tolerance 

with ambient stability of perovskite nanocrystals? (iii) Why does a facet of the perovskite 

nanocrystal dictate the energy transfer dynamics of the light-harvesting complex? and (iv) How 

can the coupling between energy transfer and electron transfer be resolved in PNC-based light-

harvesting systems? 
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This Chapter covers the different chemicals used throughout the research, providing detailed 

synthetic method for 0D/3D perovskite composite crystals, as well as the metal-doped 

perovskite nanocrystals. It further includes various equipment employed, purification 

techniques, polymeric film preparation, ion exchange method and different spectroscopic and 

microscopic characterization. Experimental set up for time-corelated single photon counting 

and transient absorption spectroscopy have also been shown here. Methods of spectroscopic 

and microscopic data analysis have been presented as well.  

 

2.1. Materials 

Cesium Bromide (CsBr,) is from Avra. Lead Bromide (PbBr2, 99%), Nickel acetate 

tetrahydrate [(CH3COO)2Ni·4H2O, 98%], Cobalt acetate tetrahydrate 

[(CH3COO)2Co·4H2O, 99%], hexane HPLC (95%,), toluene HPLC(99.8%), rhodamine B, 

N,N-Dimethylformamide (DMF, 99.8%) and Hydrobromic acid (HBr, 99%) are obtained from 

Molychem., Bovine Serum Albumin (BSA, 98%), Cesium Carbonate (Cs2CO3, 97%) are 

purchased from SRL Chem. Dimethyl sulfoxide (DMSO, 99.5%) is from FINAR, 

Polyvinylidene difluoride (PVDF) from Alfa Aesar, 1-Octadecene (ODE,90%), Oleic Acid 

(OA), Oleylamine (OAm, 95%) is from TCI Chemicals and acetonitrile HPLC (99.8%) is 

obtained from SDFCL. All reagents were used without any further purification. 

2.2. Experimental Techniques: 

2.2.1. UV-vis absorption spectrometry 

All the absorption spectra have been recorded at ambient conditions on a LABINDIA UV 3200 

spectrophotometer and an Agilent compact UV-VIS spectrophotometer. The absorbance (A) 

of an absorber is defined as – 

𝐴 = log (
𝐼0

𝐼
) =  𝜀 × 𝐶 × 𝑙    (2.1) 

where I0 and I stand for the incident and transmitted light intensities, respectively. C is the 

molar concentration of the absorbing species, ε is the molar extinction coefficient at a specific 
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wavelength, and l is the transverse light's path length (in centimeters). The cuvette's route 

length in the solution phase was 1 cm throughout the duration of the experiment. For the 

baseline correction, two milliliters of solvents were added to each cuvette and put in the sample 

and reference chambers. The sample cuvette is then filled with the appropriate volume of 

nanocrystal solution, and the absorbance spectra is recorded. In case of polymer thin film 

baseline was corrected using a transparent glass slide placed in both sides, then the fluorescent 

film prepared through drop casting method was placed in the sample chamber and measured 

the absorbance spectra. The nanocrystals' absorbance is maintained below 0.1 in the solution 

phase and below 0.6 in the thin film. 

2.2.2. Fluorescence measurement: 

The photoluminescence spectra were recorded using a Varian Cary Eclipse fluorescence 

spectrophotometer. A pulsed Xe-lamp was used as the excitation source Corrections for the 

spectral sensitivity of the photomultiplier (Hamamatsu R928) were applied to the fluorescence 

spectra. Bandwidth ranging from 5 nm to 10 nm was utilized. Photoluminescence 

measurements were carried out at a right angle to the incident light direction, and the 

fluorescence intensity was monitored through the excitation slit gap. 

2.2.3. Determination of the photoluminescence quantum yield (PLQY): 

The PLQY is defined as the ratio of the number of photons emitted to the number of photons 

absorbed, given by the following equation (equation no 2.2). 

(𝜑𝑠) =
number of photons emmited 

number of photons absorbed
   (2.2) 

The change in absorption is also taken into consideration. The relative quantum yields the 

samples from which the absolute quantum yields to be determined were corrected by the 

following equation (equation no 2.3). 
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(𝜑𝑠) =
Area under the fluorescence spectrum

(1−10−𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒)
  (2.3) 

Here absorbance of the sample corresponds to the excitation wavelength at which the samples 

were excited.to measure the fluorescence spectra. The absolute PLQY (𝜙
𝑠
) is defined as  

𝜙𝑠 = 𝜙𝑓
𝑟𝑒𝑓

 ×  (
𝜙𝑟𝑒𝑓

𝑠𝑎𝑚𝑝𝑙𝑒

𝜙𝑟𝑒𝑓
𝑟𝑒𝑓 )    (2.4) 

Where 𝜙𝑟𝑒𝑙
𝑠𝑎𝑚𝑝𝑙𝑒

,and  𝜙𝑟𝑒𝑙𝑟𝑒𝑓
𝑟𝑒𝑓

 is the relative quantum yield of the sample and the reference 

respectively. 𝜙𝑓
𝑟𝑒𝑓

 is the absolute quantum yield of the reference. 

The absolute photoluminescence quantum yield (𝜙𝑓) is determined by the equation (equation 

no 2.5). 

𝜙𝑠 = 𝜙𝑟𝑒𝑓  ×  (
𝐼𝑠 𝐴𝑟𝑒𝑓 𝜂𝑠

2 

𝐼𝑟𝑒𝑓 𝐴𝑠 𝜂𝑟𝑒𝑓
2)   (2.5) 

𝜙𝑠 and 𝜙𝑟𝑒𝑓 are the quantum yields of the unknown sample and the reference, respectively. 

𝐼𝑠 and 𝐼𝑟𝑒𝑓 are the integrated PL intensity of the sample and the reference, respectively. 𝜂𝑠 

and 𝜂𝑟𝑒𝑓 are the refractive index of the respective solvents. 𝜂𝑟𝑒𝑓  is 1.33 for water, whereas 

𝜂𝑠 for toluene and hexane are 1.49 and 1.37, respectively. Literature values of the PLQY of 

Coumarin-102 in water are 0.76. All the samples and references are excited at 400 nm, the 

other conditions are exactly the same for all the samples. 

2.2.4. Time-resolved fluorescence measurements: 

After excitation with a pulsed laser, the excited fluorophore depopulates to the ground state 

with emission, which is characteristic of an emissive state. In such a process, the change in 
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fluorescence intensity, I(t). With time (t) exponentially follows the following equation 

(equation no 2.6). 

𝐼(𝑡) = 𝐼0𝑒(− 𝑡 𝜏⁄ )    (2.6) 

Where 𝐼0 is the initial intensity and 𝜏 is fluorescence lifetime. The fluorescence lifetime is the 

time spent by the electron or the fluorophore in the excited state before coming to the ground 

state. However, the excitation pulse should be considered as a δ-pulse. 

The Time-Correlated Photon Counting (TCSPC) technique measures the probability of a single 

emitted photon being detected at a time (t) after the excitation of the sample. This probability 

is calculated by sampling the emission resulting from a large number of excitation pulses. The 

probability of p(t) for the detection of a single photon is taken as the intensity distribution I(t) 

of all emitted photons as a result of excitation. The excitation pulse is triggered with an 

electronic pulse. The delay between the excitation pulse and the arrival of the emitted photon 

is back-calculated. The instrument response function (IRF) has been recorded using LUDOX 

as a scattering solution. All measurements are performed with the excitation polarizer in the 

vertical position and the emission polarizer at the magic angle (55 °) relative to the excitation 

polarizer. The number of counts at the peak of the time-resolved fluorescence is kept at 8000. 
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Scheme 2.1 Simplified schematic visualization of Time-Correlated Single Photon Counting 

(TCSPC) setup. Revised from ref 263. 

 

2.2.5. Analysis of the fluorescence decay: 

The time-resolved fluorescence intensity function I(t) is fitted as the sum of n-exponentials as 

shown in the following equation (equation no 2.7) where 𝜏𝑖 and 𝛼𝑖 are the lifetime and the 

corresponding pre-exponential factor (amplitude) of the ith component. 

𝐼(𝑡) = ∑ 𝛼𝑖
𝑛
𝑖=1 𝑒−𝑡

𝜏0⁄      (2.7) 

A major problem of analysis arises due to the fact that the excitation pulse is not a δ-function 

pulse; rather, it has a finite width. This complicates the decay profile considerably, especially 

for short fluorescence lifetimes. The observed time-resolved fluorescence N(t) can no longer 

be considered to be the true fluorescence response function I(t) from the sample, but is a 

convolution of the instrument response function R(t) and I(t), as is shown in the following 

equation (equation no 2.8). 

𝑁(𝑡) = ∫ 𝑅(𝑡′ + 𝛿)𝐼(𝑡 − 𝑡′)𝑑𝑡
𝑡

0
    (2.8) 

Where δ is the shift parameter. The instrument response function (IRF) of having finite width 

can be considered as a sequence of δ-functions, each producing its fluorescence decay. The 
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observed fluorescence profile is simply the sum of the responses to these δ-function responses. 

The shift is necessary because the instrument response function is measured at a wavelength 

near the excitation wavelength, whereas fluorescence is detected at a wavelength far away from 

the excitation. As the time response of the detector (photomultiplier) depends upon the 

wavelength (due to the wavelength dependence of the energies of the electrons ejected from 

the photocathode), the arrival of the signal at TAC from the PMT is wavelength dependent, 

and hence, the shift parameter is necessary in the analysis. 

The deconvolution is done by an iterative deconvolution method to determine the pre-

exponential factor and the lifetime. Ez-Time program first generates a set of guess values for 

the amplitudes and lifetime depending on the time scale of decay to be fitted. For each value 

of amplitudes and lifetimes, the program then yields the decay profile, convolutes it 

numerically with the instrument response function collected experimentally, and then, 

compared the generated curve with the experimentally observed decay, using non-linear 

regression. The values of the parameter are adjusted in successive iterations till a good fit is 

obtained, i.e. convergence is achieved. The goodness of the fits is judged by the closeness of 

the value of the reduced χ2 to unity. χ2 is defined as  

𝜒2 =  
1

𝑛−𝑝
∑

[𝑁(𝑡𝑘)−𝑁𝑐(𝑡𝑘)]2

𝜎𝑘
2

𝑛
𝑘=1 ≈ 1.0   (2.9) 

Where 𝑁(𝑡𝑘) and 𝑁𝑐(𝑡𝑘) are the experimental and calculated values of time-resolved 

fluorescence intensity at time tk k being the number of data points fitted, and is the number of 

free parameters in the equation. σk is the standard deviation associated with the ith data and is 

defined as in the following equation (equation 2.10) (based on Poisson statistics) 

𝜎𝑘 = √𝑁(𝑡𝑘)    (2.10) 
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The goodness of the fit is also judged by the randomness of the weighted residuals of the 

experimental data with those of the calculated data. The weighted residuals r(tk) of the data 

are defined as 

𝑟(t𝑘) =
𝑁(t𝑘)−𝑁𝑐(𝑡𝑘)

𝜎𝐾
    (2.11) 

For best-fitted experimental data, the weighted residuals r(tk) should be distributed randomly 

at about zero. 

2.2.6. Double Reciprocal Plot for the calculation of apparent binding constant (Kapp): 

For the calculation of the apparent binding constant, we used the following equation 

(equation no 2.12) proposed by Benesi-Hildebrand using the PL emission data. 

1

𝜙0−𝜙𝑜𝑏𝑠
=  

1

𝜙0−𝜙𝑜𝑏𝑠
′ +  

1

(𝜙0−𝜙𝑜𝑏𝑠
′ )×𝐾′

𝑎𝑝𝑝
 

1

[𝑄]
   (2.12) 

𝐾𝑎𝑝𝑝
′ =  

𝑘𝑎𝑝𝑝

(𝜙0 − 𝜙𝑜𝑏𝑠
′ )

 

Where 𝜙0 is the PLQY of the perovskite nanocrystals in the absence of any acceptor, and 𝜙𝑜𝑏𝑠 

is the PLQY of the nanocrystals in the presence of a particular concentration of the acceptor 

(Rhodamine B). 𝜙𝑜𝑏𝑠′ is the PLQY of the PNCs at the maximum concentration of the acceptor. 

[Q] is the acceptor concentration at each step. The equation suggests it’s a linear plot, and from 

the slope we estimated the binding constant (Kapp) for the PNCs with Rhodamine B. 

 

  



53 
 

2.2.7. Fluorescence Resonance Energy Transfer Parameters: 

R0 is the Froster distance at which FRET efficiency is 50%. Which was estimated using the 

steady state PL Intensity, through the following equation (equation no 2.13). 

𝑅0 = 0.211 × [
{𝜅2 𝜙𝐷 𝐽(𝜆)}

𝜂4
]

1

6
   (2.13) 

Where 𝜅2 is the transition dipole orientation in space, we have taken it 2/3 for our case. 𝜙𝐷 is 

the PLQY of the Donor calculated using equation 2.5. 𝜂 is the refractive index of the medium, 

in this case it is 1.49 for toluene. J(λ) is the overlap integral, which is expressed as the following 

equation (equation no 2.14). 

𝐽(𝜆) =  
∫ 𝐹𝐷(𝜆)𝜀𝐴(𝜆)𝜆4𝑑𝜆

∞

0

∫ 𝐹𝐷(𝜆)
∞

0
𝑑𝜆

    (2.14) 

𝐹𝐷(𝜆) is the PL Intensity of the donor in the wavelength range λ to λ +∆λ, along with the total 

intensity normalized to 1. εA (λ) is the absorption coefficient of the acceptor at λ. The donor–

acceptor distance (RD-A) and the FRET efficiency (EFRET) was calculated using the following 

equations respectively. 

𝑘𝐹𝑅𝐸𝑇 =
1

𝜏𝐴
𝑟𝑖𝑠𝑒

=
1

𝜏𝐷
(

𝑅0

𝑅𝐷𝐴
)

4
   (2.15) 

𝑘𝐹𝑅𝐸𝑇
′ = (

1

𝜏𝐷𝐴
−

1

𝜏𝐷
) =

1

𝜏𝐷
(

𝑅0

𝑅𝐷𝐴
)

4
  (2.16) 

𝐸𝐹𝑅𝐸𝑇 = (
𝑅0

4

𝑅0
4+𝑅𝐷𝐴

4 )     (2.17) 

where 𝜏𝐷𝐴 is the donor’s lifetime (in presence of acceptor), 𝜏𝐷 is the donor’s lifetime (without 

acceptor), 𝑅0 is the Förster distance, and 𝑅𝐷𝐴 is the D−A distance. 𝑘𝐹𝑅𝐸𝑇
′  is the rate of energy 

transfer for D−A pair without considering acceptor’s rise time.  
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2.2.8. Transient Absorption Measurements: 

800 nm light having a FWHM of 75 fs with an energy of 3.25 mJ and a repetition rate of 1 kHz 

has been obtained from an amplified laser (Libra, Coherent, USA). About 1.35 mJ of the output 

has been used to pump an optical parametric amplifier (OPA–TOPAS, Light Conversion, 

Lithuania) to get tunable pump pulses. All experiments are performed here; the pump 

wavelength used is 400 nm. A small fraction of 800 nm light is used to fall on the CaF2 crystal 

to generate white light continuum (WLC) (350–750 nm), which is used as a probe to interrogate 

the system in the presence and absence of pump, and a delay is provided to the probe pulse 

w.r.t. pump pulse to get the time evolution of excited state processes. The white light has been 

divided into probe and reference beams using a beam splitter. The reference beam is used to 

correct for real-time intensity fluctuation of the white light continuum. The pump pulse is 

passed through a synchronized mechanical chopper to cut each alternative pump pulse, creating 

a succession of “pump” and “no pump” situations. Pump (400 nm) and probe pulses are 

spatially overlapped on the sample solution, kept in a rotating cell with a path length of 1 mm 

so that an intense pump pulse cannot damage the sample. The effect of rotational diffusion is 

corrected by adjusting the polarization to the magic angle (54.7°). The steady state absorbance 

of the sample before and after the transient absorption experiment has been recorded to check 

the effect of irradiation of pump light on the sample. All the extracted data are chirp corrected 

for the removal of the group velocity dispersion (GVD) and fitted using the IGOR Pro software. 
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Scheme 2.2 Optical layout of femtosecond Transient Absorption spectrometer setup. 

Copyright 2025 Del Mar Photonics.  

 

2.2.9. Fourier Transform Infrared (FT-IR) spectroscopy: 

Thermo Scientific NICOLET Is20 FT-IR spectrometer equipped with DTG (Deuterated 

TriGlycine Sulfate) detector has been used to identify bond stretching frequencies of our 

sample in the range of 4000–500 cm-1. For the data collection KBr pellet is prepared by adding 

a drop of the sample and vacuum dried it to remove the solvents. The apply of stretching and 

bending vibrational modes correlated to confirm the presence of functional group attached to 

the perovskite nanocrystal surface as N-H, COO-H, C-H, C=O, and C-O,etc. 

2.2.10. X-ray Photoelectron Spectroscopy (XPS): 

This technique was carried out by using a Thermo-ScientificK-Alpha X-ray photoelectron 

spectrometer with an Al Kα micro focus monochromatic X-ray source and ultra-low energy 

electron flood gun. The sample was drop-cast on a thin glass slide and vacuum dried before 

measurements. The pass energy of the survey spectra is 200 eV. A 50-eV pass energy was used 

for high-resolution, element-specific XPS spectra. The binding energy calibration was done 

using Gold metal (Au 4f7/2 at 84.0 eV), Silver metal (Ag3d5/2 at 368.2 eV), and Copper metal 

(Cu2p3/2 at 932.6 eV). The take-off angle is kept at 90⁰ through the experiments. These spectra 

are analyzed with the advantage XPS software. This technique was used to investigate the 
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elemental composition, the oxidation state of the element as well as the chemical environment 

of each element of perovskite nanocrystal, like Pb (+Ⅱ), Cs(+Ⅰ), Br(-Ⅰ), I(-Ⅰ). This method was 

used to detect the doped elements like Ni(+Ⅱ), Co(+Ⅱ). 

2.2.11. Transmission Electron Microscopy (TEM): 

The samples were imaged by a transmission electron microscope (TEM) (HR-TEM FEI Titan 

G2 60) mounted with a field emission gun FEG TEM at 300 kV accelerating voltage. The 

samples for TEM were prepared on amorphous carbon films supported on a copper grid. The 

average diameter values were expressed as mean ± standard deviation. (SD) This technique 

was employed to identify the nano range of particles, average size below 20 nm and the 

corresponding lattice spacing between 0.35 nm to 0.50 nm. 

2.2.12. Field Emission Scanning Electron Microscopy (FE-SEM): 

FE-SEM images and Energy dispersive X-ray spectroscopy were performed using a JEOL 

model JSM-7900F (Japan) with a varied acceleration voltage. The samples were prepared by 

drop casting the sample in a pre-cleaned glass slide and dried in vacuum oven. This technique 

was used to determine the morphology of the nanocrystals and their elemental composition. 

2.2.13. Dynamic Light Scattering (DLS): 

This method was used to measure the hydrodynamic diameter of synthesized perovskite 

nanocrystals. Zetasizer Nano ZS (Malvern Instruments Limited, U.K.) was used to analyze the 

hydrodynamic diameter. A 633 nm He/Ne light source was used, and the scattered light is 

detected at an angle of 173⁰. Measurements are carried out at 25⁰C using the appropriate sample 

dilution to minimize the undesired scattering events. The average value for each sample is 

obtained from 10 measurements.  
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2.2.14. X-Ray Diffraction (XRD): 

The X-ray diffraction (XRD) measurement was carried out on PANalytical model 

EMPYREAN from 10° to 90° with a turning speed of 2.6°/min. The samples were prepared by 

drop casting nanocrystal solution on a pre-cleaned glass slide and vacuum dried before 

experiment. This method was used to identify the crystal planes associated with the perovskite 

nanocrystals as well as the lattice phases in which the crystal lattice exist. Crystal planes are 

identified by comparing with the standard reference (JCPDS no -73–2478, 18–0364, 075–

0412). 

2.2.15. Rietveld Refinement Process: 

Rietveld refinement entails adjusting various parameters describing the diffraction pattern to 

align with observed data by fitting a calculated X-ray or neutron diffraction pattern. Initially, a 

theoretical diffraction pattern is computed using the initial structural model. To assess the fit 

quality between calculated and experimental patterns, statistical measures such as Rietveld 

refinement factors are employed, offering insights into the adequacy of the refined structural 

model. In a typical Rietveld refinement, individual scale factors pertaining to phase 

concentration as well as profile, background, and lattice parameters are variably adjusted. The 

refinement process is iterative, with parameters readjusted until convergence between the 

calculated and experimental patterns occurs, stabilizing refinement parameters. Upon 

achieving a satisfactory fit, the refined structural model furnishes precise information regarding 

the material’s crystal structure, encompassing atomic positions, unit cell dimensions, bond 

lengths, bond angles, and other structural parameters. In Rietveld refinement, the χ2 statistic is 

a measure of the goodness of fit between the observed diffraction data and the calculated 

diffraction pattern. 
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In the Rietveld refinement process, a two-phase approach is adopted, considering the presence 

of both orthorhombic and cubic phases simultaneously. The orthorhombic phase belongs to the 

Pnma space group, while the cubic phase is classified under the Pm3̅m space group. During 

the refinement process, we have employed a background model based on “linear interpolation 

between set background points with refinable heights.” Additionally, the peak shape was 

modeled using the “Thompson–Cox hastings pseudo-Voigt axial divergence symmetry” 

method; this includes a mixture Gaussian and Lorentzian broadening of the peak shape, 

consistent with our instrumental resolution. Based on the refined parameters, a physical 

representation of the crystal structure is created by using VESTA. 

2.3. Synthetic Methods: 

2.3.1. Anti-solvent method: 

Synthesis of halide perovskite crystal (HPC): In a typical synthesis, lead bromide (0.05 g) and 

cesium bromide (0.03 g) were placed in a mortar pestle and ground for half an hour, then the 

paste was taken into a 100 mL round bottom flask, and 2 mL of DMSO was added into it. The 

solution was then heated at 90°C for 30 min, followed by the addition of 20 μL of HBr: DMF 

(3:1) solution. Pre-sonicated BSA (19 mg) in DMSO was added dropwise for halide perovskite 

crystal, HPC-1. 100 μL of 10% PVDF in DMSO solution was added along with the BSA 

solution for HPC-2. The solution was left for 15 min more. The perovskite crystals were then 

allowed to precipitate in toluene under vigorous stirring. 

 

Scheme 2.3 Schematic representation of the Antisolvent method for the preparation of hybrid 

perovskite crystal (HPC 1 & HPC 2).  
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2.3.2. Hot Injection method: 

Synthesis of pristine CsPbBr3 nanocrystal: For the synthesis of Cesium−Oleate precursor, first, 

cesium carbonate (1.31 g), oleic acid (4 mL), and octadecene (16 mL) were mixed in a 100 mL 

three-neck round-bottom flask and degassed for 30 min under vacuum oven and then heated to 

120 °C under vigorous stirring for 60 min under N2 environment. Afterward, the mixture was 

heated to 150 °C until the solution became transparent. 

In a typical synthesis of CsPbBr3 nanocrystal, oleic acid (6 mL), oleylamine (6 mL), and 

octadecene (10 mL) were taken in a 100 mL three-neck round-bottom flask and dried under 

vacuum for 30 min at 120 °C to remove the moisture from the above chemicals. 0.5 g of PbBr2 

was dissolved completely by heating the solution at 150°C under N2 environment. The 

temperature was then elevated to 180 °C and 5 mL of Cs−oleate precursor was swiftly injected 

under vigorous stirring. Within 10 s, the reaction mixture was transferred into an ice bath, then 

a greenish-yellow precipitate was obtained. The precipitate was first centrifuged at 10000 rpm 

for 5 min to discard oils and then redispersed solution was further centrifuged at 10000 rpm 

for 10 min to remove large-sized particles. The greenish yellow colored CsPbBr3 nanocrystals 

were dispersed in toluene for further experimentation. 

Synthesis of Metal (Ni, Co)-Doped Perovskite Nanocrystals: In a typical synthesis of metal-

doped CsPbBr3 nanocrystal, oleic acid (6 mL), oleylamine (6 mL), and octadecene (10 mL) are 

placed in a 100 mL three-neck round-bottom flask and dried under vacuum for 30 min at 120°C 

to remove the moisture content from the above chemicals. For synthesis of Ni:CsPbBr3 

(Ni:PNC)─1.0 g of PbBr2 (2.8 mmol), 250 mg nickel(+II) acetate (1.0 mmol); for Co:PNC─1.0 

g of PbBr2 (2.8 mmol), 250 mg Cobalt(II) acetate (1.0 mmol) and for bimetallic doped, 

Ni:Co:PNC─1.0 g of PbBr2 (2.8 mmol), 125 mg nickel(II) acetate, 125 mg cobalt(II) acetate 

(1.0 mmol) are dissolved completely by heating the solution at 150°C under nitrogen 
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environment. The temperature is then elevated to 180 °C, and 5 mL of the Cs–oleate precursor 

is swiftly injected under vigorous stirring. After 10 s, the reaction mixture is transferred into 

an ice bath, and then a greenish-yellow precipitate is obtained. The precipitate is first 

centrifuged at 10,000 rpm for 5 min to discard oils, and then, the redispersed solution is again 

centrifuged at 10,000 rpm for 10 min to remove large-sized particles. 

 

Scheme 2.4 Schematic representation of the Hot-injection method for the synthesis of 

perovskite nanocrystal and metal-doped perovskite nanocrystal (PNC & M:PNC). 

 

2.3.3. Halide exchange of Polymer-encapsulated nanocrystal in aqueous solution 

Briefly, 0.1 g of PVDF was added to 1 mL of the CsPbBr3 nanocrystal solution. The polymer-

encapsulated nanocrystals were placed on the glass surface and then heated at 120°C for 15 

min to remove the toluene. NCs-doped polymer loaded on glass surface was dipped. into 3% 

aqueous HI solution for 1 min or so. After the ion exchange, polymer-encapsulated nanocrystal 

was heated at 180 °C for 15 min for fabrication of the film 

2.3.4. Preparation of Rhodamine B (RhB)solution: 

2.0 mg of RhB was taken in 10 ml of acetonitrile solvent to make it a 400µM stock solution. 

From that stock solution a 40 µM solution was prepared by dilution. A certain amount from 

that two-stock solution were gradually added to the donor system to make the final 

concentration of the acceptor dye as 0.5 µM, 1.0 µM, 2.0 µM, 5.0 µM, 10.0 µM, respectively. 
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2.3.5. Preparation of Thin film: 

For the preparation of thin film at first solution were prepared by adding desired concentration 

of RhB into the donor system (Ni:PNC). Then a little amount of the solution was drop casted 

onto the glass surface. 

2.3.6. Preparation of Methyl Viologen solution: 

5.1 mg of MV+2 was taken in a mixture of acetonitrile (9600 µL) and ethanol (400 µL) solvent 

to make it a 2mM stock solution. From that stock solution 50 µL was added to a mixture of 

acetonitrile (4752 µL) and ethanol (198 µL) solvent prepared by dilution.to make it a 20 µM 

solution. A certain amount from that 20 µM solution were gradually added to the donor system 

to make the final concentration of MV+2 as 0.02 µM, 0.04 µM, 0.06 µM, 0.08 µM, 0.10 µM, 

and 0.12 µM respectively. 

2.3.7. Calculation of molar concentration of Ni:PNC: 

The NCs were precipitated out using 15 ml methyl acetate followed by centrifugation at 8000 

rpm for 10 mins, then the precipitation was dried under vacuum to get the total weight of the 

NCs. From the HR TEM imaging the obtained shape of the nanocrystal is cube with average 

edge length (a) of 8.06 nm, weight of the single NC is calculated using m = d ×V, where m is 

the mass of the single NC, d is the bulk density of CsPbBr3 (4.86 g/cm3), and V is the volume 

of the NC (V = a3). So, the no of NCs present in the sample was calculated by dividing the total 

mass of the NCs with the mass of a single NC. Now the number of NCs was divided with 

Avogadro’s number (NA) to obtain the mole of the NCs From that molar concentration (c, 

mol/L) was determined from the amount of methyl acetate was used for precipitation. In our 

case the mole of NCs was 9.80 × 10-2 µmol, so the molar concentration of the stock NC solution 

was 6.53 µM. For all the experiments in this current article we have taken 10 µL of the stock 

solution, so the final concentration of the NCs throughout the experiment was 32 nM.  
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Photoluminescent perovskite nanocrystals are mostly used along with base materials such as 

polymers for material processing and large-scale production purposes. However, the role of 

polymer in crystal structure engineering and thereby dictating the emission properties of lead 

halide perovskite nanocrystals has been poorly understood. First, we have developed a 

polymer-directed antisolvent method for synthesis of halide perovskite crystals at room 

temperature and observed that the thermodynamic stabilities of crystals drive the formation of 

perovskite composite crystal of orthorhombic Cs4PbBr6 and monoclinic CsPbBr3. Surprisingly, 

hydrophobic polyvinylidene fluoride (PVDF) can reduce the size of perovskite crystals to nano 

dimensions even at room temperature. On the other hand, perovskite nanocrystals, CsPbBr3 

synthesized by modified hot-injection method undergo rapid encapsulation in PVDF matrices. 

The size of the encapsulated nanocrystal in PVDF matrices ranges in 88±32 nm. We have 

illustrated that there are three types of radiative recombination predominantly operative in 

nanocrystals-doped polymer- (i) surface defect caused radiative recombination (0.6–3ns), (ii) 

exciton recombination (3–15 ns), and (iii) shallow trap assisted recombination (10–50 ns). The 

interface created at nanocrystal and polymer plays a decisive role in populating the shallow 

trap states in perovskite-polymer nanocomposite. These nanocomposites undergo fast halide 

exchange in aqueous hydroiodic acid solution and possess remarkable enhancement of 

water/photo-stability. This research would pave the way for their greater use in hydrogen 

production and light-emitting devices. 

 

 

3.1 Introduction: 

Over the past decade, perovskite crystal remains the most sought-after 

photoluminescent nanomaterial for its record-breaking photoelectric conversion efficiency 

(PCE).229,230 Following the pioneering work of Miyasaka group in 2009 on inorganic-organic 

halide perovskite, the research on the all-inorganic perovskites has gained significant 

momentum due to their superior performances in light-emitting diodes, photovoltaics, 

photodetectors, and lasing.9,52,233 All inorganic Cesium lead halide perovskite (CsPbX3, X=Cl, 

Br, I) nanocrystals (NCs) have been considered the most promising nanomaterials due to their 

unique optoelectronic properties- bright photoluminescence (PL), narrow spectral widths, and 

bandgap tunability over the entire visible spectrum.4–7 The inherent challenges with these NCs 

are- the aggregation-caused photoluminescence quenching in the solid-state due to the loss of 

quantum confinement, high cost associated with anion exchange for color tunability, and 

extreme sensitivity toward reaction conditions leading to feeble photoluminescence 
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properties.253–255 Moreover, the use of perovskite crystals for photocatalytic H2 production has 

also been very limited due to their poor aqueous stability.256 

 

Scheme 3.1: Polymer-wrapping strategy for augmentation of photoluminescence properties 

of perovskite nanocrystals. 

 

To improve the ambient stability of perovskite crystals, encapsulation approaches are 

becoming indispensable. Polymers are the most favored base material for encapsulation of 

perovskite crystals in comparison to Metal-Organic Frameworks due to their adaptability, 

processing, and self-healing abilities.162,163,165,257 Moreover, polymers are much more flexible 

in comparison to rigid inorganic shells such as SiO2, TiO2, Al2O3, CdS, ZnS, and others for 

augmenting the optoelectronic properties of perovskite crystals.169–171 However, there are 

reports where polymers, such as poly (lauryl methacrylate), and polystyrene have been used 

for successful encapsulation of inorganic-organic halide perovskite due to their better solubility 

in a common solvent, dimethylformamide (DMF). However, very limited reports exist on 

polymeric encapsulation of all-inorganic perovskites. Amphiphilic polymer encapsulated 

nanocrystals can undergo a switchable anion exchange in toluene.258 Nevertheless, an 

instantaneous and reversible anion exchange of NCs by using an aqueous acidic solution 

remains far from reality. 

On the other hand, primarily two synthetic strategies have been developed for the 

dimensional engineering of perovskite crystals - hot-injection method for nanocrystals and anti-
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solvent method for microcrystals.259,260 Mechanochemical methods such as wet ball milling, 

mortar pestle, and ligands-assisted reprecipitation (LARP) methods are becoming emerging 

methods for the cost-effective development of cesium lead halide nanocrystals at ambient 

condition.107,261,262 In this work, our first objective is to offer a polymer-encapsulation strategy 

for both the synthetic methods of perovskites, because polymers are known to prevent 

agglomeration, and thus can stabilize nanocrystals. We have chosen a hydrophobic polymer, 

Polyvinylidene fluoride (PVDF), and a hydrophilic biopolymer, bovine serum albumin (BSA). 

PVDF is chosen over other hydrophobic polymers because of its insolubility and 

morphological retainment in a range of solvents such as arenes, chlorohydrocarbons, and 

aliphatic esters. Moreover, the low melting temperature (177 °C) of PVDF can be exploited for 

thermophysical properties of polymer-perovskite composites (scheme 3.1). BSA is selected as 

a biopolymer to extend the concept of biomolecular wrapping often used in quantum dots. 

Nanocrystals obtained from hot-injection method reportedly show poor 

photoluminescence properties. Thus, post-synthetic modification of these synthesized 

nanocrystals becomes inalienable for boosting their photoluminescence properties. It has been 

hypothesized that excess lead atoms lead nanoparticles, and halide ions quench the 

photoluminescence of perovskite nanocrystals. Salt-treatment strategies in apolar media have 

been adopted by using Na/NH4 thiocyanate and sodium/ammonium tetrafluoroborate salts for 

removal of such quenchers (photoluminescence) from the surface of nanocrystals.259,263 But 

water treatment of perovskite nanocrystals have been avoided due to their poor stability in 

aqueous medium. In this work, we have attempted the water treatment of polymer encapsulated 

nanocrystals for removal of excess metal ions and halides due to the better solubilities of these 

ions in aqueous medium. 

We show here that polymers can direct synthesis of perovskite nanocrystal composite 

(Cs4PbBr6 and CsPbBr3) in an anti-solvent method at room temperature. Polymer encapsulation 
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of NCs by a commonly used hydrophobic polymer PVDF is an effective strategy for enhancing 

the ambient stability of perovskites. Fast, and reversible anion exchange of NCs in aqueous 

hydroiodic acid (HI) solution have been demonstrated. The melting temperature of the polymer 

has been targeted to regulate the water-accessibility of PVDF encapsulated NCs. 

Unprecedentedly, perovskite-polymer nanocomposites are stable for more than 07 days. Upon 

incubation in water, the photoluminescence dynamics of NC-doped PVDF have been 

presented. We believe this study will draw the attention of researchers to explore photocatalytic 

hydrogen production by utilizing an encapsulation strategy for all inorganic NCs. 

 

 

3.2 Results & Discussion: 

3.2.1. Polymer-guided synthesis of perovskite nanocrystal at room temperature 

The antisolvent precipitation method using dimethyl sulfoxide (DMSO) as a solvent and 

toluene as antisolvent has been employed to crystalize cesium lead halide perovskite (figure 

3.1(A)). Prior to dissolving in DMSO, precursor salts- lead bromide and cesium bromide have 

been ground mechanically for boosting the formation of crystal network. Desired polymers— 

bovine serum albumin (BSA) and polyvinylidene fluoride have been premixed in the solution. 

Dropwise addition of solution in the toluene for crystallization of perovskite has yielded 

greenish-yellow crystals (figure 3.1(B)). These halide perovskite crystals (HPC) are found to 

be highly photoluminescent under UVlight (405nm) irradiation (figure 3.1(C)). 
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Figure 3.1. [A] Schematic representation of antisolvent method. [B-C] Photographs of halide 

perovskite crystals at ambient and under UVlight (405nm LED excitation) respectively. [D] 

Absorption (solid lines) and photoluminescence spectra (dotted lines) of perovskite crystals, 

HPC-1 (dark green) and HPC-2 (light green). [E] Time-resolved photoluminescence decays of 

perovskite crystals. HPC-1 (dark green) and HPC-2 (light green). Instrument response function 

(IRF) has been represented in grey line. [F-G] TEM images of the perovskite crystals, HPC-1, 

and HPC-2 respectively. [H] Powder XRD pattern of perovskite crystals, HPC-1 (green line) 

and HPC-2 (cyan line) with the standard reference of rhombohedral Cs4PbBr6, JCPDS no. 73–

2478 (grey lines) and monoclinic CsPbBr3, JCPDS no. 18–0364 (blue line). [I] High resolution 

XPS spectra of Pb (II) for HPC-1 (top panel) and HPC-2 (bottom panel). 

 

Emission features of green-emitting perovskite crystals are first characterized by full-width at 

half maxima (fwhm). The emission peak positions (λmax) of these crystals are centered at 513 

nm (fwhm=17 nm) with a band gap of 2.25 eV for HPC-1 and 509 nm (fwhm=22 nm) with a 

bandgap of 2.23 eV for HPC-2 (figure 3.1(D) and A 3.2). noticeable hypsochromic shift is 

suggestive of the reduced size of crystals due to the presence of hydrophobic PVDF. The 

quantum yields quantified by using a method used for powdered samples are found to be—

87% for HPC-1 and 37% for HPC-2 34. Time resolved photoluminescence (TRPL) studies show 

that the photoluminescence of HPC-2 decays at a much faster rate than that of HPC-1 (figure 

3.1(E)). The decay traces are well fitted with triexponential for 405 nm excitation (table 1). 

Analysis of TRPL decay trace ofHPC-1 reveals the presence of- a shorter component with a 
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lifetime (τ1) of 0.76 ns (65%), a short component (τ2) of 3.37 ns (28%), and a long component 

(τ3) 12.11 ns (7%). The component, τ1 originates from the trap states arising from the surface 

defects of perovskite crystals. Whereas the components- τ2 and τ3 can be attributed to exciton 

recombination and shallow trap-mediated radiative recombination respectively. The long-lived 

states for perovskite crystals are assigned to shallow trap-mediated recombination due to the 

low exciton binding energy and trap density. These localized energy states originating from 

structural disorder or lattice defects of crystals lie within the band-edge. Similarly, 

photoluminescence decay trace of HPC-2 has three components- 0.61 ns (67%), 2.62 ns (29%) 

and 9.03 ns (3%). Since the decays are multiexponential, then it is pertinent to use an average 

decay time.264 The average lifetime of HPC-1 is estimated to be 6.04 ns, whereas that of HPC-

2 is 3.26 ns. Interestingly, the photoluminescence lifetime of perovskite crystal HPC-1 is 

closely matched with that of microcrystals.265,266 The decrease in photoluminescence lifetime 

is often observed with size reduction (from micro to nano) of halide perovskite crystals.41 Thus, 

at this stage, it can be hypothesized that hydrophobic PVDF has caused a dramatic reduction 

in the size of perovskite crystals and hydrophilic BSA promotes the formation of micron-sized 

crystals. 

Table 3.1. Photoluminescence decay parameters of perovskite crystals. 

Sample 1 

(ns) 

2 

(ns) 

3 

(ns) 

a1 a2 a3 <  > 

(ns) 

2 

HPC-1 0.76 3.37 12.11 0.65 0.28 0.07 6.04 1.13 

HPC-2 0.61 2.62 9.03 0.67 0.29 0.03 3.26 1.11 

Cs4PbBr6 

Microcrystal 

- 2.0 11.5 - 0.65 0.35 9.18  

Cs4PbBr6 

Nanocrystal 

- 1.4 8.6 - 0.56 0.44 7.36  

λexc = 405 nm; IRF= 180 ps; Luminescence lifetimes, <> =  aii 
2/ aii  
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To test this hypothesis, we have imaged the synthesized perovskite crystals using high-

resolution transmission electron microscopy (HR-TEM). TEM images of as-synthesized HPC-

1 show micron-sized crystals (figure 3.1(F)). Unprecedentedly TEM image of HPC-2 reveals 

the formation of nanocrystals (figure 3.1(G)). The lattice spacing observed for HPC-2 (figure 

A 3.1) is 0.30 nm which is generally referred to as the [214] crystal plane for Cs4PbBr6.
267,268 

Broad size distribution of HPC-2 has been noticed with an average size, 7.2±2.8 nm (figure A 

3.1). 

However, it is imperative to understand the degree of homogeneity present in 

synthesized crystals of hybrid perovskite crystals. And thus, we have performed XRD studies 

of these synthesized crystals (figure 3.1(H)). XRD peaks of perovskite crystals are well 

correlated with the characteristic interplanar planes of monoclinic CsPbBr3 NCs (PDF#18-

0364) and orthorhombic Cs4PbBr6 (PDF#73-2478). It can be noticed that the antisolvent 

precipitation at room temperature yields perovskite composite crystals- Cs4PbBr6/ CsPbBr3. 

The existence of heterogeneity in crystal formation can thus be rationalized from the phase 

diagram of PbBr2: CsBr compositions. It predicts the formation of thermodynamically stable 

crystals either the CsBr-rich Cs4PbBr6 or PbBr2-rich CsPb2Br5. Since CsBr is less soluble than 

PbBr2 in dimethyl sulfoxide, thus, formation of zero-dimensional Cs4PbBr6 is quite inevitable 

at room temperature.269 We have analyzed Energy-dispersive x-ray spectra (EDS) of HPC-1 

and HPC-2 (figure A 3.3). The atomic ratio of Cs:Pb:Br is suggestive of perovskite composite 

crystal- Cs4PbBr6/CsPbBr3 as well.270,271 Due to the high natural abundance of Br, the excess 

in the Br signal may come from the artifacts such as reabsorption of Pb and Cs x-ray emissions. 

High-resolution XPS spectrum of HPC-1 for Pb 4f yields two distinct gaussian-shaped peaks 

as shown in figure 3.1(I). The peaks are centered at 139.3 eV (4f7/2) and 144.2 eV (4f5/2). The 

4.9 eV is the spin–orbit splitting of Pb+2. The XPS spectrum of HPC-2 for Pb 4f shows 

additional weaker peaks at 138.8 and 144.1 eV and the two intense peaks are at 140.5 eV (4f7/2) 
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and 145.4 eV (4f5/2). Thus, it can be hypothesized that the size reduction of perovskite crystals 

may yield Pb (0) nanoparticles as a byproduct. This satisfactorily explains the observation of 

the low photoluminescence quantum yield of HPC-2 in comparison to HPC-1.272,273 

3.2.2. PVDF-encapsulated Cesium lead bromide perovskite nanocrystal 

Based on our understanding of dictating role of PVDF in dimensional engineering of perovskite 

crystals, we have extended the concept of polymer wrapping of perovskite nanocrystals. The 

colloidal perovskite nanocrystals (NCs) have been synthesized by a modified hot-injection 

method at ambient condition and purified NCs is dispersed in toluene for polymer doping 

studies. Solid PVDF has been directly added in toluene containing dispersed NCs. The white 

PVDF polymer turns greenish-yellow, and the toluene becomes colorless within a very short 

period of time, confirming a fast entrapment of nanocrystals in polymeric network (figure 

3.2(A)). Perovskite-polymer nanocomposite films prepared by heating them at melting 

temperature, 180 °C of PVDF have been used for photoluminescence and material 

characterization studies. Photoluminescence spectrum of dispersed halide nanocrystals (HNC) 

shows a peak at 511 nm (fwhm=21 nm) with a bandgap of 2.99 eV (figures 3.2(B) and figure 

A 3.4). Whereas the emission peak position (λmax) of polymer-encapsulated nanocrystal 

(PHNC-1) is centered at 525 nm (fwhm=19 nm) with a bandgap of 2.23 eV. A noticeable 

bathochromic shift is suggestive of structural reorganization of perovskite crystals in a polymer 

matrix. 

Time-resolved photoluminescence decay of nanocrystals dispersed in toluene is shown 

in figure 3.2(C). It can be deconvoluted into three components: a shorter one with a lifetime 

(τ1) of 1.83 ns (19%) for surface defects, a short component (τ2) of 5.63 ns (69%) for exciton 

recombination, and a long component (τ3) 14.81 ns (12%) for shallow trap-mediated radiative 

recombination. Interestingly, the average photoluminescence lifetime of PVDF-encapsulated 

nanocrystals dramatically increased to 35.52 ns (table 3.2). The amplitude of shallow-trap 
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mediated radiative recombination gets significantly increased at the expense of exciton 

recombination263,274. 

 

Figure 3.2. [A] Representative photographs showing instantaneous entrapment of perovskite 

nanocrystal in PVDF matrix. [B] Absorption (solid lines) and photoluminescence spectra 

(dotted lines) of dispersed nanocrystals (HNC) in toluene (light green) and polymer-entrapped 

nanocrystal, PHNC-1 (dark green). [C] Time-resolved photoluminescence decays of-HNC 

(solid green squares), and PHNC-1 (hollow light green circles). Instrument response function 

(IRF) represented in grey line. [D-E] SEMimages of -HNC and PHNC-1 respectively. [F] 

High-resolution XPS spectra of Pb (II) for PHNC-1 (top panel) andHNC(bottom panel). 

 

We can thus summarize the radiative recombination of NC-doped PVDF (Scheme 

3.2(A)). The surface defect caused radiative recombination takes place at a much faster time 

scale, 0.6–3 ns, whereas the time scale of exciton recombination lies between 3–15 ns and a 

much longer time-scale range, 10–50 ns is due to shallow trap assisted recombination. PVDF 

plays a decisive role in increasing the population of shallow trap states in perovskite-polymer 

nanocomposite (Scheme 3.2(B)). Hydrophobicity of PVDF does not allow polymeric 

encapsulation of large-sized perovskite crystals, thus these crystals get broken into smaller ones 

for nanofilling in polymer matrices. Mismatch in ionic characters and refractive indices 

between PVDF and lead halide perovskites cause greater structural disorder or lattice defects 
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in these nanocrystals. Upon polymeric encapsulation of nanocrystals, the trap levels get 

redistributed due to the 

numerous interface regions generated by the interaction of crystalline perovskite and 

amorphous PVDF. Physical properties of the interfaces would be affected by chain mobility, 

chain conformation, crystallinity, and coulombic potential. The differences of these have 

caused the redistribution of the trap levels in the perovskite- polymer nanocomposites. 

According to the multi-layered core model, an interfacial layer of several tens nm is multi-

layered and consists of three layers- a bonded layer, a bound layer, and a loose layer.275 An 

electric double layer of several tens to 100 nm is also superimposed in the interfacial layer. 

Free volume becomes higher, and density becomes lower from the bonded layer to the loose 

layer. The loose layer is much larger in volume friction than the bound layer, the shallow traps 

become dominated traps in the NCs-doped PVDF. 

 

 
 

Scheme 3.2: Schematic illustration of – [A] radiative recombinations in nanocrystals-doped 

polymer, [B] perovskite-polymer interface (top panel), and formation of shallow traps at the 

loose layer (bottom panel).  represent shallow trap-states and  carrier-trapped by shallow 

traps. 

 

To visualize the nanocrystals in PVDF matrix, scanning electron microscopy (SEM) 

has been employed (figures 3.2(D)–(E)). It can clearly be noticed from the SEM images that 
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nanocrystals are quite uniformly doped in the polymer matrix. However, the sizes of these 

crystals are relatively large, 88±32 nm than the reported sizes of halide perovskite nanocrystals. 

Analysis of EDS and XRD (figure A 3.5 & 3.7.) data suggests the existence of CsPbBr3 

nanocrystal in PVDF polymer matrix. Br is the most abundant element and its ability to absorb 

both the Cs and Pb x-rays has perhaps caused observation of its excess signal. High-resolution 

XPS spectrum of nanocrystal doped polymer for Pb 4f (figures 3.2(F)), yields two distinct 

peaks at 138.4 eV (4f7/2) and 143.2 eV (4f5/2) with a characteristic spin–orbit splitting, 4.9 eV 

of Pb+2.No significant change in peak positions of XPS spectrum of dispersed nanocrystals 

(NC) for Pb 4f has been noticed. 

3.2.3. Halide exchange of polymer-encapsulated nanocrystals 

At ambient condition, CsPbIx perovskite is the thermodynamically least stable structure in 

comparison to CsPbBrx.
276 Moreover, the halide exchange of these nanocrystals in an aqueous 

solution using hydrobromic acid or hydroiodic acid (HI) remains a challenge owing to their 

poor stability in water. Our strategy for selecting hydrophobic PVDF polymer for the 

entrapment of nanocrystals is because PVDF can stabilize the nanocrystals in an aqueous 

solution by reducing water accessibility of such nanocrystals. Halide exchange studies have 

been performed with dried perovskite-polymer nanocomposite at 120 °C that is lower than the 

melting temperature of polymer. Representative images illustrate the reversible anion exchange 

of perovskite-polymer nanocomposite. We could easily obtain red-emitting nanocrystals doped 

polymer (PHNC-2) via anion exchange in an aqueous medium of 3% HI. A film of PHNC-2 

has been prepared by heating the crystal at 180 °C for further studies. 

The photoluminescence spectrum of PHNC-2 displays a peak at 685 nm (fwhm=39 nm) 

with a bandgap of 1.8 eV (figures 3.3(B)). A spectral broadening has been noticed for PHNC-

2 in compassion to PHNC-1 (fwhm=19 nm). Such broadening of spectral band is consistent 

with those reported in the literature.274,277 The broad PL emission is most likely due to the- (i) 
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combination of two different halides self-assembling- possibly forming CsPbBrxI(1-x) and (ii) 

structural heterogeneity caused by weaker binding of larger iodide ions to cesium ions. 

 

 

Figure 3.3. [A] Images polymer-encapsulated nanocrystal undergoing fast halide exchange. 

[B] Absorption (solid lines) and photoluminescence spectra (dotted lines) of green-emitting 

nanocrystal-doped polymer, PHNC-1 (green) and red-emitting nanocrystal-doped polymer, 

PHNC-2 (red). [C] Time-resolved photoluminescence decays of - PHNC-1 (green), and 

PHNC-2 (red). Instrument response function (IRF) represented in grey line. [D] High-

resolution XPS spectra of Pb (II) for PHNC-2 respectively. 

 

The photoluminescence decay of PHNC-2 shows faster kinetics than that of PHNC-1 

(figure 3.3(B)). The average photoluminescence lifetime of PHNC-2 is 8.59 ns. A closer 

analysis of components and associated amplitude uncovers that the exciton recombination (τ2) 

is the dominant one for PHNC-2. 
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Table 3.2. Photoluminescence decay parameters of nanocrystals doped polymer. 

Sample λems 

(nm) 
1 

(ns) 

2 

(ns) 

3 

(ns) 

a1 a2 a3 <  > 

(ns) 

2 

HNC 513 1.83 5.63 14.81 0.19 0.69 0.12 8.12 1.11 

PHNC-1 525 2.39 13.06 44.5 0.27 0.39 0.34 35.52 1.02 

PHNC-2 680 1.86 9.09 28.49 0.40 0.48 0.12 8.59 1.07 

λexc = 405 nm; IRF= 180 ps; Luminescence lifetimes, <> =  aii 
2/ aii  

Expectedly, the high-resolution XPS spectrum of PHNC-2 for Pb 4f has two 

characteristic peaks at 138.2 eV (4f7/2) and 143.1 eV (4f5/2). The XPS spectrum for iodine 3d 

shows two distinct peaks at 618.9 eV (3d5/2) and 630.4 eV (3d3/2) with spin–orbit splitting of 

11.5 eV. To understand the type of crystals structure of red-emitting nanocrystals we have 

performed XRD studies of PHNC-2. XRD peaks of red-emitting perovskite nanocrystals are 

well-matched with the characteristic interplanar planes of monoclinic CsPbBr3 NCs (PDF#18-

0364), suggesting the structure of CsPbI3. 

3.2.4. Water- and Photo-stability of PVDF-encapsulated Nanocrystals 

We have performed the studies to understand the effect of polymeric encapsulation on 

the aqueous- and photo-stability of NCs. First, the perovskite-polymer nanocomposite films 

have been prepared by heating them at a melting temperature,180 °C of PVDF. Figures 3.4(A), 

(B) show that the emissivity of NCs doped polymer even remains intact after 07 days of 

incubation in water. It has been reported that the photoluminescence of core-shell CsPbBr3/ZnS 

nanocrystals gets significantly quenched even after 2 days of incubation in water.171 

To the best of our understanding, this is the first report where the photoluminescence 

of perovskite-polymer nanocomposite remains unaltered even after a month of incubation in 

water. The emission peak positions (λmax) of PHNC-1 and PHNC-2 films remain unchanged. 

Interestingly, the photoluminescence intensity of films gets relatively increased. To decipher 

the origin of enhancement, we have performed TRPL studies of films before and after the 

incubation of polymer nanocomposite films. After incubation, the photoluminescence lifetime 
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of PHNC-1 increased to 45.79 ns (table 3.3). A similar increasing trend of photoluminescence 

lifetime has also been observed for PHNC-2. The increase in radiative lifetime suggests that 

solvent, water can passivate surface defects. Slow diffusion of quenchers (photoluminescence) 

such as bromide and cesium ions from polymeric surface and interfacial area of 

nanocomposites to bulk water has perhaps caused augmentation of radiative lifetime. 

 

Figure 3.4. [A-B] Digital photographs of green and red-emitting NC-doped polymer films 

dipped in a beaker containing water respectively. [C] Absorption (solid lines) and 

photoluminescence spectra (dotted lines) of green-emitting NC-doped polymer films, PHNC-

1, before incubation (light green) and after incubation (dark green) in distilled water. [D] 

Absorption (solid lines) and photoluminescence spectra of PHNC-2, before incubation (red) 

and after incubation in distilled water (violet) [E-F] Time-resolved photoluminescence decays 

of - PHNC-1 (green), and PHNC-2 (red) before and after incubation in distilled water. Inset 

(E): Highlighting differences in longer components. 

 

Table 3.3. Photoluminescence decay parameters of perovskite-polymer nanocomposite before 

and after incubation in water. 

PHNC-1 

 λems 

(nm) 
1 

(ns) 

2 

(ns) 

3 

(ns) 

a1 a2 a3 <  > 

(ns) 

2 

Prior incubation  525 2.39 10.59 40.29 0.22 0.37 0.41 33.79 1.02 

After incubation 525 2.77 16.06 59.59 0.33 0.40 0.28 45.79 1.07 

PHNC-2 

Prior incubation  680 1.86 9.09 28.49 0.4 0.48 0.12 8.59 1.07 

After incubation 680 2.48 10.73 32.17 0.41 0.44 0.15 10.53 1.04 

λexc = 405 nm; IRF= 180 ps; Luminescence lifetimes, <> =  aii 
2/ aii  
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3.3 Conclusion: 

We present here a polymer-directed antisolvent method for synthesis of perovskite 

composite crystals. CsPbBr3 and zero-dimensional Cs4PbBr6 are found to be the constituents 

of composite crystals. PVDF does not only restrict the growth of the crystal, rather facilitate 

the synthesis of nanocrystals under ambient conditions. Freshly prepared perovskite 

nanocrystals instantaneously get entrapped in the PVDF polymer matrix. Upon polymeric 

entrapment, these crystals undergo aggregation as evident from their increased size, 88 ± 32 

nm. We have resolved the types of radiative recombination present in polymer-encapsulated 

nanocrystals. The surface defect caused radiative recombination takes place at a much faster 

time scale (0.6–3 ns), whereas the exciton recombination lies in the time scale of 3–15 ns and 

a much longer time-scale range, 10–50 ns is due to shallow trap assisted recombination. PVDF 

perhaps contributes to the creation of more shallow trap states for perovskite-polymer 

nanocomposite. Polymer-encapsulated nanocrystals can undergo fast halide exchange in an 

aqueous HI solution. These polymer-encapsulated nanocrystals are highly stable, and their 

photoluminescence properties remain unaltered even after 07 days of incubation in water. In 

this work, we demonstrate the necessity of hydrophobicity caused by –CF2 –network of PVDF 

in either synthesizing or providing stability to perovskite nanocrystals. 
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Facet {100} Fosters Resonance Energy Transfer 

in Ni/Co-doped CsPbBr3 Nanocrystals 
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The design of an effective light harvester with metal-doped perovskite nanocrystals (M:PNCs) 

aims to achieve directional energy flow. The potential of crystal facets needs to be assessed for 

dictating the energy transfer dynamics of M:PNCs. Herein, we have engineered facets of 

amine-capped CsPbBr3 perovskite nanocrystals by doping with a trace amount of Ni and Co 

ions. Ni-doped CsPbBr3 (Ni:PNC) showcases structural heterogeneity with regular cubic 

shape, whereas bimetallic-doped CsPbBr3 (Ni:Co:PNC) evolves to an elongated 

dodecahedron structure. Structural analysis using Rietveld refinement strongly corroborates 

the construction of a dodecahedron structure for Ni:Co:PNC through systematic displacement 

of Cs ions. Energy transfer from doped nanocrystals to rhodamine B (RhB) occurs through a 

dipole−dipole interaction, known as Förster resonance energy transfer (FRET). The 

emergence of the isoemissive point and rise time of RhB conclusively establishes the resonance 

energy transfer mechanism. Energy transfer in thin films occurs at a much faster rate than in 

the toluene medium. {100} facet-dominated Ni:PNC registers a FRET efficiency of 94%, 

whereas {111} and {002} facet-dominated Ni:Co:PNC is restricted at 21% FRET efficiency. 

The distance between the donor and acceptor, RDA, dictates the dynamics of energy transfer, 

rather than spectral overlap and the photoluminescence quantum yield of these doped 

nanocrystals. The surface composition of facets, typically Cs ions, perhaps plays a decisive 

role in regulating the binding constant of the donor and acceptor. Our study demonstrates the 

importance of facets of nanocrystals in tuning the desired energy transfer processes for 

photocatalytic applications. 

 

 

4.1 Introduction: 

Colloidal cesium lead halide perovskite (CsPbX3, X = Cl, Br, and I) nanocrystals (PNCs) are 

the most promising photoluminescent inorganic self-assemblies owing to their cutting edge 

applications in tandem-solar cell, light-emitting diodes, and photo(electro)catalysis.233,278–280 

However, these photoluminescent nanocrystals remain far from practical applicability due to 

their poor ambient stability.46,119,281 The coulombic interaction guided dynamic binding 

between ammonium ions (of oleylamine) with bromide ions present in crystal lattice and oleate 

ions (of oleic acid) with lattice’s cesium ions falls apart in the presence of water molecules, as 

oleate becomes oleic acid and leaves the hydroxide ion. This hydroxide ion readily forms lead 

hydroxide salt, Pb(OH)2, with crystal’s Pb(II) ion.282 Very recently, Ma et al. have elucidated 

the intricacies of binding water molecules with formamidinium lead iodide (FAPbI3) 

nanocrystals and demonstrated that its crystal facet {100} is substantially more vulnerable to 
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moisture-induced degradation than facet {111}.283 To improve the ambient stability of PNCs, 

doping of metal ions into the perovskite crystal is the current focus of research.155,284,285 

Metal ion-doped perovskite nanocrystals (M:PNCs) possess unique excellent 

photostability (PL), narrow spectral widths, and bandgap tunability. Very recently, doping of 

several alkaline-earth metals (e.g., Mg+2, Ca+2, and Ba+2) into perovskite nanocrystals has been 

investigated for improvement of the photoluminescence quantum yield.286–288 Transition metal 

ions have also been tested as dopants for achieving near unity photoluminescence quantum 

yield, band tuning, and improving stability.153,155,156,289 The defect tolerance ability of PNCs 

remains the foundation behind such doping.290 However, a greater emphasis on sustainability 

vis-à-vis net-zero carbon emission has also pushed researchers to harness the potential of metal-

doped perovskite nanocrystals for photocatalytic applications, such as green hydrogen 

production and sustainable fuels/chemicals production by CO2 reduction.69,291–294 

Efficient energy transfer coupled with electron transfer remains the bottleneck in 

designing of a semiconductor photocatalysts with augmented photocatalytic efficiency.295–297 

In order to achieve so, doping of catalytically active transition metal ions (Pd, Fe, Cu, etc.) is 

done quite frequently with a presumption that these ions can facilitate electron (charge) transfer 

processes.69,298,299 However, the complexity involved in excited state energy transfer processes 

of transition-metal ion doped nanocrystals has not been investigated in detail. Thus, it has 

intrigued us to investigate the photophysics and photochemistry of nickel(II) and cobalt(II) 

ions-doped cesium lead bromide nanocrystals (Scheme 4.1). Ni(II) ion-doped nanocrystals are 

found to retain intense emission and offer remarkable stability. The role of dopant Ni(II) ions 

having the smallest transition metal Shannon radii in modulating photoluminescence properties 

of perovskite nanocrystals has been attributed to structural rigidity of the crystal favoring 

carrier-dopant spin exchange interactions.300,301 
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Scheme 4.1. Highlighting the Research Gap and Scope of Our Work in Deciphering Facet-

Directed Energy Transfer Dynamics of Transition Metal-Doped Cesium Lead Halide 

Perovskite Nanocrystal (M:PNC) 

 

Scheme 4.2. [A] Spectral Overlap between Photoluminescence Spectra of Metal-Doped PNCs 

and Rhodamine B; Energy Transfer Processes Involved between M:PNCs and Rhodamine B, 

where hν′ Is the Emission from Metal-Doped PNC and hν″ Is the Emission from Rhodamine 

B and * Indicates the Excited State; [B] Schematic Representation of the Donor−Acceptor Pair 

for the Resonance Energy Transfer Process 
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Here, we have selected a Ni/Co-doped nanocrystal as a donor and organic dye, 

rhodamine B as an acceptor for understanding the energy transfer processes. The basis of this 

donor−acceptor selection stems from the observation of photocurrent generation by organic 

dyes in quantum dot solar cells.302,303 Moreover, recent studies on Förster resonance energy 

transfer (FRET) between pristine cesium lead bromide perovskite and organic fluorophores 

indicate that singlet energy transfer efficiency is dictated by (i) binding constant of the acceptor 

with nanocrystal’s surface and (ii) overlap integral, J(λ).57,304,305 The binding constant of a 

donor−acceptor system is very intrinsic and thus plays a pivotal role in determining the 

efficiency of energy transfer, whereas the overlap integral, a theoretical concept, provides a 

rationale for the modulation of energy transfer efficiency for a set of systems. However, it has 

been presumed that donor acceptance remains unchanged. Thus, it is pertinent to understand 

the role of crystal facets in regulating the binding constant vis-à-vis energy transfer from 

transition metal-ion doped perovskite nanocrystal to organic fluorophore.273 

In this work, we synthesized Ni:CsPbBr3 (Ni:PNC) and Co:CsPbBr3 (Co:PNC) and 

Ni:Co:CsPbBr3 (Ni:Co:PNC) perovskite nanocrystals by using a modified hot-injection 

method. To decipher the role of crystal facets in energy transfer, we have selected an organic 

dye rhodamine B as an acceptor, whose photophysical properties are well characterized.306 The 

reason for selection for this donor (D)−acceptor (A) pair is owing to nearly identical values of 

spectral overlap integral, J(λ), between emission of metal-doped PNCs (M:PNCs) and 

absorption of rhodamine B (RhB). 

Energy transfer from M:PNCs to rhodamine B is probed by the decrease in emission of 

PNCs and concurrent increased emission of RhB. The appearance of the isoemissive point is 

suggestive of equilibrium between two emissive species (Scheme 4.2). Herein, energy transfer 

from metal-doped perovskite nanocrystals to rhodamine B has been systematically investigated 

by using steady state and time-resolved photoluminescence measurements. Our detailed 
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structural studies document the crystal stiffening by a small doping of Ni/Co, which modifies 

the facet accordingly. We believe that this study will serve as a reference point for designing a 

transition metal-doped perovskite nanocrystals for tuning their photocatalytic activities. 

 

4.2 Results & Discussion: 

4.2.1. Structural Heterogeneity. 

We first performed structural analysis of as-synthesized doped-PNCs to trace the origin 

of their enhanced optical properties and improved ambient stability. Full-survey and high-

resolution XPS spectra of doped PNCs for Pb 4f, yield two distinct Gaussian-shaped peaks due 

to spin−orbit coupling of 4f-orbital, as shown in Figure 4.1 & Figure A 4.1.The Pb 4f peaks in 

the XPS spectrum of Ni:Co:PNC and Co:PNC appear at 142.7 eV (4f5/2) and 137.8 eV (4f7/2), 

nearly at the same position of the undoped- CsPbBr3.
259 The Pb 4f peaks of Ni:PNC are shifted 

to higher binding energy, that is, at 143.4 eV (4f5/2) and 138.6 eV (4f7/2). The spin-orbit splitting 

of Pb(II) for both remains the same, 4.9 eV. XPS peak positions of core-level spectra are vastly 

affected by the chemical environment (surrounding electron-cloud) of that element. It therefore 

suggests that Ni(II) greatly impacts the chemical environment around Pb(II) in the 

nanocrystal.307 Ni-doping might enhance the chemical bonding of Pb, with the neighboring 

bromide ion causing a peak in higher-binding energy.308 Such an effect is minimal for doping 

of the Co(II) ion. Interestingly, insignificant shifting of Pb 4f peaks in Ni:Co:PNC compared 

to that of Co:PNC suggests a similar environment of Pb in both the combinations. It is possible 

that the combination of Co and Ni doping in Ni:Co:PNC may not affect the Pb−Br bond, but 

may affect the overall structure, i.e., distortion of the overall lattice structure. Notably, the XPS 

spectra of Ni(II) for Ni:Co:PNC greatly resembles those for Ni: PNC (figure A 4.3). 
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Figure 4.1: High resolution XPS spectra of Pb(II) for PNC (violet line), Ni:PNC (orange 

line), Co:PNC (red line) and Ni:Co:PNC (green line). 

 

 

Figure 4.2. Rietveld refinement of the X-ray diffraction pattern of [A] Ni:PNC and [B] 

Ni:Co:PNC. The data are shown as circles and the result of the refinement as a solid line (red). 

We have used orthorhombic phase (space group: Pnma, no. 62) of CsPbBr3 and added cubic 

phase (space group: Pm3̅m, no. 221). [C,D] TEM images of Ni:PNC and Ni:Co:PNC 

respectively. [E,F] TEM-FFT pattern of Ni:PNC and Ni:Co:PNC respectively. 
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Figure 4.3. Front surface on the ab plane (solid red lines) of Ni:Co:PNC. Addition of adjacent 

trapezoid (solid yellow line) results in the formation of the dodecahedron structure. The 

Ni:Co:PNC crystal lattice having Cs(I) and Pb(II) ions only. On the front surface of the ab 

plane by connecting Pb−Cs−Pb−Cs−Pb−Cs−Pb, the front hexagonal is first sketched, then 

extending the whole structure in all directions to the elongated dodecahedron. 

 

Thereafter, we have analyzed energy-dispersive X-ray spectra (EDS) of Ni:PNC, 

Ni:Co:PNC, and Co:PNC (figure A 4.3) to estimate the dopant concentration in metal-doped 

perovskite nanocrystals. The elemental ratio of Cs:Pb:Br of metal-doped PNCs is found to be 

1:1:3, confirming the CsPbBr3 composition. The atomic percentages of Ni(II) in Ni:PNC and 

Ni:Co:PNC are 2.3 and 0.8, respectively, whereas those of Co(II) in Ni:Co:PNC and Co:PNC 

are 1.0, and 2.4, respectively. Hence, the doping of about 2% metal ions in PNCs creates a 

strong impact in structural heterogeneity. 

X-ray diffraction (XRD) studies have been performed to resolve facet engineering 

through metal-doping of perovskite nanocrystals. Our careful Rietveld refinement 

demonstrates that doped perovskite nanocrystals exist in two phases orthorhombic and cubic 

phases.309,310 The Rietveld-refined XRD patterns of Ni:PNC and Ni:Co:PNC are shown in 

Figure 4.1 A, B. The percentage of orthorhombic and cubic phases vastly varies with doping. 

Unprecedentedly, facet engineering through metal doping has been noticed with observation 

of {100} facet only in Ni:PNC. Emergence of facet {111} for Ni:Co:PNC signals its significant 

structural change in comparison to that of Ni:PNC. The displacement of Cs-ion in the 

orthorhombic structure (maintaining same space group) in Ni:Co:PNC compared to that of 

Ni:PNC plays a crucial role in such facet engineering. A subtle change in the position of Cs 
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ions in the Ni:Co:PNC nanocrystal in comparison to that of the Ni:PNC nanocrystal has been 

observed, while negligible change of Br and no change of the Pb atom is noticed (figure A 4.4). 

The Cs atom in Ni:Co:PNC systematically shifts toward the surface of the orthorhombic 

structure, which forms an irregular hexagon (figure A 4.4A).311 However, the Cs ions get 

displaced in one direction for Ni:PNC and therefore does not construct such a systematic 

dodecahedron structure (figure A 4.4B). Eventually, the one-directional movement of the Cs 

atom in Ni:PNC suggests the possibility of spatial inversion symmetry breakings. We have 

imaged the doped perovskite nanocrystals Ni:PNC and Ni:Co:PNC by using transmission 

electron microscopy (TEM) to further support such changes in the crystal structure. 

Figure 4.2C shows the typical cubic (10.8 ± 1.6 nm) structures of Ni:PNC, while Figure 

4.2D captures the elongated hexagon (17.1 ± 4.2 nm) for Ni:Co:PNC. In addition to that, we 

have also observed a perfect hexagon structure for Ni:Co:PNC. Lattice spacing observed for 

Ni:PNC is 0.39 nm, whereas that for Ni:Co:PNC is 0.42 nm (figure A 4.5). By analyzing the 

reciprocal crystal point in the TEM images (Figure 4.2D, E), we measured the d-spacing values 

and associated them with specific {hkl} planes. Facets {100}, {110}, and {200} of Ni:PNC 

correspond to the family of planes of cubic CsPbBr3. The presence of facets {111}, {002}, and 

{211} signifies a predominant orthorhombic structure of Ni:Co:PNC. Our refined 

crystallographic analysis, combined with the creation of a physical structure based on the 

refinement parameters, reveals an intriguing pattern within the orthorhombic phase. The 

absence of atoms at the corners and the resulting formation of a trapezo-rhombic dodecahedral-

like structure (elongated dodecahedron) closely correspond to the observed hexagonal pattern 

observed in the TEM image. Structural analysis using Rietveld refinement suggests that the 

ratio of the total integrated intensities between orthorhombic and cubic phases for Ni:Co:PNC 

is 55:45, whereas that for Ni:PNC becomes 25:75. Moreover, the plane {100} of Ni:PNC cuts 

four Cs(I) ions and a bromide ion, whereas plane {111} of Ni:Co:PNC consists of two Pb(II) 
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ions and one bromide ion (Figure 4.3). The consistency observed between our calculated d-

spacing values and the refined crystallographic parameters validated the accuracy of our 

approach. The agreement between the predicted planes from the TEM-FFT pattern analysis 

and the refinement results from XRD contributes to a deeper understanding of the structural 

modifications induced by dopants Ni (II) and Co (II) in the CsPbBr3 lattice. 

4.2.2. Enhanced Photoluminescence and Ambient Stability. 

Ni/Co-doped cesium lead bromide perovskite nanocrystals Ni:PNC, Co:PNC, and 

Ni:Co:PNC dispersed in hexane more or less retain the green-emissive features of pristine 

PNC. The emission peak positions (λmax) are centered at 518 nm (fwhm = 18 nm) with a band 

gap of 2.30 eV for Ni:PNC (Figure 4.4A & A 4.6).. However, the emission peak of Ni:Co:PNC 

gets blue-shifted to 515 nm (fwhm = 19 nm) with a band gap of 2.32 eV. The 

photoluminescence quantum yield (PLQY) of Ni:Co:PNC is measured to be 0.70, whereas that 

of Co:PNC and Ni:PNC are relatively low, 0.54 and 0.33 respectively. 

 

Figure 4.4. [A] Absorption (dotted line) and photoluminescence (solid lines) spectra of metal-

doped perovskite nanocrystals in hexane. Ni:PNC (violet), Ni:Co:PNC (green), and Co:PNC 

(red) Inset: Photographs of perovskite nanocrystals at ambient and under 405 nm irradiation. 

[B] Comparison of PLQY and Average photoluminescence lifetime of doped-PNCs in two 

different solvent hexane (grey bar) and toluene (blue bar representing PLQY and green bar 

representing average photoluminescence lifetime). [C] Ambient stability of Ni:PNC (purple 

square), Co:PNC(brown sphere), and Ni:Co:PNC (green hexagon) respectively. This Norm PL 

intensity decreases substantially after only 3 days for undoped PNC.  
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The augmented photoluminescence properties of doped- PNCs may be accounted for 

by invoking either spin−orbit coupling (quantum hoping) or structural (facet) engineering.307 

We have found that Ni:PNC and Ni:Co:PNC are relatively more stable than Co:PNC. The 

stability of Ni:PNC is in agreement with reported results (Figure 4.4C).301,308 Crystal stiffening 

caused by smaller ionic radii of the Ni(II) ion has been attributed to the improved stability of 

Ni:PNC as well. The average photoluminescence lifetimes, τavg, of Ni:PNC and Ni:Co:PNC in 

toluene are 4.68 and 5.47 ns, respectively, whereas that of Co:PNC is relatively low, 2.57 ns 

(Figure 4.4B). It can be mentioned that toluene acts as a photoluminescent quencher for doped-

PNC. Solvent n-hexane is relatively less polar and viscous than toluene. Therefore, clustering 

of nanocrystals in toluene might have contributed to the decrease in PNC’s photoluminescence. 

Hence, this photophysical study serves as a reference point for energy transfer studies in a 

toluene medium. 

4.2.3. Crystal Facet-Directed Energy Transfer to Rhodamine B. 

Energy transfer studies between organic fluorophores are often manipulated by regulating the 

binding affinity between acceptor and donor moieties.264,312 However, an understanding of the 

role of structural heterogeneity of nanocrystals in its energy transfer process involving organic 

molecules is very limited. Recently, it has been suggested that pendant groups of acceptor 

molecules can also regulate their binding affinity toward perovskite nanocrystals.305 An 

obvious question thus arises, how does the electronegative atom (e.g., iodine and chlorine) of 

the acceptor molecule influence its binding affinity to the perovskite nanocrystal? The role of 

crystal facets in doped-PNCs cannot be ignored, as it has also been shown that facet {100} 

FAPbI3 strongly interacts with highly polar water molecules.283  
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Figure 4.5. Photoluminescence quenching of donors [A] Ni:PNC and [B] Ni:Co:PNC with 

successive addition of acceptor, rhodamine B. Inset: Modulation of emission properties of the 

acceptor. Time-resolved photoluminescence decays at λems = 515 nm. [C] Ni:PNC and [D] 

Ni:Co:PNC highlighting faster kinetics upon gradual addition of rhodamine B. [E,F] Time-

resolved photoluminescence decays of the acceptor (λems = 585 nm) for the Ni:PNC−RhB pair 

and Ni:Co:PNC−RhB pair, respectively. Instrument response function (IRF) at λexc = 405 nm 

represented by the gray line. 

 

To interrogate the efficiency of energy transfer, we have measured steady-state and 

time-resolved emission spectra of donors Ni:PNC, Ni:Co:PNC, and Co:PNC in the presence 

and absence of acceptor rhodamine B (Figures 4.5 A, B). The photoluminescence of donors 

undergoes gradual quenching with the addition of rhodamine B (0−10 μM). However, the 

photoluminescence quenching for Ni:PNC is relatively sharper than that of Ni:Co:PNC (Figure 

4.5 A, B). Interestingly, concurrent emission of acceptor is pronounced for the Ni:PNC−RhB 

pair (inset, Figure 4.5A), whereas hardly any emission originates from acceptor for the 

Ni:Co:PNC−RhB pair (inset, Figure 4.5B). The isoemissive point that appears at 560 nm is 

suggestive of the existence of two emissive species [Ni:PNC*] and [Ni:PNC−RhB*] in 

equilibrium. A hypsochromic shift in photoluminescence spectra of M:PNC is due to the 
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presence of a chloride ion in commercially available rhodamine B (empirical formula: 

C28H31ClN2O3). 

Synchronicity between the decrease in donor emission and concurrent increase in 

acceptor emission is commonly observed for organic donor-acceptor systems. It seems that 

such synchronicity is missing for the doped PNC−RhB system, as evident by the low 

concurrent emission of fluorophore and the significant decrease in the emission of doped PNCs. 

To account for this observation, we have drawn its similarity with widely reported interactions 

of metal nanoparticles (such as Au and Ag nanoparticles) with organic fluorophores. The cause 

of significant photoluminescence quenching of doped PNC can thus be attributed to the specific 

interaction (such as adsorption and electron transfer) of rhodamine B with its surface. 

Moreover, to shed light on the molecular characteristics of rhodamine B in solvent toluene, we 

have performed photophysical studies of rhodamine B alone in toluene (figure A 4.8). It is 

found that RhB starts to form molecular aggregates at its increased concentration signaled by 

a decrease in its fluorescence lifetime. Such heterogeneity is thus expected to exhibit 

concentration-dependent energy transfer dynamics for the M:PNC−RhB system. 

Time-resolved photoluminescence studies of D-A pairs are in direct agreement with 

steady-state photoluminescence studies. TRPL decay of Ni:PNC−RhB and Ni:Co:PNC−RhB 

pairs at 515 nm (λexc = 405 nm) with gradual addition of acceptor (0-10 µM) becomes faster 

(Figure 4.5 C, D) and the decay parameters are tabulated in table A 4.1 & A 4.2. However, the 

decrease in τavg for Ni:PNC−RhB is 83%, whereas that for Ni:Co:PNC−RhB remains at merely 

20%. It is evident that the emission of RhB originates from the excitation of doped PNCs and 

direct energy transfer from perovskite nanocrystals to the organic fluorophore yields a singlet 

excited state of the acceptor. Involvement of triplet–triplet (T–T) annihilation has been recently 

contested by presenting the dependence of acceptor’s singlet excited state formation on excited 

state decay of the donor, doped-PNC. To quantify the rate of energy transfer for the 
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Ni:PNC−RhB pair, we have recorded fluorescence decay of rhodamine B at 585 nm (λexc = 405 

nm) in the presence and absence of the donor, Ni:PNC (Figure 4.5 E). Emergence of rise time 

in fluorescence decay of rhodamine B confirms the energy transfer from Ni:PNC table A 4.3. 

However, there is no rise time noticed for the Ni:Co:PNC−RhB pair even at a 10 µM 

concentration of rhodamine B (Figure 4.5 F table A 4.4). 

To further substantiate the light-harvesting abilities of the doped Ni:PNC−RhB system, 

we have investigated their energy transfer dynamics in the thin film as well. The concentrations 

of acceptor RhB have been kept relatively low to avoid the formation of molecular aggregates. 

The photoluminescence of Ni:PNC drops dramatically even at 0.5 μM of rhodamine B. 

Thereafter, it follows a common trend observed for energy transfer decrease in Ni:PNC 

emission with concurrent increase in RhB emission (Figure 4.6 A). TRPL decay of 

Ni:PNC−RhB in thin films at 512 nm (λexc = 405 nm) with gradual addition of acceptor (to 1.0 

µM) becomes faster (Figure 4.6 B table A 4.7). The rise time in fluorescence decay of RhB 

again bolsters the efficient energy transfer from Ni:PNC (Figure 4.6 C table A 4.8). The rate 

of energy transfer in the thin film is much faster than that in solution (Table 4.1). It therefore 

suggests that rhodamine B resides in close proximity to Ni:PNC in thin films owing to the 

arrested diffusion. 
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Figure 4.6 [A] Photoluminescence spectra of Ni:PNC in the presence of RhB in thin films. 

Inset: Concomitant increase in fluorescence of RhB. [B] Time-resolved photoluminescence 

decays at λems = 512 nm at varied concentrations of rhodamine B in thin films. [C] 

Timeresolved photoluminescence decays of the acceptor, RhB (λems = 570 nm), at its two 

different concentrations in thin films for the Ni:PNC− RhB pair. Time-resolved 

photoluminescence decay of the donor, Ni:PNC, at 560 nm in the absence of rhodamine B (red 

hollow circle). 
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Table 4.1. Efficiency of Energy Transfer and Associated Parameters for Different Donor-

Acceptor Pairsa. 

 Donor [RhB] 
(µM) 

PLQY 
(Donor) 

< τ
D
>  

(ns) 
J(λ)  

(M-1cm-

1nm4) 

τA
rise  

(ns) 
k

FRET
 

(109 s-1) 
R

0
  

(Å) 
R

DA
 

(Å) 
EFRET 

(%) 

 

Toluene 

Ni:PNC 

2  

0.32 

 

4.68 

 

2.10 

0.90 1.11 30.49 20.19 84 

10 0.31 3.22  15.47 94 

Co:PNC 
10 0.44 2.57 2.09 0.75 1.33 31.89 23.45 77 

Ni:Co:PNC 
10 0.62 5.47 1.92 − 0.05b 33.53 46.36 21 

   

Thin 

film 

Ni:PNC 

0.5 — 5.05  

1.87 

1.48 0.67 — — — 

1.0 — 5.05 0.93 1.07 — — — 

𝑎𝑘𝐹𝑅𝐸𝑇
=

1

𝜏𝐴
𝑟𝑖𝑠𝑒 for the D–A pair with the appearance of rise time. 

𝑏
𝑘𝐹𝑅𝐸𝑇

′ = (
1

𝜏𝐷𝐴
−

1

𝜏𝐷
) for the D–A pair with nonappearance of rise time. 

 

Resonance energy transfer (RET) involves a nonradiative energy transfer from an 

electronic excited state of a donor molecule (D*) to the ground state of an acceptor 

molecule.264,312 The Förster theory for energy transfer processes assumes dipole−dipole 

interactions and predicts that the rate of RET follows a 1/R6-type distance dependence, where 

R is the center-to-center distance between D and A. However, a significant deviation from the 

1/R6 dependence is observed for donor−acceptor systems with increased asphericity. Bagchi 

and co-workers have formulated that the rate of RET follows 1/R4 dependence for 

nanoparticle−fluorophore systems.313,314 To quantify the energy transfer for 

M:PNC−rhodamine systems, the rise time of the acceptor is being exploited. The excited state 

concentration of the acceptor, A*(t), generated via FRET, is proportional to the time-resolved 

fluorescence intensity of the donor IDA(t) in the presence of the acceptor. Moreover, this 

donor−acceptor system is relatively homogeneous with no excluded volume. Considering the 

cubic and elongated dodecahedron structures for doped-PNCs, we have quantified the rate of 
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energy transfer and efficiency of energy transfer (EFRET) by using formalism of 1/R4 

dependence for FRET. 

𝑘𝐹𝑅𝐸𝑇 =
1

𝜏𝐴
𝑟𝑖𝑠𝑒

=
1

𝜏𝐷
(

𝑅0

𝑅𝐷𝐴
)

4
   (4.1) 

for the D–A pair with the acceptor rise time. 

 

𝑘𝐹𝑅𝐸𝑇
′ = (

1

𝜏𝐷𝐴
−

1

𝜏𝐷
) =

1

𝜏𝐷
(

𝑅0

𝑅𝐷𝐴
)

4
   (4.2) 

for the D–A pair without acceptor rise time. 

 

𝐸𝐹𝑅𝐸𝑇 = (
𝑅0

4

𝑅0
4+𝑅𝐷𝐴

4 )    (4.3) 

Where 𝜏𝐴
𝑟𝑖𝑠𝑒 is the rise-time component of acceptor, 𝜏𝐷𝐴 is the donor’s lifetime with acceptor, 

𝜏𝐷 is the donor’s lifetime (without acceptor),  𝑅0 is the Förster distance, and 𝑅𝐷𝐴 is the D−A 

distance. 

 

Figure 4.7: Dependence of efficiency of energy transfer (EFRET) on distance between donor 

and acceptor, RD-A  

Table 4.1 summarizes all the quintessential parameters associated with FRET 

efficiency, E
FRET.

 FRET efficiency for Ni:PNC–RhB pair is estimated to be 94% (equation 4.3) 
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whereas that for Ni:Co:PNC–RhB pair remains just 21%. And FRET efficiency is found to be 

greatly influenced by the distance between donor and acceptor, RDA. The rate of energy transfer 

of D–A pair is inversely related with photoluminescence quantum yield of donor. Moreover, 

the spectral overlap integral, J () is hardly impacting either 𝑘𝐹𝑅𝐸𝑇 .or  𝑘𝐹𝑅𝐸𝑇
′  (Table 4.1). 

It therefore raises a very pertinent question: what is the reason for variation of RDA? 

Hence, to provide a rationale, we have performed binding studies of rhodamine B with metal-

doped PNCs. Double-reciprocal plots have been constructed to measure the apparent 

association constants (Kapp) of rhodamine B with metal-doped PNCs (figure A 4.10). The 

estimated Kapp value for Ni:PNC−RhB pair is relatively high, 10.2 × 105 M−1, whereas that for 

the Ni:Co:PNC−RhB pair, it is quite low, 0.38 × 105 M−1. It therefore suggests preferential 

binding interactions of rhodamine B with metal-doped PNCs. Moreover, Figure 4.8 highlights 

the pivotal role of the association constant (Kapp) in regulating the energy transfer dynamics of 

M:PNC−RhB pairs. 

Such a huge variation in the binding constant cannot be obtained without either 

compositional variation of crystal facets or preferential interaction of oleylamine/oleic acid 

with facets. The basis of this hypothesis stems from the recent observation that cyclohexamine 

gets preferentially absorbed at the {111} facet of the FaPbI3 perovskite.283 However, accurate 

quantification of surface composition or stoichiometry of facets {100} and {111} is quite 

difficult; thereby, we have analyzed structural features through Rietveld refinement. Hence, 

facet {100} offers a conducive chemical environment for rhodamine B due to the presence of 

a number of cesium ions and thus fosters dipole−dipole interaction such as FRET.283,304 

However, the presence of Pb(II) in facet {111} enforces specific adhesion with oleyamine due 

to the chelation/metal−ligand type of interactions and hence blocks the access of rhodamine B 

to the Ni:Co:PNC nanocrystal.315,316 To support this hypothesis, we have recorded FTIR spectra 

of RhB to resolveits mode of interaction with M:PNC systems. 
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Figure 4.8: A radar plot highlighting dependence of rate of energy transfer, kFRET and 

efficiency of energy transfer, EFRET on spectral overlap integral, J(λ), PLQY and apparent 

binding constant (Kapp) for M:PNC-RhB pairs. 

 

The FTIR spectrum of rhodamine B (Figure 4.9) shows a broad peak in the 3700−3100 cm−1 

region, which can be ascribed to the −OH stretching of the carboxylic group and a strong band 

at 1660 cm−1 is ascribed to the C=O stretching of the carboxylic group. The FTIR spectrum of 

the Ni:Co:PNC−RhB system follows a more or less similar trend. In addition to that, a strong 

alkyl C–H stretching in the 2700−3000 cm−1 region is clearly visible, indicating the presence 

of oleic acid and oleyamine. However, the FTIR spectrum of the Ni:PNC−RhB system exhibits 

a drastic decrease in the intensity of characteristic −OH stretching of the carboxylic group. 
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Figure 4.9: Fourier transform infrared (FTIR) spectra of [A] rhodamine B (red line), [B] 

Ni:Co:PNC–RhB (blue line), and [C] Ni:PNC–RhB (green line). 

 

This can be attributed to the anchoring of rhodamine B to the cations at the NC surface via the 

carboxylate group. Strong evidence of the attachment of rhodamine B to the M:PNC surface is 

the disappearance of the band ascribed to the C=O stretching of the carboxylic group. 

 

4.3 Conclusions: 

We have demonstrated facet-engineering of CsPbBr3 perovskite nanocrystals with doping of 

trace amounts of nickel(II) and cobalt(II) ions. Ni:PNC retains regular cubic structure, whereas 

Ni:Co:PNC evolves into an irregular dodecahedron structure. Doping of nickel ions in the 

CsPBBr3 crystal lattice leads to crystal stiffening for Ni:PNC, while it distorts the crystal 

structure of Ni:Co:PNC via repositioning of atoms in the lattice. The ambient stability and 

photoluminescence property get significantly augmented for Ni:Co:PNC in comparison to 

those of Ni:PNC. We have identified that the mode of energy transfer remains Förster 

resonance energy transfer. Ni:PNC dominated with facet {100} records an impressive FRET 
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efficiency for rhodamine B, whereas Ni:Co:PNC dominated with facet {111} shows very poor 

efficiency to the same acceptor. Observation of regular and irregular structures with 

crystallographic termination and role of surface composition of facet {100} of metal-doped 

PNCs have been rationalized through structural analysis using Rietveld refinement. The size 

of metal-doped PNCs hardly plays any role in their energy transfer dynamics with organic 

fluorophore, RhB. 
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Electron Transfer in Ni-Doped CsPbBr3 

Nanocrystal−Fluorophore Light Harvester 
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The design of multifunctional nanostructures capable of coupling energy and electron transfer 

processes is central to advancing artificial photosynthesis and optoelectronic applications. 

Herein, we report a comprehensive study on a triadic light-harvesting system consisting of Ni-

doped CsPbBr₃ perovskite nanocrystals (Ni:PNCs), Rhodamine B (RhB), and methyl viologen 

(MV+2), which enables sequential Förster resonance energy transfer (FRET) and photoinduced 

electron transfer (PET). Ni2+ doping enhances the structural rigidity and ethanol tolerance of 

the Ni:PNC, as confirmed by spectroscopic and morphological analyses. Efficient energy 

transfer from Ni:PNC to RhB is demonstrated through photoluminescence quenching and time-

resolved lifetime analysis, with energy transfer efficiency reaching ~88%. Competitive binding 

experiments and Stern–Volmer analysis reveal preferential association of MV+2 over RhB at 

the nanocrystal surface, significantly influencing charge transfer geometry. Femtosecond 

transient absorption spectroscopy provides kinetic evidence for ultrafast electron transfer from 

the photoexcited PNC–fluorophore complex to MV+2, leading to the formation of MV⁺• radical 

species. The incorporation of RhB is shown to modulate both the rate and spatial dynamics of 

charge separation, suggesting a protective role at the nanocrystal interface. These findings 

offer new mechanistic insights into energy-transfer-coupled electron transfer (ECET) and 

establish Ni:PNC-based assemblies as a versatile platform for solar-to-chemical energy 

conversion. 

 

 

5.1 Introduction: 

Outstanding attributes of Cesium lead bromide, CsPbBr3 perovskite nanocrystals (PNC) 

such as high absorption coefficients, defect tolerance and high photoluminescence quantum 

yields make them promising nanomaterials in the field of light-harvesting and 

photocatalysis.199,304,317 Their abilities to participate in Resonance Energy Transfer (RET) and 

photoinduced electron transfer (PET) reactions further fuel to construct multicomponent 

donor–acceptor assemblies, especially in hybrid systems involving organic fluorophores and 

redox-active species for designing artificial photosynthetic systems.318–322 

The mechanism of Energy transfer, particularly Förster Resonance Energy Transfer (FRET) 

has been investigated in detail. Fluorophores such as Rhodamine B, Coumarin derivatives, and 

BODIPY derivatives and Nile Red have been integrated with PNCs to form hybrid 

nanostructures for energy harvesting studies.57,323,324 These organic dyes can relay intermediate  
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energy and charge transfer. The basis of this donor-acceptor selection stems from the 

observation of photocurrent generation by organic dyes. Moreover, recent studies on Förster 

Resonance Energy Transfer (FRET) between pristine cesium lead bromide perovskite and 

organic fluorophores indicate that singlet energy transfer efficiency is dictated by- (i) donor-

acceptor distance, (ii) binding constant of acceptor with nanocrystal’s surface, and (iii) overlap 

integral, J().57,317 These hybrid assemblies offer a unique platform to investigate exciton 

dynamics and enhance emission characteristics of the acceptor dyes, which is particularly 

useful in solar cell applications.325,326 

 

Scheme-5.1: Highlighting the scope of our work in metal-doped Cesium lead halide 

for deciphering energy transfer coupled electron transfer dynamics. 
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Methyl viologen (MV+2), a well-known electron acceptor with a low reduction potential and 

stable radical cation form (MV⁺•), has been widely used as a redox probe to study photoinduced 

charge transfer reactions in semiconductor–molecule assemblies.327–331 Photoinduced Electron 

transfer between PNCs and MV+2 serves as a model system for investigating directional 

electron transfer and charge separation dynamics. When photoexcited PNCs are brought into 

contact with MV+2, electron transfer from the conduction band of the PNCs to MV+2 becomes 

thermodynamically favorable, leading to the formation of the reduced MV⁺• species.213,331,332 

However, the PET for a metal-doped PNC, such Ni:PNC remains unexplored. 

In a PNC–fluorophore– MV+2 triad, electron transfer can proceed through either sequential 

energy transfer from PNC to the fluorophore, followed by electron transfer to MV+2 or direct 

electron transfer from the photoexcited PNC to MV+2 depending on energetics (Scheme 5.1). 

Alejandro et al. demonstrated CsPbBr₃ NCs functionalized with BODIPY dyes show ~82% 

FRET while also exhibiting charge-mediated triplet energy transfer (TET) leading to charge-

separated states.324 Likewise, Sławski et al. investigated Competition between Photoinduced 

Electron Transfer and Resonance Energy Transfer in an Example of Substituted Cytochrome 

c-Quantum Dot Systems.333 Herein the photoinduced electron transfer dynamics in a Ni:PNC–

RhB– MV+2 triad system has been explored. We unravel the mechanism of electron transfer 

and the role of the fluorophore in modulating the charge transfer pathway using steady-state 

and time-resolved emission studies, and transient absorption measurements.  
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5.2 Results & discussion: 

5.2.1 Ethanol Tolerance of Ni:PNC:  

Synthesized pristine CsPbBr3 (PNC) and Nickel-doped CsPbBr3 perovskite nanocrystal 

(Ni:PNC) exhibit cubic phase, with an average edge length of 10.2 ±1.9 nm for PNC and 8.1 

±1.4 nm for Ni:PNC (Figure 5.1, Figure A5.1 & A5.4). The dose of metal dopant in CsPbBr3 

is about 2.5%. Deciphering the role of dopant metal ion in electron transfer dynamics of a triad, 

energy donor (Ni:PNC)—energy acceptor (RhB) —electron acceptor (MV+2) is the subject of 

investigation here. Considering the solubility/dispersibility of individual components in 

solvents, we have identified a ternary solvent system, toluene—acetonitrile—ethanol for 

stabilizing for this triad system, Ni:PNC—RhB— MV+2. Stability of PNCs in solvent becomes 

a bottleneck in understanding the optical dynamics of PNCs in wide range of solvent. Since 

PNCs are prone to degradation in ethanol, hence we have first investigated the ethanol tolerance 

of Ni:PNC (Figure 5.1C-D). The volume percentage of ethanol has been varied from 0 – 0.024 

in a binary solvent of acetonitrile and ethanol. 

A comparative stability study reveals improved ethanol tolerance of Ni:PNC over pristine PNC. 

This enhanced stability can be attributed to lattice contraction induced by the incorporation of 

Ni+2 ions, leading to reduction of surface defects and enhancement of the structural integrity of 

the nanocrystals.308,334 The structural rigidity of Ni:PNC thus provides a protective shield for 

augmenting its ethanol tolerance. 
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Figure 5.1: HRTEM image of— [A] pristine PNC, and [B] Ni:PNC. Inset: size distribution of 

synthesized perovskite nanocrystals. [C] Photoluminescence intensity of—pristine PNC (red 

circle), Ni:PNC (black circle), Ni:PNC-RhB (green circle) [D] TRPL decay profile of Ni:PNC 

(red circle), pristine PNC (black circle) and Ni:PNC-RhB (green circle) at varied volume 

percentage of ethanol in acetonitrile.  

 

To build this triad in solution phase, we have first preassembled light-harvester, Ni:PNC–RhB 

complex. The concentration of RhB has been deliberately kept in micromolar range, 5 µM, 

whereas that of Ni:PNC in nanomolar range, 32 nM for saturating surface of perovskite 

nanocrystals in toluene. Moreover, our previous studies suggest that energy transfer efficiency 

for this concentration range is relatively very high, 94%.334 Since the stability of this 

nanocrystal-fluorophore complex is pivotal in unearthing its electron transfer to an acceptor, 

MV+2, thus we have resolved the modulation of PL dynamics by gradually added binary solvent 

mixture of acetonitrile-ethanol in toluene. Surprisingly the PL intensity of Ni:PNC—RhB at 

510 nm exhibits an increasing trend (Figure 5.1C-D & 5.2). The emission of fluorophore 

presents in Ni:PNC—RhB monitored at 585 nm follows a generic decreasing trend with 
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increase in ethanol concentration in ternary solvent (Figure 5.2C). Time-resolved 

photoluminescence (TRPL) decays of Ni:PNC—RhB in ternary solvent can be best fitted by 

triexponential functions (Table A5.1). Characteristic rise-time component of energy acceptor 

in Ni:PNC—RhB complex has been noticed confirming involvement of energy transfer from 

Ni:PNC. However, average lifetime of energy donor in Ni:PNC—RhB complex follows the 

similar trend as observed for Ni:PNC alone (Figure 5.1D, A5.3). 

 

Figure 5.2: Stability of Ni:PNC on gradual addition of EtOH [A] Absorbance spectra, [B] 

Photoluminescence spectra of Ni:PNC (510 nm) and Rhodamine B (585 nm). Inset: showing 

the PL spectra of Ni:PNC (black line) and after addition of 5 µM of RhB (red line). [C] Zoomed 

in PL spectra of Rhodamine B at 585 nm on gradual addition of EtOH. 
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Contrasting trends observed between photoluminescence intensity and lifetime of Ni:PNC—

RhB complex is often indicative of ground state dynamics—ethanol-induced perturbation of 

bound-free equilibrium of RhB in ternary solvents by populating free RhB in solution. This 

hypothesis has been elucidated here by reversing the addition of donor and acceptor in solution. 

In a typical experiment, the concentration of RhB has been kept fixed (5 M) in toluene while 

the concentration of Ni:PNC is varied (Figure 5.3). The photoluminescence of free RhB is 

monitored by keeping the excitation wavelength at 530 nm. 

 

Figure 5.3: [A] Absorbance spectra of Rhodamine B after gradual addition of Ni:PNC (up to 

32 nm), [B] Photoluminescence spectra of Rhodamine B (λexc=530 nm) on addition of Ni:PNC, 

Inset: showing the zoomed in PL spectra at 585 nm.  

 

Rhodamine B in toluene displays its characteristic absorption (553 nm) and relatively high 

fluorescence with a peak centered at 580 nm. However, upon addition of just 16 nM of Ni:PNC 

the absorbance and fluorescence (Figure 5.3A-B) of RhB get dramatically dropped indicating 

its strong interaction with nano-surface. Upon further increase of Ni:PNC concentration, the 

spectral features of RhB remain almost unaltered. It therefore suggests that RhB remains in 

bound state. The increasing trend of photoluminescence intensity of donor in Ni:PNC—RhB 

complex may thus be attributed to repositioning of RhB around nanosurface in ternary solvent.   
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5.2.2 Photoluminescence Quenching of Ni:PNC−RhB in presence of an Electron 

Acceptor, MV+2: 

It is expected that competitive binding is bound to take place between energy acceptor, 

RhB and electron acceptor, MV+2 in solution. Binding constant of analyte with PNC plays a 

decisive role on its accessibility to nano-surface. The apparent association constant (kapp) of 

methyl viologen (MV+2) with CsPbBr₃ nanocrystals is on the order of 106, which is significantly 

higher than that of RhB, which is in the order of 105 (Figure A5.7). 

 

Figure 5.4: [A] Absorbance spectra of Ni:PNC_RhB complex on successive addition of MV+2. 

[B] Photoluminescence spectra of Ni:PNC_RhB complex excited at 530 nm to investigate the 

detachment process of RhB from the nanocrystal surface after progressive addition of MV+2 

 

It can be hypothesized that preferential binding of MV+2 will increase the population of 

free RhB and its fluorescence will gradually increase upon titration with MV²⁺. To resolve the 

issue on preferential binding MV+2 over RhB to the Ni:PNC, the emission of RhB has been 

probed. In contrary, addition of MV+2 does not result in an increase in fluorescence of RhB, 

rather a rapid decline has been noticed (Figure 5.4B). These findings indicate that RhB 

molecules remain firmly bound to the nanocrystal surface and do not get displaced by the 

MV+2. 

Secondly, we have investigated the efficacy of RhB in electron transfer to MV+2 as it is 

essential for elucidating the electron transfer dynamics of triad, Ni:PNC—RhB—MV+2. To 

probe this interaction, MV+2 has been gradually introduced to a solution of RhB (5 µM) in 
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toluene in the absence of Ni:PNC. As shown in Figures A5.5, the addition of merely 0.04 µM 

MV+2 led to complete quenching of RhB fluorescence (KD = 156.47 µM-1). Additionally, the 

average fluorescence lifetime of RhB is decreased from 3.1 ns to 1.1 ns (Table A5.2). Upon 

addition of MV+2, an ultrafast component continues to surge, perhaps originating from the 

formation of RhB– MV+2 ion pair. This result clearly suggests that electron transfer from RhB 

to MV+2 occurs at ultrafast timescale. 

Energy transfer-coupled with electron transfer remains the cornerstone of natural 

photosynthetic system.335–337 Moreover, the photocatalytic activity of PNC is guided by the 

efficient extraction of electron from conduction band. Hence, the dynamics of electron transfer 

from PNC–fluorophore assembly to MV+2 has been investigated in detail. First, Ni:PNC–RhB 

light harvester has been assembled in toluene by keeping the donor concentration at 32 nM and 

acceptor concentration at 5µM. The process of energy-coupled electron transfer (ECET) has 

been investigated by gradual addition of MV+2 (0-0.12 µM) in Ni:PNC–RhB solution. 

Photoluminescence of Ni:PNC and fluorescence of RhB have been gauged to resolve the 

intricacies of ECET dynamics. 

Singlet energy transfer from Ni:PNC to RhB takes place because of the significant overlap 

between the acceptor absorbance and the donor's emission.57 The energy transfer results in a 

concurrent emission of acceptor at 585 nm in photoluminescence spectra (Figure 5.5A) and 

emergence of a rise time in acceptor TRPL decay (Table A5.3). The energy transfer efficiency 

is measured to be 88%. The emission of donor, Ni:PNC and acceptor, RhB get gradually 

quenched upon addition of MV+2 (Figure 5.5A-B). About 88% of the donor’s emission and 

90% of the acceptor emission has been quenched. The decreasing trend has also been noticed 

in excited state properties of Ni:PNC–RhB complex (Figure 5.5C-D). The average emission 

lifetime of the Ni:PNC at 510 nm gets reduced by 74% (Table S4) and that of RhB monitored 

at 585 nm shows a comparable reduction of about 66% (Table A5.3). Furthermore, it can be 
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noticed that the rise time component and long component of RhB get gradually diminished 

whereas a very short component (0.2 ns) has emerged with successive addition of MV+2. 

 

Figure 5.5: Photoluminescence quenching of Donor– [A] Ni:PNC and acceptor [B] 

Rhodamine B with successive addition of methyl viologen. Time-resolved photoluminescence 

decays at ems = 510 nm of [C] Ni:PNC (donor) [D] Time-resolved photoluminescence decays 

at ems = 585 nm of.acceptor RhB on successive addition of methyl viologen.  

 

The relative changes in emission intensity (I0/I) and emission lifetime (τ0/τ) of donor and 

acceptor in Ni:PNC—RhB complex, in the absence (I0 and τ0) and presence of MV+2 (I and τ) 

are plotted against the quencher concentration (Figures 5.6). Steady state Stern–Volmer (SV) 

plots exhibit remarkable nonlinearity, characterized by a positive curvature at higher 

concentrations of MV+2 (Figure 5.6A). We have also constructed Stern–Volmer (SV) plots for 

photoluminescence quenching of Ni:PNC (without RhB) with gradual addition of MV+2. As 

expected, photoluminescence quenching of Ni:PNC with MV+2 is markedly higher than that of 

Ni:PNC—RhB complex, suggesting shielding action of RhB. Notably, Stern–Volmer (SV) plot 
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of Ni:PNC in ternary solvent (without RhB and MV+2) clearly indicates its good colloidal 

stability. The observed nonlinear (exponential) behaviour of donor, Ni:PNC can be elucidated 

within the framework of Perrin formalism (equation 5.1).264 

I0

I
= e

(𝑄×𝑉×𝑁)

1000        (eqn. 5.1) 

where V is the volume of sphere, Q is the quencher constant, N is the Avogadro’s number. I0 

and I are the PL intensity of donor in absence and in presence of quencher, respectively. Stern-

Volmer quenching constant, KD for the dual “static and dynamic” fluorescence quenching has 

also been calculated by using equation 5.2. 

𝜏0

𝜏
= 1 + 𝑘𝑞𝜏0[𝑄] = 1 + 𝐾𝐷[𝑄]      (eqn. 5.2) 

τ0 and τ are the average lifetime of donor in absence and in presence of quencher respectively, 

and kq is the dynamic quenching constant. The quenching constants and volume of sphere have 

been summarized in Table 5.1. 

The Steady state Stern Volmer plot for acceptor, RhB is suggestive of two distinct quenching 

mechanisms, depending upon the concentration range of MV+2 (Figure 5.6B). However, time 

resolved Stern Volmer plots at 510 nm for Ni:PNC—RhB complex and Ni:PNC exhibit a 

commonly observed linear trend with quencher concentrations (Figure 5.6C). The dynamic 

quenching constant, kq at 510 nm for Ni:PNC—RhB complex remains relatively lower than 

that for Ni:PNC (Table 5.1). On the other hand, the dynamic quenching constant, kq at 585 nm 

for Ni:PNC—RhB complex is about 2 times lower than that at 510 nm.  
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Figure 5.6: [A] Steady state Stern-Volmer quenching kinetics of Ni:PNC on graduall addition 

of MV+2 (green square), quenching kinetics of preassembled Ni:PNC-RhB on successive 

addition of MV+2 (deep blue triangle), quenching kinetics of Ni:PNC-RhB on successive 

addition of EtOH (grey circle). [B] Steady state Ster-Volmer quenching kinetics of RhB on 

graduall addition of MV+2 (green triangle), quenching kinetics of RhB at 585 nm in Ni:PNC-

RhB on successive addition of MV+2 (light blue triangle), quenching kinetics of RhB at 585 

nm in Ni:PNC-RhB on successive addition of EtOH (grey circle). [C] Time-resolved Stern-

Volmer quenching kinetics of Ni:PNC on graduall addition of MV+2 (green square), time-

resolved quenching kinetics of Ni:PNC-RhB at 510 nm on successive addition of MV+2 (deep 

blue triangle). [D] Time-resolved Stern-Volmer quenching kinetics of RhB at 585 nm in 

Ni:PNC-RhB on successive addition of MV+2 (light blue triangle). 

 

According to Perin Formalism, the estimation volume of the quenching sphere (V) is based on 

the dynamic quenching constant (KD), obtained from time-resolved photoluminescence 

measurements of the donor in the presence of the acceptor (eqn 5.2). When MV+2 is introduced 

to interact directly with Ni:PNC, the volume of sphere, V is estimated to be 5.6 × 10-14 cm3, 

whereas when MV+2 is allowed to interact with Ni:PNC—RhB complex, it is decreased to 4.1 

× 10-14 cm3. This change in the volume of sphere suggests that MV+2 is not directly attached to 
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the Ni:PNC surface in the presence of RhB; instead, it remains in the solution state and interacts 

from a more distal position, likely at the outer region of the preassembled Ni:PNC–RhB 

complex. These findings support a change in quenching geometry and accessibility of the 

nanocrystal surface by MV+2 upon RhB incorporation. Moreover, the dual quenching constant, 

KD at 510 nm is 18.66 µM-1 for Ni:PNC—RhB complex, whereas that for Ni:PNC is 31.67 

µM-1. This reduced value of quenching constant for Ni:PNC—RhB complex further implies 

that RhB resides near nanocrystal surface. 

Table 5.1: Values of KD, kq and Volume of Sphere (V) obtained from steady state and time 

resolved experiments. 

Sample λems 

(nm) 

τ0
   

(ns) 

kq×109  

(µM-1 s-1) 

KD  

(µM-1) 

Volume of 

sphere (cm3) 

Ni:PNC–RhB–MV+2 510 4.14 4.50± 0.50 18.66 ± 0.50 4.1 × 10-14 

Ni:PNC–MV+2 510 4.64 6.82± 0.85 31.67 ± 0.85 5.6 × 10-14 

 

Ni:PNC–RhB–MV+2 585 4.75 1.94± 0.23 9.24± 0.23  

RhB–MV+2 585 – – 156.47 ±7.7* – 

 

5.2.3 Resolving Electron Transfer Dynamics of Ni:PNC-RhB-MV+2 system:  

To investigate the kinetics of charge carrier recombination and charge transfer for 

Ni:PNC−MV+2 and Ni:PNC−RhB−MV+2, we have employed femtosecond pump–probe 

transient absorption spectroscopy. Excitation has been performed using a 400 nm laser pulse 

with a FWHM of 75 fs. Both systems exhibit a pronounced excitonic bleach centered at 496 

nm (Figure 5.7A-B). Transient absorption spectra for Ni:PNC and Ni:PNC−RhB complex and 

kinetics of bleach recovery are presented in Figure 5.8.  
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Figure 5.7: Transient absorption spectra recorded after 400 nm laser pulse excitation for [A] 

Ni:PNC with MV+2. [B] preassembled Ni:PNC-RhB with MV+2. Comparison of the kinetics of 

bleach decay probed at 496 nm. [C] between Ni:PNC and MV+2 (red triangle) and between 

preassembled Ni:PNC-RhB and MV+2 (grey dots). Comparison of the decay kinetics of MV⁺• 

radical cation probed at 580 nm [D] between Ni:PNC and MV+2 (red triangle) and between 

preassembled Ni:PNC-RhB and MV+2 (grey dots). 

 

In the preassembled Ni:PNC–RhB system, the addition of RhB to Ni:PNC facilitates singlet 

energy transfer from Ni:PNC to RhB, as evident by accelerated bleach recovery at 496 nm. 

Upon subsequent addition of MV+2, further acceleration in bleach recovery has also been 

noticed (Figure 5.8 C-D), indicating efficient electron transfer from RhB to MV+2, following 

initial energy transfer from Ni:PNC to RhB. 

The formation of the MV⁺• radical cation, indicative of successful electron transfer, is 

confirmed by the appearance of a broad transient absorption feature spanning 550–650 nm 

(Figures 5.7A and 5.7B). 
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Figure 5.8: Transient difference absorption spectra recorded at 400 nm pulsed laser excitation 

of Ni:PNC interacting with [A] 0 µM RhB [B] 5 µM RhB. The concentration of Ni:PNC was 

fixed at 32 nM. [C] Kinetics of the 498 nm bleach decay for Ni:PNC (brown line), after addition 

of 5 µM RhB (cyan line) monitored at 493 nm, then on gradual addition of MV+2 up-to 0.12 

µM monitored at 493 nm. [D] Kinetics of the 496 nm bleach decay for Ni:PNC after successive 

addition of MV+2 up-to 0.12 µM (without RhB). 

 

Notably, in our case both systems exhibited rapid exciton bleach recovery within 1 ns, which 

may be attributed to the presence of Ni2+-induced trap states within the bandgap of the 

perovskite lattice. Prior studies have shown that incorporation of multiple metal cations can 

introduce structural defects, which can act as recombination centers, thereby facilitating back 

electron transfer from MV⁺• to Ni:PNC.338,339 Based on the maximum bleach and the residual 

absorbance after 1.0 ns, we have estimated the charge separation efficiency,  by using 

following equation-  

 = (∆𝐴(𝑡=1.0 𝑛𝑠)/∆𝐴(𝑡=0)) × 100               (eqn 5.3) 

The charge separation efficiency for metal-doped PNC, Ni:PNC is measured to be about 17%, 

whereas that for Ni:PNC−RhB complex gets reduced to 14%. This indicates that RhB engages 
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in electron transfer on roughly the same time scale. The decay kinetics (Figure 5.7C-D) are 

well fitted by bi-exponential fits, and the extracted lifetime parameters are summarized in Table 

5.2. The bi-exponential fitting consists of a fast component (τ1) and a longer component (τ2). 

The first component is assigned to shallow trap caused by surface defects, a longer one for 

electron transfer. Electron transfer rate constants (ket) have been determined using longer 

component, τ2 in the presence and absence of the quencher, according to the following 

equations: 

𝑘𝑒𝑡 =
1

𝜏2,𝑁𝑖:𝑃𝑁𝐶−𝑅ℎ𝐵−𝑀𝑉+2  

−
1

𝜏2,𝑁𝑖:𝑃𝑁𝐶−𝑅ℎ𝐵  
   (eqn. 5.4) 

𝑘𝑒𝑡 =
1

𝜏2,𝑁𝑖:𝑃𝑁𝐶−𝑀𝑉+2  

−
1

𝜏2,𝑁𝑖:𝑃𝑁𝐶  
    (eqn. 5.5) 

A more rapid decay of the bleach signal is observed for the Ni:PNC– MV+2 system, yielding a 

higher electron transfer rate (ket = 2.1 ×1010 s-1), compared to the Ni:PNC–RhB– MV+2 system 

(ket = 1.7 ×1010 s-1). 

Table 5.2 Biexponential decay fitting parameters for the transient absorption decay traces of 

Ni:PNC-RhB and Ni:PNC and electron transfer rate constants (ket). 

Sample [MV+2] / µM 1 (a1) /ps 2 (a2) /ps <τ> /ps ket
 / s-1 

Ni:PNC 0 4.47 (0.48) 77.16 (0.52) 42.26 – 

 

Ni:PNC–RhB–MV+2 

0 3.84 (0.46) 63.00 (0.54) 35.78 2.9×10 9 

0.02 2.97 (0.47) 57.13 (0.53) 31.67 4.5×10 9 

0.06 2.02 (0.49) 45.62 (0.51) 24.25 8.9×10 9 

0.12 1.18 (0.45) 33.35 (0.55) 18.87 1.7×10 10 

 

 

Ni:PNC–RhB 

0.02 2.41(0.48) 56.01 (0.52) 30.28 4.8×10 9 

0.06 2.62 (0.49) 44.72 (0.51) 24.09 9.4×10 9 

0.12 1.51 (0.53) 29.84 (0.47) 14.82 2.1×10 10 
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This reduction in electron transfer rate suggests that RhB modulates the charge transfer 

pathway. Kinetic traces at 580 nm (Figure 5.7D) revealed that MV⁺• forms on a sub-picosecond 

timescale (within 10 ps), followed by partial decay due to recombination with holes localized 

in mid-gap trap states. A fraction of the charge-separated species persists, governed by the 

dynamic equilibrium between forward and back electron transfer (Scheme 5.2). 

 

Scheme-5.2: Schematic representation of the energy transfer coupled with electron 

transfer in the triad, Ni:PNC−RhB−MV+2 for the excitation of the donor, Ni:PNC. 

 

5.3 Conclusions: 

This study presents a systematic investigation into the photophysical dynamics of a triadic 

light-harvesting assembly composed of Ni-doped CsPbBr3 perovskite nanocrystals (Ni:PNCs), 

Rhodamine B (RhB), and methyl viologen (MV+2), elucidating the interplay between resonance 

energy transfer (RET) and photoinduced electron transfer (PET). The incorporation of Ni2+ into 

the perovskite lattice not only enhances the structural integrity and ethanol tolerance of the 

nanocrystals but also introduces mid-gap states that modulate charge carrier recombination 

dynamics. Preassembly of the Ni:PNC–RhB complex facilitates efficient Förster resonance 

energy transfer (FRET), as evidenced by steady-state and time-resolved photoluminescence 

studies, while the subsequent introduction of MV+2 enables directional electron transfer from 
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the excited donor–acceptor complex. The competitive interaction between MV+2 and RhB 

highlights the importance of binding affinities in dictating surface accessibility. Femtosecond 

transient absorption spectroscopy reveals that electron transfer to MV+2 occurs on a picosecond 

timescale, with the presence of RhB modulating the kinetics and spatial distribution of charge-

separated states. The observed dual quenching behavior and reduced volume of the quenching 

sphere in the Ni:PNC–RhB– MV+2 system further corroborate the existence of an energy-

mediated electron transfer mechanism. 
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6.1. Summary: 

 

Cesium lead halide perovskite nanocrystals (CsPbX3; X = Cl, Br, I) are emerging as 

leading candidates for optoelectronic applications due to their outstanding photoluminescence, 

bandgap tunability, and solution-processability. However, their operational instability under 

ambient conditions continues to limit their practical implementation. Additionally, the 

influence of specific crystal facets on light-harvesting efficiency and charge transfer dynamics 

remains inadequately understood. At the same time, emulating natural photosynthesis through 

artificial light-harvesting assemblies remains an ongoing challenge. The design of perovskite–

multi-acceptor systems capable of directional energy or electron transfer, analogous to 

photosynthetic antenna complexes, is largely unexplored. This thesis aims to address these gaps 

by developing synthesis, stabilization, and halide exchange properties of cesium lead bromide 

(CsPbBr3) nanocrystals using a polymer-guided approach with polyvinylidene fluoride 

(PVDF). We develop a room-temperature, antisolvent-based method that leverages PVDF’s 

hydrophobic nature to direct the formation of nanocrystals, resulting in both orthorhombic 

Cs4PbBr6 and monoclinic CsPbBr3 phases. Encapsulation of these nanocrystals within PVDF 

significantly influences their optical properties, with a bathochromic shift in emission maxima, 

indicating structural reorganization. Time-resolved photoluminescence measurements reveal 

multiple decay components, and importantly, encapsulation enhances the overall PL lifetime, 

suggesting suppressed non-radiative pathways and more efficient emission. The PVDF matrix 

also imparts remarkable stability to the nanocrystals, enabling them to be unaffected in water 

exposure for over a week and facilitating rapid, reversible halide exchange reactions with 

hydroiodic acid. This reversible ion exchange, combined with the improved stability and 

tunable emission, points to promising applications in optoelectronics, photocatalysis, and 

hydrogen production. Overall, the research demonstrates that PVDF not only guides and 
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stabilizes perovskite nanocrystals at room temperature but also enhances their optical 

performance and environmental resilience, opening new pathways for their practical 

deployment. 

Furthermore, the next study offers significant insights into the role of crystal facet 

engineering in modulating Förster resonance energy transfer (FRET) efficiency within doped 

cesium lead bromide (CsPbBr3) nanocrystals. By doping with trace amounts of Ni+2 and Co+2 

ions, two structurally distinct nanocrystal systems were developed: Ni:PNC, exhibiting a cubic 

morphology predominantly exposing {100} facets, and Ni:Co:PNC, which formed an 

elongated dodecahedral shape with dominant {111}/{002} facets. These structural differences 

were rigorously characterized through Rietveld refinement, TEM imaging, and 

crystallographic analysis. A key observation was the dramatic difference in FRET efficiency 

when rhodamine B (RhB) was used as an energy acceptor. The {100}-faceted Ni:PNC 

demonstrated a high FRET efficiency of 94%, while the {111}-faceted Ni:Co:PNC exhibited 

a significantly lower efficiency of only 21%. Importantly, these variations occurred despite 

comparable photoluminescence quantum yields and spectral overlap integrals. This suggests 

that the efficiency of energy transfer in such systems is not primarily dictated by spectral 

factors, but rather by nanoscale spatial and chemical interactions at the donor–acceptor 

interface. 

Binding affinity studies and FTIR spectroscopy provided compelling evidence that the 

{100} facet, rich in Cs+ surface ions, facilitates stronger interaction with the carboxylate group 

of RhB, thus reducing donor–acceptor distance (RDA) and enhancing energy transfer. 

Conversely, the presence of Pb+2 in facet {111} enforces specific adhesion with oleyamine due 

to the chelation/metal–ligand type of interactions and hence blocks the access of rhodamine B 

to the Ni:Co:PNC nanocrystal. 



121 
 

The comparison between solution-phase and thin-film configurations further revealed 

that physical confinement significantly enhances energy transfer rates. In thin films, reduced 

molecular diffusion and closer spatial proximity between donor and acceptor components 

enabled more efficient FRET, reinforcing the role of nanoscale architecture in guiding energy 

transfer pathways. 

Overall, this work underscores the importance of crystallographic facet exposure and 

surface composition in directing energy flow in perovskite nanocrystals. The findings suggest 

that beyond conventional considerations like spectral overlap and quantum yield, facet-specific 

binding chemistry and dopant-induced structural reorganization are pivotal in determining the 

efficiency of nonradiative energy transfer processes. These insights have broad implications 

for the design of perovskite-based optoelectronic devices and photocatalysts. In particular, 

tailoring nanocrystal facets via controlled doping strategies can serve as a powerful approach 

for engineering directional energy transfer, improving device performance, and enhancing the 

functional integration of perovskite materials with organic fluorophores, dyes, or catalytic 

centers. 

In addition to that, the next study explores the energy and electron transfer dynamics in 

a triadic nanohybrid system comprising nickel-doped CsPbBr3 perovskite nanocrystals 

(Ni:PNCs), Rhodamine B (RhB), and methyl viologen (MV+2). Leveraging the inherent 

photophysical advantages of CsPbBr3 such as high absorption, defect tolerance, and bright 

photoluminescence, the work examines its potential for constructing artificial photosynthetic 

assemblies via Förster Resonance Energy Transfer (FRET) and Photoinduced Electron 

Transfer (PET). 

The Ni:PNCs demonstrate improved ethanol tolerance due to lattice contraction from Ni+2 

doping, which enhances stability for hybrid assembly in ternary solvent systems. A high energy 



122 
 

transfer efficiency (~88%) from Ni:PNC to RhB is confirmed through steady-state and time-

resolved photoluminescence (TRPL) studies. Ethanol-induced modulation of 

photoluminescence in the Ni:PNC–RhB complex highlights dynamic equilibrium between 

bound and free RhB species, influenced by solvent polarity. 

The introduction of MV+2 as an electron acceptor into the Ni:PNC–RhB system reveals 

significant emission quenching of both Ni:PNC and RhB, indicating efficient electron transfer. 

Stern–Volmer analyses suggest reduced accessibility of MV+2 to the nanocrystal surface when 

RhB is present, altering the quenching geometry and implying indirect electron transfer 

pathways. TRPL and absorption studies demonstrate that electron transfer from RhB to MV+2 

occurs ultrafast, without displacing RhB from the PNC surface. 

Transient absorption spectroscopy provides insight into charge separation kinetics. Ni:PNC–

RhB exhibits accelerated exciton bleach recovery and generation of MV⁺• upon MV+2 addition. 

Despite slightly reduced charge separation efficiency (14%) in the triad compared to Ni:PNC–

MV+2 (17%), the results confirm sequential energy transfer from Ni:PNC to RhB followed by 

electron transfer to MV+2. The electron transfer rate (ket ) in the triad is slightly slower, 

affirming RhB's role in modulating the pathway. 

In conclusion, the Ni:PNC–RhB–MV+2 triad serves as a functional model for exploring energy-

coupled electron transfer systems, with potential applications in photocatalysis and artificial 

photosynthesis. The findings highlight the importance of surface chemistry, binding dynamics, 

and sequential transfer mechanisms in optimizing hybrid nanomaterials for solar energy 

conversion. 
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6.2. Future Scope: 

Perovskite research continues to offer excellent opportunities across optoelectronics, energy 

conversion, and photocatalysis. Future efforts will likely focus on enhancing ambient stability 

through compositional engineering, surface passivation, and polymer encapsulation strategies. 

The development of lead-free or low-toxicity alternatives is critical for environmentally 

sustainable and biomedical applications. Furthermore, integrating perovskite nanocrystals into 

multi-acceptor energy transfer networks or magnetically responsive composites holds promise 

for advanced light-harvesting architectures and spintronic photocatalysis. Realizing scalable, 

long-term stable, and application-specific perovskite platforms will be pivotal in translating 

laboratory-scale breakthroughs into commercial technologies. 

Some of the Immediate scope of this thesis work would be- 

(i) Photocatalysis using the Combination of Perovskite nanoparticles with a multi-acceptor 

system for augmented catalytic activity. 

(ii) Biomass valorisation and organic pollutant degradation using perovskite nanoparticles as a 

catalyst. 

(iii) Ambient light-driven photocatalysis through the incorporation of ferromagnetism in the 

perovskite matrix. 

(iv) Dark photocatalysis using perovskite nanocrystals as an electron donor. 

(v) Highly efficient lead-free perovskite synthesis for commercial viability and bio medical 

applications. 
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Appendix: 

 

 

Figure A3.1: [A] HRTEM image of halide perovskite crystal, HPC-2 [B] Particle size-

distribution of HPC-2 [C] lattice spacing (0.30 nm) of HPC-2 

 

Figure A3.2: [A] Direct bandgap of HPC-1[B] Direct bandgap of HPC-2   
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Figure A3.3: FE-SEM imaging and EDS analysis of halide perovskite crystals-[A] HPC-1 

and [B] HPC-2 
 

 

Figure A3.4: [A] Direct bandgap of halide nanocrystal (HNC) [B] Direct bandgap of 

polymer-doped halide nanocrystal (PHNC-1) 
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Figure A3.5: FE-SEM imaging and EDS analysis of [A] HNC and [B] PHNC-1 
 

 

Figure A3.6: Particle size-distribution of polymer-doped nanocrystal, PHNC-1 
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Figure A3.7: XRD pattern of polymer doped nanocrystal films- green emitting PHNC-1 

(green) and red-emitting PHNC-2 (red) with the standard reference of monoclinic CsPbBr3, 

JCPDS no. 18-0364 (black line). 
 

 

Figure A3.8: High resolution XPS spectrum of Iodine in polymer-doped nanocrystal, PHNC-

2. 
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Figure A4.1: High resolution XPS spectrum of— [A] pristine PNC (violet line), [B] Ni:PNC 

(orange line), [C] Co:PNC (red line) and [D ]Ni:Co:PNC (green line). 

 

Figure A4.2: High resolution XPS spectra of Ni (II) for— [A] Ni:PNC and Ni:Co:PNC. [B] 

High resolution XPS spectra of Co (II) for Co:PNC and Ni:Co:PNC.  
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Figure A4.3: [A] FESEM image (left panel), energy dispersive X-ray spectra (centre) and K-

line & L-line of [i] Ni:PNC, [ii] Co:PNC,  [iii] Ni:Co:PNC respectively. [B] Energy dispersive 

X-ray spectra recorded using HRTEM of [i] Ni:PNC, [ii] Ni:Co:PNC respectively. K-line & 

L-line of Ni and Co are demarcated. 

 

Figure A4.4: Positioning of Cs and Pb atom for the crystal lattice of Ni:PNC and Ni:Co:PNC. 

Front surface on ab plane of- [A] Ni:Co:PNC, [B] Ni:PNC. Crystal lattice having Cs(I) and 

Pb(II) ions only.  



130 
 

 

Figure A4.5: HR TEM Image of [A] Ni:PNC [B] Interplanar spacing of Ni:PNC [C] HR 

TEM Image of Ni:Co:PNC. [D] Interplanar spacing of Ni:Co:PNC 

 

Figure A4.6: Direct Band gap and first order derivative of the absorbance with respect to 

energy for- [top] Ni:PNC ,  [centre] Co:PNC, and [bottom] Ni:Co:PNC respectively in solvent 

hexane  
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Figure A4.7: Absorbance spectra of [A] Ni:PNC, [B]  Co:PNC, and [C] Ni:Co:PNC with the 

successive addition of Rhodamine B in toluene. 

 

Figure A4.8: Absorbance spectra of  [A] Rhodamine B in toluene (without donor)[B] PL 

spectra of Rhodamine B in toluene (without donor) [C] PL decay traces of Rhodamine B in 

toluene (without donor) [D] Hydrodyanamic diameter of Rhodamine B measured by dyanamic 

light scattering in toluene.  
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Figure A4.9: Photoluminescence spectra of [A] Co:PNC (donor) and [B] Rhodamine B 

(acceptor) on gradual addition of RhB in toluene PL decay traces of [C] Donor Co:PNC (λems 

=515 nm) in presence of acceptor RhB and PL decay traces of acceptor [D] Rhodamine B (λems 

= 585 nm) in presence of donor Co:PNC 

 

Figure A4.10: Double reciprocal plot of the PL quenching data for [A] Ni:PNC, [B] 

Co:PNC, and [C] Ni:Co:PNC. All the samples were excited at 400 nm.  



133 
 

Table A4.1: PL decay parameters of donor, Ni:PNC in presence of acceptor, RhB 

[RhB] 1 /ns 

(a1) 

2 /ns 

(a2) 

3/ns 

(a3) 

< >/ns 2 

0 µM 1.01 

(0.39) 

4.24 

(0.51) 

20.36 

(0.11) 

4.68 1.06 

0.5 µM 0.55 

(0.68) 

3.25 

(0.26) 

17.03 

(0.06) 

2.27 1.1 

1.0 µM 0.53 

(0.66) 

3.20 

(0.27) 

16.62 

(0.07) 

2.36 1.1 

2.0 µM 0.49 

(0.67) 

3.13 

(0.27) 

16.71 

(0.06) 

2.25 1.1 

5.0 µM 0.45 

(0.71) 

2.87 

(0.24) 

15.72 

(0.05) 

1.83 1.08 

10.0 µM 0.28 

(0.75) 

1.47 

(0.20) 

6.98 

(0.05) 

0.83 1.08 

λexc = 405 nm, λems =515 nm IRF= 180 ps; Luminescence lifetimes, <> =  aii 
2/ aii 

 

Table A4.2: PL decay parameters of donor, Ni:Co:PNC in presence of acceptor, RhB 

λexc = 405 nm, λems =515 nm  IRF= 180 ps; Luminescence lifetimes, <> =  aii 
2/ aii 

 

  

[RhB] 1 /ns 

(a1) 

2 /ns 

(a2) 

3/ns 

(a3) 

< >/ns 2 

0 µM 0.76 

(0.27) 

4.70 

(0.48) 

11.83 

(0.25) 

5.47 1.03 

0.5 µM 0.77 

(0.25) 

4.57 

(0.47) 

11.51 

(0.28) 

5.60 1.03 

1.0 µM 0.80 

(0.24) 

4.67 

(0.49) 

11.55 

(0.27) 

5.57 1.00 

2.0 µM 0.91 

(0.26) 

4.72 

(0.49) 

11.53 

(0.25) 

5.43 1.06 

5.0 µM 0.84 

(0.29) 

4.52 

(0.53) 

11.50 

(0.18) 

4.68 1.04 

10.0 µM 0.81 

(0.32) 

4.27 

(0.52) 

11.60 

(0.16) 

4.37 1.12 
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Table A4.3: PL decay parameters of acceptor, RhB in presence of donor, Ni:PNC 

[RhB] 1 /ns 

(a1) 

2 /ns 

(a2) 

3/ns 

(a3) 

< >/ns 2 

0.5 µM 2.97 

(-0.48) 

3.09 

(0.49) 

13.71 

(0.02) 

3.28 1.07 

1.0 µM 1.19 

(-0.43) 

5.53 

(0.40) 

15.75 

(0.17) 

5.44 1.1 

2.0 µM 0.90 

(-0.48) 

5.02 

(0.38) 

14.72 

(0.13) 

4.33 1.13 

5.0 µM 0.59 

(-0.53) 

4.16 

(0.38) 

12.59 

(0.09) 

2.98 1.11 

10.0 µM 0.31 

(-0.43) 

2.45 

(0.48) 

7.52 

(0.09) 

1.99 1.06 

λexc = 405 nm, λems =585 nm IRF= 180 ps; Luminescence lifetimes, <> =  aii 
2/ aii 

Table A4.4: PL decay parameters of acceptor, RhB in presence of donor, Ni:Co:PNC 

λexc = 405 nm, λems =585 nm IRF= 180 ps; Luminescence lifetimes, <> =  aii 
2/ aii 

Table A4.5: PL decay parameters of donor, Co:PNC in presence of acceptor, RhB 

[RhB] 1 /ns 

(a1) 

2 /ns 

(a2) 

3/ns 

(a3) 

< >/ns 2 

0 µM 0.69 

(0.60) 

3.58 

(0.32) 

13.41 

(0.07) 

2.57 1.09 

0.5 µM 0.67 

(0.63) 

3.45 

(0.31) 

13.26 

(0.06) 

2.30 1.17 

1.0 µM 0.62 

(0.66) 

3.19 

(0.28) 

12.52 

(0.05) 

1.97 1.18 

2.0 µM 0.56 

(0.68) 

2.87 

(0.28) 

11.85 

(0.04) 

1.70 1.2 

5.0 µM 0.50 

(0.04) 

2.52 

(0.22) 

10.78 

(0.03) 

1.27 1.12 

10.0 µM 0.33 

(0.69) 

1.58 

(0.27) 

6.98 

(0.04) 

0.96 1.12 

λexc = 405 nm, λems = 515 nm IRF= 180 ps; Luminescence lifetimes, <> =  aii 
2/ aii  

[RhB] 1 /ns 

(a1) 

2 /ns 

(a2) 

3/ns 

(a3) 

< >/ns 2 

1.0 µM 0.60 

(0.42) 

3.89 

(0.39) 

10.88 

(0.19) 

3.84 1.07 

2.0 µM 0.66 

(0.38) 

3.80 

(0.43) 

10.77 

(0.19) 

3.97 1.02 

5.0 µM 0.51 

(0.40) 

3.38 

(0.45) 

10.32 

(0.15) 

3.30 1.12 

10.0 µM 0.25 

(0.45) 

2.10 

(0.30) 

5.51 

(0.25) 

2.13 1.09 
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Table A4.6: PL decay parameters of acceptor, RhB in presence of donor, Co:PNC 

[RhB] 1 /ns 

(a1) 

2 /ns 

(a2) 

3/ns 

(a3) 

< >/ns 2 

5.0 µM 0.13 

(0.76) 

3.36 

(0.22) 

11.05 

(0.03) 

1.13 1.10 

10.0 µM 0.75 

(-0.30) 

3.13 

(0.57) 

7.55 

(0.13) 

2.99 1.11 

20.0 µM 0.39 

(-0.22) 

3.30 

(0.74) 

16.29 

(0.04) 

3.24 1.04 

λexc = 405 nm, λems =585 nm IRF= 180 ps; Luminescence lifetimes, <> =  aii 
2/ aii 

 

Table A4.7: PL decay parameters of donor, Ni:PNC in presence of acceptor, RhB in thin 

film. 

λexc = 405 nm, λems =512 nm IRF= 180 ps; Luminescence lifetimes, <> =  aii 
2/ aii 

 

Table A4.8: PL decay parameters of acceptor, RhB in presence of donor, Ni:PNC in thin 

film. 

[RhB] 1 /ns 

(a1) 

2 /ns 

(a2) 

3/ns 

(a3) 

< >/ns 2 

0.5 µM 1.48 

(-0.43) 

6.92 

(0.46) 

28.73 

(0.11) 

7.07 1.06 

1.0 µM 0.93 

(-0.42) 

4.93 

(0.53) 

21.90 

(0.05) 

4.07 1.06 

λexc = 405 nm, λems =570 nm IRF= 180 ps; Luminescence lifetimes, <> =  aii 
2/ aii 

  

[RhB] 1 /ns 

(a1) 

2 /ns 

(a2) 

3/ns 

(a3) 

< >/ns 2 

0 µM 1.25 

(0.27) 

4.65 

(0.60) 

15.25 

(0.12) 

5.05 1.06 

0.5 µM 0.95 

(0.33) 

3.99 

(0.59) 

11.52 

(0.08) 

3.61 1.05 

1.0 µM 0.71 

(0.41) 

3.39 

(0.52) 

10.01 

(0.08) 

2.81 1.07 
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Figure A5.1: HR TEM Image of [A] Ni:PNC [B] Interplanar spacing of Ni:PNC [C] X-ray 

diffraction pattern of Ni:PNC, the planes are matched with the cubic lattice structure (JCPDS 

card no – 01-075-0412). [D] Energy dispersive X-ray spectra of Ni:PNC recorded using 

HRTEM , Inset : showing the atomic composition, confirming that Ni+2 ion is doped in CsPbBr3
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Figure A5.2: Photoluminescence quenching of [A] Ni:PNC before (black line) and after (red 

line) addition of 5 µM of RhB. Time-resolved photoluminescence decays at ems = 510 nm of 

Ni:PNC [B] before (black line) and after (red line) addition of 5 µM of RhB. [C] Time-resolved 

photoluminescence decay at ems = 585 nm of RhB in the absence of Ni:PNC (red triangle) and 

RhB in the presence of Ni:PNC (grey circle). 
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Figure A5.3: [A] Photoluminescence decay of Ni:PNC_RhB complex on gradual addition of 

EtOH monitored at 510 nm, Inst : showing the PL decay of Ni:PNC (black line), and after 

addition of 5 µM of RhB (red line). [B] Photoluminescence decay of Ni:PNC_RhB complex 

on gradual addition of EtOH monitored at 585 nm, Inst : showing the retention of rise time 

component after addition of EtOH through zoomed in portion of PL decay at 585 nm. 

 

 

Figure A5.4: HR-TEM image of— [A] Ni:PNC [B] Ni:PNC—RhB [C] Ni:PNC—RhB—MV+2. 

Inset showing the particle size distribution of all the systems, suggesting the average particle 

size remain unaltered after addition of different quenchers in ternary solvent  
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Figure A5.5: Control study: using Rhodamine B on successive addition of MV+2 (without 

Ni:PNC) [A] Absorbance spectra [B] Photoluminescence spectra [C] Photoluminescence 

decay profile monitored at 585 nm. Inset: showing the arising of shortest component in the 

demarked area after addition of 0.04 µM MV+2. [D] Steady state Ster-Volmer quenching 

kinetics of RhB on gradual addition of MV+2 

 

 

Figure A5.6: Control study: using Ni:PNC on successive addition of MV+2 (without RhB) 

[A] Absorbance spectra (each spectra was recorded in the interval of 30 minutes).[B] 
Photoluminescence spectra. (each spectra was recorded in the interval of 30 minutes) [C] 

Photoluminescence decay monitored at 510 nm. (each spectra was recorded in the interval of 

30 minutes). 
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Figure A5.7: Double reciprocal plot of the PL quenching data for [A] Ni:PNC–MV+2, [B] 

Ni:PNC–RhB–MV+2. All the samples were excited at 400 nm. 

 

Table A5.1: PL decay parameters of donor, Ni:PNC (510 nm) and acceptor RhB (585 nm) in 

presence of 5 µM RhB after gradual addition of ACN:EtOH mixture. 

λexc = 405 nm IRF= 180 ps; Luminescence lifetimes, <> =  aii 
2/ aii 

 

 

 

 

 

λems (nm) % of 

EtOH 

(v/v) 

1 /ns 

(a1) 

2 /ns 

(a2) 

3/ns 

(a3) 

< >/ns 
2
 

 

 

510 

0 1.15 

(0.48) 

4.53 

(0.43) 

18.50 

(0.10) 

4.26 1.12 

0.012 1.11 

(0.52) 

4.58 

(0.39) 

18.67 

(0.09) 

3.99 1.14 

0.024 0.94 

(0.55) 

4.14 

(0.38) 

17.42 

(0.08) 

3.42 1.14 

 

λems (nm) % of 

EtOH 

(v/v) 

1 /ns 

(a1) 

2 /ns 

(a2) 

3/ns 

(a3) 

< >/ns 
2
 

 

 

585 

0 1.33 

(-0.47) 

5.47 

(0.43) 

16.47 

(0.10) 

4.63 1.09 

0.012 1.34 

(-0.41) 

4.47 

(0.41) 

11.69 

(0.18) 

4.47 1.14 

0.024 1.22 

(-0.43) 

4.55 

(0.40) 

11.33 

(0.16) 

4.22 1.08 
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Table A5.2: PL decay parameters RhB after gradual addition of MV+2in absence of Ni:PNC  

[MV+2]/µM λems (nm) 1 /ns 

(a1) 

2 /ns 

(a2) 

< >/ns 
2
 

0 585 0.46 

(0.05) 

3.50 

(0.95) 

3.13 1.10 

0.02 585 0.03 

(0.34) 

3.39 

(0.66) 

2.26 1.06 

0.04 585 0.03 

(0.72) 

3.24 

(0.28) 

1.11 1.20 

      λexc = 405 nm, IRF= 180 ps; Luminescence lifetimes, <> =  aii 
2/ aii 

Table A5.3: PL decay parameters of acceptor RhB, after gradual addition of MV+2 (in 

presence of Ni:PNC) 

[MV+2]/µM λems (nm) 1 /ns 

(a1) 

2 /ns 

(a2) 

3/ns 

(a3) 

< >/ns 2 

0 585 1.22 

(-0.44) 

5.71 

(0.49) 

21.28 

(0.07) 

4.75 1.06 

0.02 585 1.27 

(-0.46) 

5.32 

(0.45) 

16.42 

(0.09) 

4.10 1.12 

0.04 585 1.51 

(-0.43) 

3.18 

(0.31) 

8.50 

(0.25) 

3.50 1.04 

0.06 585 2.06 

(-0.44) 

2.82 

(0.44) 

9.22 

(0.12) 

3.14 1.01 

0.08 585 2.85 

(-0.40) 

2.86 

(0.52) 

10.16 

(0.08) 

2.77 1.01 

0.10 585 2.66 

(-0.31) 

2.66 

(0.56) 

8.26 

(0.13) 

2.40 1.15 

0.12 585 0.17 

(0.52) 

1.63 

(0.34) 

5.34 

(0.14) 

1.59 1.03 

λexc = 405 nm, IRF= 180 ps; Fluorescence lifetime, <> =  aii 
2/ aii 

 

 

 

 

 

 

 

 



142 
 

Table A5.4: PL decay parameters of donor, Ni:PNC after gradual addition of MV+2 in 

presence of 5 µM RhB. 

[MV+2]/µM λems (nm) 1 /ns 

(a1) 

2 /ns 

(a2) 

3/ns 

(a3) 

< >/ns 2 

0 510 1.01 

(0.44) 

4.05 

(0.44) 

15.13 

(0.12) 

4.14 1.14 

0.02 510 0.89 

(0.53) 

3.79 

(0.37) 

14.85 

(0.10) 

3.27 1.15 

0.04 510 0.69 

(0.58) 

3.31 

(0.34) 

14.03 

(0.08) 

2.46 1.09 

0.06 510 0.60 

(0.68) 

3.14 

(0.27) 

13.81 

(0.06) 

2.03 1.07 

0.08 510 0.49 

(0.72) 

2.62 

(0.23) 

12.39 

(0.05) 

1.64 1.15 

0.10 510 0.45 

(0.73) 

2.66 

(0.22) 

12.81 

(0.04) 

1.41 1.14 

0.12 510 0.38 

(0.79) 

2.39 

(0.18) 

12.21 

(0.03) 

1.09 1.08 

λexc = 405 nm IRF= 180 ps; Luminescence lifetimes, <> =  aii 
2/ aii 

 

Table A5.5: PL decay parameters of donor, Ni:PNC after gradual addition of MV+2 in 

absence of RhB.  

[MV+2]/µM λems (nm) 1 /ns 

(a1) 

2 /ns 

(a2) 

3/ns 

(a3) 

< >/ns 2 

0 510 1.55 

(0.44) 

4.82 

(0.48) 

17.94 

(0.08) 

4.64 1.10 

0.02 510 0.86 

(0.45) 

3.89 

(0.48) 

15.95 

(0.07) 

3.26 1.12 

0.04 510 0.83 

(0.60) 

3.62 

(0.35) 

15.30 

(0.05) 

2.18 1.09 

0.06 510 0.68 

(0.69) 

3.39 

(0.28) 

14.88 

(0.03) 

1.64 1.17 

0.08 510 0.50 

(0.78) 

2.66 

(0.19) 

12.06 

(0.02) 

1.29 1.18 

0.10 510 0.45 

(0.77) 

2.60 

(0.21) 

11.84 

(0.02) 

1.09 1.14 

0.12 510 0.34 

(0.86) 

2.09 

(0.13) 

10.00 

(0.01) 

0.78 1.08 

λexc = 405 nm, IRF= 180 ps; Luminescence lifetimes, <> =  aii 
2/ aii  
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