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Abstract 

 

Perovskites are a group of crystalline chemicals with ABX3 formula where cations are 

surrounded by corner-sharing octahedra. Their crystal structure was described by Victor 

Goldschmidt in 1926, almost a century after the first discovery of the mineral perovskite, 

CaTiO3, by Gustav Rose in 1839. Organic-inorganic (hybrid) lead halide perovskites became a 

point of interest when their potential as a visible-light adsorber in solar cells was demonstrated 

by Kojima et. al. in 2009. All-inorganic perovskites gain traction after their synthesis as colloidal 

quantum dots in 2014. While there have been numerous studies on the application of perovskite 

nanoparticles (NP) in optoelectronic devices, lasers and sensors, there is a lot of chemistry to 

explore to reach their full potential. The focus of this dissertation is on all-inorganic CsPbX3 

nanoparticles. In chapter two, a novel microwave assisted method is described to synthesize 2-

dimentional (2D) CsPbX3 NPs in benzyl ether. We demonstrated that microwave irradiation 

provides a feasible and reproducible path to tailor the morphology of these NPs. Then, the NP’s 

structural features and subsequent optoelectronic properties are explained. To fully understand 

the effect of the structure and composition on the band gap of these NPs, a comprehensive 

description of the intrinsic optoelectronic properties of CsPbX3 NPs is reported in chapter one. 

To elucidate their synthesis path further, we compared them with NPs prepared with a stablished 

synthesis technique, hot-injection method in 1-octadecene, in chapter three. This comparison 

shed light on the preference of the NPs to grow in 2D directions in benzyl ether under 

microwave irradiation. This study was expanded, by monitoring the growth of CsPbBr3 NPs over 

time at ambient condition as well, which confirmed the role of benzyl ether in the morphology. 

Other perovskite synthetic methods are also reviewed in chapter one, along with the various 

mechanisms of orientational growth in CsPbX3 NPs. In addition, we explored the effect of 



benzyl ether on ionic interactions in the lead halide precursor, in particular, the formation of halo 

plumbate complexes and their contribution in the 2D growth of the perovskite colloidal seeds 

were evaluated. In chapter four, the goal was to use a halide exchange technique to stabilize 

CsPbI3 NPs in colloidal form and in thin film format. In this chapter, the electronic band gap of 

the CsPbBr3 and I-rich CsPbX3 NPs was measured using cyclic voltammetry. We calculated the 

energy gap between HOMO and LUMO of the NPs and explain the contribution of atomic 

orbitals, as well. 

During this dissertation research, we sought to learn the chemistry of all-inorganic perovskites 

and became fascinated with their adaptability to the synthesis environment and their dynamic 

response to the post-synthesis challenges. This ability provides tremendous opportunity for 

researchers to tailor perovskite NPs for applications that require a semiconductor with any 

desired band gap that can be formed into nano-, micro- or macro-scale with flexibility. 
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Chapter 1  ̶  Introduction 

 

1.1 Advancement of Perovskite Nanoparticles and Nanotechnology 

From the first computers that occupied a whole room for calculating mathematics questions to 

smart watches with multitask capabilities, one main ambition that drove the scientists and 

engineers was to produce smaller semiconductors with enhanced capacities. In 1970, the smallest 

of the semiconductors, nanocrystals of cadmium selenide in a molten glass matrix, were 

synthesized by Alexei Ekimov.1 In 1982, Louis Brus produced the first colloidal nanocrystals, 

cadmium sulfide, in AT&T Bell Laboratories.2 These nanocrystals were later coined as 

“Quantum Dots” (QD) in 1988 in making the first QD device by Mark Reed who received his 

Ph.D. from Syracuse University in 1983. Reed et. al. showed spatial quantization using GaAs-

AlGaAs QDs and its photoluminescence (PL) emission spectra.3 This same desire sent 

researchers to a new quest when in 2004 Andre Geim and Konstantin Novoselov discovered 2D 

graphene, a single layer of carbon atoms in a honeycomb structure.4 Thereafter, scientists were 

able to explore and study the 2D structure in other materials such as, boron nitride, molybdenum 

disulfide, carbon nanotubes and perovskites.5  

Producing nanoscale semiconductors did not only bring the technology closer to the nanoscale 

electronic and optoelectronic devices, but also had other advantages to traditional silicon 

semiconductors, including wide spectral absorption and tunability of PL emission. Controlling 

the energy that QDs could emit within a few eV units opened new avenues of applications in the 

optoelectronic field. For example, Protesescu et. al. showed CsPbBr3 nanocrystals can produce a 

wide range of pure colors surpassing the conventional LCD TVs.6 Recently, Naresh et. al. 
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fabricated red-green-blue (RGB) emitting CsPbX3 nanocrystals for light emitting diodes (LED) 

with superior performance due to their narrow emission, high stability and color tunability.7   

Among all structures, 2D nanocrystals have been of a particular interest to the scientists and 

manufacturers because of its compatibility to the semiconductor industry. To tune the 

optoelectronic properties of the perovskite nanoparticles, at least one of the dimensions has to be 

in the quantum confinement regime. Fabricating QDs with such small dimension is at best 

challenging, hence, the answer is in 2D nanoplatelets with one confined dimension. Producing a 

single crystal with large lateral dimensions but nanometer thickness can transform the modern 

technology. The advantage of 2D nano-perovskites is outperforming the common semiconductor 

films in optoelectronic devices with photoluminescence tunability of perovskite nanoparticle 

colloids. Several studies have shown the potential of 2D perovskite nanostructures in printable 

semiconductors, flexible memory devices, LEDs and solar cells.8–13  

 

1.2 Chemistry of 2-D Perovskite Nanoparticles 

CsPbX3 nanoparticles belong to a large class of compounds called perovskite with an ABX3 

crystal structure. CsPbX3 nanomaterial can crystalize in cubic, orthorhombic and tetragonal 

structures where Cs cations are occupying the 12-coordinate cavity between corner-sharing PbX6 

octahedra complexes, as shown in figure 1.1. CsPbX3 perovskites with the band gap range of 

2.82-1.73 eV fall in the semiconductor category.14  



 
 

3 
 

 
Figure 2.1. Cubic (a), orthorhombic (b), and tetragonal (c) crystal structure of CsPbX3 

perovskite, unit cells are outlined by black lines.15 

 

In this section a summary of optoelectronic properties of CsPbX3 perovskite nanoparticles will 

be described. The advantage of these nanoparticles to their bulk counterparts is the ability to 

modulate the physical properties of the materials such as band gap (Eg) by controlling 

dimensional parameters. Band gap for CsPbX3 semiconductors is defined as the minimum 

energy to excite an electron and form the exciton. Bombarding a bulk semiconductor with a 

photon, results in the formation of a free electron-hole pair, i.e., exciton, that can move in the 

structure until it emits its energy by radiative recombination of the electron and hole or loses its 

energy by nonradiative recombination when it falls into “traps”.16 However, an exciton in a 

CsPbX3 semiconductor nanoparticle is bound to the nanoparticle’s dimensions. As a result of this 

quantum confinement, exciton formation requires higher energy and band gap increases.17 

Therefore, for nanoparticles, minor changes in size and morphology affects the band gap and 

other optoelectronic properties.18 This effect will be discussed in detail in section 1.2.2-5. 
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1.2.1 Composition Tunability 

Composition tunability originates in the flexible ionic structure and octahedra tilting of 

perovskites.19 In fact, various transition metals can form oxide compounds with perovskite 

structure. As a general rule, any perovskite composition that satisfies the Goldschmidt tolerance 

factor (t) condition, 0.89 < t < 1, can exists in an ideal cubic structure and deviation from the 

tolerance factor by larger ions results in tilting of the octahedra and crystallization in other forms, 

such as, orthorhombic or tetragonal structure.20 Goldschmidt tolerance factor is calculated using 

the equation 1 and the effective ionic radii of the constituent ions. 

𝑡 =
(𝑟𝐴+𝑟𝑋)

√2(𝑟𝐵+𝑟𝑋)
   Equation 1 

where rA, rB and rX denote effective ionic radii for A, B cations and X anion of ABX3 perovskite, 

respectively. Such structural dynamics allows room for controlling composition, doping of the 

crystal and exchanging ions with other materials for sensing or catalysis applications. It should 

be noted that CsPbX3 normally form orthorhombic crystal structures at room temperature, whilst, 

CsPbCl3, CsPbBr3, and CsPbI3 hold the tolerance factor of 0.870, 0.862, and 0.851, 

respectively.21 However, stability and structure of perovskites in the nano-scale could change 

under the influence of other factors, namely, surface energy, surface to volume ratio, and surface 

passivation.22 In fact, CsPbCl3 and CsPbBr3 nanoparticles with cubic structures have been 

reported in several studies despite having a low tolerance factor. Linaburg et. al. demonstrated 

that a modified tolerance factor using bond valence parameters can elucidate the cubic structure 

of CsPbCl3 with the t value of 0.953.23 
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The unexpected stability of CsPbX3 nanoparticles extends to mixed halide perovskites, like, 

CsPbClxBr3-x and CsPbBrxI3-x (0<x<3). This characteristic not only provides an easy route to 

extend the band gap possibilities over the white gamut by post-synthesis processes, but also 

repurposes the lead halide perovskites as halide reservoir for other reactions.24 In addition, 

several studies have shown benefits of doping mainly the lead center of CsPbX3 with Mn2+, Zn2+, 

Cu2+, Ni2+, and Sn2+ for applications in optoelectronic devices.25–30 

 

1.2.2 Tunning the Band Gap by Nanoparticle’s Composition  

Many researchers have investigated the band gap and the nature of the valence band and 

conduction band in either all-inorganic or hybrid perovskite nanoparticles. Experimental 

measurements using ultraviolet photoemission spectroscopy (UPS), photoemission spectroscopy 

(PES), and cyclic voltammetry (CV) along with computational calculation such as VASP code, 

and core-level alignment has confirmed that the conduction band minimum (LUMO) is mostly 

comprised of p-orbitals of Pb (6p) and the valence band maximum (HOMO) is mostly made of 

the overlap of p-orbitals (np) of the halides with some contribution from Pb 6s, demonstrated in 

figure 1.2.a.31–34 Therefore, band gap energy is dictated by the perovskite composition. In 

particular, changing the halide composition in perovskites changes the valence band maximum 

and consequently, the band gap, as shown in figure 1.2.b. This dependency is also illustrated in 

figure 1.4 by showing how a different halide composition leads to a unique band gap and PL 

emission. In chapter 4, we show a comparison of the optical and electrochemical band gap in our 

study. 
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Figure 1.2. Schematic diagram of bonding/antibonding orbitals (a) forming VBM and CBM in 

CsPbX3 NPs and band gap energy of CsPbX3 NPs (b) measured using cyclic voltammetry.31  

 

1.2.3 Tunning the Band Gap by Nanoparticle’s Dimension 

In a perovskite bulk material, e- and h+ are located in valence and conduction bands with a 

defined band gap. However, when the radius of quantum dots is smaller than the Bohr radius (the 

distance between the e- and h+ in an exciton), the energy levels become quantized. In such small 

dimensions, the exciton in a quantum dot behave similarly to the “particle in a box” in quantum 

mechanics which means changing the radius of a quantum dot affects the energy levels same as 

changing the box dimension affects the energy of the particle in a box.35 According to the energy 

equation for a particle in a box in a one-dimensional system (equation 2), decreasing the length 

of the box (L) results in an increase in En, energy.   
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 𝐸𝑛 =
𝑛2𝜋2ℏ2

2𝑚𝐿2 =  
𝑛2ℎ2

8𝑚𝐿2  Equation 2    

 

 

Where En is the energy of the particle in a box, L is the length of the box, n is the quantum 

number (a positive integer), ℏ is the reduced Planck constant and m is the mass of the particle. 

Likewise, as QDs become smaller, the charge careers experience the quantum confinement and 

changing the dimensions of the nano-semiconductors alters the band gap. From molecular orbital 

theory perspective, less umber of atoms in a smaller nanoparticle construct less number of 

molecular orbitals which in turn, widens the band gap. The energy for electrons in a QD is 

expressed as: 

 𝛥𝐸 = 𝐸𝑔𝑎𝑝 +  
ℎ2

8𝑟2 (
1

𝑚𝑒
∗ +

1

𝑚ℎ
∗ )   Equation 3 

Where 𝑚𝑒
∗  and 𝑚ℎ

∗  are the effective masses of electron and hole, respectively.36 As radius of the 

QD decreases, energy of the electron (or exciton) increases exponentially. The energy of electron 

is derived from applying the Hamiltonian operator on the wavefunction of the electron. In 

quantum mechanics, the wavefunction describes the state of the electron such as position, 

momentum, and energy which for a particle in a box follows a sin function as in equation 4. 

Figure 1.3 shows how shorter length (L) of a box affects the shape of the wavefunction as well. 

𝛹𝑛(𝑥) = √
2

𝐿
𝑠𝑖𝑛 (

𝑛𝜋𝑥

𝐿
)     Equation 4 
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Figure 1.3. Schematic wavefunctions and energy levels of electron in a one-dimensional box for 

first two energy levels. 



 
 

9 
 

   

Figure 1.4. Schematic illustration of PL emission and band gap dependency on size and halide 

composition of perovskite nanoparticles. 

 

1.2.4 Photoluminescence Tunability 

Another attraction of perovskite nanoparticles is their tunable photoluminescence in the visible 

spectrum, outcome of the radiative recombination of excitons. Perovskite nanomaterials can have 
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a narrow emission with full-width half maximum of 15-25 nm upon absorbing light with higher 

or equal energy than the band gap. This emission often has slightly lower energy then the band 

gap and is similarly controlled by the nanoparticle’s distinct sizes and composition, represented 

in figure 1.4. Some studies have shown that the difference between the excitation and emission 

wavelength, which is called stokes shift, could also increase by decreasing the nanoparticle’s 

size.37,38 This tunable narrow emission has made perovskite nanomaterial an appealing candidate 

for various light emitting applications. Having a high quantum yield (QY) and a large stokes 

shift are some of the other desirable PL properties for devices like LED. 

With such tunability in band gap, an all-inorganic CsPbX3 perovskite nanoparticle could exhibit 

any band gap value in the near-UV and visible region of the electromagnetic spectrum. 

Typically, CsPbCl3 nanoparticles absorb light with wavelength in the near-UV and blue region, 

CsPbBr3 absorbs light in the green, and CsPbI3 absorbs red light. Moreover, a mixed halide 

composition during the synthesis of the nanoparticles renders quaternary alloyed perovskites 

with various band gaps with the span of all the visible region. Producing a quaternary CsPbX3 is 

also achievable through post synthesis manipulation of the structure. In chapter 4, we expand on 

the capabilities of the CsPbBr3 undergoing halide exchange to produce CsPb(Br/I)3 

nanoplatelets.  

 

1.2.5 Quantum Efficiency 

Quantum efficiency or quantum yield (QY) is the efficiency of the semiconductor to convert the 

absorbed energy to light, hence, it’s calculated using the ratio of the number of the emitted 

photons (PL emission) to the number of the absorbed photons (UV-Vis absorption). Both all-
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inorganic and hybrid perovskites have been proven over and over to have a high quantum 

efficiency which can be even improved till near unity. High QY of the perovskites is particularly 

superior to the other semiconductor nanoparticles such as CdSe which often has less than %50 

QY if the nanoparticles are not protected with a shell.39 This property is the result of a higher 

radiative recombination in perovskites rather than the nonradiative loss of energy due to the trap 

states as shown in figure 1.5.40 

 

Figure 1.5. Schematic Jablonski diagram showing radiative and non-radiative recombination of 

excitons for CsPbBr3 perovskite.40 

 

1.3 Synthesis of 2D CsPbX3 perovskite nanoplatelets 

There are various synthetic methods to produce perovskite nanoparticles either at room 

temperature or in heated conditions which are mainly divided into two categories: bottom-up and 

top-down synthesis processes. As the name suggests, in top-down synthesis, nanoparticles are 
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produced from breaking down the bulk material by means of etching, exfoliating or milling.41 

Top-down processes often require a large amount of energy and result in high degree of surface 

defects.42 Bottom-up processes describe several synthesis techniques that start from the ions in a 

precursor solution. Some of these techniques require a heat treatment such as, hot-injection, 

solvothermal synthesis, and microwave-assisted synthesis, while others are performed at room 

temperature, like, template-assisted synthesis, ligand-assisted reprecipitation (LARP) technique 

and microemulsion. Synthesis methods that have been used to produce perovskite 2D 

nanoplatelets will be discussed further as is the interest of this dissertation.  

In a colloidal CsPbX3 synthesis, two or three precursors of the constituents are prepared in an 

organic solvent. Typically, organic ligands with either long carbon chains like, oleic acid, oleyl 

amine, undecanoic acid, trioctylphosphine oxide, and dodecylamine, or short carbon chains like, 

acetic acid, hexyl amine, octyl amine and octanoic acid are reacted with cesium, lead and halides 

at high temperatures to dissolve them in the organic solvent.43,44 Researchers have used several 

compounds to make the cesium precursor, including, cesium carbonate, cesium acetate and 

cesium halide.45–48 While in most studies a PbX2 solution is used as both lead and halide source 

of the synthesis, examples of separate precursors of lead and halide using lead acetate and 

benzoyl halide have been reported as well.49 For the first step of the CsPbX3 synthesis in this 

dissertation, we adapted the method in our previous study, by combining Cs2CO3 and oleic acid 

in benzyl ether and heating the mixture in 120 ˚C under an Ar gas flow (step 1).24 During the 

reaction, H
2
O, CO

2
 and solvent impurities are vacuumed out of the reaction flask. Similarly in 

step 2, a PbX2 solution was dissolved in benzyl ether using oleic acid and oleyl amine as ligands. 

A controlled reaction between these precursors results in CsPbX3 nanoparticle formation with 

desired shape and composition (step 3). 
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Step 1. Cs(OOR) in ODE/BE 

Cs
2
CO

3
  + 2 RCOOH  → 2Cs(OOR)  + H

2
O + CO

2
 

Step 2. Pb(OAc)2 + (OAm)X50 in ODE/BE 

PbX2 + 2RCOOH  → (RCOO)2Pb + 2HX 

PbX2 + nHX + nRNH2 → [PbX2+n]
-n + nRNH3

+ 

Step 3. CsPbX3 in ODE/BE 

Cs(OOR)  + [PbX2+n]
-n → CsPbX

3 
 

1.3.1 Orientational Growth in Perovskite 2D Nanoparticles 

In general, nanoparticles are categorized into three types based on their structure: QDs (0D) or 

nanocubes, quantum rods (1D) or nanorods and 2D nanoparticles or nanoplatelets. A schematic 

illustration of these three types is shown in figure 1.6. Many studies have revealed that right 

selection of synthetic route, ligand type, ligand or precursor stoichiometry, reaction time and 

temperature of the synthesis can dictate the structure and morphology of the NPs.51–55 The effect 

of these parameters on the orientational growth of the perovskite nanoparticles will be discussed 

in this section. 
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Figure 1.6. Schematic representation of anisotropic growth from perovskite seeds to 0D, 1D, and 

2D nanoparticles. 

 

Studies show that anisotropic growth of perovskite nanoparticles is significantly influenced by 

the type of the ligands and length of their aliphatic chain. However, predicting the precise 

morphology of the nanoparticles is a complex task and depends on various synthetic parameters. 

For example, Sun et. al. illustrated that longer chain carboxylic acids facilitated the 2D growth of 

CsPbBr3 nanoplatelets in a reprecipitation process.52 In the same year, Pan et. al. employed 

several binary mixtures of several amine and carboxylic acid ligands with different chain lengths 
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to synthesize CsPbBr3 via a hot-injection method and concluded that using short chain amines 

renders thin nanoplatelets.43  

In addition, controlling the kinetics of the reaction can yield 2D structures. For instance, it’s been 

shown that temperature of the synthesis can be decreased to slow down the crystallization of 

perovskite and facilitate the 2D growth.43 In that case, nanoparticles’ facets with higher surface 

energy would grow faster than the other sides. In another study, Burlakov et. al. reported a 

temperature-controlled synthesis of CsPbBr3 nanoplatelets in which the wider nanoparticle’s 

facets can be passivated by ligands, while narrower facets will be free to grow.56 

Another method is to prolong the heating treatment to promote the re-structuring of the 

nanoparticles to form 2D nanoplatelets. Two mechanisms have been proposed to explain the 

tendency of nanoparticles to assemble in larger structures over time: (i) Ostwald ripening, (ii) 

self-assembly (coalescence). 

(i) Ostwald Ripening describes a phenomenon in colloidal solutions where smaller 

nanoparticles dissolve and deposit on larger particles (figure 1.7).57 The reason for 

smaller nanoparticles to undergo self-destruction is to stabilize the system by 

minimizing the surface energy. Contrary to the more stable atoms inside the particle, 

atoms on the surface have less bonds attached to them (more dangling bonds). As 

smaller particles have a higher surface to volume ratio, they also have a greater 

number of dangling bonds on the surface and a higher surface energy. Therefore, 

surface ions dissociate from the small nanoparticles and deposit on the larger ones to 

reduce the energy.58 Ostwald ripening commonly happens over time at ambient 

conditions. 
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Figure 1.7. PL emission (a), schematic illustration and SEM micrographs (b) showing transition 

of CsPbBr3 nanoparticles into bulk films by Ostwald ripening over 60 min at 125 ˚C.58 

(ii) Self-assembly is a process in which smaller nanoparticles connect with each other to 

construct larger structures (figure 1.8). In this case, smaller nanoparticles like 

nanocubes come together to make nanorods and nanorods assemble to create 

nanoplatelets and so on.59–62 Driving force of this oriented growth originates in 

different approaches.63 In one study, it was also shown to be the result of minimizing 

the surface energy by prolong heating under pressure.60 Another study reported that 

Coulombic forces attract the nanoparticles to each other, which requires a polar 

solvent to remove the ligands.61 Others suggested that oriented attachment of the 
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nanoparticles is an attempt to lessen the Gibbs free energy by Van der Waals 

interaction between surface ligands.59 

 

 

Figure 1.8. Schematic illustration (a), PL emission (b) and TEM micrographs (c) showing 

CsPbX3 nanosheets prepared by self-assembly of first nanorods and second nanoplatelets under 

solvothermal conditions at 160 ˚C over 5 h.60 

 

1.3.2 Solvent Effect on the Morphology of All-inorganic Perovskite 

Nanoparticles 

One of the areas that has not been explored widely is the effect of various solvents in the 

synthesis on the characteristics of CsPbX3 nanoparticles. In general, non-coordinating solvents 

with high boiling points have been recognized as good candidate for CsPbX3 synthesis. Such 

solvents like, 1-octadecene (ODE) do not deteriorate the ionic structure of the CsPbX3 and can 

be heated to elevated temperatures to enable a fast and uniform seeding and growth of the 
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nanoparticles. Other nonpolar organic solvents have also shown promising results in CsPbX3 

synthesis. For example, Guo et. al. used octane in a one-pot synthesis of CsPbBr3 nanocubes.64 

Their result showed that octane dispersed the nanoparticles and inhibited their self-assembly in 

contrary to ODE. It is worth noting octane is a volatile solvent that boils at 125 ˚C. In another 

study, Kang et. al. compared CsPbBr3 nanocubes made in ODE, 1-tetradecene and paraffin liquid 

and discovered that paraffin liquid forms nanoparticles with better size distribution and higher 

%QY of ~%70.65 

On the other hand, in methods like LARP and spin coating, precursors are prepared in “good” 

solvents like DMF and DMSO to enable a complete dissolution of ions, however, stability of the 

CsPbX3 nanoparticles depends on the removal of such polar solvents.66 Efforts to replace the 

common solvents in LARP to increase yield and stability have also been successful.67,68 Several 

studies have focused on the interaction of polar solvents with the lead center, specifically, in 

organic-inorganic lead iodide perovskites. These studies confirmed that the polar solvent is 

playing a role in the formation of lead halide perovskites by influencing the formation of 

iodoplumbate complexes.69–71 

Effect of polar solvents on the properties of CsPbX3 perovskite nanoparticles has been a point of 

interest as these solvents are commonly used in the purification procedures. Sun et. al. 

investigated the post-synthesis addition of polar solvents such as methyl acetate, methanol, 

ethanol, acetone, and isopropanol to CsPbI3 nanoparticles.72 Among them, methyl acetate 

preserved the pristine properties of the nanoparticles and thus, it’s a good candidate for 

purification purposes.72,73 However, such solvent interactions could also be manipulated to 

transform the morphology, post-synthesis. For instance, Jeon et. al. studied the effect of five 

hydroxyl baring solvents on the properties of CsPbBr3 nanoparticles dispersed in hexane.61 They 
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discovered that immiscible solvents, like, methanol, ethylene glycol, diethylene glycol and 

glycerol promoted their growth, while miscible solvents, like, isopropanol and ethanol led to 

agglomeration or disintegrated the nanoparticles. By precise deduction of these results, 1D and 

2D structures were formed using ethylene glycol. 

 

1.3.3 2-D Perovskite Synthesis Methods 

As discussed earlier in section 1.2.1, stability of perovskites and simplicity of their synthesis 

have enabled the scientists to explore a number of various approaches to form CsPbX3 

nanoparticles. Dey et. al. have discussed these methods extensively in their ginormous review on 

halide perovskite nanocrystals.66 In this section, four techniques that have been exploited widely 

in 2D perovskite synthesis will be discussed further.  

 

1.3.3.1 Ligand-Assisted Precipitation 

Ligand-Assisted Precipitation was first applied in perovskite synthesis by Schimdt et. al. to make 

CH3NH3PbX3 (MAPbX3) nanocrystals in 2014.74 Later Zhang et. al. introduced a modified  

Ligand-Assisted Re-Precipitation (LARP) technique for MAPbX3 synthesis at room 

temperature.75 In this method, they combined PbBr2 and MABr with n-octylamine and oleic acid 

as ligands in N,N-dimethylformamide (DMF) solvent and gradually added the precursor solution 

into nonpolar solvents like toluene (figure 1.9c). Perovskites crystallize immediately due to 

supersaturation in toluene and can be tailored to nanoscale dimensions by incorporating long 

chain ligands. 2D hybrid perovskite structures were soon produced by using octylammonium as a 

large organic cation which controlled the nanocrystal growth as it could not fit in the 12-
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coordination holes between the PbX6 octahedra.76,77 Next year, various precipitation strategies 

were adapted to produce CsPbX3 nanoplatelets. Akkerman et. al. synthesized CsPbBr3 

nanoplatelets with 3-5 monolayer thickness by adding acetone to a mixture of precursors in 1-

octadecene.78 Around the same time, Sun et. al. adapted the Zhang’s work in fabricating 2D 

CsPbBr3 and showed how different combination of ligands can control the morphology.52  

Since then, tremendous work has been done to control and improve the morphology and 

optoelectronic properties of CsPbX3 nanoplatelets which has shown size and polarity of the 

ligands and reprecipitation solvents dictate the lateral dimensions and thickness of the platelets. 

The ability to fine-tune perovskite nanoplatelets in a facile synthesis in ambient conditions have 

attracted many researchers to the LARP technique, however, more research is required to 

improve the QY of the LARP made nanoplatelets.79 

 

1.3.3.2 Hot Injection 

 In 1993, Murray, Norris and Bawendi introduced a new technique called “Hot Injection” to 

produce highly uniform QDs with tunable optoelectronic properties.80 Since then, there were 

many studies on hot-injection nanocrystal synthesis,81–83 but it wasn’t until 2014 that Protesescu 

et. al. adapted the hot-injection method to make all-inorganic CsPbX3 perovskites.6 In this 

method, organic ligands and non-polar solvents, mainly 1-octadecene, are used to obtain the 

precursors. To synthesize CsPbX3 nanoparticles, typically cesium precursor is injected into a hot 

PbX2 solution under an inert gas, followed by quenching the reaction by dipping the reaction 

flask in an iced water (figure 1.9b). Hot-injection has been used widely to obtain monodisperse 

perovskite nanoparticles. The novelty is in the rapid nucleation upon reacting the precursors at a 
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high temperature (~120-200 ˚C) and halting the nanoparticles’ growth with a sudden quench of 

the temperature. 

Several studies showed CsPbX3 nanoparticles with 0D,1D, and 2D geometries are achievable via 

hot-injection synthesis. In one study, lowering the hot-injection temperature to 90 ˚C resulted in 

CsPbBr3 nanoplatelets with up to 300 nm length.62 In another study, Shamsi et. al. displayed 200 

nm nanoplatelets which were synthesized by prolonging the reaction, on top of that, 2D CsPbBr3 

nanoparticles were grown up to 5 μm by incorporating octanoic acid and octylamine as short 

ligands in addition to oleic acid and oleyl amine as long ligands.84 Although highly luminescent 

and monodisperse nanoparticles can be produced by the hot-injection route, it requires a great 

amount of time and energy and ironically, the nucleation and quenching of the reaction is too fast 

to be carried on in a large scale. 
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Figure 1.9. Schematic representation of 2D CsPbX3 syntheses. Microwave-assisted (a), Hot-

injection (b), Ligand-assisted precipitation (c), and Solvothermal (d) techniques. 

 

1.3.3.3 Solvothermal Synthesis 

Solvothermal synthesis refers to a method in which precursors are heated in temperatures higher 

than the solvent’s boiling point in a sealed autoclave (figure 1.9d). However, the term is 

interchangeably used for the prolonged nanoparticle syntheses in temperatures lower than the 

solvent’s boiling point, as well. Several studies have used solvothermal method to synthesize 

CsPbX3 perovskite nanoparticles in 1-octadecene. Chen et. al. reported the first use of a 
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solvothermal synthesis to produce CsPbX3 nanoparticles in 160 ˚C where undissolved precursors 

yielded nanocubes and pre-dissolved precursors formed nanowires.85 Li et. al. and Zhai et. al. 

published their results on solvothermal synthesis of CsPbX3 nanoplatelet around the same time in 

2018.60,86 These studies showed perovskite nanoplatelets are formed in an extended heat 

treatment ranging from 30 min to 24 h. Although solvothermal synthesis is an easy one-pot 

reaction, it is not a cost-effective strategy due to high consumption of energy that is required for 

the high temperature and pressure over several hours.  

 

1.3.2.4 Microwave-assisted synthesis 

Microwave-assisted synthesis is a high through-put, energy efficient method that has been 

previously shown to be effective in producing chalcogenide QD and noble metal core-shell 

nanoparticles.87–90 Microwave irradiation (MWI) via a synthetic microwave offers an accelerated 

synthesis route, homogeneous heating and cooling processes, precise control over reaction and 

quenching temperatures and a simple set-up. A typical perovskite nanoparticle synthesis can be 

completed in less than five minutes applying MWI. In general, precursors are combined in the 

MW vessel prior to heating and reach the elevated synthesis temperature precisely (figure 1.9a). 

This process eliminates the hot-injection difficulties, however, mixing the precursors at room 

temperature sets an early stage of nanoparticle seeding and can lead to polydispersity of 

nanoparticles.91,92 Nonetheless, there are several reports of monodisperse nanoparticle synthesis 

via MWI that show shape and size of the nanoparticles can be tailored by changing the 

temperature, heating time and power of the microwave.93–96 Among these studies, some 

successfully produced 2D CsPbX3 perovskite nanoplatelets, while most of the syntheses were 

performed in a household microwave. In a study by Long et. al. a low MW power resulted in 2D 
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CsPbBr3 nanoparticles.96 Shamsi et. al. utilized the large-scale MW synthesis of CsPbBr3 

nanoplatelets in fabricating an LED with the perovskite film.97 Liu et. al. investigated the effects 

of MW power, heating time and stoichiometry of materials on the morphology of the 

nanoparticles and showed a higher concentration of oleyl amine can facilitate the anisotropic 

growth of CsPbBr3 nanocubes to 1D and 2D structures.93 Pan et. al. demonstrated the first report 

of 2D CsPbBr3 synthesis by a synthetic microwave instrument. These nanoplatelets were formed 

in a one-pot reaction at 80 ˚C due to the slow kinetics at lower temperature.95 

 

1.3.2.5 Heating Mechanisms in Microwave-assisted Synthesis 

Microwave-assisted nanoparticle synthesis grants a rapid and uniform heating of the reaction 

over the conventional heating routes such as heating mantels, oil/water bath or hot plates. In the 

latter methods, energy is absorbed on the surface and is distributed in the solution through 

convection or conduction, however, microwaves can pass the reaction vessel and warm up the 

solution homogeneously. A schematic comparison of the two methods is shown in figure 1.10. A 

nanoparticle reaction solution usually contains two components, one is the organic parts, 

including, solvent and ligands and the other is the inorganic elements, for example, cesium, lead 

and halides or the CsPbX3 seeds. Once the microwaves enter the media, irradiated organic 

molecules align their dipole physically with the oscillating electric field of the microwave giving 

rise to molecular collision and heating of the mixture (dielectric heating).98,99 Similarly, ions can 

move with the oscillating field and generate heat in the solution.100 It is important that the 

frequency of irradiation stays within the timespan of the molecule’s relaxation time to keep them 

moving (relaxation time refers to the time required for the molecule to be free of the electric 

field’s effect when irradiation is turned off).92 Conventionally, frequency of the microwave 
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magnetrons is set at 2.45 GHz which corresponds to a relaxation time of 65 ps. While there are 

several complex factors affecting the absorption of microwaves and relaxation of molecules, 

when comparing long-chain hydrocarbons versus polar solvents, it is safe to say that polar 

materials have shorter relaxation times that favors the dielectric heating process. For example, 

alcohols with shorter aliphatic chains have been shown to have shorter relaxation time and better 

MW absorbance with relaxation time range of ~ 51 ps for methanol increasing to 976 ps for 1-

hexanol.98 Therefore, solvents with higher dielectric constants can heat up the system faster and 

more effectively. The conducting and semiconducting materials could also increase the 

temperature by conduction which is induced by the electric field (resistance heating).98  

 

Figure 1.10. Schematic illustration of conventional and microwave heating mechanisms.99 
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Other innovative methods have also been proposed to synthesize 2D CsPbX3 perovskites. Rao et. 

al. synthesized 2D CsPbBr3 nanoplatelets via a one-pot reaction using 80 minutes of ultra-

sonication.101 Although there are numerous reports on 2D hybrid perovskites fabrication by 

chemical vapor deposition, 2D all-inorganic perovskite nanoplatelets with a quantum confined 

facet have been fabricated only recently by Hossain et. al..102 

 

1.4 Halide Exchange of CsPbX3 via Post-Synthesis reactions 

AS discussed in the section 1.2, CsPbX3 have a dynamic crystal structure with many possibilities 

of halide composition. Perovskite halide exchanges are fast, high-yielding reactions with a visual 

color response. Additionally, they are often performed in ambient condition using a simple one-

step reaction. Halide exchange methods have been widely utilized by researchers for various 

purposes. This feature is mostly advantageous in finetuning the optoelectronic properties of 

CsPbX3 nanoparticles where different halide compositions yield nanoparticles with a unique 

band gap energy. Right after the first report of CsPbX3 hot-injection synthesis, halide exchange 

was demonstrated to be an effective approach in achieving perovskite nanoparticles with mixed 

halide compositions. Nedelcu et. al. followed two methods to obtain CsPb(Br/I)3 and 

CsPb(Cl/Br)3 nanoparticles, first they reacted the CsPbBr3 with either PbI2 or PbCl2 precursor 

solutions, second, they combined CsPbBr3 with either CsPbCl3 or CsPbI3 nanoparticles (figure 

1.11).103 Other forms of halide salts, such as, alkylammonium halides, cesium halides, hydrohalic 

acids, and alkyl halide silanes could also be reacted with CsPbX3 for halide exchange 

purposes.24,104–107  
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Figure 1.11. Schematic representation of a perovskite cubic crystal structure and its halide 

exchange (a). Normalized PL emission (b) of CsPbX3 nanoparticles formed via halide exchange 

between CsPbBr3 nanoparticles and either CsPbCl3 or CsPbI3.
103 

 

Halide exchange is particularly desired when nanoparticles with different composition 

synthesized via mixed precursor routes, do not match in their size and morphology or develop 

unexpected properties. For example, several studies have confirmed that I-rich CsPbX3 formed 

with halide exchange are more stable and retain the initial properties of CsPbBr3 nanoparticles, 

as opposed to the synthetic CsPbI3.
106–108  

Moreover, halide exchange extends the application of perovskites as an active reactant of halide 

involving reactions. Doane et. al. introduced the halide exchange reaction of perovskites as a 

way to tailor organohalide molecules (figure 1.12). They showed that CsPbI3 nanoparticles 

exchange I- with Br- of 2-bromododecanoic acid with a quantitative PL emission and a visual 

color response.24 Halide exchange can also be implemented in sensing applications through 

reaction with halide bearing organic molecules. Recently, Yin et. al. utilized CsPbBr3 to detect 

102-104 ppbv traces of methyl iodide which is a toxic chemical used in pesticide.109  
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Figure 1.12. Spectral (a) and visual (b,c) PL emission over the course of the halide exchange 

reaction between CsPbI3 and 2-bromododecanoic acid under UV light. Images of the Finkelstein 

reaction next to CsPbI3 (left) as control (b). Visual PL emission (c) of the reaction controlled by 

the 2-bromododecanoic acid concentration and time.24 

 

1.4.1 Halide Exchange of CsPbX3 deposited on a Substrate 

One of the most promising applications of CsPbX3 perovskites is in the photovoltaic devices, 

notably due to their higher stability in heat and moisture compared to the organic-inorganic lead 

halides. In particular, CsPbI3 thin films are great candidates for solar cell materials due to their 

smaller band gap (1.73 eV) and wide light absorption in the UV and visible region.110 However, 

synthesized CsPbI3 NPs often differ from the desired properties in shape, QY and crystal 

structure, plus they tend to transform to a photoinactive yellow phase at room temperature. 
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Several reasons have been suggested to explain this anomaly. For instance, it has been 

demonstrated that I-rich CsPbX3 perovskites have low surface ligand density.108 Also, CsPbI3 

with a Goldschmidt tolerance factor of 0.85 deviates from a cubic perovskite structure more than 

CsPbBr3 which triggers its transformation to the yellow phase (orthorhombic).111 Hence, a high 

number of publications have focused on producing CsPbI3 from CsPbBr3 perovskites by means 

of halide exchange in order to tailor the proper structural and optoelectronic properties. For 

CsPbI3 to be applicable in optoelectronic devices, it is generally deposited on a substrate and 

assembled within a multi-layer device. 

Chemical vapor deposition and spin-coating are the most common methods to deposit CsPbX3 

nanoparticles on a substrate or fabricate a perovskite film.97,102,112–114 CsPbX3 nanoparticles could 

also be coated on a surface by crystallization or other chemical processes.115 Then halide 

exchange can be performed on a perovskite film by a second vapor deposition of I or an in-situ 

reaction with I in a solution.116,117 Although these techniques employ perovskite films with 

thicknesses much higher than the quantum confinement limits, they facilitate the study on the 

industrial applications of CsPbX3. Zhang et. al. investigated the mechanism of halide exchange 

on a single CsPbBr3 nanoplatelet by vapor phase anion exchange and suggested a two-step 

process containing an initial surface reaction followed by solid-state diffusion.118 This results in a 

vertical halide gradient in the film which have been previously suggested to be of use in directing 

charge carriers in photovoltaic devices (figure 1.13).116 More research is required to understand 

the effect of the heterogeneous structure in an optoelectronic device or stablish a halide exchange 

route that would result in a stable homogeneous CsPb(Br/I)3 film. 
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Figure 1.13. Schematic representation (a) of halide exchange in a CsPbBr3 film. Gradient halide 

exchange (b) in thin (50 nm) vs thick (350 nm) films.116 

 

1.5 Applications 

Perovskite industry has entered a new era of practicality by the launch of the first perovskite 

photovoltaic cells in Poland in June 2021. Perovskites have had the sharpest increase in the 

power conversion efficiency than any other rival solar cell materials with a jump from 3.8% in 

2009 to 25.2% in 2021.119,120 However, the most promising solar cells are believed to be made of 

a perovskite/silicon tandem which can absorb a wider range of the solar spectrum.121 

Properties that have been discussed so far, like, absorption and emission tunability, and high QY 

in addition to large absorption coefficient, high charge mobility, direct band gap, low non-

radiative recombination rates and long carrier lifetime have made 2D all-inorganic perovskites a 

suitable material not only for photovoltaic cells but various optoelectronic devices such as LEDs, 

lasers, and photodetectors.7,122–128 TV manufacturers have also successfully incorporated 

perovskite nanocrystals in TV displays. Previously, CdSe and InP QDs were applied in liquid 
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crystal displays (LCD), though Chen et. al. showed the superiority of a perovskite QD/polymer 

film driven by its high brightness and PL QY along with a thin structure.129  

Moreover, their dynamic crystal structure and high reactivity have given the scientists the 

opportunity to explore perovskites’ application in sensing and catalysis. On top of that, visual 

and spectral sensitivity can provide a great route to monitor the efficiency and progress during 

these reactions as discussed in section 1.2.4. Not only CsPbX3 could be used in sensing halides 

via halide exchange, but also many reports of doping the A-site and B-site of the nanocrystals 

have been published in recent years. Such reactions can easily be monitored by changes in PL 

emission wavelength. In addition, other ions or organic molecules were successfully detected 

from PL quenching of the CsPbX3 originated in disruptions on the surface or dissociation of the 

particles.64  

 

1.6 Research Summary 

The main goal of this dissertation is to explore a novel technique to synthesize 2D all-inorganic 

perovskite nanoplatelets and to explain the necessary conditions and underlying causes of their 

2-dimentional growth. Chapter 1 is an introduction to this topic in order to provide an 

understanding of the properties of 2D perovskite NPs, their common synthesis methods, and 

growth mechanisms. Post-synthesis halide exchange reaction of these NPs is also expanded on to 

lay down a background regarding synthesis of I-rich nanoplatelets reported in chapter 4. In 

chapter 2, we describe the synthesis of CsPbBr3 nanoplatelets using MWI-based heating and BE 

as the solvent. Their optical and structural properties are compared with the nanocubes prepared 

with the same method in ODE. TEM and SEM micrographs along with AFM images 

successfully presented a 2D nanostructure. Interestingly, the intensity of the XRD peaks deviated 
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from the standard perovskite crystal which proved reproducible for each batch. Therefore, the 

XRD pattern and intensity was used as an indicator of the perovskite 2D growth in this research. 

The aim of the chapter 3 is to elucidate the mechanism of the nuclei formation and 2D growth in 

CsPbBr3 nanoplatelets. Synthetic conditions are examined in this section via several control 

experiments and a hypothesis regarding the growth mechanism is suggested. While Br-rich 

nanoplatelets can be synthesized with this method reproducibly, I-rich nanoplatelets did not 

present the same 2D signatures of the CsPbBr3 nanoplatelets in the XRD. To confront this 

problem, the I-rich nanoplatelets were fabricated by halide exchange reaction of CsPbBr3 with 

PbI2. In chapter 4, we reported the properties of the I-rich nanoplatelets and the methods that 

were employed in this study. The halide exchange mechanism is also investigated using various 

reactions and comparison with nanocubes. In addition, a modified method is used to accomplish 

a total conversion of halides in the CsPbBr3 nanostructures illustrated by in-situ PL emission 

spectra and XRD analyses. An overview picture of this study and the findings are reported in 

chapter 5 and future directions are suggested as well. 
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Chapter 2  ̶  Microwave-Assisted Synthesis of 2D CsPbBr3 Nanoplatelets 
 

 

 

Abstract 

This study describes an investigation of the role of non-polar solvents on the growth of cesium 

lead halide (CsPbX3 X = Br, I) nanoplatelets. We employed two solvents, benzyl ether (BE), and 

1-octadecene (ODE), as well as two nucleation and growth mechanisms, one-pot, facilitated by 

microwave irradiation (MWI) based heating, and hot-injection, using conventional heating.  

Using BE and MWI, large mesoscale CsPbBr3 nanoplatelets were produced, whereas use of 

ODE produced thin small crystallites. Differences between the products were observed by 

optical spectroscopies, which showed first band edge absorptions consistent with thicknesses of 

~ 9 nm (~15 monolayer (ML)) for the BE-CsPbBr3, and ~5 nm (~9 ML) for ODE-CsPbBr3. Both 

products had orthorhombic crystal structure, with the BE-CsPbBr3 revealing significant preferred 

orientation diffraction signals consistent with the asymmetric and two-dimensional (2D) platelet 

morphology.  The differences in final morphology were also observed for products formed via 

hot-injection, with BE-CsPbBr3 showing thinner square platelets with thicknesses of ~2 ML, and 

ODE-CsPbBr3 showing similar morphologies and small crystallite sizes.   To understand the role 

solvent plays in crystal growth, we studied lead plumbate precursor (PbBrn
2-n) formation in both 

solvents, as well as solvent plus ligand solutions. The findings suggest that BE dissolves PbBr2 

salts to a higher degree than ODE, and that this BE to precursor affinity persists during growth.  
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2.1 Introduction  

All inorganic cesium lead halides (CsPbX3 , X = Cl, Br, I) and hybrid methylammonium lead 

halides (MAPbX3) are important functional materials43,130–133 that can be synthesized as crystals, 

thin-films, and nanomaterials with varied morphologies.133,8–13,127,128,134 Two dimensional (2D) 

plates and platelets are common, with thicknesses of only a few monolayers (ML) often 

observed, and  lengths varied from nanometers to microns, which are formed during nucleation 

and growth, or self-assembled via solvent and or ligand mediated interactions.54,78,84,86,132,135,136 

Studies have revealed that control over ligand types and stoichiometry, 84 as well as time and 

temperature of the synthesis can render various morphologies.43,53,54,56,62,84,86,93,115,137–142 

Sonication,143 solvothermal,86,60,61  mechanochemical,144 and microwave irradiation (MWI)93  

have also been employed to control CsPbBr3 growth. Studies have shown that Ostwald 

ripening,57,58 and long-ranged growth that includes oriented attachment of smaller building 

blocks (cubes, rods, etc.) renders 2D growth into nanoplatelets.60–62,145  

The role that solvent plays in CsPbBr3 growth has been explored,60,69,146–148 and the role it plays 

in the dissolution and solvation of PbX2 salt into PbXn
2-n plumbate complexes. This is 

particularly interesting as the varied lead centered polyhedra formed will have different charges, 

molecular weights, solubility, as well as concentration and reactivity. The dynamic equilibrium 

between plumbates is sensitive to the Lewis basicity of the solvents and ligands involved, as well 

as temperature.  To date, studies have focused primarily on polar solvents and their role in 

plumbate formation, with nitrogen or sulfur bearing solvents (e.g., DMF, DMSO) acting as 

stabilizers of PbXn
2-n.149    

In this report, we study whether non-polar, high boiling point solvents can tune CsPbBr3 growth 

at both low and high temperatures, with the latter being used to compare a one-pot growth 
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mechanism, facilitated by microwave irradiation (MWI), and a hot-injection mechanism, via 

convection.  The findings indicate that these solvents do tune PbXn
2-n formation, leading to 

controlled CsPbBr3 growth and properties.  
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2.2 Experimental  

2.2.1 Materials  

Lead iodide (PbI2, 99%), lead bromide (PbBr2, 99.99%), cesium carbonate (Cs2CO3, 97%), 

methyl ammonium iodide (MAI, 98%), oleyl amine (OAm, 70%, technical grade), oleic acid 

(OAc, 90%), 1-octadecene (ODE, 90%), benzyl ether (BE, 98%), N,N-Dimethylformamide 

(DMF, anhydrous, 99.8%) were purchased from Sigma Aldrich and used as received unless 

otherwise noted.  

 

2.2.2 Methods 

2.2.2.1 Precursor Preparation  

In a typical one-pot reaction, precursors were first prepared by adding 0.80 g of Cs2CO3 to 30 

mL of solvent (ODE or BE), along with 2.4 mL of OAc and the mixture was heated at 120°C 

under vacuum until all was dissolved (0.15 M Cs-OAc). Likewise, 0.28 g of PbBr2 or 0.34 g of 

PbI2 in 20 mL solvent was heated at 120°C for 1 h under vacuum. Next, 2 mL of OAc and 2 mL 

OAm was added to the mixture under Ar and the mixture was heated at 120°C for another hour 

for a complete dispersion of a 0.03 M PbX2 stock solution. Trials were also run using purified 

OAm,150 as were reactions where Cs2CO3 was reacted with OAc at higher ratios.151 

 

2.2.2.2 One-Pot MWI Heating and Synthesis of CsPbX3 

In a typical one-pot MWI heated reaction, 3 mL of the as-prepared PbX2 precursor was purged 

with Ar gas for 5 min at room temperature. Next, 200 μL of the cesium oleate precursor solution 

was heated to 85 oC and injected to PbX2 solution followed immediately by MWI heating to 160 
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°C where the trajectory of the heat transfer was different between BE and ODE, and depends on 

the dielectric constant (ε) of the non-polar solvents.92 The BE reaction (ε = 3.82) reached 160 ℃ 

within 100 seconds, while the ODE reaction (ε = 2.25) reached after 240 s. Upon reaching this 

set point, there was a rapid quenching of temperature by the active cooling of the MWI reactor.  

These prepared nanoplatelets were purified by centrifuging 1 ml aliquots at 10,000 rpm for 3 

min, followed by the discarding of the supernatant and redispersion in toluene aided by 

sonication. This procedure was repeated at least two times, except in the case of FTIR sample 

preparation, in which additional purification steps were used.  

 

2.2.2.3 Hot Injection and Conventional Heating Based Synthesis of CsPbX3 

First, a 0.15 M Cs-OAc precursor was prepared as described in the precursor preparation section 

and was stored at 85 oC prior to injection. To prepare the PbBr2 precursor, a mixture of 0.14 g 

PbBr2 powder and 10 mL BE was heated under vacuum at 120 oC for 1h. Then, the mixture was 

placed under Ar and 1 mL OAm and 1 mL OAc were injected to dissolve the powder. After 1 h, 

temperature was raised to 140 oC. Next, 0.8 mL Cs-OAc was injected to the solution, and the 

reactions were let to anneal for 1, 30, and 60 min before removing the heating mantle to quench 

the reaction. The products were purified as described above.  This method was also used for the 

room temperature syntheses described, except that all reactants were cooled to room temperature 

before initiation.  

 

2.2.2.4 BE-CsPbI3 synthesis via Halide Exchange of BE-CsPbBr3  

Prior to the halide exchange (HE), BE-CsPbBr3 were purified and redispersed in toluene to the 

approximated concentrations.152 This solution was then combined with an aliquot from a 0.20M 
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PbI2 stock solution so that the combined [Iˉ]:[Brˉ] = 1, following a method recently developed in 

our lab.108 The mixture was allowed to react for 30 min, then PL emission was measured. For 

XRD measurement, a portion of the mixture was separated, purified and drop-casted on a zero-

diffraction quartz substrate. The rest of the mixture was centrifuged and redispersed in toluene to 

the initial volume to remove the free Br- in the solution. In the second step, PbI2 with the same 

ratio of 1:1 was added to the remaining solution, followed by XRD and PL measurements.  

 

2.2.2.5 Benesi-Hildebrand Analysis   

The competitive assay analysis was performed by first preparing a 0.1 M MAI in BE. Next, MAI 

aliquots were added to a diluted BE-PbI2 at a ratio of [MAI]:[PbI2] = 1-35. The resulting 

Iodoplumbate complex formation was monitored by UV-vis spectroscopy.  

 

2.2.3 Instrumentation 

Microwave Irradiation (MWI) Heating 

A Discover-SP (CEM Inc.) microwave synthesizer with magnetron frequency of 2450 MHz was 

employed for the MWI, while temperature, power and time of the process were controlled by 

Synergy software. Each reaction was stirred in a 10 mL glass vial during which temperature was 

monitored by a volume-independent IR temperature sensor. To stop the reaction, samples were 

cooled down by compressed N2 circulating inside the microwave chamber. 

UV-Visible Absorption Spectrophotometry (UV-Vis) 

The UV-Vis measurements were collected on a Cary 50 Bio UV-Vis spectrophotometer 

(VARIAN Inc.) between 300-700 nm. Absorbance of each sample was less than 0.1 to reduce 

reabsorption effects in photoluminescence measurements.  
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Photoluminescence Spectroscopy (PL) 

PL emission spectra were collected on a Cary Eclipse fluorescence spectrophotometer (VARIAN 

Inc.). The excitation wavelength was set at 400 nm and excitation and emission slit widths were 

set at 5 nm.  

Powder X-ray Diffraction (XRD) 

XRD spectra were produced using D2 PHASER (Bruker) instrument with a Cu-Kα radiation 

source (1.5406 Å). Samples were prepared by drop-casting purified NPs on a zero-diffraction 

quartz holder, followed by drying in a Savant Speed Vac Sc110 vacuum. XRD results were 

measured with the 2θ ranging from 10 to 50 ˚ and the increment of 0.05˚. 

Transmission Electron Microscopy (TEM) 

Prior to TEM measurement, samples were diluted several times and then drop-casted on a carbon 

coated grid. TEM images of the samples were developed using JEM 2100F field emission TEM 

(JEOL), operated at 200 kV at the Analytical and Diagnostics Laboratory (ADL) at the State 

University of New York at Binghamton. Particle size distribution was analyzed manually using 

ImageJ software on populations of at least 100 counts. 

Atomic Force Microscopy (AFM) 

AFM imaging was performed on a Digital Instrument Nanoscope IIIa in tapping mode using an 

E-scanner. Silicon AFM tips (µMasch, HG:NSC14 / AlBs) were used which had a typical 

resonance frequency of ~160 Hz. Samples were prepared by drop-casting purified NPs on a 

HOPG substrate, followed by drying in a Savant Speed Vac Sc110 vacuum. 
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Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectra was collected using a Thermo Nicolet 6700 FTIR equipped with a diamond smart 

iTR attenuated internal reflectance accessory, and a liquid N2 cooled MCT-A detector. Samples 

were prepared by three rounds of purification in toluene with centrifugation at 4k rpm for 10 

minutes in a glass tube. Samples were then drop-casted on the iTR diamond and air-dried prior to 

the measurement.  
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2.3 Results and Discussion 

Figure 2.1a shows a schematic illustration of the synthetic conditioned tailored to understand 

CsPbBr3 growth using  either benzyl ether (BE) or 1-octadecene (ODE) as non-polar hgh boiling 

point solvents, cesium carbonate dissolved and complexed with oleic acid (OAc) and lead 

plumbate (PbBrn
2-n)69,153–155 formed via dissolving in solvent (S) and ligands (L),  as described in 

the experimental section. The products of these reactions are denoted as BE-CsPbBr3 or ODE-

CsPbBr3. Two nucleation and growth mechanisms were studied, so-called one-pot and hot-

injection, at either high temperature or low temperature.  

 

Figure 2.1. (a) Schematic overview of the reaction systems used in this study. UV-vis (a) and PL 

emission (b) spectra of the BE- (i), and ODE-CsPbBr3 products prepared via MWI heating to 160 
oC.  

 

A one-pot mechanism using microwave irradiation (MWI) as the heating source was first 

employed, and the synthesis mixtures were heated to 160 oC.  Upon cooling, the reaction solution 

had changed color from a light translucent yellow to a turbid orange, which if left overnight, 

would settle for the BE-CsPbBr3 products, but not for the ODE-CsPbBr3. After collection and 
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purification, the resulting optoelectronic properties were measured. Figure 2.1b shows the UV-

visible absorption (UV-vis) results. The BE-CsPbBr3 had a first excitonic absorption peak at 523 

nm (i), while the ODE-CsPbBr3 absorbed at 488 nm. Both products exhibited photoluminescence 

(PL), as shown in Figure 2.1c, with BE-CsPbBr3 emitting at 527 nm (i), and ODE-CsPbBr3 at 

495 nm (ii). The red-shift indicates either larger sizes or thicker platelets for BE-CsPbBr3. The 

band edge absorption is quantized by the minimum CsPbBr3 dimension, especially when sizes 

are comparable to the exciton Bohr radius (aB), which for  CsPbBr3 is  ~ 7 nm. Using the studies 

reported  by others,62,78,137,156 we estimate a thickness of >15 monolayers (ML), where ML is 

defined a linear chain of corner sharing PbBr6
4- octahedra with thickness of 0.59 nm, for the BE-

CsPbBr3, corresponding to approximate thickness of 8 ~ 9 nm. We note that the absorption is 

broad, indicating a polydisperse sample and distribution in thicknesses. Using the same 

approach, the ODE-CsPbBr3 would have a minimum feature size of ~ 9 ML, or ~5.3 nm.   

 

Figure 2.2. Representative TEM micrographs of ODE-CsPbBr3 (a) and BE-CsPbBr3 products (b-

e) Size analysis histogram of BE-CsPbBr3 showing platelet 2D dimensions (f).  
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The dimensions and morphology of the two products were characterized using transmission 

electron microscopy (TEM). Figure 2.2a shows a micrograph for the ODE-CsPbBr3 products, 

which has small square like lateral morphology with an length of ~ 9.7 ±  0.8 nm, which 

combined with the optical data above is ~5 nm thick, and is consistent with other ODE based 

CsPbBr3 platelets. In contrast, the BE-CsPbBr3 products had larger 2D platelet like morphology, 

as shown in Figure 2.2b-e. The large platelet morphology of the products was highly 

reproducible; however, the lateral dimensions were polydisperse. For example, the platelets 

largest length varies from 20 - 500 nm.  The platelets were indeed thin, as suggested by the UV-

vis, as illustrated in the TEM micrographs where the platelets orient on top of another.   

 

Figure 2.3. Representative tapping mode AFM image (a) and corresponding cross-section 

analysis (b-c) of two regions (arrows) of BE-CsPbBr3 nanoplatelet domains drop cast onto 

HOPG.  

 

The thickness was also probed by atomic force microscopy (AFM). Figure 2.3 shows a typical 

AFM image of BE-CsPbBr3 platelets dropcast from a toluene dispersion onto a HOPG grid. At 
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the resolution shown, domains consisting of many platelets are imaged. Importantly, sharp edges 

can be observed, and cross-section analysis reveals overall thickness profiles of the domains 

(Fig. 2.3). The heights measured vary slightly, from 3-5 nm, which are thinner than the ML 

estimate from the main absorption band above, suggesting that thinner platelets were sampled. 

We note that some products dispersions showed significant aggregation, and after drop casting, 

domains revealed stacks or clusters of platelets that revealed larger heights. To understand this, 

scanning electron microscopy (SEM) was used to image those dropcast substrates. Figure 2.5 

shows the platelets and the 2D morphology, as well as grouped discrete aggregates, which were 

difficult to separate, and was attributed to either residue BE in the purified product, or the result 

of excess purification steps, as described below.   

 

Figure 2.4. Representative powder XRD of BE-CsPbBr3 (i) and ODE-CsPbBr3 products (ii), as 

compared to an orthorhombic CsPbBr3 standard (97851-ICSD).  

(i)

(ii)
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The crystalline nature of the CsPbBr3 products were studied by powder X-ray diffraction (XRD). 

Figure 2.4 shows the XRD analysis of the BE- (i) and ODE-CsPbBr3 (ii), as compared to an 

orthorhombic CsPbBr3 bulk standard.  Both products index with the orthorhombic standard with 

minimal variation to Bragg angles, but intensity ratios differed, as did the extent of Scherrer 

broadening. For example, the BE-CsPbBr3 (i) showed pronounced preferred orientation of the 

planes diffracting at 2 = 30.4 and 30.7◦, which correspond to (004) and (220) of the crystal. 

Clearly, the intensities do not match the standard, and suggest not only that each platelet grows 

in the same orientation, but that each platelet is highly crystalline. It’s important to note that 

preferred orientation in XRD can be a result of crystal growth, as well as an artifact produced by 

the way a sample self-assembles during drying, as well as by substrate type and sample-to-

substrate interactions.157 We suspect that each of these factors influence the XRD shown here. 

The samples were prepared via drop-casting from a concentrated solution, and we assume they 

form into the irregular clusters shown by SEM (Fig. 2.5). Nonetheless, a number of control 

experiments were performed to better understand the peak intensities and the origin of the 

preferred orientation. To test whether the intensity ratios could be an artifact of platelet drying on 

the XRD substrate, samples that were both drop cast from solution, and from dried powders, 

each of which showed similar intensities.  
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Figure 2.5. Representative SEM micrographs of purified BE-CsPbBr3 dropcast onto HOPG and 

imaged at increasing magnifications (a-c).   
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In another control, a concentrated carbon black slurry with colloidal carbon (~20 nm) was added 

to a toluene solution of purified BE-CsPbBr3, sonicated, and dropcast, with the aim of using the 

carbon to inhibit platelet stacking during drying. This however resulted in similar XRD 

signatures (Fig. 2.6), suggesting that crystal orientation plays at least some role, and that growth 

occurs in the (004) and (220) directions of the platelets, of which (220) can be indexed to the 

longer dimension of the platelet.  The thickness of the platelets, and thus the planes of atoms in 

that direction, are outweighed in terms of number, and have lower Bragg intensities. The ODE-

CsPbBr3 on the other hand (ii), had intensity ratios consistent with that of bulk, as well as 

broadening consistent with the smaller dimensions.  

 
Figure 2.6. Control experiment XRD results comparing the purified BE-CsPbBr3 nanoplatelets 

prepared (top) and same nanoplatelets with 50 μL of 3 g/L carbon black added and sonicated 

before drop casting (bottom), testing whether or not the nanoplatelets stacked on the XRD 

holder, which was found to not be the case, due the similarity of the two results. Orthorhombic 

reference planes shown for illustration only.  

 

The halide concentration of the platelets could also be fine-tuned, either by introducing iodide (I) 

into the synthetic solutions, or via halide exchange (HE), resulting in BE-CsPbBr3-xIx. Here, we 
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focused on only the BE solvent, since there are numerous examples of halide control in ODE-

based products.103 Figure 2.7 shows the PL for BE-CsPbBr3-xIx, synthesized by varying the [Br-

]:[I-] feed ratio, with the corresponding XRD shown in Figure 2.8. The XRD signatures were 

consistent with those platelet morphologies shown above and increased I-rich content is 

indicated by shifts in 2 Products formed at low I- concentrations showed the platelet like 

preferred orientation, however this was lost at high I- content. 

 

 
 

Figure 2.7. PL emission results of BE-CsPbBr3-xIx formed via the one-pot MWI heating (160 oC) 

synthesis using increasing concentrations of  [PbIn]
2-n (i-v) complexed with BE and OAm. 
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Figure 2.8. XRD results of BE-CsPbBr3-xIx formed via the one-pot MWI heating (160 oC) 

synthesis using increasing concentrations of  [PbIn]
2-n (i-v) complexed with BE and OAm.  

 

Alternatively, HE could be used to transform the BE-CsPbBr3 via addition of I- rich precursors103 

or small organohalide molecules.24,109 Using a protocol recently developed in our lab,108 we 

found that the BE-CsPbBr3 platelets could undergo HE without disrupting the crystal structure, 

and allowed for a broader control of composition than direct synthesis (Fig. 2.9). A more detailed 

study of the synthesis of mixed halides and of halide exchange in BE-CsPbBr3 are beyond the 

scope of this paper and will be reported elsewhere.   
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Figure 2.9. PL emission (a) and XRD (b) of BE-CsPbBr3 nanoplatelets before (i), and after 

halide exchange with two consecutive washing steps with OAm-PbI2 (ii-iii) following our recent 

work.1 

 

The novel component of this study is understanding the role of BE in the formation of CsPbBr3,  

and we next prepared BE-CsPbBr3 not with MWI heating, but and instead via hot-injection. In 

contrast to MWI based heating, in which all precursors are in ‘one-pot’ and growth is facilitated 

or activated by heating, ‘hot-injection’ introduces the final precursor at an elevated temperature, 

inducing burst nucleation and growth of what is typically a smaller and more monodispersed 

product.  Figure 2.10 shows a set of TEM micrographs for BE-CsPbBr3 products collected after 

hot injection and  ~1 min annealing at 140 oC (a-c), and after annealing for 30 min (d). One 

observation made after synthesis was that the product had soluble and insoluble fractions after 1 

min. A TEM of the soluble portion is shown in Figure 2.10a, with small square crystals with 

edge lengths of l  = 6.8 ± 1.1 nm visible. The insoluble portion (5b-c) shows larger square 

platelets with edge lengths of  l  = 11.1 ± 3.5  nm. Both fractions showed smaller clusters or 

nuclei with diameters of d ~3.5 nm and very uniform inter-cluster distances, see arrow.  Based 

on the optical signature, which showed a band edge absorption at 500 (a-c) and 510 nm (d), these 

had thicknesses of ~2 ML, respectively, making them much thinner than the MWI based 

products.   
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Figure 2.10. (a-d) Representative TEM micrographs of BE-CsPbBr3 products via hot-injection in 

BE. Samples collected from soluble (a, l  = 6.8 ±1.1 nm) and non-soluble fractions (b-c, l  = 11.1 

± 3.5 nm) of the synthesis solution after centrifugation. Early reaction times show a high 

concentration of small clusters (arrow, d ~ 3.5 nm). The sole non-soluble product after 30 min 

annealing (d, l1  = 17.4 ± 2.6 nm, l2  = 10.4 ± 1.6 nm).  

 

Figure 2.11 shows the powder XRD for BE-CsPbBr3 soluble (i) and insoluble (ii) products from 

hot-injection, as compared to ODE-CsPbBr3 (iii). Compared to the MWI BE-CsPbBr3 products 

(Fig. 2.10), these showed more cubic crystal characteristics, with the insoluble products (ii) 

showing some preferred orientation. The ODE-CsPbBr3 similarly showed cubic similarities, but 

with slight 2 shifts that may suggest some orthorhombic features.    
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Figure 2.11. Representative powder XRD of BE-CsPbBr3 hot-injection products for soluble (i), 

and insoluble (ii) fractions and ODE-CsPbBr3 (iii) after ~1 min annealing.  Reference patterns 

for cubic (1533063-COD, red) and orthorhombic CsPbBr3 (97851-ICSD, blue).  

 

We hypothesize that the reason why BE and ODE produce different morphologies is due to the 

different fractions of precursor types at the time of nucleation, as well the affinity of the solvent 

to Pb2+. Figure 2.12 shows the electronic absorption of PbBr2 solid dissolved in BE (i) and ODE 

(iv), and mixtures of BE+OAm+OAc (ii), as well as ODE+OAm+OAc (iii). The absorptions 

observed are categorized broadly as exfoliated PbBr2 solids, which may be two dimensional in 

nature,154 and multiple PbBrn
2-n lead plumbate complexes which are often defined as PbBr6

2- , 

PbBr3
- , and PbBr4

2.153,155 Comparing (i) to (iv) reveals that BE is more effective at dissolving 

PbBr2 to PbBrn
2-n than ODE. This was also physically observed in the experiment, where BE 

dissolved the PbBr2 salt with less visible solids than ODE, in which a high percentage of 
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insoluble salt was still observed. Secondly, the addition of OAm and OAc further dissolves the 

solids in the case of ODE and shifts the absorption wavelengths in BE. Both solvent plus ligand 

mixtures show high concentrations of PbBrn
2-n, likely the result of ligand coordination to Pb2+ 

and substitution of one or more bromides (see below), with ODE+OAm+OAc still showing a 

considerable percentage of insoluble PbBr2. Whether or not this solid PbBr2 is incorporated into 

forming the nano CsPbBr3 is likely dependent on the effect of the synthetic temperature on 

dissolution equilibrium.   

 

Figure 2.12. The UV-vis of [PbBrn]
2-n formed via PbBr2 dissolved in BE (i), BE+OAc+OAm 

(ii), ODE+OAc+Oam (iii), and ODE (iv) at 140 oC under vacuum for 1h and then cooled to room 

temperature. Approximate absorption regions for different [PbBrn]
2-n complexes are shown. 

Spectral ranges used vary due to solvent absorption.  
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This insight suggests that BE coordinates and solvates PbBr2 better than ODE, which is 

understandable considering it’s -rich nature. Researchers have studied the solvent effect of 

perovskite formation previously, especially as it relates to thin film formations of methyl 

ammonium halides (MAPbX3) using polar solvents.69 And, we note that BE has been used in 

nanoparticle synthesis before, especially in the recent synthesis of QD heterostructured 

libraries.158,159 By using a competitive assay between solvents and halides, a Benesi-Hildebrand 

analysis can be used to approximate coordination strength by way of estimating equilibrium 

constant (K) and Guttmann donor number (DN), which measures PbBrn
2-n concentration and type 

in the presence of excess halides by way of UV-vis. 69,149,153,160  For instance, Loo and co-

workers compared solvent dielectric constants and DN with either crystal growth or thin-film 

growth mechanisms, and showed that while ε values did not predict growth, that DN > 15 

consistently resulted in thin film growth, whereas higher numbers consistently showed crystal 

growth.69  Thus, higher DN solvents, typical polar and strong Lewis bases, coordinate favorably 

with Pb2+, resulting in PbBrn
2-n  with higher n, resulting in more crystal growth (ideal building 

blocks), whereas DN < 15, coordinate weakly with Pb2+, resulting in lower n, and more 

amorphous or thin-film growth.69 To date, most analysis is compared to polar solvents, like DMF 

and DMSO, both of which bind strongly to Pb2+ and decrease plumbate equilibrium.69,149,153 Both 

BE and ODE are considerably less polar that many of these solvents used for perovskite growth. 

Figure 3.8 shows a Benesi-Hildebrand assay used to compare BE and ODE, to DMF, where PbI2 

and MAI were used in place of PbBr2 and MABr. Both assays resulted in equilibrium (K) values 

comparable to other non-coordinating solvents, where KBE ~ 74 M-1 and KODE ~ 84 M-1, 

indicating that BE binds stronger to PbBrn
2-n  than ODE, but much weaker than DMSO (KDMSO 

~10, Fig. 3.8). Details of this study are reported in chapter 3.   
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The composition of the final organic capping monolayer of BE-CsPbBr3 was also studied via 

Fourier Transform Infrared (FTIR) spectroscopy, and shown in Figure 2.13. Vibrations attributed 

to BE adsorbed to the CsPbBr3 interface were consistently observed, further suggesting 

coordination.   

 
Figure 2.13. FTIR of purified BE-CsPbBr3 product (a), BE, (b), OAc (c), and OAm (d), and 

highlighted regions of interest, C-H benzyl rings (i), aliphatic C-H (ii), C=0 (iii), and C=C (iv).  

 

While the DN and K values aid in understanding the PbBr2 dissolution, the cesium oleate 

precursor is also important, and can have different temperature dependent and stoichiometry 

related solubility. Control experiments fully solubilizing cesium oleate (Cs+-OAc) at room 

temperature were performed, which used high OAc-to-Cs molar ratios, following a method 

recently described.151 The products of that control synthesis using MWI had more soluble final 

products, but the platelet morphology and XRD intensity ratios persisted (Fig. 2.14). This Cs 

precursor was also used in the hot-injection synthesis described above.   
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Figure 2.14. XRD results of the BE-CsPbBr3 nanoplatelet products produced at [OAc]:[Cs+] = 5, 

demonstrating that platelet formation was still observed with more soluble precursors.   

 

 

 

Figure 2.15. An idealized mechanism schematic for the growth of CsPbBr3 using BE or ODE 

solvents.  
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Considering the procedural steps employed in this study, and the findings above, Figure 2.15 

idealizes the mechanism for CsPbBr3 growth. The dissolution of PbBr2 salt (a) in a solvent (S = 

BE or ODE) produces two intermediates, two dimensional, exfoliated (PbBr2)x solid layers 

solvated by S, as described recently,154 and the PbBrn
2-n plumbates of various coordination, such 

as PbBr4
2-, PbBr3

-, etc.155,161 Here, the PbBrn
2-n may have a Br- substituted by S, which is not 

charged (b). Upon addition of ligands (L = OAm, OAc, OAm+OAc), the equilibrium shifts to 

forming a higher percentage of PbBrn
2-n afforded by strong L-to-Pb2+ coordination (c), which 

breaks the PbBr2 into smaller fragments or lower molecular weight polyhedra. Upon the addition 

of Cs+ (d), the PbBrn
2-n polyhedra are electrostatically attracted to one another, forming 2-

nCs+PbBrn
2-n complexes, but still under the coordination of excess L and S.  In this study, steps 

a-c (precursor preparation) occurs over the course of an hour, whereas step (d) occurs over a few 

minutes before heating in the case of MWI heating, or within seconds during hot-injection. Upon 

heating, the 2-nCs+PbBrn
2-n complexes loose coordinating S as well as L and are consumed 

producing CsPbBr3 perovskite platelets (e). Loss of coordinating solvent during heating is often 

observed in the formation of perovskite thin films from polar solvents, however in this study, 

loss of solvent refers to those molecules that were either coordinating to the crystal or separating 

intermediate plumbates. It is possible that both BE DN numbers likely reside in the thin-film 

growth regime, as described above, resulting in large mesoscale platelets are observed with 

prolonged MWI heating and smaller square platelets are formed via quick hot-injection, while 

ODE produces smaller crystallites of similar sizes for both heating conditions.  Also of 

importance is the temperature used, as it will influence the equilibrium between PbBrn
2-n types 

and CsPbBr3 crystallization in the presence of S and L, promoting PbBrn
2-n at lower 

temperatures.    
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2.4 Conclusion 

Taken together, a synthesis route for CsPbBr3 nanoplatelets has been described in which choice 

of non-polar solvents and heating method can be used to control morphology.  The findings 

demonstrate that combining BE, a one-pot mechanism, and MWI heating prove effective at 

influencing nucleation and growth to the point of forming highly crystalline platelets, with lateral 

dimensions of 20-500 nm, and relatively thick, ~15 ML, thicknesses. These platelets show 

preferred orientation in XRD signatures along the (220) and (004) planes. Synthesis via hot-

injection with BE also leads to platelets, but a more uniform square shapes, ~17 nm lengths, and 

~2 ML thicknesses.  On the contrary, use of ODE results in small crystallites, ~10 nm, in both 

heating approaches. The ability of the solvent, and solvent plus ligand mixtures to dissolve PbBr2 

salt into varied PbBrn
2-n plumbates was studied, and showed that BE is more effective, due in 

large part to its -donating character and coordination to Pb2+. The compositions of the BE-

CsPbBr3 could be tailored by adding iodine either via synthesis upon addition of PbIn
2-n during 

synthesis, or via halide exchange.   
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Chapter 3  ̶  Formation Mechanism in 2D CsPbBr3 Perovskite Nanoparticles 

Prepared in Benzyl Ether Using Microwave Irradiation 
 

 

Abstract  

Precise control in morphological design of the CsPbBr3 nanoparticles has attracted many 

scientists in materials science. This is particularly important as structural properties of all-

inorganic perovskite nanoparticles (NP) dictate their chemical and physical properties and 

therefore, their application and efficiency in optoelectronic devices. In this chapter, we study the 

unique approach in the 2D synthesis of CsPbBr3 nanoplatelets described in chapter 2. In 

particular, factors affecting the orientational growth of the NPs include incorporation of benzyl 

ether (BE), microwave irradiation (MWI), and one-pot synthesis. A combination of control 

studies was performed while UV-Vis absorption, photoluminescence emission and X-Ray 

Diffraction analysis were employed to monitor optical and structural changes in this study. To 

understand the influence of BE on nuclei formation and growth of the 2D NPs, Benesi-

Hildebrand studies were conducted comparable to the previous studies on iodoplumbate 

complexation in DMF. The synthesis was also monitored in absence of the MWI at room 

temperature and using the hot-injection method, to elucidate the one-pot synthesis and MWI 

effects. Lastly, post-synthesis structural modification was explored via reaction of CsPbBr3 

nanoplatelets with the precursors. 
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3.1 Introduction 

In the last twenty years, perovskites have been the topic of more than 1000 publications per year, 

holding the second position in the ranking of the materials science topics with the greatest 

number of publications.162 In these studies, a great number of synthetic methods have been 

identified to successfully synthesize all-inorganic perovskite nanoparticles (NP).66 On top of that, 

the effect of pre/post-synthetic parameters on the optical and structural properties of these NPs 

have been studied, meticulously.163,164 These parameters consist of synthesis materials, such as, 

precursors, passivating ligands, and solvent, and synthesis conditions, such as, temperature, time, 

and pressure.30,65,102,165,166 As demonstrated in several studies as well as chapter 1 of this 

dissertation, the major technique in changing the NPs’ properties is through tuning the 

composition pre/post-synthesis. For example, during a CsPb(Br/I)3 NP synthesis, slight changes 

in the composition ratio of halide precursors result in a different band gap energy, thus, a unique 

absorption and photoluminescence (PL) emission in the visible region. It is harder to deduce a 

general rule regarding the influence of the ligands and solvent on the properties of the NPs while 

a combination of solubility, surface ligand density and solution interactions can determine the 

fate of the NPs.108,167,168 Changing the synthesis condition could also result in various NP 

morphologies. More often, higher synthesis temperature and longer heat treatments have shown 

to promote nanocrystal’s growth, however, several low temperature studies have also resulted in 

1D or 2D nanocrystals. For example, one study showed hot-injection synthesis at a lower 

temperature of 140 ˚C favors anisotropic growth in all-inorganic perovskite NPs.50 

One of the main aspects in controlling the NPs’ morphology is the choice between simultaneous 

nucleation and growth of the NPs, like in hot-injection synthesis or separation of these two steps 

by a one-pot synthesis. We studied the impact of the one-pot condition in this work by 



 
 

61 
 

monitoring the formation of the nuclei and NPs in absent of the heating. Then we focused on the 

influence of BE in formation of the nuclei and ultimately, the structure of the nanoplatelets. 

Researchers have shown that the equilibrium between different iodoplumbate complexes prior to 

hybrid perovskite synthesis affects the perovskite structure.69,149,153,160 A more basic solvent 

moves the equilibrium by coordinating with the Lewis acid Pb2+ center hindering the highly 

coordinated iodoplumbate formation. In this case, a solvent’s basicity can be quantified by the 

Guttmann’s donor number (DN), which is the negative enthalpy value for a 1:1 adduct of Lewis 

acid SbCl5 with a Lewis base in 1-2,dichloroethane solvent.169 For instance, Loo et. al. showed 

solvents with higher DN (>18 kcal/mol) coordinate favorably with Pb2+, resulting in less 

interaction with the halides in solution, thereby reducing iodoplumbate complex formation, 

requisite in MAPbI3 perovskite synthesis.69 These studies inspired us to investigate the 

iodoplumbate complexation in BE to understand the role of the BE as the solvent in our work. 

Another unique factor in the synthesis of CsPbBr3 nanoplatelets in this study, was the use of 

microwave irradiation (MWI) to heat up the precursor’s mixture and speed up the NPs’ growth. 

While MWI has been utilized in synthesis of various organic and inorganic chemicals, there are 

few studies regarding its application in perovskite synthesis.88,91,99,100,170 More importantly, MWI 

is particularly applied in synthesis due to its programmable fast and homogeneous heating 

conditions.96,171 In this work, we report on the effect of the MW-assisted synthesis versus the 

hot-injection technique in 2D growth of the CsPbBr3 NPs.  

We previously, showed that 2D CsPbBr3 nanoplatelets can be produced in benzyl ether (BE) 

using a synthetic microwave instrument. In this chapter, we focus on the several factors affecting 

the synthesis of the CsPbBr3 nanoplatelets and how each of them might be playing a role in 
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orientational growth of the NPs. In particular, the influence of three unique features of this 

method; BE, one-pot synthesis and MWI will be discussed in detail. 
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3.2 Experimental 

3.2.1 Materials  

Lead iodide (PbI2, 99%), lead bromide (PbBr2, 99.99%), cesium carbonate (Cs2CO3, 97%), 

methyl ammonium iodide (MAI, 98%), oleyl amine (OAm, 70%, technical grade), oleic acid 

(OAc, 90%), N,N-Dimethylformamide (DMF, anhydrous, 99.8%), 1-octadecene (ODE, 90%), 

and benzyl ether (BE, 98%) were purchased from Sigma Aldrich and used as received.  

 

3.2.2 Methods 

3.2.2.1 Synthesis of CsPbBr3 Perovskite Nanoplatelets  

The CsPbBr3 nanoplatelets was synthesized according to the method reported in chapter 2. In 

summary, 0.80 g of cesium carbonate, 2.4 μL OAc and 30 mL BE were stirred at 120 °C under 

vacuum to prepare the cesium oleate precursor. 0.03 M lead bromide precursor was prepared by 

adding 2 mL of OAc and 2 mL of OAm to a 20 mL of PbBr2 suspension in BE at 120 °C under 

Ar flow. Next, 200 μL of an 85 °C cesium oleate precursor was injected into 3 mL of lead 

bromide precursor, which was first purged with Ar gas for 5 min at room temperature, followed 

immediately by microwave irradiation (Discover-SP, CEM Inc.) at 160 °C. NPs were purified 2-

3 times by centrifugation (at 10k rpm for 3 minutes, and at 4.4k rpm for 3 minutes) and 

redispersed in toluene. To monitor the nucleation and growth of the nanoparticles at room 

temperature, the precursors were prepared and mixed in the same way and stored in ambient 

condition. 
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3.2.2.2 Benzyl Ether Coordination - Benesi-Hildebrand Analysis   

The Benesi-Hildebrand analysis was performed by first preparing a 0.1 M MAI in BE. Next, 

MAI aliquots were added to a diluted PbI2 precursor at a ratio of [MAI]:[PbI2] = 1-35. The 

resulting iodoplumbate complex formation was monitored by UV-Vis spectroscopy. For the 

measurements involving DMF solvent, 0.1 M MAI was prepared in either BE or DMF. PbI2 

powder was vigorously stirred in either BE or DMF to make a 5 mM dispersion. MAI was added 

to a 0.2 mM PbI2 in aliquots while the ratio of [MAI]:[PbI2] was between 1-350 for analysis in 

DMF and 1-75 for other reactions. Iodoplumbate complex formation was monitored by UV-Vis 

absorption measurement of the mixture.  

 

3.2.3 Instrumentation 

UV-Visible Absorption Spectrophotometry (UV-Vis) 

The UV-Vis absorption spectra were scanned in the range of 300 - 700 nm using a Cary 50 Bio 

UV-Vis spectrophotometer (Varian Inc.).  

Photoluminescence Spectroscopy (PL)  

PL emission spectra were recorded using a Cary Eclipse fluorescence spectrophotometer (Varian 

Inc.). The excitation wavelength was set at 400 nm and excitation and emission slit widths were 

set at 5 nm. 

Powder X-ray Diffraction (XRD) 

XRD spectra were produced using D2 PHASER XRD (Bruker) instrument with a Cu-Kα 

radiation source (1.5406 Å). Samples were prepared by drop-casting purified NPs on a zero-
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diffraction quartz holder. Size of the hot-injection produced BE-CsPbBr3 NPs was estimated 

using the Scherrer equation as shown in equation 5. 

𝐷(ℎ,𝑘,𝑙) =  
57.3kλ

β cos(θ)
       Equation 5 

Where D is the size of the NPs in Å (grain size). k is a dimensionless shape factor with a typical 

value of 0.9 and λ is the X-ray wavelength (1.5406 Å). β is the full width at half maximum 

(FWHM) of the broadened peak in degree. and θ is the angle of diffraction at that peak. 

Transmission Electron Microscopy (TEM) 

First, NPs were diluted in toluene and drop-casted on a carbon coated grid, then solvent was 

evaporated thoroughly using a Savant Speed Vac Sc110 vacuum. TEM images of the samples 

were developed using JEM 2100F field emission TEM (JEOL), operated at 200 kV at the 

Analytical and Diagnostics Laboratory (ADL) at the State University of New York at 

Binghamton. Particle size distribution was analyzed manually using ImageJ software.  

Atomic Force Microscopy (AFM)  

AFM imaging was performed on a Digital Instrument Nanoscope IIIa in tapping mode using an 

E-scanner. Silicon AFM tips (µMasch, HG:NSC14 / AlBs) were used which had a typical 

resonance frequency of ~160 Hz. Samples were prepared by drop-casting purified NPs on a 

HOPG substrate, followed by drying in a Savant Speed Vac Sc110 vacuum. 
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3.3 Results and Discussion 

To understand how our MWI heating and reaction conditions affect platelets growth to such 

large, but thin morphologies we considered three factors. First, how the unique one-pot condition 

and prolonged synthesis affects the structure, second, whether or not BE molecules inhibit 

nucleation and growth, as compared to ODE, and lastly, whether the MWI plays a role in the 

nanoparticles’ morphology.  

 

Figure 3.1. Photoluminescence (PL) emission spectrum and structural characterization of 

CsPbBr3 NPs prepared in ODE via MWI heating at 160 ˚C. ODE-CsPbBr3 absorbance (i) and PL 

emission (ii) spectra (a), XRD pattern (b) of the ODE-CsPbBr3 NPs and the orthorhombic 

perovskite reference (97851-ICSD), TEM micrograph and the corresponding histogram (c), and 

AFM image and height profile of the ODE-CsPbBr3 NPs (d). 
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To illustrate the distinctive role of BE in fabricating the nanoplatelets, CsPbBr3 NPs were 

synthesized in ODE under the same condition as the nanoplatelets in BE. The CsPbBr3 prepared 

in ODE via MWI at T=160 ℃ had the characteristics of cubic nanocrystallites typical of OAm- 

and OAc-derived precursors and ODE solvent. Figure 3.1 shows a set of the absorption/emission 

(a), XRD (b), TEM (c) and AFM (d) results of ODE-CsPbBr3. The CsPbBr3 synthesized in ODE 

displayed a blue PL emission at ~481 nm with FWHM of 17.0 nm, which is higher in energy 

than a hot-injection synthesis typically having emission peak at~510 nm.24 The morphology was 

largely cubic, with sizes observed by TEM of ~10 nm NPs correlating with our previous hot-

injection synthesis.24 Dark marks around the corner of the ODE-CsPbBr3 NPs in TEM 

images have been previously linked to the diffusion of Pb2+ from the lattice and formation 

of Pb0 metals upon electron beam radiation of TEM.86,137,166 The XRD of ODE-CsPbBr3 

compared closely with an orthorhombic CsPbBr3, while small size of the ODE-CsPbBr3 NPs 

caused Scherrer broadening in the diffraction peaks. Contrary to the BE-CsPbBr3 pattern in 

figure 2.4, ODE-CsPbBr3 XRD did not demonstrate the preferential growth. The optical and 

structural analyses of the ODE-CsPbBr3 NPs showed that microwave-assisted synthesis in ODE 

produced blue-emitting perovskite nanocubes which differ from nanoplatelets described in 

chapter 2. Therefore, the contrast between BE-CsPbBr3 nanoplatelets and ODE-CsPbBr3 

nanocubes is used to study the mechanism of 2D growth in this chapter. 

A unique aspect of the growth can be attributed to the “one-pot” nature of the synthesis, unlike 

“hot-injection” synthesis where a supersaturated concentration nuclei are formed upon injection 

of precursors, such as Cs-Oleate. Hot-injection introduces all reactants at once, and under most 

conditions, nucleation and growth is temperature induced at a later stage. However, owing to the 



 
 

68 
 

highly favorable nature of the formation of perovskite crystals, due in large part to a high crystal 

lattice energy, perovskites can form at room temperature. 

 

 

Figure 3.2. Representative UV-Vis and PL spectra of the CsPbBr3 solution pre-treatment at 

room temperature collected over one month. Absorption and PL spectra in BE (a, c) and ODE (b, 

d). 
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one additional observation during the synthesis was a faint color change if the precursors were 

mixed long before any MWI heating. We hypothesized that this could have been growth of small 

CsPbBr3 nuclei. To probe this, we followed both an ODE and a BE-based reaction mixture at 

room temperature over extended periods of time using UV-Vis and PL. Figure 3.2 shows the 

characterization of an increased yellow-orange luminescence, as documented by the broad 

absorption profile with band-edge of ~ 425 nm, and a broad multi-featured PL between 400-500 

nm. This product was difficult to collect and as purified had the consistency of oil, thus, its XRD 

was featureless at first, suggesting small (<2 nm) CsPbBr3 clusters, nuclei, or ultra-small 

nanocrystals. This suggests that these complexes or nuclei are present at the onset of MWI 

heating and are likely crucial to platelet growth. Both absorbance and PL wavelengths shifted to 

higher values, over a month. The PL emission changed from a low broad emission to a more 

defined double-peak emission after one week, and after a month, featured a mono-peak emission 

at ~ 525 nm, resembling the emission of the MWI-synthesized NPLs. Similarly, the room 

temperature precursor mixture in ODE showed a trend of redshifted absorbance and PL 

wavelengths over a month, while absorbing and emitting at lower wavelengths compared to the 

BE mixture. The lower wavelength/higher band gap could be the result of the formation of 

smaller NP seeds in ODE, observable in the translucent yellow solution. 
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Figure 3.3. Representative TEM micrographs of ODE- (a) and BE-CsPbBr3 (b) products formed 

at room temperature after 24 h reaction. Inserts: Enlarged areas within micrographs.  

 

Kinetically, the BE-CsPbBr3 formed slower and resulted in thinner CsPbBr3 (Fig. 3.2), where 

smaller crystallites are formed that have well defined inter-crystal distances, which we attribute 

to repulsion from coatings of charged PbBrn
2-n at the interface. A TEM image of these is shown 

in Figure 3.3. The slower kinetics and smaller crystal size (d ~ 3 nm) in the case of BE at room 

temperature again suggests strong coordination to PbBrn
2-n, the release of which is more sensitive 

to temperature. ODE on the other hand formed uniform rod like structures with lengths < 15 nm. 

This final point suggests that judicious selection of both solvent as well as modest temperature 

changes may allow for a wealth of morphologies to be formed and controlled, which is part of 

our ongoing work and will be reported elsewhere.  

 

(a)

50 nm

(b)

10 nm
50 nm

10 nm

50 nm
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Figure 3.4. XRD of ODE-CsPbBr3 (i) and BE-CsPbBr3 (ii) products formed at room temperature 

over 1.5 months, a cubic CsPbBr3 reference (1530681-COD) and an orthorhombic CsPbBr3 

reference (97851-ICSD) are shown for comparison. 

 

As shown in figure 3.4, the XRD results of the ODE-CsPbBr3 (i) and BE-CsPbBr3 (ii) formed at 

room temperature over 1.5 months. Of particular interest is the observed preferred orientation in 

BE-CsPbBr3 which is similar to that of the MWI samples. Interestingly, the ODE-CsPbBr3 

showed a mixture of orthorhombic and cubic crystal growth. 
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Figure 3.5. UV-Vis absorption (i) and PL emission (ii) spectra (a) of CsPbI3 synthesized at room 

temperature in BE. XRD results (b) characterizing the crystal structure of CsPbI3 nanostructures 

prepared in BE at room temperature after 24 h with matching standard orthorhombic XRD 

pattern (4127358-COD). 

 

The absorbance and PL measurements of the Cs-PbI2 precursor mixture also showed several 

peaks with an exciton peak of 490 nm and PL peaks from 600-700 nm (figure 3.5). The mixture 

turned into dark luminescent solution during the first couple of hours, however, it turned into a 

non-luminescent yellow phase the day after, hence, was not pursued.  

The XRD data in figure 3.4 was indicating that even in the absence of a heating treatment, BE 

favors a 2D growth over the 0D structure of ODE samples. This led us to question whether the 

BE is interacting with the precursors or the initial nuclei differently. In order to approximate the 

differences between BE and ODE coordination to the precursors, in particular, halide-plumbate 

complexes, we performed Benesi-Hildebrand (BH) analysis to compare the equilibrium constant 

of iodoplumbate complexes.  



 
 

73 
 

 

Figure 3.6. Benesi-Hildebrand analysis, UV-Vis absorption (a) of iodoplumbate complexes and 

absorption at 490 nm (b) as a function of [MAI]:[PbI2] ratios in a reaction mixture of PbI2-BE 

precursor and MAI-BE in toluene. 

 

For this, a model reaction was used to best compare to published results, using iodine analogues, 

namely PbI2 and methyl ammonium iodide (MAI). These precursors were dissolved first in ratios 

of OAm and OAc that mimics precursor synthesis, diluted in toluene to ensure solubility and 

then aliquots of MAI (prepared in BE) were added. Figure 3.6a shows the resulting UV-Vis, 

which probes the iodoplumbate cluster formations. Over the course of the reaction between PbI2-

BE and MAI-BE absorption peaks at 364, 410, 450 and 490 nm shows presence of PbI3
-, PbI4

2-, 

PbI5
3- and PbI6

4- complexes in solution. With increasing [MAI]:[PbI2] ratios, peak intensity at 

364 and 410 nm for PbI3
-and PbI4

2- decreased and PbI6
4- peak at 490 nm increased. The 

isosbestic point in the absorbance is evidence of the equilibrium between species of 

iodoplumbates. 
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Figure 3.7. Benesi-Hildebrand analysis of iodoplumbate complexes in 0.2 mM PbI2 with 

increasing [MAI] in DMF. In (a) absorption of PbI2 was monitored with increasing [MAI], (b) 

shows absorbance at 420 nm vs [MAI]:[PbI2] ratio, (c) shows Benesi-Hildebrand plot based on 

the absorption profile at 420 nm. 

 

To demonstrate the difference in our results in BE versus DMF as a conventional solvent for 

Benesi-Hildebrand analysis of iodoplumbate complexes, we performed the Benesi-Hildebrand 

analysis in DMF and 50:50 DMF:BE solvents. ODE-DMF was not pursued due to immiscibility 

of ODE and DMF. First, MAI was added to a 0.2 mM PbI2 in DMF and absorption was 

measured as iodoplumbate complexes were formed in the mixture. Our results in figure 3.7 

shows with increase in MAI concentration, absorbance at 320, 370 nm, corresponding to PbI2 
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and PbI3
- complexes, increased, simultaneously, until [MAI]:[PbI2] ratio of 150 (blue). After this 

ratio, peaks at 320 and 370 nm started to decline while PbI4
2- absorbance at 420 nm increased. 

Absorption at 420 nm was traced over the [MAI]:[PbI2] ratio of 5 to 350 to monitor PbI4
2- 

formation. Then an equilibrium constant of 0.45 M-1 was calculated for PbI4
2- using equation 8 

and the line equation of Benesi-Hildebrand plot in figure 3.7c.  

 

PbI2 + I– → PbI3
– Equation 6. 

PbI3
– + I– → PbI4

2– Equation 7. 

 

                    

 

1

𝐴 − 𝐴0
=

1

𝐾
(

1

𝐴𝑚 − 𝐴0
)

1

[𝑀𝐴𝐼]
+ (

1

𝐴𝑚 − 𝐴0
)      Equation 8.   
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Figure 3.8. Benesi-Hildebrand analysis of iodoplumbate complexes in 0.2 mM PbI2 with 

increasing [MAI] in a 50:50 (v/v) BE:DMF solvent mixture. In (a) and (d) absorption of PbI2 was 

monitored with increasing [MAI]. (b) and (e) show absorbance at 550 nm versus [MAI]:[PbI2] 

ratio. (c) and (f) show Benesi-Hildebrand plot based on the absorption profile at 550nm. For (d), 

(e) and (f) OAc was added to PbI2 mixture prior to Benesi-Hildebrand analysis. 

 

To test the effect of BE on the iodoplumbate complexation, MAI was added to a 0.2 mM PbI2 in 

a mixture of BE-DMF (50:50 %v) and absorption was monitored as shown in figure 3.8. 

Evidently, the precursors experienced a lower solubility without ligands in BE. It should be 
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noted that iodoplumbate complexes had a low solubility as well and much of the absorption was 

from the MAI. All the result of this section was acquired under the condition of PbI2 solution in 

BE with no ligands. Therefore, these results must not be compared with the original analysis in 

figure 3.6 of this work and can only be compared in the following discussion as the no-ligand 

condition is consistent. The BH analysis in figure 3.6 showed increasing absorbance peaks at 370 

and 550 nm, (corresponding to PbI3
- and PbI4

2- species). The equilibrium constant of PbI4
2- in 

BE-DMF was calculated to be ~25 M-1 using the plot in figure 3.7c and equation 8. We further 

examined the PbI4
2- equilibrium constant with incorporating OAc prior to MAI addition which 

did not affect the equilibrium constant, significantly (k=24 M-1). OAm, however, decreased the 

initial absorption which was consistent with the increased interaction of Lewis acid Pb2+ and 

basic amine ligand. 
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Figure 3.9. Benesi-Hildebrand analysis of iodoplumbate complexes in 0.2 mM PbI2 with 

increasing [MAI] in BE shown in (a), (b), and (c) and a 50:50 (v/v) BE:ODE solvent mixture 

shown in (d), (e), and (f). In (a) and (d) absorption of PbI2 was monitored with increasing [MAI], 

(b) and (e) shows absorbance at 490 nm versus [MAI]:[PbI2] ratio, (c) and (f) shows Benesi-

Hildebrand plot based on the absorption profile at 490 nm. 

 

To understand the effect of BE and ODE solvents in our system, we calculated the equilibrium 

constant of PbI4
2- in BE vs a 50:50 %v mixture of BE:ODE using BH analysis, reported in figure 

3.9. Analyzing the absorption peak at 490 nm for the experiment in BE resulted in a value of ~74 

M-1 for the equilibrium constant of PbI4
2-. The BH analysis in a solvent mixture of BE:ODE, 

derived the equation 7 toward PbI4
2- even more with a K of ~86 M-1, showing the higher 

iodoplumbates formation. The lower equilibrium constant in BE-only experiment shows, a more 

polar solvent such as BE could hinder the formation of iodoplumbate complexes by coordination, 

slowing down formation of the perovskite seeds and lead to orientational growth of the 

nanocrystals.  
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Figure 3.10. Schamtic illustration of CsPbBr3 nanoplatelets synthesis via MWI at 160 ˚C. First, a 

Cs-oleate and a PbBr2-OAm precursor are prepared, then a mixture of them is heated in a 

microwave synthesizer. A temperature profile of the reaction mixture in BE and ODE is shown. 

An image of the final BE-CsPbBr3 products under both ambient and UV light is displayed with 

an inset showing a schematic representation of a nanoplatelet with an orthorhombic unit cell 

(unit cell is drawn by Mercury software from a standard perovskite orthorhombic, 97851-ICSD). 

 

Following the conclusion that BE is necessary in the anisotropic crystallization of the 

nanoplatelets, we investigated if MWI is also playing a role in the matter. Regarding MWI, BE 

has a higher dielectric constant (3.82) compared to ODE (2.25) owing largely to its higher 

polarity.172 Under MWI, BE could also experience intramolecular rotations.98 These are 

manifested by the more rapid absorption of microwave irradiation both a faster overall heating 

rate, but also a higher local heating rate. This is observed in the heating profiles shown in figure 

3.10.   
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Figure 3.11. Representative photoluminescence emission (i) and absorption (ii) spectra (a) and 

XRD (b) of BE-CsPbBr3 nanoparticles prepared via hot-injection synthesis at 160 ˚C. 

 

To understand the effect of MWI on the structure of the nanocrystals, we synthesized the 

CsPbBr3 in BE using a hot-injection method and compared the NPs prepared via MWI and the 

ones formed in absent of the MWI. In this case, a cesium precursor was injected into a hot 160 

℃ lead bromide precursor, followed by an immediate quenching of the reaction in an iced-water 

bath. Both precursors were prepared in BE using the same method and concentration of the ones 

in the MWI synthesis. Optical absorption and emission of the NPs are shown in figure 3.11. The 

CsPbBr3 NPs absorbed the visible light at ~524 nm and emitted green light with a ~524 nm 

wavelength. Analysis of the XRD pattern of the hot-injection CsPbBr3 NPs, depicted in figure 

3.11, confirmed that these NPs formed in an orthorhombic CsPbBr3 crystal structure, however, 

no indication of a 2D structure, similar to the enhanced 220 peak of the nanoplatelets, was 

apparent in the intensity ratio of the diffraction peaks. In fact, the XRD data resembled the 

orthorhombic reference more closely, indicating non-anisotropic growth of the nanocrystals. A 
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calculation of the grain size using the Scherrer equation, yielded an approximate of the NP’s 

dimension ~22 nm (equation 5). These results show that simultaneous nucleation and growth in 

CsPbBr3 synthesis via hot-injection suppressed the anisotropic crystallization of the NPs, thus, 

we concluded that MWI is an essential factor in the 2D growth of the CsPbBr3 nanoplatelets. 

 

 

Figure 3.12. Schematic representation of the MWI based synthesis of ODE-CsPbBr3 nanocubes 

and BE-CsPbBr3 nanoplatelets. 

  

Taken together, these results suggest that solvent choice can play a critical role in the nucleation 

and growth of CsPbBr3 platelets. Figure 3.12 illustrates an idealized growth mechanism using 

BE as the solvent. First, nucleation of small CsPbBr3 nuclei likely form in the time between first 

mixing reactants and the MWI induced growth. During the subsequent one-pot growth, in which 

all reactants are present simultaneously, BE coordinates strongly to the growing crystal, likely at 
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the surface of the platelets, exposing unsaturated Pb2+ sites along both the (220) and (004) crystal 

planes, which facilitates growth in those direction. Considering that control experiments showed 

that nuclei form at room temperature in both the ODE and BE products, this pre-seeding 

nucleation could be a factor in platelet growth, but is not likely to be the only factor. Moreover, 

because no red-shifting in band gap absorption or PL emission in MW-based NPs was observed, 

as in other nanoplatelet growth mechanisms,58,60,61 it is likely that the platelets formed via this 

approach growth from individual nuclei and not necessarily from the assembly or ripening of 

smaller platelets.  The high crystallinity and preferred orientation of growth in the BE-CsPbBr3 is 

evident from the strong XRD diffraction related at the (002) and (004) planes, which serves as a 

convenient crystallographic probe to product quality. Moreover, these results suggests that future 

studies and applications that require highly crystalline CsPbBr3 2D materials, could benefit from 

these products.  

 

The control experiments showed that both BE and MWI are essential in fabricating the CsPbBr3 

nanoplatelets, but they also suggested that the NP nuclei could grow to a 2D structure in BE at 

room temperature. Based on these results, we hypothesized that reacting the NP products with 

the comparable amounts of precursors at room temperature, could force the nanoplatelets to 

develop their orientational growth even further. To examine this hypothesis, we purified the NPs, 

redispersed them in BE, and divided the dispersion into three aliquots. Then we added the Cs+ 

precursor, PbBr2 precursor and a mixture of both to each of the aliquots. UV-Vis absorption, PL 

emission and XRD of the samples were monitored after the addition and the following day.  
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Figure 3.13. Representative UV-Vis absorption (a), PL emission (b) and XRD (c) of the 

CsPbBr3 nanoplatelets post-treatment with Cs+, PbBr2 and a mixture of both at room 

temperature.  

 

In the first experiment, each precursor was measured to be 0.2 times of the mole value of the 

same species in the batch. Figure 3.13b shows the PL emission after the addition in each case. 
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Appearance of shoulder peaks for the samples with Cs+ and Cs-PbBr2 mixture suggested that 

different NPs from the control CsPbBr3 were formed. But, adding PbBr2 alone did not change the 

emission pattern. A similar trend was observed in the UV-Vis absorption spectra as well (figure 

3.13a). In the case of the precursor-mixture addition, new NPs could form in the sample from the 

precursors. However, the new PL peak in the sample with 20% more Cs+ and the lack of it in the 

one with PbBr2 implied that the species on the nanoplatelets’ surface are probably 

bromoplumbate complexes which prefer to interact with Cs+. This can be explained if the surface 

species separated from the nanoplatelets to form new NPs with the extra Cs+ or deposition of the 

Cs+ on the surface rendered a breakage in some parts of the nanoplatelets resulting in much 

smaller NPs. After a week, PL measurements showed a single-peak emission for all the samples. 

This meant that either the smaller NPs deposited on the nanoplatelets over time due to the 

Ostwald ripening effect or they dissociated in the solution. The XRD pattern of the three 

mixtures was also collected after 24 h. The results in figure 3.13c shows the 2D structure is still 

present after the additions, with an extra PbBr2 diffraction peak in the second sample.  
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Figure 3.14. PL emission (a, c) and XRD (b, d) spectra of the CsPbBr3 nanoplatelets post-

treatment with Cs+, PbBr2 and a mixture of both at room temperature (a, b) and 50 ˚C (c, d). NPs 

and precursors were combined with a 1:1 ratio of moles of that precursor in the NP solution.  
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For a better understanding of these reactions, we decided to force the reactions forward by 

increasing the amount of the precursors. For this experiment, each precursor was added with the 

equal moles of that species in the nanoplatelets aliquots. We also divided each mixture, stirred 

one set at room temperature and transferred the other set to a shaker at 50 ˚C. For the 1:1 mole 

ratio additions, the PL emission only showed new peaks for the addition of the Cs+-PbBr2 

mixture which disappeared over time. However, the XRD data revealed more information 

regarding changes in the nanostructure of the CsPbBr3. Figure 3.14b shows the XRD pattern of 

all the six samples after 24 h along with the control CsPbBr3 nanoplatelets. The peak intensities 

in the XRD pattern of samples with the Cs+ and Cs-PbBr2 mixture additions did not show the 2D 

nanostructure signature anymore. Particularly, the Cs+ addition transformed the highly oriented 

features of the XRD to diffraction peaks that resembled the standard orthorhombic structure in 

the intensity as well. However, the PL emission did not differ from the control. These findings 

suggests that the Cs+ addition probably broke the long nanoplatelets into smaller NPs but did not 

bring the length of them to the quantum confinement regime. One other possibility is the self-

assembly of the nanoplatelets by intercalating the new Cs+ layer between them. Similar final PL 

emission and XRD of the sample with the precursor-mixture addition indicates that Cs+ is the 

driving force in this transition. Confirming these hypotheses requires further structural analysis 

by TEM and AFM microscopies. Overall, it can also be speculated from these experiments that 

while the CsPbBr3 nanoplatelets could stack together and make larger structures, the 2D growth 

could not continue post-synthesis.  
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3.4 Conclusion 
 

The effect of changing the high-boiling point solvent during the synthesis of CsPbBr3 

nanomaterials while also undergoing MWI-based heating has been described. The findings 

demonstrate that both BE and MWI heating prove effective at influencing nucleation and growth 

to the point of forming highly crystalline nanosized platelets. Control experiments suggest that 

BE does act as a coordinating solvent in the reaction, and that small CsPbBr3 nuclei form at room 

temperature before MWI heating which grow in 2D directions over time. In addition, absence of 

2D structure in NPs prepared with hot-injection synthesis, confirmed that MWI is the answer to a 

fast and reproducible synthesis of CsPbBr3 nanoplatelet. 
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Chapter 4  ̶  2D CsPbI3 Nanoparticles Synthesis via Halide Exchange Reaction 

of CsPbBr3 Nanoplatelets and PbI2 
 

 

 

Abstract 

 

The capability of CsPbX3 nanoparticles to undergo halide exchange reactions have been widely 

utilized in recent years. One of the halide exchange advantages is in fabricating CsPbI3 NPs that 

have higher optical stability compared to the synthesized ones, owing to preservation of the 

structural properties of the CsPbBr3 reactant. In this study, we successfully produced 2D I-rich 

CsPbX3 nanoplatelets via a halide exchange reaction at room temperature. In this chapter, we 

describe the halide exchange mechanism of the 2D CsPbBr3 nanoplatelets with a PbI2 solution 

through comparison with 0D CsPbBr3 nanoparticles. The results showed that 2D I-rich 

nanocrystals were shaped by halide exchange on the surface and shell-to-core halide migration. 

We modified the method to an in-situ reaction with the advantage of studying the structural 

properties of the nanoplatelets using XRD. In addition, this modified method promoted the 

halide exchange toward a complete conversion to CsPbI3 nanoplatelets by removing the Brˉ from 

the media. To examine the potential of CsPbI3 nanoplatelets in thin film application, progression 

of halide exchange on a CsPbBr3 film is also described. 
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4.1 Introduction 
 

CsPbX3 perovskite semiconductors have been a hot topic in materials science due to their 

outstanding properties such as, wide optical absorption, narrow photoluminescence (PL) 

emission, high quantum yield, high electron mobility, and low band gap energy.66,173,174 In 

addition, these optical and electronic properties can be tuned precisely to accommodate various 

applications in optoelectronic devices. These characteristics originates in the composition, 

structure and size of the perovskites which can be altered by either synthesis parameters or post-

synthesis modification of CsPbX3 perovskites. In particular, adjusting the composition via a 

halide exchange reaction of CsPbX3 perovskites have been investigated in several 

studies.24,106,107,116 For example, right after the first report on the colloidal CsPbX3 nanoparticle 

(NP) synthesis via the hot-injection method, a dynamic halide exchange was displayed between 

CsPbBr3 and either CsPbI3 or CsPbCl3 NPs.6,103 Similar results were obtained by reacting the 

CsPbBr3 with either PbI2  or PbCl2 . A particular point of interest is the capability to produce 

stable I-rich perovskite NPs. Among CsPbX3 perovskites, CsPbI3 has the lowest band gap energy 

which makes it a great candidate for optoelectronic devices such as solar cells.175,176 Although 

synthesis of CsPbI3 NPs is achievable with various methods, they often lose their PL in a short 

period of time due to structural changes leading to an orthorhombic δ phase.110,177,178 

Another perk of fabricating the NP of interest via halide exchange is the robustness and 

simplicity of the process. High reactivity of CsPbX3 NPs in either colloidal form or thin film 

have made it possible to react them with various halide species under ambient conditions.179 

Such functionality has enabled the use of lead halide perovskites as a halide reservoir or a halide 

detector. For example, our lab showed that CsPbI3 can be utilized as a halide reservoir to 
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catalyze an organohalide exchange in a Finkelstein reaction.24 In another study, researchers 

detected several halomethanes in ppmv traces using CsPbBr3.
109 

Previously, we showed that 2D CsPbBr3 nanoplatelets can be produced in the presence of benzyl 

ether (BE) via a microwave-assisted synthesis. In this study, we report on the halide exchange 

reaction of CsPbBr3 nanoplatelets with PbI2 while preserving the 2D structure. The reaction was 

monitored by UV-Vis absorption, PL emission and powder X-Ray Diffraction (XRD) 

measurements. We compared the halide exchange of the nanoplatelets with nanocube 

counterparts and introduced a modified in-situ method to better understand the structural changes 

during the reaction. Lastly, we present the challenges of halide exchange on a perovskite film. In 

this case, the 2D CsPbBr3 NPs were coated on a borosilicate glass cover using a chemical route 

and employed in an exchange with a PbI2 solution at room temperature.  
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4.2 Experimental 

4.2.1 Materials  

Lead(II) iodide (PbI2, 99%), lead(II) bromide (PbBr2, 99.99%), cesium carbonate (Cs2CO2, 

97%), oleyl amine (OAm, 70%, technical grade), oleic acid (OAc, 90%), 10-undecanoic acid, (3-

marcaptanopropyl)-trimethoxy silane solution (95%, Sigma-Aldrich), tetrabutylammonium 

tetrafluoroborate (99%, Sigma-Aldrich), dichloromethane, 1-octadecene (ODE, 90%), and 

benzyl ether (BE, 98%) were purchased from Sigma Aldrich.  

 

4.2.2 Methods 

4.2.2.1 Synthesis of CsPbBr3 Perovskite Nanoplatelets  

Synthesis of the CsPbBr3 nanoplatelets was done by a microwave irradiation method reported in 

chapter 2. In summary, cesium oleate precursor was prepared by mixing 0.80 g of cesium 

carbonate, 2.4 μL OAc and 30 mL BE in 120 °C under vacuum. Lead bromide precursor was 

prepared by adding 2 mL of OAc and 2 mL of OAm to a 20 mL of 0.03 M PbBr2 suspension at 

120 C. Next, 3 mL of lead bromide precursor was purged with Ar gas for 5 min at room 

temperature, and 200 μL of an 85 °C cesium oleate precursor was injected to that, followed 

immediately by microwave irradiation (Discover-SP, CEM Inc.) at 160 °C. NPs were purified by 

first centrifugation at 10k rpm for 3 minutes, second, centrifugation at 4.4k rpm for 3 minutes 

and redispersed in toluene. In a modified purification method, a PbBr2 solution in toluene 

was added to the precipitates after the first centrifugation. 
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4.2.2.2 Halide Exchange of CsPbBr3 Nanoplatelets with PbI2  

A 18.8 mM solution of PbI2 was prepared in 10 mL toluene by dissolving 86.5 mg of PbI2 using 

400 μL 10-undecanoic acid and 700 μL OAm. The mixture was heated at 80°C till complete 

dispersion of pbI2. Then it was diluted to the relevant concentration for each halide exchange 

experiment. In a typical experiment, CsPbBr3 NPs were purified and diluted in toluene and PbI2 

was titrated into a cuvette of the CsPbBr3 solution. UV-Vis absorption and PL emission were 

monitored during the red-shift of the NPs.   

4.2.2.3 In-situ Halide Exchange of CsPbBr3 Nanoplatelets with PbI2 

Prior to the halide exchange, CsPbBr3 nanoplatelets were purified and redispersed in toluene to 

the initial concentration. Then, CsPbBr3 nanoplatelets and a 0.20 M PbI2 solution were combined 

with [Iˉ]:[Brˉ] = 1:1. The mixture was allowed to react for 30 min, then PL emission was 

measured without any dilution. For the XRD measurement, a portion of the mixture was 

separated, purified and drop-casted on a zero-diffraction quartz. The rest of the mixture was 

centrifuged and redispersed in toluene to the initial volume to remove the free Brˉ in the solution. 

In the three following steps, PbI2 with the same ratio of 1:1 was added to the remaining solution, 

followed by XRD and PL measurements. 

4.2.2.4 Preparation of CsPbBr3 Film on Borosilicate Glass Slides 

First, borosilicate glass covers were rinsed with DMSO, ethanol, and DI water thoroughly. Then, 

they were etched in a %10 NaOH solution at ambient condition for 1 hour. Etched glasses were 

rinsed with DI water and dried in an 85 ˚C oven overnight. Next, the glass surface was 

functionalized by soaking in a 50 ˚C (3-marcaptanopropyl)-trimethoxy silane solution (5%) for 

18 h. The 5% (v/v) silane solution was prepared by mixing 2 mL (3-marcaptanopropyl)-

trimethoxy silane and 38 mL toluene and was kept at 50 ˚C using a water bath. CsPbBr3 
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nanoplatelets were purified and dispersed in toluene prior to deposition on the functionalized 

glass surface. The glass covers were propped vertically in a stirring CsPbBr3 solution at ambient 

condition for 24 h. Lastly, coated glasses were rinsed by toluene to prepare for the halide 

exchange. 

4.2.2.5 Halide Exchange on CsPbBr3 Film 

Halide exchange was performed immediately after the cover glasses were coated by the CsPbBr3 

film. The coated glasses were submerged in a 0.3 mM PbI2 solution and allowed to react for a 

specific amount of time without agitation. PbI2 was prepared by heating 43.3 mg PbI2, 0.4 mL 

OAm, and 0.2 mL 10-undecenoic acid in toluene at 80 ˚C for ~3h. After each step of the halide 

exchange reaction, the cover glass was rinsed with toluene and air-dried prior to optical 

absorption and PL emission measurements. 

 

4.2.3 Instrumentation 

UV-Visible Absorption Spectrophotometry (UV-Vis) 

A Cary 50 Bio UV-Vis spectrophotometer (VARIAN Inc.) was used for the UV-Vis absorption 

measurements between 300 - 700 nm. CsPbBr3 platelets were diluted in toluene for the 

measurements. Absorption of toluene was measured before addition of the NPs and 

automatically subtracted from the sample’s spectrum. Absorbance of the colloidal samples were 

less than 0.1 to reduce reabsorption effects in photoluminescence measurements. In perovskite 

film measurements, absorption of a cleaned cover glass was used as the reference. Films were 

positioned vertically in a way that center of the films were absorbing the light in the same 

location for each measurement. 
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Photoluminescence Spectroscopy (PL) 

PL emission spectra were recorded using a Cary Eclipse fluorescence spectrophotometer 

(VARIAN Inc.). The excitation wavelength was set at 400 nm and excitation and emission slit 

widths were set at 5 nm. For high concentration CsPbBr3, a microplate reader accessory was 

positioned in the sample holder and the slit widths were set at 10 nm. The emission of the 

perovskite films was also recorded using the microplate reader by placing the cover glass on the 

microplate. 

Powder X-Ray Diffraction (XRD) 

A D2 PHASER XRD instrument with a Cu radiation source was used to produce the XRD 

spectra, according to the method described in chapter 2. Samples were prepared by drop-casting 

purified NPs on a zero-diffraction quartz holder. 

Thermal Gravimetric Analysis (TGA) 

A PerkinElmer Pyris1 instrument was used for the TGA measurements. The instrument was 

equipped with a thermal analysis gas station and <20% O2 in N2 tank. The analysis was 

performed at a heating rate of 15 °C.min−1 between 50–750 °C. 

Electrochemical measurements, Cyclic Voltammetry (CV) 

A 600-E Electrochemical Analyzer instrument (CH Instruments Inc.) connected to a voltaic 

electrochemical cell was applied to run the cyclic voltammetry. An electrolyte solution of 0.1 M 

tetrabutylammonium tetrafluoroborate (Bu4NBF4) in DCM was first prepared. A glassy carbon 

electrode, a Pt wire, and an Ag wire were utilized for the working electrode (WE), counter 

electrode (CE), and quasi-reference electrode, respectively. The electrolyte solution was purged 

with Ar prior to the CV and a background CV was measured before the analysis of the NPs. To 
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prepare the perovskite-coated WE, the NPs were purified, drop-casted on the WE, and dried in 

air. Extra care was practiced in setting up the electrochemical cell to not disturb the NP film on 

the WE. CVs were run with a speed rate of 0.1 V/s between -2 and 2 V. All potentials are 

calibrated versus the Ferrocene/Ferrocenium (Fc/Fc+) potential. After each measurement, Fc was 

added to the electrochemical cell (1.9 mM) and a CV was run to calculate the formal reduction 

potential of the Fc/Fc+ redox couple. 
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4.3 Results and Discussion 
 

Halide exchange reaction in CsPbX3 NPs have been widely reported as a method to tune the 

optoelectronic properties of NPs. For this study, CsPbBr3 nanoplatelets were synthesized using 

our previously reported method in chapter 2 and halide exchange was performed in order to 

synthesize stable CsPbI3 nanoparticles with 2D structure. In short, a precursor of Cs-OAc and 

another containing Pb-OAc and OAm-Br were prepared in Benzyl Ether (BE). Then a mixture of 

the precursors was heated to 160 ˚C via microwave Irradiation (MWI). Halide exchange reaction 

between CsPbBr3 and PbI2 was performed on purified nanoplatelets at room temperature. The 

CsPbBr3 nanoplatelets were diluted in toluene prior to the halide exchange reaction. Iodide 

source for this reaction was PbI2 dissolved in toluene with Oleyl Amin (OAm) and either Oleic 

Acid (OAc) or 10-Undecanoic Acid (UnAc). 
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Figure 4.1. UV-Vis absorption (a) and photoluminescence emission (b) of CsPbX3 during the 

halide exchange reaction of CsPbBr3 and PbI2. Pictures (c) taken during the halide exchange 

reaction under a UV lamp. XRD pattern (d) of CsPbBr3 (blue), the post-reaction I-rich CsPbX3 

(red), and an orthorhombic CsPbBr3 reference (black) 97851- ICSD. 

 

Figure 4.1 shows a set of optical and structural properties of the NPs during the halide exchange 

reaction. UV-Vis absorption and PL emission were recorded every one minute as depicted in 

figure 4.1. Both absorption and emission peaks redshifted to higher wavelengths, characteristic 

of I-rich CsPbX3 NPs. starting the halide exchange reaction from NPs with a monomodal 
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emission peak at ~523 nm resulted in a monomodal PL peak of I-rich NPs at ~660 nm, however, 

a bimodal emission peak was observed at the beginning of the reaction. The PL bimodality could 

arise from coexistence of Br-rich and I-rich NPs. The reaction was also visually observed under a 

UV lamp where PbI2 was injected in a CsPbBr3 solution at room temperature with no agitation. 

CsPbBr3 nanoplatelet solution gradually changed colors upon exchanging the Brˉ with Iˉ and 

turned red after about two minutes. Figure 4.1c illustrates the pictures taken during the reaction 

which demonstrates the in-situ progression of iodide species and the fast reaction with the 

CsPbBr3 NPs while each color represents a different combination of halides in the NPs. XRD 

spectrum was measured before and after the halide exchange which are depicted in figure 4.1d 

along with an orthorhombic perovskite reference (97851- ICSD). The XRD pattern of CsPbBr3 

NPs matched with the orthorhombic crystal structure with prominent diffraction peaks from 

(110), (112), (004), (220), and (224) planes. The diffraction peak from (220) plane at 30.7 ˚ had a 

massive intensity that overshadowed the other peaks. Analogous to the previous chapters, this 

pattern was considered as the signature of the anisotropic structure of the platelets (Structural 

analyses are detailed in chapter 2). The characteristic XRD features of the nanoplatelets, 

particularly the enhanced intensity of (220) diffraction peak, were maintained in the I-rich NPs 

as well which proves the 2D morphology was preserved after the halide exchange. 
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Figure 4.2. PL emission of 2D BE-CsPbX3 (a) and 0D ODE-CsPbBr3 (b) during the halide 

exchange reaction of CsPbBr3 and PbI2. PbI2 was added in three steps of 50 µL. 

 

The results in figure 4.1 showed that CsPbBr3 nanoplatelets can exchange Brˉ with an Iˉ source 

spontaneously at room temperature, while both PL intensity and structural properties are 

retrieved after the reaction. We then compared the halide exchange reaction of the CsPbBr3 

nanoplatelets with CsPbBr3 nanocubes prepared in ODE under a similar condition. Optical and 

structural properties of these nanocubes are illustrated in figure 3.1 which demonstrated the ~10 

nm nanocubes with PL emission at 481 nm. Both nanocubes and nanoplatelets were purified and 

redispersed in toluene, then 50 μL PbI2 aliquots were added in three steps to ensure a maximum 

exchange. UV-Vis absorption of nanoplatelets and nanocubes were set at 0.06 to ensure a similar 

concentration. Concentration of PbI2 was 45, 90 and 135 μM in the cuvette after each addition. 

Figure 4.2 shows the PL emission shifted gradually from ~522 nm to higher wavelengths 

reaching ~648 nm during the first step in nanoplatelets’ reaction (~126 nm red-shift). The PL 

emission of the nanocubes had a big jump from ~481 to ~614 nm during the first step (~133 nm 

red-shift). The sudden PL shift and seemingly faster reaction in nanocubes could be the result of 
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several factors. Firstly, it could originate from an intrinsic higher reactivity in nanocubes. 

Secondly, it could simply be a difference in the concentration of the NPs, more precisely the Brˉ 

amount. It should be noted that the concentration was initially set equal between different 

batches by fixing the absorption value at the excitation wavelength, 400 nm. The issue with this 

method will be discussed later in details and a more robust technique will be introduced. Lastly, 

it could demonstrate the availability of Brˉ species in 0D NPs versus 2D NPs. To understand the 

roots of these differences, we designed the halide exchange experiments in various conditions. 

  

 

Figure 4.3. PL emission of 2D BE-CsPbX3 (a) and 1D ODE-CsPbBr3 (b) during the halide 

exchange reaction of CsPbBr3 and PbI2. (c) shows the trend of maximum emission wavelength 

over the course of the reaction. PL was recorded after addition of 10 µL PbI2 until the emission 

was stable. 

 

We followed with two different control experiments to investigate if this difference between 

nanocubes and nanoplatelets derives from the nature of NPs’ reactivity. In one experiment, the 

PbI2 source was added to the NPs in a smaller aliquot of 10 µL with the concentration ranging 

from 9 to 45 μM. After each addition, PL emission spectrum was recorded several times until the 

PL intensity and wavelength were stable. This step was repeated four more times where the PL 
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shift was not significant anymore. The results are shown in figure 4.3. The PL shift followed two 

different patterns in nanocubes and nanoplatelets. After the first PbI2 addition, the nanoplatelets 

experienced a gradual shift in wavelength (~522 nm to ~640 nm), nevertheless the wavelength 

stabilized after a huge red-shift of ~118 nm. In the contrary, the nanocubes had a sudden PL shift 

(~481 nm to ~538 nm) which showcased a smaller red-shift of ~57 nm. Another interesting 

observation was that the total change in the PL wavelength of the nanoplatelets after several PbI2 

addition was 16 nm more than that of the nanocubes. The nanoplatelets’ results can be explained 

if first a halide exchange happens on the surface of the NPs then the Iˉ ions migrate toward the 

core of the NPs while Brˉ ions move to the surface and consequently, the exchange will continue 

among surface Brˉ and Iˉ species in the solution. However, for the nanocubes this means the Iˉ 

could not diffuse into the NPs’ core without destabilizing the NPs, unless the halide equilibrium 

was forced by a higher Iˉ concentration. This also accounts for the broad PL peak of 

nanoplatelets as the emission wavelength could cover a wide range based on the variety of halide 

ratios in the beginning of the reaction. While the monodispersed size distribution of nanocubes 

and consequently, uniform halide composition resulted in narrower emission. We note that the 

initial PL change in the nanoplatelets were also ~20 nm higher than the initial shift of the 

nanocubes. This significant difference suggested that with low Iˉ content, a higher exchange of 

halides is possible in nanoplatelets. The larger surface to volume ratio and higher surface energy 

in smaller NPs can lead to higher activation energy for the halide exchange in nanocubes. 

Additionally, the NP structure can be destabilized by distortion of the octahedral PbX6
4- while 

the 2D structure has a better capacity for halide exchanged induced distortions in the reactions 

with low Iˉ content. 
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Figure 4.4. UV-Vis absorption and PL emission spectra of 2D BE-CsPbX3 (a-b) and 1D ODE-

CsPbBr3 (d-e) during the halide exchange reaction of CsPbBr3 nanoplatelets and PbI2. (c) shows 

the trend of maximum emission wavelength versus PbI2 concentration over the course of the 

reaction and (f) shows the difference of emission wavelength between CsPbX3 at each step and 

the initial CsPbBr3. 10 µL PbI2 was added every minute for 12 minutes and absorption and PL 

were recorded after each addition. 

 

In the next control experiment, the halide exchange reaction was controlled by addition of 10 µL 

PbI2 to the NPs every minute and UV-Vis absorption and PL emission spectra were obtained for 

each step, as depicted in figure 4.4. In this case, the NPs were reacted with equal amounts of PbI2 

in a shorter timeline of 12 minutes with the PbI2 concentration ranging from 9 to 108 μM. The 

analyses of the PL emission in figure 4.4c and 4.4f show that the PL emission redshifted 

similarly in either nanocubes or nanoplatelets except in the two initial additions. This confirms 

that a higher number of surface Brˉ might undergo halide exchange in nanoplatelets without 
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destroying the crystal structure, resulting in larger red-shifts in low Iˉ content. However, 

nanoplatelets and nanocubes had a similar halide exchange rate with higher Iˉ content and the Iˉ 

diffusion rate did not limit the reaction of nanoplatelets and high concentration of Iˉ. Also, in 

agreement with the last two experiments, the nanoplatelets demonstrated a wider PL peak with a 

larger maximum wavelength. As discussed before, the reason behind the broad peak was the 

polydispersity of the nanoplatelets.  

 

While PL emission provided valuable insight into the mechanism of the halide exchange in 

CsPbBr3 nanoparticles, there are uncertainties in interpreting the emission data as only affected 

by the halide composition. Therefore, we decided to investigate the structural changes of 

nanoplatelets during the halide exchange by XRD analysis as well.  

We note that the UV-Vis absorption spectra of NPs were acquired prior to the compared 

experiments and absorptions at 400 nm (PL excitation wavelength) were matching between the 

nanocubes and nanoplatelets. This method was used to estimate an equal concentration between 

two different sets of experiments. A common method to calculate the perovskite NP 

concentration is to use the extinction coefficient (ԑ) calculated for the CsPbBr3 quantum dots.180 

However, such ԑ values are reported for 0D nanocubes only and should not be applied in 

calculating the concentration of 2D nanomaterials. On the other hand, larger nanoplatelets in our 

system tend to scatter light as evidenced in the absorption spectrum in figure 4.1a, therefore, the 

ԑ would differ even more from the value for nanocubes.  
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Figure 4.5. Calibration curve (a) and TGA (b) of CsPbBr3 nanoplatelets. Concentration of a 

known volume of the CsPbBr3 solution was calculated using the mass of the NPs from TGA and 

calibration curve was produced for several dilution of the same stock solution.  

 

To tackle this problem, we adopted a method by Ravi et. al. to calculate the nanoplatelets 

concentration by TGA analysis and used a UV-Vis calibration curve to estimate the extinction 

coefficient of the nanoplatelets.181 The TGA and calibration plot are shown in figure 4.5. First, a 

known volume of the nanoplatelets dispersion was purified and concentrated with care to 

minimize particle loss. Then, a TGA was performed to obtain the mass of the NPs apart from the 

organic content. Mass of each nanoplatelet was estimated using the dimension of the NPs and 

density of bulk CsPbBr3 crystals. Totals mass of the NPs was divided by the mass of one NP to 

quantify the number of nanoplatelets, followed by calculation of NPs’ moles using Avogadro’s 

number. Lastly, moles of the nanoplatelets and the known volume of the dispersion was used to 

calculate the molar concentration. This concentration was used as a reference to calculate the 

concentration of 10 different diluted solutions from the same batch of the nanoplatelets. A 

calibration curve was then developed by measuring the absorption of these samples at 400 nm 
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and an extinction coefficient value of 4.5 × 108 M-1.cm-1 was determined for the CsPbBr3 

nanoplatelets, accordingly. 

 

Figure 4.6. PL emission spectra of 2D BE-CsPbX3 (a) during the halide exchange reaction of 

CsPbBr3 nanoplatelets and PbI2 with [Iˉ] to [Brˉ] ratio ranging from 0.0005 to 3. (c) shows the 

trend of maximum emission wavelength versus [Iˉ]:[Brˉ] ratio over the course of the reaction. 

 

Quantification of the concentration helped us to reevaluate the halide exchange strategy at three 

fronts. For example, the Brˉ concentration was significantly higher in the nanoplatelets compared 

to the nanocubes with the same concentration. Therefore, we concluded that the best way to 

investigate the halide exchange is to add the Iˉ source with respect to the Brˉ content of a sample. 

Next, we performed a halide exchange experiment with [Iˉ] to [Brˉ] ratio ranging from 0.0005 to 

3. PL emission, illustrated in figure 4.6, did not red-shifted in lower ratios than 0.3. Instead, PL 

gradually quenched with a slight shift to lower wavelengths. A ratio of 1 or higher was required 

to initiate a red-shift. Although, the factors behind this inconsistency were not clear, the 
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quenching and blue-shift of the nanoplatelets suggested that in this diluted solutions, NPs are 

probably ripped apart before Iˉ can diffuse into the structure.  

   

Figure 4.7. PL emission spectra of CsPbBr3 nanoplatelets diluted in toulene by a factor of 5, 10 

and 25 (a). Trend of PL intensity at maximum quenching over time (b) for 5x, 10x and 25x 

diluted CsPbBr3 nanoplatelets vs the 10x slution modified by PbBr2 and a 50:50 (v/v) 

PbBr2:PbI2. 

 

This was further investigated by monitoring the PL emission of diluted NP solutions over time in 

absence of the Iˉ source. Figure 4.7a illustrates the blue-shift in the PL emission of the three 

different diluted solution of NPs versus the stock solution with PL emission at ~536 nm. We 

noticed when NPs are diluted in toluene, PL wavelength blue-shifted slightly, and PL intensity 

quenched slowly over time as well. On top of that, the lower the concentration the larger PL 

emission blue-shifted and quenched. Hence, we modified the experiment by utilizing a 

fluorospectrometer equipped with a microplate reader in order to assess a high concentration 

halide exchange reaction. In this method the inner filter effect is not an issue as the PL emission 

from the excited NPs on the surface is detected. To improve dispersity and QY of the NPs, we 
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also adjusted the purification process by incorporating a PbBr2(OAc/OAm) solution in toluene, a 

method developed previously in our lab.108 In this case, after spinning down the NPs, the PbBr2 

solution was added to the precipitates instead of toluene for a better surface passivation and the 

excess ligands were washed away in the next step. PL emission of the nanoplatelets and three 

diluted solutions (5x, 10x, 25x) were recorded every 5 minutes along with two 10x diluted 

solution purified with the modified method. One sample was purified using the PbBr2 solution 

and the other one using a 50:50 (v/v) mixture of PbBr2:PbI2 solution. Figure 4.7b shows the trend 

of PL emission quenching over 90 minutes for these samples. Emission from 5x and 10x diluted 

samples quenched 50% and plateaued after one hour while PL of the 25x diluted sample dropped 

faster. However, the modified samples retained ~80% of their initial emission even after one 

hour which demonstrates how the modified purification technique limited the PL decay in 

CsPbBr3 nanoplatelets. 
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Figure 4.8. PL emission (a) and XRD pattern (b) of 2D BE-CsPbX3 during the halide exchange 

reaction of CsPbBr3 and PbI2 (0.195 M). The CsPbX3 NPs were purified and reacted with an 

[Iˉ]:[Brˉ] ratio of 1:1 four times and PL was measured in 2 and 30 minutes after each addition. 

 

With the above information in hand, we designed an in-situ halide exchange experiment where 

CsPbBr3 nanoplatelets were purified and redispersed in toluene to the initial concentration. The 

optical and structural changes during this halide exchange were monitored as illustrated in figure 

4.8. In this case, CsPbBr3 nanoplatelets and PbI2 solution were combined with 1:1 ratio of 

[Iˉ]:[Brˉ]. Then, a portion of the mixture was separated and prepared for an XRD measurement. 

At this step, PL emission spectrum was obtained after two minutes and thirty minutes of 

reaction. Then the mixture was centrifuged and redispersed in toluene to the initial volume. This 

step purifies the NPs from the excess Brˉ in the solution and prevents a reverse halide exchange 
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reaction. Again, PbI2 with the same ratio was added to the remaining solution with respect to the 

new Brˉ concentration, followed by XRD and PL measurements. These steps were repeated four 

times, figure 4.8 shows PL emission and XRD after each step of the reaction. PL emission red-

shifted from 536 nm to 673 nm after the first addition and stabilized at 682 nm after the fourth 

addition. The red emission at 682 nm aligns closely with a typical CsPbI3 emission (figure 2.10) 

which demonstrates that a near-complete halide exchange from CsPbBr3 to CsPbI3 is achievable 

by removing the excess Brˉ from the system. 

Figure 4.8b shows the XRD pattern of the NPs in each step of the reaction. While a peak 

widening was observed after the first step due to the excess ligands, the high intensity double 

diffraction peaks from (004) and (220) planes persisted in each step till the end. In addition, it 

appeared that a second set of orthorhombic NPs with slightly different lattice parameters were 

present which gave the XRD pattern a double peak for each diffraction. We calculated the lattice 

parameter c of the unit cell in each step using the (004) diffraction peak at 2θ of 30.7 ˚. The 

result show that unit cell expanded after the halide exchange with the c value growing from 

11.98 to 12.21 Å. The larger size of the Iˉ species accounts for the 0.23 Å expansion which 

agrees with a 0.20 Å difference between octahedral complexes of PbX6
4- with either halide.182 

This method illustrated a better picture of the structural changes during a complete halide 

exchange and showed the advantage of XRD analysis along with PL survey in investigating 

perovskite reactions. 
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Figure 4.9. Schematic overview of CsPbBr3 film preparation and halide exchange created with 

BioRender.com. 

 

Aside from the halide exchange reaction in the perovskite colloids, several studies have been 

reported on the halide exchange of perovskite films.102,116,183 These studies are particularly 

important in understanding the performance of the perovskite films as a common form of 

perovskites in optoelectronic devices.114,184 We explored two aspects in perovskite thin films: the 

halide exchange capability in an immobilized form and the stability of the reacted film. To 

investigate this, we coated a borosilicate cover glass with CsPbBr3 2D perovskite and gradually 

reacted the CsPbBr3 with Iˉ in a PbI2 solution. A schematic representation of these steps from the 

cover glass preparation until halide exchange is shown in figure 4.9. Etching the glass surface 

was done by a high concentration NaOH solution (10%) in order to prepare the glass surface to 

cross-link with the O-Si of the (3-marcaptanopropyl)-trimethoxy silane. The methoxy groups on 

the (3-marcaptanopropyl)-trimethoxy silane were first hydrolyzed and self-condensed via Si-O-
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Si bonding, followed by cross-linking of the silane with the glass surface. To make the 

perovskite film, nanoplatelets were deposited on the functionalized cover glass overnight. The 

CsPbBr3 film was then submerged in the PbI2 solution and PL emission of the films were 

recorded over the course of the halide exchange reaction. Silane compounds have been used in 

stabilizing perovskites for different purposes. In one study, passivating the perovskite layer with 

a crosslinked layer of trichloro(octyl)silane increased the stability and photovoltaic performance 

of the film by cross-linking the grain boundaries and reducing the trap density.185 In another 

study, dodecyltrichloro silane was reported as the Clˉ source in a halide exchange reaction and 

ligand for CsPbCl3 NPs which increased dispersibility and QY of the Cl-rich CsPbX3 NPs. In 

this report, Uddin et. al. hypothesized that oxygen from O-Si could coordinate to Pb on the 

surface of the perovskites.104 In a recent study, 3-aminopropyl(diethoxy)methyl silane 

(APDEMS) was used in a colloidal MAPbX3 synthesis via LARP technique which demonstrated 

high dispersibility and PL stability as shown in figure 4.10.186 Herein, we use (3-

marcaptanopropyl)-trimethoxy silane to immobilize the CsPbBr3 nanoplatelets on the cover glass 

to stabilize the film during the halide exchange reaction and rinsing of the perovskite film.  

 



 
 

112 
 

 

Figure 4.10. Schematic illustration of MAPbBr3 QDs@SiO2 core/shell LARP synthesis using 

(3-aminopropyl)trimethoxy silane (APTMS) and 3-aminopropyl(diethoxy)methyl silane 

(APDEMS).186  

 

 

Figure 4.11. PL spectra (a) and optical images (b) during the halide exchange reaction between 

CsPbBr3 film and PbI2. PL emission from the middle section of the films is reported. PL 

emission and images of the film 4 days and 7 days after the halide exchange are marked. 
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PL emission of the perovskite film during the halide exchange reaction is shown in figure 4.11, 

along with pictures of the film in several stages. The emission peak shifted from 531 nm to 

higher wavelengths while a small peak around 545 nm persisted till the end of the experiment. 

As presented in figure 4.11b, the yellow color of the film changed to orange and eventually dark 

brown, visually displaying the transition to I-rich perovskite film. These results demonstrated 

that the halide exchange was achievable on the cover glass. Also, the I-rich NPs did not 

dissociate from the surface after 24 h submerging in the PbI2 solution and rinsing with toluene 

before each measurement. After the halide exchange, the I-rich perovskite film was stored at 

room temperature under ambient conditions and its properties were monitored over the next 

week. Interestingly, the dark brown color of the film changed to brighter red and yellow colors 

over time with PL showing two strong emissions that blue-shifted (denoted as day 4 and day 7 in 

the figure 4.11). As illustrated in figure 4.11b, in this experiment, a small section of the film was 

not exposed to PbI2 for the contrast comparison and due to nonhomogeneous deposition of the 

NPs, patches of dense NPs were formed on the cover glass. We suspected that these 

inconsistencies might have led to further migration of the halides after the halide exchange 

reaction resulting in Br-rich and I-rich sections on the film.  
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Figure 4.12. PL emission (a) and UV-Vis absorption (b) spectra and optical images (b) during 

the halide exchange reaction between CsPbBr3 film and PbI2. PL emission and images of the film 

4 days after the halide exchange are marked. 

 

Accordingly, the NP deposition method was modified to produce a more even layer and during 

the halide exchange reaction, the cover glass was completely submerged in the PbI2 solution. The 
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PL emission of the perovskite film followed a similar trend during the halide exchange reaction 

as shown in figure 4.12a and c. Emission wavelength red-shifted from ~533 nm upon reaction 

with Iˉ to ~664 nm and shifted back to the green region after 4 days under ambient conditions. 

These results show that although a uniform CsPb(Br/I)3 film is formed after the halide exchange, 

Brˉ and Iˉ are segregated in two sections of Br-rich and I-rich CsPbX3, over time, in absence of a 

homogeneous solution. 

 

Another important characteristic of the all-inorganic perovskites that must be evaluated for 

optoelectronic applications is the band gap value and the nature of the conduction band minimum 

(CBM) and valence band maximum (VBM). The band gap energy can be calculated using the 

excitonic peak in the UV-Vis absorption spectrum by a simple wavelength conversion. For 

instance, CsPbBr3 nanoplatelets with an absorption spectrum shown in figure 4.13b, had an 

optical band gap of 2.37 eV. Another method to determine the band gap value is through cyclic 

voltammetry, with which, the nature of the CBM and VBM can be investigated as well.31,187,188 

In one study, Ravi et. al. evaluated the electrochemical parameters of five different CsPbX3 NPs 

by cyclic voltammetry using a 50 mM tetrabutylammonium perchlorate solution in a 

toluene/acetonitrile mixture. This comparison between the CBM and VBM values in different 

halide composition demonstrated a stronger dependence between the halide type and the VBM 

which agreed with the hypothesis that VBM mostly consists of p orbitals of the halides while Pb 

orbitals are the major component of the CBM. In addition, they reported a 2.50 eV band gap for 

the CsPbBr3 NPs which was comparable with the optical band gap of 2.48 eV.31 In another 

study, Samu et. al. investigated the electrochemical reactions happening during a cyclic 

voltammetry of a CsPbBr3 film. Their results suggested that the observed cathodic and anodic 
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peaks were corrosion potentials rather than charge transfer in the CBM and VBM.188 In any case, 

valuable information regarding either charge transfer and/or stability of the perovskite materials 

can be deduced from the cyclic voltammograms. 

 

 

Figure 4.13. Cyclic voltammogram (a) and UV-Vis absorption spectrum (b) of CsPbBr3 

nanoplatelets. Cyclic voltammetry was recorded using a 0.1 M Bu4NBF4 (in DCM) with the scan 

rate of 0.1 V/s. 

 

Herein, we calculated the electrochemical band gap using cyclic voltammetry and compared it to 

the optical band gap. Figure 4.13a shows a cyclic voltammogram of CsPbBr3 nanoplatelets in 

dichloromethane using tetrabutylammonium tetrafluoroborate (Bu4NBF4) as an electrolyte where 

a CsPbBr3 film was dried on a glassy carbon working electrode’s surface. Potential is reported vs 

Fc/Fc+ as an internal standard per IUPAC recommendation.189 For this analysis, 36 cycles were 

recorded at 0.1 V/s and the final cycle is illustrated in figure 4.13a. We interpreted the potential 

values of the oxidation peak at 0.81 V and the reduction peak at  ̶ 1.56 V as the electron transfer 
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at the HOMO of the valence band and LUMO of the conduction band in the CsPbBr3 

nanoplatelets, respectively. The energy values at the CBM and VBM were calculated using the 

following equation. 

EHOMO/LUMO (eV) = – (EOx/Red – 𝐸
Fc/Fc+

1
2⁄

) eV – 4.80 eV  Equation 9. 

The electrochemical band gap of 2.39 eV was then calculated from the difference of the LUMO 

( ̶  3.22 eV) and HOMO ( ̶  5.61 eV) energy values which was close to the optical band gap of 

2.36 eV (524 nm) from the UV-Vis absorption measurement in figure 4.13b. Several other 

oxidation peaks were also observed in each cycle which suggests other species might be created 

and/or oxidized during the analysis. As Samu et. al. reported CsPbBr3 and PbBr2 could undergo 

oxidation during a cyclic voltammetry.188 However, more analysis is required to assign these 

peaks to each phenomenon in this study.  
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Figure 4.14. Cyclic voltammogram of CsPb(Br/I)3 nanoplatelets in a 0.1 M Bu4NBF4 (in DCM) 

with the scan rate of 0.1 V/s over six cycles. 

 

We also performed a cyclic voltammetry with the I-rich CsPb(Br/I)3 NPs prepared by the halide 

exchange of CsPbBr3 nanoplatelets and PbI2. Our results agree with Ravi et. al. data, showing a 

significant shift in the oxidation peak potential for I-rich NPs. Figure 4.14 shows the cyclic 

voltammogram of I-rich CsPb(Br/I)3 nanoplatelets. The band gap for the I-rich nanoplatelets was 

assessed using the above calculation. The reduction peak at ~  ̶  1.6 V and oxidation peak at 0.34 

V were assigned to CBM and VBM, respectively. Thus, the band gap was 1.94 eV for I-rich NPs 

which showed a decrease of 0.45 eV compared to the CsPbBr3 nanoplatelets. (The optical band 

gap for I-rich NPs was ~1.97 eV.) I-rich NPs, similar to CsPbBr3 nanoplatelets, showed several 

oxidation peaks other than the VBM peak. One interesting observation was the change in the 

intensity of the two oxidation peaks over the cycles. Particularly, the peak assigned to the 

HOMO of the VB increased over the 15 cycles. 
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Figure 4.15. UV-Vis absorption (a) and PL emission (b) spectra during the halide exchange 

reaction of CsPbX3 and HAuCl4. 

 

While halide exchange between CsPbBr3 NPs and an Iˉ source has interested many due to its 

wide range of visible absorption, simplicity of the method and stability of the I-rich products, 

some researchers have also investigated the halide exchange to produce Cl-rich perovskite NPs. 

CsPbCl3 NPs are particularly utilized in blue light LEDs.7,190 In figure 4.15 halide exchange 

experiments with Cl containing precious metal complexes are shown. Overall, these results show 

CsPbBr3 nanoplatelets can undergo halide exchange to make Cl-rich NPs as well. 
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4.4 Conclusion 

A successful synthesis of 2D CsPbI3 NPs is reported via halide exchange between 2D CsPbBr3 

NPs and a PbI2 solution. The CsPbBr3 nanoplatelets were prepared according to a MWI method 

in BE, described in chapter 2. The retention of the 2D morphology from CsPbBr3 to CsPbI3 NPs 

was confirmed by the signature peaks in the XRD pattern. As discussed in chapter 2, the 

diffraction peaks from (220) and (004) planes in these perovskite nanoplatelets demonstrated a 

much higher intensity compared to the other peaks which arose from the 2D growth 

perpendicular to these planes. A comparison between the halide exchange in 0D and 2D NPs 

revealed that the halide exchange reaction between 2D CsPbBr3 and low Iˉ content is slightly 

retarded by Iˉ diffusion in the nanoplatelets, nonetheless, the 2D structure showed a higher 

capacity for Iˉ which we attributed to a higher stability against the lattice expansion during the 

halide exchange. We then designed an in-situ halide exchange reaction with as-synthesized 

concentration. With this method, we were able to monitor the structural changes during the 

reaction using XRD analysis, as well as the optical properties. Plus, it led to a near-complete 

halide exchange in CsPbBr3 nanoplatelets by removing the released Brˉ from solution. The 

halide exchange was also explored on a perovskite film made of the 2D CsPbBr3 NPs. A uniform 

I-rich CsPbX3 film was fabricated during the reaction, however Br and I species gradually 

segregated in the dynamic structure of the perovskite NPs resulting in Br-rich and I-rich sections 

on the film. This study provides a path to produce 2D CsPbI3 NPs and insights into the structural 

changes during the halide exchange reaction of perovskite NPs.  
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Chapter 5  ̶  Conclusion and Outlook 
 

A fascination with CsPbX3 nanoparticles and their unique optoelectronic properties inspired me 

to study, research and write this dissertation. The overarching goal of the dissertation is to 

describe the unique effect of a non-coordinating solvent such as benzyl ether (BE) along with the 

influence of microwave irradiation (MWI) on orientational growth of CsPbBr3 nanoplatelets.  

In chapter 1, the scope of the dissertation is outlined and a background pertaining to 2D all-

inorganic NPs and content of the following chapters is established. First, we described the 2D 

CsPbX3 NPs and their unique properties, such as, optoelectronic tunability by composition and 

size of the NPs. Then, we report on the factors affecting the synthesis of nanoplatelets and the 

most common synthesis techniques that lead to 2D growth in all-inorganic NPs including, 

ligand-assisted precipitation, hot injection, solvothermal synthesis and microwave-assisted 

synthesis. Halide exchange reactions of perovskite NPs is also summarized as it relates to 

chapter 4 of this dissertation. 

In chapter 2, we described a microwave-based technique to synthesize 2-dimentional CsPbBr3 

perovskite nanoparticles in benzyl ether as a coordinating solvent. First, oleic acid (OAc) and 

oleyl amine (OAm) were employed to prepare two sets of precursors in BE: Cs+-OAc and PbBr2-

OAm/OAc. Then a mixture of precursors with a Cs+:PbBr2 ratio of 1:3 was heated to 160 ˚C 

using MWI. The optical and structural properties of these nanoplatelets are demonstrated using 

UV-Vis spectroscopy, fluorescence spectroscopy, TEM, AFM, XRD, FTIR, 1H-NMR and TGA. 

The nanoplatelets emitted a green light with the wavelength of 523 nm upon excitation. They had 

an average length of ~100 nm and up to 300 nm with a narrow thickness of ~ 4 nm. The XRD 

pattern matched precisely with a standard orthorhombic perovskite structure. Surface analysis 
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showed that a low organic content on the NP’s surface is remained after several purification 

steps while BE marks in FTIR, 1H-NMR and TGA analyses persisted stronger than the organic 

ligands. An important feature of the results was manifestation of the preferential growth 

perpendicular to (220) and (004) planes in the XRD. These XRD peaks were significantly 

stronger than others and therefore were selected as a signature of the 2D structure in different 

batches and experiments. 

The growth mechanism from nuclei formation to thin nanoplatelets and post-synthesis 

modifications is discussed in chapter 3. A set of synthesis experiments were carried out to access 

the influence of BE as a coordinating solvent in our one-pot synthesis and the effect of MWI as 

the energy source in gradual heating of the medium. Synthetically, nucleation and growth were 

dependent on the polarity of the solvent used, which is shown to influence precursor/nuclei 

solubility, microwave absorption and heating rates, and coordination affinity to the CsPbX3 

interface. MWI was also proven to be crucial in the preferential growth of the nanoplatelets. 

In chapter 4, halide exchange reaction of CsPbBr3 nanoplatelets with PbI2 was carried out to 

fabricate 2D CsPbI3 NPs. Halide exchange reactions were monitored by red-shift of the PL 

emission as Iˉ replaces the Brˉ in the nanostructure. A comparison between halide exchange 

reaction of nanoplatelets and nanocubes, showed a higher capacity of the nanoplatelets in 

accepting Iˉ at low concentrations which was attributed to the lower surface to volume ratio and 

lower surface energy of 2D CsPbBr3 NPs. In addition, a detailed analysis of PL emission 

demonstrated that diluting the CsPbBr3 nanoplatelets in toluene prior to the halide exchange 

resulted in quenching of the PL emission as well as blue-shift in the PL wavelength. Therefore, a 

modified in-situ halide exchange was applied to monitor the optical and structural changes 

during the reaction by microplate reader fluorescence spectroscopy and XRD. This method 
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facilitated a near-complete reaction which resulted in CsPbI3 nanoplatelets with a red PL 

emission at 682 nm. Next, challenges of halide exchange on a film of CsPbBr3 nanoplatelets are 

discussed in this chapter. While a halide exchange was displayed by red-shift of the PL emission 

and brown color of the film, the uniformity of the I-rich film did not last long and sections of 

BR-rich and I-rich CsPbX3 appeared on the film after 4 days. Lastly, cyclic voltammetry of Br-

rich and I-rich nanoplatelets was employed to quantify the electrochemical band gap of the NPs.  

 

 

Figure 5.1. Photoluminescence spectra of CsPbBr3 solution pre-treatment at room temperature in 

(a) tetraglyme (TG) and (b) toluene (Tl) collected on the first and fourth day of the preparation.  

 

There is a great opportunity to explore, implement or continue the findings of this dissertation to 

design and tailor perovskite nanoparticles for optoelectronic, sensing and catalysis applications. 

For instance, A MW synthesizer provides a dynamic environment to examine MW-based 

synthesis of perovskite NPs in various solvents. Preliminary studies showed CsPbBr3 nuclei can 

form in various polar and nonpolar solvents such as tetraethylene glycol dimethyl ether 

(tetraglyme) and toluene at room temperature. The PL emission of the NPs after the synthesis 
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and 4 days later is shown in figure 5.1. Interestingly, PL intensity of the NPs in the more polar 

solvent, tetraglyme, increased over time. NPs are commonly dispersed in toluene, however 

toluene has a low boiling point which causes limits in the synthesis. With MW-based synthesis, a 

solvothermal process can be pursued due to control over pressure of the vial in a MW 

synthesizer. Another interesting avenue to follow based on this dissertation is fabricating larger 

nanoplatelets via pre- or post-synthesis modifications. Particularly, optimizing the concentration 

of precursors or ligands could lead to distinct NPs. The post-synthesis growth study in chapter 3 

of this dissertation could be applied in discovering these possibilities. It is worth noting that 

using TEM and AFM microscopy could benefit the analyses tremendously. Considering the 

polydispersity of the CsPbBr3 nanoplatelets in this study, it would also be beneficial to find a 

path to more uniform NPs. 
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