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ABSTRACT 

OF THE THESIS OF 
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                  Major:  Chemistry 

 

 

Title: Enhancement of the Stability and Photoluminescence Quantum Yield of Cesium 

Lead Halide Perovskites by Ligand Doping  

 

In general, perovskites are nanoparticles having a crystalline structure. These 

nanoparticles attracted scientists’ attention due to their great potential in various fields 

ranging from chemical and industrial fields to biomedical fields. Unfortunately, cesium 

lead halide perovskites suffer from their high instability, where they undergo a rapid 

chemical decomposition within time. For this purpose, three different reaction 

parameters were varied starting from the time of the reaction, going to the concentration 

of lead bromide, and ending by the concentration of cesium oleate. Moreover, surfactant 

ligands were used to control the synthesis of inorganic perovskite nanoparticles. In our 

work, the synthesis of cesium lead halide perovskites was carried out based on the hot 

injection method. Henceforth, the prepared perovskites have been characterized using 

UV-Visible absorption spectroscopy, fluorescence spectroscopy, scanning electron 

microscopy, thermogravimetric analysis, and X-Ray diffraction technique.  

On the first hand, it was found that the most stable CsPbBr3 perovskites were formed 

when mixing 0.15 g (C=0.06812 M) of lead bromide heated for 40 minutes, with a 

volume of 1.2 mL of cesium oleate (C=0. 0092 M). Henceforward, either 

hexadecyltrimethylammonium Bromide (CTAB) or hexadecylpyridinium Bromide 

(CPB) were used as an ecofriendly surfactant to increase in the first place; the stability 

of the formed perovskites, and later on to boost their photoluminescence quantum yield 

(PLQY). Hence, the addition of CTAB had proven its efficiency on the formed CsPbBr3 

nanoparticles by increasing their thermal stability and by enhancing their PLQY till 

75%. Henceforth, the addition of CPB showed remarkable effects by increasing thermal 

stability, boosting the PLQY to 90%, preserving the crystal structure of CsPbBr3, and 

preventing the anion exchange between Br
-
 and I

-
 upon the addition of low 

concentrations of PbI2. 

On the second hand, CsPbI3 perovskites undergo rapid chemical decomposition and 

transformation into yellow δ-phase. Thus, it is imperative to develop a stabilized black 

phase for photovoltaic applications. For this purpose, a surfactant ligand was used to 

control the synthesis of inorganic perovskite CsPbI3 nanoparticles. Herein we 

demonstrate a new avenue for lead halide perovskites with the addition of either CTAB 

or silicon dioxide nanoparticles (SiO2 NPs) to maintain in the first place; the stability of 

the α-CsPbI3 phase, and later to boost their photoluminescence quantum yield (PLQY). 

 

Keywords: inorganic perovskites, optimization, lead halide, α-CsPbI3, CsPbBr3, CTAB, 

CPB, silica nanoparticles, PLQY, anion exchange.  
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CHAPTER I 

INTRODUCTION  

A. Definition 

Perovskite was discovered by the Geologist Gustav Rose in the Ural Mountains 

of Russia in 1839. It was named in honor of the Russian mineralogist Lev Perovski. It is 

a naturally occurring mineral made of calcium titanium oxide and have a CaTiO3 as its 

chemical formula and having a yellow, brown or black color [1]. 

Perovskites are compounds that have a general chemical formula of ABC3 and 

having a cubic or tetragonal crystal structure, where A and B are metal cations and C is 

an anion (scheme 1).  An octahedron of C ions surrounds the B ions present on the 

corners of a three-dimensional cube and the A cation is embedded in the center of the 

cube to neutralize the charge of the structure. Thus, the ratio is 1:1:3 [2]. According to 

scheme 2; A is the center of cube (ratio 1), B on the corners of the cube (8 x (1/8) = 1), 

and C in the face-centered of the cube (6 x (1/2) = 3). 

 

Scheme 1 Schematic representation of a typical 3D structure of ABC3 perovskites [3]. 
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Scheme 2 Schematic representation of the unit cell of ABC3 perovskite 

 

The perovskite structure has been illustrated to be the most versatile ceramic 

host [4]. Depending on what atom it is formed from, perovskites show distinct variety 

of properties such as dielectric properties [5], optical properties [6], ferroelectricity [7], 

superconductivity [8], piezoelectricity [9], multiferroicity [10] and catalytic activity 

[11]. 

This diversity of properties made the perovskites useful for various applications 

such as gas sensor [12], glucose sensor [13], neurotransmitters sensor [14], catalyst [15] 

and solar cells [16]. 

Indeed, several synthesis methods were developed and improved to synthesize 

pure Perovskites. For instance, solid-state reaction [17], gas phase preparation [18], wet 

chemical methods (solution methods) [19], co-precipitation methods [20], hydrothermal 

synthesis [21], sol-gel method [22], CVD process  and microwave synthesis [23] are 

widely used in the production process. 

Moreover, controlling the composition of the solution and phase transition 

engineering leads to the optimization of the material [24]. 

 

B. Structure 

The ideal form of perovskite oxides is ABO3 having the cubic structure. In its 

cubic unit cell, atom A ion has the largest radius; 12-fold coordinated by oxygen anions 
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and is located on the corners of the cube at corner position (0, 0, 0). Oxygen atoms are 

at the face center of the cubic lattice at position (½, ½, 0). Tetravalent B cations lie 

within oxygen octahedral and occupy the body center position (½, ½, ½) in a 6-fold 

coordination [25]. 

However, at different temperatures, phase transitions occur, and the crystal 

structure varies. For low temperatures, below 100 K, perovskites obtain a stable 

orthorhombic (γ) phase. As temperature increases, this phase will be replaced by a 

tetragonal (ꞵ) phase; and at very high temperatures above 330 K, a stable cubic (α) 

phase replaces the tetragonal phase [26]. 

Moreover, substitution of A/B sites results in deviation from the ideal form and 

the formula becomes A1-xA
'
B1-yB

'
O3. This cubic distortion results in orthorhombic, 

rhombohedral, hexagonal, or tetragonal structure. Tolerance factor ''t'' is used to 

calculate the real measure of the degree of distortion. 

t=
     

√        
 [27]            (where r is the radii of the ions) 

Perovskites occur in 3 types of structures; the first type contains localized 

electrons, the second type contains delocalized energy-band states and the third type is a 

transition between the two types [28]. It has a very flexible composition which enables 

it to incorporate different ions of various sizes and charges. Thus, it exists in different 

forms such as double perovskite, layered perovskite, triple perovskite etc. [29]. 

Perovskite formation has 3 requirements [30]: 

 The constancy of the octahedron which is represented by the octahedron factor 

m. 

 The electro-neutrality of the charges where the sum of charges of cations and 

anions is neutral. 
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 The ionic radii requirements (rA> 0.090 nm and rB> 0.051 nm and 0.8<t<1). 

 Otherwise, the structure will be distorted, and this affects its physical properties. 

 

C. Classification 

Perovskites crystal structure is versatile, and it is able to accommodate a diverse 

range of cations with different oxidation states. Thus, a classification based on the 

composition of the perovskite AMX3 crystal structure has been attempted by several 

researchers. In fact, perovskites are classified into two categories: inorganic oxide 

perovskites and halide perovskites (See Figure 1).  

 

Figure 1 Classification of perovskites. 

 

1. Inorganic Oxide Perovskites  

These perovskites have a general structure of AMO3 or A2MO4. First, in AMO3 

structure, A-site cation is 12-fold coordinated and M-site cation is 6-fold coordinated 

with oxygen anions. However, in A2MO4 structure, AMX3 layers are alternated with 

AO layers.  

Oxide perovskites have various physical properties such as ferroelectricity, 

catalytic activity, ferromagnetism, piezoelectricity, superconductivity, and high 

Perovskites 

Inorganic 
oxide 

Intrinsic Doped 

Halide 

Alkali 
halide 

Organo 
metal 
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electrical conductivity [31]. They are further classified into intrinsic perovskites and 

doped perovskites. 

 

a. Intrinsic perovskites 

These perovskites have a higher power conversion efficiency compared to other 

perovskites. This ensures their very high stability and long lifetime. 

 

b. Doped perovskites 

These perovskites have different properties, compared with un-doped, since the 

crystal structure is changed. For example, doping the perovskite with lead or a halide 

leads to an increase in stability and efficiency [32]. 

 

2. Halide Perovskites 

This type has an AMX3 structure and is divided into alkali-halide perovskites 

and organo-metal perovskites. 

a. Alkali-halide perovskites 

In this type, perovskites are composed of monovalent alkali metal A, a divalent 

metal M, and a halogen anion X. Example, KPbI3 used for solar cells. This type has low 

energy loss and wider bandgap which increases power conversion efficiency [33]. 

 

b. Organo-metal perovskites 

Herein, the perovskite is composed of an organic cation A (can be aliphatic or 

aromatic), a divalent metal cation M, and a halogen anion X. This type has a large 

absorption coefficient and a tunable bandgap. It is used in optoelectronic devices such 
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as solar cells, field effect transistors (FETs), electronic devices and photovoltaic 

applications [34]. 

 

D. Properties 

Perovskites exhibit various properties due to their chemical structure. For 

instance, the non-stoichiometry of the anions and/or cations, the mixed valence, partial 

substitution of ions and the distortion of the configuration affects the perovskites 

properties. 

Perovskites substitution leads to various properties such as ferroelectricity 

(BaTiO3), superconductivity (BaYCu3O7), piezoelectricity (Pb (Zr,Ti)O3), electrical 

conductivity (LaCrO3), ion conductivity (CaTiO3), magnetism (LaFeO3),  and  catalytic 

activity (LaCoO3) [35]. 

 

1. Dielectric properties  

A dielectric material is a poor conductor of electricity upon applying a direct 

current voltage. But it supports electrostatic field and stores energy, thus it can be 

inserted into capacitors to improve its function [36]. 

Ferroelectricity is one of the inherent properties to dielectric materials, and it is 

related to its crystal structure. These properties are essential for electro-ceramics; thus, 

several methods were used to prove the dielectric properties in a material. One of these 

methods was Relaxor ferroelectric. Using this method, BaTiO3 was subjected to three 

phase transitions. The crystal structure changes as temperature increases, however at 

high temperatures above 303 K, it returns to cubic structure and no ferroelectric 

behavior is observed due to the slow reduction processes at high temperature. 



 

 18 

Therefore, BaTiO3 perovskite showed high dielectric constant and generated 

high dipole moment [37]. 

 

2. Optical properties  

Perovskites have excellent optical and photoluminescence properties. 

On the first place, tunable emission; upon controlling the stoichiometry or 

substitution of halides, inorganic-perovskite such as CsPbX3 can act as a light emitter in 

the visible range [38]. Hence, inserting organic molecules or replacing some ions could 

also lead to tuning the emission near IR or UV regions [39].  

On the second place, perovskites are well known to have high quantum yield 

efficiency which measures the percentage of converted photons into radiation relative to 

the number of absorbed photons. Perovskite has a high quantum efficiency due to the 

presence of the bandgap with almost no charge-trapping states [40].  

Furthermore, quantum confinement effect depends on the size of the 

semiconductor where it should be smaller than Bohr radius. Therefore, changing the 

size of radii affects the optical absorption and emission properties [41]. 

 

3. Photoluminescence quantum yield  

The photoluminescence quantum yield (PLQY) is one of the most essential 

photophysical properties of perovskites for optoelectronic and solar cell applications. 

PLQY of a material is defined as the number of photons emitted as a fraction of 

the number of photons absorbed. Thus, PLQY is a key performance indicator of the 

efficiency of the synthesized material.  

ʪ = ʪR  
∫      

∫       
  
       

      

  

  
     (Equation 1) 
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PLQY is determined based on Equation 2 and it always takes values between 0 

and 1 [42]. Where ʪ is the PLQY, ∫       is the integrated intensity of emission, 

       is the percentage of light absorbed at the excitation wavelength, n is the 

refractive index, and the subscript R denotes the reference data.  

 

4. Ferroelectricity 

Ferroelectricity leads to a spontaneous electric polarization of the material when 

subjected to an external electric field [7]. Ferroelectric materials are known for having a 

high dielectric constant with magnitude twice higher than normal dielectric materials. 

For instance, barium titanate (BaTiO3) unit cells are aligned; however, no 

polarization is observed without external field. In the presence of external field, BaTiO3 

becomes a ferroelectric material and generates high dipole moment [37]. Perovskites 

show high and unique ferroelectricity reaction, and this property is useful in several 

purposes such as: capacitors, IR cameras, vibration sensors, and imaging devices [4]. 

 

5. Superconductivity 

Superconductivity is the phenomenon whereby under certain conditions; the 

material allows the passage of electricity and expels its magnetic field. In fact, there are 

2 groups of superconducting oxide perovskites. The first group is Cu-based perovskites 

such as La-Ba-Cu-O, where Cu can act as a high temperature superconductor. The 

superconductivity is related to the Cu-O layers present in the structure [43]. The second 

group is metal oxide perovskites, these compounds have a ratio of 2:3 (2 metal atoms to 

every 3 oxygen atoms) [44]. This group has a higher transition temperature than Cu-

based perovskites and contains a mixture of alloys and metallic compounds. 
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In fact, perovskites electronic conductivity can be enhanced by doping A site 

with other cations, leading to an increase in the number of mobile charge carriers [37]. 

 

6. Piezoelectricity 

This property is define as the  capacity of a material to produce electrical charge 

upon being applied to a mechanical stress [10]. The polarization degree is proportional 

to the applied mechanical strain [9]. Piezoelectric materials require external force, 

however, in ferroelectric materials there is a spontaneous interaction between its 

dipoles. Thus, all ferroelectrics are piezoelectric, but not all piezoelectric are 

ferroelectric.  

Perovskites showing piezoelectricity make it useful in several applications such 

as: sensors, cigarette lighters, microphones, modulators, nano-positioning in AFM and 

STM, etc. [45] 

 

7. Multiferroicity  

Perovskites materials have the capability to use their both magnetization and 

polarization states simultaneously [46]. Multiferroic perovskites have crystalline 

structure and are composed of transition metal oxides including rare-earth manganite 

and ferrites [47]. 

In fact, to have ferromagnetic and ferroelectric ordering, the material should be 

made of insulator metals [48]. Ferroelectricity is produced upon distorting the highly 

symmetrical structure of the material. This distortion allows electric polarization of the 

material. Magnetic spin ordering can produce ferroelectricity as well in absence of 

structural distortion [49]. 
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8. Colossal Magneto Resistance (CMR) 

CMR is known as an extreme change in the electrical resistance of the material 

due to the presence of magnetic field. It mainly affects manganese-based perovskite 

oxides. For instance, divalent alkaline-earth ion doped perovskites RE1-xAExMnO3, 

where RE is trivalent rare-earth (La, Pr, Sm, etc.) and AE represents divalent alkaline-

earth ions (Ca, Sr, Ba), exhibit CMR effect which makes them have a great potential 

application in spintronic. In fact, the orbital occupancy and orbital order of manganese 

ions affects the magnetic phase [50]. 

 

9. Catalytic activity 

Perovskites are chemically stable which makes it exhibit various catalytic 

activities such as: automobile exhaust gas catalyst, intelligent automobile catalyst and 

cleaning catalyst. It can be described as a model of active sites and acts as oxygen 

activated catalyst for materials with oxygen deficiency. Interestingly, perovskites 

containing Cu, Co, Mn, or Fe showed a great catalytic action toward degrading NO at 

high temperatures. In fact, degrading NO is a very difficult catalytic reaction (2NO Ą 

N2 + O2). However, due to oxygen deficiency and eliminating oxygen in the products, 

perovskites showed an excellent catalytic activity. Doping the perovskite or performing 

the experiment in oxygen rich atmosphere will enhance perovskites’ ability to degrade 

NO [51]. 

Another catalyst replaces some of the precious metals with fine particles and 

have a high surface to volume ratio. However, this catalyst is being deactivated due to 

the non-stable fine particles. Thus, perovskite oxides are used since they show redox 

properties to preserve scattering state. Upon reduction, fine metal bids of Pb are 
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produced having radius of 1-3 nm. This leads to partial replacement and sedimentation 

of Pb in the structure of the perovskite upon exposing the catalyst to redox atmosphere. 

This leads to the removal of the pollutant Pb from exhaust gas. The excellent stability of 

the perovskite and the great dispersion state of Pb lead to naming the catalyst as an 

intelligent catalyst [37]. 

 

E. Methods of synthesis 

All the previously discussed physical and chemical properties are affected by the 

synthesis of a perovskite. Several synthesis methods were developed and improved to 

overcome the drawbacks and synthesize a pure compound. For example: solid-state 

reactions, gas phase preparation, wet chemical methods, co-precipitation methods, 

hydrothermal synthesis, sol gel method, etc. 

 

1. Solid-state reactions 

Using this method, both raw materials and products are in the solid state.  irst, 

the ions are mixed in a specific ratio to obtain a product with the desired composition.  

 hese ions are ball milled in acetone or isopropanol and then dried at      C and 

calcined in air      C for  -8 hours. The obtained product is ground, sieved and 

recalcined to obtain the final product with the desired composition. For example, 

synthesis of BaCe0.95Yb0.05O3-δ was done by mixing BaCO3, CeO2 and Yb2O3 [17]. 

Usually, perovskite oxides ceramics are synthesized using this method at high 

temperature. However, this technique has several disadvantages such as: presence of 

impurities during grinding and heating, presence of defects which will affect 

luminescence, and coarseness of particles which affect their coating ability [52]. 
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2. Gas phase preparation 

Gas phase preparation is used to form perovskite films with specific thickness 

and composition. Several techniques such as: Laser ablation [53], molecular beam 

epitaxy [54], DC sputtering [55], magnetron sputtering [56], electron beam evaporation 

and thermal evaporation [57] were developed for gas phase deposition [18].  

It is categorized into 3 types depending on the deposition. First type is 

depositing at the crystallization temperature under suitable atmosphere. Second type is 

depositing at low temperature followed by post-annealing at high temperature. And the 

third type is depositing at intermediate temperature followed by post-annealing 

treatment [18]. For example, Yttrium barium copper oxide (YBa2Cu3O7) films are 

synthesized by co-evaporating Y, Cu and BaF2 then annealing them at high temperature 

in a suitable atmosphere containing O2 wet with water vapor to reduce the hardening 

time and substrate interaction [58]. 

 

3. Wet chemical (solution) methods 

It is used to synthesize a double-perovskite compound which is homogeneous 

and has a large surface area. It includes sol-gel preparation, co-precipitation of metal 

ions and thermal treatment. Wet method has several advantages:  it requires lower 

temperature than solid-state reactions, improved reactivity, greater flexibility in forming 

thin films, better homogeneity, low cost, and better control of particle size, 

stoichiometry, and purity. 

  In fact, there are two methods for the separation of solvent from 

perovskite. First method includes the precipitation of the perovskites followed by the 

filtration process which separate solid from liquid. The second method comprises the 
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thermal treatment which removes the solvent by evaporation, sublimation, combustion 

etc. Moreover, solubility, solvent compatibility, cost, purity etc. play an important role 

in choosing the suitable method [23]. 

 

4. Co-precipitation method 

Synthesis of simple oxides occurs by precipitating metal salts using a reagent to 

decrease solubility. Co-precipitation is a simultaneous precipitation of several metal 

salts using different cations and under certain temperature, pH, and concentration to 

obtain a homogenous product. The co-precipitation occurs when using chemical 

reagents to decrease solubility such as: urea, ammonia, ammonium carbonate or 

ammonium oxalate. The formed oxide could result from: oxalate-based precipitation, as 

well as acetate, citrate, hydroxide, or cyanide-based precipitations. For example, in 

acetate-based precipitation, different acetate ions are mixed with metal ion salts and 

then calcined in air to synthesize La1-xSrxCoCO3 perovskite [20]. 

 

5. Hydrothermal synthesis 

The reaction is performed in an aqueous solution and under a high temperature 

and pressure conditions to produce crystalline powder without the need of calcination 

[21]. By controlling the reaction temperature, pH, time and reactant concentration; the 

size and shape of the perovskite can be optimized. Also, the temperature of the reaction 

could be decreased by using electric field. For example, synthesizing BaTiO3 could be 

performed at lower temperature using electric field [59]. 

There are two methods to thermally treat a reaction, either by freeze-drying or 

plasma spray-drying. Freeze drying occurs by dissolving the salt in a suitable solvent to 
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become homogenous and directly freezing the solution. Then the frozen solution will be 

freeze-dried to get the dehydrated salt which will be grinded into perovskite powder 

[23]. On the other hand, plasma spray-drying occurs by injecting the reactants and 

interacting with molten droplets. By varying the plasma parameters, temperature and 

post-decomposition parameters, a superconducting oxide is synthesized. 

 

6. Sol-gel method 

Sol-gel alkoxide method was the first method used to synthesize non-silicate 

ceramics perovskites [22]. This method was used in hydrolysis and polycondensation of 

metallic alkoxides which leads to the synthesis of oxide compounds [60]. 

Sol-gel method was used to prepare nanosized particles and complex cation 

phases. However, the chemical composition of complex oxides is difficult to be 

controlled and the precursor is unstable. Thus, in aqueous medium, the precursors used 

are inorganic agents and chelating agents of carboxylic acid or polyols. On the other 

hand, one of the main advantages of this method is that it can synthesize thin films at 

low temperatures [61]. 

 

7. Microwave synthesis 

Microwave irradiation process (MIP) is a method used to synthesize perovskites 

nanomaterials using lower temperature and reduced time [23]. Perovskites use 

microwave irradiation as a heat source to be synthesized. It has several advantages such 

as: fast rate of reaction, finer particles, higher surface area, efficient and clean energy.  

There are two methods of microwave synthesis: the microwave-assisted 

hydrothermal method and the solid-state microwave.  
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Initially, microwave-assisted hydrothermal synthesis which combines the 

microwave and hydrothermal methods, demands the polarizing of a material through 

irradiating it with microwave radiation under high temperature and pressure conditions. 

Secondly, the solid-state microwave, which is specific for simple compounds 

such as oxides, while for complex compounds, such as chalcogenides, the synthesis 

should be combined with other methods such as: combustion, sol-gel or hydrothermal 

methods [62]. Many perovskites were prepared using MIP since it synthesizes 

crystalline particles in shorter time, higher surface area and finer particles. In addition, 

Pb-containing perovskites can be synthesized using MIP because it is a simple and fast 

method, so it minimizes the loss of Pb [63]. 

 

8. Combustion method 

This method is based on a redox reaction between a fuel and an oxidant leading 

to the production of a homogeneous perovskite powder with large surface area. This 

method saves time and uses less energy while producing ultra-fine powder. 

Citrate/nitrate combustion is an example of solution combustion where metal 

ions are the oxidant and citric acid is the fuel. Nitrates act as auto-catalyst that remain in 

the solution and facilitates auto-combustion process, instead of eliminating them in the 

form of NOx.  

Many nano-phasic thin films were prepared using this process due to its several 

advantages such as: high purity, ability to control the composition of the perovskite, and 

homogeneity. Two steps are required; a complex is formed between the citric acid and 

the metal ions, then the formed complex is poly-esterified with ethylene glycol, this 

leads to a homogeneous solution of the metal salts in the gel [23]. 



 

 27 

F. Applications of perovskites 

Perovskites have a wide range of application depending on its chemical and 

physical properties. Inorganic perovskite oxides exhibited great properties such as: 

electronic conductivity, thermal and chemical stability, ions mobility in the crystal 

structure, super-magnetic property, photocatalytic activity, etc. These properties 

allowed perovskites to have wide applications in catalysis, fuel cells, electrochemical 

sensing, capacitors etc. 

 

1. Sensors and biosensors 

a. Gas sensors 

The material used as a gas sensor should be hydrothermally stable, resistant to 

poisoning, adapts present technologies, has suitable electronic structure and good 

similarity with target gases [64]. Several perovskite oxides are used for different gas 

sensing due to their thermal stability, ideal band gap, and the difference between cations 

of A and B sites which allow the doping of the perovskite [12]. 

 

b. Glucose sensors 

It is necessary to detect H2O2 which is an oxidizing agent and glucose which is a 

fundamental metabolite of many living organisms. Glucose and H2O2 play an important 

role in clinic, pharmaceutical analyses, chemical and food industries [13]. 

There are two types of sensors: enzymatic and non-enzymatic sensors. However, 

enzymatic sensors are not stable and are affected by pH, temperature, poisoning 

substances, humidity etc. Inorganic perovskite oxides can act as a non-enzymatic 
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glucose sensor since they exhibit various properties for glucose sensing such as: 

ferroelectricity, high thermostability, catalytic activity, etc. [65]. 

 

c. Neuro-transmitters sensors 

Dopamine (DA) is a neurotransmitter that plays an important role in the brain 

and body, its deficiency leads to Parkinson's disease. However, ascorbic acid (AA) and 

uric acid (UA) interfere with DA so the detection of dopamine will be hard unless the 

presence of a modified surface which is sensitive and selective.  

For example, modifying carbon paste electrode with SrPdO3 (CpE/SrPdO3) 

allows it to detect dopamine in the presence of AA and UA [66]. This enhanced the 

selectivity, sensitivity and anti-interfering ability. It also enhanced the catalytic activity 

which is due to the interaction of the oxygen atoms of the hydroxyl group and the 

transition element of the perovskite. Thus, an oxygen-surface interaction takes place 

between oxygen atoms and the surface of perovskite which is deficient of oxygen [14]. 

 

2. Catalysts  

Several perovskites showed catalytic activity in hydrogen evolution reactions 

(HER), oxygen evolution reactions (OER) and reduction reactions due to its surface, 

solid-state and morphological properties [37]. 

 

a. Hydrogen evolution reactions (HER) 

HER has several advantages such as: cleaner energy, plentiful sources, and high 

heat of combustion. This reaction could be used in metal-electrode position, acid 

corrosion, energy production and hydrogen oxidation reaction. Several characteristics 
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are required for the raw materials of this reaction: high stability, large active surface 

area and essential electro-catalytic activity. The activation energy, reaction order and 

rate determining step are important factor when choosing the suitable perovskite [2]. 

 

b. Oxygen reduction and oxygen evolution reactions 

Oxygen reduction reactions (ORR) and oxygen evolution reactions (OER) have 

various applications such as: fuel cells, water electrolysis, cathodic protection, etc. 

There are many catalysts for ORR and OER reactions such as platinum-based catalyst 

and precious metal oxides. However, they are expensive and rare. So, the best ones are 

those of low cost like metal oxide perovskites of transition and rare earth metals.   

Perovskite oxides act as an electro-catalyst for these reactions. For example, 

La0.6Ca0.4CoO3 shows a high catalytic activity in basic medium, high conductivity and 

large surface area [67].  
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3. Solar cells 

Solar cells are considered as a green source of energy which is cleaner than 

fossil fuels. Silicon based photovoltaic solar cells transform the solar energy into 

electrical energy, but silicon is expensive so a substitute of low cost should be used.  

Solar cells based on organic/inorganic solid-state ammonium lead halide 

(CH3NH3PbX3) have high conversion efficiency, low cost and its raw materials are 

available. Thus, it is a better substitute for silicon based solar cells. These materials 

have the essential properties needed for photovoltaic applications: high conversion 

efficiency, high stability, suitable band gap, low temperature etc. [68].  

Though MAPbX3 perovskites have great potential in solar cell applications, the 

major serious pitfalls of these materials are that they degrade rapidly when exposed to 

ambient conditions with moderate humidity [69]. These limitations have induced the 

increased study of new compositions such as the all-inorganic cesium lead halide 

(CsPbX3) perovskites. 

 

4. Solar-oxide fuel cells 

Fuel cells are a cleaner source of energy, which uses chemical fuel as an energy 

source and convert it into electrical energy. Fuel cells have several advantages such as: 

energy efficient, low emissions, zero noise pollution, distributed nature and its ability to 

be used in future hydrogen fuel economy. Solid oxide fuel cell (SOFC) is one of the 

most common types of fuel cells. 

Perovskites can be utilized as anode or cathode for SOFC and show high 

catalytic performance depending on the fuel type and temperature. For example, 
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Ba0.5Sr0.5Co0.8Fe0.2O3 can act as a cathode for S  C under a temperature of      C and 

using a humidified H2 as fuel [70]. 

 

5. Optoelectronic applications 

a. Optical lasing 

Metal halide perovskites has a high absorption coefficient, strong 

photoluminescence, and amplified spontaneous emission. When a material is put in 

optical cavity, lasing occurs. Here, perovskites’ crystal is a naturally formed cavity, so it 

can achieve lasing without the need of optical cavity. For example, lasing is observed in 

CH3NH3PbX3. Moreover, changing the composition of perovskite can control the 

emission wavelength and the lasing spectrum [71]. 

 

b. Light emitting diodes (LED) 

Metal halide perovskites can be used in light emitting diodes because of several 

advantages such as: low cost, high performance, easy preparation, high color purity, and 

color tenability over a wide spectrum by changing the content of halides in the 

compound.  

Quantum dots perovskites are preferred in LEDs since their small size limits 

exciton diffusion and thus increases radiative recombination. Interestingly, inorganic 

perovskites such as CsPbX3 are used in LED applications [72].  

 

6. Other applications 

Perovskites are also used in FETs, photodetectors, single photon emitters, 

capacitors, storage and switching devices etc. For example, perovskite nanoplates were 
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used to fabricate FET [73] and CH3NH3PbI3 nanowires were used to fabricate 

photodetectors [74]. 

 

G. Limitations and solutions 

There are some challenges that limited the commercialization of perovskites 

especially the perovskite solar cell (PSC). Main challenges include degradation, lack of 

stability and material toxicity. 

 

1. Degradation 

Humidity is one of the factors leading to degradation of perovskite. The 

interaction between water molecules and perovskite materials leads to instability of 

these materials [75]. A possible solution would be isolating it from external 

environment by encapsulating the material [76], or by using hot injection method of 

synthesis. 

 

2. Stability 

Operational stability of the material is affected by light, heat, and oxygen. These 

factors are involved in reactions which degrade the material [77]. A suitable solution 

would be using stabilizing agents such as Cesium and Rubidium [78]. 

 

3. Material toxicity 

The main concern is the hazardous exposure to lead. The use of lead in 

perovskites affects the environment as well as its degradation. However, the quantity 

used in perovskites is nothing compared to the use of lead in batteries.  
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Lead perovskites has a high-power efficiency. A possible solution would be the 

use of lead alternative such as tin perovskites; however, they have lower power 

conversion efficiency. To solve this problem, lead poisoning was studied by testing the 

effect of rain with different water pH’s. It was concluded that the use of lead in 

perovskite is environmentally safe [78]. 

 

H. Aims 

After presenting the information related to perovskites, we will focus in our 

work on the synthesis of stable cesium lead halide perovskites with high 

photoluminescence quantum yield. For this purpose, our work will be divided into 2 

essential parts:  

Chapter II includes the materials used, the method of perovskites preparation, in 

addition to the application that will be developed. 

 Chapter III will emphasize the mechanism of the synthesis of CsPbBr3 in 

addition to the optimization of the reaction parameters, to obtain the most stable and 

smallest in size perovskite nanoparticles. The reaction parameters that are optimized are 

as follows: the effect of reaction time, concentration of cesium oleate and concentration 

of lead halide.  

Moreover, in chapter IV, hexadecyltrimethylammonium Bromide (CTAB) is 

used as an ecofriendly surfactant to increase in the first place; the physical/thermal 

stability of the formed perovskites, and later on to boost their photoluminescence 

quantum yield (PLQY). 
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In Chapter V, hexadecylpyridinium Bromide (CPB) is used as a new capping 

agent for the crystal structure preservation of cesium lead bromide perovskites. The 

effect of lead iodide doping on the photoluminescence emission will be studied as well. 

Finally, Chapter VI will include the synthesis of cesium lead iodide CsPbI3 

based on the hot-injection method and using the optimization results obtained in chapter 

III. Furthermore, either hexadecyltrimethylammonium Bromide (CTAB) or silica 

nanoparticles will be used as a capping agent to stabilize in the first place; the α-CsPbI3 

phase, and to increase the photoluminescence intensity and boost their quantum yield. 
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CHAPTER II 

MATERIALS AND METHODS 

 

A. Materials 

Cesium Carbonate (Cs2CO3), 1-Octadecene (ODE, C18H36), Oleylamine (OAm, 

C18H37N), Lead (II) iodide (PbI2), Rohdamine 6G (C28H31N2O3Cl), Hexadecyltrimethyl-

ammonium bromide (CTAB, C19H42BrN), Hexadecylpyridinium bromide (CPB, 

C21H38BrN), and Sulphuric acid (H2SO4) were all obtained from Acros Organics. Lead 

(II) bromide (PbBr2) was acquired from Fisher Scientific Company. Colloidal silica 

(SiO2), Oleic acid (OA, C18H34O2) and hexane (C6H14) were purchased from Sigma 

Aldrich. Quinine anhydrous (C20H24N2O2) was acquired from Fluka Analytical. Ethanol 

(C2H6O) was purchased from Honeywell Riedel-de Haen.  All chemicals were used as 

received without further purification. 

 

B. Sample preparation 

To start with, Cs-oleate was prepared by mixing 0.4 g of Cs2CO3 (C = 0.053 M) 

with 20 mL ODE and 1.24 mL OA into a vial. The solution was stirred and heated at 

200C until complete dissolution of cesium carbonate. After complete dissolution, the 

solution color turned from transparent to yellow verifying the formation of cesium 

oleate. Cs-oleate solution was sealed and stored at room temperature for further use.  

The preparation of cesium halide perovskites was carried out using hot injection 

method (see Figure 2). 
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Figure 2 Schematic representation of the CsPbX3 synthesis. 

 

In the first place, 0.08 g of lead halide was mixed with 5 mL ODE in an air free 

environment at 190-200   for 10 min. Then 0.5 mL OA and 0.5 mL OAm were added, 

and the mixture was left until complete dissolution of PbX2 in solution. Next, 0.4 mL of 

Cs-oleate was added to the solution and immediately immersed in a cold-water bath (T= 

10⁰C), in order to ensure the formation of the perovskites. Finally, the solution was 

centrifuged at 15000 rpm for 15 minutes and the precipitate was dissolved in 5 mL 

hexane and used for further characterization. 

 

C. Instrumentation 

Initially, the optical properties of the formed perovskites were studied using 

ultraviolet-visible (UV-vis) spectroscopy. JASCO V-570 UV-VIS-NIR 

spectrophotometer was used to record the absorption spectra at room temperature in a 

wavelength range of 200-800 nm in a 3 mL cuvette. 

Fluorescence emission spectra were measured using a Jobin-Yvon-Horiba 

Fluorolog III fluorometer and the FluorEssence program. The excitation source was a 
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100 W Xenon lamp, and the detector used was an R-928 operating at a voltage of 950 V 

instrument. The excitation and emission slits width were kept at 5 nm. Briefly, 0.2 mL 

from the initial solution were pipetted and diluted with hexane into a total volume of 3 

mL. 

The X-ray diffraction (XRD) data were used to examine the structural properties 

of the perovskites. These data were recorded using a Bruker d8 discover X-ray 

diffractometer equipped with Cu-Kα radiation (=1.5405). The monochromator used 

was Johansson type. The X-ray scans were done for 2θ between  ° and   °.  he step 

size was 0.02 s and the scan rate was 20 s per step. For the X-Ray study, few drops of 

the CsPbX3 were deposited on the zero-background holder and the analysis was 

conducted.  

Thermogravimetric Analysis (TGA) measurements were done using a Netzsch 

TGA 209 in the temperature range 30 to 900  with an increment of 15  / minute in a 

N2 atmosphere. For this purpose, a few L were measured in the Al2O3 crucible, and 

then placed in the oven at 45°C to evaporate the hexane. The complete evaporation of 

hexane was verified by the consistency of the crucible mass after 20 minutes.  

Scanning Electron Microscopy (SEM) was used to determine the surface 

morphologies of the perovskite structure. This analysis was done using Tescan, Vega 3 

LMU with Oxford EDX detector (Inca XmaW20). In short, lead perovskite solution was 

deposited on an aluminum stub and coated with carbon conductive adhesive tape.  
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D. Optimization of the reaction parameters 

Physical properties such as the size and shape depend intensely on the reaction 

parameters. For this reason, the reaction parameters were optimized in order to prepare 

the most stable lead halide perovskites. The parameters that were modified are: 

 Effect of reaction time 

 Concentration of PbX2 

 Concentration of Cs-oleate 

The synthesized perovskites were characterized using spectroscopic and 

microscopic techniques to choose the optimum conditions. 

 

E. Stabilization of the synthesized perovskites  

Unfortunately, cesium lead halide perovskites suffer from their high instability, 

where they undergo a rapid chemical decomposition within time. For this purpose, an 

ecofriendly surfactant was needed to enhance the physical/thermal stability of the 

solution. Two stabilizing agents were tested: 

 Effect of CTAB 

 Effect of SiO2 NPs 

 Effect of CPB 

 

F. Photoluminescence enhancement of the perovskites 

After optimizing the reaction parameters and choosing the suitable surfactant, 

cesium lead halide perovskites were proved to show: 

 Increasing photoluminescence intensity 

 Boosting photoluminescence quantum yield 
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 Variation of photoluminescence emission due to PbI2 

It is necessary to mention that the sample preparation for each part is developed in the 

specific chapter.   
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CHAPTER III 

CHARACTERIZATION AND OPTIMIZATION OF THE 

REACTION PARAMETERS IN THE SYNTHESIS OF 

CESIUM LEAD BROMIDE PEROVSKITES 
 

 

 

A. Introduction 

The morphology of a perovskite is one of the most critical factors that influence 

the efficiency of the material. For this reason, it is critical to optimize the synthesis 

conditions. 

 Indeed, several synthesis methods were developed and improved to produce 

pure perovskites. For instance, solid-state reactions [17], gas phase preparation [18], 

wet chemical methods (solution methods) [79], co-precipitation methods  [20], 

hydrothermal synthesis [21], sol-gel method [22], chemical vapor deposition (CVD) 

process and microwave synthesis [23] are widely used in the production process.  

Lead halide perovskites nanowires could be synthesized using CVD process. 

This process is based on vapor-liquid-solid mechanism, where metal films are used as a 

catalyst to enhance the 1D crystal growth. One limitation of this method is the low 

growth temperature of the perovskite. Another synthesis method is solution method 

without using surfactant ligand.  

Moreover, despite the synthesis method adopted, controlling the process 

parameters such as concentration of precursors, reaction time, and addition of solvents, 

play an essential role in the perovskites’ quality, crystallinity, crystal size, conversion of 

precursor to perovskite and efficiency. The formation of the perovskite depends 

strongly  on the precursor’s concentration, temperature, environment, etc. [80], [81]. 
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Thus, it is critical to find the optimum route while synthesizing a perovskite in order to 

acquire the best efficiency.  

In this chapter, we investigated the effect of different reaction parameters 

starting with the reaction time, moving to the cesium oleate concentration, end ending 

with the lead bromide concentration effect. 

 

B. Methods of preparation 

Physical properties such as the size and shape depend intensely on the reaction 

parameters. For this reason, the reaction parameters were optimized in order to prepare 

the most stable lead bromide perovskites. For this purpose, different reaction times were 

studied, the concentration of lead bromide was established, and finally the concentration 

of cesium oleate was also investigated.  

 

1. Effect of reaction time 

In this step, 4 different solutions were prepared. Each solution contained 0.08 g 

lead bromide and was prepared using the same preparation method mentioned in 

chapter 1. Hence, in this part the addition of cesium oleate was done at 4 different 

times; once the lead bromide was dissolved (t=0 minutes), after 10 minutes; 20 and 40 

minutes of dissolving. After that, the solutions were centrifuged; the precipitate was 

dissolved in hexane and then characterized. 

 

2. Effect of cesium oleate concentration 

After choosing the adequate reaction time, the effect of cesium oleate 

concentration was investigated. So, 4 solutions were prepared by dissolving 0.08 g of 
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lead bromide in 5 mL octadecene and the synthesis was continued as described in 

chapter 1. Then, different volumes of cesium oleate (0.4 mL, 0.8 mL, 1.2 mL and 2 mL) 

were added to the mixture of lead bromide. Thus, 4 solutions were prepared having 

different concentrations equal to 0.0034 M, 0.0065 M, 0.0092 M and 0.0138 M 

respectively. After that, the solutions were centrifuged; the precipitate was dissolved in 

hexane and then characterized. 

 

3. Effect of lead bromide concentration 

The final effect that was established was the effect of lead bromide 

concentration. Consequently, 4 solutions were prepared by dissolving different masses 

of lead bromide (0.04 g, 0.08 g, 0.15 g and 0.2 g) in 5 mL ODE and the synthesis was 

continued as described in section 2.3. Thus, 4 solutions were prepared having 

concentrations of 0.01816 M, 0.0363 M, 0.06812 M and 0.09082 M respectively. After 

that, the solutions were centrifuged; the precipitate was dissolved in hexane and then 

characterized.  

 

C. Results and discussion 

In our synthesis, three essential solvents were used. In the beginning, oleylamine 

(OAm) was used as a capping ligand of Pb
2+

 which reduces its reactivity. It strongly 

coordinates to the Pb ions, and binds to the different facets of CsPbBr3 which leads to 

an anisotropic and one-dimensional crystal growth, producing perovskite nanoparticles. 

Henceforward, oleic acid (OA) was used as a surfactant playing the role of a 

protection ligand along with OAm. It also enhances the growth rate of the nanocrystals 

and controls its size. Finally, octadecene was considered as a noncoordinating solvent; it 
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is the precipitation medium which induces the perovskite lattice formation. Therefore, it 

is a good manner to evaluate the effect of the reaction time, and the concentration of 

both cesium oleate and lead bromide. 

 

1. Optimization of the reaction parameters 

The preparation of CsPbBr3 perovskites was carried out through one simple 

synthesis route by hot injection method. Hence, many shapes and sizes could be 

obtained when varying the reaction parameters. Therefore, different optimizations were 

established, and the obtained perovskites were compared and characterized through 

XRD, TGA, SEM, UV-Vis and Fluorescence spectroscopy. 

 

a. Reaction time 

Four different solutions of lead bromide were prepared. Once lead bromide is 

dissolved, cesium oelate is added at 4 different times: t = 0, 10, 20 and 40 minutes. 

According to Gruijter et al., PbBr2 precursor crystals showed a peak at 330 nm 

(S0 P1 transition) [82]. However, the absorption of PbBr2 perovskites appears at 475 

nm as shown in Figure 3A. Thus, the identification of absorption 475 nm makes it 

easier for establishing the formation of the perovskites in the solution. The absorption 

peak at 475 nm remained constant with the increase in the reaction time. These results 

were similar to the one established by Belarbi et al. where it was found that perovskites 

prepared from PbBr2 show no significant shift over different reaction times [83]. 
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Figure 3 (A) UV-Visible spectra and (B) fluorescence emission spectra of lead bromide 

perovskites having different reaction times. 

 

Thus, the main difference between the different reaction times was observed in 

the absorbance value. It is noticeable that the absorbance increases as the reaction time 

increases. Hence, the highest absorbance was obtained when cesium oleate was added 

after 40 minutes. Meaning that, the formation of lead bromide perovskites is higher 

when the reaction is heated for longer time. This can be due to fact that, with time 
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maximum quantities of lead bromide molecules are being combined to OAm and OA, 

inducing the enhancement of CsPbBr3 yield. 

Moreover, the successful production of perovskites was verified through the 

fluorescence emission spectra. The maximum emission peak of lead bromide 

perovskites was proved to be around 500 nm. Changing the reaction times showed a 

variation in the emission maxima position and a blue shift of the emission peak was 

reported with the significant decrease in the crystal size [83]. These changes were very 

clear in Figure 3B. 

In fact, for the different reaction time, 2 distinctive peaks were obtained (See 

Table 1), where a blue shift appeared during time. The presence of 2 separate peaks 

reveals the presence of two different components in solution. Hence, according to Fang 

et al. the peak obtained at a lower wavelength is attributed to the pure PbBr2, thus the 

peak obtained at a higher wavelength is attributed to the pure CsPbBr3  [84]. 

Time (minutes) 1 (nm) 2 (nm) 

0 472 518 

10 472 518 

20 472 504 

40 472 500 

Table 1 Emission wavelength of PbBr2 and CsPbBr3 at different time. 

 

For the different times the peak at 472 nm remains constant, verifying its 

attribution to the pure PbBr2.  It is clear that after 40 minutes, the two peaks are being 

additive to form one broad peak.  his change in the peak’s shape verifies the complete 

reaction of PbBr2 in solution with cesium oleate in order to form fine and small 

CsPbBr3 NPs.  Hence, the blue shift of the emission intensity wavelength is related to 

the NPs size. In other words, as a blue shift occurred; smallest NPs are formed. This 

statement was proved by SEM analysis. Indeed, clear differences in the crystal 
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morphology were observed. As shown in Figure 4A-D, when the reaction time 

increases, particles size decreases. These results indicate that 40 minutes are needed to 

have a complete reaction and to synthesize the smallest perovskites. Although, for t = 0 

and 10 minutes, large NPs were formed (See Figure 4A&B). Thus, when reaching 20 

minutes the CsPbBr3 start to be formed in smaller size and tends to be more uniform 

(See Figure 4C). However, at 40 minutes, small and uniform CsPbBr3 nanoparticles 

were obtained (See Figure 4D) confirming the peak shapes obtained in the fluorescence 

emission intensity analysis.  

   

  

Figure 4 SEM images of lead bromide perovskites at (A) 0 min; (B) 10 min(C) 20 min; 

and (D) at 40 min. 

 

A B 

500 nm 500 nm 

500 nm   500 nm 

C D 
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b. Concentration of cesium oleate 

In this part, four different solutions of lead bromide were prepared in order to 

add different volume of Cs-oleate (0.4 mL, 0.8 mL, 1.2 mL and 2 mL). Thus, the mass 

of Cs-oleate was (7.53 mg, 15.07 mg, 22.60 mg and 37.66 mg) respectively. Hence, Cs-

oleate was added after 40 minutes to ensure that all the PbBr2 was reacted with OAm 

and OA. 

It is important to mention that, when adding 37.66 mg of cesium oleate, the 

reaction did not occur and a pale white-yellow color appeared after centrifugation, 

meaning that cesium oleate is in excess and inhibited the formation of CsPbBr3 (See 

figure 5). Thus, the comparison was done for the three remaining experiments having 

concentrations equal to 0.0034 M (V=0.4 mL, m=7.53 mg), 0.0065 M (V=0.8 mL, 

m=15.07 mg) and 0.0092 M (V=1.2 mL, m=22.60 mg), respectively. 

 

Figure 5 Color change of CsPbBr3 solution with the increase of Cs-oleate concentration  

 

As reported in the literature, the absorption in the visible region is characteristic 

of the CsPbBr3 with an absorption edge at wavelength below 550 nm [85]. According to 

the results obtain in Figure 6A, as the volume of cesium oleate increases; a slight red 

shift is obtained from 473 to 477 nm. Hence, this minimal shift has no remarkable effect 

of the size of the NPs. In consequence, the absorbance value increases as we increase 
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the volume of cesium oleate. Meaning that, the reaction of PbBr2 with Cs-oleate 

increases proportionally, inducing therefore the formation of higher amount of CsPbBr3 

NPs. These results were in accordance with the results obtained with Shi et al [86].  
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Figure 6 (A) UV-Visible spectra; and (B) fluorescence emission spectra of lead bromide 

perovskites after adding different masses of cesium oleate.  

 

Remarkably, as shown in Figure 6B, when adding 15.07 mg of Cs-oleate a sharp 

peak was obtained at 495 nm. Similarly, the same peak was obtained when adding 

22.60 mg of Cs-oleate with higher emission intensity; around 4 fold enhancements. 
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Thus, a broad peak was obtained when adding a small quantity of Cs-oleate (7.53 mg). 

These results indicate that an excess amount of Cs-oleate (22.60 mg) is needed to 

ensure the complete reaction of PbBr2 with Cs-oleate in order to produce pure CsPbBr3 

NPs. It is important to mention that, the decrease in the emission intensity when adding 

15.07 mg compared to the emission intensity when adding 7.53 mg of cesium oleate is 

due to the complete absence of PbBr2 in the solution. 

Furthermore, SEM analysis was conducted in order to confirm the difference 

between the three different NPs. As shown in Figure 7A-C, the increase in the Cs-oleate 

volume encourages the formation of small, fine and uniform NCs. Hence, the particle 

size decreases from 70-80 nm when adding 7.53 mg and 15.07 mg of Cs-oleate (See 

figure 7A&B) to 10-20 nm when adding 22.60 mg Cs-oleate (see figure 7C).  
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Figure 7 SEM images of lead bromide perovskites with different masses of cesium 

oleate (A) 7.53 mg; (B) 15.07 mg; and (C) 22.60 mg. 

 

c. Concentration of lead bromide 

In order to investigate the effect of lead bromide concentration, 4 different 

solutions were prepared by varying the mass of PbBr2 from 0.04 to 0.08 g, 0.15 g and 

0.2 g. After 40 minutes, 1.2 mL of cesium oleate was added and the final solution was 

centrifuged at 15 000 rpm for 15 minutes.  

Interestingly, when adding 0.04 g of lead bromide the reaction did not occur, 

where after centrifugation, no precipitate was formed (See Figure 8). Thus, the 

comparison and the characterization were done for the remaining experiments (0.08 g, 

A B 

C 

500 nm 
500 nm 

500 

nm 
500 nm 
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0.15 g, and 0.2 g) having concentrations equal to 0.0363 M, 0.06812 M and 0.09082 M, 

respectively. 

 

Figure 8 Color change of CsPbBr3 solution with the increase of lead bromide 

concentration 

 

Generally, the enhancement of the lead precursor concentration, boost the 

formation of CsPbBr3 NPs. Hence, when increasing the mass of PbBr2 from 0.08 g to 

0.15 g, the absorbance increases proportionally, meaning that cesium lead bromide 

perovskites are being formed, and the yield is increasing with enhanced crystallization 

(See Figure 9A). However, the absorbance decreases again when adding 0.2 g of lead 

bromide with a broadening peak. This change in the peak is due to the fact the lead 

bromide is present in excess in the solution with the CsPbBr3. These results were 

proved when measuring the emission intensity, where 2 distinctive peaks were obtained 

when 0.2 g of PbBr2 were added (See Figure 9B). Hence, the emission intensity of both 

CsPbBr3 when adding 0.08 and 0.15 g was slightly enhanced, proving that 0.15 g are 

enough to have a maximum yield of CsPbBr3 NPs.   
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Figure 9 (A) UV-Visible spectra and (B) fluorescence emission spectra of lead bromide 

perovskites using different masses of lead bromide. 

 

Finally, SEM images were presented in Figure 10A-C, where the NPs increases 

in size when adding 0.2 g of PbBr2 and remain the same when adding 0.08 and 0.15 g of 

the lead precursor.  
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Figure 10 SEM images of lead bromide perovskites having different masses of lead 

bromide (A) 0.08 g; (B) 0.15 g; and (C) 0.2 g. 

 

 

2. Crystallinity analysis of lead bromide perovskites 

To sum up, the best CsPbBr3 NPs were obtained when mixing after 40 minutes, 

0.15 g of PbBr2 with 1.2 mL of Cs-oleate. To further establish the physical properties of 

the synthesized perovskites, lead bromide and the synthesized CsPbBr3 were analyzed 

by X-Ray Diffraction (XRD) technique. The diffractograms are illustrated in Figure 11. 

C 
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The main characteristic peaks of lead bromide appeared at diffraction angles of 

2Ө° equal to 17.49°, 22.919°, 24.833°, 26.111°, 27.82°,34.045°, 35.405°, 39.041°, 

39.75°, 40.602°, 42.597°, and 43.075° [87]. Yet, as it is shown in the diffractogram of 

the synthesized nanoparticles, these peaks were completely absent. Hence, this confirms 

the formation of CsPbBr3 perovskites. 

10 20 30 40 50

CsPbBr
3

Lead bromide

2
 

Figure 11 X-Ray Diffractogram pattern of CsPbBr3 prepared using the optimized 

method and lead bromide precursor. 

 

Moreover, the XRD pattern of CsPbBr3 was studied by Boote et al. [88], where 

the results showed that CsPbBr3 presents several diffraction peaks at 2 equal to 15°, 

15.2°, 30.4°, and 30.7°. Similar results were obtained for the CsPbBr3 prepared in our 

conditions. Besides, 3D CsPbBr3 and 2D CsPb2Br5 structures were studied by Acharyya 

et al. [89]. The obtained XRD diffractograms proved that if the solution is kept on 

heating after the addition of cesium oleate, the 3D structure of CsPbBr3 will be relaxed 

and transformed into the 2D structure. However, if the solution is directly quenched 

after the addition of cesium oleate, the 3D structure will be maintained. Hence, the 
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formed CsPbBr3 were present in 3D structure, similar to the results obtained by 

Acharyya et al. [89].  

 

D. Conclusion 

In conclusion, CsPbBr3 were synthesized through a simple method by hot-

injection process. It was found that the most stable and smallest CsPbBr3 NPs were 

formed when 1.2 mL of cesium oleate was added in the presence of 0.15 g of PbBr2 for 

40 minutes. Moreover, the formed NPs were present in 3D structure with moderate 

stability. 
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CHAPTER IV 

ENHANCEMENT OF THE STABILITY AND 

PHOTOLUMINESCENCE QUANTUM YIELD OF CESIUM 

LEAD BROMIDE PEROVSKITES BY 

HEXADECYLTRIMETHYLAMMONIUM BROMIDE 

DOPING 
 

A. Introduction 

Metal halide perovskites (MPbX3) have emerged as a new class with 

extraordinary optical and electronic properties. Halide perovskites are a potential class 

of materials for photovoltaics, light emitting diodes, lasers, and optical sensors, among 

other applications. Their major contribution is in solar cells which is due to their high 

conversion efficiency. Indeed, perovskites have a flexible bandgap and thus they can be 

tuned to respond to a wide range of colors in the solar spectrum [90]. 

 Generally, metal halide perovskites show numerous benefits in solar cell 

construction; especially when used as sensitizers where they absorb incident light and 

supply transport materials with excited carriers [91], [92]. Additionally, they can also 

act as electron or as an hole  transporters depending on the device structure, or even 

vehicle both charge carriers through bulk perovskite layer, confirming the collection at 

respective electrodes [93]–[95]. The photoluminescence quantum yield (PLQY) is one 

of the most essential photophysical properties of perovskites for optoelectronic and 

solar cell applications.  

Though inorganic cesium lead halide (CsPbX3) perovskites have great potential 

in solar cell applications,  the major serious pitfalls of these materials are that they 

degrade rapidly when exposed to ambient conditions with moderate humidity [69]. Not 

only do extrinsic factors such as moisture, temperature, UV light, electric field and 
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oxygen cause the degradation of perovskites [96], but also intrinsic factors such as ion 

migration in the vacancies of the perovskites’ structure [97]. These limitations have 

induced the increased study of the addition of surfactants to enhance their stability. The 

ligand doping strategy, through the partial substitution of foreign ions for native ions, 

has gradually become an effective method for significantly enhancing the 

comprehensive properties of CsPbBr3. 

 In this chapter, the addition of CTAB was established in order to increase the 

stability and PLQY of the prepared CsPbX3 perovskites.  

 

B. Methods of synthesis 

1. Preparation of CTAB solution 

CTAB solution was prepared by mixing 0.05 g hexadecyltrimethylammonium-

bromide with 10 mL ODE and 0.62 mL OA into a vial. The solution was stirred and 

heated at 200⁰C until complete dissolution of CTAB and the color turned from 

transparent to yellow. The resultant solution was sealed and stored at room temperature 

for further use.  

 

2. Effect of CTAB 

After choosing the adequate reaction time, concentrations of lead bromide and 

cesium oleate (from Chapter III), the effect of CTAB was expanded. And so, a solution 

was prepared as mentioned in chapter II until the complete dissolving of PbBr2 in 

solution. Later, 1 mL of CTAB solution was added followed by the addition of 1.2 mL 

of Cs-oleate and another addition of 1 mL of CTAB solution. Then, the solution was 
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immediately immersed in a cold-water bath (T= 10C). Finally, the solution was 

centrifuged, and the precipitate was dissolved in hexane.  

 

C. Results and discussion 

1. Photoluminescence stability of CsPbBr3 in the presence and absence of CTAB 

The fluorescence emission spectrum of the prepared solutions was measured for 

different times in order to access the photoluminescence (PL) stability of the 

perovskites in the absence and presence of CTAB. As shown in Figure 12A&B the 

emission intensity of CsPbBr3 decreases gradually within time in the presence and 

absence of CTAB. However, after 24 hours, the PL intensity of the prepared CsPbBr3 in 

the presence of CTAB remains almost constant, whereas the PL intensity for the NPs 

prepared without CTAB decreases consistently. The difference in the PL intensity in the 

absence and presence of CTAB is remarkable when plotting I/I0 vs time as depicted in 

Figure 12C.  
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Figure 12 Fluorescence emission intensity of CsPbBr3 (A) in the absence of CTAB; (B) 

in the presence of CTAB; and (C) the plot of I/I0 for CsPbBr3 in the absence and 

presence of CTAB within time from 0 to 60 hours.  
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Similar pattern was observed according to Liu et al, where the CsPbBr3 

perovskites lost 62 % of their PL intensity after 4 days [98]. Obviously, the decrease 

was rapid for the solution lacking CTAB, where the PL intensity decreases by around 

40%. However, this loss was slower for the solution containing CTAB where the PL 

intensity of CsPbBr3 decreases only by 15% after the same period of time.  

Remarkably, as shown in Figure 13, after 60 hours, the PL intensity of CsPbBr3 

increases, complemented with a peak split into 2 distinctive peaks. In fact, the presence 

of 2 separate peaks reveals the presence of two different components in solution. As 

proved earlier, according to Fang et al. the peak obtained at a lower wavelength is 

attributed to the pure PbBr2 [84]. This proves that CsPbBr3 perovskites were degraded 

and the PbBr2 precursor was free again in the solution. Interestingly, in the presence of 

CTAB, the shape of the PL intensity peaks remains unchanged (See Figure 13). Thus, 

the incorporation of PbBr2 inside the perovskites was maintained by enhancing their 

stability in the presence of CTAB. 
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Figure 13 The difference in the shape of PL intensity peaks in the absence and the 

presence of CTAB after 60 hours. 
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2. Thermal stability of CsPbBr3 in the presence and absence of CTAB 

Thermogravimetric analysis was performed to assess the stability of the prepared 

nanoparticles. As shown in Figure 14, PbBr2 totally loses its mass upon reaching a 

temperature slightly below 700   However, no mass loss was occurred between 100 ºC 

- 400 ºC. Yet, for both CsPbBr3 prepared in the absence and in the presence of CTAB, 

almost 10% of their mass was lost. Hence, this mass loss is initially related to the 

presence of hexane. Henceforth, the weight loss of CsPbBr3 in both cases occurred at 

450 ºC, similar to pure PbBr2. Thus, CsPbBr3 prepared without CTAB loses around 40 

% of its mass. Moreover, the weight loss was proved to be due to the removal of the 

capped alkyl amines at low temperatures and the sublimation of PbBr2 at high 

temperatures [89]. Hence, this degradation pattern was identical to the TGA analysis 

done by Xu et al.
 
[99]. This difference in the degradation pattern of the 2 components 

means that PbBr2 inside the perovskite is less degraded and is thus more stable. 
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Figure 14 Thermogravimetric analysis TGA of lead bromide perovskites. 
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Although, the addition of CTAB, decreases the degradation of the CsPbBr3 and 

decreases its decomposition, where it loses only 15% of its total mass. Hence, the 

increase in the thermal stability in presence of CTAB, can be due to the fact that CTAB 

molecules contain methylammonium groups that enhance the incorporation of PbBr2 

inside the perovskites. 

 

3. Photoluminescence quantum yield in the presence/absence of CTAB 

The reference used to determine the Photoluminescence quantum yield was 

quinine sulfate dihydrate having ʪ= 0.546 and an emission range of 400-600 nm. The 

synthesized CsPbBr3 were analyzed by Fluorimetry technique at 200 ºC and 40 ºC in the 

absence of CTAB. The results are depicted in Figure 15.  

According to the plotted data, for both temperatures, the highest quantum yield 

was obtained when cesium oleate was added after 40 minutes, meaning that the 

formation of lead bromide perovskites is higher when the reaction is heated for longer 

time. As proved earlier, this is due to fact that within time, maximum quantities of lead 

bromide molecules are being combined to OAm and OA, inducing the enhancement of 

CsPbBr3 yield. 
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Figure 15 PLQY (%) of CsPbBr3 in the absence of CTAB at 40C and 200C 

 

Moreover, decreasing the temperature from 200ºC to 40ºC has shown a 

remarkable effect on the PLQY values. In fact, according to Thomson et al., the % of 

PLQY decreases nonlinearly as the temperature increases, where the value of PLQY 

increases from 0.02 % at 200K and reached a maximum of  0.43 % at about 80K [100]. 

Similar pattern of PLQY values was obtained when decreasing the temperature to 40ºC. 

Hence, upon lowering the temperature from 200ºC to 40ºC, the PLQY increases 

from 3.7% till 16.63 % for t=40 minutes. Therefore, at 40 ºC, the PLQY of CsPbBr3 

increased remarkably over 4 times, higher than the values obtained at 200 ºC (see 

table2). 

 

 

Table 2 PLQY % of CsPbBr3 at different time and temperature. 

 

 PLQY (%) PLQY (%) 

Time (min) 40 °C 200 °C 

0 10.24 0.38 

10 11.76 0.56 

20 13.07 1.9 

40 16.63 3.7 
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This increase in PLQY while decreasing the temperature; was proved to be due 

to the immobility of the charge carriers at low temperatures, and thus their inability to 

reach the non-radiative recombination centers. As temperature decreases, the immobile 

charge carriers will combine radiatively and thus increase PLQY % [100]. 

Moreover, the effect of CTAB was established on the PLQY values and the 

results were depicted in Figure 16. 
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Figure 16 PLQY variation in the presence and the absence of CTAB. 

 

Interestingly, the PLQY % of CsPbBr3 was enhanced to reach 75% when 

CTAB was added to the solution. It is remarkable that the presence of CTAB boosts the 

PLQY 4 fold. This increase is due to the enhancement of the stability of the 

synthesized perovskites upon the addition of CTAB related to the presence of 

methylammonium groups. Different PLQY values found in the literature were listed in 

Table 3.   
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Perovskites prepared PLQY (%) References 

CTAB-mediated antisolvent vapor 

route to shalelike Cs4PbBr6 

microplates 

59 [101] 

CsPbBr3 Nanocrystal Solid-State 

Films 

54 

 
[102] 

Bismuth-Doped Hybrid Lead 

Bromide Perovskite Nanocrystals 
64 [103] 

methylammonium lead 

bromide/formate mixture 
69 [104] 

CTAB dopped CsPbBr3 75 Our work 

Table 3 Different PLQY values obtained in the literature  

 

D. Conclusion 

In conclusion, it was verified that the addition of CTAB is crucial in terms of the 

increase of the photoluminescence stability, thermal stability and in boosting the PLQY 

%. In the first place, the addition of CTAB has enhanced the stability of the PL intensity 

peak of the formed CsPbBr3, where the PL intensity decreases by only 15% within 4 

days. Furthermore, the presence of CTAB stabilizes the incorporation of PbBr2 inside 

the perovskites, where the formed CsPbBr3 loses only around 10% of their total mass. 

Finally, the PLQY was boosted from 16% to 75% in the presence of CTAB.  
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CHAPTER V 

HEXADECYLPYRIDINIUM BROMIDE AS A NEW CAPPING 

AGENT FOR THE CRYSTAL STRUCTURE PRESERVATION 

OF CESIUM LEAD BROMIDE PEROVSKITES 
 

A. Introduction 

The optical and electronic properties of lead halide perovskites are dependent on 

their surface defects.  Atomic compositions can vary between the interior and surface of 

perovskite crystals, this results in undesirable quantum states within the energy band 

gap, which negatively affects the optoelectronic properties and the photoluminescence 

(PL) stability [105]. 

 The simple fabrication of perovskite thin films by solution process frequently 

results in various uncontrollable defects, such as uncoordinated Pb cations and halide 

vacancies which generates non-radiative recombination sites and decreases the 

photoluminescence quantum yield (PLQY) of the perovskite [106]. 

Increased research into the addition of a stabilizing surfactant to perovskites was 

shown to improve quantum yield [107]. For instance, increasing surface passivation via 

salt solutions [108], generating other cation/anion compositions through doping [109] or 

post-synthetic ion exchange [110].  Many researchers investigated a method of chemical 

passivation to minimize defect formation in order to overcome this issue. Ligand 

exchange at the perovskites’ surface stabilizes the perovskite and enhances its PLQY.  

In this chapter, Hexadecylpyridinium bromide (CPB) was used as a new capping 

agent for the crystal structure preservation of CsPbBr3 perovskites. The addition of CPB 

was established to preserve the crystal structure of CsPbBr3 and maintain its strong 

green photoluminescence (PL) emission.  
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B. Methods of preparation 

1. Preparation of CPB solution 

CPB solution was prepared by mixing 0.05 g hexadecylpyridinium bromide with 

10 mL ODE and 0.62 mL OA into a vial. The solution was stirred and heated at 200⁰C 

until complete dissolution of CPB and the color turned from transparent to yellow. The 

resultant solution was sealed and stored at room temperature for further use. 

 

2. Effect of CPB/ CTAB 

Using the best optimization results, CsPbBr3 perovskites were prepared as 

mentioned in chapter II until the complete dissolving of PbBr2 in the solution. Later on, 

1 mL of either CPB or CTAB solution was added followed by the addition of 1.2 mL of 

Cs-oleate and another 1 mL of either CPB or CTAB solution. The solution was 

immediately immersed in a cold-water bath (T= 10C). Finally, the solutions were 

centrifuged, and the precipitate was dissolved in hexane.  

 

3. Effect of PbI2 

The effect of PbI2 on the synthesized perovskites is studied. For this reason, PbI2 

solution ( .  3 μM) was prepared by dissolving 2 mg lead iodide with    mL hot 

distilled water. Moreover, new samples of cesium lead bromide perovskites were 

prepared with the addition of either CPB or C AB.  hen,    μL of this solution was 

pipetted, placed on a glass slide, and placed in a vacuum oven at 30⁰ C overnight. 

Henceforth, the slide was placed in a cuvette into the fluorometer. The emission 

spectra were measured while gradually increasing the concentration of PbI2 (from 

 .  72 μM to  . 2  μM). 
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C. Results and discussion 

1. Characterization of CsPbBr3 perovskites prepared in the presence of CPB and 

CTAB 

To investigate the optical properties of the CsPbBr3 perovskites prepared using 

different capping agents, CTAB and CPB, their absorption spectra was measured. As 

seen in Figure 17A, doped CsPbBr3 perovskites did not exhibit significant change of the 

absorption band edge and emission peak position near 475 nm, indicating that the 

original crystal structure of CsPbBr3 was essentially unchanged by the capping agents. 

Thus, the main difference between CPB and CTAB was observed in the absorbance 

value. The highest absorbance was obtained when CPB was added meaning that the 

formation of lead bromide perovskites is higher. 

Furthermore, the successful production of perovskites was verified through the 

fluorescence emission spectra. The PL spectra for the synthesized CsPbBr3 perovskite 

in the presence of CPB and CTAB are depicted in Figure 17B.  Interestingly, the 

addition of either CPB or CTAB to the CsPbBr3 perovskite showed significant 

improvement in PL intensity.  The increase of PL intensity at the same emission 

wavelength is indicative of enhanced radiative recombination. Such enhancement can 

be attributed to the binding of cetylpyridinium, cetyltrimetylammonium, and bromide 

ions to the surface defects of the CsPbBr3 crystals, reducing non-radiative 

recombination centers, such as uncoordinated Pb cations and halide vacancies [111]. 
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Figure 17 (A) UV-Visible spectra and (B) fluorescence emission spectra of lead 

bromide perovskites prepared using different capping agents. 

 

 Moreover, the maximum emission peak of lead bromide perovskites was proved 

to be around 500 nm. Thus, the main difference between CPB and CTAB was observed 

in the PL intensity value. This increase in the intensity upon the addition of CPB 

confirms that the formation of lead bromide perovskites is higher. However, a very 

small blue shift is obtained when CPB was added. Hence, the blue shift of the emission 
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intensity wavelength is related to the NPs size. In other words, as a blue shift occurred; 

uniform and smallest NPs are formed.  

This statement was proved by SEM analysis. Actually, clear differences in the 

crystal morphology were observed. As shown in Figure 18A-B, when CPB is added, 

small and uniform CsPbBr3 nanoparticles were obtained, confirming the sharp peak 

shapes obtained in the fluorescence emission intensity analysis (See Figure 18A)  

 

  

Figure 18 SEM images of lead bromide perovskites with the addition of either (A) CPB 

or (B) CTAB. 

 

2. Thermal stability of CsPbBr3 in the presence of either CPB or CTAB 

Thermogravimetric analysis was performed to assess the stability of the prepared 

nanoparticles (See Figure 19). For both CsPbBr3 prepared in the presence of either CPB 

or CTAB, almost 10% of their mass was lost. Hence, this mass loss is initially related to 

the presence of hexane. Henceforth, a slight mass loss around 10% was observed 

between 100      . This loss is probably due to the removal of oleylamine and 

A 
 

B 
 

500 nm 500 nm 
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oleic acid. According to Boote et al., lead halide perovskites lose most of their masses 

in this temperature range due to the presence of oleylamine and oleic acid ligands [88]. 

Moreover, the weight loss was proved to be due to the removal of the capped 

alkyl amines at low temperatures and the sublimation of PbBr2 at high temperatures 

[89].  
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Figure 19 Thermogravimetric analysis TGA of lead bromide perovskites. 

 

This degradation pattern was identical to the TGA analysis done by Xu et al.
 

[99]. This difference in the degradation pattern of the 2 components means that PbBr2 

inside the perovskite is less degraded and is thus more stable. Therefore, the addition of 

CPB or CTAB decreases the degradation and decomposition of the CsPbBr3 perovskite. 

Hence, the increase in the thermal stability in presence of CPB can be due to the fact 

that CPB pyridinium, enhancing therefore the incorporation of PbBr2 inside the 

perovskites.  
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3. Photoluminescence quantum yield in the presence of CPB and CTAB 

Moreover, the effect of CTAB and CPB were established on the PLQY values, 

and the results were depicted in Figure 20. 

The reference used to determine the Photoluminescence quantum yield was 

quinine sulfate dihydrate having ʪ= 0.546 and an emission range of 400-600 nm. The 

synthesized CsPbBr3 were analyzed by fluorescence emission intensity. 
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Figure 20 PLQY variation in the presence and the absence of either CPB or CTAB. 

 

Interestingly, the PLQY % of CsPbBr3 was enhanced to reach 90% when CPB 

was added to the solution compared to 75% upon the addition of CTAB and 17% in the 

absence of any surfactant. This increase is due to the enhancement of the stability of the 

synthesized perovskites upon the addition of CPB which is related to the presence of 

pyridinium groups. Different PLQY values found in the literature were summarized in 

Table 4.   
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Perovskites prepared PLQY % References 

methylammonium lead 

bromide/formate mixture 
69 [104] 

CsPbBr3 Nanocrystal Solid-

State Films 
54 [102] 

CsPbBr3 doped with ZnBr2-

CPB 
30 [112] 

CPB doped CsPbBr3 

perovskites 
99 Our work 

Table 4 Different PLQY values obtained in the literature. 

 

4. Variation in the photoluminescence of CsPbBr3 upon the addition of PbI2 in the 

presence of either CPB or CTAB 

The fluorescence emission spectrum of the prepared solutions was measured in 

the presence of either CPB or CTAB to access the effect of lead iodide (PbI2) on the 

photoluminescence (PL) stability of the perovskites. 

According to Figure 21, in both cases, initially the maximum emission peak was 

around 500 nm. This confirms the successful formation of CsPbBr3 perovskites. In the 

presence of CTAB, when adding water, the emission intensity decreases (See figure 

21A). Essentially this is due to the dissociation of the CsPbBr3 perovskite crystal into its 

ions due to the presence of water. Remarkably, a red shift (from 506 nm to 520 nm) and 

a continuous decreasing in the emission intensity were obtained when adding PbI2. This 

shift and this decreasing confirm the anion exchange between Br
 

and I

 inducing the 

formation of CsPb[Br/I]3 perovskites.  
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Figure 21 Variation of the fluorescence emission intensity of CsPbBr3 upon the addition 

of PbI2 (A) in the presence of CTAB and (B) in the presence of CPB. 

 

However, in the presence of CPB, it is obvious that when adding water, the 

emission intensity remains constant (See Figure 21B). Thereby, in the presence of CPB, 

the lead bromide inside the perovskites was not affected and therefore protected from 

any other interactions.  Henceforward, when adding PbI2 solution, from (0.2 mL to 0.8 
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mL), the emission intensity slightly decreases with no remarkable shift. Hence, this is 

due to the fact that PbI2 molecules are being attracted to the pyridinium group present in 

CPB molecules, inducing the formation of CPB-PbI3 perovskites. Thus, at higher 

volume of PbI2 (1 mL and 1.2 mL) a remarkable red shift was obtained (from 509 nm to 

520 nm), inducing therefore the penetration of PbI2 into the perovskites and therefore 

the formation of Cs-CPB-[Br/I]3 perovskites. These results confirm the role of CPB as a 

capping agent in preserving the crystal structure of CsPbBr3.  

 

 

D. Conclusion 

In conclusion, CsPbBr3 were synthesized through a simple method by hot-

injection process. It was verified that CPB was a better stabilizing agent than CTAB due 

to the attachment of cetylpyridinium and bromide ions to the surface defects of the 

CsPbBr3 crystals. Moreover, a huge number of small and uniform CsPbBr3 NPs were 

formed upon the addition of CPB. Furthermore, the presence of CPB causes the 

increase in the thermal stability of CsPbBr3 due to the presence of pyridinium groups 

respectively that enhance the incorporation of PbBr2 inside the perovskites. Henceforth, 

the addition of CPB boosted the PLQY to 90%. Finally, CPB acts as a capping agent in 

preserving the crystal structure of CsPbBr3 and preventing the anion exchange between 

bromide and iodide ions upon the addition of low concentrations of PbI2.  
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CHAPTER VI 

CESIUM LEAD IODIDE PEROVSKITES IN THE PRESENCE 

OF CTAB LIGAND FOR HIGHER TIME STABILITY AND 

BETTER PHOTOLUMINESCENCE QUANTUM YIELD 
 

A. Introduction 

Despite the various techniques that can offer fine perovskites; the synthesis of 

stable cesium lead iodide perovskites remains an actual challenging field. Indeed, 

cesium lead iodide perovskites (CsPbI3) are hard to synthesize due to their rapid 

transformation into different phases. In fact, α-CsPbI3 perovskites have high 

absorptivity and high photoluminescence quantum yield which allowed them to gain 

significant interest in several applications [113]. However, α-CsPbI3 is only stable at 

high temperatures above 370⁰C [114]. At lower temperatures, it is quickly transformed 

into -tetragonal and then γ-orthorhombic metastable phases and finally into a non-

perovskite yellow δ- CsPbI3 phase [114]. Although the transformation of α-CsPbI3 into 

δ- CsPbI3 is rapid in presence of moisture and humidity [115]. However, not all α-

CsPbI3 perovskites act in the same manner. Henceforth, large α-CsPbI3 in the range size 

between 100-200 nm degrade rapidly, however small colloidal α-CsPbI3 in the range 

size between 5-15 nm, might be stabilized at ambient temperature due to the presence of 

capping agents [116] or also by the partial replacement of iodide with bromide [117]. 

In our work, the synthesis of cesium lead iodide perovskites was carried out 

based on the hot injection method using different surfactant ligands to control the 

synthesis of inorganic perovskite CsPbI3 nanoparticles. Henceforth, the addition of 

either CTAB or SiO2 NPs was established in order to maintain the α-CsPbI3 phase and 

increase the stability and PLQY of the prepared CsPbX3 perovskites.  
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B. Methods of preparation 

Perovskites have been shown to degrade rapidly when exposed to ambient 

conditions with moderate humidity. Consequently, the addition of a ligand, acting as 

stabilizing agent is strictly needed to increase the time-dependent stability of the formed 

perovskites. For this purpose, several solutions were prepared to test in the first place 

the effect of CTAB-oleate addition, and secondly to test the effect of SiO2 NPs-oleate 

solution. 

 

1. Effect of CTAB-oleate solution 

In this step, 4 solutions were prepared. Each solution contains 0.08 g lead iodide 

and prepared using the same preparation method mentioned in section 2.5. After the 

complete dissolution of lead iodide, CTAB-oleate solution was added in different ways: 

 Solution A: 0.4 mL cesium-oleate was added (control experiment).  

 Solution B: 0.4 mL cesium oleate was added followed by 1 mL of CTAB-oleate 

solution.  

 Solution C: 1 mL of CTAB-oleate solution was added followed by 0.4 mL 

cesium oleate and 1 mL of CTAB-oleate solution. 

 Solution D: 1 mL of CTAB-oleate solution was added.  

After complete reaction, the solutions were immersed in a cold bath, centrifuged and the 

precipitate was dissolved in hexane. 
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2. Effect of SiO2 -oleate solution 

a. Preparation of SiO2-oleatesolution 

First, the preparation of colloidal silica nanoparticles was carried out based on 

Rao et al. [118]. Next, 0.1 g of the formed nanoparticles was mixed with 10 mL ODE 

and 0.62 mL OA into a vial. The solution was stirred and heated at 200  until complete 

dissolution of SiO2 NPs. Similarly, to the CTAB-oleate and Cs-oleate solution, the color 

of SiO2 NPs solution turned from transparent to yellow confirming the formation of 

SiO2 NPs-oleate. The solution was sealed and stored at room temperature for further 

use. 

 

b. Preparation of perovskites sample in the presence of SiO2-oleate solution 

Similarly, the effect of SiO2 NPs-oleate solution was investigated. The samples 

were prepared as follow:  

 Solution A: 0.4 mL cesium-oleate was added (control experiment). 

 Solution B: 0.4 mL cesium oleate was added followed by 1 mL of SiO2 NPs-

oleate solution.  

 Solution C: 1 mL of SiO2 NPs-oleate solution was added followed by 0.4 mL 

cesium oleate and 1 mL of SiO2 NPs-oleate solution.  

 Solution D: 1 mL of SiO2 NPs-oleate solution was added.  

In all the samples 0.08 g of lead iodide were used, and after complete reaction, the 

solutions were immersed in a cold bath, centrifuged and the precipitate was dissolved in 

hexane. 
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C. Results and discussion  

1. Synthesis of lead iodide perovskites 

Initially, lead iodide perovskites were prepared in the presence of cesium oleate 

only. As shown in Figure 22A, after 40 minutes; before centrifugation; the solution 

color was red verifying the formation of cesium lead iodide perovskites (CsPbI3). 

Remarkably, after centrifugation the color turned to pale yellow in the presence of a 

yellow precipitate (See Figure 22B). This color change is due to the fact that CsPbI3 

nanoparticles undergo a fast decomposition when exposed to ambient air. Consequently, 

the synthesis of CsPbI3 was carried out by adding a capping agent acting as a surfactant 

(CTAB), in order to increase the stability of the formed perovskites when exposed to 

ambient air. The synthesis of lead iodide perovskites was established in the presence of 

either CTAB, or silica nanoparticles. 

                                       

Figure 22 Cesium lead iodide perovskites solution (A) before centrifugation; and (B) 

after centrifugation.  
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a. Effect of CTAB-oleate addition 

The preparation of CsPbI3 occurred in the absence and presence of CTAB. In 

fact, when adding CTAB alone (solution D), the initial color of the solution was 

yellowish, meaning that CTAB alone does not induce the formation of perovskites. 

Thus, for solution A, B, and C the solution color was red orange, assuming the 

formation of CsPbI3, before centrifugation (See Figure 23A). Remarkably, after 

centrifugation, the red color was only persisting for solution C, containing 2 mL of 

CTAB-oleate (added in portions) and 0.4 mL of Cs-oleate (See Figure 23B). In fact, 

CTAB has a dual function as a capping agent and doping of crystal. CTAB salt is 

dissociated into bromide ions and organic cation. With the first addition, either bromide 

ions are incorporated into the crystal, or the cation is replacing cesium atom. As for the 

second addition, CTAB acts as a capping agent to stabilize the crystal.  

 

Figure 23 Color solution of cesium lead halide perovskites in the absence and presence 

of CTAB (A) before centrifugation; and (B) after centrifugation.  
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The formation of lead iodide perovskites was initially verified through X-Ray 

diffraction technique. As shown in Figure 24, only solution C showed three peaks at 

different angles. These results verify the crystal growth of CsPbI3 perovskites in the 

presence of CTAB. Moreover, according to Murphy et al. [119] the main characteristic 

peaks of PbI2 precursor appeared at diffraction angles of 2Ө equals to 2 .9 , 34.32, 

and 39.56. These peaks were completely absent in our diffractogram confirming the 

absence of free PbI2 in the solution and thus, it’s incorporation into the perovskites.  

10 15 20 25 30 35 40 45 50 55

2 

Solution A

Solution B

Solution C

Solution D

 

Figure 24 X-Ray Diffractogram pattern of CsPbI3 prepared in the absence and presence 

of CTAB  

In fact, lead iodide perovskites have 2 forms: α-CsPbI3 and δ- CsPbI3. However, 

α-CsPbI3 is not stable and degrades rapidly to a non-perovskite yellow phase δ-CsPbI3, 

when exposed to ambient air. Hence, the XRD diffractogram of α-CsPbI3 shows peaks 

at 2Ө equals to   . 2 (100), 23.5 (110), and at 29.98 (2  ).  urthermore, δ-CsPbI3 

shows peaks at 2Ө equals to  2.9 (012), 22.5 (021), and 27.5 (122) [120]. As shown 

in the X-Ray diffractogram, the prepared CsPbI3 in solution C exhibits 3 distinctive 

peaks at 2 equal to 15.1, 23.5 and 29.07. These peaks reveal the presence of stable 
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α-CsPbI3. Hence, the amorphous structure of solution A, B, and D, proves the absence 

of lead iodide perovskites and therefore demonstrates the efficiency of CTAB as a 

surfactant, where it induces on the first hand the enhancement of crystals formation and 

on the second hand it inhibits their decomposition to δ-CsPbI3.    

Additionally, the successful production of perovskites was verified through the 

fluorescence emission spectral analysis. For this purpose, the emission spectrum for 

both A and C solutions, were measured at ex=500 nm in the emission range between 

550 nm and 800 nm. According to Protesescu et al. lead iodide perovskites possess an 

emission peak between 625-700 nm based on the obtained size [121].  As shown in 

Figure 25A, a clear emission peak was obtained for solution C; at  em= 630 nm; thus, 

the same peak was totally absence for solution A. These results verify the role of CTAB 

as a capping agent by enhancing the formation of stable lead iodide perovskites. 

Likewise, no peak was observed at 780 nm which corresponds for free PbI2, displaying 

the formation of stable CsPbI3 perovskites [122]. Besides, according to Eze et al., the 

absorption spectrum of PbI2 precursor shows a peak around 500 nm
 
[123]. However, the 

absorption of lead iodide perovskites appears at 568 nm (See Figure 25B). Thus, the 

identification of absorption 568 nm makes it easier for establishing the formation of 

the perovskites in the solution. These results are in accordance with Kumar et al., where 

CsPbI3 showed an absorbance edge above 500 nm [124]. 
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Figure 25 (A) Fluorescence emission spectra of CsPbI3 prepared in the absence or 

presence of CTAB; (B) UV-Visible spectra of CsPbI3 prepared in the absence and 

presence of CTAB.          

 

Furthermore, SEM analysis was conducted in order to identify the shape of the 

formed α-CsPbI3 perovskites NPs. As shown in Figure 26, the addition of CTAB 

encourages the formation of small, fine and uniform NPs. This was confirmed by 

Aleksanyan et al, where the SEM images of CsPbI3 show uniform NPs having a near-

spherical shape [125]. In fact, the formation of small particles proves the stabilization of 
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the black α-CsPbI3 phase. Hence, the obtained α-CsPbI3 NPs were highly stabilized at 

ambient temperature due to the presence of CTAB molecules. Indeed, according to 

Miyasaka et al., this is due to the presence of CTAB ions, doping therefore the 

perovskite and limiting its crystal growth and thus maintaining its cubic phase [126].  

 

Figure 26  SEM image of CsPbI3 prepared in the presence of CTAB. 

 

Finally, thermo-gravimetric analysis was performed to assess the stability of the 

prepared perovskites. Based on the results depicted in Figure 27, CsPbI2 perovskites 

lose around 5% of their masse below 100ºC. Hence, this mass loss is initially related to 

the presence of hexane. Thus, a high mass loss around 70% was observed between 

100      .  Therefore, according to Boote et al., lead halide perovskites lose most 

of their masses in this temperature range due to the presence of oleylamine and oleic 

acid ligands [88]. 
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Figure 27 TGA analysis of CsPbI3 prepared in the presence of CTAB; cesium 

carbonate; lead iodide; and CTAB.  

  

b. Effect of Silica nanoparticles 

On a second level, the effect of silica nanoparticles was also investigated. 

Similar to the results obtained when using CTAB, the formation of lead halide 

perovskites was only occurred in solution C, containing 2 mL of SiO2-oleate (added in 

portions) and 0.4 mL of cesium oleate. This was identified visually, whereby after 

centrifugation the solution color remains red, verifying the formation of lead halide 

perovskites. The formation of cesium lead halide perovskites was initially confirmed by 

X-Ray diffraction technique. As shown in Figure 28, the diffraction peaks were 

obtained at 2 equal to 12.1, 23.7 and 27.9. These diffraction peaks were similar to 

the peaks obtained when having -CsPbI3. Hence, SiO2 NPs encourage the formation of 

CsPbI3 but with limited time stability.  
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Figure 28 X-Ray diffractogram pattern of CsPbI3 prepared in the presence of SiO2 NPs 

 

The formation of -CsPbI3 was proved by measuring the UV-Visible spectrum 

of the prepared solution. As proved earlier, the identification of absorption peak 625-

700 nm makes it easier for establishing the formation of the alpha perovskites in the 

solution. However, it is obvious from Figure 29A; an absorption peak appeared at 450 

nm. According to Cho et al., the absorption wavelength of gamma lead halide 

perovskites is obtained around 400 nm [127]. This proves that silica nanoparticles are 

involved only in the production of cesium lead halide perovskites without inducing their 

stability. Hence, when exciting at 325 nm, the emission wavelength of the fluorescence 

emission peak was obtained around 525 nm, verifying the formation of yellow -

CsPbI3 (See Figure 29B). 
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Figure 29 (A) UV-Visible spectra of CsPbI3 prepared in the presence of SiO2 NPs; (B) 

Fluorescence emission spectra of CsPbI3 prepared in the presence of SiO2 NPs 

 

Furthermore, the difference between -CsPbI3 and -CsPbI3 was easily verified 

through SEM analysis, where -CsPbI3 were found to be in the size range between 100-

120 nm (See Figure 30A), compared to the -CsPbI3 obtained in the presence of CTAB. 

Finally, thermo-gravimetric analysis was performed, and the results are shown in 

Figure 30B. Similar to the results obtained when using CTAB, -CsPbI2 perovskites 

lose around 5% of their masse below 100ºC. Thus, in the presence of SiO2 NPs a mass 
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loss around 100% was observed between 100      , where in the presence of 

CTAB only 70% mass loss was occurred. These results confirm the role of CTAB in the 

synthesis of stable -CsPbI3.    
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Figure 30 (A) SEM image of CsPbI3 prepared in the presence of SiO2 NPs; and (B) 

TGA analysis of CsPbI3 prepared in the presence of SiO2 NPs.   

 

2. Time-dependent stability CsPbI3 in the presence of CTAB 

Lead iodide perovskites are well known to have a lack of time stability, for this 

reason the enhancement of their stability was found to be a great interest. The 

effectiveness of CTAB as capping agent was established by monitoring the color of the 

A 
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solution through time for consecutive days. Interestingly, after 4 days the color of the 

solution containing SiO2 NPs turned to pale brown, identifying the decomposition of -

CsPbI3 into -CsPbI3. Thus, the color of the solution containing CTAB remains almost 

reddish, proving the presence of only -CsPbI3 (See Figure 31). Therefore, CTAB 

enhances dramatically the stability of CsPbI3 perovskites by preserving their crystal 

structure as -CsPbI3.  

 

Figure 31 Solution color of CsPbI3 after 4 consecutive days in the presence of CTAB 

(left side) and in the presence of SiO2 NPs (right side).  

 

Furthermore, the time stability of the prepared CsPbI3 in the presence of CTAB 

was detected by measuring the fluorescence emission intensity within time. For this 

purpose, the photoluminescence stability of CsPbI3 perovskites was studied during 4 

consecutive days. As shown in Figure 32A, the formed CsPbI3 in the presence of CTAB 

shows only a minimal decrease in the emission intensity without any shift in the 

maximum wavelength, confirming thereby the high stability of the α-CsPbI3 phase due 

to the presence of CTAB.  
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Figure 32 (A) Variation of the fluorescence emission intensity of -CsPbI3 in the 

presence of CTAB within time; (B) Maximum emission intensity vs time for -CsPbI3 

solution in the presence of CTAB 

 

Moreover, the PL intensity decay curve is depicted in Figure 32B by plotting the 

maximum emission intensity at 630 nm vs time. Henceforth, according to Ji et al, the 

PL intensity of CsPbI3 NPs decreased to 35% of its initial value after 22 min of their 

formation [128]. Hence, in the presence of CTAB, the PL intensity of CsPbI3 decreases 

by only   .  % of its initial value after   days.  his difference in the stability of α-
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CsPbI3 might be due to the presence of CTAB inducing the formation of smaller grains, 

which are responsible of the stabilization of α-CsPbI3 phase at room temperature.  

Finally, the absence of the wavelength shift was also confirmed calorimetrically, 

by observing the solution color within time. Remarkably, the solution color remains 

reddish, confirming the presence of -CsPbI3 (See Figure 33). 

 

Figure 33 Color change of -CsPbI3 in the presence of CTAB solution within time. 

 

3. PLQY measurements in the presence/absence of CTAB and SiO2 NPs   

The reference used to determine the Photoluminescence quantum yield was 

Rhodamine 6G having ʪ= 0.95 and an emission range of 500-700 nm. The synthesized 

CsPbI3 were analyzed by Fluorometry technique in the presence of either CTAB or Si 

NPs.  
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Interestingly, the PLQY % of CsPbI3 was enhanced to reach 99% when CTAB 

was added to the solution compared with 70% when SiO2 NPs were added. This 

increase (1.2 fold) is due to the enhancement of the stability of the synthesized 

perovskites upon doping it with CTAB having methylammonium groups. Different 

PLQY values found in the literature were summarized in Table 1.  

Perovskites prepared PLQY (%) References 

AET-CsPbI3 51 [129] 

CsPbI3 QDs with variation of 

the Zn/Pb ratio 
93 [130] 

CsPbI3 QDs/PVDF nanofibers 11 [131] 

α-CsPbI3 with Mn
2+

 Doping 90 [128] 

CsPbI3/TOPO 47.2 [132] 

CTAB dopped CsPbI3 99 Our work 

Table 5 Different PLQY (%) values found in the literature for CsPbI3 perovskites. 

 

D. Conclusion 

In conclusion, CsPbI3 NCs have become promising materials in red-emitting due 

to their exceptional optical properties; however, their poor stability has severely limited 

their development. It was verified that CTAB was a better stabilizing agent than Si NPs 

which decomposes totally after 4 days. Moreover, the presence of CTAB is critical in 

terms of stabilizing the α-CsPbI3 phase, boosting the PLQY % and increasing the 

photoluminescence stability. Primarily, the presence of C AB maintained the α-CsPbI3 

phase and prevents its transformation into other phases. Furthermore, the addition of 

CTAB boosted the PLQY to 99%. Finally, the PL intensity peak was enhanced and 

degraded by only 11.41% with CTAB doping. 
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CHAPTER VII 

CONCLUSION 

 

In conclusion, CsPbBr3 and CsPbI3 perovskites were synthesized through a 

simple method by hot-injection process. Upon optimization, it was found that the most 

stable and smallest CsPbBr3 NPs were formed when 0.0226 g of cesium oleate was 

added in the presence of 0.15 g of PbBr2 for 40 minutes. The formed NPs maintained 

their 3D structure due to the direct quenching of the solution.  

Furthermore, it was verified that the addition of CTAB is crucial in terms of the 

enhancement of the photoluminescence stability where it decreases by only 15% 

within 4 days. Henceforth, the presence of CTAB stabilizes the incorporation of PbBr2 

inside the perovskites, where the formed CsPbBr3 loses only around 10% of their total 

mass. Moreover, the addition of CTAB boosted the PLQY to reach 75%, compared with 

16% in the absence of CTAB. 

Interestingly, it was verified that CPB was a better stabilizing agent than CTAB 

due to the attachment of cetylpyridinium and bromide ions to the surface defects of the 

CsPbBr3 crystals. This resulted in the formation of a multitude of small and uniform 

CsPbBr3 NPs. Henceforth, the presence of CPB increases the thermal stability of 

CsPbBr3 due to the presence of pyridinium groups that promote the incorporation of 

PbBr2 inside the perovskites. Moreover, the addition of CPB boosted the PLQY to 90%. 

It was verified that CPB acts as a capping agent in preserving the crystal structure of 

CsPbBr3 and protecting it from any interactions with the surrounding. Furthermore, 

CPB prevents any anion exchange between bromide and iodide ions when low 

concentrations of PbI2 are added. 
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On the other hand, CsPbI3 NPs have become promising materials in red-emitting 

applications. However, they are unstable and thus at ambient temperature, α-CsPbI3 is 

directly decomposed into the non-perovskite yellow δ-CsPbI3 phase. It was verified that 

when CTAB was used, α-CsPbI3 phase was maintained. However, this phase 

decomposes totally after 4 days with the addition of Si NPs. Thus, CTAB was a better 

stabilizing agent than Si NPs in terms of stabilizing the α-CsPbI3 phase and preventing 

its transformation into other phases. Moreover, the presence of CTAB is critical in 

boosting the PLQY to 99%.  Henceforth, the PL intensity peak was enhanced where it 

degraded by only 11.41% with CTAB doping. 

Other potentially fruitful areas for further research that emerged from our study 

are its possible applications. The synthesized perovskites could be used in the sensing of 

glucose and H2O2. Henceforth, the effect of anion exchange on the stability of 

perovskites could be elaborated by mixing both equal concentrations of bromide and 

iodide ions during the synthesis of perovskites. Moreover, CPB could be used as a 

capping agent to enhance the stability of CsPbI3 perovskites.  
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