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Abstract 

The advent of lead halide perovskite materials has led to a revolution in the focus of 

the material research scientific community over the past decade. Through these efforts, 

significant progress has been made in understanding the fundamental physical and 

chemical properties of halide perovskites. Nowadays, due to their extraordinary opto-

electronic properties, halide perovskites such as methyl ammonium lead halide 

(MAPbX3) have been utilized for a variety of commercially relevant applications such as 

solar cells and light emitting diodes. Despite the potential for wide application in 

optoelectronic devices, there are two concerns for halide perovskite: stability and lead 

toxicity.  

In the world of colloidal semiconductor nanocrystals (NCs, also referred to as 

quantum dots), all-inorganic cesium lead halide perovskite NCs (CsPbX3) have attracted 

attention.  The bulk form of this ternary compound retains the properties of MAPbX3 but 

is far less likely to dissolve in common solvents. These indicate better chemical stability 

and the potential solution-processing of the colloidal CsPbX3 NCs for device fabrication. 

However, CsPbX3 NCs, are still sensitive to moisture. Therefore, building stable and 

lead-free perovskite has become the main focus of this dissertation. 

In this dissertation, we employed cesium-based halide perovskite as a model. 

Multiple techniques (transmission electronic microscopy, absorption and emission 

spectroscopy, 1H nuclear magnetic resonance spectroscopy, Fourier transform infrared 

spectroscopy, X-ray absorption spectroscopy, etc.) were combined to understand and 

improve the stability. We found that the ligands attached to the perovskite play a vital 

role in stabilizing CsPbX3 NCs (oleic acid (OA)/octylamine (OAm) in CsPbBr3, and 
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trioctylphosphine (TOP) in α-CsPbI3 NCs). The use of TOP during the post-synthesis 

treatment of α-CsPbI3 NCs can slow the thermodynamically favored phase transition 

process to δ-CsPbI3; by replacing OA/oleylamine (OLA) with shorter ligand octanoic 

acid (OnA) or OAm, better surface coverage of CsPbBr3 NCs can be achieved which 

leads to better stability under direct contact with water.    

Moreover, a series of lead-free systems have been explored, in which the reaction 

pathway for Cs2SnI6, Cs3Bi2Br9 and Cs3Sb2Br9 NCs have been designed and applied to 

realize highly uniform particles. Although the fundamental properties of the excited state 

in lead-free perovskites still needs more effort to fully understand, different metal centers 

suggest the potential catalytical applications in lead-free perovskite. For Cs3Sb2Br9 NCs, 

we found this material can be used as a photocatalyst for CO2 reduction reaction. In 

comparison with CsPbBr3 NCs, the gaseous product is purer (CO vs. CO-CH4 mixture) 

and the catalytical performance is 10-fold better (510 μmol(CO)/g cat. vs 50 μmol(CO)/g 

cat.).  
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Chapter 1 Introduction 

1.1 Semiconductor and Its Impact  

The last century has witnessed the burgeoning development of consumer electronics. 

Nowadays, our life heavily relies on mobile phones and laptops. For these devices, the 

functions are made possible by components such as light emitting diodes (LED), 

transistors and processors, in which the semiconductors are the core component. In 

addition to those consumer electronics, semiconductors are also vital to a variety of 

renewable energy applications, since photovoltaic solar energy technologies are built on 

the principles of semiconductor physics as well.  

The fundamental properties of a semiconductor can be easily deciphered from its 

name “semi-conductor”. Therefore, the electronic conductivity of a semiconductor lies 

between that of conductors (such as metals) and insulators (such as glass). By combining 

multiple semiconductors with different band positions or carrier type, we can create a 

semiconductor junction as depicted in Figure 1.1, in which the electron flow can be 

directed. The most two commonly known applications based on this concept are solar 

cells and LEDs. Thanks to semiconductors, light can be efficiently turned into electricity 

and electricity can be efficiently converted back into light.  
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Figure 1.1 A band diagram for a light emitting diode device. The injection of electron and hole from cathode and anode 

will result in the recombination of electron and hole in the semiconductor layer, which in turn will emit light. 

However, as modern consumer electronic products have become more and more 

complicated, we must consider how we balance the performance and the size, or the 

weight, of a device. In search for the plausible solution, the research community is 

looking for new materials and new fabrication methods for the next generation of 

electronic devices. In this regard, colloidal semiconductor nanocrystals (NCs), also 

known as quantum dots (QD), have drawn significant attention, since these nanoscale 

particles retain the key aspects of a semiconductor but exhibit better accessibility due to 

their small size and colloidal nature. Thus, smaller devices with improved properties may 

well be fabricated by solution processing of colloidal NCs. These may also enable 

entirely new technologies, such as quantum light emitters.  

The terms NC and QD are both used in this thesis, as they are in the literature, and 

there is some ambiguity in the field as to the use of these terms. However, it is important 

to note a key difference. Nanocrystal refers to any crystalline material that has a size on 

the scale of generally 1- 50 nm (often used to refer to amorphous materials as well). That 
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includes metals. Quantum dot technically refers to only to 0-D (spherical or cubic) 

semiconductors which have a sufficiently small size to exhibit quantum confinement 

effects. This does not included metals. Further, the term colloidal QD or colloidal NC 

refers to materials with these characteristics made using solution phase chemistry 

methods, as opposed to lithography methods such as e-beam lithography. 

Currently, multiple revolutionary QD products have disrupted the market. Vertical-

cavity surface-emitting laser [1,2] (VCSEL) component in Apple’s new iPhone X enables 

facial recognition, but it is the III-V semiconductor NCs playing the major role in this 

device. Moreover, Samsung released the QLED TV [3] based on InP NCs in recent years, 

this innovative TV exhibits better color purity as well as energy efficiency compared with 

the conventional OLED TV. Due to the foreseeable high demand for a smaller and 

powerful electronic device, colloidal NC and its technology are expected to be the major 

contributor for the fabrication of the next generation electronic devices.  To make the best 

use of these materials will require fundamental research into the synthesis, electronic and 

optical properties, which is the focus of this thesis. 

1.2 Fundamentals of Semiconductor Nanocrystals 

Colloidal NCs are a class of semiconductors with a diameter whose excitons are 

confined in one or all three spatial dimensions. This feature is known as the “quantum 

confinement effect”.  Due to this effect, NCs normally exhibit opto-electronic properties 

that are different from its bulk counterpart. To better examine the opto-electronic 

properties of a material in its NC form, the first step is to understand the language used to 

describe the NC energy levels, which combines concepts from both chemistry, such as 
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molecular orbitals and physics, such as Bloch wavefunctions. Ultimately, these concepts 

are used to understand the electronic structure difference between bulk and NC.  

1.2.1 Building a semiconductor: from single atom to bulk semiconductor  

We start with the building block, an atom and its electrons. In the case of a single 

atom, electrons form an electron cloud that surrounds the nucleus (a combination of 

protons and neutrons, a positive core in the atom). Due to wave-particle duality [4], 

electrons can be described as a wave. The shape of the electron cloud (the wave function) 

can then be derived from Schrödinger’s equation, as shown in Equation 1.1. 

 𝐻𝜑 = 𝐸𝜑 (1.1) 

in which 𝐻 is the Hamiltonian operator, 𝜑 is the wavefunction, and 𝐸 is the eigenvalue 

corresponding to the overall energy of the electron. In detail, the Hamiltonian operator 

can be split to show the kinetic energy and potential energy operator, as shown in 

Equation. 1.2.  

 (−
ħ2

2𝑚
∇2 + 𝑉)𝜑 = 𝐸𝜑 (1.2) 

in which, ħ is the reduced Planck constant (1.0545718×10-34 𝐽 ∙ 𝑠), ∇2 is the Laplacian 

operator in three dimensions, and 𝑉 is the electrostatic potentials. Solving this equation, 

we can get a specific wave function 𝜑 to describe the electron behavior.  

Since the electrons orbit the nucleus accoding to the classical model, the wave 

functions are also called atomic orbitals (AO) [5]. Due to the Heisenberg’s uncertainty 

principle [6,7], the exact position and the momentum of the electron cannot be predicted 

at the same time. Therefore, the electrons are often depicted based on their probability in 
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the region of space. As this probability is proportional to 𝜑2, the overview for basic AOs 

is shown below in Figure 1.2. 

 

Figure 1.2 Shapes of the 1s orbital (red), the 2p orbitals (yellow), the 3d orbitals (blue) and the 4f orbitals (green). 

Atoms contain many electrons and according to Pauli’s exclusion principle [8], in 

cluding quantum numbers$$$$$$$ one AO can only be occupied by two electrons at a 

maximum. When it comes to atoms that form our semiconductors, they normally have 

large atomic numbers (for instance, Pb has an atomic number of 82), resulting in many 

different AOs. Therefore, the size and shape of these AOs is critical in determining 

bonding features in the molecules and semiconductor solids made by them. Further, they 

could also influence the optical properties of semiconductors.  

When multiple atoms meet to combine as a molecule, the atomic wave functions 

combine to form molecular orbitals. The newly formed orbitals in this molecule can be 

determined using an approach called linear combination of atomic orbitals (LCAO) [9]. 
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LCAO illustrates the quantum superposition of AOs, and the combination of AOs 

forming molecular orbitals (MOs). For MOs, there are two possibilities to realize the 

linear combination, taking the sum or taking the difference of two AOs, as shown in 

Equation 1.3 and 1.4. 

 Constructive: φ = 𝜑𝐴 + 𝜑𝐵 (1.3) 

 Destructive: φ = 𝜑𝐴 − 𝜑𝐵 (1.4) 

Using a H2 molecule as an illustration (as shown in Figure 1.3(a)), H atom has only 

one 1s electron. When two H atoms approach together, the two simple s orbitals of same 

sign are summed under the linear combination. This constructive overlap results in 

electrons from both atoms being more likely present between these two atoms. Due to the 

strong interaction, two AOs form a bonding MO (denoted as σ in this case). This σ bond 

causes the electrons’ total energy to decrease as compared with two separate s orbitals. 

Similarly, if two s orbitals of opposite signs are approaching each other, the destructive 

overlap leads to a MO bonding that has higher energy compared with two individual 

AOs. This MO bonding is denoted as antibonding (σ*) orbital. The illustrated energy 

diagram for the MO of the H2 molecule is exhibited in Figure 1.3(b). Two 1s electrons 

from the AOs of H atom occupy the MO of a H2 molecule, forming a σ bond with lower 

energy. The H2 molecule is more stable than two separate H atoms.  
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Figure 1.3 (a) Construction of MOs from two AOs; (b) Energy diagram for MOs constructed from AOs. 

When it comes to the MOs of a semiconductor material, the MO diagram is 

complicated due to the complex atomic environment in this material. For example, the 

MO diagram for Pb based iodide perovskite is mainly comprised of [PbI6]
4- octahedron as 

manifested in Figure 1.4, in which either electrons of different orbitals (Pb 6s and I 5p) 

and electrons from different shells (Pb 6p and I 5p) can form MOs [10,11].  

 

Figure 1.4 The bonding and antibonding orbitals in MAPbI3. 

We can expand the idea of LCAO to a large quantity of AOs. The combination of 

many AOs will form many MOs, with energies distributed around the molecular result as 
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depicted in Figure 1.5. As the number of atoms starts growing, the energy difference 

between these similar MOs becomes smaller.  Once the energy difference is significantly 

lower compared with 𝑘𝐵𝑇 (the amount of heat required to increase the thermodynamic 

entropy of a system, where 𝑘𝐵 is the Boltzmann constant, and 𝑇 represents the 

temperature in Kelvin), the MOs behave as though quasi-continuous and are discussed in 

solid state literatures as bands. To understand the performance of a semiconductor, it is 

often sufficient to consider only two of the bands.  Specifically, the highest energy band 

that is occupied by electrons (analogous to the highest occupied molecular orbital, 

HOMO) and the lowest energy band that is not occupied (analogous to the lowest 

unoccupied molecular orbital, LUMO).  These are typically depicted as a continuous 

band (as depicted in Figure 1.5 and 1.6). The lower energy band, which is filled with the 

valence electrons from the valence AOs of each individual atom, is called valence band 

(VB). Similarly, the higher energy band, although empty, is called conduction band (CB). 

Energetically speaking, the distance between the VB and CB is called the bandgap (𝐸𝑔). 

 

Figure 1.5 Evolution of atomic-molecular levels into bands and the formation of valence and conduction bands by 

overlapping s and p orbitals in a semiconductor. EF is the Fermi energy. 
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Depending on the relative position between the VB and CB (the bandgap value, see 

Figure 1.6 for illustration), materials are categorized into metals (VB and CB overlapped 

or bandgap < 𝑘𝐵𝑇 at room temperature), insulator (bandgap above 4 eV), and 

semiconductor (bandgap lies in between metals and insulators). The wide range of 

bandgaps of different semiconductors provide opportunities for a variety of applications, 

for example, semiconductors with bands gap between 1 and 1.5 eV (such as Si (𝐸𝑔 =1.14 

eV)) could form an efficient single-junction solar cell and GaN (𝐸𝑔 =3.4 eV) as a large 

bandgap material has been used for blue LED applications. In other words, the bandgap 

determines the spectral range of light the system absorbs and emits.  

 

Figure 1.6 Band diagrams for conductor, semiconductor and insulator. 

1.2.2 Semiconductor nanocrystal: bridge the gap between bulk and molecules 

As we discussed above, the number of atoms is significantly large in a bulk 

semiconductor material and the MOs formed inside are of nearly continuous energy. 

However, as we decrease the number of atoms in a bulk semiconductor material, not only 
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the size of a material is shrinking, but the discrete nature of the quasi continuous band 

becomes more obvious as illustrated in Figure 1.7.  

 

Figure 1.7 The band structure evolution with respect of the size of a semiconductor system. Bulk, NC (from tens of 

atoms to a few hundred of atoms) and molecule (few atoms) band diagrams. 

This phenomenon is related to the quantum confinement effect, which generally 

results in a widening of the bandgap with a decrease in the size of the NCs. The simplest 

physical description of the effect is the so-called “particle-in-a-box” model, which 

focuses on the electron-hole pair (exciton). If a photon with of an energy larger than the 

bandgap of a semiconductor is incident on the semiconductor, the photon can generate an 

electron-hole pair (see Figure 1.10 for demonstration).  

In the bulk material, the electron and hole at rest have a distance sufficiently far 

enough from each other that the Coulomb interaction is negligible. Often the energy is so 

low compared to 𝑘𝐵𝑇 that the electron and hole easily separate in the material.  However, 
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in a NC system, the motion of the electrons and holes are confined spatially. Due to the 

Coulomb interactions, this photogenerated electron in CB is still bound to its 

corresponding hole in VB as an electron-hole pair (exciton). The space this exciton 

occupies can be described by its radius, which is called Bohr exciton radius (𝑎0), and the 

formula interpretation is showed in Equation 1.5.  

 
𝑎0 =

ħ2𝜀

𝑒2
(
1

𝑚𝑒∗
+
1

𝑚ℎ
∗) (1.5) 

where, 𝜀 is the dielectric constant of a given material, and 𝑚𝑒
∗  and 𝑚ℎ

∗  represents the 

effective masses for electron and hole.  The charge of an electron (-1.602 × 10-19 C) is 

denoted by 𝑒. Since 𝑎0 heavily depends on the effective masses for both electron and 

hole, this value varies with the material. For examples, the 𝑎0 for CdSe is only 5 nm, but 

it could be over 100 nm for PbTe.  

In this dissertation, we focus on Cs-based perovskite materials where the Bohr exciton 

radius for CsPbBr3 is 7 nm [12]. As a material (box) decreases in size, the bandgap 

widens and the exciton (the particle) will have a higher energy as it is confined. The 

relationship between size and bandgap value in a NC system can be described by Brus 

equation [13] as shown below, and the Brus plot for CsPbBr3 NCs [14] is illustrated in 

Figure 1.8: 

 
𝐸𝑔(NC) = 𝐸𝑔(Bulk) +

ℎ2

8𝑅2
(
1

𝑚𝑒∗
+
1

𝑚ℎ
∗) (1.6) 

where, ℎ is the Planc constant, and 𝑅 is the physical radius of a spherical nanoparticle 

material. Since the 𝐸𝑔(Bulk) and ℎ are constants, and the effective mass for electron and 

hole are parameters of the material, 𝐸𝑔(NC) is inversely proportional to the size of NCs.  
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Figure 1.8 The Brus calculation for the relationship between the size and the bandgap of CsPbBr3 NCs. 

According to the morphology of the nanocrystalline material, its quantum 

confinement can also be categorized by their dimensionality. In Figure 1.9, we 

demonstrate nanosheet, nanowire and quantum dots for 2-D material, 1-D material and 0 

D material type respectively. The corresponding density of states (DOS) is also shown for 

demonstration of the more discrete energies in case of quantum confinement effect.  
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Figure 1.9 The scheme for quantum materials and their density of states with respect of energy.   

1.2.3 The opto-electronic properties of semiconductor nanocrystal: light 

absorption, emission and beyond 

The example of quantum confinement has been well studied in CdSe QD system [15], 

and we show the analogous effect for CsPbBr3 NCs as demonstrated by the shifting 

emission spectrum in Figure 1.10. To better understand the overall light absorption and 

emission process, and how it reveals the properties of NCs, the basics of photon-

semiconductor interaction is explained here.  
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Figure 1.10 Quantum-size effects in the absorption and emission spectra of 3-12 nm CsPbBr3 NCs. 

Because of the bandgap separation, only a photon with energy as large as bandgap 

can excite the electron in the VB to the CB. After the excitation, this electron is in the 

empty orbitals of the CB, leaving a correspondent hole in the VB. The hole is the missing 

electron in the VB, which has an equal but positive charge to the electron. Although it is 

strictly just the absence of a particle, it is discussed as though a particle itself because it 

moves as though a particle. 

A photogenerated electron can lower its energy to a state near the CB edge by 

dissipating its excess energy as heat (typically via inducing vibrations), this process is 

called thermal relaxation. Then, the electron could reverse the excitation process by going 

from the CB to recombine with a hole, releasing the energy equal to the bandgap as a 

photon. This process is called radiative recombination, and the emission 

(photoluminescence (PL)) spectra is typically dominated by this feature. In addition, 
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there are non-radiative recombination pathways as well. Since the semiconductor 

material is not a perfect crystal, the impurities (missing atoms, distortion in the crystal 

lattice or even dangling bonds on the surface) can form trap states [16]. The trap states 

often lead to less hybridized MOs, and these normally sit between the VB and CB.  

Therefore, the electrons and holes may move to those trap states and recombine there 

leading to the quenching of radiative recombination.  

While trap states often are associated with a decrease in performance, engineering 

specific trap states can allow for useful applications such as trap emission, doping, or 

other intra-band applications.  

 

Figure 1.11 The scheme for the interactions of a semiconductor with photons. Exciton excitation (photon absorption), 

hot electron relaxation, photon emission through radiative recombination and non-radiative recombination induced by 

intra-band trap states. 

Radiative recombination results in the emission of light near the bandgap of the 

material. In order to quantify the emission efficiency, the number of emitted photons 

(𝑁𝑜𝑢𝑡) and the number of incident photons (𝑁𝑖𝑛) are compared, then the quantum 

efficiency (𝜂) or photoluminescence quantum yield (PLQY) of a material is described as 

follows: 

 
PLQY =

𝑁𝑜𝑢𝑡
𝑁𝑖𝑛

× 100% (1.7) 
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Moreover, PLQY can also be understood from the rates that an excited electron 

recombines with a hole radiatively or non-radiatively. As an electron recombined with a 

hole radiatively, there is a radiative recombination decay rate 𝛾𝑟𝑎𝑑, similarly, non-

radiative recombination decay rate denoted as 𝛾𝑛𝑜𝑛−𝑟𝑎𝑑. Thus, PLQY is  

 PLQY =
𝛾𝑟𝑎𝑑

𝛾𝑛𝑜𝑛−𝑟𝑎𝑑 + 𝛾𝑟𝑎𝑑
× 100% (1.8) 

It is worth noting PLQY is not a material dependent factor, rather, it explains the quality 

of material. The development of improved synthetic or post-synthesis treatments 

methodologies for defect-free NCs [17,18] can potentially lead to near unity PLQY. For 

NCs, PLQY is one of the important parameters to examine the excellence of a synthesis 

protocol as it correlates well with the degree of order of the surface which is not easily 

accessed by any direct characterization methods.  

1.3 Synthetical Approach for Colloidal Nanocrystal: The Hot-Injection 

Method 

Numerous methods for the NCs synthesis have been reported over the last two 

decades. Generally speaking, these techniques can be categorized either as top-down or 

bottom-up. For the top-down methods, a bulk material is thinned into small pieces to 

create NCs. One example of this method is the fabrication of InAs/GaAs quantum 

structures [19,20]. Of the bottom-up approaches, sol-gel [21], microemulsion [22] and 

hot-injection are widely used and discussed.   

In our lab, the method of hot-injection is mainly used for NCs synthesis. Due to the 

importance of this synthetic technique to almost every project presented in this thesis, 

herein, the basics of hot-injection method are introduced and discussed. 
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1.3.1 Physics behind the hot-injection colloidal NCs synthesis 

The initial “hot-injection” method was introduced by Bawendi et al [23] in 1993 for 

the CdSe QDs synthesis. This technique requires a high temperature to induce fast 

nucleation, while the mixing of the injected reagent with the chemicals in heated flask 

(the ‘batch’) results in rapid cooling to a lower temperature to direct the slow growth 

process. In a typical CdSe QDs synthesis, Cd-TDPA was prepared in a hot, vigorously 

stirred batch with the assistance of high boiling point coordination solvent 

trioctylphosphine/trioctylphophine oxide TOP/TOPO. After degassing the system to 

remove the trace oxygen and moisture and reflux with inert gas such as N2, the 

temperature of the batch was elevated to a high temperature (~300 °C). Finally, the 

TOPSe (this chemical was prepared by the dissolvation of Se shots in TOP) reagent was 

quickly injected into the reaction batch, in which it undergoes a chemical process to yield 

uniform CdSe QDs.  

 

Figure 1.12 Illustration of the batch reactor for hot-injection method with an example image of CsPbI3 red emissive 

NCs synthesized with TOP post synthesis treatment. 

The chemical process can be simply described as four stages [24,25]. When the 

chemicals from the syringe are mixed with the batch under high temperature, those 

chemicals lead to “burst nucleation” of monomers which are NCs in molecular level 
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(Stage I).  Then concentration of monomers spikes to reach the supersaturation level in 

the solvent, results in homogenous nucleation of NCs (Stage II). The boundary between 

Stage I and II can be explained by the degree of supersaturation (𝑆), where the nucleation 

can only occur when 𝑆 is high enough to cross the energy barrier for nucleation. After the 

nucleation process, due to the decreasing concentration of monomers in the reaction 

batch, growth pervades over the nucleation and the NCs tend to grow larger (Stage III). 

Upon depletion of monomer concentration, the size can still change (Stage IV).  This 

process is typically referred to as Ostwald ripening [26,27] (also known as Lifshitz-

Slyozov-Wagner growth [28]). The scheme is illustrated in Figure 1.13 for clarification. 

 

Figure 1.13 LaMer plot with schematic illustration of the four stages in the synthesis of colloidal NCs. 

The key to develop a high-quality synthetic method based on a hot-injection method 

depends on two fundamental parts: (1) the concentration and coordination ligand for 

elemental precursors, and (2) the reaction temperature to ensure sufficient nucleation and 
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NCs growth rate. Both ligands and temperature will contribute to all stages of the NCs 

synthesis, however, no reaction will occur if the nucleation threshold is not reached, 

therefore the nucleation process is highlighted here.  

The classical theory about the initialization of nucleation process is based on a 

spherical nucleus model of condensed phase with a radius of 𝑟. The free surface energy 

of this model is denoted ∆𝐺(𝑟), as described below [29]: 

 
∆𝐺(𝑟) = 4𝜋𝑟

2𝛾 +
4

3
𝜋𝑟3∆𝐺(𝑣) (1.9) 

The first part on the right-hand side shows the free energy of the created spherical surface 

of this nucleus.  The value is 4𝜋𝑟2𝛾, where 𝛾 is the surface tension (surface free energy 

per unit area) and is always positive. This drives the formation. The second part ∆𝐺(𝑣) is 

the non-surface free energy of the NC, 

 
∆𝐺(𝑣) = −

𝑅𝑇 ln 𝑆

𝑉𝑚
 (1.10) 

where, 𝑉𝑚 represents the molar volume for the as synthesized material in bulk form, R is 

the gas constant, T is the temperature in Kelvin. S shows the degree of supersaturation, it 

explains a ratio between the dissolved monomers to the dissolved materials (constructed 

by monomers) in a solution, the mathematical interpretation is:  

 
𝑆 =

𝐶𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠
0

𝐶𝑏𝑢𝑙𝑘
0  (1.11) 

where, 𝐶𝑏𝑢𝑙𝑘
0  is the solubility of bulk material, and 𝐶𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠

0  denotes the monomer 

concentration under standard conditions. Therefore, if the supersaturation is not reached 

(𝑆 < 1), ∆𝐺(𝑣) is positive and consequently no nucleation will occur.  
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However, not all nuclei grow into particles, some of them may be decomposed back 

to monomers. By resolving the relationship between ∆𝐺(𝑟) and 𝑟, setting 
𝑑∆𝐺(𝑟)

𝑑𝑟
⁄ = 0, 

the smallest radius (critical radius 𝑟𝑐,) of the nuclei that will not dissolve but only grow 

can be derived as: 

 
𝑟𝑐 =

2𝛾𝑉𝑚
𝑅𝑇 ln 𝑆

 (1.12) 

𝑟𝑐 is crucial for the synthesis of NCs, since it determines the necessary step for the 

supersaturation with homogeneous nucleation. From this equation, the nucleation step is 

favored with a sufficient high supersaturation degree S. Substituting 𝑟𝑐 back to Equation 

1.9, the critical free energy ∆𝐺(𝑟𝑐) can then be derived. 

 
∆𝐺(𝑟𝑐) =

16𝜋𝛾3

3∆𝐺(𝑣)
2 =

16𝜋𝛾3𝑉𝑚
2

3(𝑅𝑇 ln 𝑆)2
 (1.13) 

It is worth noting that the reactivity of the precursor is specific to the chemical 

reaction and target products. For example, experimentally, metal chalcogenide such as 

PbS NCs can easily nucleate and grow at a temperature as low as 50 °C [30], and 

perovskite NCs such as CsPbBr3 NCs has a nucleation threshold near 80 °C based on a 

hot-injection method [31].  

The further growth of a spherical NC involves the diffusion of the monomers from 

the solution to NC surfaces and subsequent reaction with the surface (Stage III). The 

balance between diffusion and reaction determines the size distribution of the NCs. In the 

Reiss model [32], the growth rate of spherical particles depends only on the flux of the 

monomer supplied to the particles. The Reiss model considers only mass-transport 

processes from solution to NCs surface and therefore is not applicable to processes such 
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as Ostwald ripening which require understanding the kinetics of monomers depositing on 

the surface as well as NCs loosing surface atoms. For reactions where supersaturation is 

low due to the depletion of the monomer, Ostwald ripening can be understood by the 

Gibbs-Thompson relationship which explains that smaller particles have higher solubility 

and will dissolve in favor of large particle growth [33,34].  

From the practical point of view, the reactivity can be easily adjusted by using 

chemical ligand of different functional groups and diffusion rate. The diffusion rate is 

often adjusted by varying the alkyl length on long chain precursors. Changes in 

functional group and diffusion rate in turn result in NCs of different size and 

morphology. These topics will be covered with specific examples in Chapter 4 and 

Chapter 6. 

1.3.2 Chemistry behind the colloidal NCs synthesis: ligands 

The composition of a NC is not pure inorganic particle, rather, its structure comprises 

of an inorganic core and a ligand shell [35–37]. The ligand shell (also referred to as 

capping ligands) normally is constructed by amphiphilic organic molecules that possess a 

polar head group with a N, O, S, or P donor atom. The most commonly used organic 

ligands could be classified by their functional group, such as amines, carboxylic acids, 

thiols, phosphines, and phosphonic acid. Because the binding of polar head groups is on 

the surface atom of NCs (as an example of CsPbX3 NCs [38] in Figure 1.14), the out-

heading alkyl chain aliphatic tails ensure the colloidal dispersion of these NCs in the non-

polar solvents such as hexane and toluene.  
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Figure 1.14 Ligands for perovskite NCs in this dissertation: octanoic acid/octylamine (left hand side); oleic 

acid/oleylamine (right hand side); trioctylphosphine (bottom). 

The capping ligand is important in several aspects: (1) it can induce the proper 

nucleation and growth of the NC materials, such as the role OA and OLA play during the 

perovskite NCs synthesis [39,40]; (2) it helps to passivate the NCs surface, decreasing the 

density of ‘dangling bonds’ (unpassivated surface atoms) and helping achieve near unity 

QY [41,42]; (3) it factors into device performance, for example the electronic transfer 

rate is boosted with shorter organic [43] or pure inorganic ligands (molecular metal 

chalcogenide (MCC) [44,45]) since the electron can only hop between NCs if the 

distance is short enough. 

In chapter 4, we will focus on the ligand aspects for CsPbBr3 NCs and discuss how 

ligands could affect the water-resistance, and in chapter 6, we highlight the role ligands 

played during the synthesis of the Sb-based perovskite NCs. 
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1.3.3 General strategies for colloidal CsPbX3 NCs synthesis 

As we discussed above, the hot-injection method enables the synthesis of relatively 

small NCs with a narrow size distribution. However, to better control the size, size 

distribution, shape and quality of the NCs, there are four typical parameters [46] to 

manipulate: (1) the ratio between ligands and precursors; (2) the injection temperature of 

the cation or anion precursor; (3) the reaction (or batch) temperature; (4) the 

concentration of the precursors.  

For almost all the Pb-based perovskite NCs synthesis in this dissertation, we followed 

or modified the work from Kovalenko’s lab [39]. In a standard reaction, CsPbX3 (X= I 

and Br) NCs were obtained by injection of cesium oleate (CsOL) to a hot solution of 

PbX2 in a batch. PbX2 is dissolved in a mixture of oleic acid (OA), oleylamine (OLA), 

and octadecene (ODE), which serves as Pb and X precursors. With the assistance of OA 

and OLA under high temperature, PbX2 becomes Pb-oleate and oleylammonium halide 

(OLA-X). The Cs precursor is injected at 140-200 °C, then the entire flask is quenched 

using an ice bath. The formation of monodispersed CsPbX3 NCs can be adjusted by 

altering the reaction temperature, moreover, the ratio of lead halide salts (PbCl2, PbBr2, 

PbI2) can also be mixed and adjusted, therefore a variety of CsPbX3 (CsPbClxBryIz, the 

sum of x, y and z is 3) NCs can be obtained. Although this protocol is user-friendly, the 

PLQY could not reach near unity due to the trap states aroused from the excess of Pb 

atoms as the termination sites on the surface of CsPbX3 NCs [47]. 

Another hot-injection protocol employs OLA-X/OLA [48] as the halide precursor and 

capping ligands for injection agent, while in the batch, equal molar amount of Cs and Pb 

oleate are prepared. Through the similar reaction process and appropriate temperature 
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control, the as synthesized NCs’ surface is mainly comprised of halide, the extremely low 

number of Pb termination sites on NCs’ surface leads to low density of trap states and 

hence this product can achieve near unity PLQY.  

1.4 Cesium Lead Halide Perovskites 

Perovskite originally was defined as a calcium titanium oxide mineral composed of 

calcium titanate (CaTiO3) and is named after Russian mineralogist Lev Perovski [49]. 

Over the past forty years, its name has also been applied to a class of compounds which 

have a chemical formula of ABX3, and the structure based on this formula is called a 

perovskite structure. In this thesis, we focus on a very interesting new semiconductor 

consisting of a Cs-based halide perovskite, where A is Cs, B is Pb, and X represents 

halogens such as Cl, Br, I or a combination of those. However, before we start the 

discussion of Cs-based perovskite, we review what is a halide perovskite, and why it is 

worth studying. 

1.4.1 Pb-based halide perovskite materials 

The term ‘halide perovskite materials’ defines a wide category of perovskite 

structures which are not perovskite oxides (the much more well-known perovskite 

material), but rather have halides as a principle component.  In practice, this research area 

is currently dominated by Pb-based halide perovskite materials. For Pb-based halide 

perovskite materials, the A cation is not limited to be just Cs, in fact, organic cations such 

as methylammonium (MA) and formamidium (FA), or mixed cations (a combination of 

MA, FA, Cs and even Rb) have also been extensively studied. Since the opto-electronic 

properties are determined by the [PbX6]
4- octahedron, the A cation is mainly important 
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for retaining the perovskite structure. Figure 1.15 demonstrates a typical perovskite 

structure based on a cubic (α) phase CsPbBr3 (ICSD No. 29073). 

 

Figure 1.15 Perovskite structure of ABX3, a 2×2×2 super cell based on cubic CsPbBr3 perovskite structure. 

Structural stability is a key consideration in these materials, as the lattice only is 

stable if the ionic radii satisfy a specific relationship which can be characterized 

according to the empirical Goldschmidt tolerance factor. As showed in Equation 1.14, the 

𝑡 value shows the tolerance factor of a perovskite structure in terms of the three given 

ions, where 𝑟𝐴, 𝑟𝐵 and 𝑟𝑋 are the ionic radii for different ions. The stability of the 

structure can be predicted by plugging the radius of three ions and calculating the 𝑡 value. 

For a typical 3D perovskite, the tolerance factor 𝑡 is between 0.8 to 1.0. 

 
𝑡 =

𝑟𝐴 + 𝑟𝑋

√2(𝑟𝐵 + 𝑟𝑋)
 (1.14) 

However, the Goldschmidt equation only focuses on the relationship between three ions, 

it does not consider whether B and X could form [BX6] octahedron or not. Therefore, 

more recently an octahedral factor 𝜇 was introduced by Li et al [52] which states 
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  𝜇 =
𝑟𝐵
𝑟𝑋

 (1.15) 

To form a stable [BX6] octahedron requires that 0.414 ≤ 𝜇 ≤ 0.592 [52]. For μ beyond 

this range, no stable [BX6] octahedron can form. Later, Travis et al [53] combined both 

factors and constructed the 𝑡-𝜇 plot for the ABX3 type iodide perovskite compounds. 

Although the boundary of the stable perovskite region to the high tolerance factor side is 

not well defined [54], this graph has significant merit in directing the search for stable 

perovskite structures.  

Since forming a perovskite structure has many difficulties and restrictions, the reason 

people are still passionate about this material is because the optoelectronic properties 

(such as low exciton binding energy and high carrier mobilities) are superior compared 

with conventional semiconductors. Recently, ACS Energy Letters published a focus [55] 

highlighting the booming development of halide perovskites studies since 2009. The 

groundbreaking work from Miyasaka et al [56] in 2009 suggested perovskite’s potential 

application for solar cells, and it was considered the start for modern perovskite studies. 

Although the dye-sensitized solar cells fabricated by Miyasaka’s group did not have good 

stability, nor was the solar energy conversion efficiency high at that time, this work 

encouraged the community to focus more on the Pb halide perovskite materials.  

In 2012, two independent groups [57,58] reported their achievements in building 

efficient hybrid perovskite solar cells based on MAPbI3. The lead iodide perovskite has a 

near ideal solar bandgap of 1.5 eV for single junction solar cells [59], and these groups 

reported power conversion efficiency approaching 10%. At this point the word “halide 

perovskite” started to attract more attention over the globe. At present, the perovskite 
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solar cell based on a single junction planar structure has exceeded 23% efficiency [60].  

This is remarkable, as the efficiency leap by perovskite within ten years has surpassed 

conventional thin film photovoltaics such as CuIn₁₋ₓGaₓSe₂ (CIGS, 22.6%), CdTe 

(22.1 %), and polycrystalline Si (22.3 %) [61] which have been under development, often 

including by large scale commercial companies, for decades. 

This year (2019) marks the ten-year anniversary for modern perovskite materials 

research. In addition to solar cells and LED applications [62,63], perovskite materials are 

also promising for other opto-electronic applications, such as photodetectors [64,65], 

lasers [66] and field-effect transistors [67].   

The merit of perovskite materials has been studied from both theoretical and 

experimental perspectives. In summary, this material features a combination of virtues 

with respect to electronic properties, such as direct bandgap [68,69], high absorption 

coefficients [70–72], low exciton binding energy [73–75], defect tolerance [76], and long 

carrier life time (diffuse length) [77–79]. The detailed physical explanations for these 

properties are beyond the scope of this dissertation. Herein, I will focus on the defect-

tolerance aspect since it has more relevancy to our work.  

For any material, the origin of defects is due to imperfect lattice alignment over long 

distances (polycrystallinity) or to trace foreign atoms (impurities). The presence of those 

defects is commonly considered to be detrimental to the properties (e.g. conductivity, 

carrier mobility, luminescence) of a semiconductor material [76]. It is important to keep 

in mind that even very small defect densities can have dramatic effects on electronic 

performance, and that processing pure materials increases the cost which is a concern for 

large area applications. 
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Defect-tolerance is one of the striking features of Pb-based halide perovskite. This 

term means that although there is a large density of various structural defects (confirmed 

by a variety of characterization tools) in the perovskite lattices made using simplistic 

chemical processing methods, the optical and electronic properties of perovskites appear 

as though there are nearly no electronic traps present at all. As we mentioned earlier in 

1.2.3 for non-radiative recombination, defects in the crystal structure could lead to the 

formation of trap states hence affecting the quality of a material. For example, if an 

electron accepting state is in the band, it can “trap” electrons out of the conduction band 

because there is an energetic barrier to getting back into the conduction band. However, 

for perovskites, although there are defects, these defects do not form trap states and 

therefore have a greatly reduced (or negligible) effect on the device operations, as shown 

in Figure 1.16. 

 

Figure 1.16 (a) Schematics of two limiting cases of a band-structure in semiconductors: defect-intolerant (conventional, 

left) and ideal hypothetical defect-tolerant (right), dash-lines are correspondent to trap states in semiconductor. (b) 

Partial density of states in CsPbI3, showing the VB and CB origin in Pb-based perovskite. 

The defect studies for Pb-based halide perovskite show, both experimentally and 

theoretically, that the point defects, grain boundaries and even the surface of NCs [80–
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82] all result in the formation of either shallow trap states or states that are resonant with 

the VB and CB states [83]. This phenomenon is attributed to the mixing of a Pb2+ ([Xe] 

4f14 5d10 6s2) lone pair s orbital and an iodine anion ([Kr] 4d10 5s2 5p6) p orbital which 

results in antibonding coupling in the perovskite lattice. Because of this band structure, 

structural defects that may arise from the halide and MA or other A+-type vacancies tend 

to have energy levels that fall within the CB and VB, respectively, rather than lying 

within the bandgap itself [84]. 

1.4.2 Cesium lead halide perovskite: bulk and NCs 

Although significant attention has been paid to the MA-based perovskite, this 

material is sensitive to moisture and oxygen, which is a critical issue for sample storage 

and device fabrication. In terms of the NC form, the stability of MAPbX3 NCs is even 

worse [85] compared with its bulk counterpart. This causes difficulties for perovskite 

NCs research. 

The emergence of CsPbX3 is motivated by its similarity to MAPbX3. Moreover, bulk 

Cs-based perovskite material exhibits better chemical stability [86] and less critical 

environment for the device fabrication. Besides stability, the incorporation of Cs to the 

perovskite lattice can also improve the performance of a perovskite device [87]. 

In our lab, we have been focusing on the studies of opto-electronic properties of 

colloidal NCs and NCs film. CsPbX3 provides a perfect system that combines NCs and 

perovskite. Similar to other Pb-based perovskites, CsPbX3 NCs have a defect-tolerant 

nature as well. Moreover, the increased exciton binding energy [88] in CsPbX3 NCs 

results in a high exciton recombination rate. Due to these advantages, CsPbX3 NCs can 

demonstrate extremely high PLQY under relatively mild synthetic conditions.  
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The tunable emission of CsPbX3 NCs covers from 400 to 700 nm by altering the 

content of halide composition, in contrast to the conventional NCs in which the emission 

can only be tuned by the size. This property suggests the opportunities for CsPbX3 NCs 

to be used for light emission applications. Currently, most of the perovskite LED research 

is focused on CsPbX3 NCs [63,89]. However, the formation of thin films based on 

CsPbX3 NCs is still a challenge due the initial insulating long organic ligands. While 

solutions to the ligand challenge have been found for more ‘traditional’ NC systems such 

as CdSe NCs and PbS NCs, better ligands are still needed to enable better processability 

for CsPbX3 NC film formation. 

1.5 Current Obstacles of Lead Halide Perovskite: Instability and Lead 

Toxicity 

While perovskite devices are surprising us almost every day with their excellent opto-

electronic performance, one crucial problem for Pb-based halide perovskite which cannot 

be ignored is the stability [90–92]. Consider for example the promising perovskite solar 

cell application. Most of the solar panels installed currently are based on Si. A Si solar 

panel can work for at least 25 years, and this durability significantly reduces the overall 

cost and simplifies operation. For perovskite solar cells, the total cost estimation 

(excluding the system costs with installation, power conditioners, etc.) is around 40 USD 

per sq. m., which is half the cost of silicon solar cells (80 USD per sq. m. or 0.5 

USD/W) [93]. However, this cost estimation assumes the perovskite solar cell module 

can function for over 8 months, while most of the lab cells can only function for a few 

thousands of hours [94]. In this regard, the understanding of the instability issue of 

perovskite material itself is vital to this research field.  
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On the other hand, the major component element in halide perovskite is Pb. It is a 

toxic metal and has potential environmental impacts [95,96]. Due to the Restriction of 

Hazardous Substances (RoHS) from the major global markets (China, USA and European 

Union), the use of Pb is strongly regulated in industry. Although the European Union has 

exempted the use of Pb in installed solar cells recently, Pb is still a concern in the long 

run. Thus, the research for Pb-free perovskite is also highly desired.  

1.5.1 Instability of a perovskite: chemical and structural origins 

The origins of instability in perovskite materials vary with the perovskite composition 

and device environment. Of concern are intrinsic structural stability (i.e. is the system 

stable when completely isolated), stability under water exposure, stability under oxygen 

exposure, and stability when incorporated into a device and subject to an electric field. 

Stability under an electric field is much more of a concern for halide perovskite 

materials than it is for most materials. Contrary to traditional metal chalcogenide NCs, 

perovskite NCs have a highly ionic nature. The low charge of the halide ions results in 

high ionic mobilities for halide ions, and under an electrical field, these mobile ions will 

migrate forming halide-rich and halide deficient (Pb-rich) areas. This phenomenon leads 

to a performance degradation in a perovskite device over time. 

Of the environmental factors that affect perovskite stability, humidity and oxygen are 

two of the most insidious reasons for chemical decomposition of a perovskite. In fact, 

most materials (even Si) suffer from the oxidation in the presence of oxygen, therefore 

we put more emphasis on the affect from moisture (water). Previously, most of the 

stability research has been focused on the MAPbI3 film, thus we use the MAPbI3 as a 

model to elucidate the interaction between perovskite and water molecules.  
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Under low water content environment, MAPbI3 tends to absorb water molecules from 

the atmosphere and form monohydrate MAPbI3∙H2O. As an intermediate product, the 

monohydrate can be converted back to pristine MAPbI3 by proper dehydration, and the 

performance of the MAPbI3 film is restored [97]. However, under most of the conditions, 

the monohydrate will keep absorbing more water content and produce dihydrate 

MA4PbI6∙2H2O, which could in turn transform into PbI2. The detailed formation 

process [98] is showed in Equation 1.16. 

 4MAPbI3 + 4H2O ⇋ 4MAPbI3 ∙ 4H2O

⇋ MA4PbI6 ∙ 2H2O + 3PbI2 + 2H2O 

(1.16) 

On the other hand, the water molecule can also interact with MA+. Depending on the 

humidity level, the as synthesized methyl ammonium can either escape from the 

perovskite as a volatile gaseous product or it may dissolve as a methyl ammonium iodide 

solution on the perovskite [91, 98].  

 
MA4PbI6 ∙ 2H2O(s)

High humidity
→          4MAI(aq) + PbI2(s) + 2H2O(l) (1.17) 

Given the difficulties for MA-based perovskite, the use of the inorganic Cs+, which is 

not as hydroscopic as MA+, has attracted attention. Perovskite solar cells based on 

CsPbBr3 can be processed in all-ambient conditions [99] and exhibit high stability [100] 

compared with MAPbBr3. However, α-CsPbI3, as the ideal alternative candidate to 

MAPbI3, has an undesired structural instability. Due to the small size of Cs in the crystal 

lattice (tolerance factor 𝑡 is 0.76 for α-CsPbI3), this material tends to transform into 

orthorhombic (δ) phase (Figure 1.17) under ambient condition and loses all the valuable 

opto-electronic properties. 
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Figure 1.17 Structure of CsPbI3 phases. The desired cubic phase (left) undergoes a phase transition at room 

temperature.  

To apply perovskite materials for commercialization, the stability issue must be 

solved. At present, to protect the perovskite layer from moisture and oxygen, several 

pathways including proper encapsulation to avoid any contact with humidity [101], 

adding hydrophobic top contacts [102,103], core-shell encapsulation [104–106] and 

solvent engineering [107] have been utilized. As for the structural stability for α-CsPbI3, 

the incorporations with large cations in A site and creating mixed perovskite 

materials [108–111] are the key. Although numerous methods have been tried and have 

shown decent stability enhancement for both perovskite materials and its devices, for 

commercialization, these achievements may not yet be sufficient. 

1.5.2 Halide perovskites go Pb-free 

Aside from the stability, the lead toxicity is also a concern for practical application of 

Pb-containing perovskites [112]. Given the fact that the only level of Pb not detrimental 
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to humans is zero, scientists have begun to focus on finding alternative elements to 

replace Pb. In the search for Pb-free choices, the most obvious answer is Sn, since Sn is 

just above Pb in Group IV of the periodic table, and it is nontoxic. Therefore, it is desired 

to replace Pb2+ with Sn2+. By extending the protocol for synthesizing lead halide 

perovskites, several groups [113,114] have successfully synthesized tin (II) halide 

perovskites. However, Sn2+ is oxygen sensitive, and it undergoes oxidation to become 

Sn4+, leading to rapid degradation [115,116] as well.  

Another approach is creating double perovskite in the form of A2B
’(I)B”(III)X6 

(Figure 1.18) . The virtue of high symmetry in the perovskite structure is retained, and 

more options for B-site cations offer more opportunities to control the overall opto-

electronic properties. Currently, the theoretical simulations [117,118] have been 

conducted for the family of inorganic double perovskites. In 2016, the Cs2AgBiX6 single 

crystal was synthesized by Slavney et al [119]. Soon, Cs2AgBiX6 received significant 

attention due to its novelty. However, the preliminary results show that Cs2AgBiX6 has 

an indirect bandgap [120] and does not have good carrier transport properties, which 

render this material unfit for solar cell applications. As an alternative, the theoretical 

calculations [118,121] for Cs2InBiX6 suggest a maximum solar cell efficiency 

comparable with that of MAPbI3, yet the synthetical method for this material has not 

been reported [122].  
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Figure 1.18 (a) Structure of Cs2AgBiBr6, an example of the double perovskite structure; (b) Perovskite alternative 

Cs3Sb2Br9. 

Another type of perovskite material follows the chemical formula of A3B(III)2X9, B = 

Sb or Bi. Strictly speaking, this material contradicts the definition of conventional 

perovskite. It adopts low-dimensional structures (Figure 1.18 (b) for example) to keep the 

charge neutrality, which leads to undesired photovoltaic properties such as large 

bandgaps and defect intolerance [123,124]. However, given its similarities in structure 

([BX6]
3- octahedron) and bandgap formation, it is grouped here as part of Pb-free choices 

and I believe it may be an important system as it combines the key aspects of the 

perovskite but shows better thermal stability [125].  

While the theoretical work suggests the potential directions for double perovskite and 

perovskite alternative studies, from a chemist’s perspective, the synthetical routines for 

ternary and quaternary materials are still rare, which leaves room for the fundamental 

discovery in this class of Pb-free systems. In addition to direct synthesis, the development 

of indirect synthesis such as cation or anion exchange could help the field to comduct the 

comprehensive research for perovskite materials.  
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1.6 Common Characterization Techniques 

1.6.1 Morphological characterization: transmission electronic microscopy 

The morphology of the as-synthesized NCs is imaged using transmission electronic 

microscopy (TEM). In this technique, a high energy beam of electrons is shone through a 

very thin sample (< 100 nm), and the interactions between the electrons and the atoms 

can be used to observe the overall morphology on a sub nm scale. The TEM operates on 

the same basic principles as the light microscope but uses electrons instead of light. Since 

the wavelength of electrons is much smaller than that of light, the optimal resolution 

attainable for TEM images (< 1 nm) is many orders of magnitude better than that from a 

light microscope. The quality, shape, size and uniformity of nanostructures is directly 

determined by TEM.  The challenge is that the sample must be less than 100 nm thick.  

While this is easily achieved for NCs by simply diluting the sample, to achieve this for 

complex semiconductor devices requires cross-sectional TEM which is challenging and 

labor intensive.  Cross-sectional TEM can be used to study the growth of layers, 

composition and defects in semiconductors. High resolution TEM can be used to image 

individual atoms and visualize the crystal lattice. 

1.6.2 Optical characterization: absorption and emission spectroscopy 

The emission and absorption spectrum are determined by the electronic properties of 

the NC, which is determined by the size and composition.  Therefore, the ultraviolet-

visible (UV-Vis) absorption spectrum can indirectly give information on the particle size, 

and particle size distribution, and composition. The emission spectrum intensity is 

influenced by the quantum yield, which is influenced strongly by the degree of surface 

passivation.  Finally, aggregation of particles due to poor ligand coverage results in 
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scattering which is detectable by UV-Vis and also often by eye.  For these reasons, 

optical spectra and pictures of the solution are presented as measures of the core structure 

and ligand coverage. 

1.6.3 Crystallographic characterization: X-ray diffraction 

X-ray diffraction (XRD) is a technique used for determining the atomic and 

molecular structure of a crystal, in which the crystalline structure causes a beam of 

incident X-rays to diffract into many specific directions.  

Atoms scatter X-ray waves, primarily through the atoms' electrons. This phenomenon 

is partially known as elastic scattering, and the electron is the scatterer. A regular array of 

scatterers produces a regular array of spherical waves. Although these waves cancel one 

another out in most directions through destructive interference, they add constructively in 

a few specific directions, determined by Bragg's law: 

 2𝑑𝑠𝑖𝑛𝜃 = 𝑛λ (1.18) 

Here, d is the spacing between diffracting planes, θ is the incident angle, n is any integer, 

and λ is the wavelength of the beam. These specific directions appear as spots on the 

diffraction pattern called reflections. By comparison with the crystal XRD pattern in the 

database, the identity and crystal structure of our as-synthesized NCs can be determined. 

This technique is of particular importance for the synthesis of perovskite materials in 

which unwanted phases and impurities must be quantified.  
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1.6.4 Surface ligand verification: Fourier transform infrared spectroscopy and 

nuclear magnetic resonance  

The surface and the surface ligand coverage play an important role for colloidal NCs. 

The studies of the ligand species (typically organic molecules) rely on two methods, 

Fourier transform infrared spectroscopy (FT-IR) and nuclear magnetic resonance (NMR).  

FT-IR covers the wavenumber ranges 4000 cm-1 to 660 cm-1 (wavelength ranges from 

2.5 μm to 15 μm). As for organic compounds, the features locate in two general areas: 

4000-1500 cm-1 (functional group region) and 1500-400 cm-1 (fingerprint region). The 

peaks in functional region reflect the characteristics of specific kinds of bonds, therefore, 

it can be used for identification of whether a specific functional group is present or not. 

As for the fingerprint region, the complex deformation of molecular symmetries shows 

up, so as the interaction between multiple ligands on NCs.  

NMR spectroscopy is one of the principal techniques used to obtain physical, 

chemical, electronic and structural information about molecules due to the chemical shift 

of the resonance frequencies of the nuclear spins in the sample. The most commonly used 

nuclei are 1H and 13C. NMR spectroscopy can provide detailed and quantitative 

information on the functional groups, topology, dynamics and three-dimensional 

structure of molecules in solution and the solid state. Moreover, the area under an NMR 

peaks is usually proportional to the number of spins involved and peak integrals can be 

used to determine composition quantitatively.  

For ligands on NCs, the change in both the electronic environment and the freedom of 

movement can result in large changes in position and broadening of the signal.  This can 

be used to determine if the signal is from free or bound ligands.  Further, diffusion-
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ordered NMR spectroscopy (DOSY) can be employed as confirmation of binding by 

measuring the change in diffusion rate that occurs for bound ligands.  In this dissertation, 

1H features from the α-carbons of the organic molecules bound to NCs will be carefully 

examined and employed as a key analytical method. 

1.7 The Outline of This Dissertation and the Scope of PhD Projects 

This thesis is composed of 5 main parts. Part 1 (Chapter 1) introduces the 

background related to this thesis. Key background is introduced, including the basics of 

NC band structure, NC synthesis, and properties of halide perovskites. In particular, 

perovskite stability issues are reviewed. In Part 2 (Chapter 2), we resolve a pre-existing 

CsOL inconsistency issue. CsOL is a crucial precursor for almost all Cs-based perovskite 

NCs synthesis based on the hot-injection method. Part 3 focuses on the stability 

enhancement achievable by manipulating ligands (Chapter 3 & 4). The CsPbI3 NCs work 

discussed in Chapter 3 has been published in Nano Research while the CsPbBr3 NCs 

work (Chapter 4) is under preparation for submission. Part 4 focuses on the development 

of lead-free perovskites and is discussed in Chapter 5 & 6. In Chapter 5, the idea and 

desire for lead free perovskite are introduced and the research obstacles have been 

reviewed. Our effort on Sb-based perovskite alternative is highlighted in Chapter 6. This 

work has been submitted and is currently under review. Part 5 (Chapter 7), will conclude 

all work that is presented in this thesis and provides an outlook for future directions. 

Summaries of Chapters 2 to Chapter 6 are provided below to overview the flow of 

content.  

Chapter 2 The Hidden Role of Oleic Acid in Cesium-Oleate Reagent for 

Perovskite Nanocrystal Synthesis: Since the report [39] of colloidal CsPbX3 NCs 
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synthesis method from Kovalenko lab in 2015, this method has been employed by the 

perovskite researchers all around the globe. The initial paper has over 1800 citations 

(recorded May 2019). However, this method uses a Cs precursor, Cs oleate (CsOL), that 

is a solid under room temperature.  The creates a difficulty to implement the “hot-

injection” method for CsPbX3 perovskite NCs synthesis. One year later, He and Liu et 

al [40] studied the Cs precursor effects, in which they believe the CsOL precursors that 

derived from Cs2CO3 and CsOAc exhibit different perovskite synthesis results. This 

conclusion drawn by He and Liu caught my attention at that moment. To me, this result is 

somehow unnatural. In early 2018, when I routinely prepared the CsOL precursor for my 

research, I carefully modified the molar ratio between Cs and OA and a super-

stoichiometric condition for CsOL then a soluble CsOL was found. Subsequent 

experiments showed there is no Cs precursor effect as long as the Cs precursor has been 

fully converted to CsOL, CsOL based on both Cs2CO3 and CsOAc act the same. Further, 

NMR analysis shows that the sufficient Cs:OA ratio to ensure the solubilization and fully 

conversion of CsOL is 1:5.  

Chapter 3 Enhanced Structural Stability of Colloidal α-CsPbI3 NCs in Solution 

Phase with Tri-octylphosphine: α-CsPbI3 NCs have the optimal bandgap for potential 

application of a single junction solar cell. However, the stability of α-CsPbI3 NCs is poor. 

α-CsPbI3 NCs will undergo a structural transition under ambient to δ-CsPbI3 NCs and 

lose all its desired opto-electronic properties. This project related to the NC surface and 

the underlying idea had arisen from two different angles. On one side, TOP as a capping 

ligand with strong binding energy has been used widely in traditional NC synthesis, but 

not in perovskite NCs synthesis. On the other side, the main reason for α-CsPbI3 NCs 
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transition is due to the size of Cs atom, as it is too small to hold [PbI6]
4- octahedrons. 

Previously, TOPO (the oxide form of TOP) has proved its ability in MAPbI3 film 

stability enhancement. This motivated my application of this chemical for a post-

synthesis treatment for α-CsPbI3 NCs. Not only does the color of α-CsPbI3 NCs become 

brighter, but the phase transition of α-CsPbI3 NCs sees a slowdown from less than a day 

to over a month. We reported this work as a rapid communication. After this work got 

published online, similar work [105] that adopts TOP in the synthetic process creates α-

CsPbI3 NCs with near unity QY. For comparison, we highlighted TOP’s role in the 

stability enhancement, and they focused on defect elimination for increasing brightness.  

Chapter 4 Ligand-mediated Water Resistance Stability Enhancement for 

CsPbBr3 Perovskite Nanocrystals CsPbBr3 NCs are structurally stable compared with 

the fully iodine counterpart (α-CsPbI3 NCs). However, the ionic nature means even 

CsPbBr3 NCs have poor stability under water exposure. For an opto-electronic device 

based on halide perovskite, making the system waterproof is critical. I started to zero in 

on this problem in mid-2018. The idea of encapsulation is always the key for 

waterproofing perovskite device or perovskite NCs. However, CsPbBr3 NCs are not pure 

inorganic cores, and the long alkyl organic capping ligands on NCs surface should act as 

a water-phobic blocking layer to reduce contact of water with the NC core.  

Then, the steric effect I learned in organic class came to my mind. This effect 

prevents the full surface coverage of NCs by oleic acid and oleylamine pair, because of 

the size of ligands is relatively large and has a kink caused by the double bond increasing 

the excluded volume. I synthesized CsPbBr3 NCs using octanoic acid and octylamine pair 

and the relatively shorter size of ligands enables better surface coverage. As a result, the 
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half-life of perovskite NCs under intimate contact with water is increased from less than 

10 mins to nearly 1 hour. While 1 hour is not a long time for a device, that is under direct 

submersion in water. In a real device encapsulation would maintain a low humidity 

environment a 10-fold increase in stability could mean the difference between a few 

months of stability (not sufficient) and years of stability. However, we still lack the direct 

evidence for better surficial coverage of octanoic acid/octylamine pair, therefore this 

work is still under preparation.  

Chapter 5 & 6: This is my second research scope other than the perovskite stability. 

The toxicity of Pb is a serious concern for all Pb-based perovskite devices. In early 2016, 

I noticed the theoretical papers focused on simulations and calculations for the physical 

perspectives of Pb-free perovskites, while the research papers focus on the Pb-free 

perovskite synthetical chemistry was rare. For my research, the directions of searching 

for Pb replacement start with those elements that are similar to Pb. According to the 

periodic table, the most obvious choices are Sn and Ge. However, both CsSnX3 and 

CsGeX3 are vulnerable due to the instability of Sn2+ and Ge2+. Moreover, the size for both 

Sn and Ge is too small to hold [MX6]
4-, leading a thermodynamically more stable non-

perovskite structure. Later, the single crystal (bulk) forms for a perovskite variant, 

vacancy ordered double perovskite Cs2SnX6, and double perovskite, Cs2AgBiX6 were 

reported. These perovskite structures exhibit better stability in nature, which encourages 

me to develop synthetical methods for their colloidal nanocrystalline counterparts.  

When I conducted the preliminary studies on the stability of bulk Cs2AgBiBr6 film in 

late 2018, I found this material does not have good thermal stability, leaving Cs3Bi2Br9 as 

one of the decomposition products. This implies good thermal stability of Cs3Bi2Br9 and 
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Cs3Sb2Br9. Although Cs3Sb2Br9 does not follow the perovskite formula of ABX3, it 

contains the important [SbBr6]
3- octahedron in its crystal structure. By keeping the key 

aspect of the octahedron, the opto-electronic properties of Cs3Sb2Br9 is highly similar to 

CsPbBr3.  

Hence, the colloidal synthesis project was initiated, by carefully screening the 

property of bulk Cs3Sb2Br9. I found the synthesis of Cs3Sb2Br9 NCs requires a higher 

nucleation temperature. The preliminary experiments also showed that there is a 

hydrolysis process between Sb3+ and OA if we translate the Pb-based synthetic route to 

Sb-based perovskite. In this regard, after examining organic acids with shorter alkyl chain 

and higher boiling point, we turned to use octanoic acid to replace oleic acid. Ultimately, 

I found the novel properties of the double-perovskite structure opened up a new research 

avenue in which the Sb as metal center leads to a 10-fold improvement in CO2 reduction 

compared to the Pb-based perovskites. 
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2.1 Introduction 

The colloidal synthesis of Pb-based halide perovskites NCs has seen a remarkable 

development in recent years [1,2]. Nowadays, the synthetic protocols for both hybrid 

organic-inorganic (for instance, MAPbX3 or FAPbX3) [3] and fully inorganic [4] 

perovskite (CsPbX3) NCs have been extensively studied, different morphologies and 

varied emission width can be easily achieved. For Cs-based fully inorganic perovskite 

family, the methods for a series of doped [5] and Pb-free systems have also been 

developed, including not only CsPb(Yb, Ce)Cl1.5Br1.5 [6], CsPb(Mn)X3 [7], 

CsPb(Sn)X3 [8], and CsSnX3 [9], but also double perovskite Cs2AgBiX6 [10,11], vacancy 

ordered double perovskite Cs2SnX6 [12], and perovskite alternative Cs3Sb2X9 [13,14] or 

Cs3Bi2Br9 [15,16]. Owing to the immense compositional diversity of the fully inorganic 

perovskite family, this class of materials are very promising for a variety of applications, 

such as solar cells [17], light emitting diodes [18,19]. 

In order to synthesize Cs-based halide perovskites, particularly those which use a hot 

injection method, Cs oleate (CsOL) is the most commonly used Cs source given the 

simplicity of fabrication and handy-use in colloidal NCs synthesis. This precursor is 

typically made by mixing oleic acid with either cesium carbonate (Cs2CO3) or cesium 

acetate (CsOAc) in the non-polar solvent of octadecene (ODE). Due to the long alkyl 

chain from oleate, CsOL is expected to show good solubility in the ODE, which is used 

in the colloidal synthesis.  

However, despite the simplicity of this procedure, previous reports have shown a 

couple of inconsistence and concerns. First, Pan et al showed that the optical features of 

CsPbBr3 NCs obtained using CsOL derived from Cs2CO3 and CsOAc under the same 
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conditions yield a 20-nm difference in emission peak position [20], this difference in 

spectra implies the NCs synthesized by these CsOLs have a clear difference in size. 

Second, a difference in solubility has been observed for the CsOL derived from Cs2CO3 

versus that from CsOAc [20,21]. Moreover, the CsOL precursor as typically prepared in 

literature is not soluble when cooled to room temperature. Given that the products of 

CsOL formation for both precursors are expected to be readily removed under vacuum at 

elevated temperature (CO2 and H2O for Cs2CO3, acetic acid for CsOAc), the source of 

this discrepancy is not clear. Furthermore, because of the insoluble nature under room 

temperature, massive synthetic methods such as microfluidic technology [22–24], use 

capillary-based injection that requires high solubility to avoid clogging cannot be 

implemented. These inconsistencies and limitations are a challenge for establishing 

consistent results across literatures and the ultimate development of large-scale synthesis 

for large area perovskite device manufacturing [25–27]. 

Here, in this chapter, we explored the hidden role OA plays in the CsOL preparation. 

We found that under the vast majority of procedures for Cs-based NCs use insufficient 

OA to obtain incomplete conversion to CsOL. Fully converted CsOL (which uses a 1:5 

Cs:OA ratio) prepared from both Cs2CO3 and CsOAc are soluble under room 

temperature, and it yields NCs with no discernable difference under the same condition. 

This ratio contrasts with the ratios typically used in literature (~1:1.6), which lead to clear 

spectral differences as reported before. The CsOL insolubility origin is understood in the 

context of the monovalent nature of Cs, which leads to a permanent dipole in CsOL 

molecule, which reducing solubility compared with divalent molecule such as Pb(OL)2. 

The lowest ratio to reach fully conversion is explained by NMR and a job plot, in which 
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the halt at 1:5 ratio illustrate the interaction between Cs and OA. Finally, the CsOL 

solution with room temperature solubility can be used for slow addition CsPbBr3 

nanoplatelets (NPs) synthesis, where the thickness of NPs is remained, but crystal growth 

is only along two-dimensionally giving large blue emissive NPs with relatively high QY 

(45 %), which could expand the synthetic technique for two dimensional perovskites.  

2.2 Experimental Sections 

Chemicals: The following chemicals were purchased from the commercial vendors 

and were used without further purification. Salts: cesium carbonate (Cs2CO3, Alfa Aesar, 

99%), cesium acetate (CsOAc, Alfa Aesar, 99.9%), lead bromide (PbBr2, Alfa Aesar, 

99.9985%). Solvents: oleic acid (OA, TCI America, 85%), oleylamine (OLA, Sigma-

Aldrich, 98%), octadecene (ODE, Sigma-Aldrich, 90%), hexane (fisher scientific, 

98.5%), methyl acetate (Alfa Aesar, 99%). NMR solvents: chloroform-D (Cambridge 

Isotope Laboratory Inc, 99%), toluene-D8 (Cambridge Isotope Laboratory Inc, D8, 

99.8%), hexane-D14 (Cambridge Isotope Laboratory Inc, D14, 98%) 

Precursor preparation and Perovskite NCs synthesis. Using a 1:1 Cs:OL ratio as 

an example, 0.192 g (1 mmol) of CsOAc was mixed with 0.32 mL (1 mmol) of OA, and 

4.68 mL of ODE. CsOAc is hygroscopic, the weighing process is done in a glove box to 

avoid moisture influence. The sample was heated while stirring at 110 °C for half an hour 

under nitrogen, placed under vacuum at 110 °C for 3 hours until no visible bubbles were 

apparent. Note that the sample was placed under vacuum slowly to avoid too vigorous a 

removal of the volatile acetic acid. After backfilling with N2, samples were stored in a 

glove box for further use. Table 2.1 shows the exact amounts used for each ratio studied. 

The synthesis of CsOL(CO3) is similar to the preparation of CsOL(OAc), with the 
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exception that a slightly longer time (4 h) was needed to reach solubility for the 1:5 and 

1:6 samples. Table 2.2 shows the exact amounts used for each ratio studied when using 

Cs2CO3. 

Table 2.1 0.2 M CsOL made by CsOAc with varied OA content. 

CsOAc (g) OA (mL) OA (mmol) Cs:OA ratio ODE (mL) 

0.192 0.32 1 1* 4.68 

 0.63 2 2* 4.37 

 0.95 3 3* 4.05 

 1.26 4 4 3.74 

 1.58 5 5 3.42 

                  * means under those ratios, CsOL is insoluble under RT. 

Table 2.2 0.2 M CsOL made by Cs2CO3 with varied OA content. 

Cs2CO3 (g) OA (mL) OA (mmol) Cs:OA Ratio ODE (mL) 

0.163 0.32 1 1* 4.68 

 0.63 2 2* 4.37 

 0.95 3 3* 4.05 

 1.26 4 4* 3.74 

 1.58 5 5 3.42 

 1.89 6 6 3.11 

After the preparation, the samples were centrifuged multiple times while cooling down 

to room temperature. Since the precipitate in CsOL(ODE) is a jelly-like substance, with 

this method, most of the precipitate formed during the cooling process can be collected 

by centrifugation without compromising the solvent, therefore minimizing the inaccuracy 

for the quantitative determination.  

Perovskite CsPbBr3 NCs by a hot injection method. The CsOL solution was 

prepared as described above with a 1:5 Cs:OA ratio, with the only difference that a 0.4 M 
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concentration was used for synthesis.  PbBr2 (0.376 mmol, 0.14 g), OA (1 mL), OLA (1 

mL) and ODE (5 mL) were loaded into 50 mL 3-neck flask and degassed under vacuum 

for 1 h at 120 °C. After complete solubilization of PbBr2 salt, the temperature was raised 

to the specified injection temperature (170 °C, 150 °C, 130 °C, 110 °C, or 80 °C) and 

0.25 mL of the 0.4 M CsOL solution was quickly injected.  After 5 s, the reaction mixture 

was cooled with an ice-water bath. 

Perovskite CsPbBr3 NPs by a slow injection method. PbBr2 (0.272 mmol, 0.10 g), 

OA (0.5 mL), OLA (0.5 mL) and ODE (6 mL) and were loaded into 50 mL 3-neck flask 

and degassed under vacuum for 1 h at 130 °C. After complete solubilization of PbBr2 

salt, the temperature was cooled to 80 °C, and CsOL solution (0.1 M, 0.5 mL in ODE, 

prepared as described above) was injected via a syringe pump. The injection rate was set 

to be 0.025 mL/min. When the injection was complete, the heating mantle was removed. 

The reaction mixture was cooled down to room temperature ambiently without any form 

of rapid quenching.  

The purification for perovskite CsPbBr3 NCs. The as synthesized CsPbBr3 NCs 

crude solution was centrifuged under 6000 rpm for 5 min. Once the centrifugation 

completes, the supernatant was discarded. For the pellet, 2 mL of pure hexane was added. 

Under sonication, the pellet was welly dispersed in hexane. Using MeOAc as the 

antisolvent to increase the polarity of mixture, a slurry was created, then under proper 

centrifugation, the supernatant is nearly colorless. Later, discard the supernatant and re-

disperse the pellet in non-polar solvents such as hexane or toluene.   
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2.3 Results and Discussion 

Figure 2.1 (a) shows a series of CsOL samples made with varied Cs:OA ratios. The 

ratio used in literature is typically less than 1:2 (Table 2.3), yet for ratios of less than 1:4, 

both CsOAc and Cs2CO3 form precipitates after cooling back to room temperature. The 

amount of precipitate decreases with increasing OA content, and at a ratio of 1:4 the 

CsOAc sample shows good solubility while the Cs2CO3 counterpart still produces a small 

amount of precipitate. We further plotted the Weight% of the precipitates as a function of 

Cs:OA ratio, as displayed in Figure 2.1 (b).This result is in agreement with the discussion 

in literature that CsOAc derived CsOL (CsOL(OAc)) has better solubility [20]. However, 

this is true only over a very narrow range. Once the Cs:OA ratio is 1:5 or beyond, both 

systems show complete solubility, consistent with the established ability of long chain 

oleic acid to bring cations into solution in non-polar solvents.  
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Figure 2.1 (a) Cesium oleate (CsOL) made using different Cs:OA ratios; (b) Weight% of precipitates as a function of 

Cs:OA ratio; (c) Pure CsOL powders; (d) Pure CsOL powders in ODE, slurry even under 150 °C; (e) Pure CsOL 

powders with 4 molar parts of OA in ODE, clear solution. 

Since the CsOL preparation is done under vacuum which removes the by-product of 

conversion for both CsOAc and Cs2CO3, it is reasonable to expect that simply increasing 

the time or reaction temperature should lead to full conversion and a soluble product. 

However, when CsOL(CO3) with a 1:1.6 ratio was synthesized under vacuum for 72 h at 

150 °C, a precipitate is still observed. To test if the precipitate is due to aggregation at 

high concentrations, a diluted solution of 0.05 M CsOL(CO3) and CsOL(OAc) were 

prepared with 1:1.6 Cs:OA ratio; however, these samples also yielded a precipitate 

(Appendix A, Figure A. 1). We extended our postulation that an Lewis base may help to 

stabilize the CsOL in the ODE solvent [28], thus, common Lewis bases such oleylamine 

and tetrahydrofuran (THF) were tried out in this case, however, it seems those Lewis 

bases are only capable of facilitating the solubility of divalent metal-oleate for the 
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monovalent metal-oleate in our case, as shown in Appendix A, Figure A. 2. To fully 

eliminate any effect of the conversion process from CsOAc and Cs2CO3 on the solubility 

and reactivity, we synthesized pure CsOL powders from CsOH and OA (synthesis, NMR 

and atomic emission spectroscopy characterization see Appendix A). Pure CsOL is white 

with slightly brown-yellowish as shown in Figure 2.1 (c). The dispersion of CsOL 

powder in ODE (0.1 M) is not soluble even under 150 °C (Figure 2.1 (d)). However, with 

4 molar parts of OA is added to 1 part of pure CsOL to form a 1:5 Cs:OL mixture, the 

CsOL is readily dissolved under room temperature as shown in Figure 2.1 (e). 

Table 2.3 summarizes 12 published perovskite or perovskite-like materials synthesis 

papers in which the ratio of Cs:OA could be determined from the experimental 

procedure. The vast majority of these works use a Cs:OA ratio of less than 1:3, with most 

less than 1:2. For the works marked with an asterisk, the CsOL solution is heated prior to 

injection, which is typically done due to insolubility at room temperature and indicates 

that the solubility issue observed here is universal for CsOL prepared using an 

insufficient amount of OA. A ratio sufficient for solubility was only used in two 

works [14,29], in the one case due to complete omission of the ODE solvent [29].  
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Table 2.3 Summary of recent reports using CsOL and the corresponding Cs:OA molar ratios. 

Year Author Chemical Composition Cs:OA Ratio 

2015 Nedelcu [30] CsPbX3 1:1.59* 

2015 Park [31] CsPbBrxI3-x 1:1.61* 

2015 Wu [32] CsPbBr3 1:1.59* 

2016 Makarov [33] CsPbX3 1:1.61* 

2016 Wang [34] CsPbBr3/silica 1:1.58* 

2017 Koscher [35] CsPbI3 1:1.58* 

2016 Jellicoe [9] CsSnX3 1:1.58* 

2018 Zhou [11] Cs2AgBiBr6 1:1.58* 

2016 Wang [36] Cs2SnI6 1:1.58* 

2017 Pal [13] Cs3Sb2I9 1:1.84* 

2017 Yang [29] Cs4PbBr6, CsPb2Br5, CsPbBr3 1:4.93 

2018 Pradhan [14] Cs3Sb2Cl9 1:5.16 

The * denotes procedures in which the precursor was heated prior to injection. 

Upon full conversion, it is expected that the CsOL precursor derived from either Cs salt 

source should behave identically. This was tested by using the CsOL(1:5) solutions 

prepared from both CsOAc and Cs2CO3. Figure 2.2 shows the absorption and emission 

spectrum of CsPbBr3 NCs synthesized by both CsOL(OAc) and CsOL(CO3) at 170 °C. 

The spectra clearly agree with each other, with only a 1 nm difference in the emission 

peak position. The quantum yield is nearly the same as well, 72% for CsOL(OAc) and 

74% for CsOL(CO3). The X-ray diffraction (XRD) patterns show the same phase (Figure 

2.2 (b)) and the transmission electron microscope (TEM) images in Figure 2.2 (c-d) 

confirm the nearly identical cubic shape and size.  



66 

 

 

Figure 2.2 CsPbBr3 NCs made by CsOL(OAc) and CsOL(CO3) at 170°C. (a) Comparison of the absorption and 

emission spectrum of CsPbBr3 NCs made by CsOL(OAc) and CsOL(CO3) with 1:5 Cs:OA ratio; (b) Comparison of  

XRD pattern of CsPbBr3 NCs made from CsOL(OAc) and CsOL(CO3) with 1:5 Cs:OA ratio; (c) TEM image of 

CsPbBr3 NCs made by 1:5 CsOL(OAc); (d) TEM image of CsPbBr3 NCs made from 1:5 CsOL(CO3).  

The difference between solutions prepared with complete and incomplete conversion 

is further demonstrated in Figure 2.3, which compares the emission spectrum between 

NCs synthesized using CsOL(CO3) and CsOL(OAc) at different temperatures. In all 

cases using the 1:5 ratio, nearly identical results are obtained with only small variations 

attributable to batch to batch inconsistency. This is the expected result when working 

with a pure CsOL solution, for which the original source should not matter. For the 1:2 

ratio, the distinction between the actual components of the nominal ‘CsOL’ leads to 

significant differences in emission. These are attributed to variations in kinetics caused 

by having multiple Cs-organic precursors present with differing reactivity during the 
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reaction. NCs synthesized below 150 °C using CsOL(CO3) emit at shorter wavelengths, 

indicating a smaller size compared with NCs synthesized by CsOL(OAc). While this is 

consistent with previous reports that CsOAc and Cs2CO3 can lead to different 

results [20], this is only true when insufficient oleic acid is present leading to incomplete 

conversion. Further, we also tested the CsOL ODE precursor prepared direct from pure 

CsOL powders with 4 molar parts of OA. The emission spectra shows nearly identical as 

CsOL(CO3, 1:5) and CsOL(OAc, 1:5) as displayed in Figure 2.3 (c). These results 

explained the inconsistency in previous reports is due to a imcomplete conversion of 

CsOL precursor, while slight differences in preparation procedure such as temperature 

and time will lead to varying degrees of conversion, causing discrepancies in the 

literature even for the same Cs salt. However, as Figure 2.3 (a) and (c) suggested, when a 

sufficient Cs to OA ratio is used, the synthetical results are the same regardless of the 

reaction temperature. 

 

Figure 2.3 The normalized emission spectra of CsPbBr3 NCs synthesized at different temperatures by (a) Cs:OA 1:5 

CsOL(OAc)-solid, CsOL(CO3)-dash and (b) 1:2 CsOL(OAc)-solid, CsOL(CO3)-dash. (c) CsOL (1CsOL(s)+4OA) 

precursor (made by one molar part of pure CsOL powders with 4 molar parts of OA in ODE)-solid, CsOL(CO3)-dash 

(new reaction results other than Figure 2.3(a)). Above each spectrum is the observed difference in the peak position. 
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From these results, it is clear that the identity of the nominal ‘CsOL’ precursor is not 

well established for the typical oleate-deficient synthesis found in literature. Fourier-

transform infrared spectroscopy (FTIR) was used to identify the species present in both 

the supernatant and the precipitate for the different Cs:OA ratios. Figure 2.4 (a) shows the 

spectra obtained for the 1:4 CsOL(CO3) sample, along with the spectrum of Cs2CO3 

powder and the fully soluble CsOL solution obtained for a 1:5 Cs:OA ratio. The spectra 

of the supernatant is nearly identical compared with the CsOL(1:5) solution, while the 

precipitate spectrum shows minimal contribution from CsOL. This suggests that most of 

the produced CsOL is soluble. At lower wavenumbers (<1,800 cm-1), the precipitate 

spectrum shows similarity with the spectrum of Cs2CO3. The broad peak above 3,000 cm-

1 can be assigned as the signature feature of the -OH group in a carboxylic acid, which we 

attribute to the formation of CsHCO3 [37,38]. The FTIR data and the acidic strength trend 

(pKa values for H2CO3, OA, HCO3
- are 3.6, 9.85 and 10.33 respectively) suggest that for 

Cs2CO3, the extraction of the first Cs to form CsHCO3 may occur more rapidly than the 

subsequent formation of H2CO3, leading to CsHCO3 in the precipitate, as shown in the 

chemical equations below. 

 Cs2CO3 + OA ⇋ CsHCO3 + CsOL + H2O (2.1) 

 CsHCO3 + OA ⇋ CsOL + H2CO3 (2.2) 

 H2CO3 ⇋ H2O + CO2 (2.3) 

In comparison, for CsOL(OAc) with a 1:3 ratio, the supernatant contains CsOL while 

the precipitate contains unreacted CsOAc (Figure 2.4 (b)). Moreover, the pure CsOL 

powders were also examined under FTIR as a reference. The spectrum of pure CsOL is 

shown in Figure 2.4 (c). The C=O peak position is shifted to 1,557 cm-1. Closer analysis 



69 

 

of the CsOL supernatant spectra for 1:5 Cs:OL ratios shows a small, broad feature in this 

same region, which corresponds the Cs and Oleate or OA interactions.

 

Figure 2.4 FTIR results for (a) 1:4 CsOL(CO3) supernatant and precipitates; (b) 1:3 CsOL(OAc) supernatant and 

precipitates; (c) ODE, OA CsOL(1:5) in ODE and pure CsOL powders. 

Unlike the majority of metal-oleate complexes used for NC synthesis, CsOL is only 

monovalent and therefore the CsOL complex will have a strong, permanent dipole 

moment. Figure 2.5 (a) shows the calculated electrostatic potential mapped on the 

molecular electron density surface of Cs butanoate, in which the asymmetry of in the 

charge distribution due to the Cs-carboxylic acid bond is clearly observed (for calculation 

details see Appendix A). For divalent metal complexes such as Pb(OL)2, the metal-oleate 

has been shown to have carboxylic acids on opposite sides of the metal which aids in 

solubility in nonpolar solvents such as ODE [39,40]. For CsOL, a coordination complex 

or micelle involving additional OA molecules is a route to shielding the dipole from the 

non-polar solvent, both of which would explain the above stoichiometric ratio of oleic 

acid needed to achieve solubility. Large alkali metals are known to form 8-fold 

coordination complexes with the oxygen atoms in water molecules due to the large ionic 

radius; the Cs could form a similar coordinated complex with the carboxylic oxygens of 

OA [41]. Further, reverse micelles are well established for alkali carboxylates (including 

Cs) in nonpolar solvents [42–44] and the reverse micelle formation in the related alkali 
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based bis(2-ethylhexyl) sulfosuccinate system has been extensively studied [45–48]. In 

particular, there has been direct evidence for the increase in solubility of alkali 

carboxylates with addition of beyond stoichiometric amounts of carboxylic acids [39]. 

Dynamic light scattering (DLS) was used to screen for the existence of complexes or 

micelles created by the addition of Cs to OA solutions. For samples without Cs, either no 

reproducible DLS signal was observed due to low scattering, or a sharp feature below 0.8 

nm at the lower size detection limit of the instrument was seen. In contrast, for the CsOL 

solution with a 1:5 Cs:OA reference, a clear, consistent feature centered at between 3.1 

nm is observed as shown in Figure 2.5 (b).  This species, which only occurs upon 

addition of Cs, is consistent with the formation of a coordination complex or small 

reverse micelle. The identity of the peak at 164 nm is unclear, but by volume this peak is 

a negligible amount of the total and is attributed to aggregates. NMR was further used to 

analyze the effect of Cs addition on the spectra of the oleate and oleic acid. Full 1H-NMR 

results with peak assignments are provided in the Appendix A. Figure 2.5 (c) shows 

variation in the chemical shift in the 1H NMR spectrum for the hydrogens attached to the 

α-carbon as the Cs:OA ratio is varied. These samples were prepared directly in 

chloroform-D to simplify the spectrum by removing overlapping H from ODE. Since the 

shielding of these atoms is highly dependent on the electronic nature of the neighboring 

carboxylic/carboxylate group, they provide insight into the species present in solution. 

Interestingly, instead of showing H signals from both OA and CsOL molecules, a single 

feature is observed with a position dependent on the Cs:OA ratio, indicating that there is 

quick interconversion between OA and CsOL. This would be expected if multiple OA are 

interacting with each Cs, and therefore in close proximity.  
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The black squares in Figure 2.5 (d) show the change in the chemical shift for the H 

signal from the α-carbon for the spectra shown in Figure 2.5 (c). A linear trend in the 

shift with ratio up to a Cs:OA ratio 1:5 is observed. Beyond a 1:5 ratio, the solvent 

chloroform-D formed a gel upon the addition of the precursors, and due to its low boiling 

point could not be heated to the temperatures typically used for precursor preparation.  To 

access Cs:OA ratios greater than 1:5, precursor solutions were prepared using ODE by 

heating at 110 °C under vacuum, then diluted in chloroform-D (red triangles). Despite the 

overlap in peaks due to ODE, the α-carbon peaks are clearly distinguished and up to a 

ratio of 1:5 exhibit a similar linear trend in concentration. Notably, the change in position 

abruptly halts at a ratio of 1:5. Instead of a further shift which would indicate a solution 

concentration with a Cs:OA ratio of greater than 1:5, the plateau indicates that the 

maximum Cs:OA ratio possible in the supernatant is 1:5, with the remainder of the Cs 

existing in the precipitate.  Finally, diffusion ordered spectroscopy (DOSY) was used to 

determine if a difference in diffusion was induced by the addition of Cs. As seen in the 

super-posited Appendix A, the diffusion for a CsOL ratio of 1:5 is comparatively slower 

than that for pure OA, consistent with the presence of a coordination complex or reverse 

micelle.  
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Figure 2.5 (a) Calculated electrostatic potential mapped on the molecular electron density surface for Cs butanoate 

(hydrogen-white, carbon-green, oxygen-red), demonstrating the permanent dipole; (b) DLS spectrum for as prepared 

and diluted samples of CsOL(1:5) in hexane; (c) 1H NMR spectra for a series of samples with varied Cs:OA ratios, 

with an observed shift in the position of the H peaks on the α-carbon, with the B8 and B11 peaks (defined in 

Supporting Information); (d) Job plot for the H peaks on the α-carbon from CsOL in pure OA (black square) and CsOL 

in ODE (red triangle), Cs:OA = 1:5 is the boundary. 

The presence of CsOL in solution as part of a complex involving additional OA can be 

used to explain the poor conversion efficiency of Cs salts to Cs observed for the standard 

precursor preparation conditions.  The expectation that addition of a small amount of OA 

in excess of a 1:1 ratio would quickly yield CsOL is based on the expectation that the use 

of a vacuum in preparation will remove the by-products (H2O and CO2 or acetic acid) and 

maintain a strong driving force towards products. However, if oleic acid is effectively 

sequestered into a coordination complex or reverse micelle structure, the free oleic acid 

concentration in solution is greatly reduced, slowing the conversion process significantly 

compared to established literature procedures for multi-valent metal oleates. Finally, the 
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small increase in solubility of the acetate over the carbonate salt can be attributed to the 

ability of acetate to act, to a limited degree, in a similar manner to an oleate in terms of 

complex or reverse micelle formation. 

The ability to use a fully soluble Cs precursor opens additional pathways for inorganic 

perovskite synthesis. Using fully soluble CsOL with a 1:5 ratio, we developed a facile, 

low temperature, slow addition (SA) synthesis for blue-emitting CsPbBr3 nanoplatelets 

(NPs). Slow addition (SA) of room temperature 0.1 M CsOL into an 80 °C solution of 

PbBr2 with OA and OLA in ODE using a syringe pump becomes possible due to the lack 

of clogging caused by insoluble Cs precursors. Figure 2.6 (a, b) shows the optical 

spectrum resulting from the SA method, which exhibits a well-confined absorption and 

narrow emission spectrum. Since the SA method does not require a fast injection, batch 

temperature nearly remains constant during the slow injection process and the growth of 

NPs can be analyzed by taking TEM images at different stages of the reaction. Figure 2.6 

(c-d) shows the morphologies of CsPbBr3 at the midpoint of reaction (10 min) and 

following the 20 minutes of injection, as well as 30 minutes of aging at the reaction 

temperature. The evolution pathway could be concluded go from small quantum dots to 

platelets. Interestingly, the slow addition and uniform low temperature appears to 

promote two-dimensional growth.  This ensures the optical feature position of this 

material stays in the blue regime of strong confinement, and the emission wavelength is 

correspondent to a thickness of around 2.5 nm [49]. Following sample aging for 30 min, 

the QY reaches 45%. While the hot injection method with an initial crystallization is 

useful for the growth of cubic CsPbBr3 NCs, it is hard to achieve precise dimensional 

control along with a high QY value. These results demonstrate combining the room 
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temperature soluble CsOL precursor with the slow addition method can be used to 

control morphology and achieve high QY, suggesting an alternative route perovskite 

synthesis.  

 

Figure 2.6 The absorption (a) and emission (normalized based on final sample, under same concentration) (b) spectrum 

for  CsPbBr3 NPs made by SA method (UV excitation inserted in Figure 2.6(b)).; The TEM images for (c) SA CsPbBr3 

NCs (dots) at mid of reaction (10 min) and (d) SA Blue emissive CsPbBr3 NPs with 30 min post reaction aging 

(platelets).  

2.4 Conclusion 

The ubiquitous use of oleate-based metal precursors for colloidal nanocrystal synthesis 

can be attributed to the balance of solubility and reactivity provided by the long chain 

carboxylic acid. An implicit assumption in the synthetic procedure is that these 

precursors are fully converted to the oleate prior to the reaction to provide uniform 

conditions for a homogeneous reaction and uniform growth. In our study, we have shown 

that the molar ratio for Cs:OA needed to achieve full conversion under typical 



75 

 

experimental conditions exceeds the ratio used in the vast majority of literature studies, 

and that fully converted solutions yield identical results regardless of the Cs source. With 

sufficient OA, CsOL derived from both CsOAc and Cs2CO3 is soluble under ambient 

conditions, and slow addition of this precursor is shown to be a route to facile, scalable 

Cs-based perovskite materials. DLS and NMR measurements are consistent with a model 

in which addition of Cs nucleates ordering of the oleic acid in a coordination complex or 

small reverse micelle, which sequesters OA from the solution and reduces the effective 

concentration.  These results will aid in the rapid development of this unique materials 

system for next generation opto-electronic applications. 
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3.1 Introduction 

In recent years, significant attention has been paid to halide perovskite materials due 

to their unique properties and potential applications in light harvesting and light emissive 

devices. Currently, a number of optoelectronic applications such as LED [1–3], solar 

cells [4–6], lasers [7,8], and photodetectors [9] have been studied. From the fundamental 

physical perspective, the long-range electron and hole diffusion lengths [10–12], low 

exciton binding energies [13], high carrier mobilities [14] and tolerance to defects [15] 

etc. are the reasons that enable the outstanding performances of a perovskite devices. 

Among those applications, perovskite photovoltaic received extraordinary attention, and 

its solar power conversion efficienciey has dramatically increased from just 3.8% [16], to 

over 22.1 % [17] in less than a decade.  

However, the stability [18] is the main concern of this class of materials, the 

extensively studied hybrid organic-inorganic perovskite methylammonium lead halides 

(MAPbX3, X= Cl, Br, I or a combination of those) has showed to be vulnerable to 

moisture because of the hydrophilic nature of methyl ammonium cation (MA+) and 

volatility of methyl ammonia (MA). Therefore, in long run, MA will leave perovskite 

matrix and create a MA-deficient perovskite, namely, PbX2 then this material loses all its 

unique optoelectronic properties.  

In order to enhance the chemical stability of this materials, inorganic Cs cation has 

been found to replace MA, creating fully inorganic CsPbX3 to solve this issue, since Cs is 

less volatile compared with MA. On this account, Kulbak, et al [19] have studied 

CsPbBr3, and reported CsPbBr3 exhibit excellent thermal stability in the orthorhombic 

phase (δ-phase). However, the wide band gap of 2.25 eV for this material limits its 
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applications. The incorporation of iodide allows the band edge to be shifted to the red, 

and the cubic phase (α-phase) of CsPbI3 has a band gap of 1.73 eV, close to the ideal 

level for a tandem solar cell [20]. However, the α-CsPbI3 has an undesired structural 

transition under room temperature to a yellowish, insulating δ-phase [21] and the α-

CsPbI3 is only the preferred thermodynamic structure above 315 °C [22–24]. First 

principles total energy calculations indicate that the internal energy of bulk α-CsPbI3 is 

17 kJ/mol higher than its δ-phase counterpart at room temperature [22].  

To realize the potential of the CsPbI3 NC materials, it will be necessary to slow the 

structural transition and possibly stabilize the α-CsPbI3. For this purpose, several methods 

have been employed. Beal, et al [23] partial substitution of the relatively smaller Br for 

the bulky I anion to stabilize its perovskite structure, and Luo, et al [25] suggested using 

sequential solvent engineering treatment for fabricating stable CsPbI3 based solar cells. 

Further, De Quilettes et al [26] studied the effects of a series of post-deposition 

trioctylphosphine oxide (TOPO) ligand treatments can enhance the average 

photoluminescence (PL) life time and quantum efficiency (QE) of a MAPbI3 film. For 

NC system, it has recently been shown that using methyl acetate as anti-solvent during 

purification process can significantly enhance the α-CsPbI3 stability. [27] 

Here in this chapter, we study a simple method to dramatically improve the stability of 

α-CsPbI3 NCSs by adding tri-octylphosphine (TOP) to as part of the post-synthesis 

treatment. Without addition of TOP, the absorption at the 1.73 eV band edge degrades in 

less than 12 hours, indicating a transition from the α-phase to δ-phase. If TOP is added 

immediately following synthesis, the α-CsPbI3 NCSs maintain their optical properties for 
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over a month in solution phase, providing new insight into solving the instability issue of 

triiodide perovskite materials. 

3.2 Experimental Sections 

Chemicals: Salts: cesium carbonate (Cs2CO3, Alfa Aesar, 99%), lead iodide (PbI2, 

Alfa Aesar, 99.9985%) Solvents: oleic acid (OA, TCI America, 85%), oleylamine (OLA, 

Sigma-Aldrich, 98%), octadecene (ODE, Sigma-Aldrich, 90%), tri-octylphosphine (TOP, 

Strem, 97%), hexane (fisher scientific, 98.5%), methyl acetate (Alfa Aesar, 99%). 

Preparation of the Cs-oleate solution as the Cesium precursor. To a 250 mL 3-

neck flask, 1.303 g (4 mmol) of Cs2CO3, 7 mL (22 mmol) of OA and 33 mL of ODE 

added and vigorous stirred. To remove oxygen and moisture, the flask was put under 

vacuum and purged with N2 at 60 °C multiple times and then placed under vacuum (150 

mTorr) at 120 °C for 1 h. After the 1 h under vacuum, the flask was refilled with N2, and 

the Cs-oleate solution (light yellowish) was transferred into a 100 mL Erlenmeyer flask 

under N2 at 80 °C and then stored in a glove box for later use. The high transfer 

temperature is needed to avoid the solidification of Cs-oleate.  

Synthesis of colloidal perovskite NCs with TOP post-synthesis treatment. The 

inorganic perovskite NCSs were synthesized following the previous report by Protesescu, 

et al [22] with minor changes. In a typical synthesis, 0.4 g (0.8 mmol) of PbI2 was mixed 

with 2.5 mL (7.8 mmol) of OA, 2.5 mL of OLA, and 5 mL ODE and loaded in a 25 mL 

3- necked round bottom flask.  The flask was placed under vacuum at 120 °C for half an 

hour, then purged with N2. After the complete solubilization of the PbI2 salt, the 

temperature was raised to 170 °C, and 1 mL of the pre-made Cs-oleate was quickly 

injected in the hot reaction mixture. It took 3- 5 s for the CsPbI3 nanocrystals to form as 
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the color changes rapidly from light yellow to dark red. The final reaction mixture was 

quenched by the ice water bath.  

 

Figure 3.1 Scheme of synthesis of α-CsPbI3 NCs and the post synthesis TOP treatment. 

Several seconds later, at around 80 °C, the NCs solution was split into two parts by 

using a two-way needle, as one side dipped into the NCs solution, the other side was 

inserted into a vial through a septa cap. With reduced pressure in the vial, NCs solution 

was sucked into the vial slowly. Then 1 mL of tri-octylphosphine (TOP) was quickly 

injected into the reaction flask as illustrated in Figure 3.1. The NCs solution in the vial 

was to preserve an untreated solution for reference. The color of the NCs solution turned 

brighter immediately as it mixed with TOP. After reagent solution was cooled down, the 

NCs could be precipitated by centrifugation, and then re-dispersed in a non-polar solvent 

such as hexane. Both treated and untreated samples were purified in the same way. 

Optical characterizations: absorption and emission spectroscopy. After the 

purification, α-CsPbI3 NCs were stored in a dark place in the glove box to avoid any 

exposure of air and light. The sample was prepared in glove box by mixing 0.5 mL of the 

saturated α-CsPbI3 NCs hexane solution, with 2.5 mL of pure hexane.  

X-ray diffraction (XRD) measurement for the crystallography. XRD sample was 

prepared by drop-casting the α-CsPbI3 NCs on a zero-background silicon wafer, then 
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measured under N2 from 10° to 40° 2θ, with a step of 0.02°. The theoretical pattern for α-

CsPbI3 and δ-CsPbI3 were downloaded from ICSD, and the simulation was conducted by 

using Mercury software.  

3.3 Results and Discussion 

Once the TOP mixed with α-CsPbI3 NCs crude solution, the color of the batch turns 

brighter immediately, indicating interactions between α-CsPbI3 NCs and TOP molecules. 

As the batch is cool to room temperature, it is vital to purify CsPbI3 NCs immediately, 

since the unpurified NCs transform to δ-phase within a day.  

The optical properties of untreated and TOP-treated NCs were characterized by 

absorption and fluorescence spectroscopy as shown in Figure 3.2(a-b). transmission 

electronic microscopy (TEM) was also employed for the morphological transition of α-

CsPbI3 NCs, accordingly. Initially, CsPbI3 NCs exhibit an absorption feature at 680 nm 

and strong PL at 683 nm, corresponding to the 1.73 eV band gap of the α-phase NCs, and 

TEM image suggests its cubic morphology with an average edge length of 12 nm as 

shown in Figure 3.2 (c). For the untreated one, rapid loss of both absorption and emission 

is observed within 4 hours (Figure 3.2 (b)). During this time, the red color is lost and a 

yellowish powder precipitates out to the bottom of the cuvette (Figure 3.2 (e)), consistent 

with the transition to the δ-phase perovskite [21]. In comparison, the treated sample 

exhibits consistent performance after 1 week, while the solubility of the NCs is 

maintained (Figure 3.2 (b)), the shape transitioned from cubic to somewhat spherical., 

this may due to the strong binding of TOP molecule, since previous reports [28,29] have 

proven that as TOP reduces the effect of the surface energy minimization on the crystal 

structure, which could lead to a more spherical shape. Moreover, an increase in size was 
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also observed (Figure 3.2 (f)), which is attributed to Ostwald ripening in hexane. On 

contrary, for the untreated NCs, due to the intrinsic instability, it had largely decayed into 

the δ-phase resulting in no uniformity in size and presenting some really large particles 

(Figure 3.2 (e)). 

 

Figure 3.2 Optical properties of (a) untreated and (b) TOP-treated NCs; TEM images of initial morphologies of (c) the 

untreated α-CsPbI3 NCs and (d) TOP-treated NCs; Shapes of (e) untreated and (f) TOP-treated after a week. Scale bar 

is 100 nm for all.  

The XRD results were also collected to unveil the crystallographic transition between 

α- and δ-phase CsPbI3 NCs. Figure 3.3 (a) displays the XRD pattern for the samples 

shortly after synthesis. Strong peaks at 14.32° and 28.60° are in accord with the α-

perovskite (100) and (200) crystal planes. To explain the lack of significant peaks for the 

(110), (111) and other planes indicates significant preferred orientation for the α-CsPbI3 

NCs, we employed the March-Dollase parameter (r) to illustrate the degree of preferred 

orientation (η) for explaination. For a random powder r = 1 and η approaches 0. For 
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perfect uniaxial preferred orientation, r = 0 and η approaches 100%. The detailed 

relationship was given by Emil [30] as shown in Equation 3.2. 

 
𝜂 = 100% [

(1 − 𝑟)3

1 − 𝑟3
]

1
2⁄

 (3.1) 

Using the Mercury software package, we extract an r value that is lower than 0.3 for 

initial treated and untreated NCs, which illustrates their preferred uniaxial orientation of 

<100> plane. This is consistent with the TEM images in which the cubic particles lie flat 

giving a <100> preferred orientation. The XRD patterns for both samples after a week are 

shown in Figure 3.3 (b) and (c). The untreated NCs were fully degraded into δ-phase, 

while the TOP-treated ones mostly maintain in the α-phase, indicating good structural 

stability, and the slope between 15° to 28° may arise from the decreasing of <100> 

preferred orientation of α-CsPbI3 after a week. 

 

Figure 3.3 X-ray diffraction patterns for (a) original TOP-treated and untreated α-CsPbI3 NCs; (b) untreated NCs after 

one week; (c) TOP-treated NCs after a week. 

Further, we quantitatively monitored the optical transition from α-phase to δ-phase by 

diffuse reflectance using an integrating sphere, since the δ-phase aggregates as a powder 

that strongly scatters light in the standard transmission measurement (Figure 3.2 (e), 

inset), using this technique, the absorption of both α and δ-phases can be monitored along 

with the emission as shown in Figure 3.4. Initially, both treated and untreated samples 
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show absorption above 680 nm, with a strong negative peak corresponding to sample 

fluorescence. For the untreated NCs, we found the transition from α-phase to δ-phase 

occurs within 2 hours, with a consistent decrease in the absorption and emission (Figure. 

3.2(a)-(b)). This absorption feature at 430 nm corresponding to the yellowish δ-

perovskite solid [21] is clearly observed in both the spectrum and the final sample 

appearance. In comparison, the treated NCs exhibit superb stability, with no change over 

a 9-hour measurement period as shown in Figure 3.4(d). 

 

Figure 3.4 (a) Diffuse reflectance for the untreated NCs. (b) Degradation curves for the untreated NCs. (c) Diffuse 

reflectance for the TOP-treated NCs. (d) No degradation observed for the TOP-treated NCs. 

The quantum yield (QY) was also determined using an integrating sphere as the 

scheme depicted in Figure 3.5(b). The sample was excited with a 465 nm LED and the 

scattered excitation, along with emission, was collected with a fiber optic coupled 
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spectrometer. A spectrum was collected for both a reference (tube with solvent only) and 

for the sample.

 

Figure 3.5 (a) Excitation and emission of the TOP-treated NCs; (b) the inner structure of an integral sphere. 

The ratio of the emitted light over absorbed light was used to determine the QY as 

shown in Equation 3.2: 

 𝑄𝑌 =
𝑆𝑒𝑚 − 𝑅𝑒𝑚
𝑆𝑒𝑥𝑐 − 𝑅𝑒𝑥𝑐

× 100% (3.2) 

where Sem and Sexc are the integrated signal in the emission and excitation region, 

respectively, for the sample, and Rem and Rexc are the integrated signal in the emission 

and excitation region, respectively, for the reference. As a check on the system accuracy, 

the QY of rhodamine 6G was found to be 94.4%, close to the literature value of 95% [31] 

for the proving of validity of our data. 

Table 3.1 shows the QY results measured for the untreated and treated NCs. The 

samples were stored in a nitrogen-filled glove box, and aliquots were taken periodically 

to measure the QY. The treated samples show a remarkably consistent QY over the 

course of a month, with only a minor decrease in QY whereas the untreated NCs lose all 

emission after 12 hours. 
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Table 3.1 Quantum yield results for TOP-treated NCs and Untreated NCs. 

Time QY Untreated QY Treated 

Initial 34.8 32.3 

2 hours 29.8 …… 

4 hours 23.3 …… 

12 hours 0.0 …… 

1 day  31.7 

3 days  31.7 

1 week  31.5 

2 weeks  31.4 

1 month  30.4 

 

To realize the surface content of both NCs and elucidate the role TOP plays in α-

CsPbI3 system, both Fourier transform infrared spectroscopy (FTIR) and X-ray 

photoelectron spectroscopy (XPS) were employed. While the spectra of the untreated and 

TOP treated samples are largely similar, as they are both dominated by the long alkyl 

chains and common C-N and CH2 features on all the ligands in the FTIR spectra, which 

could attribute to OA and OLA on the NC surface (see Figure 3.6 (a), for references, we 

also measured the FTIR spectra of the organic ligands, and plotted them on the Figure 3.6 

(b), detailed assignments see Table 3.2 below). Interestingly, for α-CsPbI3 NCs, after 

TOP treatment, one small board feature appeared at 1,155 cm−1, we further purified it for 

5 times to eliminate the free ligand left in the solvent, and this band remains. According 

to the previous studies [32,33], the FTIR of TOP shows C-P stretching features at 1,170, 

1076 and 1,032 cm−1, thus this small band may arise from TOP molecule on the NC 
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surface, and the band difference between pure TOP and treated NCs surficial TOP may 

be assigned to the capping between TOP molecule and CsPbI3 NCs [33]. 

 

Figure 3.6 FTIR spectra: (a) TOP-treated and untreated NCs; (b) typical ligands and solvent used in this system. 

Table 3.2 Infrared vibrational assignments for the ligand molecules  

Chemicals  Mode Wavenumbera (cm–1) 

OA [34] C–H Bending  3,006 

 CH2 Stretching  2,924 and 2,854 

 C=O Stretching  1,710 

 C–O Stretching  1,285 

 O–H In-plane stretching 1,462 

  
Out-plane 

stretching 
937 

OLA [35] =C–H Bending 3,006 

 C–H Stretching 2,922 and 2,854 

 C=C Stretching  1,647 

 NH2 Scissoring 1,593 and 795 

 –CH3 Bending 1,465 

 C–N Bending 1,071 

TOP [32,33] CH2 Stretching 2,929 

   2,876 

 C–P Stretching  
1,170, 1,076 and 

1,032 

 –CH3 
In-plane and 

rocking 

1,494, 1,456 and 

1,381 

 
–

(CH2)n– 
Stretching 728 

aThe peaks in the low-frequency region of the spectra below 1,500 cm–1 arise from complex combinations of the 

n(C–C) stretch, n(C–O) stretches, CH2 deformations and other motions that are too complex to assign [34].  
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Figure 3.7 XPS for (a) TOP-treated CsPbI3 NCs; (b) Untreated CsPbI3 NCs. 

In the XPS pattern for TOP-treated NCs displayed in Figure 3.7(a), the elements of 

perovskite NCs (Cs, Pb and I) can be clearly found along with the typical ligand elements 

(C, O). Weak features are also observed at the phosphorous binding energies (135-136 

eV for P 2p3-red box, and 189 eV for P 2s-green box, see Figure 3.8 for enlarge area). 

The XPS measurements are taken on NC films deposited following purification to 

remove excess solvent, so the majority of unbound TOP is expected to have been 

removed. The weak peaks suggested the presence of a limited quantity of phosphorus, 

consistence with the fact that only TOP contains phosphorus and each TOP molecule 

only has one phosphorus atom. For the untreated NCs (Figure 3.7 (b) and Figure 3.8 (c-

d)), there is no phosphorus signal in these regions as expected. These results confirm the 
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presence of phosphorus in the treated NCs after the treatment and given the change in the 

stability of the system is expected that the TOP is acting as a ligand on the NCs. 

 
Figure 3.8 Selected region for (a) red box for illustrating P 2p3 and (b) green box for illustrating P 2s in Figure 3.7(a); 

(c) Selected region for illustrating P 2p3 and (d) green box for illustrating P 2s in Figure 3.7 (b), no signals.  

3.4 Conclusion 

The addition of TOP to the as-synthesized inorganic triiodide perovskite (CsPbI3) NCs 

is shown to dramatically increase the stability of the desired α-phase, as observed by the 

structural and optical properties. The diffuse reflectance measurements show the 

transition from α- to δ-phase in the untreated sample occurring within 2 hours, while the 

treated sample exhibits nearly no decrease in band edge absorption at 1.73 eV over the 

measurement period. The quantum yield following treatment remains steady at 30%, 

even after a month. TEM images show a slight transition from cubic to spherical shape, 

consistent with strong TOP binding. FTIR and XPS measurements confirm the presence 
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of trace amount of TOP on the treated NCs. This improvement in stability has the 

potential to greatly increase the lifetime of triiodide-based perovskite devices and 

simplify the processing by extending the material shelf life. 
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Chapter 4 Ligand-Mediated Water Resistance Stability 

Enhancement for CsPbBr3 Perovskite Nanocrystals 

4.1 Introduction 

Halide perovskite materials research has seen a rapid growth in the last decade. Both 

fundamental physical [1,2], synthetic [3–5] and engineering aspects [6–8] have been 

extensively explored. The optoelectronic devices based on perovskite are very promising 

especially for light harvesting and light emitting applications [9,10]. However, from the 

stability standpoint, perovskite materials are known to be instable to moisture due to its 

ionic nature [11]. While it can undergo a reversible transition under carefully controlled 

conditions [12], typically it will decompose or even completely dissolve under high 

moisture [13].  

In order to prevent the adverse effect from water, numerous methods have been 

studied for both bulk and nanocrystal (NCs) system. For instance, Jana et al [14] 

controlled the reaction media to form layers of Pb(OH)2 on the bulk perovskite, those 

bulk samples exhibit excellent water stable property for months. Yu et al [15], utilized a 

2-D hexagonal boron nitride (hBN) to encapsulate the perovskite. Since hBN is 

extremely stable in most solvent, they fabricated waterproof perovskite-hBN hybrid 

nano-lasers.  Further, oxide layers grown by atomic layer deposition (ALD) [16] or 

through precursor hydrolysis [17,18] were coated on perovskite to enhance the anti-

moisture ability as well. 

All these methods are based on the principles of encapsulation, which creates a 

“blocking layer” that separates water content from perovskite materials. Considering the 
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application of a blocking layer, the colloidal NCs system has intrinsic advantages [19,20]. 

Due to the process of colloidal perovskite NCs synthesis, the as-synthesized NCs will 

have a ligand shell surrounding the perovskite core. In the well-established method from 

Protesescu et al [21], oleic acid (OA) and oleylamine (OLA) pair are expected to impart 

solubility for dispersing perovskite NCs in non-polar solvent, which indicates the 

OA/OLA surface coverage on CsPbX3 NCs. Owing to the hydrophobic heads from alkyl 

chains of OA and OLA, this ligand shell should act as a “blocking layer” that prevents 

the perovskite core from water exposure. But experimental results have shown that the 

OA/OLA pair is not capable of preventing the infiltration of water vapor, much less yield 

stability under direct contact with water. From our perspective, the mechanism that 

enables water molecules to penetrate through the hydrophobic OA/OLA shell is worth 

exploring, which may lead to new ligand study to enhance the moisture stability for 

perovskite NCs and films.  

Here, I report my preliminary findings on improving the ligand mediating effect to 

block water.  The low surface site coverage from OA/OLA is believed to be the reason 

behind the poor water stability, as due to the steric effect, large molecules such as OA 

and OLA are normally not aligned well on NCs’ surface. This is made worse by the 

presence of a carbon-carbon double bond which leads to kinking.  Poor coverage leaves 

exposed surface atoms (we assume mainly Cs and Br) unprotected.  

Our preliminary result (discussed in detail below) include the following observations. 

When shorter ligands (octanoic acid (OnA) or octylamine (OAm)) are employed to 

replace OA or OLA during the synthesis, the organic content in weight % for NCs barely 

changes, as confirmed by thermogravimetry analysis (TGA). This indicates a better 
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surface coverage since the molecular weight of OnA and OAm are roughly half that of 

OA and OLA. We further observed by 1H nuclear magnetic resonance (NMR) that the 

amines play a major role on NCs’ surface. The perovskite NCs with shorter ligand exhibit 

better water resistance as illustrated by the stability of the quantum yield (QY). The QY 

for NCs with OA/OLA ligands decays after minutes in water, while NCs with OnA or 

OAm are stable for hours. We believe, the ligand chemistry is of great importance and it 

could direct future research on this field to create better ligand pair choice for perovskite 

NCs with near 100% surface coverage and extraordinary water resistance. This is an 

essential consideration for commercialization, and we hope this idea may bring more 

insight in the waterproof design for perovskite devices. However, this work is currently 

under preparation for submission and further experiments are needed to be done in order 

to quantify the ligands on the perovskite NCs’ surface.  

4.2 Experimental Sections 

Synthesis of Cs precursors. Cs oleate and Cs octanoate were prepared by combining 

Cs2CO3 with oleic acid (OA) or octanoic acid (OnA) in ODE. The molar ratio between Cs 

and the acid is 1:5 and the concentration of Cs is 0.1 M. In a typical synthesis, 0.4072 g 

(1.25 mmol) of Cs2CO3 was mixed with 4 mL (12.6 mmol) of OA and 6 mL of 

octadecene (ODE). Under vigorous stirring and 60 °C, the mixture turned into clear 

solution quickly. Then solution was put under vacuum and the temperature raised to 

110 °C.  Vacuum was maintained for at least 2 hours until the water content and CO2 

were removed completely. The remaining solution was diluted with dried ODE to 25 mL 

and stored in a glove box.  
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Synthesis of Pb precursors. Pb oleate and Pb octanoate were prepared by mixing 

PbO with either OA or OnA. The molar ratio between Pb and acid is nearly 1:11. In a 

typical synthesis, 0.8928 g (4 mmol) of PbO was mixed with 13.6 mL OA. As the 

mixture underwent through heating and vacuuming similar to CsOL, Pb(OL)2 was diluted 

with addition of dried ODE to 20 mL in the glove box. It is worth noting that Pb(OL)2 can 

only be fully soluble at 50~60 °C, so these precursors need to be heated prior to use.  

Synthesis of Br precursors. The synthesis of Br precursors has followed Dutta et 

al’s work [21] with modifications. For oleylammonium bromide (OLA-Br), 1.28 mL of 

concentrated HBr solution (aq, 47%) was loaded up in a round flask dipped into an ice-

water bath, then 10 mL of oleylamine was slowly added into the HBr solution with 

vigorous stirring. The reaction is under high pressure N2 flow to suppress the 

vaporization of HBr. The product is white solid at near 0 °C. Later, this white solid was 

heated up to 150 °C under N2 to bubble out the water content for an hour. Then the 

mixture was slightly cooled down and remained at 100 °C, molecular sieves with 3 Å 

were placed in to absorb the water content.  

Octylamine has relatively low boiling point and is very volatile even under room 

temperature. Therefore, 5 mL dried octylamine was quickly injected into the sealed flask 

that contains 1.28 mL of concentrated HBr solution. Octylammonium bromide (OAm-Br) 

was formed immediately. Then, under 150 °C vigorous stirring was done until a light 

yellowish solution was formed. Later, similarly, as the temperature cooled to 80 °C, 

molecular sieves were added to absorb water content. Due to the high concentration of 

water and high volatility of octylamine, the molecular sieves need to be placed in quickly, 

followed by a swiftly sealing of the flask.  
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Synthesis of CsPbBr3 NCs with varied ligand composition. The conventional 

method for CsPbBr3 reported by Protesescu et al [20] was to use PbBr2 as Pb and Br 

source.  The result is that the excess of Pb will lead to Pb termination sites on CsPbBr3 

NCs surface. To prevent the adverse effect from a metal-rich surface, we modified Dutta 

et al’ method [21].  

Preparation of OA/OLA coated NCs: To a round bottom flask, 0.5 mL of Pb(OL)2, 

0.8 mL of OLA-Br and dried ODE were added, making a total volume of 7 mL. 1 mL of 

CsOL was swiftly injected at 150 °C, followed by a quick ice bath quench.  

Preparation of OnA/OLA coated NCs: To a round bottom flask, 0.5 mL of Pb(OnA)2, 

0.8 mL of OLA-Br and dried ODE were loaded up, making a total volume of 7 mL. 1 mL 

of CsOnA was swiftly injected at 170 °C, followed by a quick ice bath quench.  

Preparation of OA/OAm coated NCs: To a round bottom flask, 0.5 mL of Pb(OL)2, 

0.45 mL of OAm-Br and dried ODE were loaded up, making a total volume of 7 mL. 1 

mL of CsOL was swiftly injected at 170 °C, followed by a quick ice bath quench.  

Preparation of OnA/OAm coated NCs: To the batch, 0.5 mL of Pb(OnA)2, 0.45 mL of 

OLA-Br and dried ODE were loaded up, making a total volume of 7 mL. 1 mL of CsOnA 

was swiftly injected at 160~190 °C, followed by a quick ice bath quench. Contrary to 

previous reports3, by using this method, shorter ligands lead to smaller NCs in this work.  

Purification of CsPbBr3 NCs. To prevent the removal of ligands during purification, 

polar solvents such as acetone, methyl acetate, ethyl acetate, and methanol are avoided. 

The crude solution was centrifuged under 6000 rpm for 8 min, and the supernatant 

discarded. To the pellet, limited hexane was slowly added, then poured out quickly to 
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remove the remaining free oily chemicals (see Figure 4.1). Then 2 mL of hexane was 

added to make a dispersion. This dispersion was centrifuged again, and the supernatant 

discarded. The process illustrated in Figure 4.1 was followed again, then 1 mL of toluene 

was added to pellet. After complete solvation, this solution was stored in a cool, dark 

place.  

 
Figure 4.1 Schematic representation of centrifugation in this work. 

Thermogravimetry analysis (TGA) experimental details. All CsPbBr3 NCs were 

purified twice using the method described above. The desired amount of CsPbBr3 NCs 

dispersion was added to a clean vial, then the vial was put under vacuum over night to 

remove solvent. The CsPbBr3 NCs pellet was pressed by a spatula into fine powder. The 

TGA measurement only takes around 20 mg of the sample. Nitrogen was used as carrier 

gas. The temperature range was set from room temperature (23 °C) to 600 °C with a rate 

of 5 °C/min. 
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4.3 Results and Discussion 

CsPbBr3 NCs are synthesized based on a modified method from Dutta et al [22]. Cs 

oleate (CsOL), Pb oleate (Pb(OL)2), Cs octanoate (CsOnA), Pb octanoate (Pb(OnA)2), 

oleylammonium Br (OLA-Br), and octylammonium bromide (OCA-Br) were prepared 

individually and stored in a N2 glove box. For perovskite NCs, synthetic conditions are 

carefully adjusted to yield nearly identical morphology and size for all four ligand 

combinations. The transmission electron microscopy (TEM) for all perovskite NCs are 

shown in Figure 4.2(a-d). The morphologies are near the same for NCs with different 

ligand pairs except for OnA/OAm NCs. The optical features for perovskite NCs are 

measured by absorption and photoluminescence spectroscopy, as shown in Figure 4.2(e). 

Since the morphologies are nearly the same for OA/OLA, OA/OAm and OnA/OLA NCs, 

so are the optical features (absorption edge, and emission peaks). The crystallography for 

the as synthesized perovskite NCs is displayed in Figure 4.2(f); the peaks are well 

matched with the theoretical CsPbBr3 (ICSD- 244752) despite different ligands used 

during synthesis.  
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Figure 4.2 TEM images for CsPbBr3 NCs with (a) OA and OLA; (b) OnA and OLA; (c) OA and OAm; (d) OnA and 

OAm. Scale bar represents 50 nm. (e) Optical spectra of as synthesized CsPbBr3 NCs in hexane; (f) XRD pattern for all 

CsPbBr3 samples. 

The quantification of organic content on purified CsPbBr3 NCs is measured by TGA. 

All samples were purified by centrifugation (see Figure 4.1) and put under vacuum 

overnight to remove the final solvent. The mass loss occurs from ~100 ° C corresponds to 

the organic content and trace amount of remaining solvent. According to the 

literature [23], the weight loss plateau around 400 °C is attributed to the perovskite 

inorganic core. The weight loss between different samples are compared; despite varied 

amount of ligand chemicals used during the synthesis, all samples contain 13~17% of the 

organic content in weight. Given that the molecular weight of OnA and OAm is only half 

of that OA and OLA, OA/OLA has the lowest number of organic molecules on the NC 

surface, which indirectly proves our assumption that OA/OLA does not have good 

surface coverage compared with those contain OnA or OAm.  
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Figure 4.3(a) TGA curves for CsPbBr3 NCs with varied ligand composition; (b) Ligand geometries emphasizing the 

role of the C-C double bond in generating a kink; (c) Different geometries for OA by molecular mechanics (steric 

energy); (d) The steric effects on CsPbBr3 NCs surface. Apparently, NCs with shorter ligands will have more surficial 

sites protected. 

The difference in organic content is further understood by analyzing the steric effects. 

The simulation is based on perovskite 2-D surface, namely, we placed all 4 ligand species 

used in this work on the perovskite surface. The molecular geometries were derived from 

ChemDraw 3D with the installed molecular mechanics algorithm. The simulation 

initiates with the geometries with the lowest steric energy (Figure 4.3(b)). we pause the 

simulation at different stages to get different structures. Since the geometry is varied over 

time, representative geometries are displayed in Figure 4.3(c) for OA.  Similar structures 

for other ligands can be generated. While this represents only an initial effort to 

understand the role of ligand bonding, as only a single ligand is simulated, it qualitatively 

emphasizes that thee ligands can block large sections of the surface and decrease the 

likelihood of additional ligands binding.  This is illustrated in Figure 4.3(d).  
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Figure 4.4.(a) FT-IR spectra for CsPbBr3 NCs with different ligands; (b) 1H NMR spectra for all ligand references; (c) 

detailed region in CsPbBr3 NCs 1H NMR spectra to show the content difference between acid and amine; (d) 2-D NMR 

to show the acid presence in OA/OAm sample, relatively low OA concentration on CsPbBr3 NCs surface. 

To shed more light on the exact species of organic ligand on CsPbBr3 NCs, Fourier 

transform infrared (FTIR) spectroscopy and 1H Nuclear Magnetic Resonance (NMR) 

were used. Due to the similarities between OA and OnA, or OLA and OAm, FTIR is not 

able to differentiate ligands or quantify the ligand ratio (Figure 4.4(a)). Under 1H NMR, 

the H feature from α-carbon for both pure amines and pure acid has a clear difference in 

chemical shift (Figure 4.4(b)). As both acid and base molecules contain significant H 

signals from the saturated alkyl chains (chemical shift between below 2.0 ppm), we 

focused on the feature from α carbon. For amines, the H feature from the α carbon is 

located at ~2.6 ppm, compared to ~2.25 ppm for the acid. Figure 4.4(c) illustrates NCs 
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with different ligand combinations. Since the ligands are attached to the NCs, the binding 

results in a lower shift. For all of them an obvious feature at ~2.3 ppm can be observed, 

this is assigned to amines, since when small amounts of free amine are added into the 

sample, only features at 2.3 ppm shifts (Figure 4.5). Features at ~2.1 are related to the 

acids. This states that there are relatively a greater number of amines on NCs rather than 

acids, which is consistent with a Br terminated surface which binds amines (Figure 4.4 

(d)).  

 

Figure 4.5 (a) 1H-NMR spectra of OA/OLA CsPbBr3 NCs with extra OLA addition: (a)Full spectrum, with OLA 

addition H features from OLA α-carbon becomes more clear (red square), so as the binding on CsPbBr3 NCs (blue 

square); (b) Zoom in spectrum in (a) to show clear H features from OLA α-carbon upon addition, at the meantime, 

features at 2.07 ppm barely changes, which is assigned to the H peak from OA α-carbon. 

The water resistance is measured through an integrating sphere (Figure 4.6(b)). The 

CsPbBr3 NCs film was prepared by spin-coating under ambient condition (see Figure 

4.6(a)). The water resistance was characterized by measuring the quantum yield (QY) of 

CsPbBr3 NCs film-water mixture over time. For all samples, QY is eventually quenched 

by water as expected. We normalized the QY values based on their initial QY number to 

generate a QY degradation curve. The decay rates are very different based on the surficial 

content on the NCs.  
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Figure 4.6 (a) The process illustration for CsPbBr3 NCs film-water mixture; (b) Integrating sphere setup for QY 

measurement; (c) QY degradation curves for CsPbBr3 NCs of different ligands with presence of water. 

Figure 4.6(c) exhibits the relative QY degradation with respect of time. For OA/OLA, 

which is the most commonly used acid/base pair in the literature, the QY value drops 

immediately and total emission lost is observed after 15 min. In comparison, if we solely 

replace OA with OnA (OnA/OLA), this shorter acid results in a less steep curve and the 

perovskite NCs film continues to emit strongly even after 1-hour direct contact with 

water with 20% of its initial QY. As expected from the NMR results which indicate that 

the amine is the most present on the NC surface, even better water resistance was 

observed in by replacing OLA with short chain, saturated OAm.  When an even larger 

number of surface sites are passivated and covered, less water content could penetrate 

through the hydrophobia shell of ligand and thus the resistance ensures the relative QY 

remains at 50 % even after 1.75-hours.  
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We emphasize that the observed lifetimes represent the harshest conditions (direct 

water exposure) and that the methods proposed here are compatible with additional 

encapsulation such as by ALD of the overall device.   

Most recently, the adsorption energies for varied organic ligands on α-CsPbI3 NCs 

have been calculated via DFT [24]. The general trend indicates shorter amine tend to 

have stronger adsorption on NCs surface compared with longer amine or acid. Similarly, 

Zhong et al [25] demonstrated the similar effect and they attributed this feature to the 

difference between of L-type ligand (OAm) and X-type (OA and OLA) ligand on 

CsPbBr3 NCs. While the use of L-type ligand (shorter amine, in our case OAm) can 

induce better surface binding (especially on Pb), steric effect that can potentially result in 

better surface coverage also plays its role here. For example, Yan et al [26] developed the 

method to use 2-hexyldecanoic acid, which has two short branched chains, for the 

synthesis of CsPbBr3 NCs. This product can maintain superb colloidal property for 

months due to the steric effect to avoid aggregation. In our case, we believe the surface 

coverage induced steric effect plays a vital role, however, more quantitative experiments 

for surface ligands such as 1H NMR with internal standard need to be done in order to 

fully explain this phenomenon.   

4.4 Conclusion 

Halide perovskite materials, as promising novel semiconductors, are expected to 

become the core component for a variety of applications.  Therefore, the search for a 

moisture stability solution is highly desired for the commercialization of this material. In 

this study, we show that nanocrystal ligand shell that has been developed for typical 

synthesis does a surprisingly poor job of encapsulation which can be understood by 
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incomplete ligand coverage.  By using shorter ligands, we can produce perovskite NCs 

with less unprotected surficial sites, resulting in better surface coverage and water-

resistance. This work could bring more insight into this field and inspire other to explore 

for better ligand choice that offer near 100% surface coverage and full water-resistance.  
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Chapter 5 The Synthesis of Pb-free perovskites: Vacancy-

ordered Double Perovskite Cs2SnI6 and Perovskite 

Alternative Cs3Bi2Br9 

5.1 Introduction 

Halide perovskites are a promising material set that have attracted attention around the 

globe over the past ten years [1–3]. Nowadays, there are over ten thousand publications 

related to perovskite material published annually. However, most of the work has been 

focused on Pb-based perovskite, which will always have the drawback of being an 

environmental and physical concern to the public [4,5]. The attempts of finding Pb-free 

perovskites that preserve the optoelectronic property while discard the toxic Pb are being 

relatively overlooked by the research community because of the synthetic challenges 

involved. In this chapter and the next, I will briefly summarize the current research 

achievements and our attempts in building a variety of Pb-free systems, such as vacancy-

order double perovskite (Cs2SnI6) and perovskite alternatives (Cs3Bi2Br9, Cs3Sb2Br9). 

Specifically, this chapter will cover the background, motivation and preliminary results 

for Cs2SnI6 and Cs3Bi2Br9, while the next chapter will present a completed study on 

Cs3Bi2Br9. 

Pb2+ has a unique electronic configuration ([Xe]4f145d106s26p0) in which the empty 5p 

orbital and occupied 6s orbital are the main factors that influence the bandgap of Pb-

based perovskites [6]. In order to preserve the interesting properties of Pb-based 

perovskite, those non-Pb perovskites need to build on an element that is similar to Pb 

with respect of atomic size, valence value or electronic configuration. In the periodic 
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table (see Figure 5.1 for all the main choices for Pb-free perovskite at present), the core 

Pb sits in IVA.  

 

Figure 5.1 Elemental candidates to replace toxic Pb and their position in periodic table. 

From the electronic configuration perspective (ns2), elements in IVA group are the 

best fit. Among them, Sn is just above Pb in group IVA, which implies the potential 

replacement of Pb. Jellicoe et al [7] extends the protocol for CsPbX3 for the synthesis of 

CsSnX3 NCs. However, none of the CsSnX3 NCs has PLQY above 0.2 % [7], which 

suggests the significant number of trap states within the NCs, and this result contradicts 

the assumption that perovskite tends to have a defect tolerance system [8]. Further the 

report claims that the trap states may arise from the poor stability of Sn2+. The oxidation 

potential of Sn2+/Sn4+ is -0.15 V [9], indicating Sn4+ is a more stable state in ambient 

conditions. In comparison, the oxidation potential for Pb2+/Pb4+ is -1.8 V [9], and 

therefore Pb2+ has better stability in air.   

The degradation research for CsSnX3 has led to the discovery of Cs2SnX6 [10,11]. 

This crystal structure is slightly different from the traditional halide perovskite, as shown 
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in Figure 5.2. Due to the nature and its relationship with traditional perovskite, this 

structure is named as vacancy ordered double perovskite [12]. In the case of Cs2SnI6, 

DFT calculations suggest the I vacancies introduce shallow donor levels to the 

conduction band [12]. rendering the defect-tolerance nature similar to Pb-based 

perovskite. However, in a few Cs2SnI6 NCs synthetical papers [13,14], this material is 

reported to have low PLQY (<1 %), which contradicts the expectation that it has defect-

tolerance system. Further, a few theoretical works by Xiao et al [15–17] suggest that the 

chemical state of Sn in this structure is still Sn2+ rather than Sn4+, due to the relatively 

high covalent feature in Sn-I bond. In this Chapter, we will discuss our efforts in Cs2SnI6 

NCs synthesis and the studies for Cs2SnI6 bulk film formation, however, because of its 

structure [16,18], this material tends to have inferior carrier transport ability compared 

with traditional perovskite [19].  

 

Figure 5.2 Crystal structure comparison between CsSnX3 and Cs2SnX6. 

Aside from Cs2SnX6, there are also a series of bulk vacancy ordered double 

perovskites based on Pt [18], Pd [20], Ti [21] and Te [12] have been synthesized, 

Cs2PdBr6 [20] even shows great stability in the water, however, their optical properties 
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are not well studied at the moment, and potential applications are only conceptually 

suggested. Therefore, they are not the scope of this dissertation.  

Another group of elements that have a similar ns2 electronic configuration to Pb2+ sits 

close to Pb in periodic table, such as Tl and Bi. While double perovskite Cs2TlBiX6 was 

studied both experimentally and theoretically [22–24], the optoelectronic properties are 

nearly identical to Pb-based counterpart. Tl, however, is even more toxic compared with 

Pb [25–28], leaving this material absolutely no room for resolving the Pb-toxicity issue.  

According to the DFT simulations, Cs2InBiX6 is believed to be the best option among 

all double perovskites [29]. It exhibits a 3D electronic dimensionality and 

correspondingly high optical absorption, small carrier effective masses, and small exciton 

binding energies. In theory, MA2InBiI6 shows a theoretical maximum solar cell efficiency 

comparable with that of MAPbI3 [24,29]. However, to the best of my knowledge, this 

material has not yet been synthesized, and the unstable In 5s state may raise concerns for 

stability as well [30].  

Since Tl is the main concern in Cs2TlBiX6, single valence cations that have ns0 

configuration such as IB elements (Cu, Ag, Au) come into play. Among them, Ag has 

received the most attention given its stable Ag+ chemical state. Previously, double 

perovskites based on Ag/Bi pair and Ag/Sb pair have been studied for both NC and bulk 

systems [31–36]. Contrary to Cs2TlBiX6, the [AgX6] octahedron does not contribute to 

the band edge formation [24,37] due to the highly ionic Ag+. Thus, the properties of these 

double perovskites are heavily shaped by the [BiX6] or [SbX6] octahedron in the crystal 

structure.  
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Strictly speaking, Cs3Bi2X9 does not follow the “rule” for the chemical formula of a 

perovskite. However, given the fact that its main component [BiX6] is similar to [PbX6], 

we believe this material may retain the key aspect of perovskite, and we label this system 

as a “perovskite alternative”. While the preliminary studies on perovskite alternative have 

been carried out for colloidal synthesis [38–41], one problem persists. Bi3+ is highly water 

sensitive and in order to solve this problem, concentrated HBr (aq) is commonly added to 

the batch. However, this prevention of hydrolysis of Bi3+ can produce poor Cs3Bi2X9 NCs 

as in reality, as HBr solution contains water as well. In the following sections, we will 

show our modified method to stop this process by using a shorter organic capping ligand. 

The as-synthesized Cs3Bi2Br9 is highly colloidal and has uniformity but exhibits low 

PLQY. As of now, this feature may due to the isolated [BiBr6] octahedrons within its 

crystal lattice or the self-trapped exciton effect [42]. I propose future work to explore this 

feature by using transient absorption spectroscopy at varied temperature for the exciton 

process. 

5.2 Experimental Sections 

Sufficiently in-depth details of the synthesis are presented here to allow for 

reproduction of the methods, similar to the format in which they would be added to the 

supporting information section of a paper. 

Chemicals: The following chemicals were purchased from the commercial vendors 

and were used without further purification. 

Tin (II) iodide (SnI2, Sigma-Aldrich, 99%), tin (IV) iodide (SnI4, Sigma-Aldrich, 

99%), silver acetate (AgOAc, Alfa Aesar, 99%), bismuth acetate (Bi(OAc)3, Alfa Aesar, 

99%), bismuth bromide (BiBr3, Alfa Aesar, 99.5%) antimony bromide (SbBr3, Alfa 
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Aesar, 99.7%), cesium carbonate (Cs2CO3, Alfa Aesar, 99%), hydroiodic acid (HI, 

Sigma-Aldrich, 57% in H2O), oleic acid (OA, TCI America, 85%), octanoic acid (OnA, 

TCI America, ≥98%), oleylamine (OLA, Sigma-Aldrich, 98%), octadecene (ODE, 

Sigma-Aldrich, 90%), hexane (fisher scientific, 98.5%), dimethylformamide (DMF, 

Sigma-Aldrich, 99%) methyl acetate (Alfa Aesar, 99%), butyl acetate (Alfa Aesar, 99%)  

and ethanol (200 proof) 

Synthesis of Cs2SnI6 NCs This method is modified from Wang et al [13] and 

Dolzhnikov et al [14]. In a typical synthesis, 0.2 mmol of SnI4 was dissolved in dried 

ODE in a glove box. Under mild heating and vigorous stirring, SnI4 is fully dissolved in 

ODE making a dark orange solution. During this time, 0.15 mmol CsOL (1:5) solution in 

ODE and 1 mL OLA were loaded in a three-neck flask and degassed under vacuum for 

about an hour. The flask was then back filled with N2 and the temperature raised to 

200 °C. Prior to the injection, the SnI4 ODE solution was transfer to a syringe and 

removed from the glove box. Before SnI4 solidified under room temperature, the SnI4 

solution was swiftly injected into the batch. As the mixture quickly switched from light 

yellowish to dark red, the reaction batch was quenched with ice bath after keeping the 

heating mantle in place for 30 s. Different reaction time can result in different 

morphologies. 

Synthesis of Cs2SnI6 powders. The Cs2SnI6 bulk powders was synthesized from SnI2 

powder, HI aqueous solution and CsI ethanol solution. In a typical synthesis, 1 mmol of 

dried SnI2 powder was mixed in with a 7 mL HI solution in a sealed round bottom flask. 

The mixture was maintained at 120 °C under N2. Once the solution turned bright 

yellowish (a sign of HSnI3 formation), the heating mantle was removed, and the batch 
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was cooled to room temperature naturally. Then, the pre-dissolved CsI ethanol solution 

was dropwise added into the HSnI3 solution under N2. The precipitates were collected 

and washed three times with acetone and diethyl ester.   

Spin-coating of Cs2SnI6 films under ambient conditions. The as synthesized 

Cs2SnI6 bulk powders was dissolved in absolute DMF to make a saturated solution. 

Cs2SnI6 (DMF) was delivered to a silicon wafer, and then spin-coated at 4000 rpm for 20 

s. Then the film was placed on a hot plate (130 °C) annealing for 5 min. In another 

method, SnI4 was dissolved in butyl acetate, and CsI was dissolved in ethanol. In either 

case, these were layer-by-layer spin-coated on a silicon wafer, following by annealing at 

100 °C in between each deposition step to prevent redissolving the underlying film in the 

subsequent spin-coating step.   

Synthesis of Bi-based perovskite alternative (Cs3Bi2Br9) NCs. In a typical 

synthesis, dried BiBr3 was mixed with OnA and OLA under 150 °C to form a nearly 

crystal-clear solution, then stored in a glove box as a stock solution. The batch solution 

was prepared by mixing BiBr3 stock solution with ODE, under N2 and the mixture was 

heated up to 180 °C to form a light greenish solution. After holding the batch at this 

temperature for approximately 2-3 minutes, CsOnA was swiftly injected. The solution 

turned a greenish yellow color and the reaction batch was quenched with an ice-water 

bath to room temperature.  

5.3 Results and Discussion 

5.3.1 Vacancy-order double perovskite (Cs2SnI6)  

We approached this system from two directions, but for both the initial goal is to 

create a high quality Cs2SnI6 film with the correct stoichiometry to enable a detailed 
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study of the optoelectronic properties.  The first approach was the synthesis of Cs2SnI6 

NCs which could then be deposited to create a thin film, while the second approach was 

direct synthesis of the film.  

The synthesis of Cs2SnI6 NCs is done on the basis of the reaction in Equation 5.1  

 4CsOL + 2SnI4 → Cs2SnI6 + 2CsI + Sn(OL)4 (5.1) 

The TEM image of as synthesized Cs2SnI6 NCs is shown in Figure 5.3 (a). The size of 

Cs2SnI6 NCs is 20 to 30 nm in diameter. However, unlike Pb-based perovskite NCs (see 

Figure 2.2.) that are well distributed across the TEM grid, the close packing and 

connected alignment of Cs2SnI6 particles suggest poor coverage by the ligands on the 

Cs2SnI6 NCs surface. This is also suggested by the poor dispersion of Cs2SnI6 NCs in 

non-polar solvent such as hexane. Both observations are consistent with poor ligand 

coverage resulting in aggregation in solution. In terms of crystallography, Cs2SnI6 NCs 

exhibit sharp features in the XRD pattern (Figure 5.3 (b)), with no excess CsI impurity 

feature.  

 

Figure 5.3 (a) TEM image and (b) XRD pattern of Cs2SnI6 NCs, scale bar in (a) corresponds to 50 nm. 
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The thermal stability of Cs2SnI6 NCs was tested by TGA-DSC in the flow of air, as 

shown in Figure 5.4 (a). Washed Cs2SnI6 NCs illustrate thermal stability up to 200 °C, 

with nearly no weight loss. The quick drop initiates from 250 °C and corresponds to the 

decomposition of Cs2SnI6 NCs in air. We took samples from different temperature stages 

during the TGA process and measured their XRD patterns. The sample from 200 °C is of 

identical pattern as the pristine Cs2SnI6 NCs (Figure 5.4 (b)), consistent with the weight 

loss curve and which shows this material retains its crystal structure even at 200 °C. 

Later, the sample taken after 400 °C annealing loses all Cs2SnI6 features but exhibits 

crystalline CsI (Figure 5.4 (c)). This is attributed to the volatile nature of SnI4 [11,43]. 

The broad rough curve between 15 to 30 degrees 2θ may arise from amorphous oxides 

formed during the thermal process.  
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Figure 5.4 TGA-DSC curve for Cs2SnI6 NCs in air; the XRD pattern for samples taken after from (b) 200 °C and (c) 

400 °C annealing. 

To better determine the ligands present on Cs2SnI6 NCs, FTIR was employed for 

ligand analysis. However, the organic ligand features are barely observed. The crude 

reaction batch was also tested for reference as displayed in Figure 5.5. Although the 

ligands were used in the synthesis for solvation of Cs, they appear to have little impact on 

the formation of Cs2SnI6 NCs, or to have surprisingly weak binding compared to similar 

systems.   
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Figure 5.5 FT-IR spectrum of Cs2SnI6 NCs with synthesis batch as a reference. 

The identification of chemical state of Sn in Cs2SnI6 NCs was determined by XPS. 

The full spectrum is shown in Figure 5.6 (a) and the reason for low halide peak intensity 

is not clear. As for Sn, the fine scanning for Sn 3p3 electrons leads to a broad peak at 

715.0 and 757.6 eV, yet Sn 3d5 electrons can reveal more information. In the reference 

samples, SnO and SnO2 are used for determination of chemical states. There is a 

distinction of 0.6 eV between the chemical state of Sn in SnO (486 eV) and SnO2 (486.6 

eV). In Figure 5.6 (c), the binding energy of Sn 3d5 is 485.8 eV close to the chemical 

state in SnO. While we used SnI4 during the synthesis, the reason for the Sn4+ reduction is 

not clear. Due to the hydroscopic nature of SnI4, the direct evidence from XPS is difficult 

to obtain.  
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Figure 5.6 XPS spectrum for (a) Cs2SnI6 NCs; (b) Sn 3p3; (c) Sn 3d5 

Due to the lack of ligands on Cs2SnI6 NCs, the dispersion of this material is not yet fit 

for film fabrication. Therefore, we explored two methods for direct Cs2SnI6 thin film 

manufacturing. The first approach was modified from the well-established method for 

MAPbI3, in a typical process, all precursors were dissolved in DMF or DMSO, and then 

spin-coated on a substrate [44]. However, this method is not applied to Cs2SnI6. The as-

synthesized film has a nice crystalline pattern under optical microscope as shown in 

Figure 5.7 (a). But the XRD result illustrates that this crystal is mainly CsI with little 

Cs2SnI6 signature peaks. This result may be due to the volatility of SnI4 component, if 

SnI4 becomes vapor during the spin-coating or annealing process. 
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Figure 5.7 Optical microscopy image of (a) Cs2SnI6 films made by DMF method where the majority component is 

actually CsI; (b) XRD pattern for film sample in (a). 

To this regard, we tried a variety of solvents to dissolve SnI4 in order to improve the 

film quality and crystallography. We applied butyl acetate (BA) as the SnI4 solvation 

solvent, and implanted layer-by-layer deposition. We found excess SnI4 (BA) could help 

the Cs2SnI6 film formation as shown in Figure 5.8, however this highly crystalline 

Cs2SnI6 does not show continuity in the morphology of the film, but only isolated pellets 

are formed. 

 
Figure 5.8 Optical microscopy image of (a) Cs2SnI6 films made by CsI (ethanol) and SnI4 (butyl acetate); (b) XRD 

pattern for film sample in (a). 
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The initial results presented above show that while the material can be obtained, 

challenges remain in controlling the chemistry. For the NCs, new ligands need to be 

introduced to improve binding, and this needs to be supported with a fundamental 

understanding of why such poor binding is observed. For the direct film formation, the 

ability to achieve the correct crystal structure is highly promising, but optimization of the 

conditions is needed.  

5.3.2 Perovskite alternative (Cs3Bi2Br9) 

The breaking of the AgBi double perovskite under thermal treatment can produce 

Cs3Bi2Br9. This is due to the thermal instability of double perovskite Cs2AgBiBr6. 

Moreover, the electronic configuration of Ag+ (5s0) implies its relative unimportance in 

double perovskite band edge construction. Since the band structure is mainly determined 

by Bi3+, which has similar electronic configuration of Pb2+, Cs3Bi2Br9 becomes an 

interesting object to study. Because Bi just sits next to Pb in the periodic table, they have 

important similarities in terms of the chemical properties of their bromide salts.  

Experimentally, BiBr3 can be dissolved by OA and OLA with ease. However, this 

precursor does not translate into Cs3Bi2Br9 when mixed with CsOnA reagent under high 

temperature. Moreover, the incorporation of OA can induce Bi3+ hydrolysis at around 

160 °C similar to Sb3+. To this regard, an acid with stronger acidic strength serves better 



131 

 

for the solvation of BiBr3.  

 

Figure 5.9 The morphology of Cs3Bi2Br9 NCs under (a) SEM; (b) TEM. (c) The crystal structure of Cs3Bi2Br9 and its 

NCs dispersion in hexane; (d) XRD pattern of Cs3Bi2Br9 NCs, welly matched ICSD-1142 Cs3Bi2Br9 single crystal. 

In our preliminary research, the synthetic procedure of Cs3Bi2Br9 NCs was carried out 

with a few modifications from the CsPbBr3 recipe. The shorter acid octanoic acid was 

used to replace OA and prevent the hydrolysis of Bi3+ under high temperature. Figure 5.9 

(a,b) illustrates the SEM and TEM images of Cs3Bi2Br9 NCs. While Cs3Bi2Br9 NCs 

exhibit plate-like shape under TEM, SEM can reveal more detailed features on Cs3Bi2Br9 

NCs. The NCs appear to be assembled from platelets to make a spherical shape. Figure 

5.9(c) displays the crystal structure of Cs3Bi2Br9 and its dispersion in hexane, this light 

greenish colored solution implies the visible region absorption similar to Pb-based 
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perovskite. Most importantly, the peaks in the XRD pattern (Figure 5.9(d)) accord with 

Cs3Bi2Br9 (ICSD-1142) nicely.  

The structure, the stability and optoelectronic properties of Cs3Bi2Br9 are still under 

investigation. Given the closeness between Pb and Bi in the periodic table, the properties 

research for Cs3Bi2Br9 NCs will not only unveil the secret of Cs3Bi2Br9 NCs but also pave 

the path for better understanding of CsPbX3, such as defect tolerance, exciton generation, 

recombination and diffusion. Further, the unique, high surface area structure of Cs3Bi2Br9 

poses interesting questions about its formation and exposed surfaces 

5.4 Conclusion 

In this chapter, we reviewed our preliminary synthetic results for Pb-free perovskite 

system (Cs2SnI6 and Cs3Bi2Br9 NCs). Although these works have not yet been completed, 

the Cs3Bi2Br9 work in particular is ready for further study of the optoelectronic 

properties. Through these projects I learned a lot through the synthetical design which is 

employed in the next chapter. The success of synthesis for colloidal NCs is a combination 

of proper ligands, temperature threshold and regent concentration.  

Considering the future for Cs2SnI6 NCs, the covalent bond featured in SnI4 is a 

concern. A series of relatively ionic Sn and halide sources need to be taken into 

consideration rather than using SnI4. Besides, the synthetic routine is not clear here 

although we can produce well crystalline Cs2SnI6 NCs. The mechanism of the lack of 

ligands on Cs2SnI6 NCs during conventional colloidal synthesis is not well understood 

yet.  

 For Cs3Bi2Br9 NCs, transient absorption as well as DFT calculations need to be 

employed to study the relatively low PLQY origin from its exciton perspective. Studying 
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the electronic properties of the material seems an important next step, which will involve 

understanding how film deposition and treatment can be used to remove the ligands but 

leave the core structure intact.  Moreover, the reduced shielding effect from the halide 

(Br) to center metal (Bi) in perovskite alternative structure may suggest its potential 

application in catalysis, as discussed in the next chapter for the Sb-based structure. 
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Chapter 6 Synthesis of Lead-free Cs3Sb2Br9 Perovskite 

Nanocrystals with Enhanced Activity in Photocatalytic CO2 

Reduction Reaction 

 

 

 
 

This work has been submitted to ACS Materials Letters, and is currently under review 

for publication, revision and modification have been adjusted for composing this chapter. 
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6.1 Introduction 

Last decade has witnessed the burgeoning development of halide perovskites, due to 

its unique optical properties [1], Pb-based perovskite nanocrystals (NCs) have been 

widely used as the active layer for light harvesting [2,3] or light emitting applications [4–

7]. However, the incorporation of toxic Pb in the crystal structure poses a challenge for 

commercialization and therefore the development for Pb-free perovskite is highly 

desired. In recent years, a series of colloidal Pb-free NCs have been studied, such as 

CsSnX3 [8,9] and double perovskite Cs2AgBiX6 [10–14]. However, stability remains a 

challenge for these materials.  

On the other hand, catalysts [15–20] capable of converting CO2 to fuels and 

feedstocks (CO, CH4, CH3OH, etc.) directly from solar energy are highly anticipated. 

While halide perovskite materials are excellent light absorbers, to date the application for 

photocatalytic reactions is relatively rare which can be partially attributed to the stability 

issues of many of these compounds. Recently, Xu et al applied CsPbBr3 NCs/graphene 

oxide composite [21] and Hou et al reported pure CsPbBr3 NCs [22] as a catalyst for 

solar-driven CO2 reduction reaction (CO2RR), with modest efficiencies of 20-30 

μmol(CO)/g cat. yield. Later, Zhou et al [10] prepared Pb-free Cs2AgBiX6 NCs for 

CO2RR with similar production as the Pb-based counterparts (15 μmol(CO)/g cat.). Then, 

Ou et al [23] developed a system that anchors CsPbBr3 NCs on g-C3N4 which achieved 

higher yield of 149 μmol CO h−1 g−1. However, perovskite NCs in this structure are 

primarily acting as photo-absorbers while g-C3N4 is acting as the catalytic interface. For 

comparison, the most common oxide perovskite CO2 catalyst is SrTiO3 [24] which 

produces over 352 μmol CO h−1 g−1. This material, while robust, is fundamentally limited 
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by the large bandgap which absorbs only ultra-violet light which limits the spectral 

efficiency.  

Pb-free perovskite structures such as Cs3Sb2X9 [25,26] and Cs3Bi2X9 [27–29] maintain 

key aspects of the perovskite system but exhibit excellent thermal stability. From a 

catalytic perspective, this structure also allows the application of different metal centers 

(e.g. Sb, Bi) which may have higher catalytic activity or different selectivity compared to 

Pb. In this letter, we adapted the hot injection method [30,31] of synthesizing CsPbX3 to 

Sb-based perovskite Cs3Sb2Br9 NCs. Notably, we show that replacing oleic acid (OA) 

with saturated octanoic acid (OnA) is critical in synthesizing pure Cs3Sb2Br9 NCs with a 

well-controlled morphology. Critically, OnA enables a higher reaction temperature. As 

synthesized Cs3Sb2Br9 NCs exhibit 10-fold increase in performance for solar driven 

CO2RR compared to Pb-based CsPbBr3 NCs, producing over 500 μmol(CO)/g cat. over 

the course of 4 h This work highlights the high potential for application of the perovskite 

alternative structure to catalysis. The ability to incorporate transition metals with 

differing reactivity, the intrinsic pocketing of the surface over other Pb-free structures all 

contributes to superior catalytic activity. 

6.2 Experimental Sections 

Chemicals:  Chemcials: antimony bromide (SbBr3, Alfa Aesar, 99.9%), Cesium 

acetate (CsOAc, Alfa Aesar, 99.9%), Cesium carbonate (Cs2CO3, Alfa Aesar, 99.8%), 

lead bromide (PbBr2, Alfa Aesar, 99.9985%). Ligands and solvents: octanoic acid (OnA, 

fisher scientific, 99%), oleic acid (OA, TCI America, 85%), oleylamine (OLA, Sigma-

Aldrich, 98%), octadecene (ODE, Sigma-Aldrich, 90%), hexane (fisher scientific, 99%), 
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methyl acetate (MeOAc, Alfa Aesar, 99%), acetone (Sigma-Aldrich, 99%), water (high 

purity, 99.9%, distilled). 

CsOnA precursor preparation. Similar to Cs oleate which has insolubility issue 

under room temperature if an improper Cs: oleic acid is used [31], CsOnA reagent is 

insoluble under room temperature if an insufficient amount of OnA was added as well. 

The soluble CsOnA requires a nearly 1:5 Cs:OnA ratio. Therefore, for simplicity, we 

used 1:5 as the ratio to prepare room temperature soluble CsOnA. In a typical 

preparation, 0.8145 g (2.5 mmol) Cs2CO3 was loaded up in a 50 mL three-neck flask, 

along with 4 mL (~25 mmol) OnA and 21 mL of ODE. The mixture was under vacuum at 

110 °C for 2 h to remove H2O.  When the solution ceased under vacuum, nitrogen was 

refilled and cool to room temperature. Then the ~0.2 M CsOnA solution was transferred 

to a vial and store in a glove box.  

Sb-OnA-OLA precursor preparation. Sb-OnA-OLA precursor was prepared in a 

glove box as the Sb precursor. In a typical preparation, 0.432 g (1.2 mmol) of SbBr3 was 

mixed with dried 6 mL OnA, and 3 mL dried OLA, then this mixture was heated to 60 °C 

under vigorous stirring. Once it becomes a yellowish crystal-clear solution. This Sb-

OnA-OLA was removed from the heating mantle and stored as Sb precursor, it is worth 

noting that this precursor is a slurry under room temperature, so it needs to be heated up 

to 60 °C prior to use. 

Synthesis of Antimony Perovskite Alternative Cs3Sb2Br9 NCs. In a typical 

synthesis, 5.5 mL of ODE have been dried in a 3-neck flask, then 1.5 mL preheated Sb-

OnA-OLA was injected into the batch. The mixture was put under vacuum at 80 °C in 

order to remove any trace amount of moisture. Then nitrogen was filled, and temperature 
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was raised to 210 °C. 0.2 M CsOnA was quickly injected into the batch at 210 °C, and 

kept the heating mantle to remain temperature for 30s, after the color of batch shifted 

from brown yellow to bright yellow (Figure 1(c)), the heating mantle was removed and 

the mixture was quenched with an ice bath to room temperature.  

Cs3Sb2Br9 NCs Separation and Purification. The crude solution was separated 

through centrifugation. Since the excess reagent CsOnA is fully soluble, the pellet could 

collect as it is primary Cs3Sb2Br9 NCs. We further re-dispersed the pellet in 

hexane/acetone mixture (v/v = 5/3), and centrifuge again. After 5 times, the sample is 

barely dispersed in non-polar solvent like hexane or ODE, then dried under air for further 

characterization and experiments.  

For CsPbBr3 NCs, MeOAc was used as the purification reagent following the method 

introduced in by Swarnkar et al [2].  

CO2 Reduction Reaction Photocatalytic Tests. The reaction batch was prepared 

with ~50-100 mg dried Cs3Sb2Br9 or CsPbBr3 (the exact amount is recorded) and pre-

dried ODE, under vigorous sonication for half hour to form a uniform yellowish 

(Cs3Sb2Br9) or green-yellowish (CsPbBr3) colored dispersion, then the reaction batch was 

sealed, and purged with CO2 under magnetic stirring for 2 h to create a CO2 environment.   

The photocatalytic CO2 reduction performance of Cs3Sb2Br9 NCs was determined 

under AM 1.5 irradiation (100 mW cm−2) in a water-jacketed Pyrex photoreactor with a 

quartz window. 300 W Xenon lamp (Newport Corporation) was used as the light source 

with an AM 1.5 G filter to provide simulated solar light irradiation. All experiments were 

performed at 25 °C and cooling water was used during irradiation. Before illumination, 
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50 μL high purity water was injected into the cell. The amount of CO produced was 

quantified by gas chromatography (HP 6890 with TCD detector, argon carrier). 

Table 6.1 Photocatalytical performance of CO generation. 

 1 h 2 h 3 h 4 h 5 h 

CsPbBr3 15.82 36.16 44.01 46.34 53.80 

Cs3Sb2Br9 312.35 419.94 487.73 512.23 516.44 
*unit umol CO/g cat. 

 

Figure 6.1 GC-TCD analysis of gaseous products from catalytical process of (a) CsPbBr3; (b) Cs3Sb2Br9 NC. Under 3 h 

reaction time, Cs3Sb2Br9 could produce more CO compared with CsPbBr3, however, the production of CH4 is too low 

to determine, and we assume Cs3Sb2Br9 has a preference to generate CO.   

Table 6.2 Catalyst performance stability test by cycle reaction 

 1 st cycle 2 nd cycle 3 rd cycle 

 1 h 2 h 3 h 1 h 2 h 3 h 1 h 2 h 3 h 

CsPbBr3 15.82 36.16 44.01 12.25 21.35 33.04 N/A N/A 14.29 

Cs3Sb2Br9 312.3 419.9 487.7 152.5 209.7 230.1 73.33 127.4 161.2 
*unit umol CO/g cat. 

Thermal Stability Comparison of Cs3Sb2Br9 NCs and CsPbBr3 NCs. 

Thermogravimetry and differential scanning calorimetry (TGA-DSC) for both NCs was 

conducted under the flow of air, and ramp temperature from room temperature to 600 °C, 

with a 5 °C/min rate. Both NCs have been purified multiple times to remove the most 

majority of the ligands on their surface, thus the weight loss could be mainly attributed to 

the perovskite itself. Under the same condition, Sb-based perovskite starts to decompose 
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when temperature is above 200 °C, while the Pb-based counterpart decomposes as 

temperature is above 110 °C. This variation has proved Cs3Sb2Br9 NCs have better 

thermal stability compared with CsPbBr3 NCs. 

 

Figure 6.2 (a) TGA-DSC spectra for Cs3Sb2Br9 NCs after 5 purification steps; (b) the TGA comparison between 

CsPbBr3 and Cs3Sb2Br9 NCs, both of them have been washed 5 times and fully dried before the measurement. 

6.3 Results and Discussion 

Achieving a pure crystalline composition and uniform morphology was critical to 

developing the efficient Cs3Sb2Br9 NCs. However, the well-established colloidal CsPbX3 

NCs synthetic method that using oleic acid (OA) and oleylamine (OLA) does not 

translate to Cs3Sb2Br9 NC as the use of OA results in the hydrolysis of SbBr3 salt [25,32] 

leading to the white impurity Sb4O5Br2 (Figure 6.3 (d)). This process occurs as low as 

160°C. We found that replacing OA with octanoic acid (OnA), expanded the synthesis 

temperature range to 230 °C. Injection of the Cs-octanoate (CsOnA) at 210 °C yields 

high quality Cs3Sb2Br9 NCs as shown in Figure 6.3 (a).  In contrast, injection below 

210 °C yielded high concentrations of CsBr (Figure 6.3 (b), Figure B. 3). The size 

distribution of pure Cs3Sb2Br9 NCs is uniform with an average diameter of 37 nm (Figure 

B. 1). While the morphology of Cs3Sb2Br9 NC is somehow similar to that of typical Pb-
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based perovskite cubic NC (Figure B. 12), the crystal structure is fundamentally different 

which has impacts on catalysis as discussed below. 

 
Figure 6.3 (a) SEM image uniform Cs3Sb2Br9 NCs. Inset shows yellow color and high transparency of solution. (b) 

Reaction scheme showing the critical role of OnA in reaching sufficient temperature for production of pure Cs3Sb2Br9 

NCs. (c), (d) Comparison of temperature stability of OnA- and OA-based precursors. 

Figure 6.4 (a) shows the X-ray diffraction (XRD) pattern of the as synthesized 

Cs3Sb2Br9 NCs. No features corresponding to CsBr are observed, compared to the 

particles synthesized at lower temperatures (Figure B. 3) The NCs are highly soluble in 

nonpolar solvents such as hexane, and the band gap was determined to be 2.64 eV from 

the adsorption spectra (Figure 6.4 (b)).  This corresponds an absorption onset of 470 nm 

in the visible region. Prior to the CO2 reduction reaction (RR), Cs3Sb2Br9 NC were 

purified multiple times to remove the majority of surface ligands on its surface, as 

confirmed by Fourier-transform infrared spectroscopy (FTIR) (Figure 6.4 (c)). Consistent 
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with the removal of ligands, the purified NCs have lower solubility in non-polar solvent 

such as hexane.  

 
Figure 6.4 (a) XRD pattern before and after catalysis, consistent with Cs3Sb2Br9 structure (ICSD 39824); (b) 

Absorption spectra of Cs3Sb2Br9 NC before and after catalysis. (c) FTIR data for as synthesized Cs3Sb2Br9 NCs, 

following ligand removal, and after catalysis.  The loss of features at ~3000 cm-1 corresponds to the removal of the 

organic ligands.  (d) Production of CO by Cs3Sb2Br9 NCs, with CsPbBr3 as a comparison. 

For photocatalysis, dried octadecene (ODE) was chosen as a solvent for 

photocatalytic CO2 RR based on its low volatility and relatively high CO2 solubility [33] 

compared to alternatives such as ethyl acetate [21] or acetonitrile [23]. Purified CsPbBr3 

NC were used as a reference [31] for comparison. The CsPbBr3 NCs produced nearly 50 

μmol CO/g cat. over the course of 4 h (Figure 6.4 (d)), slightly higher compared with 

previous reports [10,22,34]. This is attributed to either the higher CO2 concentration or 

reduced perovskite degradation in the ODE solvent system we used compared to ethyl 
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acetate or acetonitile. In comparison, the Cs3Sb2Br9 NC generated over 300 μmol CO/g 

cat. in the first hour, with a total production of 510 μmol CO/g cat. after 4 h. This yield is 

over 10 times compared with previous halide perovskite catalyst reports, and even rivals 

the well-developed oxide perovskites. [24] Moreover, the control experiment in which 

photocatalysis was run in the absence of CO2 shows no CO production.  This result 

indicates that CO generation is not the result of ligands or solvent decomposition. 

 
Figure 6.5 Stability test with multiple cycled reactions for (a) Cs3Sb2Br9 NCs and (b) CsPbBr3.NCs, the first two CO 

yields from the 3rd cycle are too low to determine; (c) XPS spectrum for Sb 3d in Cs3Sb2Br9 NC, before (black) and 

after (red) catalysis; Transient adsorption spectroscopy for (d) CsPbBr3 NCs and (e) Cs3Sb2Br9 NCs.  

We further tested the stability of these catalysts by re-using the same catalyst for 

multiple reaction cycles (Figure 6.5 (a-b)). A decrease in activity is observed, although 

following 9 h of testing the Cs3Sb2Br9 NCs are still 5 to 10-fold more active compared to 
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the Pb-based material. As To shed more light on effect of the catalytical process on 

structure the Cs3Sb2Br9 NC were collected, washed and analyzed following 4 h of 

CO2RR. The morphology of NCs after catalysis tend to aggregate into large pieces 

(Figure B. 4). XRD (Figure 6.4 (a)) suggests there is no transition in crystalline, however, 

a decrease in peaks’ intensity may due to the reconstruction during the catalytical 

process. Washed NC was then deposited on a glass slide, the absorption spectrum 

remains nearly the same (Figure 6.4 (b)) However, obvious change in valence of 

Sb [35,36] is observed by X-ray photoelectron spectroscopy (XPS) (Figure 6.5 (c), for full 

and other elements see Figure B. 5-B.7). In the original sample, the Sb 3d5/2 is majorly 

comprised of a chemical state similar to SbF3, indicating its predominant +3 state. This is 

accord with the fact of [SbBr6]
3- octahedrons in Cs3Sb2Br9 structure. After the CO2 RR, 

this 3d5/2 peak has shifted to a lower binding energy, indicating a decrease of SbF3 

chemical state component and an increase of a component of chemical state similar to 

Sb2O5 and Sb2O3(Figure 6.5 (c), red curve), this binding energy transition indicates Sb 

tend to have higher valence value [36] after the CO2 RR compared with its original form, 

it is accord with CO2 RR process, since the Sb in Cs3Sb2Br9 NC has undergone oxidation 

through this process. 

The dynamics of the excited electron and hole was probed by room temperature 

transient adsorption (TA) spectroscopy. As expected, the TA spectrum of CsPbBr3 NCs 

(Figure 6.5 (d)) exhibits a negative feature indicating strong fluorescence. In contrast, the 

room temperature Cs3Sb2Br9 NCs exhibit no fluorescence even at very short timescales 

(Figure 6.5 (e)), and a small but consistent feature at around 560 nm is observed. While 

further work needs to be done to understand the cause of the low fluorescence, it is 
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notable that rapid recombination of electron and hole is not consistent with the 

photocatalytic activity observed. Trapping of either the hole or electron in a long-lived 

state could enhance the effective lifetime of the excited carriers and lead to enhanced 

activity, provided the electron retains sufficient energy to push forward CO2 RR. 

To determine the reaction path and the reason for the observed increased efficiency 

over CsPbBr3, density functional theory (DFT) calculations were done for the key 

reaction intermediates (for details see Appendix B). The intermediates for this CO2 RR 

are COOH* and CO* as suggested by DFT. The existence of COOH* might be 

confirmed by FTIR since a board peak around 3300 cm-1 that corresponds to -OH is 

observed for Cs3Sb2Br9 NC after catalysis (Figure 6.4 (c)). The (001} family of surfaces 

have the lowest energy for cubic CsPbBr3. DFT calculations found no binding site on this 

surface which is unsurprising given the complete shielding of the Pb atom by Cs and Br 

as shown in Figure 6.6 (a). In comparison, both the (0001) surface and {1000} surfaces 

exhibit Sb sites in which 3 Br atoms only partially shield Sb. As shown in Figure 6.6 (c), 

one of the Br can move aside enough to allow bonding of COOH*. The orientation of 

COOH* involves some degree of stabilization via the O-Cs interaction. For CO*, the 

smaller size means that the Br which shifted position can return to approximately the 

original position. 
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Figure 6.6 (a) CsPbBr3 (001) surface with inaccessible Pb atoms; (b) Cubic CsPbBr3 and hexagonal Cs3Sb2Br9 NCs 

from TEM images, showing the planes of (001) for CsPbBr3 and (1000) for Cs3Sb2Br9; (c) Reactivity of highly exposed 

Cs3Sb2Br9 (1000) surface via partial displacement of one Br. (d) Free-energy pathways for highly exposed Cs3Sb2Br9 

(1000) and (0001). Free-energies of exposed Cs3Sb2Br9 (202̅1) and CsPbBr3 (002) are included for comparison and as 

models of defect site reactivity. 

An analogous mechanism is observed for the Cs3Sb2Br9 (0001) surface, again with the 

temporary displacement of a Br atom to form the Sb-COOH*. Figure 6.6 (d) shows the 

calculated free-energies for each intermediate (details see Appendix B Table B. 2). 

Significant free-energy increases for the rate limiting step of COOH* adsorption of 2.25 

eV for (1000) and 1.70 eV for (0001) are found.  However, compared to the completely 

inert CsPbBr3 surface this still offers a route to catalysis via sites with a high surface 

density. To further model the role of defect sites or high index planes in which Pb and Sb 

atoms are more directly exposed, the energetic pathway on the (002) plane for CsPbBr3 
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and (202̅1) plane for Cs3Sb2Br9 were calculated. For both these planes, the Pb or Sb 

metal center is directly accessible (Figure B. 10 and Figure B. 11). While these high 

energy surfaces are not expected to be highly exposed, the fact that CsPbBr3 exhibits 

catalytic activity despite an absence of exposed Pb on the lower energy surface suggests 

that defects or edge sites may play an important role in catalysis. For Cs3Sb2Br9, Figure 

B. 11 shows that COOH* can absorb directly on Sb on the (202̅1) surface and a lower 

free energy of 0.915 eV is found.  The Sb-C bond length is 2.268 Å, compared to 2.694 Å 

for the (1000) surface in which the Br atoms formed a partial steric barrier.  Interestingly, 

the pathway on the CsPbBr3 (002) surface has a higher free-energy for the limiting step 

of *COOH adsorption, suggesting that the activity of Cs3Sb2Br9 NCs is higher for both 

the predominantly exposed surfaces and defect mediated catalysis. 

6.4 Conclusion 

In summary, we developed a facile Sb-based perovskite synthesis that yields uniform 

distributions of highly soluble nanocrystals. The Cs3Sb2Br9 nanocrystals show a 10-fold 

increase in photocatalytic CO production compared the Pb-based counterpart to achieve 

510 μmol CO/g catalyst. DFT reveals viable binding sites on the (1000) and (0001) 

Cs3Sb2Br9 surfaces for the key COOH* and CO* intermediates, consistent with enhanced 

activity compared to CsPbBr3 NCs.  This work shows that the limitations on stability and 

performance previously observed for halide-based perovskite materials can be overcame 

to achieve high CO2RR activity and shows the importance of the crystal structure on 

achieving catalytic activity in halide perovskites. 
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Chapter 7 Summary and Outlook 

7.1 Summary 

This dissertation has encompassed four main projects.  Three of them have reached 

complesion and achieved our initial idea, while water-resistance perovskite project still 

needs more data for completion. In search for better perovskite material (more stable and 

less toxic), multiple methods and schemes have been suggested and discussed through 

these five years. We proved that the manipulation of ligands on perovskite NCs surface 

can potentially enhance its stability (from both structural and anti-moisture aspects). 

Moreover, the preliminary research of a variety of Pb-free perovskite NCs could bring 

new insights not only for the replacement of Pb-based perovskite, but also for better 

understanding the unique role Pb plays in perovskite lattice. Further, Pb-free perovskites 

that contain different metal centers such as Bi, Sb, Ag, Sn, etc. could induce more 

potential applications that other than solar harvesting or light emitting, as demonstrated 

by our application of Sb perovskite as a catalyst for photoreduction of CO2. Herein, the 

scientific findings of the four projects are summarized here based on my personal outlook 

on perovskites.  

(1) In the colloidal synthesis of CsPbX3 NCs, CsOL, as the most commonly used Cs 

precursor, has been found to be insoluble and yielded different synthetical results 

depending on the original salts (Cs2CO3 or CsOAc) it derives. For the first time, we 

found that a fully converted, soluble CsOL reagent at room temperature can be made 

under mild condition as long as an appropriate ratio between Cs and OA has achieved. 

The insoluble content in CsOL samples, which was prepared based on previous reports, is 

found to contain unreacted Cs salts. The combined analysis of solution 1H NMR, FTIR 
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and DLS pointed out the mechanism behind the super stoichiometric ratio between Cs 

and OA in which the minimum ratio to convey full conversion to CsOL is 1:5. In 

particular, the single charge of Cs+ means that when bound only to a single oleate, it 

retains a strong dipole moment as opposed to systems such as Pb(OL)2.  The use of this 

fully converted, 1:5 ratio CsOL can not only produce nearly identical perovskite NCs, but 

also promote perovskite NPs with confined 2-D growth. Moreover, the soluble CsOL can 

encourage the development of massive, industrial, flow chemistry NCs production 

methods such as microfluidics.  

(2) Cs-based perovskites, due to the low volatility of inorganic Cs, are scientifically 

proved to have better chemical stability compared with those hybrid perovskites (such as 

MAPbX3). However, the size of Cs is relatively small so that CsPbI3 will have an 

undesired phase transition from cubic to orthorhombic. To prevent or slow this transition 

process and improve its structural stability, we investigated the stability of CsPbI3 NCs. 

We found trioctylphosphine, as a commonly used chemical ligand in NCs synthesis, has 

strong binding to the surface atoms of CsPbI3, which decelerates its phase degradation. 

However, at the moment, we did not dig further for the mechanism due to the limited 

capability. Later in 2018 and 2019, a couple of theoretical simulations and ligand study 

papers suggest that the strong binding of trioctylphosphine to the excess Pb termination 

atoms could be the key. The passivation from trioctylphosphine can not only enhance the 

phase stability but also reduce trap states and achieve high quantum yield for the NC 

system.  

(3) Due to the high ionic nature of halide perovskite, moisture (water) can always 

induce quick decomposition of the perovskite structure, resulting in CsX and PbX2. The 
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traditional approaches that prevent the adverse influences of moisture based on the 

principle of encapsulation. As for colloidal NCs, the intrinsic ligand shell of fatty acid-

like organic molecules should act as the water blocking layer. However, previous results 

showed different results. In our study, we found the reason why OA/OLA pair does not 

work is due to the low surficial coverage on CsPbBr3 NCs. Further, a combined analysis 

of TGA, FTIR and 1H NMR proved that organic content (in weight) on CsPbBr3 NCs are 

nearly the same in varied systems (OnA/OAm, OnA/OLA, OA/OAm, OA/OLA), and 

acids play the major contributor on the CsPbBr3 NCs due to the stronger bonding to 

surficial atoms. Further, the stability test was carried out by measuring PLQY over time 

with a simple device in which the water layer and perovskite layer are in direct contact. 

Although this work has not been completed, it could direct the future design of ligand 

chemistry that creates nearly full surficial coverage and achieves sufficient water 

resistance for commercialization.  

(4) Due to the Pb toxicity, Pb-free perovskite has always been a research hotspot. Yet 

most of the research has been focused on theoretical simulations of Pb-free perovskite, 

and the synthetic methods are rare. In this project, we developed the colloidal synthesis 

method for Pb-free perovskite based on Sb and Bi. The major difficulty in this project is 

to prevent the hydrolysis of Sb and Bi cation. In our project, OnA was discovered to 

solve this because OnA has higher boiling point and stronger acidic strength to OA. 

Those Pb-free perovskite NCs are further utilized as a photocatalyst for CO2 reduction 

reaction. Better stability and less shielding of center metal element from halide ensure 

these Pb-free perovskites outperform CsPbBr3 in CO generation yield. Contrary to the 
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traditional Pb-based perovskite, the difference in Pb-free perovskite may generate new 

ideas and thought in application areas other than solar energy applications.   

7.2 Future perspective 

Considering a real perovskite device, such as solar panel, we must ultimately move 

beyond just the intrinsic stability of perovskite lattice and also consider the mechanical 

stability of the device. To date, there are little research focus on engineering aspects. 

Despite the solar power conversion efficiency has risen above 24% for perovskite solar 

cell, this research device is normally only of 0.1 cm2 in area, which is far from the 

commercial realization of solar modules based on perovskite. Since the solar panel is not 

an easy sum of all solar modules, the potential commercialization of perovskite material 

still requires effort from researchers of different background. My passion for perovskite 

stability research is fundamentally lay in two aspects: the mechanical stability for 

upscaled perovskite devices, and the encapsulation technology that creating near isolated, 

protected perovskite layers.  

As for Pb-free perovskite, the chemistry community has been focusing on the 

synthetic aspects for both NCs and films. At present, chemical processes for these Pb-free 

perovskites are still inferior compared to that of Pb perovskite in terms of homogeneity 

and morphology control. Moreover, the photophysics of these Pb-free perovskites also 

needs more effort. The exciton process such as generation, recombination and 

dissociation are vital in terms of the potential applications and replacement of Pb-based 

counterpart. Encouragingly, previous reports on theoretical simulations have already shed 

light on this class of Pb-free systems.  While some of these structures show great 

theoretical potential, experimentally, those features are needed to be confirmed. In my 
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opinion, the scheme for better perovskite materials is of great significance, and the 

mysteries of how the Pb-based system achieves such triumphant properties from are still 

not clearly understood. While more efforts should be placed on the Pb-based perovskite, 

we can also look at this question from the Pb-free system angle which will form a system 

of structures to help reach important comparisons. Given the similarity in structure, the 

center metal can be utilized as a control to illustrate the property transition. 
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Appendix A Supporting Information for Chapter 2 

A.1 Extra Control Experiments for Soluble CsOL Preparation 

 

Figure A. 1 (a) 0.05 M CsOL(1:1.6) samples from CsOAc (left, light cloudy) and Cs2CO3 (right, cloudy). (b) 0.125 M 

CsOL(1:1.6) sample derived from Cs2CO3, prepared by extended heating under vacuum (150 °C for 72 h).  Sample still 

cloudy at RT. For comparison, (c) 0.4 M 1:2 CsOL(OAc) and CsOL(CO3) and (d) 0.4 M 1: 5 reference CsOL(CO3). 

 
Figure A. 2 CsOL samples derived from Cs2CO3 with 1:2 Cs:OA ratio. The extra addition of a Lewis base, such as 

oleylamine (OLA) and tetrahydrofuran (THF), does not help the solubilization. Also, those CsOLs with extra Lewis 

base were proved not working for perovskite synthesis. 
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A.2 Pure CsOL Powders Synthesis and NMR Characterization 

The synthesis of CsOL was prepared by mixing 1.20 g (8 mmol) of CsOH and 2.4 mL 

(~7.6 mmol) of OA in ethanol. The solution was stirred at 50 °C in a paraffin sealed vial 

for a 2 h. After complete solubilization, the solution was placed in a round flask for rotary 

evaporation. The sample was evaporated under reduced pressure (~ 100 mbar), with a 

40 °C water bath, to remove the most majority of ethanol and water from CsOL. Then, 

the precipitates were dissolved in hexane. Since OA is the limiting reagent, this step was 

used to separate the CsOL from the excess CsOH. After solvation, the solution was 

centrifuged, the supernatant was collected for another rotary evaporation. The 

evaporation was carried out at ~50 mbar, with a room temperature water bath.  

Once the evaporation finished, the almost dry CsOL was placed under vacuum 

overnight. The final product of pure CsOL powders is white to yellow. Moreover, as 

mentioned in the main text, this pure CsOL powders do not have good solubility in ODE 

(Figure 2.1 (d)) and increasing temperature does not help the solvation. The 

characterization of this CsOL powder can be found below. To test the solubility in an OA 

rich solution, 4 molar parts of OA were added to 1 molar part of pure CsOL powder, then 

dispersed them in ODE to make a 0.4 M solution (Figure 2.1 (e)) with a Cs:OA ratio of 

1:5.  This resulted in a fully soluble solution which can be easily made under room 

temperature even without any heat treatment. The perovskite NCs synthesis based on this 

CsOL solution were carried out for all temperatures as well, the optical properties of 

products are illustrated in Figure A. 8 below. 
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Figure A. 3 1H NMR spectrum for pure CsOL powders with H integration, the H feature from α-carbon shifts and 

overlap with H features from C8 and C11 (~2.0 ppm). See Figure A. 9-11 for details. 
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Figure A. 4 1H-13C Heteronuclear single quantum coherence spectroscopy (HSQC) for pure CsOL powders to show the 

overlapping feature of CH2 at ~2.0 ppm. 



166 

 

 
Figure A. 5 1H-13C HSQC for pure CsOL powders to show the assignments of overlapping feature of CH2 at ~2.0 ppm, 

the bottom square corresponds to α-carbon, top square is the CH2 near C=C double bond. 

 
Figure A. 6 Absorption spectra for CsPbBr3 NCs synthesized at 150 °C, 130 °C, 110 °C, 80 °C by using (a) CsOL(1:5) 

and (b) CsOL(1:2).  Note the inconsistent spectra in (b) when using different Cs salts. 
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Figure A. 7 TEM images for CsPbBr3 NCs synthesized by 0.4 M CsOL(1:5) ODE reagent at (a) 150 °C; (b) 130 °C; (c) 

110 °C; (d) 80 °C. Those morphologies are correspondent to the emission graph in Figure 2.3(a). 

 
Figure A. 8 Absorption spectra for CsPbBr3 NCs synthesized at 170 °C, 150 °C, 130 °C, 110 °C, 80 °C by using 0.4 M 

pure CsOL (made by pure CsOL powders with 4 parts of OA) in ODE.  
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A.3 Precursor Characterization 

 
Figure A. 9 1H NMR results for (a) OA and ODE; (b) 1:5 CsOL(CO3) and CsOL(OAc). 
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Figure A. 10 Full 1H NMR spectrum for (a) a series of samples with varied Cs:OA ratios in OA; (b) a series of samples 

with varied Cs:OA ratios in ODE. Figure 2.5(c) and Figure A. 11were taken from the green squares to display relative 

chemical shift from the hydrogens on α-carbon. 

 

Figure A. 11 1H NMR spectra for a series of samples with varied Cs:OA ratios with ODE, with an observed shift in the 

position of the H peaks on the α-carbon, however, it stops when it reaches 1:5 or a ratio less than 1:5. 
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Figure A. 12 Overlay of DOSY spectra for CsOL(1:5) (red, bottom) and pure OA (dark red, top). 

A.4 Electrostatic Potential Calculation for Cs butanoate 

Cs butanoate was chosen as a model system since it maintains the key structural 

aspects of Cs oleate that are of interest but has a significantly reduced number of atoms.  

Geometry minimization and energy calculations were done using the GAMESS software 

platform [1] and visualized using wxMacMolPlt [2]. Density functional theory was 

implemented with the Becke, 3-parameter, Lee-Yang-Parr (B3LYP) approximation. Due 

to the high atomic number of Cs, a model core potential (MCP) basis set was used, 

specifically the augmented quadruple zeta basis set (MCP-AQZP). 
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Appendix B Supporting Information for Chapter 6 

B.1 Additional Morphological Characterization for Cs3Sb2Br9 NCs 

 
Figure B. 1 (a) SEM image of Cs3Sb2Br9 NC; (b) Narrow size distribution based with an average diameter of 37 nm. 

 
Figure B. 2 (a) SEM image of Cs3Sb2Br9 NC.; (b) EDX spectrum for the elemental composition of samples in (a).  

Clear peaks for Br, Sb, and Cs, C and O are present, and the detailed elemental ratio is illustrated in the inserted table. 

Critically the ratio shows the expected amount of Sb, which is absent when CsBr salts are made.; Elemental mapping 

for (c) Cs; (d) Sb; (e) Br showing uniform distribution of those elements in Cs3Sb2Br9 NC. 
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Figure B. 3 XRD pattern for products by hot-injection at different temperatures. Bottom brown lines correspond to 

Cs3Sb2Br9, and blue lines are features of CsBr. Reaction below 210 °C could generate CsBr impurities. 

 
Figure B. 4 Cs3Sb2Br9 NCs after CO2 RR.  The morphologies remain similar but some aggregation is observed. 

B.2 XPS of Cs3Sb2Br9 and CsPbBr3 NCs 
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Figure B. 5 Full spectrum of the as-synthesized Cs3Sb2Br9 NCs following 5 purification steps. 

 
Figure B. 6 Full spectrum of the Cs3Sb2Br9 NCs after CO2 RR. 
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Figure B. 7 XPS spectrum for (a) Cs 3d and (b) Br 3p in Cs3Sb2Br9 NC, before (black) and after (red) catalysis.  No 

change is observed. 

 

Figure B. 8 Sb 3d XPS spectrum for (a) purified Cs3Sb2Br9 NCs and (b) Cs3Sb2Br9 NCs after catalysis. 

Table B. 1 Sb 3d5/2 XPS details and O impurity [1] 

Chemical State Binding Energy /eV 

Sb metal 528.3 

Sb2O3 529.9 

Sb2O5 530.9 

SbF3 ~531.7 

Organic C-O 531.5-532 

Metal oxides 529-530 

O-Brx ~535 
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B.3 DFT Calculations for Band Structure and Reaction Pathway 

The Cs3Sb2Br9 single crystal file was downloaded from the inorganic crystal structure 

database (ICSD). Density of states (DOS) and partial density of states (PDOS) were 

calculated by Quantum Espersso with a PWscf package, PWscf implements an iterative 

approach to reach self-consistency, using at each step iterative diagonalization techniques 

within the framework of the plane-wave pseudopotential method [2]. As shown in Figure 

B. 9, the bandgap is calculated to be 2.04 eV at the Г plane. Due to the method used, the 

bandgap is underestimated [3]. The corresponding PDOS was shown on the right side of 

Figure B. 9 and is similar to Pb-based perovskite where the valence band (VB) is 

comprised of Pb(s) and halide(p) orbitals, and the conduction band (CB) is constructed by 

Pb(p). Here, the VB of Cs3Sb2Br9 is composed of Sb(s) and Br(p) and CB is of Sb(p). The 

DOS and PDOS show Sb-based perovskite has similarity with Pb-based perovskite in the 

band structure composition, and the calculated bandgap is consistent with visible light 

absorption.  

 
Figure B. 9 DOS and PDOS of Cs3Sb2Br9 single crystal, bandgap is around 2.04 eV. 
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Periodic, self-consistent density functional theory calculations (DFT) were performed 

with the Perdew, Burke and Ernzerhof (PBE) implementation of the generalized gradient 

approximation (GGA) [4], using Vienna Ab Initio Simulation Package, VASP [5, 6]. The 

ion-electron interaction was described with the projector augmented wave (PAW) 

method. A cutoff energy of 400 eV was used for the plane-wave basis set. Cs3Sb2Br9 

surfaces were modeled with a four-layers thick slab separated by 20 Å of vacuum along 

the z-direction of (2×3×1) supercell for (202̅1) surface and (2×2×1) supercell for low 

index planes, (1000) and (0001). The bottom two layers were fixed at their bulk position 

and the top two layers with adsorbate were relaxed. The Brillouin zone was sampled by a 

(6×4×1) Monkhorst-pack k-point mesh for (202̅1) and (6×6×1) for the low index planes. 

Similarly, CsPbBr3 surfaces were modeled with four-layers thick slab separated by 20 Å 

of vacuum along the z-direction of (2×3×1) supercell for (002) surface and (2×2×1) 

supercell for low index planes (001). The Brillouin zone was sampled by a (4×4×1) 

Monkhorst-pack k-point mesh for (002) and (6×6×1) for the low index plane. All 

calculation parameters have been verified to ensure a force convergence threshold of 

0.01eV/Å, except for COOH adsorption on Cs3Sb2Br9 (0001) which was converged to 

0.03eV/Å.  

Adsorption free energy of each elemental step was calculated according to the 

computational hydrogen electrode (CHE) model, where each photo-electrochemical step 

is treated as a simultaneous transfer of a proton-electron pair [7]. The reaction mechanism 

for CO2 reduction to CO is illustrated below, 

CO2(g) +∗ +H
+ + e− ↔ COOH∗ 

COOH∗ + H+ + e− ↔ CO∗ + H2O(l) 
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CO∗  ↔ CO(g)  +∗ 

where * stands for the adsorption site. Using the initial state in which gaseous CO2 is 

unbound above an empty surface as a reference, the Gibbs free energy of interest are 

represented as, 

∆G[COOH ∗] = G[COOH ∗] − (G[∗] + G[CO2] + G[H
+ + e−]) 

∆G[CO ∗] = G[CO ∗] + G[H2O] − (G[∗] + G[CO2] + 2G[H
+ + e−] 

∆G[CO] = G[CO] + G[H2O] − (G[CO2] + 2G[H
+ + e−]) 

The CHE model assumes that the chemical potential of a proton-electron pair is equal 

to half of the chemical potential of gaseous hydrogen at a potential of 0V. This is because 

zero voltage is defined based on the reversible hydrogen electrode, in which the reaction 

H+ + e− ↔
1

2
H2 

is defined to be in equilibrium at zero voltage, at all values of pH, at all temperatures, 

and with H2 at 101325 Pa. Other adsorbed and non-adsorbed Gibbs free energies are 

calculated by the expression: 

G =  EDFT + EZPE  −  TS 

where EDFT is the calculated electronic energy, EZPE is the zero-point vibrational 

energy and TS is the entropy contribution. The heat capacity temperature dependence 

was neglected in this work. Zero-point energies and entropic contributions were 

calculated by treating all 3N degrees of freedom of the adsorbate as vibrational and 

assuming that any changes in vibrations of the surface where minimal.  All vibrations 

were treated in the harmonic oscillator approximation and the required quantities were 

calculated from this vibration using standard statistical mechanics method [8]. 
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The associated Gibbs free energy of hydrogen evolution reaction is defined as: 

∆GH∗ = ∆EH∗ + ∆EZPE − T∆SH 

where ∆𝐸ZPE and ∆𝑆H represent the differences in zero-point energy and entropy 

between the H* adsorbed state and H2 in its gas phase respectively. The fact that the 

vibrational entropy of the adsorbed state is small means that the difference in entropy, 

∆𝑆H, is approximately: ∆𝑆H ≈−
1

2
𝑆𝐻2
0 , where 𝑆𝐻2

0  is the entropy of H2 in the gas phase at 

standard conditions [9]. Zero-point energy was calculated from vibration analysis as 

explained above. The hydrogen binding energies ∆𝐸H∗ were calculated by 

∆EH∗ = Eads − Esurf −
1

2
E(H2) 

where 𝐸ads, 𝐸surf and 𝐸(H2) are the total energies of the surfaces with a hydrogen 

atom adsorbed, the pristine surfaces and the gas phase hydrogen molecule respectively. 
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Figure B. 10 Minimum energy structures found for each surface modeled.  Showing bare surface, surface with COOH* 

adsorbed, surface with CO* adsorbed. (Cs-green, Pb-gray, Br-red, Sb-blue, C-light gray, O-light red, H-white) 
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Figure B. 11 Space filling model showing the active sites for all structures calculated.  Showing bare surface, surface 

with COOH* adsorbed, surface with CO* adsorbed.  Top view and view angled by 40 degrees shown for clarity of 

structure. 

Table B. 2 shows the energies at 0 V vs. RHE.  Note that a stabilization of 0.11 eV 

for the first step and 0.22 eV for the second step is added to report ∆G at the equilibrium 

potential of CO2 to CO. 
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Table B. 2 Surface energies (eV/Å2) and energies of adsorption for the reaction intermediates, reported at 0V versus 

RHE. 

Surfaces 
Surface energy 

(eV/Å2) 

COOH* 

∆E(eV) 

CO* 

∆E(eV) 

COOH* 

∆G(eV) 

CO* 

∆G(eV) 

Sb (202̅1) 0.03181 0.169 0.120 1.025 0.783 

Sb (1000) 0.00937 1.803 0.562 2.361 0.980 

Sb (0001) 0.03592 0.721 0.431 1.809 0.810 

Pb (002) 0.05973 0.356 0.241 1.463 0.5910 

Pb (001) 0.01335 N/A N/A N/A N/A 

 

B.4  Characterizations of CsPbBr3 and Cs3Sb2Br9 NCs  

 
Figure B. 12 TEM images of (a) CsPbBr3 NCs before catalysis; (b) CsPbBr3 NCs after catalysis, NCs tend to become 

more spherical and aggregated; (c) Optical feature of CsPbBr3 NCs from absorption and emission spectrum.  Weak 

absorption remains for CsPbBr3 NCs; (d) XRD pattern of CsPbBr3 NCs before and after catalysis. 
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Figure B. 13 TEM images of Cs3Sb2Br9 NCs 

B.5 Transient Absorption 

Figure B. 14 Time dynamics from the transient adsorption spectrum of CsPbBr3 and 

Cs3Sb2Br9 NCs at 480 nm and 550 nm. shows the time dynamics for spectral regions 

centered at 480 nm and 550 nm.  The results for 550 nm show that the rate of initial 

decrease in optical density is similar for both systems.  However, the data taken at 480 nm 

emphasizes the completely different dynamics in terms of fluorescence, in which no 

negative signal is observed for the Cs3Sb2Br9 NCs indicating no fluorescence. This is 

consistent with the lack of fluorescence signal by steady-state fluorescence measurements. 
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Figure B. 14 Time dynamics from the transient adsorption spectrum of CsPbBr3 and Cs3Sb2Br9 NCs at 480 nm and 550 

nm. 
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Appendix C Materials Characterizations 

In this section, the details for common material characterizations mentioned above are 

summarized here.  

UV–vis absorption spectra were recorded on a UV-Vis spectrophotometer and were 

collected over the range of 300–800 nm. The UV-Vis diffuse reflectance spectra were 

recorded by a Shimadzu 3600 UV-Vis-NIR spectrophotometer with fine BaSO4 powder 

as the reference. The photoluminescence emission was measured by a spectrofluorometer 

(PerkinElmer LS50B), using the hexane or toluene solution of perovskite NCs samples. 

Elemental analysis was performed using Inductively-Coupled Plasma Mass 

Spectroscopy (ICP-MS, Teledyne Leeman Labs), X-ray Photoelectron Spectrometry 

(XPS, Kratos Axis Ultra DLD, UK) was used to detect the chemical composition of the 

as-prepared samples. The binding energy was calibrated based on the C 1s peak at 284.8 

eV. To maintain the accuracy, each XPS pattern was averaged from 15 measurements. X-

ray Diffraction (XRD) patterns were obtained on an X-ray diffractometer (Bruker D2 

Phaser) using Cu Kα radiation.  

The morphology and thickness of perovskite NCs were measured by the Scanning 

Electron Microscope (JEOL, JSM-6330F and Zeiss Gemini300 FE-SEM with Bruker 

EDS) and Transmission Electron Microscope (TEM) including the selected area electron 

diffraction (SAED) images (JEM-2100). An AFM (JEOL JSPM-5200) was also used to 

measure the morphology of sample roughness. 

Raman measurements were performed on a Horiba-Jobin-Yvon Lab Raman HR 

confocal microscope using the 488 nm excitation line at room temperature. Fourier-
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transform infrared spectroscopy (FTIR) was employed for identification of organic ligand 

on perovskite NCs, dried perovskite NCs sample powders were measured by a 

PerkinElmer Spectrum 100 FTIR spectrometer. Nuclear Magnetic Resonance (NMR) was 

measured by Bruker Ascend 400 NMRs spectrometer with variable temperature BBO 

probes. Both 1H and 13C NMR are typically used in this thesis.  

An integrating sphere was employed to determine the quantum yield (QY) of 

perovskite samples. The sample was placed in a thin cuvette and was excited with 405 

nm blue LED light. The scattered excitation, and the emission, were collected 

togetherusing a fiber optic coupled spectrometer (FLAME-S-XR1-ES). The whole 

spectrum was collected sequentially for a reference (cuvette with hexane only) and for 

the sample. The ratio of the number of emission photons over the number of absorbed 

photons was used to determine the QY as shown in the Equation 3.2. As a check for the 

accuracy of the system, the QY of Rhodamine 6G in ethanol was found to be 94.4%, 

close to the literature value of 95% [1].  

A Gas Chromatograph (GC, Agilent 6890) with a Thermal Conductivity Detector 

(TCD) (nitrogen carrier gas) was used for quantification of gaseous product from CO2 

reduction reaction. The standardization was conducted by running the pure target gas in 

N2, with a volume ratio of 10%, in total 10 μL, 50 μL and 100 μL. The intergral area of 

peaks per mol of target molecules was recorded for further quantification of reaction 

samples.   

Thermogravimetric analysis (TGA) was conducted with a TA Instruments SDT 

Q600. The temperature was ramped from ambient to 600°C at a rate of 5°C/min in 

nitrogen flowing at 100 mL/min. 
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▪ Surficial treatment research on transitional metal sulfides and oxides via chemical 

vapor deposition.  

Beijing Beida Weixin Biotechnology LLC. (2011.7 – 2011.9) 

▪ Design chemical process to separate the key ingredients in traditional Chinese 

medical herb.  

▪ Analysis of their impact on cardiovascular disease.  

 

Relevant Skills 

Analysis techniques  

mailto:lu7chang@gmail.com
https://www.linkedin.com/in/chang-lu-59b4a592/
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SEM/TEM/AFM; XRD/XRR; FTIR/Raman, UV-Vis, PL, Diffuse Reflectance; 

XPS; GC-FID/TCD; NMR (COSY, DOSY), etc.. 

Instrumental installation 

Schlenk line, Ultra-high vacuum system and ALD reactor 

Simulations  

Quantum Espresso, GAMESS, COMSOL (basic) 

 

Publications 

Published, See full in Google Scholar 

H Li, P Wen, DS Itanze, MW Kim, S Adhikari, C Lu, L Jiang, Y Qiu, SM Geyer. 

“Phosphorus-Rich Colloidal Cobalt Diphosphide (CoP2) Nanocrystals for 

Electrochemical and Photoelectrochemical Hydrogen Evolution” Advanced Materials, 

1900813 (2019) 

C Lu, MW Wright, X Ma, H Li, DS Itanze, JA Carter, CA Hewitt, DL Carroll, GL 

Donati, PM Lundin, SM Geyer. “Cesium Oleate Precursor Preparation for Lead Halide 

Perovskite Nanocrystal Synthesis: The Influence of Excess Oleic Acid on Achieving 

Solubility, Conversion, and Reproducibility” Chemistry of Materials 31 (1), 62-67 (2019) 

H Li, P Wen, A Hoxie, C Dun, S Adhikari, Q Li, C Lu, DS Itanze, L Jiang, DL Carroll, 

A Lachgar, Y Qiu, SM Geyer. “Interface Engineering of Colloidal CdSe Quantum Dot 

Thin Films as Acid-Stable Photocathodes for Solar-Driven Hydrogen Evolution” ACS 

Applied Materials & Interfaces 10 (20), 17129-17139 (2018) 

H Li, Q Li, P Wen, TB Williams, S Adhikari, C Dun, C Lu, D Itanze, L Jiang, DL 

Carroll, GL Donati, PM Lundin, Y Qiu, SM Geyer. “Colloidal Cobalt Phosphide 

Nanocrystals as Trifunctional Electrocatalysts for Overall Water Splitting Powered by a 

Zinc-Air Battery” Advanced Materials 30 (9), 1705796 (2018) 

C Lu, H Li, K Kolodziejski, C Dun, W Huang, D Carroll, SM Geyer. “Enhanced 

Stabilization of Inorganic Cesium Lead Triiodide (CsPbI3) Perovskite Quantum Dots 

with Trioctylphosphine” Nano Research 11 (2), 762-768 (2018) 

J Xu, W Huang, P Li, DR Onken, C Dun, Y Guo, KB Ucer, C Lu, H Wang, SM Geyer, 

RT Williams, DL Carroll. “Imbedded Nanocrystals of CsPbBr3 in Cs4PbBr6: Kinetics, 

Enhanced Oscillator Strength, and Application in Light-Emitting Diodes” Advanced 

Materials 29 (43), 1703703 (2017) 

H Li, P Wen, Q Li, C Dun, J Xing, C Lu, S Adhikari, L Jiang, DL Carroll, SM Geyer. 

“Earth-Abundant Iron Diboride (FeB2) Nanoparticles as Highly Active Bifunctional 

Electrocatalysts for Overall Water Splitting” Advanced Energy Materials (2017) 

AD Taylor, C Lu, SM Geyer, DL Carroll. “Thin Film Based Plasmon Nanorulers” 

Applied Physics Letters 109 (1), 013105 (2016) 

S He*, C Lu*, GS Wang, JW Wang, HY Guo, L Guo. “Synthesis and Growth 

Mechanism of White-Fungus-Like Nickel Sulfide Microspheres, and Their Application in 

https://scholar.google.com/citations?hl=en&user=11w7o7AAAAAJ&view_op=list_works&sortby=pubdate
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Polymer Composites with Enhanced Microwave-Absorption Properties” ChemPlusChem 

79 (4), 569-576 (2014) 

XM Meng, XJ Zhang, C Lu, YF Pan, GS Wang. “Enhanced Absorbing Properties of 

Three-Phase Composites Based on A Thermoplastic-Ceramic Matrix (BaTiO3+ PVDF) 

and carbon black nanoparticles” Journal of Materials Chemistry A 2 (44), 18725-18730 

(2014) 

YZ Wei, GS Wang, Y Wu, YH Yue, JT Wu, C Lu, L Guo. “Bioinspired Design and 

Assembly of Platelet Reinforced Polymer Films with Enhanced Absorption Properties” 

Journal of Materials Chemistry A 2 (15), 5516-5524 (2014) 

S He, GS Wang, C Lu, X Luo, B Wen, L Guo, MS Cao. “Controllable Fabrication of 

CuS Hierarchical Nanostructures and Their Optical, Photocatalytic, and Wave 

Absorption Properties” ChemPlusChem 78 (3), 250-258 (2013) 

S He, GS Wang, C Lu, J Liu, B Wen, H Liu, L Guo, MS Cao. “Enhanced Wave 

Absorption of Nanocomposites Based on The Synthesized Complex Symmetrical CuS 

Nanostructure and Poly (vinylidene fluoride)” Journal of Materials Chemistry A 1 (15), 

4685-4692. (2013) 

Submitted 

C Lu, SM Geyer. “Synthesis of Lead-free Cs3Sb2Br9 Perovskite Nanocrystals with 

Enhanced Photocatalytic CO2 Reduction Activity” (2019) 

In preparation 

C Lu, SM Geyer. “Short Ligands-Mediated Water Resistance Enhancement for CsPbBr3 

Perovskite Nanocrystals” (2019) 

Conference Presentations 

▪ C. Lu, S. Geyer. “Enhanced α-CsPbI3 structural stability with tri-octylposphine”. 

Sermacs Regional Conference, Charlotte, NC, Nov. 7-11, 2017 

▪ C. Lu, S. Geyer. “Enhanced stabilization of inorganic cesium lead triiodide (CsPbI3) 

perovskite quantum dots with tri-octylphosphine”. 

Materials Research Society, Boston, MA, Nov. 26-Dec. 1, 2017 

▪ C. Lu, S. Geyer. “Achieving Full Solubility-The Hidden Role of Oleic Acid in Cs 

Oleate Precursor Preparation for Perovskite Synthesis” 

▪ C. Lu, S. Geyer. “Enhanced CO2 Reduction in Lead-free Perovskite Cs3Sb2Br9 

Nanocrystals: Performance and Selectivity” 

Materials Research Society, Boston, MA, Nov. 25-30, 2018 


